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We study the production of a neutral heavy lepton by an incident muon via the reaction

p,+ + N~ M + X followed by the decay I ~p, p,+- . We analyze the experimentally observable
characteristics of the resulting dimuon pair and present distributions in final-muon energy, hadron energy,
total visible energy, muon transverse momenta, and dimuon invariant-mass and azimuthal-angle correlations.
On the b'asis of this study we formulate a set of cuts and tests which can be used to search for the dimuon
signal from the M . The main features of various backgrounds ar'e briefly discussed from the viewpoint of
discriminating between them and the M signal. Our analysis is directly applicable to a current muon
experiment being conducted by a Berkeley-Fermilab-Princeton collaboration.

I. INTRODUCTION

An old and still intriguing question in particle
physics concerns the number and properties of
leptons. At present the known leptons consist of
the three pairs l, v, where l =e, p. and T,
with the existence of v, being somewhat. inferen™
tial. In the sequential Weinberg-Salam (WS)
SU(2) x U(1) gauge theory of weak and electro-
magnetic interactions' these leptons are assigned
to left-handed doublets and right-handed singlets;
thus

(4)s ~

V) )

where i = e, p. , v'. This model. is successful in
accounting, with only one free parameter, for a
wide variety of charged-current (CC) and neutral-
current (NC) data, ' including neutrino elastic and
deep-inelastic semileptonic CC and NC reactions,
low-energy and one high-energy' leptonic NC
experiments, ' and, quite impressively, +ith the
recent high-precision polarized-electron scat-
tering experiment at SI AC.4 The situation with
the search for parity violation in heavy atoms is
indecisive, ' first because of disagreements among
the experiments, and secondly becaus. e of the dif-
ficulty of calculating reliably the effect expected
from a given model for an atom as heavy as
"'Bi. Thus, it may well be that the sequential
WS model, with some number, n, of quark doub-
lets and an equal number of l.epton doublets, mill
provide a correct description of weak jnteractions
at energies attainable in the near future. The
version of the model with three quark and lepton
doublets, first discussed by Kobayashi and
Maskawa, ' successfully incorporates the ~ lepton'
and Y-constituent quark, b.' lt al.so may be.that

there are not very many additional. fermions to
be discovered; it has been estimated' from astro-
physical considerations of primordial helium
production that the number of massless neutrinos
is bounded by n ~4. If indeed the sequential WS
model is correct, then two obvious but far-reach-
ing consequences are that (a) the only neutral
leptons. are massless neutrinos and (b) the only
charged-current coupling of a lepton l; is ta its
own neutrino, v;.

However, since inferences about the higher-
mass portion of the lepton spectrum based on the
known leptons and their weak coupl. ings are nec-
essarily indirect, it still seems useful to inves-
tigate all direct experimental methods which might
possibly be feasible in searching for and studying
these heavy leptons. For example, it may yet be
necessary to consider gauge groups larger than
SU(2) x U(l); in this case there would presumably
be charged and neutral heavy leptons which would
coupl. e weakly to each other and perhaps also to
light leptons. In this paper we shall analyze one
particular method, using muon reactions, of
probing for the existence, and determining the
properties, of possible neutral heavy leptons.
Of course we are acutely aware of the inferential
evidence, from the current success of the WS
model, against the existence of nonsequential
heavy leptons; accordingly this study is intended
to be exploratory rather than exhaustive.

One important motivation for undertaking this
work at the present time is that data will soon
be forthcoming from a Berkeley-Fermilab-
Princeton (BFP) muon scattering experiment at
Fermilab. " Among the original purposes of this
experiment was the search for neutral heavy
leptons produced weakly by muons. Correspond-
ingly, a crucial feature of the BFP apparatus is
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a fine-grained hadron calorimeter. As is well
known, hadron cal.orimetry is generally an un-
necessary luxury in an experiment to study deep-
inelastic inclusive electron or muon scattering,
since measurements of the energy and angle of
the scattered lepton suffice to reconstruct the
kinematics completel. y. However, to search for
heavy-lepton production such hadron calorimetry
is essential, because it enables one to test for
substantial missing energy [due to outgoing neu-
trino(s)], akey signature of the decay of a heavy
lepton. Such hadron calorimetry was not utilized
in the previous muon scattering experiments at
Fermilab, by the Michigan State-Cornell, "
Michigan State, "and Chicago-Harvard-Illinois-
Oxford" collaborations. Further data which may
yield information on the question of heavy-lepton
production will be obtained by two muon experi-
ments underway at CERN SPS.' '"

As a technique for investigating weak interac-
tions and, in particular heavy-lepton production,
muon reactions have one overwhelming problem:
in contrast to neutrinos, which scatter only
weakly, practically all muons scatter electro-
magnetically rather than weakly. Specifically,
heavy-lepton production occurs at a relative rate
which is given approximatel. y by

(s'o'/BQ'Bv)(p, +Ã- M+X) Gz'Q~p
(8'o/SQ'Sv)(p. +Ã- p, +X) 8m'o. ' ' (1.2)

where Q' and v are the four-momentum transfer
squared and the energy transfer, respectively,
-and p represents a phase-space suppression
factor for heavy-lepton and possible accompany-
ing heavy-quark production. For Q' = 25 GeV'
and p=0.5, the ratio (1.2)-1X 10 '. The actual
multimuon signal observed in the experiment will
be further reduced by a branching ratio of
-0.1 to -1 x10 '. Evidently, extreme care is
therefore necessary in order to discriminate
between multimuons arising from heavy-lepton
and possible heavy-quark decay, and those arising
from the many backgrounds. As will be clear
from our study, there are several powerful cuts
and tests which can be applied for this purpose.
For the case of neutral-heavy-lepton production,
upon which we shall concentrate, these incl.ude
(1) final-state muon topology: p, p, '; (2) E„+& 20
GeV; (3) hadronic energy deposition E„&20GeV;
(3) E;„;„,&20 GeV; (4) Q„;, '&10-15 GeV'; (5)
the Pais-Treiman test": 0.48&(E„-)/(E„+)&2.1;
(6) the invariant mass of the dimuon pair, M»
& 1 GeV and less than an upper bound which is
energy-independent: and (7) the transverse mo-
mentum of the opposite-sign muon is greater than
-1 GeV. There are also other tests which involve
the subtraction of the number of same-sign di-

p. +q- M'+q',

+q- M'+Q,

+q-M +q',

+tf- M +Q,

+q-M +q',

+q-M +Q,

(1.3a)

(1.3b)

(1.4a)

(1.4b)

(1.5a)

(1.5b)
'~

together with the corresponding reactions with
incident p,', where q denotes the initial struck
quark and q' and Q denote final light and heavy
quarks, respectively. As is clear from Eqs.
(1.3)-(1.5) we consider only deep-inelastic in-
clusive muon reactions, since these are the only
ones of experimental interest. At this point we
shal. l use some theoretical guidance in choosing
a process upon which to concentrate. Reactions
(1.4a), (1.4b') involve doubly charged heavy lep-.
tons, which do not appea, r in practically any

muon events from the raw number of opposite-
sign events, the azimuthal angles between the p.

and p,', and the analysis of twofold correlations
among the transverse momenta, invariant mass,
hand azimuthal angles characterizing the dimuons.

It should be emphasized that a number of these
tests would not be possible with a neutrino beam.
Perhaps most notably, the test for missing en-
ergy and corresponding cut rely upon the fact
that the energy of the incident muons is known

quite accurately, to -0.5%, in sharp contrast
with the situation in neutrino experiments. Sec-
ondly, since the flux spectrum for a typical neu-. -

trino beam peaks at 20-25 GeV and falls sharply
for higher energy, the majority of incident neu-
trinos cannot produce a heavy lepton of mass
greater than a few GeV. Howe'ver, a typical
muon beam energy is 225 GeV, and hence there is
much. less kinematic suppression of heavy-lepton
production. Thirdly, there is the possibility of
varying the incident muon energy and measuring
the resultant changes in various kinematic dis-
tributions in order to test whether the dimuons
originate from a common lepton parent or not.
Another property of muon reactions which may be
helpful in isolatin ~ weak effects is the possibility
of reversing the muon polarization without charge-
conjugating the muon. Thus muon reactions have
a number of features for the study of heavy-
lepton production, which may motivate one to im-
pose the extremely demanding cuts necessary to
offset their one great disadvantage, namely the
tiny relative rate.

There are six general types of elementary
muon-induced weak heavy lepton production re-
actions:
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viable weak i-nteraction models. Reactions (1.5a),
(1.5b) require tree-level nondiagonal neutral
currents, which can often lehd to conflict with
such constraints as the EJECT mass difference
in the quark sector, and the upper bounds on
muon-number violating processes such as p. ey
and p, - eee in the lepton sector. This is not to
say that nondiagonal neutral currents wil. l nec-
essarily lead to such disasters, "but certainly
a theory is much safer without them. Therefore,
of the three possible types of muon-induced re-
actions, processes (1.3a) and (1.3b) seem to be
the moSt likely to occur, if any of them do. Ac-
cordingly, we shall restrict our study to these
reactions.

This paper is organized as follows. In Sec. II
we discuss the present status of searches for
neutral heavy l.eptons. Section III contains the
details of our calculations, while Sec. IV presents
our results. A brief analysis of the main back-
grounds, and our concluding comments, are
given in Sec. V.

II. STATUS OF SEARCHES FOR NEUTRAL HEAVY

LEPTONS

Since we are interested hex'e in muon reactions
as a tool for producing and studying M 's, it is
appropriate to ask first what is already known
experimentally about such heavy leptons and
whether there are other, more promising, ways
of searching for them.

Regarding direct experimental searches for
Lo's (where LO=EO or M0), consider as a first
method production via e'e annihilation. Depend-
ing on the beam energy and the masses and
coupl. ings involved, either the reaction e'e-L~v„L v, or e'e - L L would give the leading
contribution to direct L' production. Since both
processes have cross sections of order G~'s,
where s is the center-of-mass energy squared,
they would occur with very small rates, at least
for the values of s attainable at PETRA and PEP.
There is, however, another, probablybetter,
way of searching for L"s, namely as decay pro-
ducts of L 's or hadrons composed of heavy
quarks, produced via the usual reaction e'e
—L'L or Qq. In many models the L' would
have among its various decay modes the channel
Lo- (p, or e )v', which would yield a peak in the
(p, or e )m' invariant-mass distribution. Such
an experiment has been carried out at SPEAR."
The L 's were sought via the production and
decay chain e'e - r'7; r'- T '+
—(p or e)'v'. A null result was obtained, which
implies that there is no L with mass less than
-1.5 GeV and the required couplings. This method

can also be used at the next generation of e'e
colliding beam machines to look for L 's as the
decay products of 5-flavored and perhaps heavier
hadrons, and charged leptons which are higher
in mass than v.

Frbm neutrino experiments there is considerable
evidence against an M' which couples to v„with
more than a small fraction of full weak strength.
The actual experimental. upper bound applies to the
maximum fraction of observed dilepton events
which might consistently arise from Mo produc-
tion rather than charm production. This upper
bound is of order 5-10% of the total dilepton
signal, and yields a correlated upper bound on
the v„M coupling strength as a function of the M'
mass. ' The characteristics which were used to
distinguish dilepton events due to charm produc-
tion from those due to M' production have been
discussed in detail. in the literature. ' However,
it must be recalled that. from a purely empirical
point of view, the absence of a sizeable v„M
coupl. ing implies nothing about the existence or
properties of a possible p, M' vertex, which is
the crucial coupling for Mo production in muon
reactions.

Finally, there has been a beam-dump experi-
ment" which searched for long-lived L"s from
400-GeV proton-nucleus collisions. The experi-
ment was sensitive to L 's which are produced
unaccompanied by muons of momentum greater
than 10 GeV and which decay via the modeI'- (p. or e )w', with lifetimes in the range
10 '0&(T/sec)&10 '. Since the type of Mo which
is rel.evant for muon experiments would normally
be produced in conjunction with a muon, and
since an Lo of mass 2 GeV or larger would

typically have a lifetime smaller than -10 "sec,
this experiment was not sensitive to the kind of
M' of interest in the present study. A null signal
was observed in the experiment, yielding an
upper l.imit on the production cross section of an
L' which satisfies the criteria listed above, and
in addition has m(LO) &1 GeV, x~ &0.2, and

H„b &10mrad, ofo'B&2.8x10 "cm'/nucleon,
at the 90/0 confidence level, where B denotes
the branching ratio for Lo- (p, or e )w'.

From this brief survey of past searches for
neutral heavy leptons and of possible new methods
of looking for them, it is clear that, in principl. e,
muon reactions do hive the capability of yielding
useful information on the existence of M 's which
couple to muons. %e next proceed to the calcula-
tions.

III. CALCULATIONS

The differential cross section for the reaction
p,'N ~M~OX is
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where m„(m) is the nucleon (M') mass, E (E')
denotes the laboratory energy of the p,

' (lM~'),
q' = -Q' and v = E —E' are the momentum transfer
squared and laboratory energy transfer, and
x = Q'/(2m„v) and y = v/E are the usual scaling
variables. The constant g takes on the values
g =+1 for like and opposite quark and lepton he-
licities, respectively. There will, of course,
be nonscaling effects due to the heavy-lepton
production. In addition, if a heavy quark of
mass m+ is produced, there is further nonscal-
ing behavior; in this case the structure functions
are approximately functions of the variable2'

mQ( =x+
2m„v ' (3.2)

rather than just of x. Using $ to subsume both
the cases of light- and heavy-quark production,
one can write the usual parton-model relations
satisfied by the structure functions as"

&,(()=2&;(5),

-V;(h) =E,($),
V', (&) =&.((),

(3 3)

(3.4)

(3.5)

E~(() =0. (3.6)

There are corrections to these relations arising
from the strong interactions and transverse mo-
menta of the quarks, but for our purposes the
standard relations are quite adequate.

The structure functions are expressed in terms
of parton distributions, for m'hich we use the fol-
lowing modified Pakvasa-Parashar-Tuan param-
etr ization':

u(x) =u„(x)+f„,(x),

d(x) =d„(x)+f„,(x),

x[u„(x)+d„(x)]= 1.79 Px (1 —x)'(1+ 2.3x)

+ 1.11vx (1 —x)"
xu(x) =xZ(x) =xs(x) =xs(x) = xf„,(x)

(3 7)

(3 6)

(3.9)

= 0.13(1—x)', (3.10)

where the subscript "v" denotes "valence. " Our
conclusions do not depend significantly on the
particular details of this parametrization and
would remain essentially the same if we had used
another set of parton distributions which fits the

eA and (v, v)Ã data well, such as that due to
Field and Feynman. "

The differential cross section given in Eq.
(3.1) applies if the iMl' spin is summed over,
and will be used for our calculation of the total
M' production cross section. However, we
shall naturally concentrate upon the experimen-
tally observable final lepton state, and shall
assume that the M' has among its decay modes
the dimuon channel

Mx, - &x,&x,(v~)x, ~ (3.11)

(A): lxs +dx, - Mso +ul . (3.12)

Our labelling of fermion chiralities is such as to
indicate the type of vertex by which the particles
can interact. Thus p, ~ and jU.~ have helicity g& =-1

where gq, i =1,2 denote the chiralities of the two
lepton-vector-boson vertices involved in the
decay. The branching ratio for this mode is,
of course, madel-dependent; typically, for
m„o = 4 GeV, it would be -10/0, and commensurate-
ly less for larger values of m„o. It is our intent
to concentrate here on general model-indepen-
dent kinematic signatures of M' production and
decay to dimuons rather than more model-
dependent features. In particular, we will not
consider decay modes of the M involving four
charged leptons, since these would presumably
have quite smal. l branching ratios. Further, in
the cases where a heavy quark is produced, its
semileptonic decay will yield an additional muon
roughly 10-20%%d of the time. Since. this is a small
correction to the already rare basic process
p'N- M X; M'- p. p,

'
~ ~ ~, we shall neglect

such additional muons. This is not to imply that
these muons could not be distinguished from those
arising from the M decay; indeed several tests
which could be used for this purposes have been
discussed previously. "'"

In order to calculate the kinematic distributions
characterizing the dimuon spectra we carry out
a Monte Carl. o calculation, folding together the
differential production cross section for a polar-
ized M ' with its differential decay distribution.
For the production we shall consider three
cases which serve to illustrate various different
kinematical features. The most interesting
reaction, if it occurs, is case (A), which, in
terms of elementary fermions, is
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while p.~ and p, ~ have q& =+ 1. In this and all
other cases we shall assume an isoscalar target,
since this is the type of target used in the BFP
experiment. Thus reaction (A) in terms of
physical particles reads

p.~+K- M+0 +X, (3.13)

where A denotes an isoscalar nucleon. This re-
action requires a p~M„' coupling mediated by
the usual 8'boson; we are, of 'course, aware that
there is evidence against such a coupling, at full
strength, from the SI.AC polarized electron scat-
tering experiment. 4 However, from the point of
view of rate, reaction (A) is the most promising
way to produce M 's with muon beams. Corre-
sponding to reaction (A) there is also the process
with incident p.~, which we label as case

(A'): ps+u~- Mso+d~.

For s = m~ + 2m&E&& m&0 the ratio of cross
sections for reactions (A} and (A') is

(3.14)

(A~) = 0.48
~{A) s &&m i2 +vg

(3.15)

(independent of energy, as long as the above con-
dition is satisfied}. This is a consequence of the
fact that the leptons and valence quarks have the
same helicities in case (A), but opposite helici-
ties in case (A'), together with the appropriate
correction due to sea quarks; in the absence of
the latter the ratio would be —,'. Reaction (A)
takes advantage of the leading particle effect in
the primary proton-nucleon collision, which
implies that there are mor'e w"s and E"s pro-
duced than their antiparticles, and hence also
more p."s than p. 's. For the operating condi-
tions of the BFP experiment the relevant ratio
is"

=035
+(I ) 8 «a25 Gev

(3.16)

Hence the actual event rate for case (A) is
roughly eight times greater than that for case
(A'). Despite this suppression, case (A') pro-
vides a useful contrast to case (A) because of
the different helicities of the leptons and quarks;
we shall not include it in our graphical presenta-
tion of results but will have further comparative,
comments to make on it at appropriate points.
Both reactions (A) and (A') involve light-quark-
to-light-quark transitions and therefore can be
classified conveniently as (L, q) processes. "
They thus have the merit of avoiding the kinematic
suppression attendant upon heavy-quark produc-
tion. Although this is of lees crucial importance
for muon, as opposed to neutrino, reactions be-
cause of the much higher incident energy, it is

certainly a useful feature.
The helicity of the p.

' is a very important factor
in determining the type of M ' production reac-
tion. Since the p.

' is produced by the decay
w'- p.

'
v „and, to a somewhat lesser extent,

by the decay E'- p.
'

v „, both of which involve
purely left-handed weak vertices, in the rest
frame of the decaying pseudosealar meson this
p.
' will be polarized oppositely to its preferred

helicity, i.e., the p, (p,') will have helicity +1
(-1). If the Lorentz boost from this frame to the
lab is in the direction of the velocity'of the p, , as
it is for the high-energy portion of the muon
spectrum, then this helicity is retained. These
high-energy muons will only interact via a right-
handed vertex when they reach the target. Thus
the highest-energy muon reactions are sensitive
only to the right-handed couplings of the muon.
This fact underlies the choice of muon ehirality
in cases (A) and (A').

It may be, -however, that the lepton and quark
couplings are such that there are no (L, q) ~M~'

production reactions. In this case the only avail-
able means of producing M 's with the highest-
energy muons would be via one or both of the
following generic types of (L, Q) processes:

&'a+de™s+Q(3}s (3.17)

or

(B) Vs+&s -Ms+Q(-3)z, (3.18)

where Q(q) represents some heavy cluark of
charge q which is assumed to coupl. e to u~ or
d„by a (new) charged current. We shall assume
for definiteness that this heavy quark is either
the Y constituent, b, with mass m„=4.7 GeV
and charge ——,

' or a charge -', quark, which will
be denoted as t. Since there is good evidence
that, given the assumed existence of the t quark,
m, & m„reaction (3.17) will suffer more kinematic
suppression, relative to the background electro-
magnetic process p,'+N- p, '+X than will reaction
(3.18) relative to its corresponding background

'

process p. +2V- p. +X. %e therefore choose the
latter reaction, (3.18), as our illustrative example
of a muon-induced (L, Q) M' production process
and denote it henceforth. as case (B). As was
true of reaction (A') vis a vis reaction (A), re-
action (B) has a cross section which is suppressed
by roughly a factor of 4 by the leading-particle
effect. However, the most important quantity
is not the event rate, assuming that there are a
nonzero number of M events, but rather the
ratio of the signal to the electromagnetic back-
ground, and in this ratio the different numbers of
p,
' as compared to p, cancel out. Since a wealth

of neutral-current data indicates that, within the
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(C): p~+u~- M~o+d~ (3.19)

as our illustrative example of M' production by

context of SU(2) x U(1) models, u„and dz are
singlets, it is quite likely that reaction (B) must
be mediated by a new gauge boson, and thus
requires an enlarged gauge group of weak and
electromagnetic interactions. Accordingly, the
effective strength of the current-current coupl. ing
is not definitely known. We shal. l assume that it is
equal to that for a similar reaction mediated by
the regular W; our results can easily be scaled
to be appl. icable to a particular model. Note that
we again choose the helicity of the'muon to be
that of the high-energy component of the muon

flux; this is simply to take full advantage of the
available energy to counteract the kinematic
suppression in an (I, Q) reaction.

Finally, there is the possibility that the muon
has no right-handed couplings to M . In +is
case I production would have to rely entire-
ly upon an assumed new left-handed coupling
of the form p, ~M~p, and hence upon the low-
energy component of the muon flux, which has
had its helicity reversed back to the "preferred"
value of -1 (+1) for g (p.') by the Lorentz trans-
formation from the rest frame of the parent
pseudoscalar meson (in which frame it was
emitted opposite to the beam direction) to the lab
frame. Although it is possible to construct
SU(2) x U(l) models which feature such a p, ~MOL,

coupling, these models are quite artificial, since
one must choose certain mixing angles carefully
in order to avoid conflict with g-e and hadron-
lepton universality. Thus a p.~M~ vertex tends
to require an enlarged gauge group and would be
mediated by a new gauge boson. In arden to
avoid contradiction with low-energy phenomenol. ogy
such a new gauge boson must, aside from small
mixing effects, couple light fermions to heavy
ones. Accordingly, the p.~+X-M~+X reaction
probably must involve heavy-quark production.
However, if the high-energy component of the
muon beam, defined as the muons which were
emitted at 0' relative to the beam direction, has
an energy of 225 GeV, as it does in the BPF ex-
periment, then the low-energy, "preferred"
helicity component, assumed to have been emitted
at 180 relative to the beam direction in the
parent meson rest frame, has a lab energy of

129 GeV. At such a low energy the (I, Q) re-
action would suffer very substantial kinematic
suppression. Indeed, if there were even small
mixing which led to a light-quark-to-light-quark
transition, the resulting reaction could dominate
over the (I,Q) one. We shall assume that this is
the case and thus choose the reaction

the low-energy, "preferred" helicity component
of the muon beam. This reaction will be denoted

(C), as indicated.
It is necessary next to specify how the M' decays

to a dimuon final state in the three cases under
considera, tion. The chiralities which characterize
the two vertices in the M' decay are correlated
with the type of production reaction. For cases
(A) and (A') the decay is mediated by the usual
8"boson and has the form

(A), (A'): 'Miso- PsP~iv~». (3.20)

For cases (B) and (C) the M' decay proceeds via
a new virtual gauge boson; in keeping with the
phenomenological orientation of the present study,
we shall not make any detailed examination of
various enlarged gauge groups, but instead shall
simply assume that the decays have the forms

and

(B)™s- &z&l.v~s.

(C)™1.- &s ps~~s.

(3.21)

(3.22)

for these two cases.
These then, are the three types of M ' pro-

dtiction and decay which we shall consider. The
final ingredient in the calculation is the M mass;
in order to illustrate the effect of varying this
parameter, we take the two values pl~p=4 GeV
and m»-—8 GeV for our analysis. We proceed
to describe our results.

IV. RESULTS

In this section we shall. present various ex-
perimentally observable spectral distributions
for the p.'p. "

resulting from the M production
and decay process p.'6- 1Tt X; M p. p,

'
~ ~ ~ .

Thebehavior of the total cross sectionfor v„- and v„-
induced heavy-lepton production with and without
concomitant heavy-quark production has been
discussed previously. ' Many of the old results
(excluding, of course, flux-averaged quantities)
can be taken over and applied to p.'-induced M
production. It has been shown that the cross sec-
tion rises rapidly as the incident lepton energy E
increases beyond the threshold value E~~, and
curves over to approach a linear rise with energy.
As was mentioned before, an important corollary
of this behavior is that muon reactions have the
great advantage, as compared with neutrino re-
actions, that the beam energy is much higher,
typically 225 GeV instead of an average neutrino
energy of 25-30 GeV. Hence there is much less
kinematic suppression in producing a heavy lep-
ton, especially one accompanied by a heavy
quark, if one uses a muon beam rather than a
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neutrino beam. Because of the strong threshold
behavior of the cross section for (L, q) and, even
more strikingly, (L, Q) reactions, it is certainly
easier, from the point of view of rate alone, to
produce an M- ' the smaller its mass is. How-
ever, the characteristic signatures which one
will use to try to distinguish. a dimuon signal
arising from an M ' apart from one arising
from various background sources are much more
distinctive for an M with greater mass. Hence
the combined chances for production and detection
are probably comparable for M 's with larger
or smaller masses, assuming, of course, that E
is a reasonable distance above Eth.

We consider now the Q„;,
' and v, or equivalent-

ly, x„;, and y distributions. In neutrino-induced
heavy-lepton. production, since one does not know

E and does not directly observe the heavy lepton,
it is not possible to determine Q', x, or y. In
contrast, in muon-induced heavy-lepton produc-
tion processes, although one still does not ob-
serve the heavy lepton directly, and hence cannot
reconstruct Q' from E„p and 8~p, one can measure
Es (as in the neutrino case) and, knowing E pre-
cisely, can therefore determine y. The y distribu-
tion for muon-induced heavy-lepton production
processes is thus an experimentally measurable
quantity, as it was not for the analogous neutrino
processes. On general kinematic grounds, for an
(L, q) reaction the v distribution is peaked toward
small values in order to maximize the energy
transfer to the heavy lepton. " As was shown in
Ref. 27, for (L, Q) reactions there is a competi-
tion between maximizing the energy transfer to
the heavy lepton L and to the heavy quark Q. The
relative masses of L and Q, and to some extent,
also the chiral structure of the quark and lepton
vertices, determine which of these competing
tendencies is dominant. The Q' distribution for
(L, q) and (L, Q) reactions shows some peaking
toward smaller values of Q', but not so much as
to prevent one from making the cut, .Q„;, '& Q,',
where Q,' = 10-15 GeV'. This cut is very effec-
tive in eliminating the great majority of events
from the electromagnetic reaction p,'N- p.'X,
together with the associated background sources
of dimuons, since the differential cross section
for the electromagnetic reaction falls off quite
sharply, like Q ', as a function of Q' (which is
equal to Q„;,

' here).
In order to provide perspective for the numer-

ical results it is useful to consider an approxi-
mate analytical treatment of the y distribution
for M ' production, with E sufficiently high that
(m„p'/s) « 1 for (L, q) reactions or (m„,+me)'/s
« 1 for (L, Q) reactions. In this case, neglecting
small (-10%%up) asymptotic freedom scaling devia-

tions, the y distribution ean be written as

(4.la)

(4.lb)

where, in accordance with standard notation, Q

and Q denote the integrated momentum fraction
carried by the quarks and antiquarks in the nu-

cleon. There are recent measurements of the
ratio of cross sections for the reactions v„N- g X and v„N- p'~ by the Caltech Fermilab"
and CERN-Dortmund-Heideiberg-Saclay (CDHS)"
neutrino experiments, which obtained the values
v„„/c„-~=0.476+ 0.019 and 0.48+ 0.03, respectively
(in the latter case the value corresponds to the
energy range 30& E& 90 GeV). From these mea-
surements one obtains n=—Q/Q=0. 17 (with a
small increase in this effective parameter n, as
a function of E, being understood). " It then
follows that (y) = 0.49 and 0.33 for g = 1 and -1,
respectively. In the spirit of our approximate
analytical discussion these results may be applied
to muon reactions. Using E„,= (1-y)E and E„
=yE, we find that for E = 225 GeV, (E„p) = 115and

150 GeV for q =1 and -1, respectively, while

(Es) = 110 and 75 GeV, for the same values of q.
Recall that g =+ 1 for cases (A), (B), and (C),
while q =-1 for case (A'). When the ~Mlp decays
to g p,

'
v „, if each of the three resulting leptons

were emitted isotropically in the M ' rest frame,
they would, on the average, have a laboratory
energy equal to E„p/3. Although the decay is not

isotropic, this value of the final lepton energy
provides a useful crude estimate of the actual
average value: (E,~) -(E„„-)= (E;„p„)-(E» „,/3). -
For E = 225 GeV these average energies have
the values -40 GeV and -50 GeV for g =1 and -1,
while for E =129 GeV, they have the correspond-
ingly reduced values -20 GeV and -30 GeV. These
results will be useful in appraising the actual
Monte Carlo calculations, in particular, the ef-
fect of the heavy-lepton and possible heavy-
quark masses.

In Fig. 1 we present our calculation of the dis-
tributions in E„-, E„+, the hadronic energy EH,
and the visible energy E„;, , for the three reac-
tions under consideration. Specifically, Figs.
l(a), l(c), and 1(e) refer to reactions (A), (B),
and (C) with m»=4 GeV, while Figs. 1(b), 1(d),
and 1(f) represent the same reactions, but with
~go= 8 GeV. We have incorporated the cuts
E~ & 20 GeV and EH & 20 GeV, which are charac-
teristic of the BFP experiment; these appear as
the vertical lines at which the muon and hadron
energy curves end." The units on the vertical
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FIG. 1. distributions in E~~, EH, and E„js for dimuons
from % production and decay. Graphs (a), (c), and
(e) represent reactions (A), (8), and (C), respectively,
for m~=4 GeV; graphs (b), (d), and (f) represent the
same reactions, but with m~ = 8 GeV. The lower bounds
on the energies are set by the cuts E~»0 GeV and Ez
&20 GeV.

scales are arbitrary, since it is the shapes of the
various distributions which are of primary inter-
est. However, one should note that the event rates
for reactions (8) and (C) are considerably smaller
than that for reaction (A). It is evident from Fig.
1 that even for reaction (A), in which the heavy
lepton and (in this ease, light) quark mass effects
are smal. lest, E„~ and E& are somewhat smaller
than the values obtained from the approximate
analytical treatm. ent. The reason for this is that
even in this reaction the lepton mass still has a
significant effect. Observe that the hadron energy
in cases (A) and (C) is a monotonically decreasing
function, whereas, in contrast, it exhibits a
marked peak in case (8). This reflects the fact
that the former two eases are (L, q) reactions,
while case (8) is an (L, Q) process in which the
heavy-quark mass is m, . There are small dif-
ferences between the p, and p,

' spectra in Figs.
1(a)-1(f); these will be analyzed further below.
As expected, the E„+ curves for the case m„p = 8
GeV extend to slightly greater energy than do
those for the case m„p = 4 GeV.

There are two especially important conclusions
to be drawn from these graphs. First, the p.

'
energy is quite high, particularly for the cases in
which E =225 GeV. This fact is useful in distin-

there is substantial missing energy carried off
by the neutrino in the decay of the M; typically,
for E 225 GeV E ' '

g 50 GeV As expected,
E

g
inc reas es as a function of m~p. In re-

action (A'), not shown in the figures, E„~ and
E „;, are greater than in reaction (A) by the
ratio of M' energies, roughly 1.4. The large
amount of missing energy serves as the basis
for the crucial cut E;,„„, & 20 GeV. The reason
for choosing this cutoff value of E, , is that the
present BFP calorimeter is only capable of
distinguishing a missing energy in excess of

15 GeV from zero.
In addition to the individual muon energies and

total missing energy, an important quantity which
can be used to isolate the dimuon signal from
possible M ' production and decay is the correla-
tion between the muon energies. It was, indeed,
this correlation which played a significant role
in confirming that the great majority of dilepton
events observed in neutrino reactions are due to
charm production and semileptonic decay, rather
than to M ' production. As was shown by Pais
and Treiman, "if a dimuon pair results from M '
decay, then the ratio of the average muon ener-
gies satisfies the bound 0.48&(E„-)/(E~+) & 2.10.
This bound expresses the fact that if the dimuon
pair arises from a common parent, then the
energies will be comparable. In contrast, in
either a neutrino- or muon-induced reaction, if
one muon arises from the leptonic vertex while
the other arises from the semileptonic decay of
a charmed hadron, then, as has been shown by
theoretical simulations, the directly scattered
muon will have substantially higher energy. "
And, indeed, in -90% of the dilepton events in
(anti)neutrino reactions, this large energy asym-
metry is observed. "

In Fig. 2 we present our results on the dimuon
energy or momentum correlations in terms of
two-dimensional scatter plots and energy asym-
metry graphs. Figures 2(a), 2(c), and 2(e) are
plots of the muon momenta p versus p„, where
the subscripts "ss" and "os" denote "same sign"
and "opposite sign" relative to the sign of the
incident muon, for reactions (A), (8), and (C),
respectively. The mass of the M ' is taken to
be 4 GeV for this figure. As is evident in the
graphs, the cut P~~ & 20 GeV has been incorpor-
ated. The salient feature of Figs. 2(a) and 2(c)
is that is is equally probable for p„ to be larger
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or smal. ler than P„. In fact, there is a small
asymmetry in the muon momenta in Fig. 2(e)
(which will be explained below), but it is difficult
to discern in this graph. The muon momentum
or energy asymmetry is characterized more con-
cisely in Figs. 2(b), 2(d), and 2(f), which are
plots of the asymmetry parameter

P ss Pos

Pss +Pos )
(4.2)

for reactions (A), (B), and (C), respectively.
By general arguments the average value (o) = 0
for cases (A) and (B), or more generally, for any
decay in which X,X, =-1, i.e., the vertices involved
in the decay are of opposite chirality. (Note that
the Monte Carlo distributions do not reproduce
this feature exactly; this is a result of the finite
statistics in the calculation. ) For reaction (C),
on the other hand, an elementary helicity argu-
ment shows that p~ & p„.. The inequality p„&p„
holds for any leptonie decay of M ' in which

1 %hich can be conveniently illustrated using
reaction (C). At high energies the McL, tends to
be produced with helicity g =-1. Hence, in its
decay the p' is emitted preferentially into the
backward hemisphere; indeed, the kinematical

40 80 I20 I60 -I,O -0.5 0 0.5 I,O

p in GeV Q

FIG. 2. Plots of dimuon energy correlations. Graphs
(a), (c), and (e) are scatter plots of p„versus p„ for re-
actions (A), |8), and (C), respectively. Graphs (b), (d),
and (f) are distributions in the muon momentUm (or ener-
gy) asymmetry o =—[pQ„) -p(p„)]/[pQ„)+p(Ii„)l for the
same reactions. The M mass is taken to be 4 GeV for
these graphs.
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FIG. 3. Distributions in (a) dimuon invariant mass
M ~ and transverse moments of the opposite-sign muon
(b p~~, (c) p' ~, and (d) p„r. The three curves in each
graph apply for reactions (A), (B), and (C), as labeled.
For these plots m~=4 GeV.

configuration in which the p.
' goes directly for-

ward is forbidden by angular momentum conserva-
tion. Thus the u distribution for reaction (C)
peaks at a nonzero, slightly positive value of n.
However, the magnitude of the momentum asym-
metry is evidently rather small. The importance
of these dimuon energy of momentum correlations
shown in Fig. 2 is that they indicate that dimuons
arising from the decay of an M have energies
which are comparable, either as represented on
a two-dimensional plot or in terms of an asym-
metry variable. This in turn provides a valuable
means of distinguishing these dimuons from those
due to certain backgrounds, especially those in
which one muon is directly produced at the lep-
tonic vertex and the other arises from the hadron-
ic shower.

Another important set of kinematic distributions
involves the invariant mass and transverse mo-
menta of the dimuon pair. In Figs. 3 and 4 we
present our Monte Carlo calculations of these
distributions, again for the three reactions (A),
(B), and (C), and for m„0=4 GeV in Fig. 3 and 8
GeV in Fig. 4. As is clear from Figs. 3(a) and
4(a), the distribution in invariant mass M„, has
an energy-independent upper bound, which is in
fact just the mass of the parent 1TI)'. This char-
acteristic serves as a key indicator of M ' pro-
duction and stands in sharp contrast to the invari-
ant-mass distributions for dimuons from the
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FIG. 4. Same distributions as in Fig. 3, but with m~
=8 GeV.

backgrounds which satisfy the missing energy
cut, since these will always have energy-depen-
dent upper bounds. It might be mentioned paren-
thetically that the invariant-mass distribution,
like the ratio of muon energies, was one of the
experimental determinants which were used to
prove that the dominant part of the observed
dilepton events in neutrino reactions was satis-
factorily accounted for by the hypothesis of
charm production, but not by the alternate hy-
pothesis of Vf o production and leptonic decay.

The transverse momenta of the dimuons from
the TI ' provide an important diagnostic quantity
for the recognition of the heavy-lepton signal.
One can analyze the transverse momenta of
either the same-sign or the opposite-sign muons;
we shall choose the latter here. There are then
three useful types of transverse momenta. The
first of these is the momentum of the opposite-
sign muon transverse to the direction n„of the
incident muon beam:

Plk J. Pos ( Pos ~b)fib ' (4.3)

P»=P -(Po '0 )0 (4.4)

Finally, it is informative to consider the mo-
mentum of the opposite-sign muon transverse to

Analogously, one may define the momentum of
the opposite-sign muon transverse to the apparent
momentum-transfer direction g„, = («„-p„)/
I« -P, l:

From Figs. 3(b) and 4(b) one can see that the
values of P» are substantial: (P») =2 (3) GeV
for a 4 (8) GeV MID produced by an incident 225-
GeV g' in reactions (A) and (B). As is reasonable,
(P») is smaller for reaction (C) because of the
smaller incident muon energy, 129 QeV. Since
the produced M ' and the hadron spray recoil
away from each other on opposite sides of the
beam direction, and since the muons from the
decay of the heavy lepton tend to follow its direc-
tion of motion, one would expect that (p„'~) should
be somewhat larger than (P»). Figures 3(c)
and 4(c) verify this expectation. As is the case
with p», there is a gradual increase in p„'~ as a
function of the ~MI' mass. Finally, Figs. 3(d)
and 4(d) illustrate the p» distribution. In contrast
to the other two types of transverse-momentum
distributions, do'/dP» is peaked at p»--0. This
can be understood as a consequen'ee of the fact
that p„r is the momentum transverse to a plane,
whereas p» and p~~ are momenta transverse to
single direction vectors. Hence, there is much
more phase space available for the kinematic
configuration in which p»=0 than there is for the
configurations in which p» = 0 or p„'~ = 0.

The large values of transverse momenta of the
muons arising from M ' decay serve as another
helpful. means of isolating the heavy-lepton signal
from certain backgrounds. For example, one
type of background consists of dimuons in which
one (the same-sign) member is the direct, elec-
tromagnetically scattered muon, and the other
(opposite-sign) member arises from the decays
of n's and K's produced in the hadronic shower.
Another type consists of the direct, electro-
magnetically scattered muon together with an
opposite-sign muon which is due to associated
charm production in which one of the charmed
hadrons decays (semi) leptonically. In both eases
the values of p», p», and especially p„'j, are
significantly smaller than those for dimuons from
M decay. Note that for both of these backgrounds

V1S 0

We proceed next to consider the azimuthal angle
distributions. As before, there are two natural
azimuthal angles; first, the one between the
components of the two muon momenta normal to
the beam direction n, :
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l(p..). && (p..).l

-i(p..).l
~ l(p..), l

(4 7)

and, secondly, the analogous azimuthal angle
between the components of the muon momenta
normal to the g„;, direction:

—sin 1 l(p )J. + (po )J. l"" "" .i(p..)..l
~ l(p..)...l

(4.8)

In Fig. 5 we present our Monte Carlo results for
the Q» and Q'„„distributions, for each of the
three reactions (A), (8), and (C), and for m„, =4
GeV and 8 GeV, respectively. The qualitative
features of these graphs are easily understood.
For small values of m»'/(2m„E), i.e., muon

energies far above threshold for a given heavy-
lepton mass m„0, the M' is produced with sub-
stantial transverse momentum relative to the
beam direction. As may be recalled from ref-
erence to Figs. 3 and 4, since the ~M)o and 8"
boson or hadron spray recoil on opposite sides
of the beam direction, the transverse momentum
of the R 0 relative to the hadron spray is even
larger than that relative to the beam direction.
Since the muons from the decay of the heavy lep-
ton tend to follow its path, the azimuthal angle
Q„„between them is rather small, , and P'„„ is
commensurately somewhat smaller. For example,
the @„„andQ» distributions in Figs. 5(a) and

5(b) peak at roughly 60' and 0'-30', respectively.
However, for larger values of the quantity
m»'/(2m„E), i.e., energies not too far above
threshold for a given m~0, the heavy lepton is
constrained to tx'avel essentia1. ly forward along
the beam direction. The two muons are thus
emitted with a large azimuthal angle between
them, and accordingly, Q» peaks at -150'-180'.
Nevertheless, as orie can see from Fig. 5(d),
even in this case, because of the larger trans-
verse momentum relative to the hadronic spray
direction, the angle Q„'„ tends to have values
considerably. small. er than those at which the
maxima of the Q» curves occur.

The kinematic information contained in these
azimuthal-angle distx ibutions is similar to that
in the transverse-momentum distributions. The
general feature to note is that for energies a
reasonable distance above threshold, the angles
Q» and Q„'„ tend to be rather small. It is
important here to remember that although for
clarity the vertical scales on the graphs of all
the one-variable distributions, and in particul. ar,
the graphs of do/dQ» and do/dQ„'„, are marked
in conveniently chosen arbitrary units, in fact
the absolute rate for the case m„0= 4 GeV is
much larger than for the case 'm„, =8 GeV. More
general. ly, for a given heavy-lepton mass, if one
considers the energy as a variable, by far the
dominant contribution to the cross section will
come from high energies, and hence the resulting
dimuons wiH be characterized by small values of

Q» and Q'„„. In contrast, background dimuons
formed by an electromagnetically scattered muon
together with an opposite-sign muon from m', E,
or charm decay in the hadronic shower, will be
characterized by large values of Q» and Q„'„
Thus these azimuthal-angle plots serve as yet
another powerful tool for separating the possible
M ' signal from various backgrounds.

Finally, Figs. 6, 7, and 8 are.scatter plots of
p„r versus hf», Q», and Q„'„, respectively
In each figure, graphs (a), (c), and (e) represent
reactions (A), (8), and (C), with mJJp=4 GeV,
while graphs (b), (d), and (f) represent the same
x'eactions, but with m~o = 8 QeV. Figure 6 shows
the feasibility of imposing a cut P»&1 GeV,
which is very helpful in suppressing background
sources of dimuons. From Figs. 7 and 8 one
can see that the smallest values of Q„and Q'„„
for high incident muon energies, and the largest
values of these angles in the contrasting low-
energy case, occur at low values of p». Thus
the possible cuts which one could make, viz.
P»&1 GeV and, for the relevant high-energy
case, Q» & 90' and Q» & 90', are somewhat com-
plementary.
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FIG. 6. Scatter plots in the transverse momentum of
the opposite-sign Inuon, p~z, versus the dimuon invari-
ant mass M». Graphs (a), (c), and (e) represent react-
ions (A), (B), and (C), respectively, with m~=4 GeV;
graphs (b), (d), and (f) represent the same reactions,
but with m@0=8 GeV.
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FIG. 8. Scatter plots in the transverse momentum p„z
of the opposite-sign muon versus the azimuthal angle

The reaction and M mass represented in each
graph are as in Fig. 6.

Thus, our distributions in E„~, EH, E„;,, M»,
P„» P„'~, P», Q„„, and Q„'„igeva reasonably
complete description of the characteristics of
the dimuon signal from the muon-induced pro-
duction and leptonic decay of a neutral heavy
lepton M . They exhibit several distinctive
features which may be recalled here: (1) large
values of E„+ and E;„,; (2) comparable values
of E(p„) and E(II,„); (3) an energy-independent
upper bound to the invariant-mass distribution,
which is the mass of the parent M '; (4) sub-
stantial values of P», P», and especially p„'~
(assuming the lepton mass to be 4 or 8 GeV and
the incident muon energy to be 225 GeV); and (5)
small values of the azimuthal angles Q„„a nod~„
(assuming that the incident muon energy is suf-
ficiently far above threshold that the event rate
is non-negligible). These characteristics are
important because they indicate the ways in
which one can distinguish the possible heavy-
lepton-induced dimuon events from those due to
various backgrounds. We shall next describe
the features of the main backgrounds.

V. BACKGROUNDS AND CONCLUDING REMARKS

As was stressed at the beginning of this paper,
the expected rate for the process p,'N- M X,
M '- p. p,'X, with m„0- 4-8 GeV and E =225 GeV,

is of order -j.0 ' of the regular electromagnetic
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process p,'N- p.'X. Consequently, in order to be
able to obtain a reasonable number of M '-gen-
erated dimuons, it is necessary to have a muon
beam with the highest possible intensity. As
regards the background problem, the tiny rela-
tive rate is not, by itself, a fatal shortcoming,
since the el.ectromagnetic muon reaction will
never yield a p. p.

' pair. The problem, of course,
is that there are a number of higher-order pro-
cesses which build upon the basic electromagnetic
reaction and can yieM such a dimuon pair. How-
ever, if one triggers on a p "p.' pair, imposes the
usual cuts on E„~, Es (and the geometrical cut
on 8„~ ), and requires that (1) there be substantial
missing energy, E;, , &20 GeV; (2) the average
muon energies satisfy the Pais-Treiman bound"
0.48&(Z„-)/(E~+) &2.1; (3) P(„'~~:21 GeV and/or
P„r 21 GeV; and (4) Q„;, '& 10-15 GeV', then one
has a good chance of el.iminating background di-
muons and isolating a dimuon signal. from the
production and l.eptonic decay of an M '. %e
recall. the functions of these cuts: the E~~ cut
rejects muons from the decays of m's and K's
produced in the hadronic shower and guarantees
that the fractional error in the measurement of
the muon momenta is tolerably smal. l. The E&
cut ensures that the process is deeply inelastic,
while the crucial E;„&, cut is designed to select
events with a missing neutrino. The cuts on

(E„-)/(E~.) and on the transverse momenta of
the opposite-sign muon are intended to isolate
dimuons from M decay. Finally, the cut on

Q„;, is very effective in eliminating backgrounds,
since the only important backgrounds involve the
basic electromagnetic scattering process p,'A- p,'X, for which the rate falls off sharply as a
function of Q„;, ' =Q'. The geometrical cut on

8„~ expresses the requirement that the muons
must not scatter at so large an angle that their
momenta are not measured or they are not defin-
itely identified as muons.

The important backgrounds can be classified
under two categories: (a) p.'lV- p,'X(I'), F- p.'X,
and (b) p,'N- p,'X(Y), I' p, p'X-, where one of
the same-sign muons is missed, leaving an ap-
parent p. p.

' pair. Here X denotes, as usual,
an arbitrary final hadronic state, and T denotes
an unspecified source of a muon or dimuon pair,
which may or may not be part of the sta$e X. In
practice F is a w, .E, charmed hadron, 7 lepton,
or virtual photon, y„. I et us now consider the
specific ba'ckgrounds in turn.

The first background consists of dimuons of
type (a) in which the same-sign member is a
direct, electromagnetically scattered muon, and
the opposite-sign member arises from the decay
of a m or K produced in the hadronic spray. It is

very unl. ikely for a single pion or kaon to carry
a substantial fraction of the hadronic energy E&
which would be necessary to yield a high-energy
muon and a neutrino that could carry away a
considerable amount of energy. Indeed, if the me--
son were sufficiently energetic for these condi-
tions to be met, then its decay length would far
exceed its interaction length and, in fact, the
length of the detector. Hence, only very low-
energy pions and kaons will decay before inter-
acting or escaping. In turn, the resulting muon
will fa'il the cut on E~~, and the neutrino will not
carry off enough energy to satisfy the cut on

E;„,. As regards the relative energies of the
'.eading and slow muons, E(p, „)/E(p,„)will be
quite large, typically of order 10' for an incident
muon energy of 225 GeV. Hence the Pais-Treiman
test" will be strongly violated, showing clearly
that the event did not arise from an M '. The
cuts on Q„;,

' and E„will also very severely sup-
press this background. Other useful features in-
clude the fact that the slow, opposite-sign muon
is produced with quite small. transverse momen-
tum relative to the hadron spray direction; 1~~
&0.3 GeV. This contrasts sharply with the values
of P„'~ for opposite-sign muons from an M
Similar comments apply to the azimuthal. angle
correlation; Q» will be large, of order 180', for
this background, again in clear contrast to the
generally small values of Q» for the i M~0 signal.
Finally, two standard methods of eliminating
dimuons from pion and kaon decays are the test
for uniformity of events as a function of l.ongi-
tudinal. position in the detector, and the variable
density test. ' These have been used extensively
in past experiments on (anti)neutrino-induced
dimuon production. Thus, this first background
does not seem to be serious. '4

A second background consists of the electro-
magnetic reaction p.'A- p.'X, in which associ-
ated charm production occurs, and one of the
charmed hadrons, "C", decays via the (semi)-
leptonic mode ~C p,

'
v „~ ~ ~ to yield an opposite-

sign dimuon pair, together with some missing
energy. Alternatively, both the C and C hadrons
might decay to yield muons, but in such a way
that one of the two resulting same-sign muons
is missed. Since associated charm production
in neutrino reactions is a potential source of
trimuons, there has been considerable interest
recently in determining its rate. For the high-
energy portion of a neutrino spectrum (E„&100
GeV), after cuts of E„~&4GeV have been folded
in, it has been found that the cross section for
trimuon production via associated charm pro-
duction and (semi)leptonic decay is a10 ' of the
corresponding charged current cross section. "
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In order to obtain the contribution to opposite-
sign dimuon production, we divide by a typica1.
charmed hadron semileptonic branching ratio,
B(D e'X) =0.1 and get a rough estimate of 10 ~.

To apply this number to the electromagnetic back-
ground process of interest here, it is important
to take account of the fact that the BFP experiment
imposes a much higher cut on muon energy,
E~~&20 QeV, than the -4-GeV cuts applied in the
neutrino experiments and the corresponding cal-
culations of Ref. 35. We expect that this wil. l re-
duce the contribution of associated charm produc-
tion to apparent opposite-sign dimuon pairs in the
BFP experiment to a level &10 ' of the rate for
the basic reaction p, 'A'- p.'X. Concerning spectral
characteristics, in contrast to the first back-
ground, E;„, and P'„~ are not negligible here,
but they are still smaller than would be the case
for dimuons from an M '. Moreover, it is mell
estabI. ished from data on neutrino-induced di-
muons that the muon from charm decay has a
considerably smaller energy than the muon which
is produced directly at the leptonic vertex. " In
electromagnetic reactions y is substantially
smaller than in neutrino reactions because of the
preference for low Q'=2m„Exy. Consequently,
the ratio E(y.„)jE(p,„)will be even larger for the
background under discussion than for dimuons
from charm production in neutrino reactions.
Thus, the Pais-Treiman test" can be used qg. ite
effectively to eliminate this second background.
The cut on Q, ' and a possible cut Q» & 90' also
strongly suppress these background dimuons.
Finally, since associated charm production yields
equal numbers of p. and p', this process will
produce essentially equal numbers of same-sign
and opposite-sign dimuons. Hence, another very
effective way of rejecting this background is to
subtract the observed same-sign dimuons from the
opposite-sigh ones. (Note that pion and kaon de-
cay do not yield exactly equal numbers of p. and
p.
' because of the larger interaction cross sec-

tions for v and E than for v' and E'.)
A third background, of type (b) according to

the classification given above, arises from the
production of opposite-sign dimuon pairs by
virtual photons, which in turn hre produced via
emission from leptons or hadrons (quarks), via
quark-antiquark annihilation, or via the Bethe-
Heitler process. If one of the two resulting same-
sign muons is missed, these mechanisms will
yield apparent opposite-sign dimuon events. As
was the case with associated charm production,
this background (excluding the contributions due
to virtual-photon emission from the initial lepton
line and the Bethe-Heitler process) yields tri-
muons in neutrino reactions and has consequent1y

been studied with care recently. '" One can
crudely estimate that, neglecting the effects of
cuts, the rate for trimuon production via this
process is of order n'=5&10 ' smaller than
the rate for the reaction v „N- p'X. Detailed
Monte Carlo calculations agree approximately
with this rough estimate; for the cuts and neutrino
spectrum of the CDHS experiment they give"
&(&„E p p p X)/~(v„h' p X) —3 x 10 5. In
order to use this result for our present back-
ground estimate, we need to know what fraction
of the trimuons will appear as opposite-sign
dimuons. In the BFP experiment the two main
ways in which this can happen are the following:
(1) if one muon is produced travelling in essen-
tially the same direction and with essentially
the same energy as another muon of the same
sign, so that the two tracks cannot definitely be
resolved, and (2) if one of the same-sign muons
has very low energy or large scattering angle, so
that it cannot be identified as a muon. The re-
lated question of what fraction of neutrino-induced
trimuon events due to various possible produc-
tion mechanisms appear to be dimuons has been
addressed previously. "'" A similar anal. ysis
could be carried out here, incorporating the 8FP
muon energy and angle cuts. However, since
the total muon detection efficiency depends in de-
tail. 'on the geometry and track-resolution capa-
bility of the BFP detector, it seems inappropriate
to perform such a calculation in this paper. In
lieu of this, me estimate that the fraction of elec-
tromagnetical. ly generated trimuon events which
would be classified as opposite-sign dimuons in
the HFP experiment is of order" -0.1. Note that
there is an additional uncertainty in this number
due to the contributions of the Bethe-Heitler
process and the radiation of a virtual photon
from the initial lepton line, which are negligible
or absent in the case of neutrino reactions, but
are present in muon reactions. The resulting
estimate for the contribution of electromag-
netic muon pair production to opposite-sign
dimuons satisfying the requisite cuts in the BFP
experiment is -3 && 10"' of the event rate for the
lowest-order electromagnetic muon scattering
reaction. This number is understood to subsume
the contributions of various exclusive channe1s,
such as diffractive production of (self-conjugate)
vector mesons which decay leptonically to dimuon
pairs. Given the variety of electromagnetic
mechanisms which can yield apparent dimuons,
including virtual-photon emission from the leptons
or hadrons, Bethe-Heitler production, and quark-
antiquark annihilation, and given the two possible
choices as to which same-sign muon is missed,
it is clear that this general background can give
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rise to dimuon events with a large range of values
of E(l ss)l+(t os)i Pgl. t PlaJ. s Pu Tt Psu& d P$4l4

Further, although the invariant mass of a dimuon

pair from a virtual. photon will tend to be very
small, there are comparable probabilities that
the observed dimuon will be comprised of this
pair or, instead, a pair consisting of the directly
scattered muon together with the opposite-sign
muon from the virtual-photon-induced pair.
Hence, some of the observed events will indeed
be characterized by very small invariant mass
M», but a comparable number will not. Con-
sequently, the main cut which can be used to
suppress this source of background dimuons is
the cut on Q„;, '. The cut on Es is also effective
in eliminating these events since, like the majority
of electromagnetic events, they tend to have small
energy transfer v.

Finally, one may consider the analog of this
third background in which the electromagnetically
generated dimuon pair is replaced by a 7. T' pair.
If the r v' pair decays to p., +(anti)neutrinos
+possible hadrons, or if it decays leptonically to
g„p'„+(anti)neutrinos and one of the same-sign
muons is missed, then this process will produce
an apparent opposite-sign dimuon event. Fur-
thermore, such an event would often involve a
sizable amount of missing energy and substantial
values of the transverse momenta of the opposite-
sign muon. However, it is easy to see that in fact
this is a negligible background: For a 7 v' pair
produced by a single virtual photon, the rate is
of order (m„'/m, ')' = I && 10 ' smaller than the
corresponding muon pair production rate. A
similar argument applies for the case of v. T'

pairs generated via the Bethe-Heitler process. "
Since, as has been argued above, the background
due to electromagnetically generated muon pairs
is expected to be tolerable, the background due
to v v+ pair production is negligible.

From this brief analysis of the main backgrounds
we infer that the characteristics of dimuons from
the high-energy muon-induced production and
decay of an M ' are sufficiently distinctive that,
with the trigger and cuts discussed above, one

has a reasonable chance of isolating the heavy-
lepton signal. Of course, this also requires a
great-enough muon beam intensity and integrated
running time to enable one to gather a significant
sample of candidate dimuon events.

Thus, in conclusion, experiments with high-
energy muon beams and accurate hadron calor-
imetry present an important opportunity to search
for possible neutral heavy lemons of a kind not
directly tested for by previous experiments.
Such high-energy muon reactions are sensitive
to M 's of much higher masses than neutrino
experiments are (for the different kind of neutral
heavy leptons which couple to neutrinos). We have
analyzed the characteristics of the dimuon signal
which could be used to carry out this search.
The backgrounds, although important, do not
appear to be prohibitively serious. Our analysis
is applicable to the muon experiment currently
being performed by a Berkeley-Fermilab-Prince-
ton collaboration. Indeed, this experiment is the
first one to be able effectively to apply one of
the crucial tests for the heavy-lepton production
and decay, namely the test for substantial miss-
ing energy. Although there is, at present, in-
direct evidence against the existence of neutral
heavy leptons, there is no substitute for a direct
experimental search for these particles. Hope-
fully the results of our study will be useful as
part of this endeavor.

ACKNOWLEDGMENTS

We would like to thank S. Loken, F. Shoemaker,
P. Surko, and M. Strovink for valuable discussions
concerning the Berkeley-Fermilab-Princeton
muon experiment. We are also grateful to J. Smith
for helpful conversations. The research of
C. H. A. was supported in part by the National
Science Foundation under Grant No. PHY 77-07864
and in part by the Department of Energy. The
research of R. E. S. was supported in part by the
Department of Energy under Contract No.
EY-76-C02-3072.

*Permanent address.
~S. Weinberg, Phys. Qev. Lett. 19, 1264 {1967);A. Sal-

am, in Elementary Particle Theory: Relativistic
Groups and Analytioity (Nobel Symposium No. 8),
edited by N. Svarthol. m (Almqvist and %'ikseH. , Stock-
holm, 1968), p. 367.

2For recent reviews, see B.Barish, in Proceedings of
the International Symposium on Lepton and Photon
Interactions at High Energies, Hamburg, 297/, edited
by F, Gutbrod (DESY, Hamburg, 1977); P. Musset,

ibid; C. Baltay, cinI, Proceedings of the XIX International
Conference on High Energy Physics (Phys. Soc. of
japan, Tokyo, 1978); S. Weinberg, ibid.

3A. M, Cnops et al. , Phys, Bev. Lett. 41, 357 (1978). Al-
though the or iginal high-energy Gargamelle results,
reported in J.Blietschau et al. , Phys, Lett. 73B, 232
(1978), strongly disagreed with the WS model, assum-
ing sin e&~ 0.24 as required by the p, v NC/CC datg, ,
subsequent results from this experiment appear to 'be

nearer to the WS predictions. The situation is re-



CARL H. ALBRIGHT AND ROBERT E. SH ROCK

viewed by C. Baltay (Bef. 2).
4C. Y. Prescott et al. , Phys. Lett. 77B, 367 (1978).
See, e.g. N. Fortson, in Neutrinos-78, proceedings of
the International Conference on Neutrino Physics and
Astrophysics, Purdue University, edited by Earle C.
Fowler (Purdue Univ. , Lafayette, Indiana, 1978), p.
417.

6M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,
652 (1973). The four-quark version of the WS model
was first discussed by S. Glashow, J. Iliopoulos, and
L. Maiani, Phys. Bev. D 2, 1285 (1970).

7M. L. Perl et a/. , Phys. Hev. Lett. 35, 1489 (1975);
G. FeMman et al. , ibid. 38, 117 (1977); M. L. Perl
et al. , Phys. Lett. 63B, 466 (1976); 70B, 487 (1977).
See also J.Burmeister et al. , ibid. 68B, 297 (1977);
B.Brandelik et al. , ibid. 73B, 109 (1978); W. Bacino
et a/. , Phys. Rev. Lett. 41, 1 (1978).

S. Herb et al. , Phys. Bev. 39, 252 (1977); Ch. Berger
et al. , Phys. Lett. 76B, 243 (1978); C. Darden et al. ,
ibid 76B, 246 (1978).

V. Shiartsman, Zh. Eksp. Teor. Fiz. I'is'ma Red. 9,
315 (1969) IJETP Lett. 9, 184 (1969)]; G. Steigman,
D. Schramm, and J. Gunn, Phys. Lett. 66B, 202
(1977);D. Schramm, Chicago report (unpublished).

~ A. Clark, E. Groves, R. Johnson, L. Kerth, S. Loken,
F. Shoemaker, P. Surko, M. Strovink, and W. Wenzel,
Berkeley-Fermilab-Princeton Collaboration, Proposal
for Fermilab Experiment 203-391 (unpublished).
Y. Watanabe et al. , Phys. Bev. Lett. 35, 898 (1975);
C. Chang et al. , ibid. 35, 901 (1975).

~28ee, e.g. , C. Chang etal. , Phys. Rev. Lett. 39, 519
(1977).

~3H. Anderson et a/, , Phys. Rev. Lett. 37, 4 (1976); 38,
1450 (].977).

~40. Allkofer et a/. (E. Gabalthuler, spokesman), Pro-
posal. for CERN Fxperiment NA-2 (unpubli, shed).

'5F. Ceradini et al. (C. Bubbia, spokesman), Proposal
for CERN Experiment NA-4 (unpublished).

~6A. Pais and S. B. Treiman, Phys. Hev. Lett. 35, 1206
0.975); Phys. Bev. D 14, 293 (1976).

~~For an example of a (now obsolete) model with ari al-
lowable type of nondiagonal neutral current, see B.W.
Lee and S. Weinberg, Phys. Rev. Lett. 38, 1237 (1977);
B.W. Lee and R. Shrock, Phys. Bev. D 17, 2410
(1978).
D. Meyer et a/. , Phys. Lett. 70B, 469 (1977).

~~For recent reviews of dilepton production in neutrino
reactions, see B.Barish, in Proceedings of the Inter-
national Symposium on Lepton and Photon Interactions
at High Energies, Hamburg, 1977, edited by F. Gut-
brod (DESY, Hamburg, 1977);D. Cl. ine, ibid. ; C. Bal-
tay, in Proceedings of the XIX International Conference
on High Energy Physics (Phys. Soc. of Japan, Tokyo,
1978); K. Tittel. , ibid.
C. H. Albright, Phys. Bev. Lett. 28, 1150 (1972); Phys.
Rev. D 7, 63 (1973); 12, 1319 (1975); L. -N. Chang,
E. Derman, and J.Ng, Phys. Bev. Lett. 35, 6 (1975);
Phys. Bev. D 12, 3539 (1975); L. Sehgal and P. Zer-
was, ibid. 16, 2379 (1977); D. Bein et a/. , Nucl. Phys.
B138, 85 (1978).

2~D. Bechis et a/. , Phys. Bev. Lett. 40, 602 (1978).
H. Georgi and H. D. Politzer, Phys. Rev. Lett. 36,
1281 (1976); Phys. Bev. D 14, A. De Rujula, H. Georgi,
and H. D. Politzer, ibid. 15, 2495 (1977); D. Gross,
S. B, Treiman, and F. Wilczek, ibid. 15, 2486 (1977).
Equation (3.3) is due to C. Callan and D. Gross, Phys.
Bev. Lett. 22, 156 (1969).

24S. Pakvasa, D. Parashar, and S. Tuan, Phys. Rev. D
10, 2124 (1974). The sea parton distribution has been
modified to agree with the measurement by M. Holder
et a/. , Phys. Lett. 69B, 377 (1977). This change has a
negligible effect on our calculations.

2~B. -Field and R. P. Feynman, Phys. Rev. D 15, 2590
(1977).
C. H. Albright and J. Smith, Phys. Lett. 77B, 94
(1978).

~C. H. Albright, B. Shroek, arid J. Smith, Phys. Bev.
D 17, 2383 (1978).
We thank S. Loken, F. Shoemaker, M. Strovink, and
P. Surko for valuable discussions of 'the details of the
Berkeley Fermilab-Princeton muon experiment.
For calculations of (anti) neutr ino-induced charged
heavy-lepton production and decay, see C. H. Albright
and C. Jarlskog, Nucl. Phys. B84, 467 (1975); C. H.
Albright, C. Jarlskog, and L. Wolfenstein, ibid. B84,
493 (1975). See also A. Soni, Phys. Rev. D 11, 624
(1975). For (anti) neutrino-induced neutral-heavy-lep-
ton production, see Ref. 20. The case of (anti) neu-
trino-induced heavy-lepton and concomitant heavy-
quark production is discussed in Bef. 27.
B. C. Barish et al. , Phys. Rev. Lett. 39, 1595 (1977).

3~M. Holder et a/. , Phys. Bev. Lett. 39, 433 (1977);
K. Tittel, in Proceedings of the XIX Internationa/.
Conference o'n High Energy Physics (Phys. Soc. of
Japan, Tokyo, 1978).

32For recent reviews of charged-current neutrino data,
K. Tittel, Ref. 31; and A. K. Mann, in Proceedings

of the XIX International Conference on High Energy
Physics (Phys. Soc. of Japan, Tokyo, 1978).

~~The kinematic characteristics of dimuons from
the (anti) neutrino-induced production, and decay
of charmed hadrons are analyzed in E.)Derman, Nucl.
Phys. B110, 40 (1976); L. Sehgal and P. Zerwas, Phys.
Bev. Lett. 36, 399 (1976); Nucl. Phys. B108, 483
(1976); L. -N. Chang, E. Derman, and J.Ng, Phys.
Bev. D 16, 3157 (1977).

34The background due tq n and Z decay has previously
been estimated by Monte Carlo simulation in Bef. 10.
For E= f00 QeV, m~ =4 GeV, the branching ratio
E(M )I, p+v&)=0. 25, and the cuts E(p+))20 GeV,
E{ii„)(100 GeV, Q, ~&3.7 GeV2, and p„~& 1.4 GeV,
it was found that the ratio of the dimuon rate from this
background relative to that from the decay of the M 0

was -2%. As stated in the text, this relative rate can
be further reduced by the cuts Emissing ~20 GeV,
0.48 & E /E + &2.1 P„'~ & 1 GeV, f~„& 90, and de-
pending on the experiment, a longitudinal uniformity
or variable density test.

~5G. Pane, J. Smith, and J. Vermaseren, Phys. Bev.
D 19, 1978 (1979) and references therein.

~6J. Smith and J.Vermaseren, Phys. Bev. D 17, 2288
(1.978).

37For reviews of the status of trimuon production in neu-,
trino reactions, see K. Tittel, in Proceedings of
the XIX International Conference on High Energy Phys-
ics (-Phys. Soc. of Japan, Tokyo„1978); A. K. Mann,
ibid. ; J. Smith, in Neutrinos —78 (Bef. 5), p. 551.

3 For a recent discussion of electromagnetic trimuon
production in muon reactions, see V. Ganapathi and
J. Smith, Phys. Bev. D 19, 801 (1979).

39The related case of 7"v' photoproduction is analyzed in

J. Smith et a/. , Phys. Bev. D 15, 648 (1977).


