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Data from a new muon-nucleon scattering experiment includes 513 events, of which
449 are dimuons and 64 are trimuons. Conventional hadronic and electromagnetic pro-
cesses account for less than 15% of these events. Model calculations suggest that the
majority of the dimuons result from associated charm production with a total cross sec-

tion of about 3 nb.

Events with two (or more) final-state muons
have been observed in experiments using muons,’
neutrinos,? or hadrons® as incident particles.
Possible interpretations of these events in the
lepton-scattering experiments include such proc-
esses as the production (and semileptonic decay)
of charmed mesons,* heavy-lepton production and
decay,’ and more conventional hadronic and elec-
tromagnetic mechanisms.' This Letter describes
the characteristics of a large sample of dimuon
events from a new muon-scattering experiment.
The improved acceptance and increased statistics
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of these data have reduced previous uncertainty
about the origin of these events.

The experimental apparatus (Fig. 1) consisted
of four major parts: the beam, target/calorim-
eter, final-state muon spectrometer, and trigger/
veto counters. The Fermilab muon (1*) beam
energy was 270 GeV (with a mean spread of 5
GeV) and the intensity within the beam telescope
averaged 6% 10° muons/spill with an almost equal
number of halo muons outside the beam. This
halo was prevented from triggering the apparatus
by a large bank of scintillation counters at the

1551



VoLUME 43, NUMBER 21

PHYSICAL REVIEW LETTERS

19 NOVEMBER 1979

WSC— 98 7 6 2 1
§ RM1 M2 Y M3IM4 ¥ M5SM6 +M7M8Y ¥ +
L= o - LY== :Tib—-ﬂ——‘i
K
L e 25| M28) 88
PCS T |(:IA'L10RIIII\{I»IE|]|—ER! T VR { | i 1 ']|
HM«ADCS HPCS S
ol | |
£ R |
sl i 1) e
HV  100cm HS1 t SA SBI 1NSC |
HS2 BVI BV2 BV3

FIG. 1. Layout of apparatus. HV denotes the halo-veto scintillation counters, HPCS are proportional chambers,
HS1-2 are steel hadron shields, WSC1-9 are wire spark chambers, M1-8 are iron toroidal magnets, SA, SB, and
SC are trigger counter banks, and BV1-3 are beam-veto counters. A dimuon event (OSP) is displayed.

front of the target. The target/calorimeter, a
steel-scintillation-counter sandwich with a total
length of 738 cm (4250 g/cm?®), was used to de-
termine the vertex position, the hadron energy,
and the number of muons entering and leaving
the target. Final-state muons were detected in

a large-aperture magnetic spectrometer consist-
ing of toroidal iron magnets, interleaved with
wire spark chambers. The field-free region of
the toroid holes was filled with heavy concrete to
stop penetrating hadrons. The momentum reso-
lution of the spectrometer, about 10% for fully
penetrating muons, increased to nearly 40% at
the acceptance edges. The front of the spectrom-
eter was equipped with two small proportional
chambers to improve multitrack recognition, and
two large slabs of steel (770 g/cm?) to shield

the spark chambers from hadrons. Three banks
of scintillation counters were placed within the
spectrometer for triggering purposes and three
circular veto counters, centered on the magnet
holes, rejected events with penetrating particles
at small angles.

Multimuon event finding began with reconstruc-
tion of all spectrometer tracks for events with a
single-beam muon. The distance of closest ap-
proach of the incident and scattered muons (D ;)
defined the event vertex along the beam axis
(Z min). Requiring that D ;<10 cm and Z ; be
within 80 cm of the target effectively eliminated
halo contamination. All reconstructed tracks
were required to penetrate at least one magnet,
imposing a2 minimum energy of 5 GeV (at the end
of the target) on all muons. Events with more
than one reconstructed track (about 2% of the to-
tal of 8.2x 10° events) were visually scanned to

1552

determine if the tracks constituted a genuine mul-
timuon. Candidates had to have two (or more)
good spectrometer tracks coming from a vertex
in the target, clear timing information from the
trigger counters, and a multiparticle signal from
the calorimeter. Reconstruction losses (mainly
due to spark-chamber inefficiency) were estimat-
ed by scanning 1.5% of the raw data triggers,
while multiple scans of most of the multitrack
events determined the scanning losses. These
checks established an overall finding efficiency
of (70+ 8)% for dimuons and (89 + 8)% for trimu-
ons.

To label the final-state muons, we define the
leading particle (u,*) as the most energetic posi-
tive muon, and the produced particle(s) (u,’) as
the slower positive muon and/or the negative mu-
on. Although multimuon acceptance is complicat-
ed by trigger/veto requirements and track curva-
ture in the magnets and is model dependent (due
to produced particle correlations), the major fea-
tures are adequately described by simple energy
and angle cuts. Minimum energies, defined by
the required range of final-state muons in the
spectrometer, are 9 (18) GeV for p, and 5 (13)
GeV for p, corresponding to an interaction at the
downstream (upstream) end of the target. Sim-
ilarly, the angular cuts, defined by the toroid
magnet and veto dimensions, are 13 (8) mrad
<60,<74 (45) mrad, and 26 (11) mrad<6,< 144
(64) mrad.

From the sample with 1.1x 10 incident muons,
we have found 449 dimuons and 64 trimuons. Ap-
plication of the finding efficiency corrections in-
creases these numbers to 644+ 55 dimuons and
72+ 6 trimuons. Subjecting the leading particles
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of multimuon events to the more stringent cuts
applied to the deep-inelastic muon sample of 3.9
%X 10° events gives rates per deep-inelastic scat-
ter of (6.3+0.6)x 10" dimuons and (4.1+ 0.4)

x 107® trimuons, uncorrected for the produced
muon acceptance.

Full kinematic information is available for 412
dimuon events, of which 298 have particles with
opposite charges (OSP), and 114 have particles
of the same charge (SSP). Figure 2 compares
the characteristics of deep-inelastic scattered
muons and leading particles from dimuons. The
leading muons. prefer lower-x and higher-y re-
gions. The sharp rise in W seems to be primari-
ly an acceptance effect which masks any possible
threshold.

To test various interpretations of multimuons,
a Monte Carlo procedure has been developed
which, given a model, predicts the rates and kin-
ematic distributions expected in this experiment.
The full incident beam distribution is used and all
final-state muons are traced through the spec-
trometer accounting for energy loss, multiple
scattering, momentum resolution, and trigger/

veto requirements. Histograms of relevant kine-
matic variables are produced, weighted by the
product of the model cross section and apparatus
acceptance. Processes modeled include charm
production, dimuons from 7/K decay, and elastic
Bethe-Heitler trident production. Dimuons aris-
ing from the decay of one of the pions (kaons) in
the hadron shower, or from prompt muon produc-
tion, have been calculated in the same manner as
in the previous experiment.® The number of di-
muons predicted from these processes is 54+ 6,
without finding inefficiency reductions. Dimuon
and trimuon rates from elastic Bethe-Heitler
muon trident production were calculated using
the computer code of Brodsky and Ting for the
differential cross section.” This process ac-
counts for only 12+ 3 dimuons and 8+ 1 trimuons,
because the veto severely biases the trigger
against low-angle muons. Other potential back-
grounds, including vector-meson production, in-
elastic trident production, and hadronic final-
state interactions have been evaluated by Barger
et al.,® whose calculations imply that these proc-
esses account for only a small fraction of the ob-
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FIG. 2. Histograms of four-momentum transfer squared, Q[=4E.E,sin’(6,/2), where E, is beam energy and E,
is scattered muon energy], Bjorken x [=q2/2Mv, where v=E;—E and M is nucleon mass], final-state hadron ener-
gy wl=(2Mv +M2—q2)’/2], and fractional energy of the virtual photon y [=v/E;]. The solid histogram represents the
deep-inelastic single muons and refers to the arbitrary left scale. The dashed histogram represents the leading
muons from the full dimuon sample, while the shaded histogram represents leading muons with the same acceptance
as the deep-inelastic sample; both refer to the normalized scale on the right.
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FIG. 3. Combined kinematics of dimuon events, in-
cluding polar angle difference A8(=cos ™ 1[(D;p,)1/[P1] |Pa])s
azimuthal angle difference A¢(=¢;— ¢,), apparant
mass My, [=4E,E, sin’(A6/2)], and inelasticity [= (E,

—E —-E,;)/Eyl. The dashed curve represents the 7/K
decay and prompt muon backgrounds and the solid curve
represents the elastic Bethe-Heitler trident contribu-
tion. The upper (dash-dotted) curve represents the
charm-model prediction.

served dimuons.

The charm model (similar to that of Bletzacker,
Nieh, and Soni? for associated DD production) con-
tains three free parameters governing the normal-
jzation and the longitudinal and transverse mo-
mentum distributions.® With values of these pa-
rameters fixed by previous data,! the apparatus
acceptance in transverse momentum was deter-
mined. Unfolding this from the data, with calcu-
lated backgrounds subtracted, yields a total
cross section for charm production of 3+ 1 nb,
if we assume a branching ration into muons of
10%. An independent calculation (based on the
photon-gluon fusion model) predicts 5 nb, giving
some idea of the model dependence.

Figure 3 shows some dimuon kinematic distri-
butions, with curves from the model calculations
described above. The pronounced peaking at 180°
in Ag occurs in all of the calculated processes
and represents the tendency of the produced mu-
ons to lie along the virtual-photon direction,
“back to back” with the scattered muon. The in-
elasticity favors the production of particles at
the hadronic vertex and is inconsistent with back-
ground shapes. Further support for the hypoth-
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FIG. 4. Produced-particle momentum (p,) and its
transverse momentum (p,) relative to the virtual pho-
ton for dimuons. The curves are as described in Fig. 3.

esis of production and weak decay of heavy had-
rons is supplied by the existence of nonzero aver-
age missing energy (defined as incident energy
minus the sum of final-state energies) which
ranges from 9 to 12 GeV as virtual photon ener-
gy increases from 25 to 225 GeV. The dimuon
produced-particle energy and transverse momen-
tum (relative to the virtual-photon direction) are
shown in Fig. 4, and again background shapes do
not fit the data distributions. The charm calcula-
tion fits reasonably well in transverse momentum
(except for a few high-p, events), and not as
closely in p,. This may indicate some problems
with the model used, although the independent cal-
culation® follows the same trends.

In summary, the majority of dimuon events in
muon scattering appear to result from the asso-
ciated production and semileptonic decay of
charmed mesons. Conventional hadronic and elec-
tromagnetic backgrounds are suppressed by the
veto and cannot account for more than 15% of the
dimuon sample. The small excess of high-p ,
(and -p,) events may signal the need for more re-
fined model calculations or consideration of new
processes.
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This Letter presents a measurement of the decay 7~ —p~ v, using data obtained with
the Mark II detector at spEAR. In the center-of-mass energy region 4.5<E_, <6.0 GeV
85 events are observed in which a charged p was found in coincidence with either an elec-
tron or a muon. It was determined that B(7~ —p~v,)=(20.5+4.1)% and the ratio B(t~

—p v)/B(TT —e vv,)=1.1140.23,

The existence of a new charged heavy lepton,
7, was first suggested" to explain the presence
of events in which the only detected particles
were an electron and a muon of opposite charge.
The experimental evidence accumulated since
that time strongly supports this interpretation
and there now exists a coherent picture of the 7
as a sequential heavy lepton with a small- or
zero-mass neutrino which couples via the con-
ventional V —A weak current.? In addition there
are several precise measurements of the 7 mass
and of branching ratios for leptonic and some
hadronic decays.? We present below a measure-
ment of the branching ratio for the decay 7" -p v,
as measured by the Mark II detector at SPEAR.*
The decay 7~ —-p~ v, involves only the vector part
of the weak hadronic current. Comparison of this
measurement with theoretical predictions, based
on the coupling of the p to the electromagnetic cur-
rent, constitutes a test of the validity of the con-
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served—vector-current hypothesis (CVC).

The detector has been described elsewhere®
and we highlight only those detector elements
which were crucial to the measurements described
herein. The charged tracks were reconstructed
from hits in the sixteen drift-chamber layers and
photons were detected in the eight liquid argon
shower counters which surround the solenoidal
coil. Typical photon detection efficiencies exclu-
sive of geometrical effects were 15% at 100 MeV,
50% at 200 MeV, and = 90% above MeV. Muons
were detected in hadron absorption counters con-
sisting of proportional tubes interleaved with iron
slabs. The counters have a threshold momentum
of 700 MeV/c. Muons headed for these counters
which were above this threshold had a = 98% de-
tection efficiency and the probability that a pion
was identified as a muon was 4% at 700 MeV/c,
11% at 900 MeV/c, and 2% above 1.0 GeV/c, at
which point the muon has sufficient momentum to
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