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We have observed six trimuon events produced by neutrinos in the new large-angle neu-
trino detector (NEULAND) at Fermilab with the momenta and charges of almost all mu-
ons determined, The properties of these events strongly suggest that their origin is not

hadronic but may be in the lepton sector.

Multilepton production in high-energy collisions
of neutrinos and antineutrinos with nucleons has
been observed, and events with both pu(v) and
pe(v) final states have been reported.!™ The bulk
of these neutrino-induced, oppositely charged di-
lepton events is now understood to result from
the production and weak decay of hadronic matter
carrying a new quantum number, presumably
charm.®® The explanation of antineutrino-in-
duced, oppositely charged dileptons and of dilep-
tons with the same charge is less clear, but they
may signify the existence of new hadronic quan-
tum numbers beyond charm.'® There have also
been earlier searches for v - and v, ~induced
events with three charged leptons (trileptons) in
the final state.®!! In this Letter we report the ob-
servation of six trimuon events with the momenta
and charges of almost all muons determined. The
properties of some of these trimuons strongly
suggest that their origin is not hadronic; they are
consistent with a leptonlike phenomenon.

The original Harvard-Penn-Wisconsin- Fermi-
lab detector'? has been substantially modified.
The new large-angle detector of neutrino inter-
actions (NEULAND) is depicted in Fig. 1. The
three target-detectors have different densities:
~ 8 g/cm® for the Fe target (FeT), mass =250
metric tons; ~0.8 g/cm?® for the pure liquid scin-
tillator calorimeter (LiqC), mass 45 metric tons;
and ~ 3 g/cm? for the Fe calorimeter (FeC), mass
90 metric tons. Wide-gap optical spark cham-
bers are inserted throughout the LiqC and the
FeC to provide visual information about an event.
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The LigC and FeC provide timing information and
determine the hadronic energy (E ) deposited in
them with uncertainties of less than 15% and 20%,
respectively. The 8-m-diam magnetic muon
spectrometer, also equipped with wide-gap opti-
cal chambers, measures the charge and momen-
tum of wide-angle (600 mrad) muons of momen-
tum as low as about 3 GeV/c. The 8-m and 4-m
spectrometers together provide approximately
+15% momentum resolution for muons with mo-
mentum up to 200 GeV/c.

The data reported here were acquired primari-
ly from a run in which the incident combined neu-
trino-antineutrino beam was obtained from quad-
rupole triplet focusing® of the secondary hadrons
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FIG. 1. Schematic outline of the large-angle neutrino
detector NEULAND with a trimuon event superimposed
on the apparatus.
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FIG. 2. A particulary interesting trimuon event with
three very-high-energy muons with small angles be-
tween each pair and a very-low-energy hadron cascade,
An hadronic origin for this event is very unlikely.

produced by 400-GeV protons. The observed sin-
gle-muon v, and v, relative event rates in that
beam are in the approximate ratio 5:1.
Superimposed on the apparatus of Fig. 1 is one
of the trilepton events observed in NEULAND.
It originated in the second section of LigqC, and
exhibits a high-energy hadron cascade which is
completely contained in LiqC and FeC. The three
muons are observed as a three-times-minimum-
ionization signal in the last eight scintillator mod-
ules of FeC. Three tracks emerging from a com-
mon vertex with small angles between each pair
are clearly seen in three spark chambers in FeC,

in the corresponding spark chambers in the 8-m
spectrometer, and in the first spark chamber of
the 4-m spectrometer. Two oppositely charged
muons then traverse the entire 4-m spectrome-
ter. Note that the highest-energy muon is posi-
tive. Another very striking event is shown in
Fig. 2.

Some salient propertites of the six reconstruct-
ed trilepton events are given in Tables I and II.

It seems reasonable to make a rate comparison
with opposite-charge dimuons produced by neutri-
nos in the same beam with visible enevgy greater
than 100 GeV. This is motivated by the observa-
tion that E (3,2 100 GeV for five of the trimuon
events. The data give a »aw ratio [Rate(uu )/
Rate(up)] g > 100 GeV of the order of 5%, with
no corrections for relative detection, scanning
or reconstruction efficiencies.

There are several possible origins of the tri-
muon events: (i) accidental space-time coinci-
dence of a dimuon with a muon from a single-
muon event, (ii) decay in flight of a pion or kaon
in the hadronic cascade of a dimuon event, (iii) di-
rect muon pair production at the hadron vertex,
(iv) charm-anticharm production by a neutrino
with subsequent semileptonic decay of both the
¢ and ¢ particles, (v) sequential semileptonic de-
cays of new hadrons, (vi) flavor-changing weak
neutral-current decay of a charmed hadron, (vii)
sequential decays of new leptons or leptonlike
particles produced at the lepton vertex of the neu-
trino-nucleon interaction.

TABLE 1. Properties of the observed trimuon events,

RUN TGT JENERGY (Ge V) MOMENTUM(GeV) ANGLE (mrad) “ INVAR.MASS(GeV/cz)

FRAME || MoD || E_. MO (L
vis| En M | w3 615 613 | sl My Mgl Mg | Mg

58 FeT || > 82 =) 52 (=) 20| (+)>10) 36 | 29 | 58f| 1.2)>0.64]>0.82 |>1.6
7967911 2 + 70 + 5 +0.4

119 Liq 249 13 |[(-)157] (=) 32| (») 47fl67 | 16| 77| 4.7] 1.4 | 3.0 5.8
017991 12 25|21 + 24| + 6| + 8 +0.9/40.9 |+0.5 [+1.3
126 Ligq 131| 61 Jf(-) 40| (-) 6 (+) 2404 |113 J149)f 3.2| 3.5 | 1.8 5.1
023729 6 + 13|10} + 6 + 4+ 4 +1.0[{%0.5 |+1.2 |+1.6
135 FeT || > 82 -l 57 (=) 1w+ 1139 ] 51| 24) 1.1] 1.3 | 0.3 1.7
0310784 2 + 9 + 2] + +0.3]0.8 [+0.2 [+0.9
138 FeT || > 48 - 290 () 4| (0 15|pes |110 |272) 2.9| 2.3 | 2.2 4.3
032717 3 + 4 + 1 + 2 +0.31£0.3 |+0.2 +0.5
146 Liq 168 | 83 || (=) 17| (=) 11| (+) 57fJ46 | 37 | 68ff 0.6f 1.2 | 1.7 2.2
040090 2 £ 150 +12f| + 3} + 3| & 7 +0.2]+0.3 |+0.4 |#0.5
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TABLE II. Momentum components of the three muons
of each trimuon in Table I,

RUN MOMENTUM (GeV/c)

FRAME Py1 pyl Pz1 Py2 pyZ P22 Py3 Py3 P23

582 - - - - - - - - -
796791

119 2.5 0.79 157 | -0.63 2.0 32| 0.46 -0.45 7
017991 | #0.4 0.2 +24 | #0.1  #0.5 46| +0.06 +0.07 +8

126 0.18 -3.3 40 1.04 0.23 6| 0.51 0.71 24
023729 +0.07 0.3 + 6 1+0.8 +0.3 % | #0.14 +0.04 +4

135 0.20  0.54 57 | -0.49 0.08 14 | -0.42 -0.20 11
031078 +0.07 #0.07 + 9 | £0.06 +£0.07 +2| #0.50 #0.40 +6

138 -0.71 1.10 29 0.65 -0.67 4] -1.40 -0.69 15
032717 +0.03 $0.02 + 4 [+0.13 10.13 +1( +0.3 0,12 *2

146 0.9 -0.03 17 0.74 -0.52 11| 0.85 0.01 57
040090 +0.04 +0.04 3 |+0.14 0.08 +3| #0.08 £0.05 +7

2Event obtained in test run where 90° stereo view not
accurately aligned.

We have estimated for each event in Table I the
relative probability that it arises through each of
the origins (i) to (v) above. Straightforward prob-
ability calculations lead to the conclusion that (i)
has negligible probability (1078 per neutrino
event). The estimates for origins (ii) to (v) are
given in Table III. From the small rates shown
in Table III we conclude that these sources are
improbable explanations of the six trimuons.

It should be emphasized that the origins (i) to
(v), either individually or collectively, cannot be
appreciably more probable than our estimates
indicate because large numbers of trimuons with
greater probabilities than those for the events in
Table I should then have been observed from one
or more of those origins. It is, however, unlike-
ly that significant numbers of trimuons are being
missed in NEULAND. Hence actual rates (i) to
(v) are less than the upper limits in Table III.

Assuming some flavor-changing weak neutral
currents are present in nature (although there is
preliminary evidence in the failure to observe
D°-D° mixing® that suggests otherwise), we esti-
mate that it is kinematically very unlikely that a
D° can be produced with sufficient energy to ac-
count for the lowest-total-energy u* u~ pair in
each of the trimuon events from (vi).

The estimates above strongly suggest that ori-
gins which involve either old or new hadron pro-
duction and decay, singly, in pairs, or sequen-
tially, are very unlikely to be the sources of all
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TABLE III. Relative probability estimates of various
origins of the observed trimuons per neutrino interac-
tion above 100 GeV, These numbers should be com~
pared with the observed trimuon rate of about 5x 1074,

. (iii) (iv) (v)
szi;zie '((K)(iilca Direct w-pair prod. [Associated Sequential
R decay at hadron vertex |charm pro- decay of
in d1;\uon ) B duction and new hadrons
Event event' Cont inuum Vectag’d decay (scmi-
Meson leptonic)®
58 <3x10°° <107 - <8x 107° <8x 107°
796791
119 3x107 1077 <107 | 5 107° 8x 1077
017991 J/p(€2 % 10
126 5x10° | 2x1078 (<107 o 107 8x 10°°
023729 Jp2x 10
135 2% 107 3210 pgw <107 <2x 107
031078 (1x107%)
138 9% 10°% | 2x1077 - <2x107° <3x%107°
032717
146 1x107 | 2x107 g0 3x107 3x107°
040090 (7x107%)

Estimated using P =107% f2) Aaps/Adecay, Where f(z)
=2¢78% is the probability (Ref. 14) of producing a 7~
with E;-/v =z and v is the total hadronic energy. We
use 2=E;~/(E . +E,-+Ey). The yield of p~ from K~
decay is smaller than that from 7~ decay by a factor of
~3.

The numbers in the table represent the probability
of obtaining a u pair from a virtual W* nucleon colli-
sion with mass M, and Feynman x variable (xf) greater
than the values measured for that event. We have used
the measured distribution in M, and cross section for
the process 7 +nucleon— u"u* +anything (Refs. 15 and
16) parametrized in the form Ed%s/dp3=A (1 - xp)°e "1
integrated over all p, . Note, however, that for the
events observed in Ref, 15 (p,)~ 0.5 GeV/c, while
(p.) for the trimuon events is ~ 2 GeV/c. The pyu*
combination with the larger probability is given.

°Ref, 14.

IRef. 16.

®The upper limit due to associated charm production
is given by P =alB (c— p +anything)l’ f(z,) f z.), where «
=0(N—p ccX)/o(uN = p"X). The branching ratio Blc
(¢) = u +anything] was assumed to be 0.1; and an upper
limit of 10™% was taken for @ from the observed frac-
tion of same~sign dimuons! The form of f(z) was as-
sumed the same as for pions (see Ref, a above),

fHere P =g B(c' — ¢ +u +anything) B (c— p +anything)
X G(2), where B=0(N ~ u ¢'X)/0(xN ~u"X) S 107!, The
branching ratios are assumed to be 0.1. The factor
G(z), the probability of obtaining the 1~ and p* with en-
ergies greater than those observed, is calculated as-
suming ¢’ is produced with the same z distribution as
that for pions, a three-body decay of ¢’ into cuv, and
a uniform energy spectrum of muons from c decay.

the trimuon events in Table I, since the total es-
timated upper limit of all the processes in Table
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III combined is 2.4x10”* per neutrino event, of
which 1.9%x107¢ arises from three of the trimuon
events (126, 135, and 138) and only 0.5x10"* is
attributable to the other three events (58, 119,
and 146). Another possibility (vii) is that those
trimuons arise at the lepton vertex of the neutri-
no-nucelon interactions, perhaps from the pro-
duction of a massive new lepton (M) which decays
to a muon, an antineutrino and a lighter, new lep-
ton (L), which in turn decays to two muons and a
neutrino.!” We plan to discuss the evidence for
that possibility subsequently, and to include ad-
ditional evidence from v -induced symmetric di-
muons, i.e., those satisfying locality bounds.®
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We suggest that the conservation of muon number is associated with a local gauge prin-
ciple and that small nonconservation effects develop from the spontaneous breakdown of
the gauge symmetry. Experimental consequences of the scheme, stemming from the
spontaneous genesis of off-diagonal neutral currents, are discussed in detail.

In this Letter we suggest that the conservation
of muon number is associated with a local gauge
principle and that small nonconservation effects
develop from the spontaneous breakdown of this
gauge symmetry, To implement this suggestion,
in the framework of a unified description of weak
and electromagnetic interactions,' we enlarge the
Weinberg-Salam (W-S) gauge group to U(1)®U(1)
®SU(2), the extra U(1) corresponding to muon

number. The requirement of renormalizability
forces us to endow fields other than the muon and
its neutrino with muon number; we choose these
fields to be the strangeness- and charm-bearing
quark fields, (The muon number that must be al-
lotted to these hadron fields is —3,) The noncon-
servation of charm, strangeness, and muon num-
ber then appears as cognate phenomena, albeit
characterized by different magnitudes, Off-diag-

1113



