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goes down by 30%. If we compare the uncorrect-
ed experimental number 5% 10”% for R =o(u"p"u*)/
o(p™), with E,,>100 GeV, we note that o(v, +N
~M~+X)/o(v, +N—~ p~ +X) is 14% for our model
with the same energy cut. Model-dependent but
reasonable estimates’® for the two branching ra-
tios are in the range 7 to 15%, yielding R = (7-30)
x107% The agreement between these values sug-
fests that there is little room for a mixing angle
at the production vertex. In other words, the
leptonic vertex couples the v, -M "~ left-handed
with a new charged gauge boson (not the regular
W*). Finally we point out that while the heavy-
lepton-cascade chain will lead to some excess of
events at large y in the reaction 7, +N—p* +X, it
is clear that the magnitude of this contribution is
much too small to explain the whole effect.
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interpretation of the FHPRW data. We would al-
so like to acknowledge useful conversations with
P. Langacker, B. W. Lee, H.-T. Nieh, H. Prima-
koff, G. Segre, and R. E. Shrock.
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We explain neutrino-produced trimuon events with a gauge model incorporating heavy
leptons M~ and M? with the cascade-decay chain M~ —M% ¥ and M®— u pty, Compari-
sons with trimuon data are made for M~ and M” masses 7 and 3.5 GeV, respectively.
This mechanism predicts same-sign dimuons at five times the trimuon rate.

Energetic trimuon events have recently been
observed in neutrino experiments.”® The rate
and kinematics of these events seem incompatible
with dilepton production at the hadron vertex,
e.g., from associated charm production. In this
Letter we show that all characteristics of the
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trimuon events can be understood in a gauge-the-
ory model which includes M~ and M° heavy lep-
tons of masses 7 and 3.5 GeV, respectively. The
essential feature of this interpretation is neutrino-
production of M~, which then decays via

M™ =M% ,"v, M°=p, pu, v, (1)
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The general properties expected for three muons
originating in this way from the neutrino vertex
are evident in the data. A heavy-lepton cascade-
decay interpretation of neutrino-produced trimu-
ons was first suggested on the basis of a theoreti-
cal gauge model.?

For concrete illustration we consider an SU(2)
® U(1) gauge model with the following new lepton
doublets,

&), () (), () @

Here E~ is the SPEAR heavy lepton.* The (E°e7),
doublet explains the apparent absence of parity
nonconservation in atomic physics.® Then e-u
symmetry requires the (M°,M"), and (M°, u"),
doublets; these doublets provide the cascade de-
cay of interest for trimuons, provided M~ is heav-
ier than M°. In this specific model the M~ coup-
ling to the incident v, beam is achieved by M -pu~
mixing. The experimental test of y-e universali-
ty in 7,, decay limits the v,-M~ coupling to G/
V2 with € <0.2, which is of the same order as the
Cabibbo angle; this assumes that the electron
doublet is unmixed. However, in a larger gauge
group or with a correlated mixing scheme,® this
restriction on € could be avoided entirely.

If we define (o;(M ")) as the spectrum-averaged
M~ production cross section for full Fermi coup-
ling strength, the ratio of trimuon to single-muon
rates is

Np p'p*) o, - o {9, (M)
—m_)—g‘r) € BH(M )BH(M )m. (3)
Here n represents the mean detection efficiency
per muon in trimuon events, and the B , denote
muonic branching ratios. For energies E,>100
GeV and the Harvard-Pensylvania-Wisconsin-
Fermilab (HPWF) quadrupole-triplet spectrum?
we find (0,(M"))/{o(1"))~0.15. From Monte Carlo
calculations with detection energy cuts E , >4 GeV
we obtain 7 ~0.88. Roughly estimating B, as

~0.2 from quark-lepton counting and taking €2
=0.04 we find

N p ph) -4

NG ~2x1074, (4)
The reported experimental rates are 5x107* for
Ref. 1 and 3X107* for Ref. 2, based on six events
and two events, respectively. If higher-statistics
data indicate a substantial discrepancy with Eq.
(4), a larger gauge group or a correlated mixing
scheme® will be needed. However, the essential
dynamical features of our model calculations
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FIG. 1. Invariant-mass distributions for trimuon
events in our heavy-lepton cascade-decay model, com-
pared with data from Ref. 1.

will still apply.

The cascade-decay mechanism also predicts
same-sign 1~ u” dimuon events, when the u*is
undetected, or when the u*v vertex is replaced
by an e*v or hadron vertex. The ratio of same-
sign dimuon to trimuon events is

N(u w )/N(u p™p')
~(1-n)/n+(1-B,)/B,n)=~5. (5)

Same-sign dimuons have been observed,’ but the
rate relative to trimuons is not yet established.
We have calculated the trimuon experimental
distributions shown in Ref. 1 and have found broad
overall agreement between the data and the model
described above. Our calculations average over
the neutrino spectrum of Ref. 1 and incorporate
detection energy cuts E, >4 GeV. We present
some of the more interesting comparisons here.
Figure 1 shows the distributions of the observa-
ble invariant-mass combinations m._, =m(u p ),
m._.=m(u~ W), and m_,=m(n" p*) summing over
the two .~ u* alternatives in the latter case. The
kinematical endpoint of all three distributions is
the mass m_ of the M~ parent. The m. ., distribu-
tion reflects this scale most clearly, with (m__,)
~m_/2. The lower peaking of m._, is partly due
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FIG. 2. Momentum-azimuth correlation test of ha-
dronic vs heavy-lepton origin of trimuon events. (i) Mo-
mentum of the slow charm decay muon (u* or ug™) vs
its azimuthal separation from the fast muon (u;").

(ii) Momentum of slow cascade decay products of
heavy leptons (u* or ug~) vs the azimuthal separation
from the faster negative muon (uy"). The trimuon data
of Ref. 1 are compared with these predictions. The
Monte Carlo theoretical distributions are normalized
to 1000 events in each case.

to the M° component, which has (m._,)~m,/2.
The invariant-mass distributions are somewhat
insensitive to m,; to illustrate this, Fig. 1 also
shows the case m,=2 GeV (with m.=7 GeV as
before). Reducing m, increases the mean energy
of the fast u”, and reduces the mean energy of
the slow u~ and u*.

Consider vN - u"H events, with H a hadron jet:
The p"H azimuthal angular difference about the
neutrino axis is A@ =180°, As the energy of a
particle in the jet increases, its momentum be-
comes more closely correlated with the jet axis,
and its azimuthal distribution relative to the u-~
becomes increasingly peaked at A¢ =180°. This
is a crucial and distinctive property of hadron-
jet constituents, shared also by their decay pro-
ducts, e.g., muons from charm decay.® Figure
2 illustrates this effect for dimuons from charm
decay (vN - u"DX, D—-K*u*v); the correlation
between the momentum of the decay u* and A (17,
u*) is evident. If the trimuons were of hadronic
origin, i.e., the p* and slow .~ come from decay-
ing hadrons, similar correlations between p(u*)
and A@ (ug",1") and between p (1 s”) and A (7,
It~ ) should occur (here subscripts F and S de-
note fast and slow). When the trimuon data® are
plotted in this fashion, it is clear that a hadron-
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FIG. 3. Rapidity distributions of muons from heavy-
lepton-cascade decays. The y* distributions for u* have
similar forms and are shown combined. The rapidity
differences Ay~ * and Ay~ " also resemble one another
and are shown combined. Trimuon data are from Ref.
1.

vertex interpretation is excluded. Figure 2 also
shows the corresponding predictions from our
heavy-lepton production and decay sequence,
which agree with the data.

Predicted distributions in rapidity y =3 In[(E
+p,)/(E =p,)] are compared with results from
trimuon events in Fig. 3. Individual muon rapidi-
ties are large but rapidity differences are small,
in complete accord with the heavy-lepton-decay
picture.

The two undetected neutrinos, carrying sub-
stantial missing energy and missing transverse
momentum are an essential feature of our lepton
cascade interpretation. With the HPWF neutrino
spectrum,' we calculate the following average
energies in GeV units: 175 (incident v,), 126
M"), 16 (1°), 30 (1,7), 25 (i,7), 39 (up"), 16
(Lg™), 27 (1), 24 (v), 20 (v), for the case m.
=T and m,=3.5. The mean missing energy car-
ried by the neutrinos is 54% of the 3y energy.
Hence the incident neutrino energy is appreciably
higher than the visible energy, a prediction that
can be tested with narrow-band beams. The pre-
dited mean missing momentum transverse to
the beam axis is 1.7 GeV. The average energies
from the six trimuon events of Ref. 1 are 59 (uz),
13 (ng™), 31 (u%), in general agreement with the
predicted values above, given the present exper-
imental and theoretical uncertaintites.
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Other interesting effects can be expected in
heavy-lepton production, as for example appar-
ent lepton-number nonconservation in "y e*
events. Also the M -y~ mixing may bring in a
neutral-current coupling allowing M~ = p~pn~ u*
single-step decay into three leptons at the few-
percent level. Such trimuons would have a unique
invariant mass m. ., , higher individual muon en-
ergies, and higher visible energy than the cas-
cade-decay events; it is possible that event 119-
017991 of Ref. 1 may be in this category.

We thank D. Cline and D. D. Reeder for discus-
sions.

Note added.—Details of our Monte Carlo calcu-
lations of heavy-lepton production and cascade
decay are described in a comprehensive paper.®
In each amplitude the lepton helicities are cor-
rectly followed from the production through the
final stage of the decay; we neglect interference
between amplitudes with different intermediate
configurations. We use standard scaling struc-
ture functions at the hadron vertex. An extensive
analysis of branching fractions for the cascade-
decay chain is given.’® The inclusive trimuon
branching fraction B(M™ = u" p" u*X)=0.04 is
found for m._. ="7.0 GeV, m,=2.5 GeV, consistent
with the branching fractions used in this Letter;
of this 0.022 comes from the X =vv states calcu-
lated here. Finally, in Ref. 6 we point out that
universality restrictions on the magnitude of €
can be circumvented in our SU(2)® U(1) model by

a common mixing of leptons with heavy leptons
and quarks with heavy quarks.
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We have measured the relative cross sections of 7* and 7~ electroproduction from pro-
tons and neutrons, and combined them in a way which permits a new, detailed compari-
son with the quark parton model of the nucleon. We confirm the expected behavior with
1/w of the quark charge ratio and the quark fragmentation function,

It has been pointed out by several authors!s?
that a measurement of the relative production of
7* and 7° mesons from lepton-nucleon collisions
can be related to the parameters of quark parton
models. Given that quarks have not been seen,

one may wonder whether their charge and their
distribution functions (for example) are realities
or merely parameters adjusted to fit data. We
develop a method to separate these parameters
and use our data to check the model’s assump-
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