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The characteristics of six trimuon events observed in the new large-angle neutrino de-
tector at Fermilab are described. The leptonic system appears to take an inordinate frac-
tion of the incident neutrino energy if new hadrons are presumed to be the origin of these
events. A similar effect seems to be present in the dimuon events previously observed.
The events find a natural interpretation as the products of cascade decay of a new lepton
(the M particle) through a lower-mass neutral lepton (the 1. particle).

In a previous Letter, we have reported the ex-
istence and general properties of six trimuon
events produced in the new large-angle neutrino
detector (NEULAND) at Fermilab. ' We have pre
viously reported the production of dimuon events
by high-energy neutrinos and antineutrinos. ' '
While the bulk of these dimuon events almost cer-
tainly come from new hadrons, a significant frac-
tion may also arise from new lepton production.
In Fig. 1 we show a scatter plot of the p and p
momenta for all events collected previously. '

There is a clear band of events with large P„-
and much smaller P„+. These events have been
attributed to charmed-particle production and
subsequent semileptonic decay. ' Note, however,
that there are ten events within the band P„-=2P„+
and P„-= 2P„+ which also have combined P„+ and
P„- momenta of greater than 40 GeV. These
events are candidates for heavy-lepton produc-
tion and decay through the process
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FIG. 1. Positive- and negative-muon momentum scat-
ter plot for dimuon recorded in the previous Harvard-
Pennsylvania-Wisconsin-Fermilab experiments that
used a quadrupole-triplet or bare-target neutrino beam.
The solid line indicates the results of a Monte Carlo
calculation for charmed-particle production by Barger
and Gottschalk (Ref. 6). No events were generated out-
side the solid line from a sample of 1000 dimuons.

Furthermore, the results of a detailed Monte
Carlo simulation of charmed-particle production
is shown in Fig. 1, indicating that events which
have P„and P„+ values outside this boundary
are unlikely to arise from charm production. '

Further information concerning the origin of
dimuon events can be obtained by considering the
correlation between &(It), the difference in azi-
muthal angles of the transverse momenta of the
muons, and the momentum of the lowest-energy
muon, presumed to originate from the decay of a
charmed particle produced at the hadron vertex. "
It is expected that, for events in which the sec-
ondary p, carries a large fraction of the energy
of the hadron system, the decay muon and the
primary muon will emerge with &p —180 . This
correlation is borne out. by a detailed Monte Carlo
calculation by Barger and Gottschalk which is dis-
played in Fig. 2(a).' In Fig. 2(b) a scatter plot of
&p vs P„for dimuon events is given for the quad-
rupole-triplet neutrino spectrum. Note that there
are ten p, 'p. and three p p, events that fall out-
side the contour for charmed-particle production.
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FIG. 2. (a) 4' vs P„+ scatter plot from Monte Carlo
produced charmed-particle events. Dy is defined in
the inset. (b) Scatter plot of 4y vs P& for the observed

us
dimuon and trimuon events (only dimuon events from
the quadrupole-triplet run are used here). Here Pu isus
the lowest-momentum muon for each dimuon event or
for each dimuon from a trimuon event. Also shown is
the expected boundary for charm production from (a).
(c) 4y distribution for dimuon events above the charm
contour. (d) &cp distribution for all trimuon events.
In one event (event 135), the errors inp„and p~ of the
p+ are large enough to affect the value of 4y substan-
tially. All other events have uncertainties in 4y of
roughly 1 bin width. (e) ~y distribution for dimuon
events below the charm contour compared with the
Monte Carlo results. 9'„,-)/(~) —1

which would be incompatible with a hadronic ori-
gin for which one expects this ratio to be -5-10.

An interesting empirical correlation in the six
trimuon events is shown in Fig. 3(b) where the
opening angle is plotted for the p, 'p, combination
with the higher-energy p (fast) and the lower-
energy p. (slow). Note that for nearly every
event the- fast p. and p,

' have a smaller opening
angle than the other combination. This correla-
tion is improbable even for the small sample of
six events. If the "natural" pairing of the p. and

p.
' by opening angle is chosen, then the resulting

Z spectrum is given in Fig. 3(a). This spectrum
is decidedly uncharacteristic of the expectation
for dimuons from the hadronic vertex.

Failing to explain these events through a had-
ronic origin leads us to suggest that these events

Many of these events are the events noted as
"symmetric" in Fig. 1. Henceforth we label the
events outside the charm contour as "symmetric"
dimuons. The Dy distribution for the events with
a high-energy secondary muon is consistent with
being flat whereas any model where the second
muon comes from the hadronic vertex is expect-
ed to give a strong peaking near 180 . In Fig.
2(c) the projected Arp distribution is shown for
the dimuon events that fall outside the charm con-
tour in Fig. 2(c). In Fig. 2(d) the distribution for
the trimuon events is shown using the hy between
each pair of muons. Figure 2(e) shows events
within the charm contour compared with the
Monte Carlo calculation. The agreement between
the data and the calculation is excellent, while
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the distributions for the "symmetric" dimuons
and trimuons are consistent with being flat. Thus,
it is probable that at least ten p'p, and three

events do not arise from the hadronic vertex.
We discuss these data in order to point out that

previous experiments have not ruled out neutral-
heavy-lepton production by neutrinos, but only
have established that the majority of the dimuon
events arise from hadronic decay.

We now turn to the tr imuon events and the dis-
tinguishing characteristics. ' The salient features
of the trimuon events are the following: (1) All
observed events are of the type p, p, p,

' and
therefore almost certainly arise from a neutrino
interaction. (2) Several events have small angles
between the three muons. (3) All events have at
least two energetic muons. (4) The rate of tri-
muon production at high energy is estimated to
be -5% of the dimuon rate. ' (5) For one event
(event 119-018991), the energy carried by the
three-muon system is much larger than the had-
ronic energy (13 GeV) and the relative angle be-
tween the two high-energy muons is 16 mrad. '
The total energy of this p. 'p, system is 204 GeV.

Events with two muons that come from the had-
ronic vertex are expected to yield low-energy
muons. This is confirmed by the existing data
on dimuon events shown in Fig. 1 and from the
data on p. e' events obtained in several bubble-
chamber experiments. " A comparison to the
trimuon data can be made by defining Z =—I'&+
+I'„-, where I'„,- is the momentum of the less
energetic p . In Fig. 3(a) a plot of P„-vs Z is
shown for the trimuon events. These data sug-
gest a ratio
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FIG. 3. (a) Scatter plot of P& - vs &, the sum of the
p and p momenta (i.e. , Z =Q„+g„-). ~, p, =p,

and p2 =p,, ; , p2 is the I' with the smallest opening
angle with respect to the p+ (0&+&- ). Also shown,
for comparison is the results of the Monte carlo calcu-
lation for dimuon production through charmed-particle
production and decay. The Z momentum spectrum is
also shown for the two pairings of p2 {cross-hatched
for ILf, 2 with 6„„- ). (b) Scatter plot of the opening
angle between p,

+ and p, for the two combinations of
p, p

may arise from the leptonic vertex. For the
dimuon events it w'ould be sufficient to pos-

tulate, for example, the production of massive
neutral lepton (I.') with subsequent decay into two
muons. " The trimuon and p, p. events seem to
require more than one new lepton in order to ac-
count for the muons. " We cannot determine
whether the second lepton is neutral or charged
and, for convenience, designate it as the M lep-
ton. " We, therefore, postulate the sequence:

M- p, +I'+ (presumably a neutrino);

l.'- IJ. '+ p, + (presumably a neutrino) .
In order to estimate the masses of these parti-

cles we turn to the dimuon and trimuon invariant-
mass distributions. Figure 4(a) shows a scatter
plot of the two p, 'p. mass combinations of the tri-
muon events, paired by the relative energy of the

(fast or slow). It is remarkable that the M„+&-
for the fast p. is generally smaller than for the

FIG. 4. (a) Scatter plot of the I@+&- for the p+p
combinations. Note that M&+& =0.3 +&'53 QeV for
event 135. (b) Scatter plot of the p, p, p,

+ mass vs the
two combinations of p'p, mass. (c) The M„+„- mass
distribution from dimuon events with both combinations.
The pairing chosen by the smallest 8&+„- angle is
cross-hatched. (d) The I» distribution for events
above the charm contour in Fig. 2(b).

other combination, this is a consequence of the
smaller opening angle between the p,

+
p,&

dis-
cussed previously. Figure 4(b) shows a scatter
plot of the p,'p, and p, p, p,

' mass combinations.
Note that the Sp, masses do not have a unique val-
ue, and within the statistical and resolution re-
strictions of the present sample the decay M
-3p, is ruled out. The average value of the 3p.
mass is 3.4", ', GeV.

Figur e 4(c) shows the projected M „+„- ma ss
combinations. The cross-hatched events corre-
spond to the smaller 8&+&- opening angle. Note,
however, that the distributions are similar and
independent of this angle cut. The avera, ge value
of the p,+p, mass for the pairs with 0&+„~is
1 6

Q 3 GeV. The average value of the p,
'

p.
" mass

for the other pair is 1.8',",' GeV.
One reason for expectation of an L origin of a

p. p, pair in each trimuon event is given by the
Pais- Treiman bound for these events, '

0.48 ((Pp-)/(Pp+) & 2.1.

For the p.'p, pairing with the smaller 0&+„- we
find

(P„)/(P„+)= l.v+ 0-.4,

consistent with the Pais- Treiman bounds and a
pointlike origin of the events. '~ For the symmet-
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ic dimuons, chosen by the &y analysis, we find

(Pp-)/(P~+) = 1.9+ 0.4.

The M„+&- mass plot for the symmetric dimuons
is shown in Fig. 4(d). The distribution is similar
to that for the trimuons in Fig. 4(c). Very crude
mass values for the L and M can be obtained
from the existing theoretical calculations. ""
These are

ML,o= 2.0(M„+q-) =3.5+o'~ GeV,

M~ = 2 0(M.„„„-+)-= 7.0", o GeV,

and from the p,+p, dimuon events we obtain

Mro=2(Mq+q )=4.-9+ 1.5.

We emphasize that a feature common to all mod-
els that seek to explain the properties of trimuon
events and symmetric dimuon events will be the
inclusion of a neutral lepton~he L .
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