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ABSTRACT

The branching fractions for the major decay modes of the 7 lepton are mea-
sured from a sample of tagged 7 decays selected from 717~ pairs produced in
ete™ annihilation. The decay products of one member of the 77~ 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 7 decays. The
sample is divided into categories based on charged and neutral particle multi-
plicities, and charged particle identification. The branching fractions are mea-
sured simultaneously, with an unfold technique and a maximum likelihood fit,
with the sum of the branching fractions constrained to be unity. The branch-
ing fractions for the decay modes = — v, K~ and 7= — v, K*~ are fixed at
the world averages in the fit. The following branching fractions are measured:
B(r~ — ve ) = (19.1 £ 0.8 + 1.1)%, B(r~ — v;p~5,) = (18.3 +£0.9 + 0.8)%,
B(r~™ = vpm7) = (10.0 £ 1.1 £ 1.4)%, B(r~ — vyr~7°) = (25.8 £ 1.7+ 2.5)%,
B(r~ — v~ (n7%n > 1)) = (12.0 £ 1.4 + 2.5)%, B(r~ — vy atr™) =
(6.7 £ 0.8 £0.9)%, and B(r~ — vy~ ntr (na%n > 0)) = (6.1 + 0.8 £+ 0.9)%.
The total branching fraction to one charged pion plus at least one neutral hadron
is measured to bé (%7.8 +1.2 + 1.0)%. Limits on allowed decay modes involving

the n meson are discussed.



I. INTRODUCTION

The production and decay of the tau lepton has been extensively studied at
ete™ storage rings. Measurements of the total cross section, differential cross
section, lifetime, and ratios of branching fractions agree well with the standard
model. However, the sum of experimentally measured ezclustve branching frac-
tions to final states containing one charged particle is significantly smaller than
the measured tnclusive branching fraction to final states containing one charged
particle.1 The size of the discrepancy is about (9 + 2)%.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 decay modes of the r
are measured simultaneously with the sum of the branching fractions constrained
to be unity. The measurement is based on a sample of 7 decays selected from
207 pb~! of data accumulated with the Mark II detector at the PEP ete™ storage
ring operating at a center-of-mass energy of 29 GeV. Tau-pair events are identi-
fied from the decay products of one of the produced 7 leptons with the opposite
member of the pair then included in the sample of 7 decay candidates.® The
sample is divided into subgroupvs according to charged and neutral particle mul-
tiplicity, and charged particle identification. The branching fractions are then
measured by means of an unfold technique and a maximum 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 involving the



7 meson.

II. APPARATUS AND DATA ACQUISITION

The data sample for our measurement was accumulated with the Mark II
detector® at the ete~ storage ring PEP at the Stanford Linear Accelerator
Center. The detector is shown in Figure 1 and the components pertinent to this

measurement are described briefly below.

Multilayer cylindrical drift chambers in a 2.3 kG solenoidal magnetic field
measure charged particle momenta with a resolution of o, /p = ((0.02)%+(0.01p)?)1/2
where p is the momentum in GeV/c. The drift chamber system consists of an
inner high resolution drift chamber with seven concentric layers of sense wires
and an outer drift chamber with sixteen layers of sense wires, six of which are
parallel to the beam pipe and ten of which are rotated by about +3° to determine

the momentum component along the beam axis.

Time-of-flight (TOF) scintillation counters at a radius of 1.5 m measure flight
times with a resolution of ~ 320 ps for particles with |cos8| < 0.76 where 0 is
the angle between the track and the electron beam. The TOF system is part of

the charged particle trigger and is also used to reject cosmic rays.

Eight lead-liquid argon {(LA) calorimeter modules covering 65% of the solid
angle detect electromagnetic showers with an energy resolution of og/E = 0.14E —1/2
where E is the energy in GeV. Each module consists of 37 layers of 2mm thick
lead separated by 3 mm liquid argon gaps. The lead layers are alternately ground
planes and ionization collecting high voltage strips which provide spatial infor-
mation. Some of the readout strips in the same position in different layers are

ganged together to reduce the number of readout layers in depth from 18 to 6.



Endcap shower counters consisting of two layers of lead sheets and propor-
tional chambers cover the polar region between approximately 15° and 30°. The
energy resolution for photons and electrons is og/E = 0.50F ~1/2 where E is the

energy in GeV.

Four walls of alternating layers of iron hadron absorber and proportional
tubes provide muon identification over 45% of the solid angle. Each wall consists
of 1 meter of iron and four layers of proportional tubes. The minimum momen-
tum required for a normally incident muon to penetrate all four layers is about
1.8 GeV/c. The proportional tubes in the inner layer of each wall run perpendic-
ular to the beam axis and thus provide spatial information for the polar angle
6. The tubes in the outer three layers run parallel to the beam axis and thus

provide spatial information for the azimuthal angle ¢.

The detector is triggered by various combinations of charged particles and/or
energy deposited in the calorimeters. All events used in this analysis correspond
to the charged particle trigger which requires at least two charged particles with
momenta transverse to the beam axis greater than ~ 70 MeV/c entering the

TOF counters.

ITI. EVENT SELECTION

We attempt to make an unbiased selection of 7 decays by using the decay
products of one 7 in the pair to tag the event. The opposite 7 decay is then
included in the sample (called the candidate sample or tagged sample) if it sat-
ifies the appropriate invariant mass and charged multiplicity cuts. If the decay
products of both 7’s pass the criteria for a tag, both are included in the final

sample of tagged r-decay candidates.



Two different tags are used in this analysis to produce two distinct samples of
tagged 7-decay candidates. One tag corresponds to a single charged hadron and
is referred to as the one-prong tag; the other tag corresponds to three charged
particles and is referred to as the three-prong tag. In both tags, a limited number
of neutral energy clusters is allowed. These tags are described in detail below.
The tau-candidate samples corresponding to the two tags have different potential
sources of background and slightly different systematic errors. Therefore, they
provide an important cross check on the final results.

A. Overall cuts

We require that the event satisfy the following criteria to reduce the back-

ground from beam-pipe or beam-gas events and from two-photon events:

1. |2y| < 20 ¢m where 2, is the vertex position along the beam direction rela-

tive to the beam collision point;
2. > 2 charged tracks each with |cos 6| < 0.7;

3. E > E"—gm ~ 3.6 GeV where E_, is the sum of the energy of all charged

tracks in the event and Ej,,,, is the beam energy;

4, Eior > Eﬁfim ~ 7.2 GeV where Ej,; is the sum of the energy of all charged
tracks plus the energy deposited in the calorimeters by photons or other

neutral particles.

However, the following classes of events are ezempt from the last two cuts de-

scribed above:

1. any event containing a track with momentum greater than 1.25 GeV/c and

with LA calorimeter information consistent with an electron;

2. any event containing a track with associated hits in at least three levels of



the muon system.

B. The one-prong tag

Selection Criteria Each event is divided into two hemispheres by the plane per-

pendicular to the thrust axis of the event. All charged tracks and all neutral
energy clusters with energy greater than 500 MeV deposited in the LA or end-
cap calorimeters are used in the calculation of the thrust axis. The one-prong

tag corresponds to one hemisphere of the event with the following properties:

1. The hemisphere contains exactly one charged track which projects into the
active volume of the LA calorimeter and the muon system, is identified
as definitely not being an electron or a muon, and has momentum below
10 GeV/c and above 2GeV/c. The electron and muon rejection criteria
are described below. The total visible (charged plus neutral) energy in
the hemisphere is less than 12 GeV. These criteria reject QED events of
the type ete™ — ete (7), ete™ — utu=(7), ete~ — ete ete, and
ete” — ete utu—.

2. The hemisphere contains three or fewer neutral energy clusters with energy
greater than 500 MeV . The invariant mass of the charged particle (assumed
to be a ) plus neutrals is less than 1.5 GeV/c?. These criteria reject

hadronic events.

The major decay modes of the 7 which have the above properties are 7= —
vrp~, 7~ — vy~ and 77 — vy 270 for which the previously measured branch-
ing fractions are about 22%, 10% and 8%, respectively. They contribute approxi-
mately 53%, 31% and 16%, respectively, to the tag assuming the above branching

fractions.



At this point, a cut is made on the charged particle multiplicity and the invari-
ant mass of the charged and neutral particles (assumed to be pions and photons,
respectively) in the tau-decay candidate opposite the one-prong tag. Candidates
with more than 3 charged particles or with mass greater than 2.5GeV/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 7 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 expected 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



discussed 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 particles 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
ete~ pair. This cut rejects ete™y and utpu~~ events in which the photon

converts to an ete™ pair.

4. The hemisphere contains two or fewer neutral energy clusters with energy
greater than 500 MeV. The invariant mass of the charged particles (as-
sumed to be pions) plus neutrals is less than 1.7 GeV/c2. These criteria

provide rejection against hadronic events.

5. Each charged track (assumed to be a pion) and neutral track in the hemi-
sphere is boosted into the rest frame of a 7 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 7 decays



assuming no initial or final state radiation. Events are accepted if p* is
less than 750 MeV /c. For 7~ — v,m~ntr~(x°), 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 hadronic jets containing 3 charged particles have
p* less than 750 MeV /c. Jets produced via the two photon interaction are

also very unlikely to satisfy this condition.

The major decay modes of the 7 which have the above properties are 77 —
vrr~ntr~ and 7 — vyt w70 for which the previously measured branching
fractions are about 8% and 5%, respectively. They contribute approximately 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 tau-decay candidate opposite the
tag. Candidates with more than 3 charged particles or with mass greater than
2.5 GeV /c? are rejected. The number of 7 candidates which pass all of the criteria

for the three-prong tag is 1475.

IV. UNFOLDING THE BRANCHING FRACTIONS

A. Observed topologies

To determine the branching fractions, the tagged 7 decays 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 modelled by the Monte Carlo simulation
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program so that the systematic 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 7 decays are divided into subgroups according to the number
of charged particles in the hemisphere. If there is one charged particle, the decay
is further classified according to the identification of that particle. Muons are
defined to be tracks with momenta greater than 2 GeV /¢ 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 identified from an algorithm5 based on measurements of
the ratio r; = E;/p, where E; is the energy deposition in the neighborhood of
the track in one of four groupings, + = 1,2,3,4, of readout layers in the LA
calorimeter. The first three groupings combine all layers in the first 8 radiation
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 appropiate minimum value rf"i”. A track must have momentum greater

than 1 GeV /¢ 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 identification algorithms just described. Therefore, pion
identification is only possible for tracks which project into the fiducial volume of
the muon system and the LA calorimeter 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 according to the direction and momentum of the

track and its interaction with the muon system or LA calorimeters:

11



1. electron (e),

2. muon (u),

3. pion (),

4. not an electron (e),

5. not a muon (f),

6. no particle identification because of insufficient track momentum (z,),
7. no particle identification because of track direction (z;).

The details of the criteria for each of the above seven classifications are given in
Table 1. For example, consider a track with momentum greater than 2GeV/c
which projects 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 classify
it as an electron or a pion. Therefore, the track is classified as not being a muon
(R).

To separate different modes involving one charged hadron, the tagged 7 de-
cays 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 inter-
actions 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 clusters with at least 650 MeV of energy. The
candidates corresponding 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

12



photon in the three-prong-tag sample is lower. To increase the number of photons
detected, the minimum energy cutoff is reduced to 500 MeV for the three-prong-
tag sample at the expense of increasing the number of spurious photons. These
cutoffs are varied to estimate the sensitivity 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 2). Candidates in category 1 (an electron) and category 2 (a muon) with
one or more neutrals 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 leptonic decays.

To separate modes involving three charged particles, the tagged tau 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 hemisphere. All
of the topologies are shown in Table 2 along with the number of 7 decays in
each for the tau-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 € is determined whose
elements ¢;; correspond to the probability of detecting a 7 which decayed via
mode j in the 1th topology category. Let the number of events observed with
topology ¢ be N;. The procedure is to find the set of branching fractions B; which

results in an ‘expected’ distribution M;, calculated from the efficiency matrix €ifs

13



which maximizes the log of the Poisson likelihood }_; N; In M;.

The minimization program MINUIT® is used to find the set of branching frac-
tions which maximizes the log likelihood. The program is also used to estimate
the errors on the branching fractions by the standard technique of associating a
change in the log likelihood with confidence levels for a normal distribution.

C. Monte Carlo simulation

The Monte Carlo simulation is based on an event generator for ete™ —
7777 () written by F. A. Berends and R. Kleiss’ which includes the emission of
real photons from the initial and final state leptons, virtual radiative corrections
to the lepton-photon vertex, multiple photon exchange and vacuum polarization
corrections. The generated 7’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. The following decay modes are
included: 77 — vreTDe, TT = VpUTDL, TT S VT, T o UppT, T — VAT,
77 = v (47)", 77 - 1, K™, and 7~ — v, K*~. Breit-Wigner mass distributions
with the known masses and widths are used for the p, K* and A;. The mass of
the 47 mode is distributed according to isotropic phase space in the 7 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, decaying according to the
known lifetimes and branching fractions. Multiple scattering, bremsstrahlung
and photon conversions are simulated. The simulation of electromagnetic inter-
actions in the LA system is based on the EGS shower code.® The simulation of
hadronic interactions in the LA system is based on a library of real pion interac-

tions recorded in a pion beam test.

14



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 lepton identification is estimated from two sources of known leptons
in the data: single photon production of ete™ and utu~ pairs, and two photon
production of eTe~ and utu~ 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 probability 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 2GeV/c to 92% at 14 GeV/c. The identification
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 efficiency 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 and the data. Of course, the efficiency also depends slightly on the

azimuthal angle for the same reason.

Electron Identification The probability that an electron passes the electron iden-

tification criteria is estimated from an unbiased sample of electrons from single

15



and two photon production of electron pairs. For the sample of known electrons
from radiative Bhabha events, the electron 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.

Pion Identification For the purpose of this analysis, a pion is defined to be a

track which meets the momentum and fiducial volume criteria for u/7 and e/x
discrimination 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 levels of the
muon system is determined with pions from three-prong decays of the tau. 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 7 to uv, 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 because there is no overlap of hits from
other tracks. However, 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 tau. This
probability is slightly higher for isolated pions. The efficiency for e/7 discrimi-
nation 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 7 with no detected

16



neutrals than for those with a detected neutral, in both the data and the Monte

Carlo.

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 important.

Photon Identification Photons are identified with an algorithm 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 a.nahlys‘is,9 it was found that the probability of finding
a spurious photon in a three-prong 7 decay is about (50+:25)% higher in the data
than in the Monte Carlo with a minimum energy cutoff of about 600 — 800 MeV .
The appropriate elements in the efficiency matrix are adjusted accordingly for
both the single-prong and multi-prong decays.

E. Angular distribution

The angular distribution of the 7 candidates in the sample affects the particle
identification efficiencies because of the limited active volume of each detector
component. The decay products from the two 7’s are quite collinear because of
the large boost due to the high momentum of each 7 in the laboratory frame.
Therefore, the direction of the decay products in the 7 sample is correlated with
the direction of the decay products in the tag. Consequently, agreement between

the angular distribution of the tag in the data and the Monte Carlo provides a
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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 Figure 2 for the data and the 7 Monte Carlo. Figure 2a shows the
| cos 8] distribution where 6 is the polar angle relative to the beam; Figure 2b
shows the azimuthal angle ¢ 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 calorimeter. The large gaps in ¢,
45° from the horizontal plane, correspond to gaps between the four walls of the
muon system. The smaller gaps in ¢, at 0° and 90° from the horizontal plane,
correspond to the gaps between the eight LA modules. The agreement between

the Monte Carlo and the data is good.

The distribution of the polar angle for the three charged tracks in the three-
prong tag is shown in Figure 3 for the data and the r Monte Carlo. The agreement
is quite good. Since there is no electron or muon identification criteria applied
to the three-prong tag, the distribution of tracks is flat in ¢.

F. Momentum distribution

The momentum distributions of the tagged particles affects the particle iden-
tification efficiency because of the minimum momentum cut-off of 1 GeV /¢ for
electron identification and 2 GeV /¢ for muon identification. The momentum dis-
tributions of all single charged particles in the tau-candidate samples are shown
in Figure 4a and 4b for the one-prong tag and the three-prong tag, respectively.
The distributions are shown for both the data and the Monte Carlo. The branch-
ing fractions affect the distributions since the momentum spectrum is different

for each decay mode. The branching fractions used in the Monte Carlo are close
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to those measured with the data. The fact that the agreement is quite good
indicates that the background contributions to the samples are not large.

G. The efficiency matrix

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 3 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 tau-decay
candidates corresponding to the one-prong tag. The errors on the relative effi-
ciencies 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 uncertainty in the bias results in an equal frac-
tional 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 per cent) 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 4. This matrix
is less diagonal than that for the one-prong tag. For example, if a 7 decays via
the mode 7~ — v~ D, and is tagged, the probability that it is classified as a
muon (category 2) is about 58% for the one-prong tag and about 34% 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 7’s in the pair are quite collinear, 7
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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.

V. BACKGROUNDS

The potential sources of background are single photon production of ete™
and Ty~ pairs, two photon production of ete™, utpu~, 77~ and ¢q pairs, and
single photon production of ¢§ pairs leading to hadronic jets. The estimated
background from each source is discussed below and summarized in Table 5.
The discussion of backgrounds from two photon production of 7 pairs and ¢gq
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 tau pairs

A sample of Monte Carlo simulated events of two photon production of tau
pairs, equivalent to an integrated luminosity of about 270 pb~1, 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 tau-candidate sample.
The background contribution from ete™ — ete™ 77~ expected in 207 pb~1, is
(35 & 5) events for the one-prong tag and (15 + 3) for the three-prong tag. This
background constitutes (2.14+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 is used to determine the contribution of this background to each

category separately.
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About a third of the 7 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 Ep.g,, /2 is not accepted
unless it contains an electron with p > 1.25GeV /¢, or a track with associated
hits in three of the four muon chamber levels. Since the LA calorimeters cover
a larger solid angle than the muon system, an event with an electron in it is
more likely to pass than an event with a muon in it. Secondly, 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 /¢, while that for
electron identification is only 1 GeV/c. This background constitutes (4.4 +£1.2)%
of the electron signal in the sample corresponding to the one-prong tag.

B. Background from two photon production of ¢g

The overall event criteria E.; > Epeqm/4 and Etot > Epegnn/2 if none of the
tracks in the event is identified as an electron or a muon (see Sec. III) eliminate
most background from two photon production of ¢g pairs. In addition, the cut on
p* for the three-prong tag, and the requirement of a track with at least 2GeV /¢
momentum at |cos 8| less than about 0.6 for the one-prong tag, provide rejection
against this background.

C. Backgrounds to the one-prong tag

Leptonic Backgrounds The background due to electrons and muons satisfying

the lepton rejection criteria for the single charged partcle in the one-prong tag is
estimated as follows. All of the criteria for the one-prong tag, ezcept the lepton

rejection cuts, are applied to Monte Carlo simulations of single and two photon
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production of lepton pairs. This results in a large number of events passing the
momentum cuts and fiducial volume requirements 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 unbiassed sample of 4923
muon candidates from the data (see Appendix B) which pass the fiducial volume
criteria for muon rejection. The measured muon rejection inefficiency is (0.14 +
0.05)%. The electron rejection efficiency is measured from an unbiassed sample
of 15555 electron candidates from the data (see Appendix B) with momentum
greater than 1 GeV/c and less than 14 GeV /¢, projecting into the active volume of

the LA calorimeter. The measured electron rejection inefficiency is (0.1510.03)%.

The measured muon and electron rejection inefficiencies plus the Monte Carlo
simulations lead to the estimated backgrounds shown in Table 5 for single and
two photon production of lepton pairs. The distribution of the background among
the various topologies is also determined from the Monte Carlo. For single photon
production of lepton pairs, most of the events which pass the selection criteria
correspond to the production of a photon and two leptons with aproximately

equal energy in which the photon travels down the beam pipe and is undetected.

Background from Single Photon Production of ¢q¢ The background in the tau-

candidate sample from hadronic events is estimated from the invariant mass
distribution of the candidate 7 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 invariant mass of the

charged particles and neutrals is calculated for each candidate 7 decay. In the
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sample before the cut on invariant mass, (14 &+ 2)% of the candidates have an
invariant mass greater than 2.5GeV/c?. For a similar sample of 7 decays in
the Monte Carlo, only (2.8 + 0.7)% have mass greater than 2.5 GeV/c2. 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 GeV/c?. These numbers are used to estimate that 28 4- 6 of the
255 two and three prong 7 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 neutral in the three
prong jet. This is used to determine the distribution of the background between

the topologies with zero or greater than zero neutrals.

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 hadronic sample with one charged particle in one hemisphere 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 Two Photon Production of Lepton Pairs The poten-

tial sources of background to the three-prong tag are single and two photon pro-
duction of lepton pairs with intial or final state radiation in which the radiated
photon converts to an eTe™ 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 rejection of events in which the

total energy (charged plus neutral) in the three-prong tag is greater than 14 GeV
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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 multiplicity 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 handscan of all events in the data
with the 7 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 Production of ¢ — § 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 < 1.7GeV/c?). From a Monte Carlo simulation of 7-pair produc-

tion, it is determined that (84 £ 1)% of 7’s decaying to three charged particles

24



pass the p* cut.

The sample of 7 candidates tagged with the three-prong tag contains 567
decays with two or three charged particles before the p* and invariant mass cuts
have been applied to the three-prong tag, and 265 events after the p* cut. Using
the known fraction of hadronic jets and 7 decays 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 7 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 7 candidates tagged
with the three-prong tag leads to an estimated hadronic background of 10 4 2

events or (0.8 & 0.2)% of the one prong sample.

The distribution of the hadronic background among topologies with different
numbers 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.
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VI. RESULTS

A. Measured branching fractions

The background subtracted distributions of tau-decay candidates correspond-
ing to the one-prong tag and the three-prong tag are shown in the second col-
umn for each tag in Table 2. A maximum likelihood fit is used to estimate the
branching fractions from these background subtracted 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
branching fractions for 7~ — v,7727° and 7~ — v, 7~37° 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. Consequently,
the three categories with a charged pion (7, € or ) and three, four or more than
four photons are combined into one category for the fit. Also, the decay modes
= — vy~ 27% and 7~ — v, 370 are combined assuming a nominal value of
four for the ratio of B(r~ — v;n~27°%) to B(r~ — v,n~37°) 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 /7 separation is attempted in this analysis, the branching fractions
for 77 — v, K~ and 7~ — v, K*~ are fixed at the measured values of (0.6+0.2)%
by DELCO" for 7~ — v, K~ and (1.3 + 0.4)% by Mark II'" for 7~ — v, K*~.

The distribution corresponding to the branching fractions which result in a
maximum of the likelihood function are shown in the third column of Table 2 for
the samples corresponding to each tag. The measured branching fractions are

shown in Table 6. The first error listed for each measurement corresponds to a
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half unit change in the log likelihood.

B. Systematic errors

Systematic errors are introduced by uncertainties in particle identification
efficiencies, relative overall efficiencies for each decay mode, and background es-
timates. The size of the uncertainties are discussed in the following sections and

the resulting systematic errors are summarized in Table 7.

Particle Identification 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%, 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 pion identification efficiencies equal to the uncertainty.

In addition, the analysis is repeated using different cutoff values of r{’""‘ for
e/ discrimination where a low cutoff 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,{ni" 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 uncertainty in the probability for a pion to pass the identification criteria

for a muon is estimated to be 30%. The effect of this uncertainty on the results

is negligible.
As described in Sec. IV, the number of spurious photons in the data is esti-
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mated to be higher than the number predicted by the Monte Carlo by (50+25)%.
The number of spurious photons is varied within this estimate to determine the
dependence of the branching fractions on photon identification. The sensitivity
to photon identification is also estimated by varying the cutoff used for the min-
imum energy of a neutral energy cluster. The results for B(r~ — v,7~7°) and
B(r~™ — v;mT(2 or 37°)) are the most sensitive to this cutoff since a low cutoff
increases 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 7~ — v;m~27° and 7~ — v,7~37° are combined assuming
a nominal value of four for the ratio of B(r~ — v,7~2x°) to B(r~ — v,7~37°)
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.

Relative Overall Efficiency The uncertainty in the branching fractions due to

the bias in the sample is directly proportional to the uncertainty in the relative
overall efficiency for each decay mode. These relative efficiencies, determined
from the Monte Carlo, are listed in Tables 3 and 4 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. For
example, in the one-prong-tag sample, the relative efficiencies do not depend on

whether the tag correspondsto 7= — v,7~ or 7~ — vp~.
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The Monte Carlo does not predict any significant differences in efficiency
for different decay modes for the sample corresponding to the one-prong tag.
However, it does predict that the electron and muon decay modes are slightly
more likely to be included in the sample corresponding to the three-prong tag.
The uncertainty in the relative overall efficiency for each decay mode is estimated
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%.

Background Estimates The errors due to the uncertainty in the backgrounds

are estimated by varying the backgrounds within the ranges shown in Table 5.
The background from each independent source is varied separately. The errors
from the uncertainties in background are generally small compared to the overall

systematic errors.

Summary of Systematic Errors A summary of the absolute systematic errors for

each branching fraction is shown in Table 7. The major contributions to the sys-
tematic errors for the leptonic decay modes are the uncertainties in the relative
overall efficiencies and the particle identification efficiencies. For the hadronic
modes, the major contribution to the error is the uncertainty in photon identifi-
cation. For all 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 7 for the sum of the branching fractions for

the decay modes 7~ — v;m~ 7% and 7= — vy~ (2 0r 37°). The systematic error
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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 7 candidate samples corresponding
to the one-prong tag and the three-prong tag are shown in Table 6. For each
branching fraction, the first error is statistical and the second is systematic.
The statistically weighted average of the measurements corresponding to the two
tags is also shown for each branching fraction. The systematic error for the
weighted average is obtained by averaging systematic errors common to the two
samples linearly (for example, particle identification efficiency), and independent

systematic errors quadratically (for example, backgrounds).

In the Monte Carlo, the maximum number of 7%’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 involving more 70’s will
be included in the measured branching fraction with the largest number of 7%’s.

The decay modes listed in Table 6 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 fraction 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
(12.84:1.0£0.7)% which is in good agreement with our recent measurement 2

of (12.5 + 0.5 + 0.8)% and with the world average of (13.2 & 0.2)%. The
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ratio of B(r~ — vy~ 7 tn7) to B(r~ — vy~ n T~ 70) is also in agreement
with the world :-J,verage.13

. For each tag, both leptonic branching fractions are found to be about one
standard deviation higher than the world a,vera,ge.13 The measured lep-
tonic branching fractions correspond to a 7 lifetime of (3.0+0.2) x 10713,
The average measured 7 lifetime'® is (2.8 +0.2) x 10713 5. Therefore, the
leptonic branching fractions measured in this analysis are consistent with

the measured 7 lifetime.

. The theoretical prediction’ for the ratio of B(r~— — vym~) to B(r~ —
vre~D,) is 0.607. Combining this with the measured leptonic branching
fractions from this analysis leads to a prediction of B(r~™ — v,7n™) = (11.4+
0.6)% which is (1.4 £ 1.9)% higher than the measured value of (10.0+1.1+
1.4)%.

. The measurements of the branching fractions for the decay modes 7= —
vy~ % and 7= — vy7m (2 0r 37°) have large errors which are highly cor-
related. The sum of these two measurements is (37.8 + 1.2 + 1.0)% where
the errors have been recalculated for the sum with the correlations taken
into account. The theoretical prediction for the sum of the branching
fractions for 7= — vyp~, 77 — v 270, and 7~ — v, 7370 is about
32.0%" for a r lifetime of 3.0 x 10~13 5. Therefore, the measured value for
B(r~ — vy~ (nn%),n > 0) is larger than predicted by theory by about
(5.8 £ 1.5)%. This difference indicates a larger branching fraction to one
charged pion plus multiple neutral pions than expected from theoretical
predictions, or the presence of other decay modes, such as those with an 5

in the final state. Limits on the allowed decay modes which include an 7
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are discussed in Appendix A.

D. Conclusions

The leptonic branching fractions measured in this analysis are about one
standard deviation higher than the world average of previous measurements 13
and correspond to a 7 lifetime of (3.0 £ 0.2) x 10713 s which is consistent with
the world average measured 7 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 definitively the source of
the discrepamcy1 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 n meson (excluding 7~ n7° from the p(1250) resonance or from non-resonant

decay) is expected to be less than about 2.4%.

This analysis demonstrates the feasibility of measuring the branching frac-
tions of the 7 lepton using a tagging technique and a constrained fit. The main
limitation in the analysis is the limited geometrical acceptance and spatial reso-
lution for neutral particle detection. A similar technique applied to other exper-
iments with large data samples and good electromagnetic calorimetery at ete™
storage rings would be helpful in providing further elucidation of the unidentified

decay modes.
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APPENDIX A: LIMITS ON DECAY MODES INVOLVING THE n

The possible decay modes with an n in the final state are summarized in
Table 8 along with the quantum numbers and possible identity of the resonance.
Since the n decays to two charged particles approximately 30% of the time,
the decay 7~ — vyn nntn~ results in five charged particles in the final state
30% of the time and the decay 7= — v,7m~nn results in five charged particles
9% of the time. The efficiency for reconstructing these modes as five charged
particles is compared to the efficiency for detecting 7~ — v, 5770 with the final
state distributed purely according to phase space which is used in the Mark II
measurement of 7= — v, 57+ (7r0).14 The efficiency for detecting the five prong
mode of 7~ — vy w7~ is the same as for 7~ — 5770 but the efficiency for
detecting the five prong mode of 7~ — v, 7777 is only about half of the efficiency
for 7~ — v,57% 70, Therefore, the measured branching fraction of (0.141+0.04)%

14 15

for 7= — 1,57 (70) can be used to set the following limits:

B(r~ = vy prtnT) < B(r™ — vy 57 (7°)) /0.3 ~ 0.5%,

B(r~ > vy ) < 2 X B(r™ — v, 57% (7)) /0.09 ~ 3.0%.

Also, isospin conservation predicts B(r~ — vy~ na’n%) < B(r~ — vyrpataT).

A limit can be set on the branching fraction for the mode 7= — v, 7 nn°
assuming that it occurs via the p(1600) resonance. The branching fraction of
the p(1600) to 7~ nx° is approximately 7% and to 47 is approximately 60%.°
Assuming a total branching fraction of the r to 47 of 6%, as predicted by Gilman
and Rhie,1 and assuming that all of the 47 decay mode is from the p(1600),

the branching fraction of the 7 to v;m 77 through the p(1600) resonance is
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% x 6% which is equal to 0.7%. Since the branching fractions

approximately
of p(1250), the first radial excitation of p(770), are not known, a limit cannot be

set on the v,7~n70 final state through the p(1250) resonance.

The expected contribution of decay modes involving the n to the branching
fraction for final states containing only one charged pion and multiple neutrals
is shown in Table 8. The total contribution excluding 7 ~n7° from p(1250) and
non-resonant 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 iden-
tification efficiencies (for the tagged sample) are estimated from two sources of
known leptons in the data: single photon production of ete™ pairs with initial
or final state radiation and pu*p~ pairs with or without initial or final state radi-
ation, and two photon production of ete™ and u*u~ pairs. The radiative lepton
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 ete™ 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
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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 reject 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 12GeV /¢ and
the net momentum in the event transverse to the beam is less than 300 MeV /ec.

Again, information from the TOF system is used to reject cosmic ray events.

For all of the above samples, each charged track is tested with strict lepton
identification criteria. For the nonradiative 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 unbiassed sample of electrons and muons with a small contamination from

7-pair production. The total number of electron candidates is 15555 and the

total number of muon candidates is 4923.
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TABLE CAPTIONS

. Criteria for classification of a single charged particie.

. The topological distribution of the raw tau-candidate samples correspond-
ing 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.

. Monte Carlo generated efficiency matrix for the one-prong tag. The effi-

ciencies in the third through last columns are expressed in per cent.

. Monte Carlo generated efficiency matrix for the three-prong tag. The effi- .

ciencies in the third through last columns are expressed in per cent.
. Estimated background in the one-prong and three-prong tag samples.

The measured branching fractions in per cent. For each measurement, the
first error is statistical and the second is systematic.
Absolute systematic errors (in per cent) for the measurements correspond-

ing to the one-prong tag and the three-prong tag.

Possible decay modes with an 7 in the final state, the corresponding ex-
pected resonances and limits on the branching fraction of the tau through

this decay mode to final states containing one charged particle.
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FIGURE CAPTIONS

1. Isometric view of the Mark II detector.

2. Angular distribution of the single charged track in the one-prong tag. The
histogram corresponds to the Monte Carlo and the symbol X corresponds
to the data. Figure 2a shows the distribution of tracks as a function of
| cos 8| where 8 is the polar angle of the track relative to the beam. Figure
2b shows the distribution of tracks as a function of the azimuthal angle

relative to the horizontal plane.

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

to the data.

4. Momentum distributions of single charged particles in the tau-candidate
samples corresponding to the one-prong tag (a) and the three-prong tag
(b). The histogram corresponds to the Monte Carlo and the symbol x

corresponds to the data.
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Table 1

Class Momentum In Muon System In LA Criteria
Range Fiducial Vo!ume Fiducial Volume
€ p>1GeV/c yes ri > rmin
U p>2GeV/c yes 4 muon layers hit
vy p>2GeV/c yes yes ri < rpn
< 4 muon layers hit
€ 1<p<2GeV/c yes ri < rfin
p>2GeV/c no yes r; < rmim
I p>2GeV/c yes no < 4 muon layers hit
Zp p<1GeV/c
1<p<2GeV/ec no
z4 p>2GeV/e no no




Table 2

Category Particle # of One-Prong Tag Three-Prong Tag
Identification Photons | Raw Sample | Background | Best | Raw Sample | Background | Best
' Subtracted | Fit Subtracted | Fit
1 e 0 261 242 243 219 213 211
2 7 0 170 166 159 109 109 103
3 T 0 169 167 164 78 73 73
4 € 0 120 116 126 189 187 190
5 I 0 30 28 23 19 19 15
6 Ty 128 127 128 166 164 166
7 T4 20 19 25 92 89 101
8 T, €EOTr [i 1 245 236 242 182 177 163
9 7, EOr [i 2 141 135 124 96 93 105
10 T, € OT [k 3 42 37 49 47
11 w, EOT [i 4 12 6 48 8 7 50
12 m, € OT i >4 0 0 1 1
13 e >0 27 23 21 16 16 18
14 M >0 7 7 6 6 6 6
15 2 or 3 charged particles 0 120 110 110 102 98 98
16 2 or 3 charged particless >0 135 111 111 143 136 136
Total Number of Events 1627 1530 1530 1475 1435 1435




Table 3

Decay Relative 1 charged particle 2 or 3 prong
Mode Total 0~ 19y | 24 | 3y | 49 [>49]| >0~ any numberof 4’s| 04 | > 0%
T~ — Efficiency | e i 7 € i T, € Or ji e n Ty z4
€ el 1.00 £+ 0.02 | 80.1 22| 1.3]| 4.2] 0.7 0.1 9.1 2.0 0.3
[T 77 1.04 £ 0.02 57.5| 5.2 (26.3] 0.3]| 0.1 0.2 | 82 2.1 0.1
T Uy 097+0.03| 2.1 | 1.0 57.4|17.9] 3.8] 10.1| 1.4 4.3 1.8 0.2
770, 1.02 £0.02] 0.9 83| 3.8} 06] 45.4]| 17.4| 1.6 | 0.2 25| 1.0} 11.0 1.9 2.3 3.1
7~ 27%, |0.99+0.04| 0.7 2.2 | 1.2 22.11 262|131 25| 03 | 45| 1.0} 13.0 1.5 1.3 | 104
7~ 37%, ]0.9240.05 1.3 76 18.1/20.5{11.4| 1.6 | 85| 1.0] 13.1 0.5 14 | 15.0
x ntr" v, |1.0640.04 0.6 0.2] 04| 0.2 72.3 | 26.3
- nta~ 7O, | 1.00 £ 0.05 0.3 0.3 1.0 0.3 22.7| 754
K v, 0.95 1 0.14 66.7 22.2| 8.3 2.8
K* v, 0.98+0.10| 1.3| 1.3 | 21.1| 53| 2.6 17.1| 93| 2.6 9.2 3.9 23.7| 2.6




Table 4

Decay Relative 1 charged particle 2 or 3 prong
Mode Total 0~ 1y [ 29| 39 | 47 {>44]| > 04 any number of 4’s| 0~ | > 0¥
T~ — Efficiency | e n i1 € i T, € orji € n Tp z4
€ Uely 1.00+£0.02] 71.1 1.5 2.1 2.7| 0.2 0.4 13.4 8.5 0.1
U ouvr 1.03 + 0.02 33.6| 3.4|40.5{0.2 | 0.2 0.2 124 9.4 0.1
T Vr 0.94+0.03| 2.8| 1.0 33.6{ 32.0{ 4.2] 69| 1.0 0.1 9.6 8.8
7~ 7%, 091+0.02| 0.5 40| 5.0} 0.5} 36.7| 19.4| 2.8 | 0.1 2.7 1.0} 15.7 7.3 2.1 2.2
7270, 0911+0.04| 0.3 05} 1.0 0.2} 12.5| 23.6/18.8| 5.2 | 0.9 46| 1.0} 14.0 7.4 1.2 8.8
7~ 370, 0.86+0.05] 0.7 0.7 1.0 6.3 12.2|18.7|10.9| 4.4 63| 1.0| 173 4.9 15.6
artr v, [0.874+0.04]| 07| 05| 0.2 1.2 1.0 0.2 0.5 0.2 69.4( 26.1
a~wtr 7%, [0.91£0.05| 0.8 03| 0.6 0.8 0.5 0.3 0.3 0.8 0.3 15.1} 80.2
K~ v, 092+0.14) 7.7 46.2| 28.9( 3.8 1.9 11.5
K* v, 097+0.10] 1.9 15.2] 19.1 15.2( 16.2 5.7 4.8 200 1.9




Table 5

Source Number of Background Events
ete™ — | One-Prong Tag | Three-Prong Tag
ete () 4.5+ 0.9 4
ptu=(v) 0.5+0.2 0
ete ete” 4.7+ 0.9 0
ete utyu~ 4.4+1.6 0
ete 7tr™ 355 15+3
ete"qq 0 0
q3 52 + 16 20 + 4




Table 6

Decay Mode One-Prong Tag Three-Prong Tag Average
T —
e Dely 195+1.2+ 1.3 18.8+1.21+1.2 19.1 £08+1.1
T 7 28 176 £1.2+1.0 1924+14+1.0 18.3 +0.91+0.8
T Uy 114+14%+15 77£1.7+£1.5 100+1.1+14
7m0, 25.3 +2.6 2.7 26.3 £2.3L£25 25.8+1.7+£2.5
/o (n7r0, n> 1), 14.1+£2.2+428 10.6 1.8 £ 2.5 120+ 1.4+ 25
Tt u, 61+1.1+£1.2 72+11+1.0 6.7+0.8+0.9
= ntr~ (na%n > 0)v, 40+1.2+1.2 82+12+1.0 6.14+-0.8+0.9

K v,
(K7)~ vy

fixed at 0.7%
fixed at 1.3%




Table 7

Decay Mode Source of Error: One-Prong Tag | Three-Prong Tag

TT — Uncertainty in Absolute Error (%)| Absolute Error(%)
All Modes Relative Overall Efficiencies 0.8 0.8
e Dely e/n Discrimination for e* 0.6 0.6
e/n Discrimination for 7+ 0.7 0.5
Backgrounds 0.4 0.3
Total 1.3 1.2
T 7 7 p/ Discrimination for u* 0.5 0.5
Backgrounds 0.3 0.2
Total 1.0 1.0
T Uy e/m Discrimination for et 0.5 0.6
e/n Discrimination for 7+ 0.6 0.4
p/m Disrimination for p* 0.6 0.6
Photon Identification 0.8 0.8
Backgrounds 0.2 0.2
Total 1.5 1.5
1m0, e/ Discrimination for 7% 1.2 1.1
Ratio of B(r~27°) to B(n~3x°) 1.0 0.4
Photon Identification 2.0 2.0
Backgrounds 0.3 0.2
Total 2.7 2.5
7=(2 or 37%) v, e/m Discrimination for 7+ 1.2 1.1
Ratio of B(r~27°%) to B(r~37°) 1.0 0.4
Photon Identification 2.0 2.0
Backgrounds 0.8 0.2
Total 2.8 2.5
7~ (n7®)v, e/ Discrimination for 7% 0.3 0.3
n=1,2,3 |Ratio of B(n~27°) to B(r~37°) 0.1 0.2
(sum of above Photon Identification 0.8 0.6
two modes) Backgrounds 1.0 0.4
Total 1.5 1.1
m~atr v, Photon Identification 0.6 0.6
Backgrounds 0.7 0.3
Total 1.2 1.0
7 atr— 70, Photon Identification 0.6 0.6
Backgrounds 0.7 0.3
Total 1.2 1.0




Table 8

T~ — Up+ JFG Possible Resonance Expected Contribution to
One-Prong Branching Fraction
mnmO 1-+ p(1250) no limit
»(1600) 0.5%
T 1t Ay 0
7 naln0 < 0.4%
T nn 0,1t 7(1300), A < 1.5%




7 MUON DETECTORS
FLUX RETURN

ColL
TRIGGER COUNTERS
DRIFT CHAMBERS
VACUUM CHAMBER
SHOWER COUNTER —— SHOWER
COUNTERS

'SMALL ANGLE TAGGER

=72
o= 79 % 369241

Fig. 1



FRACTION OF TRACKS

0.20 I |
_t__t_,—‘—/—f—l_{

0.10 = — Monte Carlo ¢ —
® Data
0 | |
0O 0.2 0.4 0.6 0.8
lcosB|

_g; 0.15 1 , ] ]
© (b} — Monte Carlo ]
~ ® Data
<
o 0.10 M 4—:’1 -
<
"
}_ [— -—
W
@) n

0.05 —4 4- *—
2
©
- - _t.' ~
I
x 0 — e oo l

O 20 40 60 80

6-86

5470A2 ANGLE FROM HORIZONTAL (deg)

Fig. 2



FRACTION OF TRACKS

6-86

0.20

0.10

¢ ¢ ]
¢
— Monte Carlo
® Data
—%]
| | | —@—
0.2 0.4 0.6 0.8
lcos8 5470A3

Fig. 3



0.2

(a)

— Monte Carlo
® Data

0.2

FRACTION OF TRACKS /(2 GeV/c)
O

O.I

—— Monte Carlo
® [Data

6-86

(GeV/c) 6 470AA

Fig. 4



