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This Letter presents a measurement of the decay T —p v~ using data obtained with
the Mark II detector at s PEAz. In the center-of-mass energy region 4.5~Ec ~ -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) jo and the ratio B(7-—p v~)/B(~ —e v~v, ) =1.11+0.22.

The existence of a new charged heavy lepton, served vector -current -hypothesis (CVC).
v. , was first suggested' to explain the presence The detector has been described elsewhere'
of events in which the only detected particles and we highlight only those detector elements
were an electron and a muon of opposite charge. which were crucial to the measurements described
The experimental evidence accumulated since herein. The charged tracks were reconstructed
that time strongly supports this interpretation from hits in the sixteen drift-chamber layers and
and there now exists a coherent picture of the 7 photons were detected in the eight liquid argon
as a sequential heavy lepton with a small- or shower counters which surround the solenoidal
zero-mass neutrino which couples via the con- coil. Typical photon detection efficiencies exclu-
ventional V -A weak current. ' In addition there sive of geometrical effects were 15'%%uo at 100 MeV,
are several precise measurements of the ~ mass 50% at 200 MeV, and ) 90/o above MeV. Muons
and of branching ratios for leptonic and some were detected in hadron absorption counters con-
hadronic decays. We present below a measure- sisting of proportional tubes interleaved with iron
ment of the branching ratio for the decay 7 - p v, slabs. The counters have a threshold momentum
as measured by the Mark II detector at SPEAR. ' of 700 MeV/c. Muons headed for these counters
The decay v -p v, involves only the vector part which were above this threshold had a ) 98'%%uo de-
of the weak hadronic current. Comparison of this tection efficiency and the probability that a pion
measurement with theoretical predictions, based was identified as a muon was 4% at 700 MeV/c,
on the coupling of the p to the electromagnetic cur- 11% at 900 MeV/c, and 2% above 1.0 GeV/c, at
rent, constitutes a test of the validity of the con- which point the muon has sufficient momentum to
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reach the second detection layer. For momenta
below 300 MeV/c, electrons were identified by a
time-of-flight (TOF) measurement with a 300-
psec rms resolution. Above 300 MeV/c a series
of cuts in the total shower energy, and longitudi-
nal and transverse shower development together
with TOF (below 500 MeV/c), were used to sepa-
rate electrons and pions. These cuts were deter-
mined with well-identified electrons from photon
conversions and radiative Bhabha events, and
with pions from g - w "m v'~ m' decays T.he prob-
ability that a pion was identified as an electron
was 7% at momenta below 500 MeV/c, 4'%%uo at 600
MeV/c, and 2%%uo at 800 MeV/c with corresponding
electron efficiencies of 64'%%uo, 76%, and 87%, re-
spectively.

To search for 7 -p v, we looked for events
having the following topology:

e'e -7'7
l v~vs

-p v„

which results in two oppositely charged particles
and two photons in the detector. Here l repre-
sents either an electron or a muon which helps
provide a clean signature for 7.-pair production.
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FIG. 1. Two-photon invariant-mass spectrum for
X~7t+yy events @&here X represents either a pion or a
lepton (l). The shaded distribution is for the l'7t'yy
events.

The data for these measurements come from
an energy scan in the region 4.5 (E, ~ ~ 6.0 Gep
and correspond to an integrated luminosity of
3950 nb ', corresponding to approximately 11500
produced 7'v pairs calculated from the theoreti-
cal cross section. Events selected had two oppo-
sitely charged tracks (with momenta ) 0.1 GeV/c)
acoplanar' by at least 20, and two photons in the
liquid argon shower counters with E&) 0.1 GeV.

The charged-particle vertex was required to be
within + 7.5 cm (along the beam direction) of the
center of thee'e beam overlap region. We re-
moved photons which were within 36 cm, as meas-
ured at the liquid argon shower counter, of a
charged track because in most cases these pho-
tons were due to the interaction of the charged
particle in its passage through the shower counter
and hence did not originate at the e e interaction
vertex. Figure 1 shows the two-photon invariant-
mass (Myy) spectrum for events satisfying the
above cuts. A clear 7t' signal is seen. Events
were accepted which had 0.08 (M&y (0.2 GeV/c'
and the measured photon energies mere adjusted
to constrain the mass to that of a &'. We imposed
a cut of y'- 6 for this one-constraint fit.

We further required that one of the charged par-
ticles be either a muon or an electron and that the
other be a pion. A m' candidate was any charged
track which was not positively identified as a lep-
ton, kaon, or proton. Figure 2 shows the invari-
ant mass, M „~,o, of the &' and the &'. We have
fitted the spectrum in Fig. 2 by a function which
is the sum of a smooth background and a Breit-
Wigner resonance. The fit, which is superim-
posed on the data in Fig. 2, has a y' of 12.9 for 16
degrees of freedom and yields M& =0.770*0.020
GeV/c' and I'~ =0.194+ 0.030 GeV/c'.
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FIG. 2. m.+x invariant-mass spectrum for l+z~vr
events.
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Events were selected in the mass range 0.27
~M,+,o ~ 1.26 GeV/c'. There are 85 such events:
64 p'e' and 21 p'p' events. ' Figure 3 shows the
spectrum for X~=(E~-E~m)/(E~-E ~) of the
85 p' candidates, where Ep is the energy of the
p', andEm~ andE~~ are the minimum and maxi-
mum allowable energies for a p produced in the
decay of a 7 of mass 1.782 GeV/c at the appropri-
ate beam energy. The prediction of the Monte
Carlo simulation program is superimposed on the
data and the agreement is good.

We suffer an efficiency loss due to the require-
ment of two and only two photons. In order to de-
tect low-energy photons in the liquid argon coun-
ters, we run with a very low energy threshold.
Hence the electronic noise in the preamplifiers
generates some spurious photons. In many cases
these spu'rious photons derive their energy partial-
ly from noise and partially from real charged or
neutral tracks present in the event. To evaluate
this loss we examined the reaction g-v'v m'

which has a topology like that of the reaction
under study, and which can be unambiguously
identified from the charged tracks. Events weve
selected at the P with use of the identical kine-
matic cuts described earlier for the pl events ex-
cept that we removed the two-photon requirement.
The fraction of g-v'm v' events with two and
only two photons was found to be (87.3 +7) /o. We
interpret this as implying a 12.7% loss of pl
events and corrected the data accordingly.

We have calculated that the maximum contribu-
tion to the pl signal from charmed-particle decays
is two events. We have performed a check on
this charm contamination estimate. In the same
data set we should have observed two p'K' events,
one from charm and one from the 7 itself, and in-
deed we see exactly two such events. Two events
of the type p'e' were found which serve as a
measure of the contamination from multihadron
annihilation events. Accordingly, four events
were subtracted from the p'e' events for the pur-
poses of calculating the v- pv branching fraction.

Given the above considerations we assumed that
the remaining 81 pl events were coming from T

decays only, and more specifically from (a) 7 - pv,
(b) T-A, v, and (c) T4vv. We have used a Monte
Carlo simulation program to study the contamina-
tion from (b) and (c). As input to the Monte Carlo
program we have used the estimate for B(T - 4mv)

of Gilman and Miller. ' We predict that this mode
contributes 2.5 pe events and 1 pp. event to our pl
sample. For the feed-down from 7 -A, v we have
assumed a 10% branching fraction which is con-
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FIG. 8. The distribution X& = {Ep Emin) j{Emax Emin)
for the 85 p~ candidates. Here Xp =0 {1)corresponds to
the minimum {maximum) energy allowed for the p in the
decay 7 —pv.

sistent with most theoretical predictions" and a
measurement of B(T -A, v) = (10.4 + 3.8)%%uo.

'o There
is also a measurement" for 7 -~' v'w v of (7 + 5) /0

which is in good agreement with our assumption.
We find that v -A, v contributes 5.8 pe events and
1.6 pp events to our pl sample. Because of the
uncertainties involved in these subtractions we
have added a 5% systematic error to our final re-
sult which corresponds to a 50% error in our
knowledge of B(T-A,v). After all the corrections
there are 61.9+11.2 pe events and 20.5+5.8 pp,
events.

In order to extract the 7 —p p, branching frac-
tion from the pl events, we need to know B(T
—l v, v, ). We have measured this branching
fraction with events which had an electron, a
muon, and no detected photons (ep events). The
two charged tracks were required to be acoplanar'
by at least 10, and the vertex requirement was
the same as for the pl events. We have 95 such
events, which we correct for losses due to spur-
ious photons. To determine this loss we meas-
ure the fraction of cosmic-ray events containing
no photons and find this to be 94%%uo, which results
in a corrected 8 p, signal of 101.5 events.

The efficiencies for detecting pe, pp, and e p,

events were found with a Monte Carlo program
to be e+-—6.4%, ez& ——2. 7'%%uo, and e,&-—12.9%. Com-
bining these efficiencies with the number of pro-
duced v'7. pairs and the numbers of corrected
events yields the following results:

B(7 -p v, )B(7 -e v, P, ) =0.0421+0.0090,
B(7' -p v, )B(7 - pv, P&) .=0.0329+0.0100,
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[B(T --e v, v, )B(7- - p, v, v„)]'/'

= 0.185+ 0.015.

A correction for initial-state radiation of 1% has
been applied to these results. The errors are
based on the statistics of the uncorrected events
and the statistical error of the corrections and
Monte Carlo efficiencies. In addition systematic
errors have been included to account for uncer-
tainties in the luminosity (6/o), lepton tagging
efficiencies and misidentification probabilities
(5%), and an uncertainty in the calculation of the
number of produced v''T pairs due to initial-state
radiation effects (5%). If we assume that B(7.
-e v„v, ) =B(T —p, v, v&) then we obtain the
following results

B(T -e v, v, ) =(18.5+1.5) /o,

B(7 —p v, ) =(20.5s4. 1)%,

where we have now incorporated the systematic
error associated with the feed-down correction
in our measurement of B(v- pv). We further ob-
tain the ratio

B(T -p v, )/B(w -e v, v, ) =1.11+0.23.
In conventional models the 7 couples via the

strangeness-nonchanging vector current to pro-
duce T -p v, . Thacker and Sakurai, ' Tsai, ' and
Gilman and Miller' have used the CVC hypothesis
and measurements of e 'e -p' to calculate the
ratio B(T-pv)/B(7 -e vv). In particular, Gilman
and Miller, ' under the assumption of M, = 1.8
GeV/c' and the experimental restriction of 0.27
(M„+„o (1.26 GeV/c', find this ratio to be 1.2
which is in good agreement with the data. These
data are also in agreement with the measure-
ment of B(T-pv) =(24+9)% by Brandelik et af. is
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