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We have measured the branching ratios for several ~ decay modes. We use e+e ~~+~ events
accumulated with the TPC/Two-Gamma facility at the SLAC e+e storage ring PEP. The data
correspond to an integrated luminosity of 77 pb ' at a center-of-mass energy of 29 GeV. The one-
and three-charged-particle inclusive branching ratios of the ~ decay are measured to be
Bl ——(84.7+1.0)% and B3——(15.1+1.0)%, where Bl +B3 is constrained to be 99.85%. The branch-
ing ratios of the two leptonic decay modes are B ( ~ ~e v, v ) = ( 18.4+ 1.6)% and
B(r ~p v„v, ) = (17.7+ 1.4)%. If we then assume lepton universality, we obtain
B(v. ~e v, v, ) =(18.3+0.9)% and B(~ ~p v„v ) =(17.8+0.9)%. We measure the Cabibbo-
allowed semihadronic decay mode B(r ~m +neutral particles) =(47.0+1.5)%, and the Cabibbo-
suppressed ~ decay mode B(~ ~K +neutral particles) =(1.6+0.4)%. By looking for associated
photons, we find B(~ ~K m. +neutral particles) to be (1.2+0.6)%. Using the channel
K* ~Ksm —+m+m m, we find B(~ ~K* (892)+neutral particles) =(1.4+0.9)%. The quot-
ed errors are the combined statistical and systematic errors.
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I. INTRODUCTION II. APPARATUS

Measurement of ~ lepton decay branching ratios pro-
vide many tests of the weak interaction, including tests of
lepton universality, CVC (conservation of vector current),
PCAC (partial conservation of axial-vector current), and
our general understanding of the hadronic weak interac-
tions. All measurements of individual branching ratios
made thus far are consistent with expectations from
theory. However, the most recent theoretical estimation
of the sum of the modes contributing to the topological
one-charged-particle branching ratio is significantly less
than the measured topological one-charged-particle
branching ratio. Additional measurements of the main ~
decay modes are thus useful to help determine if the effect
seen is only a statistical fluctuation. Measurement of the
Cabibbo-suppressed ~ decay modes involving strange
mesons are of special significance in that they may be
especially sensitive to any unexpected interactions.

In this paper we report the measurement of branching
ratios of two leptonic ~ decay modes:

and

8, =B(r —+e v, v, ),

8„=8(r ~p—v„v,);

and semihadronic decay modes:

and

Bi, =B(r ~one charged hadron+neutral particles)

8 =8(r ~m. +neutral particles);

and two topological decay modes:

Bi =8(r ~one charged prong+neutral particles)

and

83 =B(r ~three charged prongs+neutral particles);

as well as three Cabibbo-suppressed ~ decay modes:

Bx =8(v ~K +neutral particles),

8 +=B(w ~K +m. +neutral particles),

8,:B(r ~K* —(892)+neutral particles) .

The general outline of this paper is as follows. First we
briefly describe the experimental apparatus used. Then
we list the topological and kinematic cuts used to select
r~.~(one-charged-prong + one-charged-prong) and r~~
(one-charged-prong + three-charged-prong) events. We
follow this with a description of the particle identification
used to separate the leptonic and inclusive semi-
hadronic modes. We then describe the measurement of
the Cabibbo-suppressed modes. We end with a discussion
of our results.

The data were taken with the TPC/Two-Gamma facili-
ty at the Stanford Linear Accelerator Center storage ring
PEP. This facility and all its elements have been
described in detail elsewhere. The present analysis made
use of identification of photons, muons, electrons, and
charged pions and kaons. Charged particles were identi-
fied in the time projection chamber (TPC), a drift
chamber that simultaneously measures their momentum
and dE/dx energy loss. The momentum resolution was
typically

6P/P =[(0.06) +(0.035P) )'

with P in GeV/c. The dE/dx measurement made by
sampling the ionization up to 183 times had a resolution
of 3.7%. Because muons and pions have similar dE/dx,
muons had to be identified by detection in drift chambers
interleaved with iron hadron absorber. These "muon
chambers" had four layers in the central region and three
layers in the forward-backward region, with a fiducial
coverage for this analysis of 76% of 4w. The detection ef-
ficiency of muon chambers was more than 98%%uo for
muons with a momentum above 2 GeV/c. Photons were
either detected in the hexagonal calorimeter (HEX) or
reconstructed from an e+e conversion pair by the TPC.
The HEX was a gas Pb-laminate sampling calorimeter
10-radiation-length-thick run in limited Geiger mode. Its
single-photon energy resolution was 16%/V E with E in
GeV, and it had an effective coverage of 59%%uo of 4' for
this analysis. The data used for this analysis correspond
to an integrated luminosity of 77+5 pb ' at a center-of-
mass energy of 29 GeV.

III. ~~ EVENT SELECTION

Two data samples of e+e —+~+~ events were select-
ed using mainly topological and kinematic cuts. One data
sample consisted of w(1+3) events which had final-state
topologies containing one charged particle opposite to
three charged particles, while the other consisted of
r(1+1) events in which each r decayed to only one
charged particle.

For use in suppressing electron backgrounds, we
formed X, using the difference between the measured
dE/dx for a given track and the expected dE/dx for an
electron at that track's momentum. We defined
(X;„(& xi) as the smallest of the X 's for that track
found using the dE/dx expected for a muon, a pion, and
a kaon. A track was then classed as "likely to be an elec-
tron" if X, & 9 and (X;„(„x.i) & 9. A track was classed
as a "nonelectron" if X, & (X;„(„x-i)+ 3 and
(Xmin(p, n; K) )

In selecting r(1+3) events, it was necessary to allow for
extra pairs of e+e tracks from photon conversions and
to impose cuts beyond simple topology to suppress back-
grounds. The r(1+3) selection requirements were the fol-
lowing.

(1) The event had exactly four good charged tracks,
where a good track had (a) momentum & 300 MeV/c, (b)
angle from the beam & 30', (c) an extrapolated orbit
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within 10 cm of the nominal interaction point in the beam
direction and 5 cm in the plane perpendicular to the
beams, and (d) not been geometrically reconstructed as
part of an e+e photon conversion pair.

(2) The total charge of the four tracks was equal to
zero.

(3) One track (called the "isolated" track) was & 140'
from each of the other three tracks.

(4) The invariant mass of the three nonisolated tracks
was &2 GeV/c (assuming pion rest masses).

(5) The scalar sum of the total visible charged momenta
was (a) & 4.5 GeV/c and (b) & 24.0 GeV/c.

(6) The nonisolated tracks were not "likely electrons. "
(7) The angle between the highest-momentum track and

any of the other three tracks was & 178 .
Criteria (1), (2), and (3) selected the r(1+3) topology.

Background from multihadron events was reduced by the
invariant-mass criterion (4) and the momentum-sum cri-
terion (5b). Radiative Bhabha and p-pair events were re-
duced by the dE/dx criterion (6) and the acollinearity cri-
terion (7). Background from two-photon and beam gas
events was reduced by the topological criterion (3) and the
momentum-sum criterion (Sa). Unreconstructed photon-
conversion pairs were reduced by the dE/dx criterion (6).
Note that ~+n. from Ez which decay close to the in-
teraction point were not excluded in the three-prong selec-
tion. With these criteria, we found 660 r(1+3) candi-
dates.

For the r(1+1) sample, we used tight track cuts to
select events with single prongs in opposite hemispheres
(allowing for accompanying photon-conversion pairs and
5 rays), but vetoed the event if additional tracks were
found when the track cuts were loosened. The tight
(loose) track-selection criteria were (i) the momentum was
&300 (100) MeV/c, (ii) the angle 8 with respect to the
beam line was & 35' (20'), and (iii) the extrapolated orbit
passed the nominal interaction point within 5 (10) cm
along the beam line and within 2 (5) cm in the plane per-
pendicular to the beam line. The criteria for a r(1+1)
event were then as follows.

(1) There was exactly one acollinear pair of candidate
tracks with opposite charge in the event. The remaining
tracks were either "likely electrons" as determined by
dE/dx analysis or part of geometrically reconstructed
photon conversions. Specifically, the two candidate
tracks in the selected pair satisfied the criteria that (a)

their acollinearity angle was between 3 and 55', (b) their
acoplanarity (using the beam axis) was between 1 and 55,
and (c) neither was identified as part of a photon conver-
sion pair.

(2) At least one of the two tracks in the acollinear pair
was identified as a "nonelectron. " If only one of thein
was so identified, the momentum of this track was re-
quired to be (9.5 GeV/c.

(3) The scalar sum of the visible charged momenta was
between 7.25 and 22 GeV/c.

(4) The sphericity of the event was & 0.06.
(5) The scalar sum of the momenta of the tracks in each

of two hemispheres (defined by a plane perpendicular to
the sphericity axis) was & 0.65 GeV/c.

Criterion (1) defined the topology of r(1+1) events,
where the acollinearity criterion eliminated background
from radiative Bhabha and p-pair events, and requiring
exactly one acollinear pair reduced contamination from
multihadron and r(1+3) events. The nonelectron cri-
terion (2) was necessary to reduce further the contamina-
tion from radiative Bhabha events. The momentum sum
criterion (3) and sphericity criterion (4) eliminated back-
ground from two-photon, radiative Bhabha, radiative p-
pair, and rnultihadron events. The one side momentum-
sum criterion (5) rejected beam-gas events.

A total of 1493 r(1+ 1) event candidates were selected
with the above criteria. This included events taken with a
charged-particle trigger, a neutral-energy trigger, and a
charged-neutral combined trigger. In order to simplify
the estimation of the trigger efficiency, and thereby
reduce systematic errors, only the 1178 events from the
charged-particle trigger were used to calculate branching
ratios.

IV. PARTICLE IDENTIFICATION

The single prong r decays were then classified by parti-
cle type using the muon system and dE/dx particle iden-
tification. To be classified using the muon system, a track
had to satisfy the following fiducial cuts: (i) angle with
respect to the beam axis between 30 and 50 or between
57.3' and 90 and (ii) momentum greater than 2 GeV/c.
To be classified using the dE/dx system, a track had to
have a well-measured dE/dx as defined by (i) the track
had to have at least 80 measured dE/dx samples, (ii) it
was not near the boundaries of the TPC end-cap sectors,

TABLE I. Summary of the r(1+3) event categorization.

Identification of the isolated track

Category
Momentum range

(GeV/c) Polar angular region Identified by

p-3
8-3

h-3
(p/h )-3

Miscellaneous r(1+3)

&2
0.3—2

&2
&2
&2

0.3—2
Not able to

30 —50', 57.3 —90'
30'—50, 57.3'—90
30'—50,57.3'—90'
30'—50, 57.3'—90

50 —57. 3
30'—90

classify the track in

Muon system
dE/dx

Muon system veto and dE/dx
Muon system veto and dE/dx

dE/dx
dE/dA

any of the above categories
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FIG. 1. dE/dx, normalized to the dE/dx expected for a
pion, vs momentum for all one-prongs in the ~(1+3) sample
which had a well-measured dE/dx. The curves denote the ex-
pected dE/dx for electrons, muons, pions, and kaons, respec-
tively. Indicated also are the different sample selection regions.

and (iii) its momentum was (12.8 GeV/c, since particle
identification at higher momentum was limited by the
momentum resolution.

The 660 r( 1+3 ) events were divided into five
categories, p-3, e-3, h-3, (IM/h)-3, and miscellaneous
r(1+3), according to how well our particle-identification
systems could identify the isolated track. In the first
three categories the isolated track was identified as a
muon, electron, or hadron. To be in the fourth category,
(ILI, /h)-3, the isolated track was identified as a nonelectron
by dE/dx, but its identity was ambiguous between either
the muon or hadron because the track was outside the
muon system fiducial cuts. The miscellaneous category
consisted of all r(1+3) events not in the above four
categories, that is, those events with isolated tracks which
were not identified as muons and which did not have
well-measured dE/dx. Table I summarizes the identifica-
tion systems and fiducial cuts used for each sample. Fig-
ure 1 shows the dE/dx of the isolated tracks (normalized
to the dE/dx expected for a pion) versus momentum.
The sample regions are also indicated on this plot, along

with curves for dE/dx expected for electrons, muons,
pions, and kaons.

The separation of the r(1+3) events into the five
categories was specifically performed as follows.

(1) Of the events with isolated tracks satisfying the
muon system fiducial cuts (region c in Fig. 1), (a) 89 were
identified by the muon system as p-3 candidates and (b)
273 had isolated tracks which were identified as nonmu-
ons and also had well-measured dE/dx, from which a fit
to the dE/dx distribution gave 76.7+9.2 e-3 and
196.3+ 14.6 h-3 candidates.

(2) Of the events with isolated tracks not satisfying the
muon system fiducial cuts but with well-measured
dE/dx, (a) 32 had isolated tracks with momentum less
than 2 GeV/c and dE/dx more than 4 standard devia-
tions larger than that expected for pions and muons (re-
gion a in Fig. 1) and were added to the e-3 candidates and
(b) the rest were statistically fit to remove electrons, which
gave 162.3+13.8 (p/h)-3 candidates (region b in Fig. 1,
and some tracks .in region c which were outside the muon
system angular coverage).

(3) The 103.7+12.5 events not selected in the previous
categories were classed as miscellaneous r(1+3) candi-
dates.

Four categories of events, h-h, e-p, h-p, , and (p/h)-h,
were selected from the r(1+1) sample according to the
identity of each of the two tracks in the acollinear pair in
the event. Events of the type p-p, p-(p/h), etc. , were not
used in the analysis because of the large background from
z~~ppy, and events of the type e-e, e-h, etc. , were not
used because of radiative Bhabha contamination. The
selection of the four categories is summarized in Table II,
and specifically proceeded as follows.

(1) 146 events were selected as h-h event candidates by
requiring that (a) both the tracks in the acollinear pair
were identified as "nonelectrons" by dE/dx and (b) both
satisfied the muon system fiducial cuts and were identi-
fied as nonmuons.

(2) A set of e-p, and h-Iti, event candidates were initially
selected together by requiring that (a) both tracks satisfied
the muon system fiducial cuts, (b) exactly one of them
was identified as a muon, and (c) the other track had
well-measured dE /dx.

Then, 42.8+7.1 and 151.2+12.7 events were identified

TABLE II. Summary of the ~(1+1) event categorization.

Category Track angular region

Identification of two tracks in the pair
Momentum range

(GeV/c) Polar Identified by

h-h
e-p

(p/h )- h

Both
p
e

P
Hadron
Hadron

p/hadron

&2
&2

0.3—2
&2
&2
&2
&2
&2

0.3—2

35'—50, 57.3'—90'
35'—50, 57.3'—90'
35'—50', 57.3'—90'
35 —50', 57.3 —90'
35 —50, 57.3'—90
35 —50', 57.3 —90
35 —50', 57.3 —90

50 —57.3
35 —90'

Muon system veto and dE/dx
Muon system

dE/dx
Muon system veto and dE/dx

Muon system
Muon system veto and dE/dx
Muon system veto and dE/dx

dE/dx
dE/dx
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TABLE III. Background contributions to the five r(1+3) categories.

Background

Multihadron
Bhabha

e+e ~e+e qq
e+e ~e+e w+~

~(1+1)
1(3+3)
Total

0.7+0.6

0.8+0.5
1.1+1.1

2.6+ 1.3

e-3

0.3+0.3
1.6+ 1.6
1.0+ 1.0
1.9+0.8

4.8+2.1

Category
h-3

9.1+1.8

3.1+1.1
7.3+2.8
1.6+0.9

21.1+3.6

(p/h)-3

5.4+ 1.4

1.5+0.8
2.1+1.5
1.0+0.8

10.0+2.3

Miscellaneous-3

5.1+1.4
3.2+2.3
0.9+0.9
1.9+0.8
2.1+1.5
1.1 +0.8

14.3+3.4

as e-p and h-p candidates by a statistical fit to the dE/dx
distribution of the nonmuon tracks.

(3) A set of 9 events were added to the e-p category
which satisfied (a) one track satisfied the muon system
fiducial cuts and was identified as a muon and (b) the
momentum of the other tracks was &2 GeV/c and its
dE/dx was at least 4 standard deviations larger than the
expected value for pions or muons.

(4) From the remaining unclassified events, 185 (p jh)-
h event candidates were selected with the following selec-
tion criteria: (a) both of the tracks were identified as
"nonelectrons, " (b) one track satisfied the muon system
fiducial cuts and was identified as a nonmuon, and (c) the
other track did not satisfy the muon system fiducial cuts.

V. CORRECTIONS TO THE DATA

We applied corrections to each of these categories of
events for trigger efficiency, geometrical reconstruction
and selection efficiency, background contamination, and
muon-hadron misidentification.

The trigger efficiency was estimated using a trigger
Monte Carlo simulation that had been tuned using
Bhabha and two-photon data. The trigger efficiency
ranged from 57 to 96% depending on the event type, the
number of reconstructed tracks, and the orientation of the
two tracks in the acollinear pair. This simulation was
checked with real ~(1+1) and ~(1+3) events that had a
neutral-energy trigger. The charged-particle trigger effi-
ciency, calculated as the fraction of these events which
also gave a charged-particle trigger, was checked in five
angular regions and subdivided according to the number
of reconstructed tracks. The Monte Carlo trigger efficien-
cies agreed with these measurements. The Monte Carlo
trigger efficiencies were applied to each category of events
according to angle and number of reconstructed tracks.

The geometric reconstruction and selection efficiency
for events in each of the five r(1+3) and four r(1+1)
categories was also estimated using a Monte Carlo simula-
tion. This simulation modeled ~+~ pair production with
a QED cross section accurate up to third order in a and
~ decay with a statistical model adjusted to agree with
published branching ratios. It included a full detector
simulation.

The background contamination to events in each

VI. TOPOLOGICAL AND
LEPTONIC BRANCHING RATIOS

A simultaneous X fit was made to the numbers of
events in the nine categories to determine the branching
ratios B„B„,Bi„Bi(=B,+B„+Bi,), and Bi. The ex-
pected number of events for each of the nine categories
was calculated using the integrated luminosity, the r~ pro-
duction cross section, and the appropriate branching ra-

TABLE IV. Background contributions to the four g(1+1)
categories.

Background

Multihadron
e+e ~e+e v.+~

~(1+3)
e-h

Total

0.5 +0.4
1.5+1.1
3.7+0.7
5.7+1.5

Category
e-p h-p

1.1+0.5

1.1+0.5

(p/h )- h

3.5+ 1.9
1.1 +0.6
6.2+2.2
1.9+0.5

12.7+2.9

category was estimated using a Monte Carlo simulation
for various background sources: multihadron, radiative
Bhabha, p pair, two-photon events, and contamination
from other ~ decay channels. The various background
contributions are listed in Tables III and IV.

A correction was made for hadrons that penetrated the
iron absorber and were misidentified as muons. The
misidentification probability in the central muon
chambers for pions was estimated as a function of angle
and momentum using a Monte Carlo simulation. For
the forward-backward muon chambers, the misidentifica-
tion probability for pions was estimated by taking the ra-
tio of fake muons in hadrons froro three-charged-prong ~
decays in the r(1+3) sample. The "muons" in the three-
charged-prong decays were also used as a check of the
Monte Carlo in the central muon chambers. Averaged
over the momentum and angular spectrum of one-prong
pions from ~ decay, the misidentification probability was
(2.4+0.5) %%uo.

Table V gives a summary of the number of selected
events and the corrections and acceptances for each
category.
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VII. B (w ~E + NEUTRAL PARTICLES)

The branching ratio Bx =B(r ~K +neutral parti-
cles) was measured using single-prong r decays from both
the r(I+3) and r(I+ I) samples. Tracks were selected
which had well-measured dE/dx as defined previously,

50 ! ! ! ! ! ! ! !
I

! ! ! !
I

! ! !

125 :
100

75
CO

CO

D

0

50

! ! ! ! !

(b)

tios and efficiencies. B
& +B3 was constrained to be

99.85%, allowing for the measured 0.15% r five-prong
branching ratio. " A preliminary fit to the nine
categories with the luminosity as a free parameter gave a
luminosity of 79+3(stat) pb ', in good agreement with
the luminosity of 77+5 pb ' measured with wide-angle
Bhabha-scattering events. VA'th the luminosity from the
Bhabha measurement then also used as input to the fit, we
found B =(18.4+1.2+1.0)%%uo B&=(17.7+1.2+0.7)%,
BI, =(48.6+ 1.2+0.9)%, B1

——(84.7+0.8+0.6)%, and
B3——(15.1+0.8+0.6)% (Ref. 12). The first error in these
branching ratios is statistical and the second is systematic,
where the systematic error reflects the uncertainty in the
selection efficiency, the trigger efficiency, and the lumi-
nosity. The ratio of B„/B, is 0.97+0.13 as compared to
0.97 expected from lepton universality. If we assumed
lepton universality and refit with this ratio fixed, we ob-
tained B,= ( 18.3+0.7+0.5)%, or equivalently
B„=(178+0. 7+0. 5)%., where BI„B„and B3 did not
change.

I I I I I I I I I I I I I I I I I I 1 I8

O

C)

2—

0 0.2 0.4 0.6 0.8 1
INVARIANT MASS OF rr rr (GeV/c )

FIG. 3. The invariant mass of m.+m. in Eq candidates select-
ed by vertex criteria. The smooth curve is the background cal-
culated by Monte Carlo simulation.

had momenta & 2 GeV/c (since the expected dE/dx for
kaons crosses over that expected for pions at lower
momentum), and were identified as nonmuons by the
muon system (so that we would not have to allow for
muons in the dE/dx fitting). In addition, for r(1+I)
events both prongs were required to be identified as
"nonelectrons" in order to remove the tails of the radia-
tive Bhabha background. This selection gave 317 tracks
from the r(1+3) sample and 667 tracks from the r(1+ I)
sample.

The dE/dx distribution of these tracks was then fit
with three Gaussian functions, as shown in Fig. 2(a). The
centroids and widths of the functions were fixed to values
derived previously, ' leaving the relative amplitudes as the
only free parameters. The fit yielded 37.0+7.9 kaons.

The selection efficiency for kaons was estimated to be
(10.6+0.3)% by using a Monte Carlo simulation ofr+v.
pair production and decay via ~ ~K v„~E* v,~K m. v„and ~ —+K ~ m v. The Monte
Carlo simulation predicts 1.7+0.9 background events,
mostly due to multihadron events. Combining the
background-subtracted signal (35.3+8.0 kaons) with the

10—

0
0.8 0.9 1 1.1

(dE/dx) / (dE/dx)~

! ! ! I ! ! ! !

FIG. 2. The distribution of the dE/dx, normalized to the ex-
pected dE/dx for pions, for (a) all nonmuon tracks selected
from both r(1+3) and ~(1+1) samples with good dE/dx and
P )2 GeV/c and (b) hadron tracks having y's (E~) 1 GeV) be-
tween 3'—40' cones of the track selected from the ~(1+1) sam-
ple. The solid line in each plot indicates the fit and the dashed
curves show the contributions from various types of particles.
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FIG. 4. The invariant mass of Kzm. —.The smooth curve is
the calculated background.
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TABLE V. The number of selected events and the corrections and the acceptances for each of the nine categories.

Category

p~3
e-3
h-3

(p/h)-3
Miscellaneous z(1+3)

h-h
e-p
h-p

(p/h)-h

No. of selected
events

89.0+ 9.4
108.7+10.8
196.3+ 14.6
162.3+ 13.8
103.7+ 12.5
146.0+ 12.1

51.8 +7.7
151.2 + 12.7
185.0+ 13.6

Background

2.6+1.3
4.8+2.1

21.1+3.6
10.0%2.3
14.3+3.4
5.7+ 1.5

1.1+0.5
12.7+2.9

Correction for
p-h misidentified

—5.6+1.3

+ 4.8+1.0

+ 0.8+1.6
+ 7.0+1.5
—3.4+0.9
—5.2+2.3
+ 4.4+1.0

Trigger
efficiency (%)

96.0+0.3
96.0+0.3
96.0+0.3
96.0+0.3
96.0+0.3
67.3+2.8
67.8
67.3 +2.8
70.0+4.5

Selection
efficiency (%)

17.0+0.7
18.2+0.7
11.9+0.5
6.3+0.3
3.6+0.2
9.8+0.3
9.7+0.5

11.1+0.5
5.3+0.2

luminosity, the detection efficiency, and the theoretical
cross section, the branching ratio Bir was found to be
(1.6+0.4+0.2)%. The first error is statistical, and the
second is the systematic error due to the uncertainty in
the luminosity (5%), the dE/dx analysis (8%), and uncer-
tainty in the relative contributions of the various modes
(3%). Subtracting B& from Bi, ineasured previously, we
obtain a B =B(r ~m. +neutrals) of (47.0+ 1.2+0.9)%.

VIII. B (v' ~K +m + NEUTRAL PARTICLES)

Although our n reconstruction efficiency was too low
to search for neutral pions associated with the kaons
directly, we used the detection of high-energy photons in
the single-prong decay to infer their presence. Of the 667
tracks selected previously from the r(1+1) sample, 217
had energetic photons (Er ) 1 GeV) between 3 and 40 of
the track direction. The cuts were designed to reject
bremsstrahlung photons while maximizing the acceptance
for photons from n. decay. 83% of the photons were
found in the HEX calorimeter, the rest were reconstructed
photon pair conversions from the TPC. The dE/dx dis-
tribution for the tracks with associated photons is shown
in Fig. 2(b). The resulting fit gave 8.6+3.6 kaons.

A detection efficiency of 3.5 0'2% was estimated by
taking the Monte Carlo —calculated efficiency for

~K' v,~K m v and inserting a large positive sys-
tematic error to allow for up to a one-third

~K n. n. v, component (which has a higher detection
efficiency because of the larger nuinber of photons). The
background contamination was negligible according to the
Monte Carlo simulation. Then, following the same calcu-
lation as for Bs-, Bz+ was determined to be

(1.2+0.5+0'4)%. The first error is statistical. The second
is systematic, and reflects the uncertainty in the detection
efficiency (30%), the luminosity (5%), and dE/dx
analysis (11%).

IX. B ( v —+K +NEUTRAL PARTICLES)

The branching ratio B, was measured using the
three-prong decays from r( 1+3 ) events, where
K' (892)~Ksn —~n+m m—. Ks . candidate combina-
tions were formed of opposite-sign tracks in the three-
prong decays. A track pair was accepted as a Kq candi-
date if the following criteria were satisfied: (1) The dis-
tance of closest approach between the tracks was (0.4
cm; (2) the momentum vector of the pair pointed within 2
of the event vertex; (3) the flight path froin the event ver-
tex was between 3 and 50 cm; (4) the angle in the Kq
center-of-mass system between the tracks and the direc-
tion defined by the Ez momentum in the laboratory sys-

TABLE VI. Published measurements and this measurement of branching ratios B, and B„. Mea-
surements marked with a dagger used lepton universality to fix the ratio of B, to B„. Also shown are
the predictions from the measured v. lifetime (Ref. 14).

Collaboration

Mark II (Ref. 19)
PLUTO (Ref. 20)
TASSO (Ref. 21)
CELLO (Ref. 22)
Mark III (Ref. 23)
MAC (Ref. 24)
Average
(Lifetime)
This paper
This paper

(17.6+0.6k 1.0)%
(13.0+ 1.9+2.9)%
(20.42 3.0+Q,'9)%

(18.3 k2. 4k 1.9)%
(18.2+0.7+0.5)%

(17.8+0.5)%
(17.9+0.4)%
(18.2+1.1)%

(18.4+ 1.2k 1.0)%
(18.3+0.7+0.5)%

(17.1+0.6+1.0)%
(19.4+1.6+1.7)%
(12.9+1.7 Q 5)%

(17.6+2.6+2. 1 )%
(18.0+ 1.0+0.6)%%uo

(17.3+0.5)%
(17.2 +0.4)%
(17.7+ 1.0)%

(17.7+ 1.2+0.7)%
(17.8+0.7+0.5)%
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TABLE VII. Published measurements and this measurement of branching ratios B& and B3.

Collaboration

Mark II (Ref. 25)
CELLO (82) (Ref. 10)
CELLO (84) (Ref. 26)
PLUTO (Ref. 20)
TASSO (Ref. 21)
TPC (Ref. 27)
MAC (Ref. 28)
HRS (Ref. 29)
JADE (Ref. 11)
DELCO {Ref. 30)
Average
This paper

Bi

(86+2+1)%
(84.0+2.0)%

(85.2+ 1.9+ 1.3 )%
(87.8+ 1.3+3.9)%
(84.7+ 1.1+1 3)%

(85.2+0.9~ 1.5)%
(86.7+0.3+0.6)%
(86.9+0.2+0.3)%
(86.1+0.5+0.9)%
(87.9+0.5 k 1.2 )%

(86.8+0.3)%%uo

(84.7+0.8+0.6)%%uo

B3

(14+2+1)%
(15.0+2.0)%%uo

{14.8 + 1.5 k 1.3 )%%uo

(12.2+ 1.3k 3.9)%
(15.3+1.1+

) 6)%
(14.8+0.9+1.5 }%
(13.3+0.3+0.6)%%uo

(13.0+0.2+0.3)%
(13.6+0.5 +0.8)%
(12.1+0.5+ 1.2)%%uo

(13.1+0.3)%
(15.1+0.8+0.6)%

tern was ~11.5.
The invariant mass of the 28 K~ candidates which

passed these criteria are shown in Fig. 3, along with the
background expected according to Monte Carlo calcula-
tions normalized to 77 pb '. The 13K& candidates in the
invariant-mass region of 0.45—0.55 GeV/c, with an es-
timated background of 3.6+0.5, were then selected to car-
ry out the K*+—search.

Figure 4 shows the invariant-mass distribution of the
Kz and remaining track combination, with the require-
ment that the momentum resolutions of the Kz and the
other tracks had 6P /P & 25%. The Monte
Carlo —estimated background is also shown. A fit to this
distribution using the known K*— mass and width, our
calculated detector resolution, and the Monte Carlo back-
ground yield 4.6+2.9 K —+. The K'—+ detection efficiency
was estimated to be (6.9+0.4)%. The resulting branching
ratio is B~~ =(1.4+0.9+0.3)%, where the systematic er-

ror is dominated by uncertainty in the background estima-
tion.

X. DISCUSSION

Our measured B, of (18.3+0.9)% (derived using lepton
universality and adding statistical and systematic errors in
quadrature) is very close to the current world average of
(17.9+0.4)% (Table VI), and the predicted value of

(18.2+1.1)% found using the standard model and the
measured r lifetime of (2.90+0.17)X 10 ' sec (Ref. 14).
However, our measured B3 of (15.1+1.0)% is higher than
the current world average of (13.1+0.3)% (Table VII). If
we use our measurement of B, and B3 to do a calculation
similar to Ref. 1, the excess in the one-prong decay mode
is reduced because of our lower B& measurement and be-
cause limits on some contributions to the one-prong mode
are set from the measured three-prong rate, which is
higher in our data. However, including our results in the
world averages does not significantly alter the discrepan-
cy.

Our measurement of B (r ~K +neutral parti-
cles) = (1.6+0.4%) agrees with the DELCO Collabora-
tion' measurement of (1.7+0.3)%. This rate is consistent
with the sum of theoretically estimated contributions
to this single-prong mode of 0.7, 0.4, 0.3, and 0.2% from

~K v, ~ ~K v, ~ ~K K v, and
~p(1600)v ~K K vr v„respectively; however, the esti-
rnates for the last two modes are rather uncertain. ' Our
measurement of the r branching ratio to (K n +neutral
particles) of (1.2+0.6)% can be compared to 1.0+0.4 ob-
tained by taking the difference between the inclusive K
branching ratio above and measurements of
B(7. ~K v, ) of (1.3+0.5)% and (0.59+0.18)% by the
Mark II (Ref. 16) and DELCO (Ref. 15) Collaborations.
The theoretically estimated contributions from the four
exclusive modes above are 0.0, 0.4, 0.1, and 0.2%, respec-
tively, in reasonable agreement with our result. Our mea-

TABLE VIII. Our measurements of ~ branching ratios for modes involving kaons, comparable published measurements, and
theoretical estimates.

Collaboration

Mark II (82) (Refs. 16 and 17)
Mark II (86) (Ref. 18)
DELCO (Ref. 15)
This paper
Theory

B(w— K-
+ neutral particles)

(1.71+0.29 )%
(1.6+0.4+0.2)5

1.6%

B(~—~K—v, )

(1.3+0.5)%

(0.59+0. 18)%%uo

0.7%'

B(~— K —r
+ neutral particles)

1.2+0.5+0 4)%%uo

0.7%

B(~-+

+ neutral particles)

(1.7+0.7)%%uo

(1.3+0.3+0.3)%

(1.4+0.9)%%uo

1.4%

'Estimate does not include possible contribution from r—+~K—+KLv with undetected KL.
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surement of the inclusive branching ratio to IC' of
(1.4+0.9)% can be compared to the results of Mark II at
SPEAR (Ref. 17) and at SLAC PEP (Ref. 18) Collabora-
tions of B(r ~K* v, ) equal to (1.7+0.7)% and
(1.3+0.4)%, and to expected contributions from the four
exclusive modes above of 0.0, 1.2., 0.0, and 0.2%. These
results are summarized in Table VIII.

In summary, we have used the particle-identification
abilities of the TPC facility to measure decay branching
ratios of the r lepton to electrons, muons, charged pions,
kaons, and the K' (890) resonance. The results agree

with other experiments and with expectations from the
standard model.
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