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1. Introduction

We are reporting on studies of dimuon production in the high energy
neutrino and antineutrine induced events accrued during an experiment to
measure normalized neutrino and antineutrino cross sections. This report
describes the results of a more detailed analysis of the data discussed in
ref. 1. These data were obtained in the fall ¢f 1975 using the Caltech-Fermilab
apparatus,Z)the narrow band dichromatiec neutrine beame)and were taken over a
wide vange of separate incident neutrino energies, between 30 and 220 GeV,
corresponding to hadron beam energy settings of 80-250 GeV. The spill time was
long enough (~1 sec) to allow for independent determination of the incident
nedtrino flux. The total data sample for which most kinematic guantities are
calculable consists of approximately 18,000 single muonm charged current events.

Some features of the experiment that are particularly relevant to dimuon
or trimuon studies ate:

1) the sign selected beam - This beam allows for clear separation

and study of events induced by neutrinos er antineutrinos. The

measured wideband antineutrino event background is approximately

2% in the neutrino data. The corresponding neutrino wideband event

background is measured to be about 5% in the antineutrino data.

2) a variable v (V) beam energy - Since the mean incident energy

is known to + 5% and the unecertainty in the neutrino energy is

approximately #207%, we can investigate the energy dependence of

the multimuon signal.

3) the peaked structuéé of the dichromatic beam = This beam allows,

by the conservation of energy, determination of whether significant

energy 1s carried away by neutrinos. Figure 1 shows the observed

energy distribution for neutrine induced events obtained with the

secondary hadron beam line set to transport a 250 GeV beam through
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Figure 1

The observed energy distribution for neutrino induced events with
the secondary hadron beam line set to transport a 250 GeV beam
through the decay pipe. Two peaks in the neutrino spectrum are
the result of decays of pions (VW) and kaons (UK).
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the decay pipe. Two peaks in the neutrino spectrum are the result of
decays of pions and kaons in the decay pipe.

4} a dense target - The packing fraction of the target-calorimeter
is approximately 50% (i.e. the demsity is about 4 gm/cmg), which
minjmizes extramuons from pion or kaon decay. Howewver, the target,
being only cne density,allows nec empirical check cf the prompt versus
the non-prompt signal.

5) good muon ildentification = Since the target also serves as the
muon~identifler, it is well instrumented to study muons down to an
energy where muons and pions cannot be distinguished (~2 GeV). Any
"punch-thru" problem cannot be studied internally because of the
continuous nature of the muon identifier.

6) a small solid angle mapgnet - Many identified second muons do

not traverse the spectrometer because they are too low in energy or
at too large an angle. This is a severe limitation in the data
analysis since the more complete kinematic information is only
determined for the fraction of the events traversing the magnet.

We are concentrating our studies of the datz on answering the following

queStions:

1) Ts there a signal for antineutrine induced dimuon events above
background?

2) 1If there is an antineutrino induced signal, how do the rates
and features compare with neutrinos?

3) What is the observed energy dependence of the dimuon versus
single muon signal?

4) Are there trimuons produced in neutrine or antineutrine inter-

actions and 1f so, what is the rate?
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The results are still preliminary, mainly because the hadron energy cali-
bration is not yet fipished. Consequently, there is presently a +20% uncertainty

in the hadron energy. This uncertainty is reflected in some of the kinematic ENERGY DEPOSITED (N CALORIMETER

quantities and in the plon and kaon background level relatlve to the data.

The background calculations are also preliminary and consequently no
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sample of single muon charged current events has been studied at this time.

Roughly 10-30% of the single muon events have been measured (depending on the
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I11. General Features of the Events

PLAN VIEW MAGNET
Figures 2 a,b show two dimuon events observed with the beam set to trans-
port a pesitive 190 GeV/c secondary beam through the decay pipe. The neutrinos
enter from the left and interact in the 140 ton steel target. Scintillatiom Figure 2 a
counters located every four inches of steael were used to measure the final state An example of a dimuon candidate observed with a +190 GeV secondary
(4) hadron Beam. Both muons enter the magnetic spectrometer. The total
hadron energy E, using calorimetry techniques. = The angles of the final state energy observed is 180 GeV so that this event must have been in-

H

mions Bp were determined with spark chambers inside the steel tarpet. A steel

duced by a kaon neutring (\JK)-

torolid downstream of the target was used to measure the momentum of muons which

traversed it.

Figure 2a shows an event with rather large hadron energy in which both
muons enter the spectrometer. The total epergy observed (~180 GeV) 15 so
large that this event must have come from a kaon-decay neutrino (<EVK> ~ 170
GeV). TFigure 2b shows perhaps & more typical event in which both muons leave

the target and the total energy is a lower limit.
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Figure 2

An example of a dimuon candidate observed with a +190 GeV secondary
hadron beam. Both muons leave the detector before entering the
spectrometer magnet.
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II1. Event Selection
Table I summarizes the number of events at the different stages in the
L3

event selection process.

Number of Number of
v Induced % Induced
Events Events Sum
Single p events In which lu enters
the spectrometer {(estimated) ~12,000 ~6,000 ~18,000
25 candidates in which lu enters
the spectrometer 169 54 223
20 events in which lu enters the
spectrometer and the other traverses
more than 1.8 meters of steel 90 33 123
2 events fn which lyg enters the
spectrometer and the other traverses
more than 2.8 meters of steel 41 15 56
1 events with both muons entering
the spectrometer -
Opposite Sign Muons 13 8 21
Same Sign Muons 2 ¢] o2
3 Events 2 Q z
Table 1

The number of observed events at varjous stages in the

event selection process.

Iv, Backgrounds

The dimuon event background arises mainly from a normal single muon event
in which: 1)} a hadron in the hadron shower has a particularly long pepetration,
.
or 2) a pion or kaon in the hadron shower undergoes a pyv decay. These back-

grounds are reduced and the second muon identified by placing a penetration

requirement on the second track.
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The problems of muon identification can be studied by plotting the ratio of
the average pulse height in two counters upstream to the average pulse height in
twa counters downstream of the second mucn stopping point as a function of the
second muon penetration, L%-LZ' Figure 3 shows this ratio versus Lp.z for the
dimuon candidates. This ratio should be two for a stopping muon since there
are two muons passing through the counters upstream of this point and only ome
downstream. It would be different from twe if we were observing the tail end
of the hadron shower. The data are consistent with events having a stopping
muon dewn to a penetration of about 1.5 meters.

The most likely source of background for dimuon events is an ordinary
charged current event with an extra muon resulting from the decay of a pion
or kaon produced in the hadronic cascade. Unfortunately we have no direct
measure of this non-prompt background because the target is uniform in density.

In order to estimate this background, we have used a Monte Carlo program
to simulate the hadronic cascade through several generations until the shower
is completely abscrbed in the target-calorimeter. The final state hadron distri-
butions in the Initial neutrinoc interaction were chosen to match the multiplicity
and energy distributions for charged hadron interact%ons in iron. The resulting
probability curves are folded with the measured hadron energy (EH) distributions
at each incident neutrino energy to obtain the expected number of background
two muon events originating from pion and kaon decays.

Figures &4 a,b,c,d show the integrated number of two muon events as a
function of the second muon penetration, lhz’ with Ihz > L. In order to
compare with the aingle muon data and to make a meaningful analysis only dimuon
cand{dates where at least one muon entered the spectrometer are plotted. The
neutrine and antineutrino data are shown separately. The data in each sample

are further classified as to whether the events were produced by low energy

incident neutrinos, resulting from pion decay (Vﬂ), or vwhether the events
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Figure 3

To study muon identification, the ratio of pulse height in
two counters upstream to two counters downstresm of the
second muon stopping point is plotted as a function of the
second muon penetration, H% . The data are consistent with
the expected ratic of two for a stopping second muon for
Lhz 2 1.5 meters of steel.
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Figure 4 a

To study the non=-prompt background frem pion and kaon decay
in the hadron shower, the integrated number of v_ induced
events {s shown as a function of the second muen penetration,
L ,, with L, >L. The smooth curve ig the estimated non-
|¢_2 2

prompt background.
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Figure &4 b

To study the non-prompt background from pion and kaon decay
in the hadron shower, the integrated number of vy induced
events is shown as a function of the second muon penetration,
L., with L ., > L. The smooth curve is the estimated non-

prompt background.
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Figure 4 c

To study the non-prompt background from pion and kaon decay
in the hadron shower, the fntegrated number of V_ induced
events 19 shown as a function of the second muon penetration,

33 with L 2 > L. The smooth eurve is the estimated non=-
prompt background.
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Figure 4 d

To study the non-prompt background from pion and kaon decay

in the hadron shower, the integrated number of v,

induced

events is shown a3 a function of the second muon penetration,
L ,, with L , > L. The smooth curve is the estimated non=
p%ompt background.
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were produced by high energy neutrinos, resulting from kaon decay (uK), The
hadron energy distributions, and consequently their decay probabilities, are
very different for these two categories. The data in each sample are summed
over the incildent energies. The equivalent penetration is pletted for those
events in which the second muon passed through the spectrometer (a muon pene-
tration of 10 meters of steel requires about 14 GeV). The smooth curves are
the result of the Monte Carlo background calculation.

This calculation has been compared with data on muon penetration taken
previcusly with hadrons of 50 and 100 GeV incident on a test calorimeter. The
calculation agrees with the data; however, the test device Is smaller in both
cross section and longitudinal extent than the actual calerimeter used in this
experiment. Also, the test data are somewhat limited statisticelly. Finally,
the assumption that the hadronic final state from neutrino collisions is iden-
tical to that from hadron collisions has net been demonstrated, although
certain similarities have been seen. For these reasons we feel that the backe
ground calculation is presently uncertain by approximately a factor of two for
the second muon penetration less than about three meters of steel and as much
as a factor of five for the second muon penetration greater than about five
meters of steel. (We are presently setting up to measure the background
empirically.) This means that for the data presented here, the qualitative

features are likely to be preserved after the background has been subtracted.

wl5=

It is apparent that any background resulting from pion and kaon decay 1s
most serious for low energy second muons. Consequently we have also anmalyzed

the data with a loager penetration requirement ([u > 2.8 meters of steel) on

2
the second muon, glving & "purer" but more biased sample than the one requiring
H&Z > 1.8 meters of steel. The average kinematic quantities calculated for these
two samples {e.g. x, ¥, wz, etc.) are statisticslly the same. Bence any back-
ground which might be in the sample with the requirement the Lpz > 1.8 meters
of steel does not affect the kinematic averages at our statistical lewcl.

As a consequence of these studies on muen identification and background
levels, for further analysis we will mainly consider the dimuon sample haviag
at least one mion entering the spectrometer (in order to compare with the single
muon charged current data) and the other penetrating more than 1.8 meters of

steel.

V. Energy Dependence of Dimuon Production

The observed energy distribution for a sample of single muon events obtained
at a hadron beam setting of +190 GeV Is shewn in figure 5. The observed energy
distribution for the dimuon events is also shown (the scale of the ordinate is
arbitrary). The dimuon energy distribution is consistent with the single muon
energy distribution shown in the same figure. Indeed, this would be the case
if an unseen final state lepton carried away only a swmall fractiom of the total
energy.

To study the energy dependence of the dimon production rate, we have
classified the dimuon events into two distinct energy bands according to their
total observed energy. At a given beam energy setting, if the observed dimuon
energy is greater than the energy where the valley between the Vir and Vi peeks
is located, the event is classified as having been induced by a Ve with an

energy equal to the mean v,

¢ CneTsy- Otherwise the event is classified as being
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Figure 5

In order te investigate whether an unseen, final state lepton
carries away a substantial amount of energy, the single muon
and dimuon (cross hatched) energy distributions are showm.
These two distributions are not relatively normalized. The
azimuthally corrected dimuon distribution 15 plotted with a
magnified scale and contains 148 corrected events. The
dimuon energy distribution is consistent with the single

muon distribution suggesting a relatively small amount of
"missing energy'.
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induced by a \JTr with an energy equal to the mean vw energy.

To compare the averape observed energy of dimion events (%j:s) with the
average observed energy of single muon events (Eobs), we define the "fractional
s b
missing energy', A B (Ezbs - EZpS) /E:bs which is plotted in fipure 6 as a

function of the imcident energy. This quantity would be positive for events

with substantial missing energy (e.g. unmeasured muon energy or final state
neutrines). Twoe mechanisms exist which can make 4 negative: 1) misassignment

of the neutrino energy (actually a Vi when called a VW)’ and 2) a stronger energy
dependence of the dimuon ercss section. The two effects counld combine to make

4 negative by as much as 10-15% and thereby "mask' a small amount of missing
energy from final state neutrinos. On the average 4 ~ -0.06. We conclude,
therefore, that the observed events do not have missing energy greater than 15%
of the incident neutrino energy.

The ratios of dimuon to single muon event rates quuhsu), corrected for
the azimuthal detection efficlency, are shown as a function of the average
incident energy for neutrino induced events in figure 7a and for antineutrino
induced events in figure 7b. All events are included in the plots in which
a) the first muon entered the spectrometer (eul < 100 mrad) and b) the penetra-
tion of the second muon is greater than 1.8 meters of steel (Ep'2 >2.4 GaV).
Applying more than an azimuthal efficiency correction would require a knowledge
of the dimuon production mechanism (e.g. the fraction of the second muons with
penetrations less than 1.8 meters of steel)}. Also shown in these figures are
the previous Caltech-Fermilab results at 50 and 170 GeV(ﬁ)and the results from
the Harvard-Penn-Wisconsin-Fermilab experiment. The HPWF data differ from our
data in that a) their first muon angular acceptance extends to Bul ~ 225 mrad
b) the second muon energy acceptance extends down to 4 GeV, and c) their data
were obtained with & wide band neutrino spectrum, so their cross sections are

integrated over a wide neutrino energy spectrum.
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Figure 6

b
To compare the average observed energy of dimuon events (Eous)

with the average observed emergy of single muon events

(Eobs), the fractional missing energy (=(E3bs- gobsy /Eobs)

is plotted as a function of the incident energy. This distri-
bution is consistent with no more than 15% misaing energy.

~19-

The solid curves in figures 7 a,b show our estimate of the non-prompt
background frem pilon and kaon decay in the hadron shower. This background cal-
culation is at most uncertaln by a factor of twe. Even if the calculation were
& factor of two low, the background level is Inconsistent with the ohserved
Uuulcu level and does not easily account for the increase In these ratios with

energy-

Figures 8 a,b show the ratios, , for neutrino and antineutrine induced

v fo
BT
events as a function of the average incident energy for those events in which

< 100 mrad} and b) the second

a) the first muon enters the spectrometer (E‘pl

muon penetration is greater than 2,8 meters of steel (corresponding to E“23>4 GeV) -
The solid curves show the calculated non=prompt background. The cup/gu ratios

for this "purer' data sample are a little less but show the same qualitative
energy dependence as the data with the second muon penetration greater than

1.8 meters of steel, whereas the calculated non-prompt background is consider=-
ably less. The same qualitative behavior of these two data samples is further
evidence that the Increase in Gu“ﬁjp with energy is not due to an increase in

the non-~prompt background lewvel.

The dashed curve drawn in figure 8a shows the calculation by Sehgal and
Zerwa§7)af the expected ouu/gu ratio based on a charm mpdel. The curve has
been normalized to the neutrine induced data at 175 GeV. The major difference
between the data and the calculation is that the calculation assumes an accep-
tance for the first muon extending to 225 mrad whereas the first muon acceptance
extends to about 100 mr for this data. The calculated energy dependence of
UHHIG agrees reasonably well with the data. At the present time, a low mass
threshold of the charm type cannot be ruled out as the sole scurce of dimuons.

If the second muon were assoelated with the hadron shower and had a

relatively small angle with respect te the hadron shower direction, the second

muon would approximately lie in the plane formed by the incident neutrino and
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Figure 7 a

The ratio of the dimuon production cross section (g, ) to the
single muon production crpss section (g,,) for neutrine induced
events in which the first muon enters dhie spectrometer and the
second mucn penetration is greater than 1.8 meters of steel
{equivalent to 2.4 GeV) {s ghown ag a function of incident
energy. The results described in ref. 5 (CITF) and ref. &
(HPWF) are also shown. The HPWF data differs from ours a) in
the kinematic region it covers and b) in the wide neutrino
energy Spectrum Integrated over. The smooth curve {s the
estimated non=prompt background.
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Figure 7b

The ratio of the dimuen production eross section (g,,) to the
single muon production cross section (cl-l-) for antineutrino
jnduced events in which the first muon enters the spectrometer
and the second muon penecration is greater than 1.8 meters of
ateel (equivalent to 2.4 GeV} is shown as a funetion of
jineident energy. The results described in ref. 6 (HFWF)} are
also shown., The HPWF data differs from ours a) iu the kine=-
matic regiom it covera and b) in the wide antineutrino energy
spectrum integrated over. The smooth curve iz the estimated
non-prompt background.
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Figure 8 a

The ratio of the dimuon production cross section (@,.) to the
single muon production cross section (g,) for neuttifio induced
events in which the first muon enters t%e spectrometer and the
gecond muon penetration is greater than 2.8 meters of steel
(equivalent to & GeV) 1s shown as a function of incident energy.
The smooth curve is the estimated non~prompt background. The
dashed curve is the result of a charm model calculation

with HPWF cuts. It is normalized to the data at 175 GeV.
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Figure 8b

The ratio of the dimuon production cress section (g, ) to the
single muon production cross section Gjp) for antineutrine
induced events in which the first muon enters the spectrometer
and the second muon penetration is greater than 2.8 meters

of steel (equivalent to & GeV) is shown as & function of
incident energy. The smooth curve is the estimated non-prompt
background. :
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the first muon directions. Figure 9 shows the cosine of the angle, A¢ , between

the two muon momenta projected on the plane perpendicular to the Incident neutrino

direction. The cosine of this angle i{s plotted for all events in which the first
muon enters the spectrometer and the second muon traverses more than 1.8 meters
of steel. Cos(4ag) would be -1 for events in which the second muon was in the
py plane. About 50% of the avents appear to be correlated with the hadron

(6)
direction. A similar Af distribution has already been seen by HPWF.

VI. Events in Which Both Muons Enter the Spectrometer Magnet

Since the incident beam is sign selected, we can determine If the leading
non charge is the expected charge for a normal charged current event (a "right
sign" muon). Figure 10 is a plot of the "right sign' muon momentum versus the
"wrong sign'' muon momentum for each of the dimuon events in which the muons
have opposite charge. The trosshatched areas are regions in which one of the
muon momenta is too low to be detected. Tn approximately 90% of the events,
the leading muon has the charge expected for a charged current event.

Figure 11 is a plot of the scaling variables X (:=Q2/2MEH) versus
¥ (=EH/EV)' X and ¥ are calculated using the total observed dimuon erergy
for Ev and the sum of the hadron energy and the second muon energy for L
The smooth curves are constant efficiency contours for single muon events at
incident energies of 50, 100, and 200 GeV {the solid, dashed, and dotted curves
respectively) at ep:=100 mrad. The detaction efficiency is high for events
having an X and Y less than the appropriate contour.

The observed average X and Y for the dimuon events are similar to the
average X and Y for the single muon events. The average Y is slightly larger
and the aversge X is slightly smaller for the dimuon events relative to the

single muon events.
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Figure 9

To study a correlation of the second muon direction with
respect to the hadron directionm, the cos{A ) distribution
is shown for those events in which a) the first muon emters
the gspectrometer and b) the second muon penetrates more

than 1.8 meters of steel (equivalent to 2.4 GeV). Cos(Ad)
would be ~1 for eventa in which the second muon was in the
uv plane. About 507 of the eventa are contained in the peak
at cos(A é) = -1.
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Figure 10

To determine if the leading muon charge is the expected charge
for a charged current event {a "right sign" muon), the momentum
of the "right sign" muon is plotted versus the momentum of the
"wrong sign' muon for those events in which both muons enter
the spectrometer and are of opposite charge. In approximately
90% of the events the leading muon has the charge expected for
a charged current event.
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Figure 11

The scaling variable X (=Q2/2ME.\,) is plotted versus the scaling
variable Y (=Eg/E,) for those events in which both muons enter
the spectrometer, X and Y are caleculated using the total
observed dimuon energy for E, and the sum of the hadron energy
and the second muon energy for Ey. The smooth curves are
constant effictency contours for single muon events at incident
energles of 50, 100, and 200 GeV (the solid, dashed, and dotted
cutrves respectively) at 8, = 100 mrad.
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¥11. Conelusions Concerning Dimuon Production

In summary, we see dimuon production in both the neuwtrino and anti-
neuttine data over a wide range of energles. The azimuthally corrected neutring
and antineutrino dimuon production rate relative to the single muon preduction
rate reaches about 1.5% at high energy. The energy dependence of the dimuon
slgnal is consistent with a low mass threshold.

Because of the dichromatic nature of the incident neutrino beam, we can
cenclude that any energy carried away by unseen leptons is, on the average, less
than 15% of the total energy.

The leading muon usually has the charge normally expected for charged
current events.

The averages of the scaling variables X and Y are siwmilar to the single

MUON averages.

VIII. The First Observation of Trimuon Events

Prior to this experiment there has been no reported observation of trimuon
production in nmeutrine or antineutrino data. In this data sample, we have
observed two trimuon events. These events were found in the data obtained with
the hadron beam energy set to +190 GeV and are shown in figures 12 a,b. Some
of the interesting kirematic quantities calculated for these events are indicated
in the figures.

Using the event rates at +190 and +250 GeV running, the uncorrected trimuon
production rate relative to the single muon producticon rate is approximately
3 x 1074

The obvicus question is whether these events are explained by conventional
mechanisms. TIn the following, we estimate possible sources, using the total

number of one muon and two muon events in the +190 and the +250 running.
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Figure 12 a

A trimuon event observed wth a +190 GeV hadron beam.
Track 0 traverses the spectrometer magnet and is
momentun analvzed. Track A stops in the magnet so
that its energy, E ,, is between 6.1 and 8.6 GeV.
Track B stops in tﬁe target and, therefore its energy,
E . 18 5.3 GeV. The observed energy is 90 GeV, hence
tﬁis event could have come from either a plon-decay
() or a kaon decay (w) neutrino.
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Figure 12 b

A trimuon event observed with a +190 GeV hadvon beam.

Track 0 and A traverse the magnet and are momentum analyzed.
Track B leaves the target, hence EHB is a lower limit to
its energy. The observed energy is 176 GeV, consequently
this event could only have come from a kaon-decay (vyg)
neytrino.
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Three possible conventional sources of three-muon events are:

IX.

1) Simultaneous pion or kaon decay at the hadromic vertex to produce

two extra muons {figure 13a}. An upper limit to the ¢xpected numbor of
events from this process is ~D.D3; this source is considered wery unlikely.
2) Neutrino induced dimuon preduction with a pilon or kaon decay at the
hkadronic vertex to produce an extrs muon (figure 13b). An upper limit

to the number of events expected from this background is < 0.05 and

this explanation is also considered to be very umlikely.

3) "Direct" dimuon production at the hadronic vertex or from nuclear
interdactions in the hadronic shower (figures 13c and 13d). The uncorrected
neutrino trimuon production rate relative to the single muonrate is on the
order of 3 x 10™%. Tn hadronic esllisfous the prompt /7 ratio is ~107%.
If this prompt signal in hadronic collisione 1s dimuon production, then
this rate is cowparable to the observed neutrino induced trimuon signal.

This 1e a possible explanation for the neutrino induced trimuon signal.

Conclusions on Trimuon Production

Tn summary, twe trimuon events were ohserved and the uncorrected trimuon

production rate relative to the single muon production rate is approximately

3 x 10-4. It is unlikely that the observed trimuon events result from single

or double pion or kaon decay in the hadron shower. A possible source is,

however, a normal charged current event accompanied by "direct" dimuon pro-

duction at the hadron vertex or from nuclear interactions in the hadron

shower.
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Fig. 13

Possible trimuon sources.
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