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Electromagnetic muon-pair contibutions in neutrino trimuon production
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The electromagnetic production of p, +p, pairs in charged-current neutrino scattering is calculated for a
scaling parton model. This process gives trimuons at 0.4 &( 10 ' of the single-muon rate at 200 GeV. Energy
and invariant-mass distributions for radiative trimuons are presented and characteristic features of azimuthal

correlations are discussed.

The trimuon events' ' reported in deep-inelas-
tic neutrino scattering may signal important new
physical effects such as heavy-lepton, heavy-
quark, or Higgs-boson production. 4 However,
there are mechanisms in "old" physics that can
produce trimuons, and these must be evaluated
before any. new physics can be fully separated.
One such mechanism is the associated produc-
tion of charm plus anticharm in the recoiling
hadron jet, 'with muonic charm decays; quan-
tum-chromodynamic calculations indicate that
this gives few trimuons, of order 10 ', of the
single-muon rate at 200 QeV. ' A more direct
mechanism is tlfe electromagnetic production of
muon pairs via virtual photons radiated from the
final muon and the interacting parton; in the pres-
ent paper we calculate and discuss the contribu-
tions from this process. '

We find non-negligible rates for the radiative
contributions to trimuon production. At E =200
GeV, the rate for vN- p, p,

'
p, X is 0.4 x 10 4 of

the single-muon rate. Averaged over the Fer~i-
lab quadrupole triplet spectrum, for E&100 GeV,
the predicted rate for vN including the E„&4 GeV
acceptance cuts is

tributions of the three graphs in Fig. 1 are
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whe~e c =u(k, )y v(k, )/q' and q=k, +k, . The com-
plete matrix element for distinguishable trileptons
is
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We note that X,=O for E =q, as required for gauge
invariance. For a real photon with a polarization
vector e, Eil. (3) is identical to the bremsstrahlung
calculation of Kiskis. ' For p, LL(,

'
p, production we

must antisymmetrize the matrix element,

(
o(3V) =0.25 x 10 4 .
o(l ) radiative

Si, (p, p.' li ) =Sl((k„k,) —31&(k„k,), (4)

This is a non-negligible background to the re-
ported experimental rate'

o(3p)
(2)

The quoted rates in Refs. 1 and 3 are lower. In
this article we present characteristics of radiative
trimuon production that can be used in identifying
events of this origin.

Our calculations are based on the scaling parton
model with a four-f ermion weak-interaction vertex.
For gauge invariance, the virtual photon must be
attached in all possible ways to the charged par-
ticles in the vd- p, u parton process. The con-

and divide the phase space by a factor of 2.
To evaluate ~SR~' we have used the computer

reduction program REDUCE. After calculating
the differential cross section do( v d-(3li)u) for
the partonprocess, we set pz xPy Ply 'Ply xMg,
where P, is the target-nucleon momentum, and

M„ is the nucleon mass. The observed cross sec-
tion is then obtained by integrating over x,
weighting with the parton distribution function d(x),

do(v„p-(3p)X) = do'(v d-(3li)u)d(x)dx,

with x=Q'/(2Mv). Sea-parton contributions to
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FIG. 1. Parton-model diagrams for radiative trimuon
production by neutrinos.

trimuon production are very small and hence ig-
nored here; we use the valence distribution of
Ref. 9.

Over the energy range 30-350 GeV, our results
for the vN-3 @2' total cross section on an average
nucleon target N=(P+n)/2 are well represented
by the empirical expression

a(3 p, ) = n'(0. 035 ln'E —0.19),
o(V)

where n is the fine structure constant, and E is in
GeV. Acceptance cuts E, & 4 GeV reduce the rate
at. E =200 GeV from 0(3p)/o(p. ) = 0.4 x 10 ' to 0.3
x 10-'.

Figure 2 shows invariant-mass distributions for
radiative trimuon production, with spectrum

average and acceptance cuts appropriate to Ref.
2. The m(3p, ) distribution peaks at 1.5 GeV and
has an average value (m(p, )) =3.3 GeV. The dis-
tribution in the lower of the two p,

'
p, mass corn-

binations in each event is sharply' peaked at very
low mass: 85%%u~ of all radiative events have
m(p,

-
p, ),.„., ( 1 Gev, 92%%u, have m(p, -

p..),.„.,( 1.3 GeV. By restricting our attention to ob-
served trimuon events which have m(p Ij,')„„„
~ 1.3 GeV, the radiative ba.ckground is largely
eliminated, independent of rate considerations.
Several of the reported events' survive such a
mass cut.

Figure 3 shows the energy distributions for the
radiative-trimuon events for the spectrum and cuts
of Ref. 2. The E(3p, ) distribution is broad, with
6%%uq of the events occurring above 200 GeV. The p,

'
and slow p, distributions are fairly similar, re-
flecting a usual common radiative-pair origin.
The average energies are (E(p, ')) =22, (E(p~))
=18, and (E(p,z)) =64 GeV. Events in which all
three muons are energetic are highly improbable:
For example, the probability that an event occurs
with each muon carrying energy in excess of 60
GeV is less than 1%%uq. One of the reported events
with three highly energetic muons, E(p~) =92,
E(p') = V9, and E(p,~) = 69 GeV, is thus highly un-
likely to be of radiative origin.
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FIG. 2.- Invariant-mass distributions for radiative
trimuon events, with spectrum average and acceptance
cuts appropriate to Ref. 2. The verti. cal dashed line is
the kinematic lower limit m =2yn&.

FIG. 3. Energy distributions for radiative trimuon
events, with the spectrum average appropriate to Ref.
2 and E & 4 GeV acceptance cuts (denoted by the verti-
cal dashed line i.n the lower figure).
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For radiative trimuons, the azimuthal angular
separation &Q(p. p, '}of the p and p.' about the
bea, m axis has a distinctive distribution, especially
for the p, p,

' pair that gives m(p, p+)„„„.This
b, Q(p, p. )„„„distribution has a sharp peak at 0,
with 80% of the events occurring below 80'. For
the spectrum and E cuts of H,ef. 2, the calculated
radiative &Q(p, p, )„„„distribution can be param-
eterized as

d(~e)
—cc exp[ —(LP/22. 3)+ («f&/81 8) j

with 4Q in degrees. This peaking of A&f&„„„at0
is correlated with the peaking of m(p. p+)„„„at
low mass. In contrast;, new physics mechanism for
trimuons, such as the heavy-lepton cascade model,
predict a relatively flat distribution in'4P(p, p )„„„
and an m(p p, ')„„„distribution which tends to zero
at low mass.

Another interesting azimuthal separation is that
between the momentum of the p, p, ' pair with the

lower m(pp. +) and the momentum of the other p, .
This distribution is approximately symmetric
about 4jb =90' with peaks at 0' and 180 . The re-
sults can be represented by

d&Q
~ exp [ (LP —90)'/(83. 3)'jdN

(8)

for the spectrum and E cuts of Ref. 2.
The radiative process does not lead to p, p

events, except when the p,
' energy is below the

acceptance cutoff. This occurs at the level Of 17%
of the observed Sp. rate for a E, & 4 GeV cutoff. ,
which gives o'(p p, )/o(p, )-0.4 x 10 '. Observation
of p, p, events at a rate comparable to trimuons"
likely signals new-physics origins.

Theoretical uncerta. inty in our calculation arises
from the necessary assumption that radiative p, -
pair emission from the hadron vertex can be cal-
culated in the parton model. In this connection,
the i,orentz-gauge contributions to o'(vN-3 pX)/
&(p) at E =200 GeV of the three diagrams in Fig.
1 are (in units 1.2 x 10 4)

1 0.41 0.10 -0.98 -0.54 0.35

Each of these terms includes the antisymmetriza-
tion in Eg. (4). It is interesting to note that all
contributions scale fairly closely to the product;s
of the charges involved; namely,

0.44 0.11 -1.33 0.67 -0.44

though the sign of the 8&,, interference is re-
versed. Intuitively this suggests that all charges
involved receive comparable accelerations. The
destructive interferences reduce the final rate
(compared to the diagram with only muon radiation}
by a factor of 3. The extent to which this cancellation
takes place may be dependent on our parton-model
treatment of the radiation from the hadron lines.
Each of the above terms includes the antisym
metrization in Eq. (4).

i3ased on our comparisons of the radiative tri-
muon rate and distributions with the experimental
results of Ref. 2, we conclude that the observed
trimuons and p, p, events are highly likely to be
of new physics origin.
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