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We calculate neutrino production of a charged heavy lepton 'M from an isoscalar target assuming both
light-to-light and light-to-heavy quark transitions. Then we examine the cascade decay of the M it).to
another heavy lepton L via M ~L + X and M ~L + p, + P„, followed by.the decay of the L into
both p, + X and p, + p,++v„. These decays yield p, p, , p, p, +, and p, p, p,

+ multimuon events. We
compute event rates and distributions for these types of lepton cascade chains. Also, we discuss results for
the antineutrino production of the M+ followed by analogous decay chains resulting in p, +p.+, p, +p, , and
p,

+
p,

+
p, events.

I. INTRODUCTION

The existence of heavy leptons' is an ingredient
in many of the gauge-field models proposed to unify
weak and electromagnetic interactions. Searches
for such particles have been made in e'e storage
rings and in neutrino interactions. A charged
heavy lepton, now called the &, has been found by
Perl et al. ' in experiments performed at the collid-
ing electron-positron beam facility SPEAR. Re-
cent results from the colliding ring DORIS' are in
good agreement with the SPEAR data. Thus it
seems that the search for a new charged heavy
lepton has been successful.

Neutrino experiments performed prior to 1976
were inconclusive with regard to finding heavy
leptons. In particular, only a lower limit could be
placed on the mass of a positively charged heavy
lepton4 coupling to &,. Also, the bulk of the dimuon
events' seen in neutrino experiments at Fermilab
have the wrong characteristics to be associated
with the decay products of a neutral heavy lepton. '
In particular, the energy asymmetry betw'een the

and the p.
' rules out a low-mass L' coupling with

full strength to v, via a neutral current.
The discovery of trimuon events, ' together with

the recent surge of interest in gauge models' in-
corporating the decay p, - ey, has removed many
inhibitions about the existence of several new
charged and neutral leptons. The trimuon events
easily fit the characteristics expected from a
heavy-lepton cascade decay. ""However, the
event rate is so large that the new leptons
probably have to be assigned to a gauge group lar-
ger than SU(2) x U(1).' In fact some SU(3) x U(l)
gauge theory models have already been proposed
which include new leptons as the source of the
dimuon and trimuon events. " Whi. le it is too early
to know which gauge model, if any, canfitthedata,
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FIG. 1. Feynman diagram for the production of the

heavy lepton M in neutrino interactions off isoscalar
targets.

it is appropriate to undertake a thorough phenome-
nological analysis of a typical cascade decay chain.
Qne alternative explanation of the trimuon events,
namely, that they are the decay products of
charmed particles produced from valence and sea
quarks, does not give a good fit to the data. " The
possibility still arises that the trimuon events
could be the decay products of diffractively pro-
duced charmed particles" and more work is neces-
sary to distinguish between this model and the
heavy-lepton cascade decay model.

In this article we assume the existence of two
spin- —,

' heavy leptons which we call M" and L'. For
the most part we assume the M to have a mass
equal to 8 GeV/c' and a charged-current coupling
to the &,-p, . The two-step decay of the M into

. the L' and then the L' into lepton' and hadrons
gives dimuon and trimuon final states. We postul-
ate that all couplings are of charged-current vec-
tor or axial-vector type. Clearly, the addition
of neutral currents is possible and would lead to
many additional decays. These possibilities should
be examined when more data becomes available.
With the I.o mass equal to 4 GeV/c', it can decay
into the & particle but we do not consider this pos-
sibility here. We have examined a range. of values
for the mass of the L'. Hence our model assumes
the M is produced initially via the reaction,

v, +N-M +X, , (1.1)
shown in Fig. 1. Many authors" have already
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studied this process assuming. quark-parton-model
structure functions. We extend the previous analy-
sis to include M production off light quarks lead-
ing to either light, charmed, or heavy quarks. If
we then allow the M to decay via the usual mode
M —p; + v„+ v„the reaction gives single-p. events
which are exceedingly difficult to extiact from the
regular process v, +N- p, +X. Our preferred de-
cays are therefore M -L'+X and M -L'+ p. + v„
followed by the decays L —p. +X and L'- p, + p,

'
+ & . - Thus our decay chains lead to the following
reactions:

M -I+X
v +u +~.

depicted in Fig. 2,

M:-Lo+ p, 1v

+X

depicted in:Fig. 3, and

M -Lo+p, +v„

(1.2)

'(1.3)

p, +p'+v, (1.4)

depicted in Fig. 4. These decay chains lead-to
neutrino-induced multimuon events with p, p, ',
p p, , and p, p, p+, respectively. Similar chains
leadto antineutrino induced p, 'p, , p, 'p, ', and p, 'p, 'p
events. Using only 'charged-current couplings
avoids a potential problem associated with a, high
rate for L' production at the initial vertex, .and
hence the production of too many opposite-sign
dimuon eVents. '

We concentrate on the decay modes which lead
to final states involving muons. : 'Fhere are many
variations of M and L' decays leading to electrons .

and positrons but we prefer to discuss them sepa-
rately. Bubble-chamber experiments should be
able to identify -such decay modes. In fact, our
model predicts a large decay rate into such chan-
nels. We fold our productiori cross sections with
the neutrino flux for the quadrupole-triplet-target
train used by the Fermilab-Harvard- Pennsylvania-
Rutgers-Wisconsin (FHPRW) group. This means
that it is difficult to extrapolate our results to other
experiments'. Clearly, the production of a very
heavy lepton is extremely sensitive to the high-
energy tail of the neutrino and antineutrino spec-

L (P2} I P.

FIG. 3. The cascade decay chain leading to the pro-
duction of p, p events in neutrino interactions.

II. N PRODUCTION

We begin our discussion of the lepton-cascade
processes with the production reaction (for mo-
mentum assignments see Fig. 1)

( )

occuring off an isoscalar target. The differeritial
cross section is conveniently expressed in terms
of the time-reversal-invariant structure functions
W, = W, (q', v) according to

v (v )+N M++X, 2.1

tra. Event rates for experiments using dichro-
matic beams can be very different from those mea-
sured by the FHPRW group. However, the decay
distributions are relatively insensitive to the pro-
duction cross section, so we can predict with rea-
sonable accuracy the key features expected from
the cascade chain. Note that we do not try to com-
pare our results with the curreritly avaij. able data
sample since the number of events observed is
very small', and the detection efficiency, accep-
tance, and resolution of the experimental apparatus
is not yet known. There should be many more di-
muon and trimuon events analyzed in the next few
months both at Fermilab and at CERN.

The plan of the paper is as follows: In Sec. II we
discuss the production of the M in neutrino beams
and the production of the M' in antineutrino beams.
The structure functions of the quark-parton model
are used at the production vertex. We discuss
transitions from both light-, mass quarks to light-
mass quarks as well as light-mass quarks to heavy
quarks. Then we proceed to discuss the decay
modes of the M particle and the L', particle in Sec.
III; estimates are given for decay branching ratios
into leptonic and hadronic channels. Sec. IV gives
results for the decay chain involving p, p,

' final
states. Then Sec. V has a discussion of p, p. final
states. Finally we give the trimuon-event distri-
butions in Sec. VI. In Sec. VII we summarize our
results and give our conclusions.

M (p~),~ L'(P2) I M(pl) II L (P2),l

F16. 2. The cascade decay chain leading to the pro-
duction of p. p,

' events in neutrino interactions.
FEG. 4. The cascade decay chain leading to the pro-

duction of p, p, p,
' events in neutrino interactions.
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d2O v&P Q2
2(q'+ 'm') W,"'"+[4E(E—v) —(q'+ m')] W,"'

(2.2)

E m 1 ~ E - 1 2 2 1
( P )„„-= + m 2 W, —W, + —W, —,W»+ (E——v)W, k+ 2 —W, v —,(q'+ m') W,—,(q'+ m') W, p

m2
x ~(q~+ m') Wi+ 2 E(E —v) —~ (q'+ m') W, v [2 Eq2 —v(q2+ m2)] W3+ [(q'+ m~) W» —2 MEWS]

dq dv 8mE

[REq—' v(q'+—m')]w"'+ [(q'+m')w"" —2MEw ]I,
where q'=(k —p, )'&0 and v= p q/M =E —E, are the modulus of the four-momentum transfer squared and
the energy transfer to the hadrons. M is the nucleon mass, and m is the mass of the heavy lepton. Pre-
vious studies have shown that the heavy lepton is produced partially polarized. " In its rest frame the po-
larization vector is given by

[,= (q'+ m,.')/2M v

= x+ m, '/(2MEy), (2.4)

which conveniently summarizes much of the non-
scaling behavior arising from quark mass correc-
tions to the Bjorken scaling variable. The effec-
tive mass of the heavy quark is m,. (m,. =—0 for light
u, d, or s quarks). In terms of this $ variable,
the structure functions are assumed to scale in the
Bjorken limit (E-~, q' —~, v —~, q'/v fixed) ac-
cording to

limMW, = E~($),

limvW~=E~($), @=2,3, 4, 5.
(2.5a)

The positivity conditions on the W's can be trans-
lated into certain restrictioris on the F's in the
scaling region" and one can show that the Callan-
Gross" relation taken together with the Gross-

1

where k and p are the momenta of the neutrino and
incident nucleon in that frame and the superscripts
on the structure functions are suppressed. How-
ever, as far as the total cross section is concerned
we sum over the final polarizations. In the later
sections, where we add on decays into specific
channels, polarization effects are taken into ac-
count.

One can introduce the usual scaling variables
x=q'/2Mv and v= v/E at this point. &e prefer,
however, to entertain the possibility that the v

-M current may induce a light-to-heavy quark
transition at the hadronic vertex. In other words,
the gauge-field coupling the leptonic and hadronic
currents may differ from the ordinary W' field of
the SU(2)-type models. We assume, of course,
that the latter field is responsible for the conven-
tional ~, —p, transition.

We thus write an effective scaling variable":

(2.3)

Llewellyn Smith" relation

(2.5b)

F,(()= t'[u~(()+ d „(t)+ 2n(t)], (2.5}

for both light-to-light and light-to-heavy quark
transitions. We find that our results for the mul-
timuon decay distributions are insensitive to spec-
ific forms of the parton distribution functions. We
used both the Pakvasa-Parashar- Tuan" parametri-
zation as well as an older form suggested by
Llewellyn Smith. "

To calculate the v„-M inclusive production
cross section, we integrate E(I. (2.1}over the q' v

plane bounded by the curves

and

2Mp —q~+M =M (2.7a)

p=E q2+ m2 m2E
4E q'+m' ' (2.7b)

The threshold mass, M~, represents the mass of
the- lightest baryon carrying the flavor quantum of
the heavy quark which has the effective quark mass
m. in Eq. (2.4). In models where the v„-M trans-
ition couples only light quarks, '

M~ =M; in light-to-
heavy transitions Ms = 5 GeV/c'.

(where B,,=+ 1 for negative-helicity quarks and

B,, = -1 for positive-helicity (Iuarks) impose re-
strictions on F4 and F, such that"

(2.5c)

(2.5d)

Note that the initial quark is always regarded as a
light-mass quark. Relations (2.5a)-(2.5d} are
adopted for the structure functions during the rest
of our analysis. The F, structure function can be
approximately expressed in terms of valence and
sea parton distribution functions as follows:
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FIG. 7. Total cross sections for the production of
p
' and M by. antineutrinos. The notation is the same

as in Fig. 5.

FIG. 8. Total cross section times flux curves for p '
and M' production by antineutrinos. The notation is the
same as in Fig. 6.

production in both light-to-light and light-to-heavy
quark transitions. Curve (a) shows M' production
from light quarks with a V-A coupling to the W .
Curves (b), (c), (d), and. (e) show analogous cross
sections for charmed cjuarks, and heavy quarks
with V-A and V+A. couplings, respectively, using
the same masses as above. Finally, we show the
event rate curves for the antineutrino spectrum in
Fig. 8. The fact that the antineutrino spectrum
falls more sharply than the neutrino spectrum
means that total event rates for v, induced events
are much smaller than those for v, induced events,
even though the percentage ratios for beam ener-
gies larger than 100 GeV are comparable. The
corresponding numbers for the ratios of the flux-
averaged cross sections are 11%, 9/o, 22%, 4/o&

and 8/o for (a)—(e), respectively. The curve (d) is
so small that it cannot be drawn on the figure.

If we now compare the ratios for the antineutrino
production of the M' to the neutrino production of
the M then we see that it will be much harder to
see any trimuon events from M' decay in the quad-
rupole-triplet run. The ratio of regular p,

' to p,

event rates is expected to be 4% while the corre-
sponding ratio of M' to M event rates for V-A
and light-to-light quark transitions is 3/o, both in-
tegrated over beam energies larger than 100 GeV.
It is interesting to note that the event rates do

change significantly if we insist that the production
of the M and M' is only allowed in light-to-heavy
quark transitions. The event-rate ratios for cases
(b), (c), (d), and (e) are 3/o 1 t'%%uo 3'%%uo and 14%%uo

respectively.

III. N AND L HEAVY-LEPTON DECAY MODES

M &~+ p, +P~,

M -v„+e +v, ,

M v~+7 +Pq,

(3.1a)

(3.1 )

(3.1c)

M - v„+hadrons, (3.1d)

where ~ is the heavy lepton of mass -1.9 GeV/c'
observed at SPEAR -and DORIS and v, is its. neu-
trino. These 7 leptons may belong to a new se-
quential set distinct from the electron or muon

type, or they may be identified with a heavy elec-
tron and the electron-type neutrino v, ,"

In order to produce trimuon and same-sign di-

Once produced, the M heavy lepton has many
possible decay modes. In this paper, we shall
restrict our attention to charged-current decay
modes only since the structure of the neutral
current (if present at all) is considerably less cer-
tain. The M can then decay into the following
channels:
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muon events through leptonic channels, it is nec-
.essary to postulate the existence of at least one
neutral lepton L', with a smaller mass than the
M . If only charged-current decay channels are
present, the L' is in fact a heavy-muon neutrino.
Additional M decay channels open are

M -L+p, +v

M -L'+ e +v, ,

M -I,'+7' +v, ,

M -L,'+hadrons.

(3.1e)

(3.1f)

(3.1g)

(3.1h)

Since less phase space i-s available for the second
set of decay modes, the branching ratios for
(3.1e)-(3.1h) are somewhat smaller than their
(3.la)-(3.1d) counterparts. Reasonable estimates
lead to branching ratios of 5%-10/o and 20%—30%,
respectively, for the two decay modes (3.1e) and
(3.lh} of interest to us in this paper. While one
can calculate these decay branching ratios pre-
cisely in specific gauge models, we feel that this
approach is rather premature so we use the mem-
bers quoted above. "

Once produced, the L' heavy lepton can decay
into the following (charged-current) decay chan-
nels:

p, +v~+ p,

+v +e
L' - p, + v, + 7' (if m~o & m, + m, )

L'- p, +hadrons.

(3.2b)

(3.2c)

(3.2d}

(. g v ov)(] 2'Q) && ]'0-4
~(v. -~ )

(3.4)
!

for the energy cut F. & 100 GeV and the various
quark transitions considered above. This number
is to be compared with the uncorrected exper'imen-
tal number, 5 x10 4, based on six trimuon events
from the FHPRW collaboration. Estimates of the
detection efficiencies have not been made at the

Neglecting neutral-current channels, reasonable
estimates lead to branching ratios of 10/o-15% and
50%-60%, respectively, for the (3.2a) and (3.2d)
decay modes. Of course, '

in different modes. a
given decay mode may be enhanced or suppressed
by a particular current- gauge-field coupling.

Trimuon events then arise through the (3.1e) and
(3.2a) decay chain. Our estimate of the product
branching ratio is then of the order of

B(M -L'V.'

v„}B(Lo- V, v„p, ') = (0.5-1.5)% .

(3.3}

The estimated production cross section times
branching ratios is then of the order

time of this writing.
The same-sign dimuon events (p, p, ) arise from

the decay chain (3.le} followed by (3.2d). In the
counter experiments, which are insensitive to
electrons, the decay chain (3.1e) followed by (3.2b)
will also serve as a source of same-sign dimuon
events. The product branching ratio can then be
estimated to be

B(M -L'pv„)B, (L'- p X) =(3-7.5}%%uo. (3.5)

Comparison of the branching ratios of L' decay
suggests that game-sign dimuons should be

o'(v p v)
o(v-u u V') (3.6}

times more abundant than the trimuon events ob-
served. This estimate is compatible with the ex-
perimental finding. " Note, however, that experi-
mental cuts can be very important in making any
comparison between multimuon event rates.

Regarding the opposite-sign dimuons (p V, '), we
note that they can originate from the (3.1h} and

(3.2a) decay chain, as well as the (3.1f) and (3.2a)
decay chain, when the electron is not detected by
the counter experiments. However, if a neutral-
current v, -L coupling exists, opposite-sign di-
muons can be produced directly. from the I.' pro-
duction and decay. The muon distributions for
this process have been studied at some length, in-
dependently, by Chang, Derman, and Ng and by
Albright. ' Ignoring this possible neutral-current
coupling, the ratio of opposite-sign to same-sign
dimuons is estimated to be in the rang'e

o(v-~ V')
o(v-u ~ }

(3.V)

This number is in poor agreement with the experi-
ments' which indiacte a ratio -10. Indeed, most of
the opposite-sign dimuon events have been inter-
preted as arising from single-charmed-particle
production by charged-current coupling v, - p, fol-
lowed by semileptonic decay into the muon mode, "

Iy. OPPOSITE-SIGN DIMUON PRODUCTION

We now turn our' attention to a detailed discus-
sion of the dimuon and trimuon distributions which
can be compared with experiment. In order to pre-
sent a coherent picture, we shall consider pri-
marily V-3 couplings and light-to-light quark
transitions and simply comment on the changes
observed with somewhat different. couplings. We
have chosen m„=8 GeV/c' and m~ =4 GeV/c'to
illustrate most of our results.

We first take up the subject of opposite'-sign
dimuon (g g') production. Though this process,
occurring mainly through the production and de-
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E~&4 GeV,

8„400 mrad.

(4.1a)

(4.1b)

These experimental cuts applicable to the FHPBW
setup approximate the average muon energy and

opening angle necessary to ensure detection and
identification of the muons.

The actual calculation of the polarized M par-

cay chain shown in Fig. 2, must compete with the
large background due to semileptonic decay of
singly produced charmed particles, it is somewhat
simpler to analyze than the same-sign dimuon pro-
duction since the muons are distinguishable. We
shall present flux-averaged results based on the
FHPRW quadrupole-triplet-target spectrum and
impose the following experimental cuts on all the
muon energies and angles:

tic)e decay into the channel L +X is relatively
simple. ' We introduce the structure function
W, (s) related to the e'e total cross-section ratio
A by l

1 o (e'e - hadrons)
4v o(e'e - g'g )

(4.2)

R(s) = —,'(1+2&s ), s ~ 1 GeV'. (4.3)

Hence the decay of the M is given by

The experimental value for A is larger than unity
in the energy range required. " As an approxima-
tion to R(s) in the range 1 GeV'& s& (m„- m~)',
we use the simple form"

d'p, (2v)' m„ I (mSz —m~ ) +(m„'+m~ )s-2s +2m~(s p~)(2s-m~'+m~2)] W, (s), (4.4)

where s is the spin vector of M, and we do not
write the 5 and g functions explicitly. The distri-
butions can now be calculated by folding Eq. (4.4)
with Eq. (2.3). Note that the I.' polarization is not
included because we expect its effects to be very
sma11.2' We then add the matrix element for the de-
cay of the unpolarized L into the channel L - p.

. + p, '+ p„. The distributions which follow were gen-
erated by a Monte Carlo routine using approximate-
ly one thousand points. With this relatively small
number there is still some scatter on the distri-;
butions so our curves have errors of roughly 5-
10%. This accuracy is quite sufficient for our
present purposes. Small differences caused by
varying parameters will be extremely difficult
to verify experimentally. We will comment on
these changes at the end of this section.

In Fig. 9 the energy spectra are given for the
muons, E =—F.„,E'=—F„„the missing neutrino,
the hadronic energy, the visible, and the total.
energy All thre. e leptons (p, p. ', and v„) show
quite similar spectra which are peaked around
15 GeV with tails extending up to over 100 GeV.
The hadronic energy, on the other hand, shows a
broad spectrum which extends from 0 to 250 GeV
and peaks around 75 GeV. The visible energy,
E, =E' +F,'+Eh, d peaks near 150 GeV while the
total energy, F.„,=E, + F, , peaks around 175
GeV for the quadrupole-triplet spectrum. This
is consistent with our previous calculation of the
event rate for M production (see Fig. 6). We also
show the distributions in the ratios of the muon
energies to the visible energy z'=E'/E„;, and

z', = p'/(E„. , —E ) in Fig. 10. These distributions
pehk for low values of the variables.

The correlation between p and p,
' momenta

are shown in the scatter plot of Fig. 11, where
the cuts of (4.1) have not been applied. It is clear
that most of the events have small energies

LIGHT-TO-LIGHT TRANSITION.

——-- LIGHT- TO-HEAVY TRANSITION

EL 4-

Q3

LLJ

b
2-

0
0 80 I 20 l60 200

E in GeV

240 280

FIG. 9. Energy distributions for the p, p ', the
missing energy E, the hadronic energy Eh,d, the visible
energy E„,, and the total. energy E„„allflux-averaged
with the quadrupole-triplet spectrum. The solid curves
refer to light-to-light quark transitions while the dashed
curves refer to.light-to-heavy quark transitions.
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(P„-,p„, ~ 20 GeV/c), but a sizable number of
events are found where the two muons carry off
a substantial amount of energy. These so-called
"symmetric" dimuons stand out from the back-
ground due to single-charmed-particle production
and decay. " The latter process yields muons
which are limited to the region E's40 GeV, while

E is generally ~150 GeV.
The muon angles relative to the neutrino beam

direction are shown in Fig. 12 along with the open-

70

ing angle 0„-„&. The g' angle is peaked slightly
lower than the p, angle, though for both g,„-50
mrad. The opening angle peaks at a slightly larg-
er value and extends out to 400 mrad. , The 8„--8„+
scatter plot in Fig. 13 shows a rather symmetrical
distribution.

In Fig. 14 we depict the theoretical prediction for
the invariant masses of the dimuons, M„-„+, as
well as that of the hadrons M„,~. Since we have
chosen a mass of 4 GeV/c' for the L', the p, -p, '
invariant mass is constrained to lie below this
value. It is slightly skewed to mass values greater
than 2 GeV/cs due to the assumed Y-A form of
the interaction. For light-to-light quark transi-
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muons. Lowering the mass of the L' changes the
spectra rather dramatically because the phase
space available for the M - L transition is in-
creased while the phase space for the L' decay
is reduced. Careful analysis of the invariant mass
of those p, p.

' events which are outside the region
populated by muons from charmed-particle decay
may yield an estimate for the L' mass. In gen-
eral, sue/ mass changes will have to be investi-
gated simultaneously in all the multimuon chan-
nels. We note here that the y distributions are
quite sensitive to changes in the L' mass. In Fig.
18 we see that lowering the mass of the L'
increases the y distributions near zero degrees to
reflect the decrease in the P~ values for the posi-
tive and negative muons.

We have arbitrarily chosen V-A couplings for
the heavy lepton decays. The differences between
V-4 and V+A are rather small. From a care-
ful examination of our results we conclude that
it will be extremely difficult to see any effects
due to changing these relative couplings. The dis-
tributions are much more sensitive to the choice
of the M and L masses.

In this section we have concentrated on p. p.
'

production in a v„beam. Using a v„beam we
can produce p. 'p, events albeit with a much lower
rate. The distributions for the decay muons are
now interchanged. Also, the x and y distributions
change slightly. The kinematics of the production
process v„+hl-M'+Y continues to dominate the
reaction. " For a heavy M' particle this means
that the regions of small x and large y are the
most important regions. The situation is corn-
pletely different from the usual inclusive JLI.

' pro-
duction where the mass of the muon is negligible.
It is well known that the production of a.heavy lep-
ton can lead to a high-Y anomaly in antineutrino
reactions, so these effects were not unexpected.

V. SAME-SIGN DIMUON EVENTS

Analysis of the same-sign dimuon events aris-
ing from the decay chain of Fig. 3 is complicated
by the identity of the two muons, so that one can-
not distinguish which muon came from the M de-
cay as opposed to the L' decay. This difficulty
can be surmounted by separating the muons into

py p f 1 and p,, = itL,„.We shall do this in all dis-
tributions and comment on the main differences
between the same-sign and opposite-sign dimuons.

The calculation of the decay chain is made along
the same lines as that in Sec. IV. We first com-
pute the decay of a polarized M particle into L'
+ v„+ p and then add the decay of the unpolarized
L into p. +X. The amplitude is given, using

where we have divided by a factor D to normalize
the decay rate to unity, i.e.,

D =(1+g)(1 —'g) '(1 —g} —g —a(l + g) + 12q2 ln
mL,

(5.2)

and q =m~'/m„'. We have summed over the polari-
zation of the L' and used s, as the polarization vec-
tor of the M . Folding Eq. (5.1) with Eq. (2.3)
gives the matrix element for the production of the
L'. The final step involves the decay rate of the.
unpolarized L',

(m~' —s)(m~'+2s) W(s)
dI' G' 1
d'p 2w' m, (5 3)

for L'- p. +X, if we neglect the mass of the JLI, .
For the structure function W,(s) we use the same
form as in Eq. (4.3).

The calculation of the distributions now follows
straightforwardly. The energy distribution of the
muons, the missing energy, the hadronic energy,
visible energy, and total energy are given in Fig.
21. The last three distributions are nearly the

6-
1

M

z 5-

K

Q3

3

b

E2

LIGHT —TO- LIGHT TRANSITION--- LIGHT -TO- HEAVY TRANSITION

40 80 I20 I60 200 240 280

E in GeV

FIG. 21. Energy distributions for the p &, p 2, the
missing energy E—,, the hadronic energy Eh,d, the visible
energy E„,, and the total energy E„t, all flux-averaged
with the quadrupole-triplet spectrum. The solid curves
refer to light-to-light quark transitions while the dashed
curves refer to light-to-heavy quark transitions.

M (P,}-L'(P, ) + p, (k, ) + v„(k,}, as follows:

IR(M -L + p. + v„)t'

96 1
, (p, ~ k, p, ~ k, -m„s, ~ k, p, ~ k, )/D,

mQ

(5.1)
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same as in Fig. 9. The fast-muon energy peaks
around 25 GeV and extends out to 150 GeV while
the slow-muon energy lies below '75 GeV and peaks
around 10 QeV. If we did not order them accord-
ing to their energy, the two distributions would be
more similar. In Fig. 22 we show the distributions
in z, =E,/E„;„z, =E,/L„, , and z, =E, /(E„, —E.,).
The two-dimensional scatter plot of P, versus P,
is shown in Fig. 23. The effect of ordering the
particles according to their energy is rather ob-
vious. Although the maxima occur for small mo-
menta, there are clearly many events at large P, .

The fast-muon polar angle relative to the neu-
trino beam direction, depicted in Fig. 24, is very
compressed, peaking below 50 mrad and extending
only to 200 mrad. The slow-muon polar angle ex-
tends to 400 mrad and peaks at 100 mrad. The rel-
ative p, p, opening angle plot is very similar to
that for the p, p,

' opening-angle of Fig. 12. The
scatter plot of 0, versus 6, in Fig. 25 shows that
the fast muon tends to be emitted at a smaller
angle than the slow muon.

The invariant-mass plot, Fig. 26, for the dimuon
mass M„-„-peaks around 8 GeV/c' and extends to
-7 GeV/c' in contrast to the M -„+. plot. This oc-
curs since the invariant p, p, mass is constrained
only by the mass of the M particle which we have
taken to be 8.GeV/c'. The invariant mass of the
hadrons appears to peak at a slightl'y higher value
(12 GeV/c') compared with that given in Fig. 14.
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We also show the invariant mass when the L,' mass
equals 2 GeV/c'. The change is so small that it
will be difficult to use this channel to determine
the I.' mass.

The rapidity plots for the muons are qualitatively
similar to those sho'wn in Fig. 15, and are not
given. %e simply point out that the rapidity for
the fast muon peaks at 3.5, while that for the slow
muon peaks between 2.5 and 3.0. The peak in the
rapidity gap occurs between 0.5 and 1.0.

b 2
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FIG. 22. The distributions in ~, =E, /E „,, ~ ~ =E, /E „,,
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er x and y„,, peak for larger y. One of the most
sensitive variables to the L' mass is the P angle
between the two muons. As we lower the L, mass,

peaks nearer 180', P" peaks near 0', and
develops a maximum in the region near 50'.

We have shown these changes in Fig. 29. The rea-
son for the peaking of P near 180' is that the
light I. balances the g (and v„) transverse mo-
menta when the M decays, and when I.' subse-
quently decays the second p, transverse momen-
tum will be small.

VI. TRIMUON EVENTS
(

The trimuon events in our model come from the
decay chain depicted in Fig. 4. Branching ratios
have already been discussed in Sec. III. As far as
the distributions are concerned, we fold the M
polarization vector with the expression fo'r polar-
ized M decay given in Eq. (5.1) and then add the
leptonic decay of an unpolarized I.o particle. This
part of the calculation was also done by taking the
trace on the M line and using the, narrow-width
approximation so that we have two independent
checks on our answers. As in Sec. V. we distin-
guish between the two identical p particles by
ordering them in the Monte Carlo calculation into

p f~t:and p, =— p, y,~ . For: convenience we call
p3 p.

' . %e have fol ded the neutrino flux for quad-
rupole-triplet focusing with the distributions. We
have already published some of the trimuon distri-

butions at E =200 GeV. in Ref. 9.
In Fig. 32 we plot the differential spectra in the

energies of the muons, the missing energy, the
energy of the hadrons, the visible energy, . and the
total energy. The distribution in 8„;,peaks near
150 GeV and has a long tail which stretches out to
the end point of the neutrino spectrum. The pre-
sence of two unobservable neutrinos now pushes
the peak in the hadronic energy to a lower value.
The spectra in the parameters &, = &, /Ev~s, &,
=E, /8„;, , and z,' = 83/E„, a,re then shown in Fig.
33. These spectra are peaked for low values-of
the z' variables. The analogous z' variables for
the slow p and p' are flatter. We then give the
scatter plot of P, versus p, in Fig. 34. All these
distributions show the same characteristics as in
those seen previously for the p p.

' and p. p,

events, leading us to expect a rather large con-
tamination of dimuon events by misidentified tri-
muon events. The detection efficiency for multi-
muons is needed before accurate numbers can be
given for event rates into these channels.

The spectra in the opening angles between the
muons are given in Fig. 35. The polar-angle dis.-
tributions with respect to the neutrino beam direc-
tion are similar to those shown previously so we
see no need to repeat them. Note that all these
angles are very small. Two-dimensional scatter
plots of opening anges were given in ref. 9, where
we showed the difference between the unordered
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with respect to the p, , vector, which is denoted by
Some of these plots were already given in

Ref. 9 for a beam energy of 200 GeV. For com-
pleteness we give all of them in Fig. 41. We see
very clearly the peaking towards zero degrees be-.

tween the projections on the (x', y') and (x", y")
planes. This reflects the result of our model that
all the muons tend to lie on one side of the W-bos-
on direction. Such a phenomenon is certainly not
expected from heavy-charmed-particle decays.
The flat distributions in the (x, y) plane indicate
almost zero correlation between the vectors pro-
jected perpendicular to the neutrino direction.
This direction is equivalent to the M direction be-
cause the heavy particle tends to go along the z
axis. We have computed the Q,"„&f&,"„and &f&,", val-
ues for the three completely measured trimuon
events observed by the FHPRW group. They all
have low values below 90 consistent with this in-
terpretation. Obviously, the correlations between
the Q angles will be the key to distinguishing be-
tween different production models.

Finally, we give the distributions in x, y for the
M and x„-, , y„, defined with respect to the fast

,in Fig. 42. Note that the distribution in x„,
has a maximum below that of x and also has a long
tail extending above unity, while y peaks at a val-
ue larger than the value of the peak in y. The
y„, distribution does not peak at such a large y as
in the previous sections.

We have also examined the effects of changing
the quark and lepton masses. In Fig. 32 we show
the energy distributions for the light-to-heavy
quark transitions. The most dramatic change now
occurs in Eh,d which must have, a large threshold.
The actual value of this threshold is determined by

Efg h.d = (Wg +Q;„-M')/2M .
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FIG. 41. The spectra in the angles Q&(& &~, Q&~& &) etc.
The notation is explained in the text.
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For the cases we have illustrated where a light
quark converts into a heavy quark with mass 4
GeV/c' and with Wt„= 5 GeV, this implies that Shed
= 15 QeV when we flux average. We give this value
explicitly because trimuon event number 119 of the
FHPBW group has a hadronic energy of only 13
+2 QeV. As we mentioned previously this event
has a relatively low probability in the light-to-
light quark transition and becomes problematic in
the light-to-heavy case." It mill be very interest-
ing to see whether more events of this type can be
found. We note that the &„, and 8„,curves in Fig.
32 are also pushed to higher energies.

As we noted previously, the changes in the muon
distributions are rather small, and move the peaks
in the z variables to lower values. We remark
here that the z distributions fall to zero because
we have a cut on the muon energies. In Figs. 36
and 3V we show the changes in the Mj„d distribution
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FIG. 42. The distributions in x, y for M production
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which now has a threshold at 5 GeV/c'. The x„;,
plot now peaks nearer to &=0 while the y„., plot
peaks nearer y =1.

The effects of changing the L' mass are docu-
mented in Figs. 36 and 37 where we show the
changes in M», M„, M», and M», . The y distribu-
tions become peaked towards zero degrees as we
lower the L' mass. These effects are very similar
to those shown in Fig. 18 so we do not need to re-
peat them.

VII. CONCLUSIONS

In the previous sections we have exhaustively
examined the p, p, , p, p. , and p, p, p,

' event rates
and distributions expected from a typical heavy-
lepton caScade chain. The present small data sam-
ple of trimuon and same-. sign dimuon events have
the. characteristics expected from such a process.
Clearly an increase in data is needed before defin-
ite conclusions can be drawn.

The event rate predicted on the basis of reason-
able heavy-lepton masses and decay branching
ratios is so close to the uncorrected experimental
number that it leaves little room for a large mix-
ing angle at the M production vertex. If this sit-
uation remains unchanged then one reasonable con-
clusion is that the new leptons have to be assigned
to the same gauge-group representation as the v&

and the p. . %'e therefore are led to believe that
gauge groups larger than SU(2) x U(1) will be re-
quired to fit the trimuon events. The possibility
of new gauge-field couplings involving heavier
quarks has been investigated and the production
rate is not suppressed enough to cause any prob-
lem. The heavy-lepton masses can be adjusted
to partially close some decay channels and allow
larger branching ratios into leptonic modes. The
net effect of both changes is to lead to roughly
comparable event rates. Other authors" have tak-
en a different interpretation of the leptonic-cas-
cade model, namely, that mixing angles are possi-
ble and the SU(2) x U(1) model still fits the data.
Time will tell.

The ratio of antineutrino-induced p, 'p, , p. 'p',
p. 'p. 'p. events to neutrino induced p, p. ', p. p,
p. p. p,

' events is expected to be small because the
event rate is very sensitive to the high mass thres-
hold and the antineutrino flux falls much faster
than the neutrino flux. If we use only light-to-light
quark transitions then we estimate a ratio of 8%
between antineutrino and neutrino event rates for
the FHPRW experiment. This number can be as
large as 17% in the case of light-to-heavy quark
transitions with V+A couplings.

The distributions are basically determined by
the kinematics of the cascade chain. When a heavy

lepton with a mass of approximately 8 GeV/c' is
produced it goes primarily along the beam direc-
tion. When the L' mass is relatively heavy it too
goes mainly in the z direction. The decay muons
are then emitted at uncorrelated azimuthal angles
with respect to the neutrino beam. In particular
the angles between the muon vectors projected on
the (x, y) plane are relatively flat. However, if
we decrease the L' mass the second muon (or
muon pair) cannot have such a large P value with
respect to the L' direction so they tend to come
out at 180'with respect to the initial muon. As we
move to the different (fictitious) W-boson axes,
the spray of muons all tend to be on one side of
these axes so the distributions in the opening an-
gles in the (x', y') and (x", y") planes tend to peak
dramatically at small angles. We hope that this
feature will be useful in determining the L' mass
as well as distinguishing between our model arid
hadronic interpretations of the data.

The production of charmed particles via the
standard valence and sea distributions leads to
completely different results. " Models based on
the production of heavy quarks, which decay
through lighter quarks and lead to p p p,

' events,
can be expected to have the same features. The
fact that there is a hadronic jet always leads to a
strong correlation near P =180 between the fast-

momentum vector and the resultant formed
from the two slow muons. Even with the currently
small data sample there is no evidence for such a
correlation. A diffractive production model" may
lead to distributions similar to ours because the
hadrons are produced at small x„;, and all decay
particles go in the forward direction. We antici-
pate that the different P~ distributions will be cru-
cial here. The leptonic-cascade interpretation,
can lead to large P~ values whereas the diffractive
model, because the masses involved are smaller,
should not give events with large transverse mo-
menta. We hope that antineutrino results will dis-
tinguish between the models also, because we are
very sensitive to the energy threshhold whereas
the diffractive model is not.

In those events where the hadron energy is mea-
sured the x„, and y ., distributions will be very il-
luminating. The fact that the y„, distribution peaks
for large y„;„especially in the p. p.

' and p. p,

events, gives a good signal. Whether one can ex-
ploit these distributions to extract heavy-lepton
signals from the regular p inclusive scattering
is a nontrivial but important question, which is
currently under investigation. The acceptance,
resolution, and detection efficiency of the experi-
mental apparatus are crucial here.

The fact that the kinematics rather than the dy-
namics determines the key distributions means



3202 CARL H. ALBRIGHT, J. SMITH, AND J. A. M. VERMASEREN r6

that they will be of little importance in distinguish-
ing between gauge-theory models, other than set-
ting threshold values for masses. One must there-
fore confront all models with the corrected event
rate which can be compared with the theoretical
production cross section times branching ratios.
The latter numbers vary widely from model to
model. Those models which have heavy guarks
produced together with heavy leptons are interest-
ing in their own right because they could lead to
events with four or more muons. Unfortunately
all the muons have energy distributions which peak
at low energi. es. We already lose one-third of our .

.event rate for trimuons with the low-energy cut of
4 GeV on each muon energy. The effect of a cut
becomes more serious as we increase the number
of muons. The existence of events with more

muons will hopefully resolve itself once more data
are available.

To conclude we reiterate that the trimuon events
as well as the same-sign dimuon events can be fit
by a heavy-lepton cascade model but with rates
which seem to imply the existence of a larger
gauge group for the weak and electromagnetic in-
teractions.
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