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The branching fractions for the major decay modes of the ~ lepton are measured from a sample of
tagged ~ decays selected from ~+~ pairs produced in e+e annihilation. The decay products of
one member of the ~+~ pair are used to identify the event. The opposite member of the pair is

then included in the sample if it satisfies an invariant-mass cut and a charged-multiplicity cut. In

this way, we attempt to select an unbiased sample of ~ decays. The sample is divided into categories

based on charged- and neutral-particle multiplicities, and charged-particle identification. The

branching fractions are measured simultaneously, with an unfold technique and a maximum-

likelihood fit, with the sum of the branching fractions constrained to be unity. The branching frac-

tions for the decay modes ~ ~v K and ~ ~v, K* are fixed at the world averages in the fit.
The following branching fractions are measured: B(~ ~v, e v, ) = (19.1+0.8+ 1.1)%,
B (w ~v, p v„)=(18.3+0.9+0.8)%%uo, B(r ~v,n ) =(10.0+1.1+1.4)%%uo, B(~ ~v,m m )

=(25.8+1.7+2.5)%, B(7 ~V 7T (7l7T, Pl ) 1))=(12.0+1.4%2.5)%, B('7 ~v 7T 7T 7T ) =(6.7
+0.8+0.9)%, and B(w ~v m. ~+a (nor, n )0))=(6.1+0.8+0.9)%%uo. The total branching fraction

to one charged pion plus at least one neutra1 hadron is measured to be (37.8+1.2+1.0)%. Limits on

allowed decay modes involving the g meson are discussed.

I. INTRODUCTION

The production and decay of the r lepton has been ex-
tensively studied at e+e storage rings. Measurements of
the total cross section, differential cross section, lifetime,
and ratios of branching fractions agree well with the stan-
dard model. However, the sum of experimentally mea-
sured exclusiue branching fractions to final states contain-
ing one charged particle is significantly smaller than the
measured inclusiue branching fraction to final states con-
taining one charged particle. ' The size of the discrepancy
is about (9+2)% (Ref. 2). Either the measured branching
fractions are incorrect or there exist significant decay
modes for which the exclusive branching fractions have
not been measured.

In this analysis the branching fractions for all major de-
cay modes of the ~ are measured simultaneously with the
sum of the branching fractions constrained to be unity.
The measurement is based on a sample of ~ decays select-
ed from 207 pb ' of data accumulated with the Mark II
detector at the SLAC e +e storage ring operating at a
center-of-mass energy of 29 GeV. ~-pair events are identi-
fied from the decay products of one of the produced ~ lep-

tons with the opposite member of the pair then included
in the sample of ~-decay candidates. The samp1e is di-
vided into subgroups according to charged- and neutral-
particle multiplicity, and charged-particle identification.
The branching fractions are then measured by means of
an unfold technique and a rnaximurn-likelihood fit.

In Sec. II, the Mark II detector is briefly described.
The event selection is presented in Sec. III. In Sec. IV, the
unfold technique is described and the checks on the
Monte Carlo —generated unfold matrix are discussed. The
backgrounds are estimated in Sec. V and the results are
presented in Sec. VI. In Appendix A, we estimate limits
on the branching fractions for allowed decay modes in-
volving the g meson.

II. APPARATUS AND DATA ACQUISITION

The data sample for our measurement was accumulated
with the Mark II detector at the e+e storage ring PEP
at the Stanford Linear Accelerator Center. The detector
is shown in Fig. 1 and the components pertinent to this
measurement are described briefly below.

Multilayer cylindrical drift chambers in a 2.3-kG
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FIG. 1. I. Isometric view of th M ke ar II detector.

solenoidal magnetic fi ld
~

g Pc ie measure char e-
'+ oo s»']'"

is e momentum in GeV/c. T
s o an inner high-resolution

h o i 1

drift chamber with 16 1

en ric ayers of sense wir
'

es and an outer

111 h b
ayers of sense w

o e earn pipe and ten
to determine the mome

along the beam axis.
omentum component

Time-of-flight (TOF) '1

f A

scintillation count

f t 1 th 0
e ig t times with a resol

betwee th tra k d h rn

cos8
~

~ 0.76 wher
c an t e electron beam

tern is part of the h
earn. The TQF sys-

e c arged-particle tri er
to reject cosmic rays.

rigger and is also used

E&ght lead —liquid-argon (LA) calorim
e so id an~le dete

showers with
d g etect electromagnetic

where E is th
an energy resolutition of o.~/E =0.14E

e is t e energy in GeV. Each modu
3 1 of 2- -h klm- ic lead se arated

Th 1e ead layers are alternatel
nd 'o at'o oil t h'

vide spatial inform t' S
ec ing igh-volta e stri

ormation. Some of the rea
the same position in d ff

e readout strips in

to reduce the number of reado
in i erent layers are ganged together

to 6.
um er o readout layers in depth from 18

End-ca shop ower counters consistin o t
lead sheets and pro t' c

ion b
proportional c

g' between approximat 1 1
'pro t c ambers cover the polar re-

lution for photons and electron
a e y and 30'. Th

E
e is t e energy in GeV.

Four walls of alternating layers of iron
'

na tu es provide muon i

and four layers of
i ang e. Each wall consist'ssof 1mofiron
s o proportional tubes. Th

momentum requir d fre or a normall inc
he minimum

penetrate all four 1ur ayers is about 1.8 Cr
y incident muon to

tional tubes in the i

CreV/c. The propor-
in e inner layer of each wall r

ular to the beam ax' d h
wa run perpendic-

axis and thus provide s a
'

p
yg e . he tubes in the

e earn axis and thus r
formation for th he azimuthal angle &.

s provide spatial in-

The deetector is triggered by various
h d t' 1 d/

All d
ris an or energy de osite

s use in this anal sis c
h d 1e rigger which requires at 1east two

We attempt to makep ake an unbiased selection of
y using the decay prod t f e

t Th o o it d
uc s o one ~ in the

i e ~ ecay is then in
e can idate sam le or dsa p

e appropriate invariant-mass an
multiplicity cuts. If th d p
th nt i fo t b

e ecay products
a ag, oth are included in the f

oft d -d did t
Two di erent tags are used in this an

di 1

tag corresponds to a sin 1

y candidates. One
o a single charged hadron

o as the one-prong ta ' h
n and is referred

charged particles and
'

ag; t e other ta corrg responds to three
an is re erred to as the

In both tags a limited num
s e three-prong tag.

al 1 d Th d
i e number of neutral en

candidate samples
gs are escribed in deta'e ail below. The ~-

p es correspondin to th
ferent potential sosources of back roun

'
g e two tags have dif-

ferent systematic
ground and slightly dif-

ic errors. Therefore, the
portant cross-check on th

ey provide an im-
c on t e inal results.

A. Overall cuts

We require that
to reduce the back d

q
'

at the event satisf the f
ac ground from beam-

events and from two-
eam-pipe or beam-gas

where z
wo-p oton events: (1) z

h
r 1 i oh b 11

position alon the

each with
~

co 8
~

0
m co &sion point (2)

s ( .7; (3) Eh)E
w ere E„ is the sum f h gy gum o t eener of al

an E '
earn energy; (4)an Eb„~ is the beam

11 h de rac s plus the ener
calorimeters by ph t

ergy deposited in the
p otons or other neutr

However, the f 1

tral particles.
e o lowing classes of eve

from the last two cut d
o events are exempt

~ ~

o cu s escribed above: (1
taining a track with momentum g

calorimeter informati
electron (2) any event containin a trac

mation consistent withi an

g
ree evels of the muon system.

B. he one-prong ta g

Selection critena. Each event is div
e p ane perpendicular to

c arged tracks and all neutr
ters with energy g t hgreater than 500 MeV

neu ral energy clus-

~

po '
ca orimeters are used in

the thrust axis. Th
e in the calculation of

hemisphere of th
e one-pron ta

e event with the folio
g g corresponds to onne

' gpop
emisp ere contains exactl one

which projects into th
y one charged track

h
o e active volume of

uon system, is identified as y

GeV/c and above 2 G V/
or a muon, and has a momeentum below 10

tion criteria are d
e /c. The electronon and muon rejec-

are escribed below. The
(h d 1 1) gy i the hemisphere is 1

e . hese criteria reject QED events of



35 MEASUREMENT OF THE BRANCHING FRACTIONS OF THE w. . . 29

the type e+e ~e+e (y), e+e ~p+p, (y), e+e
e+e e+e, and e+e ~e+e p+p

(2) The hemisphere contains three or fewer neutral ener-

gy clusters with energy greater than 500 MeV. The in-
variant mass of the charged particle (assumed to be a m)

plus neutrals is less than 1.5 CseV/c . These criteria reject
hadronic events.

The major decay modes of the ~ which have the above
properties are ~ ~v,p, ~ ~v ~, and ~ ~v,~ 2~
for which the previously measured branching fractions are
about 22, 10, and 8%, respectively. They contribute ap-
proximately 53, 31, and 16%, respectively, to the tag as-
suming the above branching fractions.

At this point a cut is made on the charged-particle mul-
tiplicity and the invariant mass of the charged and neutral
particles (assumed to be pions and photons, respectively)
in the ~-decay candidate opposite the one-prong tag. Can-
didates with more than three charged particles or with
mass greater than 2.5 GeV/c are rejected. The number
of candidates rejected by this latter cut is used to estimate
the hadronic background (see Sec. V). The number of r
candidates which pass all of the criteria for the one-prong
tag is 1627.

Electron and muon rejection. In this section the criteria
used to reject electrons and muons from the one-prong tag
are described. A charged track is identified as definitely
not being an electron if it projects into the active volume
of the LA system and has E/p less than 0.5 where E is
the energy in the LA system associated with the track and

p is the momentum of the track as measured by the drift
chambers. The probability that E/p is less than 0.5 is
about 90% for pions and about a tenth of a percent for
electrons. The electron rejection inefficiency is discussed
in more detail in Sec. V.

A track is classified as not being a muon if it is expect-
ed to penetrate at least three layers of absorber if it is a
muon, the projected track trajectory is at least three times
the root-mean-squared scattering distance from the edge
of the fiducial volume for at least three layers, and it has
no associated hits, or has associated hits in the first
and/or fourth layer only, within three times the root-
mean-squared scattering distance. A hit in the first layer
only, for a track with enough momentum to penetrate at
least three layers if it is a muon, is often due to hadronic
punchthrough. Isolated hits in the last layer are often
noise hits from synchrotron radiation reflecting off the
walls in the detector hall. The probability for a muon to
pass these criteria is about a tenth of a percent and is dis-
cussed in more detail in Sec. V.

C. The three-prong tag

Selection criteria. The three-prong tag corresponds to
one hemisphere of the event with the following properties.

(1) The hemisphere contains exactly three charged par-
ticles with net charge +1.

(2) The total visible (charged plus neutral) energy in the
hemisphere is less than 14 GeV. (The maximum of the
momentum measured by the drift chamber and the energy
in the LA calorimeter associated with the track is used for
the energy of each charged track. ) This provides rejection
against radiative QED events.

(3) There are no oppositely charged pairs of tracks in
the hemisphere with a small opening angle consistent with
the conversion of a photon into an e+e pair. This cut
rejects e+e y and p+p y events in which the photon
converts to an e+e pair.

(4) The hemisphere contains two or fewer neutral ener-

gy clusters with energy greater than 500 MeV. The in-
variant mass of the charged particles (assumed to be
pions) plus neutrals is less than 1.7 GeV/c . These cri-
teria provide rejection against hadronic events.

(5) Each charged track (assumed to be a pion) and neu-
tral track in the hemisphere is boosted into the rest frame
of a ~ moving along the thrust axis of the event with the
beam energy in the laboratory frame. The magnitude of
the vector sum of the particle momenta in this frame,
which we call p*, is a measure of the momentum carried
by the neutrino in real ~ decays assuming no initial- or
final-state radiation. Events are accepted if p

* is less
than 750 MeV/c. For r ~v,m sr+sr (m ), Monte Carlo
simulations show that in about 84% of the decays p' is
less than 750 MeV/c. In the data only about 14% of ha-
dronic jets containing three charged particles have p* less
than 750 MeV/c. Jets produced via the two-photon in-
teraction are also very unlikely to satisfy this condition.

The major decay modes of the ~ which have the above
properties are ~ ~v,~ m. +m. and ~ ~v,m

for which the previously measured branching fractions are
about 8 and 5%, respectively. They contribute approxi-
mately 60 and 40%, respectively, to the tag assuming the
above branching fractions.

As in the case of the one-prong tag, a cut is made on
the charged-particle multiplicity and the invariant mass of
the charged and neutral particles (assumed to be pions and
photons, respectively) in the r-decay candidate opposite
the tag. Candidates with more than three charged parti-
cles or with mass greater than 2.5 GeV/c are rejected.
The number of ~ candidates which pass all of the criteria
for the three-prong tag is 1475.

IV. UNFOLDING THE BRANCHING FRACTIONS

A. Observed topo1ogies

To determine the branching fractions, the tagged ~ de-
cays in each sample are divided into subgroups by
charged- and neutral-particle multiplicity, and particle
type where possible. The categories are chosen so that for
each decay mode there is a category for which that decay
mode is the major contributor with little contribution
from other decay modes. Also, the criteria for the
categories are chosen to be those that are well modeled by
the Monte Carlo simulation program so that the systemat-
ic errors are kept to a minimum. The particle-
identification algorithms used to unfold the branching
fractions are not the same as those used to reject electrons
and muons from the one-prong tag.

First, the tagged ~ decays are divided into subgroups
according to the number of charged particles in the hemi-
sphere. If there is one charged particle, the decay is fur-
ther classified according to the identification of that parti-
cle. Muons are defined to be tracks with momenta greater
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than 2 GeV/c which penetrate all four layers of hadron
absorber and have a signal within a search region equal to
three times the root-mean-squared scattering distance in
all four layers of proportional tubes. Electrons are identi-
fied from an algorithm based on measurements of the ra-
tio r;—:E;/p, where E; is the energy deposition in the
neighborhood of the track in one of four groupings,
i =1,2, 3,4, of readout layers in the LA calorimeter. The
first three groupings combine all layers in the first 8 radi-
ation lengths which have the same strip orientation; the
fourth grouping combines the first three groupings. The
algorithm demands that each value of r; be greater than
an appropriate minimum value r; '". A track must have
momentum greater than 1 GeV/c to be identified as an
electron.

A track is defined to be a pion if it is not a muon and
not an electron according to the muon and electron identi-
fication algorithms just described. Therefore, pion identi-
fication is only possible for tracks which project into the
fiducial volume of the muon system and the LA calorime-
ter and which have momenta greater than 2 GeV/c. No
kaon identification is used in this analysis.

Each decay candidate which has only one charged track
is assigned to one of the following seven categories ac-
cording to the direction and momentum of the track and
its interaction with the muon system or LA calorimeters:
(1) electron (e), (2) muon (p), (3) pion (~), (4) not an elec-
tron (e), (5) not a muon (p), (6) no particle identification
because of insufficient track momentum (xz), (7) no parti-
cle identification because of track direction (xd).

The details of the criteria for each of the above seven
classifications are given in Table I. For example, consider
a track with momentum greater than 2 GeV/c which pro-
jects into the muon system but leaves hits in less than four
layers of the system, and which does not project into the
LA calorimeter. There is sufficient information to reject
the track as a muon but insufficient information to classi-
fy it as an electron or a pion. Therefore, the track is clas-
sified as not being a muon (p, ).

To separate different modes involving one charged had-
ron, the tagged ~ decays are further classified according to
the number of neutral energy clusters in the hemisphere.
First, it is necessary to apply a minimum energy cutoff
for photons to reduce the number of spurious photons
found due to hadronic interactions in the calorimeter and
accidental overlap of energy in different layers of the
calorimeter. For the sample corresponding to the one-

prong tag, photons are defined to be neutral energy clus-
ters with at least 650 MeV of energy. The candidates cor-
responding to the three-prong tag are less well contained
within the LA system than the candidates for the one-
prong tag because of the different geometrical acceptance
for the two tags. Hence, the probability of detecting a
photon in the three-prong-tag sample is lower. To in-
crease the number of photons detected, the minimum en-
ergy cutoff is reduced to 500 MeV for the three-prong-tag
sample at the expense of increasing the number of spuri-
ous photons. These cutoffs are varied to estimate the sen-
sitivity of the measurements to spurious photons.

Candidates in category 3 (a pion), category 4 (not an
electron), and category 5 (not a muon) are moved into
categories 8, 9, 10, 11, and 12 if there are one, two, three,
four, or more than four neutrals in the hemisphere,
respectively (see Table II). Candidates in category 1 (an
electron) and category 2 (a muon) with one or more neu-
trals in the hemisphere are moved into categories 13 and
14, respectively. These are usually due to hadronic decays
in which a hadron passes the electron criteria, or a hadron
decays to a muon or punches through the iron absorber
simulating a muon. They can also be due to radiative lep-
tonic decays.

To separate modes involving three charged particles,
the tagged ~ decays with two or three charged particles
are separated into two categories according to whether or
not there are any neutral energy clusters in the hemi-
sphere. All of the topologies are shown in Table II along
with the number of ~ decays in each for the ~-candidate
samples corresponding to the one-prong tag and the
three-prong tag.

B. The unfold technique

From a Monte Carlo simulation, an efficiency matrix e
is determined whose elements e,z correspond to the proba-
bility of detecting a ~ which decayed via mode j in the ith
topology category. Let the number of events observed
with topology i be N;. The procedure is to find the set of
branching fractions B~ which results in an "expected" dis-
tribution M;, calculated from the efficiency matrix e;z,
which maximizes the logarithm of the Poisson likelihood

g,.N;1nM;.
The minimization program MINUII' is used to find the

set of branching fractions which maximizes the logarithm
likelihood. The program is also used to estimate the er-

TABLE I ~ Criteria for classification of a single charged particle.

Class
Momentum

range (GeV/c j

p)1
p )2
p )2
1&p &2
p )2
p )2
p&1
1&p &2
p )2

In muon system
fiducial volume

Yes
Yes

No
Yes

No

In LA
fiducial volume

Yes

Yes
Yes
Yes
No

No
No

Criteria

r;)r;
4 muon layers hit

m&n
r; &r;

min

min
r; &r;
&4 muon layers hit
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TABLE II. The topological distribution of the raw ~-candidate samples corresponding to the one-

prong tag and the three-prong tag. For each tag, the first column corresponds to the raw data sample,
the second column corresponds to the background subtracted sample, and the third column corresponds

to the best-fit distribution.

Category
Particle

identification

One-prong tag Three-prong tag
No. of Raw Background Best Raw Background Best
photons sample subtracted fit sample subtracted fit

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

C,

7T,

7T,

VT, C,

or p
or p
01 p
or p,

or p

p
2 or 3 charged particles
2 or 3 charged particles

1

2
3
4

&4
&0
&0

0
&0

261
170
169
120
30

128
20

245
141
42
12
0

27
7

120
135

242
166
167
116

127
19

236
135
37

6
0

23
7

110
111

243
159
164
126
23

128
25

242
124

21
6

110
111

219
109
78

189
19

166
92

182
96
49

8
1

16
6

102
143

213
109
73

187
19

164
89

177
93
47

7
1

16
6

98
136

211
103
73

190
15

166
101
163
105

50

18
6

98
136

Total number of events 1627 1530 1530 1475 1435 1435

rors on the branching fractions by the standard technique
of associating a change in the logarithm likelihood with
confidence levels for a normal distribution.

C. Monte Carlo simulation

The Monte Carlo simulation is based on an event gen-
erator for e+e ~r+r (y) written by Berends and

Kleiss which includes the emission of real photons from
the initial- and final-state leptons, virtual radiative correc-
tions to the lepton-photon vertex, multiple photon ex-

change, and vacuum-polarization corrections. The gen-
erated ~'s decay according to branching fractions close to
the measured branching fractions. This analysis is not
sensitive to the specific branching fractions used in the
Monte Carlo simulation. The following decay modes
are included: ~ ~v e v„~ ~v p v&, w ~v,z

~v,p, r ~v,A ~, r ~v, (4m), r ~v.,K, and

~v, E* . Breit-Wigner mass distributions with the
known masses and widths are used for the p, K', and 3 ~.

The mass of the 4m mode is distributed according to iso-

tropic phase space in the ~ center of mass frame. The
vector mesons p and K* are produced only in the two
allowed helicity states.

All particles are propagated through the detector, de-
caying according to the known lifetimes and branching
fractions. Multiple scattering, bremsstrahlung, and pho-
ton conversions are simulated. The simulation of elec-
tromagnetic interactions in the LA system is based on the
EGs shower code. The simulation of hadronic interac-
tions in the LA system is based on a library of real pion
interactions recorded in a pion-beam test.

D. Particle-identification efficiency

Tracks corresponding to particles of known identity in
the data are used to determine the particle-identification
efficiencies for the unfold matrix. The efficiency for lep-
ton identification is estimated from two sources of known
leptons in the data: single-photon production of e+e
and p+p pairs, and two-photon production of e+e
and p+p pairs. Together these samples cover most of
the relevant momentum range. The selection criteria for
these events are described in Appendix B. The three
tracks in the three-prong tag are used to determine pion
identification efficiencies.

Muon identification The probabil. ity that a muon has
associated hits in all four layers of the muon system, if
the track trajectory projects into the fiducial volume of
the muon system, is estimated from an unbiased sample of
muons from single- and two-photon production of muon
pairs. The muon identification efficiency is found to vary
from 88% at 2 GeV/c to 92%%uo at 14 GeV/c. The identifi-
cation efficiency is also studied as a function of the polar
angle of the track. Since low-momentum tracks scatter
through larger angles than high-momentum tracks when
passing through material, a muon with low momentum
near the edge of the module is more likely to scatter out
of the module and fail the criteria for a muon. The effi-
ciency is lower near the edge of the module for low-
momentum tracks while there is little dependence of the
efficiency on the polar angle for high-momentum tracks.
This dependence on polar angle is seen in both the Monte
Carlo simulation and the data. Of course, the efficiency
also depends slightly on the azimuthal angle for the same
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reason.
Electron identification T. he probability that an electron

passes the electron identification criteria is estimated from
an unbiased sample of electrons from single- and two-
photon production of electron pairs. For the sample of
known electrons from radiative Bhabha events, the elec-
tron candidate is used only if the photon is in a different
LA module. The electron identification efficiency is
found to vary from 93% at 1 GeV/c to 96% at 14
GeV/c. No significant dependence of the efficiency on
polar angle is seen in the data or in the Monte Carlo simu-
lation.

Pion identification Fo.r the purpose of this analysis, a
pion is defined to be a track which meets the momentum
and fiducial-volume criteria for p/~ and e/~ discrimina-
tion and does not satisfy the requirements to be identified
as a muon or an electron. The probability that a pion
which meets the momentum and fiducial volume criteria
for muon identification has associated hits in all four lev-
els of the muon system is determined with pions from
three-prong decays of the r. This probability is measured
to be (1.4+0.4)% in the data. It is estimated that about
half of the pions in the data which pass the criteria for a
muon are due to the decay of the m to pv& in flight, and
about half are due to hadronic punchthrough and track
overlap. The probability of misidentifying a single prong
hadron as a muon is actually slightly lower than this be-
cause there is no overlap of hits from other tracks. How-
ever, the difference has a negligible effect on the measured
branching fractions.

The probability that a pion which meets the momentum
and fiducial volume criteria for electron identification
fails the electron identification criteria is found to be
about (96.5+1.5)% for pions from three-prong decays of
the r. This probability is slightly higher for isolated
pions. The efficiency for el' discrimination also depends
on the number of photons and other charged tracks in the
vicinity of the track. For example, the pion identification
efficiency is about 1.5% higher for pions which are from
a three-prong decay of the r with no detected neutrals
than for those with a detected neutral, in both the data
and the Monte Carlo simulation.

Most decay modes with one charged hadron in the final
state also have at least one neutral pion in the final state.
Therefore, if the hadron is misidentified as an electron,
the decay is usually classified as an electron accompanied
by at least one detected neutral. This does not mix with
the electron decay mode unless radiative decays are im-
portant.

Photon identification Photons are ide. ntified with an al-
gorithm which searches for clusters of energy in the LA
calorimeter not associated with a charged track. Spurious
photon candidates which are not due to real photons can
result from the coincidence of noise fluctuations and real
deposited energy, or from hadronic interactions in the LA
calorimeter which deposit energy far from the charged
track. In an independent analysis, it was found that the
probability of finding a spurious photon in a three-prong
r decay is about (50+25)% higher in the data than in the
Monte Carlo simulation with a minimum energy cutoff of
about 600—800 MeV. The appropriate elements in the ef-

ficiency matrix are adjusted accordingly for both the
single-prong and multiprong decays.

E. Angular distribution
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FICJ. 2. Angular distribution of the single charged track in
the one-prong tag. The histogram corresponds to the Monte
Carlo simulation and the symbol ~ corresponds to the data. (a)
shows the distribution of tracks as a function of

~

cosO
~

where 0
is the polar angle of the track relative to the beam. (b) shows
the distribution of tracks as a function of the azimuthal angle
relative to the horizontal plane.

The angular distribution of the r candidates in the sam-
ple affects the particle-identification efficiencies because
of the limited active volume of each detector component.
The decay products from the two r's are quite collinear
because of the large boost due to the high momentum of
each r in the laboratory frame. Therefore, the direction
of the decay products in the r sample is correlated with
the direction of the decay products in the tag. Conse-
quently, agreement between the angular distribution of the
tag in the data and the Monte Carlo simulation provides a
check on the accuracy of the angular-dependent part of
the Monte Carlo —generated efficiency matrix.

The angular distribution of the single charged track in
the one-prong tag is shown in Fig. 2 for the data and the r
Monte Carlo simulation. Figure 2(a) shows the

~

cos8
~

distribution where 0 is the polar angle relative to the
beam; Fig. 2(b) shows the azimuthal angle P between the
track and the horizontal plane. For lepton rejection, the
charged track in the one-prong tag must project into the
active volumes of the muon system and the LA calorime-
ter. The large gaps in P, 45' from the horizontal plane,
correspond to gaps between the four walls of the muon
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system. The smaller gaps in P, at 0' and 90' from the hor-
izontal plane, correspond to the gaps between the eight
LA modules. The agreement between the Monte Carlo
simulation and the data is good.

The distribution of the polar angle for the three charged
tracks in the three-prong tag is shown in Fig. 3 for the
data and the ~ Monte Carlo simulation. The agreement is
quite good. Since there is no electron or muon identifica-
tion criteria applied to the three-prong tag, the distribu-
tion of tracks is flat in P.

F. Momentum distribution
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The momentum distributions of the tagged particles af-

fects the particle-identification efficiency because of the
minimum-momentum cutoff of 1 GeV/c for electron
identification and 2 CxeV/c for muon identification. The
momentum distributions of all single charged particles in
the r-candidate samples are shown in Figs. 4(a) and 4(b)
for the one-prong tag and the three-prong tag, respective-
ly. The distributions are shown for both the data and the
Monte Carlo simulation. The branching fractions affect
the distributions since the momentum spectrum is dif-
ferent for each decay mode. The branching fractions used
in the Monte Carlo simulation are close to those measured
with the data. The fact that the agreement is quite good
indicates that the background contributions to the sam-
ples are not large.

G. The efficiency matrix
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FIG. 4. Momentum distributions of single charged particles
in the ~-candidate samples corresponding to the one-prong tag
(a) and the three-prong tag (b). The histogram corresponds to
the Monte Carlo simulation and the symbol ~ corresponds to
the data.
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The efficiency matrix for each tag is determined from a
combination of Monte Carlo simulation and particle-
identification efficiencies determined from the data as
described above. Table III shows the efficiency matrix for
the one-prong tag. The first column lists the decay modes
and the second column lists the relative efficiency for
each decay mode to be included in the final sample of ~-
decay candidates corresponding to the one-prong tag. The
errors on the relative efficiencies are statistical errors
only. The Monte Carlo sample is equivalent to four times
the data sample. These relative efficiencies reflect any
biases introduced by the selection criteria. Any uncertain-

ty in the bias results in an equal fractional uncertainty in
the branching fractions. The absolute efficiency does not
enter into this analysis since the branching fractions are
constrained to add up to unity. The remaining columns
list the probability (in percent) for each decay mode to be
classified into each of the above categories, given that the
decay has been tagged.

The efficiency matrix for the three-prong tag is shown
in Table IV. This matrix is less diagonal than that for the
one-prong tag. For example, if a ~ decays via the mode

~v, p v& and is tagged, the probability that it is clas-
sified as a muon (category 2) is about 58%%uo for the one-

prong tag and about 34 Jo for the three-prong tag. This
difference is due to the different fiducial volume criteria
for the two tags. For the one-prong tag, the single
charged particle in the hemisphere must pass through the
active volume of both the LA calorimeter and the muon
system. Since the decay products of the two ~'s in the
pair are quite collinear, ~-decay candidates opposite the
one-prong tag are likely to also pass through the active
parts of the detector. The geometrical criteria for the
three-prong tag are much looser.

0 0.2 0.4
Icos e I

0.6 0.8

FIG. 3. Angular distribution of the three charged tracks in
the three-prong tag. The histogram corresponds to the Monte
Carlo simulation and the symbol ~ corresponds to the data.

V. BACKGROUNDS

The potential sources of background are single-photon
production of e+e and p+p pairs, two-photon produc-
tion of e+e, p+p, ~+~, and qq pairs, and single-
photon production of qq pairs leading to hadronic jets.
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TABLE V. Estimated background in the one-prong and
three-prong tag samples.

Source
e+e

Number of background events
One-prong tag Three-prong tag

e+e (y)
v+v ~r~
e+e e+e

P P
e+e ~+~
e+e qq

qq

4.5+0.9
0.5+0.2
4.7+0.9
4.4+1.6
35+5

0
52+16

4
0
0
0

15+3
0

20+4

The estimated background from each source is discussed
below and summarized in Table V. The discussion of
backgrounds from two-photon production of ~ pairs and
qq pairs is combined for both samples in the same section.
Then the other sources of background are discussed for
the two tags separately since they contribute to them in
quite different ways.

A. Background from two-photon production of v. pairs

B. Background from two-photon production of qq

The overall event criteria E,q ~ Eb„ /4 and
E„,&Eb„ /2 if none of the tracks in the event is identi-

A sample of Monte Carlo —simulated events of two-
photon production of ~ pairs, equivalent to an integrated
luminosity of about 270 pb ', is subjected to all of the
selection criteria for each tag. The number of charged
particles which pass the cuts is used to predict the total
background in the ~-candidate sample. The background
contribution from e+e ~e+e ~+~, expected in 207
pb ', is (35+5) events for the one-prong tag and (15+3)
for the three-prong tag. This background constitutes
(2. 1+0.3)% and (1.0+0.2)% of the signal for the samples
corresponding to the one-prong tag and the three-prong
tag, respectively. The Monte Carlo simulation is used to
determine the contribution of this background to each
category separately.

About a third of the ~ candidates in the Monte Carlo
background sample corresponding to the one-prong tag
are classified as electrons. The remainder are scattered
among the other categories. The fraction identified as
electrons is significantly larger than the fraction identified
as muons or pions for several reasons. First of all, an
event with total energy less than Eb„ /2 is not accepted
unless it contains an electron with p ~ 1.25 CseV/c, or a
track with associated hits in three of the four muon
chamber levels. Since the LA calorirneters cover a larger
solid angle than the muon system, an event with an elec-
tron in it is more likely to pass than an event with a muon
in it. Second, the momentum spectrum of the charged
particles is peaked at the low end, and the minimum
momentum required for muon or pion identification is 2
GeV/c, while that for electron identification is only l
GeV/c. This background constitutes (4.4+1.2)% of the
electron signal in the sample corresponding to the one-
prong tag.

fied as an electron or a muon (see Sec. III) eliminate most
background from two-photon production of qq pairs. In
addition, the cut on p* for the three-prong tag, and the
requirement of a track with at least 2 GeV/c momentum
at

~

cos0
~

less than about 0.6 for the one-prong tag, pro-
vide rejection against this background.

C. Backgrounds to the one-prong tag

Leptonic backgrounds. The background due to elec-
trons and muons satisfying the lepton rejection criteria for
the single charged particle in the one-prong tag is estimat-
ed as follows. All of the criteria for the one-prong tag,
except the lepton rejection cuts, are applied to Monte Car-
lo simulations of single- and two-photon production of
lepton pairs. This results in a large number of events
passing the momentum cuts and fiducial volume require-
ments of the one-prong tag. Then the measured efficiency
for lepton rejection is used to estimate the background
from these sources.

The muon rejection efficiency is measured from an un-
biased sample of 4923 muon candidates from the data (see
Appendix 8) which pass the fiducial volume criteria for
muon rejection. The measured muon rejection inefficien-
cy is (0.14+0.05)%. The electron rejection efficiency is
measured from an unbiased sample of 15 555 electron can-
didates from the data (see Appendix B) with momentum
greater than 1 GeV/c and less than 14 GeV/c, projecting
into the active volume of the LA calorimeter. The mea-
sured electron rejection inefficiency is (0.15+0.03)%.

The measured muon and electron rejection inefficien-
cies plus the Monte Carlo simulations lead to the estimat-
ed backgrounds shown in Table V for single- and two-
photon production of lepton pairs. The distribution of the
background among the various topologies is also deter-
rnined from the Monte Carlo simulation. For single-
photon production of lepton pairs, most of the events
which pass the selection criteria correspond to the produc-
tion of a photon and two leptons with approximately
equal energy in which the photon travels down the beam
pipe and is undetected.

Background from single photon producti-on of qq. The
background in the ~-candidate sample from hadronic
events is estimated from the invariant-mass distribution of
the candidate ~ decays before the cut on invariant mass.
The background is calculated separately for the sample of
candidates with one charged particle and more than one
charged particle. The procedure is outlined here for the
candidates with more than one charged particle. The in-
variant mass of the charged particles and neutrals parti-
cles is calculated for each candidate ~ decay. In the sam-
ple before the cut on invariant mass, (14+2)% of the can-
didates have an invariant mass greater than 2.5 GeV/c .
For a similar sample of ~ decays in the Monte Carlo
simulation, only (2.8+0.7)% have mass greater than 2.5
GeV/c . Also, a sample of hadronic events with three
charged particles in one hemisphere and at least six
charged particles in the other hemisphere is selected from
the data and used to determine that (55+2)% of hadronic
three-prong jets have mass greater than 2.5 CxeV/c .
These numbers are used to estimate that 28+6 of the 255
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two- and three-prong ~ candidates with mass less than 2.5
GeV/c are due to hadronic background. In the sample
of hadronic three prongs (with mass less than 2.5
GeV/c ) from the data, (74+2)% have at least one neu-
tral particle in the three-prong jet. This is used to deter-
mine the distribution of the background between the topo-
logies with zero or greater than zero neutral particles.

A similar analysis applied to the candidates with one
charged particle leads to an estimate of 24+10 hadronic
background events among the 1372 candidates. A ha-
dronic sample with one charged particle in one hemi-
sphere and at least six in the other hemisphere is used to
determine the distribution of the background events
among the topologies with various neutral multiplicities.

D. Background to the three-prong tag

Background from single or tw-o photon -production of
lepton pairs. The potential sources of background to the
three-prong tag are single- and two-photon production of
lepton pairs with initial- or final-state radiation in which
the radiated photon converts to an e+e pair. Among
these, the dominant potential source is radiative Bhabha
events because of the large cross section for this process.
The criteria which eliminate this background are the re-
jection of events in which the total energy (charged plus
neutral) in the three-prong tag is greater than 14 GeV or
in which an oppositely charged pair of tracks in the
three-prong tag has a small opening angle. The pair-
finding algorithm is very efficient for radiative Bhabha
events for the following reasons. First, since the event has
three tracks in one hemisphere, asymmetric conversions in
which one of the charged particles from the pair is not
detected will not contribute to the background. Also,
since the photon is typically emitted at a very small angle
to the electron, the opening angle between the members of
the pair and the primary electron will also be small.
Therefore, even if one member of the pair is not well
tracked, the other member of the pair and the primary
electron are likely to satisfy the criteria for a pair if they
are oppositely charged. Finally, because of the low multi-
plicity of the event, the tracking quality is quite good and
hence the pair-finding efficiency is high.

From Monte Carlo —generated events, the estimated
background due to lepton pairs with a photon conversion
is negligible. A hand scan of all events in the data with
the ~ candidate opposite the three-prong tag identified as
an electron, muon, or pion reveals four, zero, and one
event from these sources for the electron, muon, and pion
topologies, respectively.

Background from single photon produ-ction of q q. A-
sample of hadronic events with three charged particles in
one hemisphere and at least six charged particles in the
other hemisphere is selected from the data using all of the
selection criteria for the three-prong tag except the cuts
on p* and the invariant mass of the three-prong side.
From this sample, it is determined that (14.2+ 1.6)% of
three-prong hadronic jets pass the p

' cut (p
' (750

MeV/c), and, of these, (52+6)% pass the mass cut
(m3 & 1.7 GeV/c ). From a Monte Carlo simulation of
r-pair production, it is determined that (84+1)% of r s
decaying to three charged particles pass the p cut.

The sample of ~ candidates tagged with the three-prong
tag contains 567 decays with two or three charged parti-
cles before the p' and invariant-mass cuts have been ap-
plied to the three-prong tag, and 265 events after the p*
cut. Using the known fraction of hadronic jets and r de-
cays which survive the p* cut, one can calculate that the
sample of 265 decays contains 43+6 hadronic jets. Since
the invariant-mass cut on the three-prong tag removes a
further (48+6)% of the hadronic events, the hadronic
background in the two and three prong sample, after the
p* and mass cuts on the three-prong tag, is 22+4 events.
After this, a cut of 2.5 GeV/c is made on the invariant
mass of the ~ candidates opposite the three-prong tag.
This also eliminates some of the hadronic background,
leaving a background of 10+3 events or (4+2)% of the
total two- and three-prong sample.

A similar analysis applied to the sample of one-prong ~
candidates tagged with the three-prong tag leads to an es-
timated hadronic background of 10+2 events or
(0.8+0.2)% of the one prong sample.

The distribution of the hadronic background among to-
pologies with different number of neutrals is determined
from the sample of hadronic events with a one- or three-
prong jet versus a six-prong jet in the data.

VI. RESULTS

A. Measured branching fractions

The background subtracted distributions of ~-decay
candidates corresponding to the one-prong tag and the
three-prong tag are shown in the second column for each
tag in Table II. A maximum-likelihood fit is used to esti-
mate the branching fractions from these background sub-
tracted distributions. Because of the large uncertainties in
the photon-identification efficiency, and the amount of
mixing of decay modes with two or more neutral pions in
the final state among topologies with three or more
detected photons, it is very difficult to determine branch-
ing fractions for w ~v ~ 2~ and ~ ~v,~ 3~0 0

separately, using this method. The results depend heavily
on the minimum energy cutoff for a neutral energy cluster
and the probability of finding spurious photons. Conse-
quently, the three categories with a charged pion (~, e, or
p, ) and three, four, or more than four photons are com-
bined into one category for the fit. Also, the decay modes

~v z 2z and ~ ~v,~ 3~ are combined assuming0 0

a nominal value of four for the ratio of B(~ ~v ~ 2~ )

to B(r ~v,n 3no) to calculate the corresponding row in
the efficiency matrix. This ratio is varied to estimate the
systematic errors due to the uncertainty in the ratio.

Since no K/~ separation is attempted in this analysis,
the branching fractions for ~ ~v A and ~ ~v, K*
are fixed at the measured values of (0.6+0.2)% by DEL-
CO' for r ~v, tC and (1.3+0.4)% by Mark II (Ref.
11) for r ~v E"

The distribution corresponding to the branching frac-
tions which result in a maximum of the likelihood func-
tion are shown in the third column of Table II for the
samples corresponding to each tag. The measured
branching fractions are shown in Table VI. The first er-
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ror listed for each measurement corresponds to a half unit
change in the log likelihood.

B. Systematic errors

Systematic errors are introduced by uncertainties in
particle-identification efficiencies, relative overall efficien-
cies for each decay mode, and background estimates. The
size of the uncertainties are discussed in the following sec-
tions and the resulting systematic errors are summarized
in Table VII ~

Particle iden-tification efficiency

The uncertainty in the electron-identification efficiency,
estimated to be 3%, is small because of the large, clean,
unbiased sample of electrons available in the data for
checking the efficiency. The uncertainty in pion-
identification efficiency, estimated to be 4'Fo, is slightly
higher since clean samples of isolated charged pions, with
a known number of neutral pions accompanying them, are
difficult to find in the data. Variations in the branching
fractions are estimated for changes in the electron- and
pi.on-identification efficiencies equal to the uncertainty.

In addition, the analysis is repeated using different cut-
off values of r; '" for e/~ discrimination where a low cut-
off value results in a clean pion sample, and a high cutoff
value results in a clean electron sample. The dependence
of the results on the cutoff value of r;

'" used in the
analysis is negligible.

The uncertainty in the muon-identification efficiency,
estimated to be 3%, is small because of the clean sample
of muons available for checking the efficiency. The un-
certainty in the probability for a pion to pass the identifi-
cation criteria for a muon is estimated to be 30%. The ef-
fect of this uncertainty on the results is negligible.

As described in Sec. IV, the number of spurious pho-
tons in the data is estimated to be higher than the number
predicted by the Monte Carlo simulation by (50+25)%%uo.

The number of spurious photons is varied within this esti-
mate to determine the dependence of the branching frac-
tions on photon identification. The sensitivity to photon
identification is also estimated by varying the cutoff used
for the minimum energy of a neutral energy cluster. The
results for 8(r ~v,~ vr ) and 8(r ~v,m+(2 or 3ir ))

are the most sensitive to this cutoff since a low cutoff in-
creases the number of spurious photons found, while a
high cutoff eliminates real photons, both effects resulting
in a loss of discriminating power for these two modes.
This sensitivity is included in the systematic error due to
photon identification.

The decay modes ~ ~v,~ 2m. and ~ ~v ~ 3m. are
combined assuming a nominal value of four for the ratio
of 8(r ~v ~ 2' ) to 8(r ~v vr 3' ) to calculate the
corresponding row in the efficiency matrix. The value of
this ratio is varied between two and eight to estimate the
systematic errors due to the uncertainty in the ratio. The
errors introduced due to the uncertainty in this ratio are
small compared to other systematic errors.

Relatiue overall efficiency The. uncertainty in the
branching fractions due to the bias in the sample is direct-
ly proportional to the uncertainty in the relative overall
efficiency for each decay mode. These relative efficien-
cies, determined from the Monte Carlo simulation, are
listed in Tables III and IV for the one-prong tag and the
three-prong tag, respectively. The errors listed in these
tables are statistical errors only. Within each sample,
there is little or no dependence of the relative efficiency
on the decay mode of the tag, according to the Monte
Carlo simulation. For example, in the one-prong-tag sam-
ple, the relative efficiencies do not depend on whether the
tag corresponds to ~ ~v m. or ~ ~v p

The Monte Carlo simulation does not predict any signi-
ficant differences in efficiency for different decay modes
for the sample corresponding to the one-prong tag. How-
ever, it does predict that the electron and muon decay
modes are slightly more likely to be included in the sam-
ple corresponding to the three-prong tag. The uncertainty
in the relative overall efficiency for each decay mode is es-
timated to contribute an absolute error of 0.8% to each
branching fraction. For the electron and muon decay
modes this corresponds to a relative error of about 4.5'7o.

Background estimates. The errors due to the uncertain-
ty in the backgrounds are estimated by varying the back-
grounds within the ranges shown in Table V. The back-
ground from each independent source is varied separately.
The errors from the uncertainties in background are gen-
erally small compared to the overall systematic errors.

Summary of systematic errors Asummary o.f the abso-

TABLE VI. The measured branching fractions in percent. For each measurement, the first error is
statistical and the second is systematic.

Decay mode

e vevr

p vpvr
77 V~

7T 77 V~--(.-, )1)-,
7T 7T & V~

w+w (n~o, n ~0)v,

One-prong tag

19.5+ 1.2+ 1.3
17.6+1.2+1.0
11.4+1.4+1.5
25.3+2.6+2.7
14.1+2.2+2. 8
6.1+ l. 1+1.2
4.0+ 1.2+ 1.2

18.8+
19.2+
7.7+

26.3+
10.6+
7.2+
8.2+

1.2+1.2
1.4+1.0
1.7+1.5
2.3+2.5
l. 8+2.5
1.1+1.0
1.2+1 ~ 0

Three-prong tag Average

19.1+0.8+1.1

18.3+0.9+0.8
10.0+ 1.1+1.4
25.8+ 1.7+2. 5
12.0+1.4+2. 5

6.7+0.8+0.9
6.1+0.8+0.9

K v
(K-)--,

Fixed at 0.7%
Fixed at 1.3%
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TABLE VII. Absolute systematic errors (in percent) for the measurements corresponding to the one-
prong tag and the three-prong tag.

Decay mode
T

All modes
e ve

Source of error:
Uncertainty in

relative overall efficiencies
e/m discrimination for e-
e/m discrimination for ~—+

backgrounds
Total

One-prong tag
Absolute error (%)

0.8
0.6
0.7
0.4
1.3

Three-prong tag
Absolute error (%%uo)

0.8
0.6
0.5
0.3
1.2

p/~ discrimination for p
+—

backgrounds
Total

0.5
0.3
1.0

0.5
0.2
1.0

e /~ discrimination for e-
e/m discrimination for ~+—

p/~ discrimination for p —+

photon identification
backgrounds
Total

0.5
0.6
0.6
0.8
0.2
1.5

0.6
0.4
0.6
0.8
0.2
1.5

e/~ discrimination for ~—+

ratio of B(m. 2i ) to B(~ 3~ )

photon identification
backgrounds
Total

1.2
1.0
2.0
0.3
2.7

1.1

0.4
2.0
0.2
2.5

m (2 or 3m)v e/m discrimination for vr —+

ratio of B(m. 2' ) to B(m 3~ )

photon identification
backgrounds
Total

1.2
1.0
2.0
0.8
2.8

1.1

04
2.0
0.2
2.5

n--(n ~')v,
n =1,2, 3
(sum of above
two modes)

e/m discrimination for ~—
ratio of B(m 2~ ) to B(m. 3~ )

photon identification
backgrounds
Total

0.3
0.1

0.8
1.0
1.5

0.3
0.2
0.6
0.4
1.1

photon identification
backgrounds
Total

0.6
0.7
1.2

0.6
0.3
1.0

7T IT 'IT 'JT V~ photon identification
backgrounds
Total

0.6
0.7
1.2

0.6
0.3
1.0

lute systematic errors for each branching fraction is
shown in Table VII; The major contributions to the sys-
tematic errors for the leptonic decay modes are the uncer-
tainties in the relative overall efficiencies and the
particle-identification efficiencies. For the hadronic
modes, the major contribution to the error is the uncer-
tainty in photon identification. For a11 the decay modes,
the total systematic error is approximately the same size
as the statistical error from the maximum-likelihood fit.

Many of the systematic errors for different branching
fractions are highly correlated. Therefore, the systematic
error on the sum of the branching fractions for two decay
modes must be calculated with the correlations taken into
account. An example of this is shown in Table VII for

the sum of the branching fractions for the decay modes
~v, vr vr and w ~v,n (2 or 3~ ). The systematic er-

ror on the sum of the two branching fractions is less than
that on each branching fraction separately.

C. Discussion of results

The measured branching fractions for the r-candidate
samples corresponding to the one-prong tag and the
three-prong tag are shown in Table VI. For each branch-
ing fraction, the first error is statistical and the second is

systematic. The statistically weighted average of the mea-
surements corresponding to the two tags is also shown for
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each branching fraction. The systematic error for the
weighted average is obtained by averaging systematic er-
rors common to the two samples linearly (for example,
particle-identification efficiency), and independent sys-
tematic errors quadratically (for example, backgrounds).

In the Monte Carlo simulation, the maximum number
of ~ 's accompanying a single charged pion and three
charged pions is three and one, respectively. However, the
categories for the fit are chosen so that decay modes in-
volving more ~ 's will be included in the measured
branching fraction with the largest number of m 's. The
decay modes listed in Table VI reflect this fact.

In this analysis the sum of the branching fractions is
constrained to one. Since the decay modes used in the fit
are only those for which the branching fractions have
been measured in other experiments, and since the sum of
the previously measured branching fractions is less than
one, this analysis must result in a larger branching frac-
tion than the world average for at least one mode.

The following comments summarize the results.
(1) The total branching fraction to three charged pions

is measured to be (12.8+1.0+0.7)% which is in good
agreement with our recent measurement' of
(12.5+0.5+0.8)% and with the world average of
(13.2+0.2)%. The ratio of B (~ ~v, vr vr+w ) to
B(r ~v vr ~ m m ) is also in agreement with the
world average. '

(2) For each tag, both leptonic branching fractions are
found to be about one standard deviation higher than the
world average. ' The measured leptonic branching frac-
tions correspond to a r lifetime of (3.0+0.2))&10 ' s.
The average measured ~ lifetime" is (2.8+0.2)&&10 ' s.
Therefore, the leptonic branching fractions measured in
this analysis are consistent with the measured ~ lifetime.

(3) The theoretical prediction' for the ratio of
B(r ~v,m ) to B(r ~v e v, ) is 0.607. Combining
this with the measured leptonic branching fractions from
this analysis leads to a prediction of B(r ~v vr )

=(11.4+0.6)% which is (1.4+1.9)% higher than the
measured value of (10.0+ 1.1+1.4)%.

(4) The measurements of the branching fractions for the
decay modes ~ ~v, vr vr and ~ ~v,~ (2 or 3m ) have
large errors which are highly correlated. The sum of
these two measurements is (37.8+ 1.2+ 1.0)% where the
errors have been recalculated for the sum with the correla-
tions taken into account. The theoretical prediction for
the sum of the branching fractions for ~ ~v, p~v m 2m. , and w ~v,vr 3vr is about 32.0% (Ref. 1)
for a ~ lifetime of 3.0)& 10 ' s. Therefore, the measured
value for B(r ~v,m. (net), n &0) is larger than predict-
ed by theory by about (5.8+ 1.5)%. This difference indi-
cates a larger branching fraction to one charged pion plus
multiple neutral pions than expected from theoretical pre-
dictions, or the presence of other decay modes, such as
those with an g in the final state. Limits on the allowed
decay modes which include an g are discussed in Appen-
dix A.

D. Conclusions

The leptonic branching fractions measured in this
analysis are about one standard deviation higher than the

world average of previous measurements' and correspond
to a r lifetime of (3.0+0.2)&&10 ' s which is consistent
with the world-average measured ~ lifetime. The total
branching fraction to one charged hadron plus at least one
neutral particle is measured to be (5.8+1.2+ 1.0)% higher
than the branching fraction expected from a combination
of previous measurements and theoretical predictions.

Unfortunately the errors are too large to identify defini-
tively the source of the discrepancy' in the one-prong
branching fractions. However, the results suggest that the
previously measured leptonic branching fractions may be
slightly low and that there exist significant unidentified
decay modes which result in one charged hadron and at
least one neutral hadron in the final state. In Appendix
A, it is shown that the contribution to these final states
from decay modes involving the g meson [excluding

from the p(1250) resonance or from nonresonant
decay] is expected to be less than about 2.4%.

This analysis demonstrates the feasibility of measuring
the branching fractions of the ~ lepton using a tagging
technique and a constrained fit. The main limitation in
the analysis is the limited geometrical acceptance and spa-
tial resolution for neutral-particle detection. A similar
technique applied to other experiments with large data
samples and good electromagnetic calorimetery at e+e
storage rings would be helpful in providing further eluci-
dation of the unidentified decay modes.

APPENDIX A: LIMITS ON DECAY MODES
INVOLVING THE g

The possible decay modes with an q in the final state
are summarized in Table VIII along with the quantum
numbers and possible identity of the resonance. Since the
g decays to two charged particles approximately 30%%uo of
the time, the decay ~ ~v,~ g~+ ~ results in five
charged particles in the final state 30%%uo of the time and
the decay ~ ~v,~ qg results in five charged particles
9% of the time. The efficiency for reconstructing these
modes as five charged particles is compared to the effi-
ciency for detecting r ~v,5~—+n with the final state dis-

TABLE VIII. Possible decay modes with an g in the final
state, the corresponding expected resonances and limits on the
branching fraction of the ~ through this decay mode to final
states containing one charged particle.

Expected contribution
to one-prong

J Possible resonance branching fraction

p(1250)
p(1600)

Al

m(1300), 3 l

No limit
0.5%%uo

0
(0.4%
( 1.5%
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tributed purely according to phase space which is used in
the Mark II measurement of r ~v, 5~+—(n ) (Ref. 14).
The efficiency for detecting the five-prong mode of

~v ~ g~ ~ is the same as for ~ ~v,5~—~ but+ + 0

the efficiency for detecting the five-prong mode of~v ~ gg is only about half of the efficiency for
~v,5~+-~ . Therefore, the measured branching frac-

tion of (0. 14+0.04)go for r ~v,5rr (rr ) (—Refs. 14 and
15), can be used to set the following limits:

B(r ~v,~ rjrr+~ ) &B(r ~v,5~+(n))/—0. 3.

=0.5%,
B (r ~v,~ riri) & 2B(r ~v,5' (rr ))/—0.09

=3.0% .

Also, isospin conservation predicts B(r ~v,~ rI~ ~ )

& B(r ~v,w err+ rr ).
A limit can be set on the branching fraction for the

mode ~ ~v vr q~ assuming that it occurs via the
p(1600) resonance. The branching fraction of the p(1600)
to ~ qvr is approximately 7% and to 4~ is approximate-
ly 60%%uo (Ref. 16). Assuming a total branching fraction of
the ~ to 4~ of 6%, as predicted by Gilman and Rhie, ' and
assuming that all of the 4~ decay mode is from the
p(1600), the branching fraction of the r to v,rr
through the p(1600) resonance is approximately
0.07/0. 60 X 6% which is equal to 0.7%%ui. Since the
branching fractions of p(1250), the first radial excitation
of p(770), are not known, a limit cannot be set on the
v 7r gmfinal state .through the p(1250) resonance.

The expected contribution of decay modes involving the
g to the branching fraction for final states containing only
one charged pion and multiple neutrals is shown in Table
VIII. The total contribution excluding ~ g~ from
p(1250) and nonresonant decay is expected to be less than
2.4%.

APPENDIX B. SELECTION OF KNOWN
LEPTONS IN THE DATA

The lepton rejection efficiencies (for the one-prong tag)
and the lepton identification efficiencies (for the tagged
sample) are estimated from two sources of known leptons

in the data: single-photon production of e+e pairs with
initial- or final-state radiation and p+p pairs with or
without initial- or final-state radiation, and two-photon
production of e+e and p+p pairs. The radiative lep-
ton pairs are chosen to provide leptons with a momentum
spectrum which extends below 14.5 GeV/c. The radiative
sample is obtained by selecting events with two charged
tracks and one neutral energy cluster with at least 1 GeV
of energy separated from the charged tracks by at least 20
cm in the LA calorimeter. For the electron sample, the
two charged tracks project into different LA calorimeter
modules. The sum of the momenta of the two charged
tracks, as measured by the drift chamber, and the energy
of the neutral energy cluster is at least 24 GeV.

The sample of radiative e+e pairs contains an ample
number of electron candidates. However, the muon-
candidate sample does not have a large number of events.
To improve the statistics at high momentum, the muon-
candidate sample is supplemented with nonradiative
muon pairs. This sample is obtained by selecting events
with two charged tracks and no neutral energy clusters of
more than 200 MeV. The sum of the momenta of the two
charged tracks is greater than 22 GeV/c and less than 36
GeV/c. Information from the TOF system is used to re-
ject cosmic-ray events.

The sample of two-photon-produced events is obtained
by selecting events with two charged tracks and no neutral
energy clusters of more than 200 MeV. The sum of the
momenta of the two charged tracks is less than 12 GeV/c
and the net momentum in the event transverse to the
beam is less than 300 MeV/c. Again, information from
the TOF system is used to reject cosmic-ray events.

For all of the above samples, each charged track is test-
ed with strict lepton-identification criteria. For the non-
radiative muon pair sample, the momentum of this track
must be between 12 and 16 GeV/c. If a track passes the
criteria for an electron (or muon), the other charged track
in the event is included in the sample used to check the
electron (or muon) rejection efficiency. This results in an
unbiased sample of electrons and muons with a small con-
tamination from ~-pair production. The total number of
electron candidates is 15555 and the total number of
muon candidates is 4923.
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