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We report on the production of 158 trimuon and 637 dimuon events by 10.5-GeV/c muons incident on lead. The
sensitivity of the experiment was' typically 1 event per picobarn per nucleon, It is shown that the majority of the

trimuon events are due to QED trident production. We present differential and total cross sections for this process
and establish that muons obey Fermi-Dirac statistics at a confidence level of 8 standard deviations. Approximately
10% of the trimuons are due to other processes, most probably diffraction of the virtual photon. Upper limits on the

production of particles with a three-muon decay mode and on inelastic virtual-photon, Compton scattering are
obtained. The dimuon events can be accounted for by tridents where one of the muons lies outside the acceptance of
the apparatus and by the production of m. and E mesons which subsequently decay into a muon. Upper limits on

prompt single-muon production are given.

I. INTRODUCTION

As part of a general experimental investigation
of muon interactions on heavy nuclei we report
here on events with final states containing two and
three muons

jtj, +Pb- jtj. p. p, +Pb,
p. +Pb- p p. p, '+X,
p + Pb p. p, '+X.

Preliminary results from this data have been
given in a previous publication. ' The experiment
was performed at the Brookhaven National Labo-
ratory Alternating Gradient Synchrotron (AGS)
with a muon beam of momentum 10.5 +1.3 GeV/c.
The sample of dimuon and trimuon events was
obtained with the beam incident on a 13-in. lead-
glass target. Final-state muons were detected
with a wide-angle muon spectrometer equipped with
multiwire proportional chambers (MWPC's). A
total of 158 trimuon and 637 dimuon events were
obse rved.

In this experiment the trimuon yield is dominated
by the coherent production of muon pairs in the
field of the target nucleus, or muon tridents. The
four Feynman diagrams for this process are
shown in Fig. 1. Graphs 1(a) and 1(b) represent
pair production by a spacelike (q' &0) virtual
photon, while in graphs 1(c) and 1(d) the photon
propagator between muons is timelike (q' &0).
These reactions are predominant when the photon
exchanged with the nucleus is at very low q'
(~q„'~&0.01 GeV'), hence the cross section for
production off nuclear targets is proportional to
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FIG. 1. The four Bethe-Heitler Feynman diagrams for
the muon trident process. The "scattering" graphs (a)
and (b) are produced by a spacelike virtual photon. In
the "dissociation" graphs (c) and (d) the incident muon
radiates a timelike virtual photon.

Z', moderated by the nuclear form factor. The
trident matrix elements have been calculated by
Brodsky and Ting, ' and reevaluated by several
authors' with excellent agreement. For our cal-
culations we have used the results of Ref. 1 and
evaluated the cross sections with a Monte Carlo
integration program written by Tannenbaum. '

The muon-trident process is unique in that it is
the only one studied to date in which two identical
direct muons are present in the final state. Hence,
in addition to providing a test of QED, the obser-
vation of tridents can be used to test muon statis-
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ties (i. e. , the antisymmetry of the muon wave
function). An electron-trident experiment was
performed by Criegee et al.4 and muon tridents
have been observed with cosmic-ray muons, ' but
it was not until the experiment of Russell et al. '
that the cross section was reliably measured and
muons were first shown to obey Fermi-Dirac sta-
tistics.

The theoretical differential cross section (in the
first Born approximation) as a function of the ef-
fective mass M„- - of the two like-sign muons is
shown in Fig. 2 for a lead target at 12 and 200
GeV. We note the following features: (a) The tri-
dent cross section increases with incident energy
(v„,= 0. 8 p.b/Pb nucleus at 12 GeV, v„,= 12. 1

p, b/Pb nucleus at 200 GeV). (b) The coherence of
the trident process off nuclei induces a large dif-
ference (a factor of -4000) between lead and pro-
ton cross sections. However, at high energies
and large effective ma. sses (M, „~10 GeV/c') the
incoherent scattering off individual nucleons starts
to dominate over the coherent process due to the
increased momentum transfer to the target. ' (c)
At very low effective mass M, - - the wave func-
tions of the two identical muons overlap signifi-
cantly (small opening angle, similar momenta).
Thus, for Fermi-Dirac particles the interference

of normal and exchange amplitudes (the diagrams
of Fig. 1 with P, and P, interchanged) depresses
the cross section in this kinematic region. This
effect is the clearest signature of antisymmetry
under interchange of identical muons. '

In addition to the graphs shown in Fig. 1, other
trimuon processes can contribute as shown in

Figs. 3(a)-3(d). Graph 3(a) follows from the vec-
tor-dominance model' and has been extensively
studied in electroproduction processes. ' We re-
fer to it as "strong diffraction" and there is evi-
dence that at high energies this process becomes
dominant. " Graph 3(b) is referred to as "inelas-
tic virtual-photon Compton scattering" and may
occur on a constituent of the nucleon. Its contri-
bution in comparison to the trident process is ex-
pected to be small" because of the known low level
of two-photon-exchange effects in inclusive muon-
nucleus scattering. " Qn the other hand, mea-
surements of photoproduction of muon pairs off
beryllium" and inelastic photon-proton scatter-
ing" indicate that QED and the Compton process
cannot account for the total cross section in the
deep-inelastic region. Finally, it is possible that
a pair of short-lived particles is produced, one or
both of which decay into muons as depicted in Fig.
3(c). Charm or (known) heavy-lepton production
is irrelevant to the present experiment since it is
below DD and yT threshold (W,„=4.5 GeV, where
W is the photon-nucleon c.m. energy). In princi-
ple one could also consider production of trimuons
through the weak interaction but such processes
are completely masked by electromagnetic effects.

We have also searched for any possible enhance-
ments in the three-muon effective-mass spectrum

(a) (b)
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FIG. 2. QED prediction for do/dlVl, the differential
cross section in the effective mass of the two beamlike
muons for a lead target at 12 and 200 GeV.

(c)
FIG. 3. Possible non-Bethe-Heitler trimuon processes

as described in the text. (a) Diffractive pair production.
(b) Inelastic virtual-photon Compton scattering. (c) Pro-
duction of short-lived particles with muonic decay
modes. (d) Primakoff effect p p~ 3p.
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Such an enhancement could arise if the muon had
excited states that decay into three muons and that
could be reached from the ground state through
an electric dipole transition [Primakoff effect, "
Fig. 3(d)]. It has also been proposed by Pati and
Salam" that a quark may dissociate into three
muons. We have observed no evidence for such
decays.

Single-prompt-muon. production with muon beams
has generated considerable interest recently as
possible evidence for charm production. " In light
of this, our large yield of dimuon events requires
a careful interpretation. Two backgrounds can
significantly contribute to a dimuon signal. First-
ly, one must consider trident production in which
one final-state muon, due to its low energy, falls
outside the range of the experimental acceptance.
Secondly, dimuons can result through the muon-
induced production of 7t and K mesons which decay
in flight into a muon. A detailed Monte Carlo cal-
culation of these two processes produces good
agreement with the data in terms of distributions,
numbers of events, and charge ratios. We are
thus able to impose limits on single p. and p, pro-
duction with p. beams at AGS energies.

In Sec. II we discuss the apparatus, event
acquisition, and the data-reduction procedure
leading to the trimuon and dimuon samples. In
Sec. III we discuss the trimuon data with emphasis
on the trident contribution. We compare the pre-
dicted'and observed total cross section and pres-
ent experimentally obtained differential cross
sections for trident production in the effective
masses, and in the energy and transverse momen-
tum of the produced opposite-sign muon. In ad-
dition, we show new evidence for muons obeying
Fermi-Dirac statistics. Excellent agreement
with the predictions of QED is found throughout.
A smaller sample of trimuon events which are not
characteristic of the trident process is examined.
We interpret these events as the diffractive pro-
duction of Fig. 3(a) and establish an upper limit
on the cross section in the region of the low-mass
vector mesons. We compare this with results on
the electroproduction of vector mesons. The
three-muon mass spectrum is presented, esta-
blishing an upper limit on the production and de-
cay of any exotic objects which have a 3p. decay
mode. Finally, we discuss a small sample of in-
elastic trimuon events which could arise, for ex-
ample, from the Compton scattering process of
Fig. 3(b). In Sec. IV the dimuon sample is dis-
cussed in terms of conventional processes.

II. APPARATUS AND DATA REDUCTION

The muon beam was obtained from the decay of
negative pions produced by the external proton

beam of the Brookhaven AGS incident on the C-1
target. Pions were absorbed in 1.2 m of carbon
and 6 m of beryllium while transported to the ex-
perimental area. The original beam, design is due
to T. Yamanouchi" and was upgraded to 10. 5

GeV/c by H. Brown. ' The main parameters of
the beam are given in Table I. A scintillator
hodoscope consisting of 218 elements in seven
planes provided trajectory and momentum infor-
mation for every incident particle.

A s chematic of the dete ctor is shown in Fig. 4.
It consisted of a forward spectrometer utilizing a
120-in. -wide, 36-in. -deep, and 30-in. -high dipole
magnet of field strength f8 dl =1 Tm. A 6000-
wire MWPC system provided particle tracking and
was read out via CAMAC to a Honeywell DDP-516
computer. Three scintillator planes (labeled
S100, S200, and $300) were used for triggering.
The target consisted of 12 —",,-inch slabs of lead
glass each viewed by a photomultiplier to provide
information on electromagnetic showers. Two
l-in. -thick DE/DX counters were placed after the
target to signal the emergence of more than one
minimum-ionizing particle. The S200 and S300
counters were placed front and back of a 1.5-m
iron absorber to provide muon identification.
They were combined in a coincidence matrix which
only accepted counter combinations directed at the
magnet aperture (labeled p. ). A wall of veto coun-
ters (V) covered the region around the beam en-
trance.

A valid beam track was defined by three beam
counters (A, 8, C), at least one hit in each of the
seven beam hodoscopes, and no veto. A spacer
circuit suppressed events where two beam parti-
cles arrived within a 20-nsec time interval. Thus

BEAM=(A. 8 C) (H„. . . , H, ) ~ (&V). (2)

TABLE I. AGS muon-beam parameters.

Mean momentum
Momentum spread
Horizontal size (FTHM)
Vertical size (FWHM)
Horizontal angular spread
Vertical angular spread
Pion contamination

10.5 GeV/c
+1.3 GeV/c
6.3 cm
6.6 cm

13 mrad
11 mr ad
&0.01%

The trigger consisted of a beam track together
with one of the DE/DX counters above the two
minimum-ionizing particle threshold, two or more
distinct p, signals, and one or more hits in the
8100 plane.

T =(BEAM) (DE/DX) ~ (S100) 1) ~ (p, ) 2) . (3)

Counter and trigger efficiencies were continuously
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monitored during the experiment via a data link to
the AGS on-line PDP-10.system. Pulse height and

timing information for all appropriate counters
were recorded.

For part of the running a 24-in. brass absorber
was placed after the target to reduce muons from
m and E decay. The data obtained with this con-
figuration was useful for diagnostic purposes but
is not included in the present analysis. This is
because multiple-scattering in the brass impairs
vertex and mass resolution and because energy
loss in the absorber severely restricts the avail-
able phase space for a three-muon final state. "

The data presented here was obtained with an
accumulated flux of 2. 1 &&10' muons incident on the
lead-glass target (2. 38X10"Pb nuclei/cm'). All
events with three tracks, one of which was opposite
in charge to the beam, were considered as trimuon
candidates. All three tracks were required to be
in time to within +4 nsec in the S100 plane and +6
nsec in the $200 and $300 planes. In addition, at
least two tracks were required to intersect S300
counters that were on. Finally, it was required
that the point of closest approach between the
three tracks and the beam track lie within 20 cm
of the target along the beam axis and inside the
target transverse to the beam. This procedure
produced a sample of 456 events.

In order to facilitate comparison with theory and
to be certain that all three tracks were muons we
accepted in the final sample only events where all
three tracks had p&1.8 GeV/c. Furthermore, at
least two of the three tracks had to be unambi-
gously defined as muons. Ambiguity in muon
identification could arise when two tracks inter-
sected the same S300 counter (these counters were
18 in. wide). These cuts resulted in a sample of
158 trimuons; for 43 of these events one of the
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FIG. 5. The DE distribution for the trimuon sample.
The data was cnt at ~d E I

&1.5 Gev as indicated by the
arrows.

muons was not defined unambiguously. These 43
events were considered separately in the final
analysis and their presence in the sample was
found to be consistent with the Monte Carlo cal-
culation.

In trident production, the heavy nuclear target
provides momentum balance but absorbs very
little energy (-50 MeV). ' We define hE as the
beam energy minus the sum of the energies of the
final-state muons. The requirement b E =0 then
provides a tight constraint for identifying trident
events. Each track was extrapolated to the vertex
taking into account energy loss in the apparatus.
A clear peak is seen in the hE distribution (Fig.
5) centered at hE =80 MeV with full width at half
maximum (FWHM}=920 MeV. The resolution in
4E is dominated by measurement errors in the
particle momentum (hp/p =0.015p, p in GeV/c}
and uncertainty in the position of the vertex. A

cut
~

hE
~

& 1.5 GeV was imposed leaving a final
sample of 138 raw trident events. In 34 of these
events one muon was not defined unambiguously.

Next the data were corrected for detection effi-
ciency by assigning an appropriate weight to each
track depending on the chamber that it crossed.
The efficiency of the chambers was determined
for each run by observing beam tracks and was
taken to be uniform over each chamber. The
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overall correction for the detection of all three
tracks was +24%. The background under the AZ
peak, estimated from the events outside the b. E
cut, amounted to a correction of -17/q. Finally,
the number of trimuon events originating from
bremsstrahlung of real photons and subsequent
pair production in the target was estimated using
the photon distributions and conversion lengths
given by Tsai" to be 6. 1+1.5. A summary of all
corrections applied to the elastic trimuon sample
is given in Table II, showing a final total of
137+12 events.

The initial sample of 456 trimuons had the
charge combination expected for pair production
(- —+), yet only 11 candidates were found with
the wrong combination (-++). After the imposi-
tion of cuts, no "wrong-charge" events survived
indicating that the trimuon background from me-
son decay is negligible.

For the extraction of the dimuon sample, no 4E
cut can be imposed, so it is difficult to constrain
the data. The raw data were scanned for events
which contained two tracks satisfying the same
timing, vertexing, and momentum cuts as the tri-
muon sample described above. It was then re-
quired that both particles penetrate the muon fil-
ter and hit different S300 counters, ensuring ab-
solute muon identification. This procedure pro-
duced a sample of 412 p'p. and 216 p p, events.
A search for p, 'p, ' events yielded a sample of only
5 events establishing that the dimuons are almost
entirely due to beam-particle interactions. The
kinematic cuts imposed for the investigation of
these events are described in Sec. IV below.

III. TRIMUON EVENTS

. A. Elastic events; tridents

%e label as "elastic" the trimuon events con-
tained in the ~LE ~&1. 5 GeV cut and expect that
the majority will be accounted for by the trident
process of Fig. 1. These graphs represent the
first Born approximation and were evaluated with
the Monte Carlo integration program of Ref. 3
which gave differential cross sections in angles,
momenta, effective masses, and transverse mo-

TABLE II. Corrections to trident sample.

Data
Number of

events

Raw candidates
With geometry, momentum,
p-identification cuts
(~ )&1.5 GeV cut

Corrections
Detection and reconstruction efficiency
Background subtraction
Bremsstrahlung + pair production

Total yield

158
138+ 12

+33+ 6
-28+ 5
-6+ 2

137+14

menta. Beam tracks measured in the experiment
were fed to the Monte Carlo program which gene-
rated events and a weight proportional to the dif-
ferential cross section. The cross section was
calculated under the assumption of both Fermi-
Dirac muons and muons exhibiting no exchange. "
Since the Born series for a lead target converges
slowly (in powers of Zo =O. 6), a correction for
the second-order term [-(Zo.)'j was included. It
was estimated to be -12/0 based on the two-photon
exchange amplitudes for muon pair photoproduc-
tion calculated by Bethe and Maximon" and Brod-
sky and. Gillespie. " The interference of the first-
and second-order terms was assumed to be negli-
gible. "

The events so generated were traced through the
apparatus with a Monte Carlo simulation program
which accounted for energy loss, multiple scatter-
ing, and the finite resolution of the detector.
Thus, the yield and distributions of predicted
events were obtained as well as the acceptance
in any of the kinematic variables. Because of the
requirement that all three muons have p &1.8
GeV/c only a subsample of all tridents is ob-
served. Total and effective cross sections along
with the predicted yield of events are listed and
compared with the data in Table III.

In Fig. 6 we show the predicted and observed
distribution of the vertex of the trimuon events in
the lead-glass target. The Monte Carlo simula-.

TABLE III. Trident cross sections (in nb per lead nucleus) and yields.

0't ts first
Born approximation

0.
&,t with higher-order
corrections

0 within acceptance

Number of events

No exchange

739 + 69

650 +61

61.8 + 5.8

233 + 22

Per mion

656 + 67

577 + 59

34.6 + 3.5
131 + 14

Observed

36.3 + 3.2
137 6 12
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The results of the QED and Monte Carlo calcula-
tions are compared with the data in Figs. 7—12.
The solid curves show the cross section for events
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FIG. 6. The distribution of the vertex of trimuon
events in the lead-glass target compared with the muon-
trident Monte Carlo prediction.
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FIG. 7. The differential cross section in the effective
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tion for Fermi-Dirac muons with a momentum cut p&1.8
GeV/c, the dotted curve for muons with no exchange,
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FIG. 9. The differential cross section in the energy
of the positive (nonbeamlike) muon.
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IO

to be compared with the data points, which repre-
sent the observed events corrected for acceptance.
The dotted curves show the same cross section
under the assumption of no exchange for muons.
Finally, for completeness, the dashed curves
represent the total production cross section (i.e. ,
when no restriction is placed on the muon mo-
menta). We note that the normalization for both
the data and theoretical curves has not been ad-
justed in anyway.

Figure 7 displays dv/dM for the effective mass
of the like-charge muon pair M„-„-. It is here
that the effects of fermion exchange are most
clearly seen as discussed in Sec. I. This data
represents the second observation of this low-
mass suppression attributed to the Pauli princi-
ple. ' The effect is further illustrated in Fig. 8
where we show the number of observed events
(after all corrections are applied) as a function of
M -„-. The two bands give the prediction for fer-
mions and for no exchange, respectively, the
bandwidths indicating the uncertainty in the Monte
Carlo integration of the cross section. The fer-
mion assumption is strongly favored. Following
the authors of Refs. 6 and 25 we define a parame-
ter ~ such that

(b)
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No 10
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o IO

IOb

IO
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SLow

I
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FIG. 11. The differentia) cross section in the effective
~asses of the p,'p, pairs where in (a) we have used the
fast p, and in (b) the slow p, .
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for the two p'JL(, pairs where we have used the fast
and slow p. , respectively, and in Fig. 12 the dif-
ferential cross section in the three-muon mass.
Most of the data is clustered at low mass and is
accounted for by-the trident hypothesis, yet we
see a number of uncharaeteristically high-mass
events. We discuss these events below.

to I I I
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FIG. 12. The differential cross section in the three-
muon effective mass.

(
do ) do

dM -„-&, dM„-~- i „,„
do i do

Ed g g i form dMI r
- nosxi

(4)

(y =1.08+0. 13, (5)

where the error quoted combines both the fitting
and Monte Carlo errors. The abs'ence of the ex-
change effect would thus constitute an Scan deviation
from the data. We note that the effect arises pri-
marily from the bins of lowest effective mass
where the relative acceptance (i.e. , for p) 1.8
GeV/c) is very good (-60%) and smoothly varying.

In Fig. 9 we show the differential cross section
in the energy E+ of the produced positive muon.
It is in excellent agreement in both normalization
and shape with the QED trident prediction. We
take this to be a further indication that the ma-
jority of trimuon events are indeed produced
through this mechanism. Figure 10 shows der/dP;
where P, is the transverse momentum of the p'.
While the agreement here is good, a small excess
of high-P, events is clearly evident. In Figs. 11(a)
and 11(b) we show the' effective-mass spectrum

Hence Q. =1 for fermions and n =0 for no exchange.
A bin-by-bin maximum-likelihood fit to z yields

In Fig. 10 we note an excess of events with at
least one track at larger P, than is expected from
QED tridents. " This excess is reflected in most
of the distributions, in particular M„„-(Fig. 11)
and M,„(Fig. 12). To investigate these relatively
wide-angle events, we look at events with M, „&700
MeV/o', ' while retaining the elasticity cut

~

n. E
~

&1.5 GeV (Fig. 5). In Figs. 13(a)-13(c)the
event distributions in the transverse momentum of
the final state p', fast p, , and slow JL(, are shown.
Solid curves represent the Monte Carlo prediction
for muon tridents, while shaded events indicate
large three-muon mass. Clearly, the pure QED
process cannot account for the entire set of elas-
tic trimuons.

The most probable trimuon process that could
possess this property is the vector-meson produc-
tion mechanism of Fig. 3(a), where larger trans-
verse momentum is expected from the decay of
more massive particles. In Figs. 14(a) and 14(b)
we show the effective-mass distribution of the two
p. 'p. combinations. No distinct peak is observed
at the p' meson mass. This is not surprising in
view of the small branching ratio of the p' into

(0.007%). However, investigation of the 13
events with one p'p, pair having 700&M„„&850
MeV/c' reveals that the other p, 'p, combination
has mass M„„&700MeV/o'.

p' production by spacelike virtual photons has
been measured in several experiments. " To
compare our data with these results, we have
taken the virtual-photon flux factor" correspond-
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FIG. 14. The event distributions in the p'p mass for
trimuons where we have used (a) the fast p and (b) the
slow p . Curves are the Monte Carlo prediction for
QE0 tridents.

ing events outside the b F. cut). The three-muon
mass distribution is shown in Fig. 16. No en-
hancements are evident, as might be expected from
the exotic processes of Ref. 16 or a p* state of
Fig. 3(d). In order to establish a limit on the
production of such states, we have taken the ex-
cess yield over the trident process (including that
accounted for in Sec. III B) to establish a maximum
Bv at the 90% confidence level. Using the accep-
tance for tridents at the same mass values, ac-
counting for the three-muon mass resolution
(+ 70 MeV/c'), and assuming an incoherent pro-
cess we find

Bv (7. 0 (pb/nucleon)/(100 MeV/c')

ing to the Q' and v of each p' candidate, the ex-
perimental acceptance, and the p'- p, p. branching
ratio to extract the cross section v(y„+ Pb- p'
+ Pb). The result, assuming an 2"dependence, "
is shown in Fig. 15, where it is seen to be con-
sistent with the results of Ref. 2'7. We conclude
that the non-QED excess of trimuons is almost
entirely due to this known process.

C. Complete trimuon sample

Finally, we have investigated the set of 158
events in the entire trimuon sample (i. e. , includ-
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FIG. 15. The cross section for diffractive p production
by virtual photons shown as a fraction of the p-photopro-
duction cross section. The square datum is the result
of this experiment when an& ' dependence is assumed.
Other data are from Ref. 27.
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FIG. 16. The event distribution in the three-muon
mass for all trimuon events.

on the average over the range 500&M3g &1400
MeV/c'.

The search for inelastic p. -pair production such
as predicted by the graph of Fig. 3(b) is impaired
by the lack of available phase space accessible in
this experiment. " We observe 6 events with
4E -'&1. 5 GeV. Of these six events only one showed
large energy deposition in the lead-glass target.
We therefore assign 1', events to this process and
obtain a cross section per nucleon of

v = 3.6.',",' pb/nucleon

for the inelastic virtual Compton scattering pro-
cess when the energy transferred to the hadrons
exceeds 1.5 GeV. An extrapolation to our energy
of the calculation of Ref. 11 yields an estimate for
this process of vr -5 pb/nucleon, in reasonable
agreement with our result, which corresponds to
an upper limit.

Alternatively, we can use the equivalent-photon
approximation" to give an estimate for the in-
elastic Compton scattering cross section for quasi-
real photons. The mean values of Q' and v for
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these events are (Q') = 0.03 GeV' and (v) = 8.7

GeV where Q' is the square of the four-momentum
transfer of the leading particle to the target and v

the energy loss. Dividing by the virtual-photon
flux factor we obtain

o(y„N- p'p +X)=0.30", ,", nb/nucleon.

70-

)
50-

(a)

While this result is based on very few events, we
note that it disagrees with the significant excess
of non-@ED muon-pair events reported in Ref. 13.
(We estimate that for this experiment we would
observe a cross section of 6. 5 nb/proton for
Bethe-Heitler production of p'p by virtual pho-
tons on a Proton target. )

IV. DIMUON EVENTS

In addition to the trimuon events described in
Sec. III, 450 p. 'p, and 223 p, p. events were ob-
served. It is clear from the calculation of the
Bethe-Heitler graphs that in many cases of trident
production one of the three muons will not have
sufficient energy to be recorded in the apparatus
leading to the detection of a dimuon final state.
Furthermore, the muon-induced production of a
hadronic final state with the subsequent decay of a
meson into a muon also leads to a dimuon event.

In Figs. 17(a) and 17(b) we show the missing
energy 4E=E,„- „-E„orboth the p'p. and

p p, events. The events near ~ E = 0 correspond
to asymmetric tridents where the undetected muon
has very low energy. The dashed curves give the
predicted contribution from trident production.

To estimate the number of dimuon events from
meson decay we have performed a Monte Carlo
calculation. We use the virtual-photon spectrum"
and the total photon-hadron cross section to obtain
the number of hadronic events. The partial cross
sections for inclusive m' and K' production were
taken from SLAC (Ref. 30) and Cornell (Ref. 31)
electroproduction data. The momentum distribu-
tion of the mesons in the photon-nucleon center-of-
mass frame is assumed uniform whereas the angu-
lar distribution with respect to the virtual photon
is taken to be of the form e '" (an approximate
parametrization of the data of Ref. 31). The me-
sons are required to emerge from the target and

decay in flight in the region between the target and
muon filter. The estimated yield is shown by the
dotted curve in Figs. 17 and the total yield of di-
muons by the solid curve. Table IV summarizes
the results of the trident and meson-decay calcu-
lations and compares this with the observed dimuon
yield for different cuts in AE.

The agreement between the calculations and the
data is considered excellent in view of the uncer-
tainties inherent in such calculations and because
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the calculations have not been normalized to the
data in any way. Furthermore, the agreement
persists when any other distribution is tested in-
cluding the scatterplot of E vs E, in the case of the
p, 'p. sample. " As a further example we show in
Figs. 18(a) and 18(b) the effective-mass spectrum
M„,„- and M, -,- for both dimuon samples together
with the predicted yields. Again, the agreement
is very good.

/

We conclude that even if genuine single-prompt-
muon events occur, it is not possible to separate
them in the presence of the dominant-trident and
meson-de cay backgrounds. Within our restricted
range of available c.m. energy (W&4. 5 GeV) such
a process could occur, for example, via the pro-
duction of a neutral-heavy lepton which carries the
maon quantum number"

I

0
hE (Gev)

FIG. 17. The missing-energy distributions of dimuon
events corrected for acceptance. Dashed curves are the
calculated QED contribution and dotted curves the calcu-
lated meson-decay distribution. Solid curves are the
total dimuon yield expected from these processes. (a)
p'p pairs (b) p p pairs.
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TABLE IV. Predicted and observed dimuon events.

IOO-

AE & -1 GeV

143+15
153 + 20
168 +26
464+36

AE&+2 GeV
Monte Carlo

Trident production
7t decay
K decay
Total

Observed

7+ 1
83+10

117+17
207+20

Monte Carlo
Trident production
r decay
K decay
Totals

Observed

118+12
131+20
59+ 21

308+31

256+ 17

1
71 +10
32+11

108+15

125.+ 12
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Since M' production would only show up in the
p'p, sample, we have considered the ratios

60- (b)

)trident + (& I" )meson decar+ (i
(I ~ )trtdent (I ~ )meson decar

From this we find at the 90/q confidence level that
X„a&44 events. Monte Carlo calculation estimates
the acceptance for the ILL'p, decay of a neutral
heavy particle to be 0. 20 +0.03 yielding

Bo (p N -M, X) & 120 pb/nucleon

assuming an A" dependence.
More generally, a single prompt muon could

arise from the decay of a charged heavy lepton
through

p. X-M'p. x

p. p.

Hence, we assume in the Monte Carlo calculations
that such a particle is produced along the direc-
tion of the virtual photon, and estimate the accep-
tance for a dimuon final state to be 0. 20 +0.03
and 0. 16+0.02 for the ILL'p- and p p events, re-
spectively. Translating the excess of observed
dimuons over predicted events (see Table IV) into
90% CL we obtain N(p. ') & 59 events and N(p)&24.
events. Hence

Bo(M') & 160 pb/nucleon,

Bo(M ) &80 pb/nucleon,
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FIG. 18. Invariant-mass distributions for all observed
pairs. (a) p, 'p pairs, (b) p" p pairs. Events are accep-
tance-corrected and curves correspond to those in Fig.
17.

again assuming an A" dependence. We note that
the dimuon data agree well with the trident and
meson-decay Monte Carlo predictions in all re-
spects, including transverse-momentum distribu-
tions.

V. CONCLUSION

In summary, we have studied the characteristics
of one and two-muon production by 10.5-GeV/c p
on a heavy nuclear target. The most prevalent
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source of trimuons is the QED trident process.
The observed trident distributions are in excellent
agreement with predictions of the theory in both
shape and total cross section. We have shown
that muons exhibit exchange interference at a
confidence level of 8 standard deviations. About
10% of the trimuons are uncharacteristic of the
trident process and we attribute this to the strong
diffraction of virtual photons. At higher energies
this would imply characteristic peaks above the
continuum production at the masses of the vector
mesons as predicted by vector-meson domi-
nance. ' " We have searched for enhancements in
the three-muon mass spectrum and observe no
such effect at a level of -10 pb/nucleon with 90/c
confidence. Inelastic virtual-photon Compton
scattering has recently been predicted" to be just
within the range of our sensitivity, and indeed we
observe a few possible inelastic trimuon events.
Finally, the study of dimuon production shows (at
the -100 pb/nucleon level) that single-prompt-
muon production at these energies can be fully

accounted for by the two conventional processes
of trident production and meson decay.
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