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. We present r~ lepton branching fraction measurements based on data from the 
TPC/Two-Gamma detector at PEP. Using a sample of r--+v"J(-7r+7r- events, 
we examine the resonance structure of the J(-7r+7r- system and obtain the first 
measurements of branching fractions for r- -+ v" J(1 (1270) and r- -+v"J(1(1400). 
We also describe a complete set of branching fraction measurements in which all 
the decays of the r- lepton are separated .into classes defined by the identities of 
the charged particles and an estimate of the number of neutrals. This is the first 
such global measurement with decay classes defined by the four possible charged 
particle species, e, /1-, 7r, and J(. 
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Chapter 1 

Overview 

Measurements of the branching fractions of r- lepton decays provide a number of 
important checks of the standard model of particle physics. Through the interac
tion of the W-, the r- couples to 11., and a pair of leptons or quarks. The rates 
for the leptonic decays, r- ~lI.,iiee- and r- ~lI.,iillJ.L-, are predicted very precisely 
from electroweak theory. Measurements of the r- lifetime and leptonic branching 
fractions provide an important check of these predicte.d rates. Measurements of 
the hadronic decays give information concerning the coupling of the weak hadronic 
currents. Since the liT interacts only weakly, the hadronic decays of the r- produce 
an isolated quark system, either ud or us, which is ideal for studies of the strong 
interaction below the r- mass. 

The analysis described in this thesis is based on data from the TPC/Two
Gamma detector, which has excellent overall charged particle identification and is 
nearly unique in its ability to separate charged pions, kaons, and protons. This 
feature allows us to examine the r- decay modes which contain J(±. Although 
these modes have very small branching fractions, the physical insight they provide 
is comparable to that of modes without ](±; since the ability to detect J(± gives a 
signature for the reconstruction of the us decays of the r-. This thesis includes the 
first measurement of the branching fractions for the decays r- -+ 11., Kl (1270) and 
r-~1I.,J(l(1400). Using the TPC detector, we are able to select a pure sample of 
r- ~1I.,J(-7r+7r- events which we use for this resonance analysis. 

For many years there have been questions concerning the inability of experi
ments to arrive at a consistent set of branching fractions for the decays of the r
lepton. The sum of branching fraction measurements for exclusive decay modes 
falls significantly short of unity [1, 2]. The outstanding question is whether there 
are unobserved decay modes that have not been included in the existing measure
ments or if the current m~asurements are systematically low. One approach to 
resolve this dilemma is to devise a set of selection criteria that would include all 
of the possible decay modes of r+ r- events. The decays in the sample are then 
classified into a broad set of categories to allow the simultaneous measurement of 
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all modes. This method serves as a check that low values for certain decay modes 
are not accompanied by high measurements somewhere else. 

The final analysis described in this thesis is a global measurement in which all 
of the decays of the r- are separated into a number of decay classes. Although this 
approach was used originally by CELLO [3], and more recently by ALEPH [4], the 
TPC/Two-Gamma analysis described here is the first which distinguishes charged 
pions and kaons. This particle identification capability allows us to use a much 
finer definition of decay classes which separates the hadronic decays into those 
originating from ud and us quark systems. 

We begin the bulk of the thesis with a chapter on the theoretical context for 
our measurements of r- decays. We review the current status of theoretical and 
experimental values for the r- branching fractions and discuss the contributions 
of this analysis, with emphasis on the observation and reconstruction of decays 
with ]{±. The next chapter provides an experimental context, essentially a brief 
description of the TPC /Two-Gamma detector used to observe and record the data 
upon which the analysis is based. With the theoretical and experimental founda
tion in place, we proceed with two chapters that detail the data analysis leading 
to our branching fraction measurements for r- -+1I-r!{1 and then for a comprehen
sive set of r- decay classes. We conclude with a summary of our results and a 
discussion of their significance. 

Throughout this thesis we use the notation of r- decays to implicitly include 
both r- and charge conjugate r+ processes. 

'\ 
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Chapter 2 

Physics of Tau Lepton Decays 

The decays of r+r- lepton pairs produced at e+e- colliders provide an exception
ally clean environment for studies of weak charged coupling and strong interactions 
below the r- mass. The leptonicdecays of the r- involve no strong interactions 
at lowest order in charged weak coupling, and their properties are predicted very 
precisely by standard electroweak theory, allowing for precise checks of the stan
dard model. Since the r- lepton is massive enough to decay into hadrons, it also 
serves as an ideal environment for examination of the strong interaction. 

This chapter provides an overview of the r- lepton and its place within the 
standard model of particle physics. We review the existing measurements of r
branching fractions, and compare these experimental results with theoretical pre
dictions. 

2.1 Particles and Interactions 

Elementary particle physics research is an effort to understand the fundamental 
nature of matter. Although matter, the stuff of physical phenomena, exhibits a 
diverse range of characteristics, particle physics research endeavors to describe all 

- observed phenomena in terms of a few particles and their interactions. 

Leptons Quarks 

Figure 2.1: Generations of leptons and quarks. 
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The current standard model of particle physics enjoys remarkable success in its 
ability to describe physical interactions. Within this theory there are electroweak 
interactions [5, 6, 7] mediated by the massless photon and the massive W+, W-, 
and ZO bosons, . and strong interactions mediated by eight types of gluons. The 
matter particles are six flavors each of leptons and quarks, divided into three 
generations of weak isospin pairs, as shown in Figure 2.1. The leptons interact 
only through the electroweak force, while the quarks interact through both the 
electroweak and strong forces. 

Each generation of leptons consists of one charged and one neutral particle. 
The lightest and only stable charged lepton is the electron. The quarks interact 
strongly and are not observable as free particles. They occur as bound states of 
qij, known as mesons, and qqq, known as baryons. For example, the proton is a 
bound state of uud while the neutron is a bound state of udd quarks. 

2.2 The Tau Lepton 

The T- is the third generation charged lepton. It has a much shorter lifetime [8] 
than the lighter 1'- lepton, and is observed indirectly through its decay products. 
The existence of the T- was first established [9] through the process e+ e- -tT+T-, 
where one of the T decays to e and neutrinos while the other T decays to I' and 
neutrinos. The energy distributions of the observed e and I' particles favored the 
hypothesis of a third generation lepton as the source for these decays. 

Inherent in the standard model is the concept of lepton universality, which 
predicts that the three generations of charged leptons (e-, 1'-, T-) have identical 
couplings to the intermediate bosons of the electroweak interaction (,' zo, W+, 
W-). The form of the electroweak lepton current is given exactly, and allows spe
cific predictions of not only decay rates, but also the distribution of decay particles 
in phase space for the leptonic decays of the T-. For hadronic decays, although 
the lepton half of the decay is predicted, we must use additional arguments to 
parameterize the weak hadronic current for any given set of final state particles. 

2.3 Decays of the Tau Lepton 

Within the standard model, the only flavor-changing interaction is that of the 
charged weak W- intermediate boson. Interactions through the f' the ZO, or 
the gluons of the strong interaction do not alter the flavor of the lepton or quark 
current. Therefore, although bound states of quarks (mesons and baryons) may 
decay through the rearragement of quarks or the creation of new quark pairs, 
fundamental particles (quarks and leptons) decay through the W- boson. 
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Quarks 

Figure 2.2: Particle doublets at the W""'" vertex in r- decays. 

The coupling of the r- current to the W- boson of the weak interaction, 
shown in Figure 2.2, produces a weakly interacting tau neutrino, which is not 
directly observed but is inferred from missing energy in the r- decay products. 
The virtual W-created in this reaction then couples to an additional pair of 
leptons, vee-or vp.J.L-, or quarks, ud or us. All other quark pairings, such as cd 
or cs, are too massive to be produced from r- lepton decays. Therefore, to lowest 
order all decays of the r- are included in these four processes, 

r -T vTvee - (2.1) 

r -T VTVP.J.L (2.2) 

r -T vTud / ud -T hadrons (2.3) 

r -T vTus / us -T hadrons (2.4) 

Note that the quarks which couple to the W- may be from the same generation, 
as in the ud case, or from different generations, as in the us case. The relative 
strengths of these couplings are given by the elements of the Cabibbo-Kobayashi
Maskawa (CKM) matrix [8], IVudl and IVusl. Couplings to quarks within genera
tions are highly favored over couplings across generations. Consequently, the us 
decays of the r- have much smaller branching fractions than the analogous ud 
decays. This mixing betwet:;n generations has not been observed for the lepton 
sector. 

A list of decays of the r- lepton is given in Table 2.1, along with experimen
tal [10, 8] and theoretical values for their branching fractions. These decays are 
grouped according to the four possible pairs of particles produced at the W- ver
tex. For the leptonic decays, there is only one decay mode for each of the possible 
lepton pairs. For the hadronic decays, the ud or us quarks undergo a process of 
strong interacti'ons in which additional uu, dd, or ss quark pairs may be created. 
The net result of this process is the production of some number of mesons, pre
dominantly 7r and ]{, both charged and neutral. Table 2.1 separates the ud and 
us decays of the r- into decay classes based on the numbers of 7r and ]{ in the 
final state. 
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Tau Decay Branching Fraction(%) 
Vertex 71"/]{ Class Channel Final State Experiment Theory 

Vee - e - 17.89±0.14 18.13±0.20 

ii~Jl Jl - 17.34±0.16 17.64±0.19 
. ud (1I"t 71" 71" 11.6 ±0.4 10.90±0.12 

(11" 71" t p - 71"-11"0 22.2 ±1.0 
(11"71"71")- a1 71"-71"+71"- (8.2 ±0.6) 

71"-11"011"0 (9.0 ±0.8) 
( 11"71"11"11")- 71"-11"+11"-11"0 (4.8 ±0.6) 

71"-11"071"071"0 (1.8 ±0.5) 
( 11"71"11"71"11" )- 71"-11"+11"-71"+71"- (0.08±0.02) 

71"-11"+ 71"-11"071"0 (0.95±0.12) 
71" -11"011"071"011"0 (0.15±0.07) 

(]{ ]{)- ]{- ]{O < 0.26 
(]{]{ 71")- ]{- ]{+71"- 022 +0.17 • -0.11 

]{- ]{071"0 

71"-]{01(0 

us (]{)- ]{- ]{- 0.67±0.23 0.73±0.01 
(]{ 1I"t 1{*- ]{-71"0 

71"- [(0 0.95±0.12 
(]{ 1I"71"t ]{l 1(-71"+71"- 022 +0.16 • -0.13 

]{-71"071"0 

71"- [(011"0 

(]{]{ ]{)- ]{-]{+]{- < 0.17 
]{- ]{O[(O 

Table 2.1: r- decays and branching fractions. Decays are classified according to the 
particles at the W- vertex and the numbers of 11" and J( in the final state. Experi
mental values are current world averages, excluding the measurements presented in this 
thesis. Theoretical values are based on r- mass and lifetime measurements. The branch
ing fraction measurements in parentheses are estimated from experiments that do not 
distinguish charged 11" and J(. 

2.4 Leptonic Decays 

Rates for the decays of the r- to leptons are predicted to lowest order by standard 
electroweak theory. Since the leptons exhibit no strong interaction, there are only 
very small corrections to this basic formula. The matrix element for the decay of 
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a charged lepton L - to lIL and another lighter lepton pair, [- and VI, is 

(2.5) 

Since the W- is so far off mass shell for decays at the mass of the known leptons, the . 
W- propagator is essentially a constant and is combined with the weak coupling 
constant to give GF, the Fermi coupling constant determined from p- decay. In 
the limit of negligible mass for the decay products, the integration of this matrix 
element over phase space is [11], 

(2.6) 

where mL is the mass of the decaying lepton. The inclusion of radiative correc
tions and the non-local structure of the W- propagator introduces an additional 
factor [12], 

(2.7) 

for mL = m-r. These formulas provide a useful reference for describing theoretical 
predictions of the relative rates for decays of the r- lepton. For the leptonic decays 
of the r-, there are small corrections for the mass of the e- or p- which give values 
of 

f( r- -+ lI-rvee-) - 1.000 ro 
r(r- -+ lI-rVI-'P-) - 0.973 ro 

where the reference decay rate is given by, 

Fm-r 4 (G2 5) ro = 19211"3 r = 4.035 ± 0.006 x 10- eV 

(2.8) 
(2.9) 

(2.10) 

with an error dominated by the world average value for measurements of the r
mass of [13], 

m-r = 1777.1 ± 0.5 MeV~ (2.11) 

In order to convert the predicted leptonic partial decay rates into branching frac
tions, we use the total decay rate 

1 -4 r-r = - = 22.26 ± 0.24 x 10 eV 
r-r 

(2.12) 

determined from measurements of the r- lifetime [14], 

r-r = 295.7 ± 3.2 fs (2.13) 
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Combining the total and partial decay rate predictions gives, 

B(r- -t v-rvee-) 

B( r- -t v-rvJl.JL-) 

18.13 ± 0.20% 

17.64 ± 0.19% 

(2.14) 

(2.15) 

The branching fractions predicted from theory for the leptonic decays of the 
r- are at the 1 % error level, thanks to recent precise measurements of the r- mass 
and lifetime. There already exists a large number of experimental measurements 
of the leptonic decays of the r-. The relative errors of the world average values 
are also at the 1 % level. The examination of these decay modes has reached the 
level of precision necessary to make careful checks of standard electroweak theory. 
Unfortunately, the size of our data sample limits us to measurements at the 5% 
level of precision and prevents us from making a significant contribution for leptonic 
branching fractions. 

2.5 Hadronic Decays 

Hadronic decays, in which the W- couples to ud or us, are much more compli
cated than the leptonic decays. The quarks are not observed as free particles but 
undergo strong interactions which produce some number of hadrons, bound states 
of quarks. Conservation of quark currents requires that any baryonic decays of 
the r- would include both a baryon and an anti-baryon. The mass of the lightest 
charge-conserving baryon pair, a neutron and anti-proton, exceeds that of the r
lepton by about 100 MeV. Consequently, hadronic decays of the r- produce only 
mesons. The following sections take a closer look at the process of strong interac
tions that begins with the creation of a ud or us quark pair at the W- vertex, and 
results in a final state of long-lived mesons. 

2.5.1 Resonances 

Hadronic decays of the r- lepton occur predominantly through direct coupling of 
the W- to resonant states of ud and us quarks. The coupling strength of the us 
relative to that of the ud is estimated from the square of the relevant CKM matrix 
elements, IVus l2 and IVud l2, which predict that us decays will occur at about 5% 
the rate of ud decays. 

The possible ud and us resonant states are shown in Figure 2.3 and Figure 2.4. 
For the ud coupling, r- decays are dominated by the pseudoscalar 7r-(0-+), vector 
p-(1--), and axial-vector ai"(1 ++) resonances, while the scalar ao (0++) and axial
vector bi" (1 +-) decays are not observed. This pattern is predicted by the standard 
model, and the JPc states of the ud quark system that do not couple to the W
are referred to as second class currents [6, 15]. 



1t(1300) 

P-t1700} 

P (1450) 

"C mass - -

17.2% 

22.2 % a 0 (980) 

J"~:f!;~~~O~!(i 

11.6% 

:106:48)" . 

0+ 
Pseudoscalar Vector Scalar Axialvector 

9 

Figure 2.3: Spectroscopy of ild quark states. The states that are observed to dominate 
the ild decay channels of the r- are shaded, with branching fractions listed above. 

The us pseudoscalar and vector decays parallel the ud analogs, and are domi
nated by the the j(-(O-+) and 1(*-(1--) channels. The ratio of the us/ud decay 
rates for pseudoscalar and vector decays is at the predicted 5% level. However, 
the pattern of coupling for the us axial-vector states is complicated by the fact 
that the s quark mass is considerably larger than the lighter u quark and d quark 
masses, and breaks the SU(3) flavor symmetry. This allows coupling of both us 
axial-vector states (1++,1+-) to the W-. In addition, these us analogs of the al 
and bi mix to produce the observed ](1(1270) and ](1(1400) states. Thus, while 
the a l alone is observed to dominate the ud axial-vector decay of the r-, both the 
](1(1270) and ](1(1400) are possible candidates for the us axial-vector decay. 

This thesis includes the first measurements of the branching fractions for the us 
axial-vector decays, T-~vT](1(1270) and T-~vT](1(1400). The net decay rate 
for T- ~vT](l is found to be about 5% of that for r-~vTaI' as expected from the 
relative magnitude of the CKM matrix elements, IVus l2 and IVudI2 • 
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* 't mass - - - ~168O) - - - - -

K~1430) 
0.8% 

* K(1410) M 

0.4% 

0.7% 

,L;~t~Q~i';i 

0+ 

Pseudoscalar Vector Scalar J\xialvector 

Figure 2.4: Spectroscopy of us quark states. The states that are observed to dominate 
the us decay channels of the r- are shaded, with branching fractions listed. The first 
observation and measurement of the ](1 decays are described in this thesis. 

2.5.2 Final States 

We now consider the possible final states of the hadronic decays of the r- , classified 
according to the number of 7r and K mesons present. 

These ud and us pseudoscalar decays are the simplest of the hadronic decays. 
Although the strong interactions preclude an exact calculation from first principles, 
the weak hadronic current may be parameterized very easily since the momentum 
of the meson is the only four-vector available for these spinless particles. The 
currents are of the form, 

(7r-ld,I£, 5
U I0 ) 

(K-ls,I£,5
U I0) (2.17) 
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where the coupling constants f7r and fK are measured very precisely from the 
decays 7r- -+iiJ.lJ.t- and 1<- -+iiJ.lJ.t- [8]. Additional electroweak radiative corrections 
predict the decay rates of [12], 

f( r- -+ l/7"7r-) - 0.601 fo 

f( r- -+ /17"1<-) - 0.040 r ° 
(2.18) 
(2.19) 

These are the only hadronic decays of the r- that are predicted with such accuracy. 

The current experimental values for these decays are consistent with the the
oretical predictions, although the relative errors on these measurements are much 
larger than those of the leptonic modes since few experiments· are capable of dis
tinguishing 7r± and 1<±. 

r--+V7"(1t'1t')- and r--+v7"(K1t')-

These decays proceed through the p- and 1<.- vector channels [16]. The (7r7r)
decay has the largest branching fraction of any single decay of the r-, making up 
about 25% of the total decay rate. The (7r7r)- decay has only one mode, 7r-7r0. The 
most difficult aspect of measuring the 7r-7r0 branching fraction is the separation of 
events with exactly one 7r0 from those with none or two. Also, as the measurements 
become more precise, experiments must be able to separate out the small 1<-7r0 

background to this decay mode. 

The (1<7r)- decay may proceed to either of two final states, 1<'-7r0 or 7r- [(0. 
Although the 1<± has a sufficiently long lifetime to allow observation in tracking 
devices, few experiments are able to identify the few 1<± among the many 7r±. The 
alternative is to reconstruct the j(0 from its decay to 7r+7r-. The states J{0 and 
j(0 mix weakly to give observed states known as 1<~ and 1<2, according to their 
short and long lifetimes. The 1<£, which makes up half of the neutral 1<0 and j(o, 
will usually pass through the detector without observation. On the other hand, 
the 1<~ decay to 7r-7r+ or 7r07r0. The existing experimental measurements for the 
](*- decay are based on the reconstruction of the neutral 1<~. In chapter 5 we 
present a measurement based on the 1<-7r0 mode. 

The (7r7r7r) - decays follow the pattern of resonance dominance and are observed to 
proceed through the a1 axial-vector channel [17]. There are two modes, 7r-7r+7r
and 7r-7r07r0, which are expected to occur in a 1:1 ratio, given the a1 dominance. 
Unfortunately there are no measurements of these decay modes from experiments 
with 7r± / 1<± particle identification. The sum of experimental values for the decays 
h-h+h- (8.2 ± 0.6%) and h-7r°7r° (9.0±O.8%), where h represents either 7r or I<, 
may be used to estimate the al branching fraction and to check the 1:1 ratio of 
one-prong and three-prong contributions. 
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This thesis provides first evidence that the (I< 7r7r) - decays proceed through the 
J(;-(1270) and J(;-(1400) channels, with a net branching fraction of 1.17 ± 0.41%. 
The measurement is based on the all-charged J(-7r+7r- mode. 

As the number of 7r in the final state increases and the available phase space 
decreases, the corresponding branching fractions are observed to drop off. The 
four-7r modes are measured to make up about 6% of the total r- decay rate, while 
the five-7r modes combine to give a net branching fraction of about 1%. 

These decays each have an even number of J(, indicating that the W- vertex 
coupling is to ud with the subsequent creation of an ss quark pair from the vacuum. 
The (1<1<)- decay has a single mode, J(- J(o, which requires both 7r± / J(± particle 
identification and reconstruction of I<~. Note that while the 7r-7r0 decay has the 
largest branching fraction of any individual mode, the J(- J(o decay has an upper 
limit of < 0.26% [18]. This suppression of K J( creation is due to both resonance 
and phase space effects. The p-, which dominates the 7r-7r0 decay, is too light 
to decay to J(- ](0. Also, the relatively high mass of the J( compared to the 7r, 
results in a phase space suppression for states with K J( pairs. 

Similarly, the all-charged J(- J(+7r- mode of the (J(J(7r)- decay, measured to 
be 0.22 :!::8:U [19], may be compared with the 7r-7r+7r- branching fraction of 8.2±0.6 
to obtain an estimate of the suppression of modes with K J( pairs. 

The three ]( here come from W- vertex coupling to us and the creation of an ss 
quark pair from the vacuum. Note that the mass of the r- limits the number of 
]( in any final state to three. 

2.5.3 Quark Model of Mesons 

In the preceeding discussion, we have considered only those final states that consist 
of various combinations of c4arged and neutral 7r and J(. Here we make a brief 
excursion to discuss the quark model of mesons, and consider a more complete list 
of mesons that may possibly appear in the hadronic decay channels of the r-. 

Although there is one stable baryon, the proton, there are no stable mesons. 
The more massive mesons typically decay strongly to lighter mesons. These lighter 
mesons eventually decay through electroweak interactions to leptons, neutrinos, 
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Meson Spectroscopy 
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Table 2.2: qij flavor and J Pc states. The three flavorless neutral states mix strongly, 
while the two flavored neutral states mix weakly. 

and photons. Some of these mesons have lifetimes long enough to allow direct 
observation while others must be reconstructed from their decay products. More 
massive mesons tend to have shorter lifetimes, broader widths, and more complex 
decays. This makes reconstruction progressively more difficult with increasing 
mass. 

From the properties of the T- lepton and weak interactions, there are con
straints that we can place on the nature of the mesons that are produced in ".
decays. Although the number of neutral mesons is not fixed, the number of charged 
mesons must be odd to conserve the charge of the "'-. Unlike the leptonic decays, 
which are necessarily one-prong decays, the hadronic decays may be one-prong, 
three-prong, five-prong, or of even higher charged multiplicity. 

The mass of the ".- limits the possible flavors of the quarks within the mesons 
to d, u, or s. This gives nine possible flavor states for the qij mesons, organized 
by flavor and charge in Table 2.2, which also lists the ground state mesons for 
several J Pc combinations. Note that the flavorless neutral states uu, dd, and ss 
mix strongly to produce the physically observed states. Also, the neutral flavored 
ds and sd states may mix weakly. This is relevant for the ]{O and KO which decay 
weakly as f(~ and ]{2. 

Flavored Charged Mesons 

Four of the flavor states have net flavor and charge. These are the ud, us, and their 
anti-particles. These states are of particular interest since their quark contents 
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match those possible at the W- vertex. Thus they potentially couple directly to 
the W- boson and may represent the starting point for the hadronic processes 
observed in decays of the r-. The long-lived pseudoscalar ground states, 11'± and 
K±, decay weakly since they are the lightest states with net flavor. All other states 
decay strongly to lighter mesons. 

Flavored Neutral Mesons 

The ds and 5d states have net flavor but are electrically neutral. Although they 
do not couple directly to the W-, they may appear as decay products of higher 
level resonances. The pseudoscalar and vector ground states, KO and K*o, have 
been observed in r- decays. Since these states are the neutral members of isospin 
doublets with the us and 5U states, we can make inferences about the relative 
numbers of neutral and charged K in a sample of r- decays for a given channel. 
For example, K*- decays to [(011'- or K-7r° in a 2:1 ratio. Therefore we can 
estimate the number of r- decays to v.,.K*- from either final state. 

Flavorless Neutral Mesons 

These states mix strongly to give physical particles that are linear combinations 
of uu, dd, and 5S. Due to the near mass degeneracy of the d and u quark, one of 
these linear combinations, Jf(uu - dd), will be the third member of an isospin 
triplet with the flavored charged ftd and du states, and will have similar mass. 
Since these states have no net flavor, they may decay through the neutral currents 
of the electroweak interaction. 

2.5.4 Photons in Tau Decays 

The photon is a stable particle that may be observed through the electromagnetic 
shower it produces in dense materials. Here we consider the possible sources for 
photons in r- decays. 

Most of the energetic photons observed in r- decays are ftom the decays of 11'0. 

More than half of the r- decay rate is made up of decay modes that include at 
least one 11'0. There are existing measurements for branching fractions of r- decays 
with one, two, and three reconstructed 11'0, and the study of decays with multiple 
11'0 continues to be an active area of research. 

Another possible source for photons is the 'TJ, which like the 11'0 decays largely 
to photons. Searches for the 'TJ in r- decays have placed an upper limit of 0.5% 
on the inclusive branching fraction. The vector analog w meson is observed in the 
decay r- -+v.,.1I'-W with a branching fraction of 1.6 ± 0.5%. The w has a branching 
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fraction to 'fro, of 8.5%, which indicates that 0.1% of r- decays will have a photon 
from w decay. 

Since the contribution of photons from 7J and w decays is so small, the approach 
of global measurements of r- branching fractions has been to classify the neutral 
portion of the decay as an estimate of the number of 'fr°S, based on fully recon
structed 'fr°S and the number of additional energetic photons. We will adhere to 
this convention in our global analysis. 

2.6 Discussion 

This chapter has given a brief overview of the physics of the r- lepton and a survey 
of its decay modes. The leptonic modes are relatively simple decays that produce 
a single charged lepton, e- or I-l- , in the final state. The current theoretical and 
experimental values for these branching fractions are both known with a precision 
of about 1% and are consistent. 

The hadronic decays may be divided according to the W- vertex coupling into 
ud and us decays. Reconstruction of the variou~ decay channels that lead from 
the initial ud or us creation to the final state of charged and neutral 'fr and· J( 

provides insight into the strong interaction. The measurements for the branching 
fractions of many of the hadronic decays are at the level of precision where the 
J( contributions are no longer negligible. Thus, a more thorough understanding 
of hadronic r- decays requires detectors that are able to distinguish 'fr± and J(±, 

and to reconstruct 'fro and ]{o. 
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Chapter 3 

The TPC/Two-Gamma 
Exp'eriment 

The measurements described in this thesis are based on data collected with the 
TPC/Two-Gamma detector situated at the PEP e+e- collider of the Stanford 
Linear Accelerator Center (SLAC). This chapter begins with an overview of the 
accelerator system and of the characteristi~s of the various types of events observed 
in e+ e- interactions at the center of mass energy of PEP. We then give a description 
of the detector components and their capabilities, and conclude with a summary 
of the process of event reconstruction. 

3.1 SLAC and the PEP Collider 

During its 1982-1983 and 1984-1986 experimental runs, the TPC/Two-Gamma de
tector accumulated 140 pb-1 of data at an e+e-·center of mass energy of 29 GeV. 
A diagram of the SLAC linear accelerator and the PEP collider, used to produce 
and store the high energy bunches of electrons and positrons, is shown in Fig
ure 3.1. Electrons were accelerated to an energy of 14.5 GeV along the 3 km path 
of the linear accelerator by intense electric fields produced by a series of microwave 
klystrons. These electrons were then steered into orbits within the PEP storage 
ring. The acceleration of electrons was synchronized to produce three bunches, 
evenly spaced along the storage ring of the PEP collider. Positrons, generated 
by a tungsten target located along the linear accelerator, were also accelerated to 
14.5 GeV and then steered into three bunches, orbiting in the direction opposite 
to that of the electrons. The configuration of e+ and e- bunches allowed for six 
interaction points where the paths of the bunches would intersect. The 2.2 km 
circumference of the PEP collider gave an e+ e- crossover period of roughly 2.4 J.LS 
at the interactions points. 
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SLAC TPC/Two-Gamma 

Figure 3.1: Diagram ofthe SLAC linear accelerator and PEP collider. Electrons were 
accelerated along the linac and stored in the PEP ring in three evenly spaced bunches. 
Similarly, positrons were accelerated and stored in three bunches with the direction of 
orbit opposite to that of the electrons. The circles show the locations of the interaction 
regions. 

3.2 Physics at PEP 

Electron-positron interactions produce remarkably clean events. The simplest pro
cess is scattering of an e+ e- pair through exchange of a virtual photon, 

(3.1) 

In annihilation events, the initial state e+ e- pair interact through a virtual photon 
to create a final state pair of leptons or quarks according to, 

e+e- -+ Z+Z

e+e- -+ qq 
(3.2) 
(3.3) 

The possible lepton pair flavors are e+e-, p+ p-, and r+r-, while the possible 
quark pair flavors are dd, uu, SS, ee, and bb. For a symmetric collider such as 
PEP, the resulting [+ [- or qq pairs are produced at beam energy and separate 
collinearly. In addition to scattering and annihilation processes, there are also 
two-photon events, in which thee+ and e- each couple to a virtual photon. These 
two virtual photons then couple to an additional lepton or quark pair according 
to, 

e+e--+e+e-'j'*'j'* / 'j'*'j'*-+Z+[

e+e--+e+e-'j'*'j'* / 'j'*'j'*-+qq 

(3.4) 
(3.5) 

Here the final state includes the original e+ e- pair in addition to a new 1+ [- or qq 
paIr. 

Below is a brief survey of physics that takes place in the e+e- interactions 
at PEP energy. We present some of the characteristics used in the identification 
of the various event types. Note that all of these processes may include photons 
which are radiated by initial or final state particles. 
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This reaction, known as Bhabha scattering, is the most common type of event, with 
a differential cross section that diverges to infinity for small angles of deflection. 
There are two lowest order processes that contribute to this reaction. The cross 
section is dominated by the scattering process, 'in which the initial state electron 
and positron simply exchange a virtual photon. There is also an annihilation 
process in which the initial state e+e- combine to create a virtual photon, which 
then couples to the final state e+ e-. In the radiative version of this reaction, an 
additional photon is emitted by one of the intial or final state e+ or e-. 

These events are characterized by a single pair of near-collinear electrons at 
or near beam energy. Consequently, identification is based on total energy, track 
topology, and particle identification. The radiative Bhabha events pose a particular 
problem since the tracks may not be collinear and the photon may convert to 
produce an additional e+ e- pair that fakes a higher multiplicity event. 

Although the kinematics of this reaction are very similar to those for Bhabha 
scattering, the cross section is much smaller since only the annihilation process 
contributes. The muon is stable to all interactions except the weak and rarely 
decays within the volume of the detector at PEP energy. 

These events are characterized by a single pair of near-collinear charged tracks 
at or near beam energy, that pass through the layers of the muon detection system. 
As with Bhabha events, identification is based on total energy, track topology, and 
particle identification. 

This reaction is identical to the JL+ JL- reaction, except for the higher mass of 
the T+T- leptons. However, the T typically survives less than a millimeter after 
its creation due to its much' shorter lifetime. Since the decay of each of the T 

leptons produces at least one neutrino, these events are characterized by missing 
energy and the charged tracks from the decays tend to be acollinear. However, 
at PEP energy the decay products of the T are boosted enough to give excellent 
separation into distinct decay hemispheres. Since each of the T decays produces an 
odd number of charged particles, T+T- events are categorized according to their 
charged track multiplicity. For example, the most common topologies ·for T+T

events are referred to as T1+1 and TI+3 events. 
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This reaction is identical to those for the Jl+ Jl- and r+r- leptons. However, here 
the quarks interact strongly to produce some number of hadrons. These events 
tend to have much higher charged multiplicity than the QED events, with an 
average of ten charged particles in the final state at PEP energy. 

These events are mediated by two virtual photons, which produce an additional 
e+e-, Jl+ Jl-, r+r-, or qq. The virtual photons tend to be near collinear with the 
beamline and the intial e+ and e- deflect only slightly from their original path. 
Since much of the energy is carried away by the original e+ e-, these events are 
characterized by large missing energy. 

3.3 The TPC /Two-Gamma Detector 

The TPC/Two-Gamma detector, as with all general purpose detectors, is actually 
a composite of many different detector systems [20]. The time projection chamber 
(TPC) tracks charged particles to give values of momentum and ionization. The 
electromagnetic calorimeters (CAL) detect and give energy estimates of photons. 
The muon chambers (MUC) detect muons which pass through materials that stop 
all other charged particles. Drawings of the detector are shown in Figure 3.2 and 
Figure 3.3. These figures emphasize the components of the detector which are 
central to the analysis objectives of this thesis. 

3.3.1 Time Projection Chamber 

The central component of the TPC/Two-Gamma detector is the first large-scale 
time projection chamber (TPC) ever built [21]. The TPC gives detailed tracking 
information as well as values of ionization energy loss, dE / dx, for charged particles. 
The simultaneous measurements of momentum and dE/dxprovide a means of 
particle identification. 

Tracking 

The TPC volume is defined by concentric cylinders, with an inner radius of 20 ern, 
an outer radius of 100 em, and a length of 200 ern, coaxial with the beamline and 
centered on the interaction point. Within this volume is a gas ionization medium 
that consists of a mixture of 0.8 argon and 0.2 methane by volume at a pressure 
of 8.6 bar. Throughout the volume of the TPC run very uniform electric and 
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Figure 3.2: TPCjTwo-Gamma detector cross-sectional side view. The geometry of the 
detector components is roughly cylindrical about the beamline. 

magnetic fields, both parallel to the beam direction. The magnetic field bends the 
trajectory of a charged particle to enable a determination of its momentum, while 
the electric field drifts its track of ionization to sense wire and pad arrays located 
at the end planes. The electric field is configured by a series of grounded field 
wires at the end planes and a central mesh of tungsten wire held at -55 kV. Along 
the walls of the cylinders is a field cage, consisting of a grid of conducting rings 
connected by precision resistors that maintain the uniformity and directionality 
of the field. The magnetic field is generated by a coil that surrounds the TPC 
circumference. The flux return is through a system of iron that also gives structural 
support to detector components located outside the TPC, and serves as the first 
layer of absorber for the muon detection system. Between the 1982-1983 and 1984-
1986 experimental run periods, a conventional 4.0 kG magnet was replaced with 
a 13.25 kG super conducting magnet. The data collected during these periods are 
referred to as the low-field and high-field data sets, respectively. 
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Figure 3.3: TPCjTwo-Gamma detector cross-sectional end view of the central region. 

When the charged particles of an event pass through the TPC volume, they 
leave tracks of ionization electrons from their electromagnetic interactions with 
the gas molecules. These electrons quickly accelerate in the electric field to an 
asymptotic drift velocity of 3.3 cm/ p,s. In this manner, the three-dimensional 
image of the ionization tracks is time-projected onto the detection planes. The 
radial and azimuthal positions of the ions are preserved during the drift and their 
original longitudinal positions are reconstructed from their drift times. 

At the end planes, the tracks of ionization generate signals on arrays of sense 
wires and pads. Each plane is divided into six sectors, each of which covers 60° in 
azimuth and contains 183 sense wires and 15 rows of pads, as shown in Figure 3.4. 
The sense wires are 20 p,m in diameter and run perpendicular to a radial line drawn 
from the beamline through the center axis of the sector. The digitized signals from 
the wires and pads are the raw data from which the tracks are reconstructed. 
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Figure 3.4: Time projection chamber sector. There are fifteen rows of pads at varying 
distances from the beamline. Above the pads are 183 sense wires that run parallel to 
the pad rows and provide dEJdx samples. . 

Particle Identification 

The particle identification capability of the TPC is based on simultaneous mea
surements of momentum and ionization energy loss, or dE/dx, of the charged 
particles passing through the detector volume. The track curvature depends on 
the momentum, while the ionization is a function of the track velocity. From these, 
one can determine the mass, and therefore the identity, of the charged particle. 

An example of dE/dx vs momentum values for a sample of charged tracks from 
r+r- candidate events is given in Figure 3.5. The curves show the expected mean 
values for dE/dx as a function of momentum for the long-lived charged particle 
species. The distributions of dE / dx values are known to be Gaussian out to three 
standard deviations, with a well-understood resolution that is a function of the 
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Figure 3.5: dE/dx vs momentum for a sample of charged tracks in r+r- candidate 
events. The curves show the expected mean dE / dx values for the various charged particle 
species as a function of momentum. 

track angle and number of wire samples [22]. 

3.3.2 Electromagnetic Calorimeters 

Outside the charged particle tracking system are the electromagnetic calorimeters 
that detect high energy photons. The calorimeters consist of alternating layers 
of dense material and gas-filled regions. High energy photons interact with the 
intense electric fields of the nuclei in the dense layers to produce e+ e- pairs. The 
e+ and e- then interact with the dense material to produce additional photons, 
which then produce more e+ e- pairs. The charged particles of this electromagnetic 
shower generate signals on arrays of sense wires located within the gas layers of 
the calorimeters. The shower continues until the energies of the particles fall below 
the threshold for the creation of additional particles. ' 

The TPC /Two-Gamma calorimetry is divided into central and forward regions. 
The central calorimeter is a group of six modules that forms a hexagonal array 
about the beam axis [23]. The forward calorimeters are round modules, positioned 
at the ends of the TPC [24]. Although the forward calorimeters play an impor
tant role in the detection of low angle e+ e- -+ e+ e- events that are used in the 
calculation of luminosity, the analysis described in this thesis uses only the central 
calorimeters for charged particle identification and for detection of photons. 
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Figure 3.6: Calorimeter laminate and wire mesh .. The surfaces of the lead-fiberglass 
laminates are covered with aluminum strips oriented +600 and -600 relative to the di
rection of the sense wires. This configuration provides three views for the reconstruction 
of clusters. 

The central calorimeter (CAL), shown in Figure 3.2 and Figure 3.3, consists 
of an array of six modules. Each module is a stack of forty layers of rectangular 
laminates interspersed with ionization sampling regions. Each of the laminates is 
composed of 1.4 mm lead, which serves as the electromagnetic shower medium, 
sandwiched between two 0.8 mm fiberglass sheets that provide structural support 
and electrical insulation. Finally, the fiberglass is covered by a conductive layer of 
0.1 mm aluminum. 

Between successive laminates are 6.0 mm gas-filled sampling regions, which 
contain the arrays of sense wires, as shown in Figure 3.6. The sense wires, which 
are maintained at a potential of + 1400 V, are parallel to the beamline and are 
spaced at 5 mm intervals. Nylon filaments, which run perpendicular to the wires at 
10 mm intervals, are woven together with the sense wires to isolate the avalanches 
of charged particles near the sense wires and form a grid of individual Geiger cells. 
The aluminum surfaces above and below the cells are grooved to form a series 
of conductive strips which run at +600 and -600 relative to the direction of the 
sense wires. This configuration provides three views for the reconstruction of the 
showers. 

As well as being the primary detector of high energy photons, the calorime
ters are also useful for charged particle identification. Figure 3.7 plots the shower 
energy, estimated from the calorimeters, versus the momentum, measured in the 
TPC, for the charged particles in a sample of r+r- candidate events. The rel
atively light electrons initiate electromagnetic showers, where the number of cell 
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Figure 3.7: Calorimeter energy vs momentum for a sample of charged tracks in r+r
candidate events. Electrons and positrons, which shower in the calorimeter, have en
ergy fmomentum ratios near one, while the calorimeter measurement of energy for other 
charged particles is independent of their momenta. The points between the electron and 
muon bands are due to hadronic interactions of pions and kaons. 

hits increases roughly proportionally to their incident energies. For electrons the 
shower energy, estimated from the number of cell hits, is comparable to the mo
mentum measured in the TPC. Other charged particle species typically generate 
a signal in only one or two cells per layer, and their shower energies are roughly 
independent of momentum. However, because of the possibility of hadronic inter
actions, pions and kaons may deposit additional energy in the calorimeter. Thus, 
the distribution of pions and kaons in Figure 3.7 extends into the region between 
the electron and muon bands. 

3.3.3 Muon Chambers 

The muon detection system consists of regions of iron absorber followed by layers 
of muon chambers (MUC) [25]. There are four hexagonal arrays of these muon 
chambers surrounding the central region of the detector and three layers covering 
each of the forward regions, as shown in Figure 3.2 and Figure 3.3. The iron 
absorber serves as a medium for nuclear interactions for hadrons. Muons, which 
very rarely generate electromagnetic showers at PEP energies and do not interact 
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Triangular Drift Tubes 

Figure 3.8: Muon chamber array. The triangular chambers are aluminum with a central 
tungsten sense wire. 

strongly, preferentially pass through the iron layers and generate signals in the 
muon chambers. 

Each layer of muon chambers consists of a series of close-packed triangular drift. 
tubes, shown in Figure 3.8. The drift tubes are 0.3 cm thick extruded aluminum 
and their cross sections are equilateral triangles, 8.4 cm on each side. This ge
ometry provides excellent rigidity and minimizes gaps in coverage. A gold-plated 
tungsten sense wire runs through the center of each drift tube. The efficiency for 
detection of a charged muon passing a single layer of the muon chambers is 99.5% 

. for momentum greater than 2 GeV Ie [26]. For each event, the hits in the muon 
chambers are associated with the tracks observed in the TPC to determine which 
are to be considered muon candidates. 

3.4 Data Acquisition and Analysis 

During the experimental runs of the TPC/Two-Gamma detector, a trigger elec
tronics system [27] determines when an event of interest has occurred. If the trigger 
logic is satisfied, the raw data from the various detector components are digitized 
and recorded on magnetic tape. These digital event records are then processed in 
order to reconstruct the momenta and positions of the particles in an event. In 



27 

order to assure data quality, a portion of events are passed through a preliminary 
analysis during running. Later when the final calibrations have been established, 
all of the events are passed through the full anal:y:sis sequence. 

3.4.1 Trigger 

Since the trigger logic determines which physical events will be recorded, it is 
essentially the initial step in the process of event selection. The configuration of 
e+ and e- bunches in the PEP collider produces crossings every 2.4 fLS at the 
interaction point. Within this time, the trigger electronics decides whether an 
event of interest has occurred. 

In order to maximize the efficiency for identifying and recording events of in
terest, there are several individual trigger definitions. An event is recorded if it 
satisfies any of the following requirements. 

• Charged Trigger. The event includes at least two charged tracks that 
point toward the interaction region and are separated by 300 or more. 

• One Charged Plus Neutral Trigger. The event includes at least one 
charged track and a minimum of 1 Ge V neutral energy in the calorimeters. 

• Neutral Trigger. The event includes a minimum of 2 Ge V neutral energy 
in the calorimeters. 

In addition to the trigger definitions given above, there is also a Bhabha trigger 
which requires a minimum of 3 GeV neutral energy in each of the forward calorime
ters~ However, this trigger is used to monitor the luminosity. The acquisition rate 
for these common events is scaled down. 

3.4.2 Event Reconstruction 

Given the set of individual wire and pad hits in the TPC, the analysis software 
reconstructs the trajectories of the charged particles of an event. These tracks are 
then extrapolated through the layers of the calorimeters and muon chambers to 
predict the positions of possible hits in those detector components. 

The calorimeter analysis software [28] uses the pattern of hits to determine 
a set of clusters. Clusters that are near the predicted positions for extrapolated 
charged tracks are associated with those tracks, while the remaining clusters are 
considered photon candidates. The shower energy of each cluster is calculated from· 
the estimated number of Geiger cells that have fired in the cluster. 

Similarly, the muon identification software associates hits in the layers of muon 
chambers with the extrapolated positions of the charged tracks observed in the 
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Event Cross Section (pb) Number 
e+ e- --+e+ e- 9565.5 1,340,000 
e+ e- --+p+ p- 165.5 23,200 
e+e- --+r+r- 136.1 19,100 
e+e---+qq 530.0 74,200 

Table 3.1: Total event estimates for the TPCjTwo-Gamma experiment. For 
e+ e- -+e+ e-, the cross section and number of events are limited to the region at least 
25 0 from the beamline. 

TPC. The pattern of associated hits is then available for the determination of 
muon candidates. 

3.4.3 Integrated Luminosity 

During the low-field (1982-1983) and high-field (1984-1986) experimental runs, 
the TPC/Two-Gamma detector collected data sets corresponding to integrated 
luminosities of 77.0 pb-1 and 63.0 pb-I, respectively. These luminosity estimates 
are based on the number of observed e+e---+e+e- events, since this process has a 
well-known cross section and leaves a distinctive signature within the tracking and 
calorimetry of the detector. A redundant check comes from counting qq events. 
Table 3.1 gives estimates of the numbers of different types of events that are 
expected to have occurred during the runs of the TPC /Two-Gamma experiment. 

,. 
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Decays of r+r- lepton pairs produced at e+e- colliders provide .. an exceptionally 
clean environment for studies of the resonant structure of hadronic systems below 
the r- mass. Through the interaction of the W- , the r- decays to v..,. and a pair of 
quarks, either ud or US, which then undergo hadronization and strong decay pro
cesses to produce long-lived mesons, predominantly 7r and K. The well-measured 
hadronic decays of the r- lepton are observed to proceed through coupling of the 
W- to ud and us resonant states. The (7r7r)- and (K7r)- decays are dominated 
by the p- and K*- vector channels [16], while the (7r7r7r)- decays proceed through 
the ai" axial-vector channel [17]. However, the resonance structure of the (K7r7r)
decays has remained an open question due to their small branching fractions and 
the difficulty of identifying or reconstructing the strange mesons. The obvious 
candidates for (K 7r7r)- resonances are the K1 (1270) and J(1(1400) [29], which are 
mixtures of the us analogs of the ai" and bi". 

This chapter describes an analysis of the resonance structure of the decay 
r---+v..,.([(7r7r)- through the three-charged mode, r---+v..,.[(-7r+7r-. We find ev
idence that these decays do in fact proceed through the [(1 channels, and re
port measurements of the branching fractions for r- --+. v..,.K1 (1270) and r- --+ 

v",,[(1(1400). The magnitude of these branching fractions provides information 
concerning coupling of the weak axial-vector us current, while the ratio of these 
branching fractions is relevant in the determination of the mixing angle of the two 
[(1 states [30]. 

4.1 The Method 

This analysis is based entirely on charged track information from the time projec
tion chamber (TPC), and utilizes its excellent tracking and particle identification 
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]{1(1270) ]{1(1400) 
mass (MeV) 1270 ±10 1402 ±7 
width (MeV) 90 ±20 174 ±13 
decay modes fractions (%) fractions (%) 

total ]{-7r+7r- total ]{-7r+7r-

]{*7r 16 ±5 7 ±2 94 ±6 42 ±3 
]{0'(1430)7r 28 ±4 12 ±2 
]{p 42 ±6 14 ±2 3 ±3 1 ±1 
]{w 11 ±2 10 ±2 1 ±1 1 ±1 
]{ 10(1400) 3 ±2 2 ±2 2 ±2 1 ±1 
total 100 45 100 45 

Table 4.1: Properties of the Kl resonances. For each of the decay modes of the 
K1(1270) and K1(1400), the table lists both the total branching fraction and the branch
ing fraction to the three-charged J(-7r+7r- final state, calculated from isospin symmetry 
and known branching fractions of the intermediate resonances. 

capabilities. In order to obtain a sample of r- -tlIT]{-7r+7r- events, we first select 
for r+r- events in the rl+3 topology, where the numbers in the subscript give the 
numbers of charged particles in each of the r decays. Then the three-prong tracks 
of these events are each classified as 7r± or ]{± candidates. Since the number of 
r- ~VT]{-7r+7r- events is quite small, the priorities of the selection process are to 
minimize background and to allow efficient 7r± /]{± separation for the three-prong 
tracks of the sample. 

We determine the resonance structure of the ]{-7r+7r- decays of the r- lepton 
by observing the distribution of events in the three-dimensional invariant mass 
space defined by mk-1I'+1I'-' mk-1I'+' and m;+1I'-' This choice of axes provides 
sensitivity Jo the presence of resonant states in the charged particle combinations 
]{-7r+7r-, [(-7r+, and 7r+7r-. The ]{-7r+7r- system may proceed through one 
or both of the [(1 states, while the [(-1r+ and 7r+7r- combinations are likely 
candidates for resonant states such as [(* and p. For each hypothetical channel for 
the [(-7r+7r- decay of the r-, we derive an analytical expression for the expected 
distribution of events in the invariant mass space described above. We then use 
an extended maximum likelihood fit to determine the most probable resonant 
composition of the T-~VT[(-7r+7r- decay. 

The mass, width, and decay properties of the ]{l states, which are expected 
to dominate this decay, are listed in Table 4.1. Unlike the fLd axial-vector analogs 
a1' and b1' , which decay almost exclusively to (p7r t and (W7r)- respectively, the us 
]{l states both have rather complicated sets of decay modes that lead to diffe~ent 
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Decay Mode Intermediate Final State Fraction 
1(*1r 1("01r- (~) 1(-1r+1r- (~) 44% 

[{01r01r- (~) 22% 
]C-1r° ·G)' 1{°1r-1r° (~) 22% 

1(-1r01r0 G) 11% 
1(; ( 1430)1r 1(;0(1430)1r- (~) 1(-1r+1r- (~) 44% 

[{01r01r- (l) 22% 
1(~ (1430)1r° (~) 1(0 1r-1r0 (~) 22% 

1(-1r01r0 (~) 11% 
1(p 1(- po (~) 1(-1r+1r- (1) 33% 

1(0p- (~) 1(01r-1r0 (1) 67% 
1(w 1(-w (1) 1(-1r+1r-1r0 (89%) 89% 

1(-1r+1r- (2%) 2% 
1(-1r0, (9%) 9% 

1( 10(1400) 1(-/0(1400) (1) 1(-1r+1r- (93%)(~) 62% 
1(-1r01r0 (93%)G) 31% 
1(-1(+1(- (7%)(!) 3% 
1(-1(0 [{O (7%)(!) 3% 

Table 4.2: Decay modes of the ](1 resonances. The fractions for the intermediate and 
final states are calculated from isospin symmetry and known branching fractions. Net 
fractions for the final state ](-1r+1r- are listed in bold. 

groups of final state mesons. All of the established decays of the two 1(1 states 
occur through intermediate resonant channels, which provide an additional handle 
in identifying contributions from the 1(1(1270) and 1(1(1400). The 1(1(1270) has 
significant decays to 1("1r, 1(;(1430)1r, 1(p, and 1(w, while the 1(1(1400) decays 
almost entirely to 1("1r. Note that the decays to 1(;(1430)1r and ]{/0(1400) are 
through broad resonances with central masses greater or equal to those of the ]{l 
states. In addition to the overall 1(1 branching fractions, Table 4.1 also lists the 
contributions from each of the decay modes to the three-charged ]{-1r+1r- final 
state. The values for the three-charged final state contributions are calculated 
from the known branching fractions of the intermediate resonant states or from 
isospin symmetry, as listed in Table 4.2. Remarkably, the net contribution to the 
three-charged final state, 1(-1r+1r-, is about 45% for both the ]{1(1270) and the 
]{1(1400). 
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4.2 Event Selection 

The data sample used in this analysis includes both the low-field (1982-1983) 
and high-field (1984-1986) experimental runs. The total sample has an integrated 
luminosity of 140 pb-1 at an e+e- center of mass energy of 29 GeV. The event 
selection is based entirely on kinematic and particle identification information from 
the charged tracks observed in the TPC. We select events in the TH3 topology. 

• Each event must have a total of 4 reconstructed tracks with a net charge 
of zero. This requirement excludes most of the qij events, which tend to 
have higher charged multiplicity. It also excludes e+ e- and 11+ j.t- events, 
although the radiative analogs, e+e-, and 11+11-" may still pass if the 
photon converts to an e+ e- pair. Note that this cut also excludes those 
TH3 events in which photons from 71"0 decay convert to produce additional 
e+ e- tracks. 

• Each of these tracks must have momentum greater than 0.3 Ge V / c, have 
an angle relative to the beamline of at least 300

, and extrapolate to the 
interior of an imaginary cylinder 5 em in radius and 10 em in length, 
coaxial with the beamline and centered at the nominal interaction point. 

• One of the tracks must be at least 1400 and less than 1780 from each of the 
other three tracks. This defines the one-prong and three-prong candidate 
tracks of the Tl+3 topology. 

• The invariant mass of the three-prong tracks, assuming 71" masses, must be 
less than 2.0 Ge V / c:l. This is another strict cut against qij backgrounds. 

• The invariant mass of all the reconstructed tracks, assuming 7r masses, 
must be at least 3.0 Ge V / c~. This cut removes most of the two-photon 
events. 

• The dE / dx of each of the three-prong tracks must satisfy X 2 < 9.0 or . ~ 

X~ < 9.0, where X2 is the goodness of fit of the measured dE / dx and 
momentum to the expected dE / dx vs momentum curve for a given par
ticle species. Here we require that the three-prong tracks be hadrons, as 
expected for T- decays with charged multiplicities greater than one. This 
requirement excludes e+e-, and 11+11-, events where photon conversion 
to e+ e-· fakes the TH3 topology. 

• Each of the three-prong candidates with momentum greater than 2.0 Ge V / C 

must have at least 80 wire dE / dx samples. This· ensures the level of res
olution necessary to make an efficient separation of 7I"± and ](±. 
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Event Selection Efficiency (%) 
Decay Mode Low-Field High-Field Average 

1I-r 1T'- 11"+ 11"- 10.7 16.5 13.3 
vTf{- 11"+ 1r- 9.6 15.0 12.0 
vTf{- [(+ 11"- 7.1 12.4 9.5 
vTf{- [(+ [(- 2.4 5.6 3.9 
VT 1T'- 11"+ 11"- 1T'0 7.5 12.1 9.6 
vTf{- 11"+ 11"- 1T'0 6.7 11.2 8.7 
vTf{- [(+ 11"- 1T'0 4.6 9.1 6.6 
vTf{- f{+ f{-1T'0 1.4 3.9 2.5 

Table 4.3: Selection efficiencies, estimated from Monte Carlo, for three-prong events 
averaged over the various one-prong decays. Note the lower efficiencies for decays with 
K± or with 11"0. 

• The scalar sum of momentum for all charged tracks must be greater than 
4.5 Ge V / c and less than 24.0 Ge V / c. This requirement removes essen
tially all of the residual two-photon events (at the low end) and e+e-, and 
Jl+ Jl-, events (at the high end). 

This 7'1+3 sample consists of 518 events with an estimated purity of 99.1 %. Ba~k
grounds estimates, based on Monte Carlo simulation, are 3.5 qij and 1.3 7'1+1 events 
with negligible contributions from e+e-(,), Jl+ Jl-('), and two-photon events. 

Selection efficiencies for various three-prong decays of the 7'- lepton are es
timated from Monte Carlo simulations, as listed in Table 4.3. Note that as the 
number of f{± in the decay increases, the selection efficiency decreases. The ad
dition of 11"0 to the final, state also lowers the selection efficiency. For example, 
compared with the 1T'-1T'+1T'- decay, the [(-1T'+1T'- decay has a relative selection effi
ciencyof about 90% and the 1T'-1T'+1T'-1T'0 decay about 75%. There are two sources 
for these lower selection efficiencies. First, as the net mass of the decay particles for 
a particular mode increases, the relative velocities of these particles are more re
stricted and result in a more collimated decay. If the tracks are too close together, 
the TPC is unable to provide independent wire dE / dx measurements for each of 
the tracks. These events are then excluded due to inadequate 1T'± / f{± resolution. 
The selection efficiencies for decays with 11"0 are also decreased since the 1T'0 decays 
to photons which may then produce conversion e+e- tracks. These events then 
fail the charged track multiplicity criterion. 

4.3 Charged Particle Identification 
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Figure 4.1: dE/dx vs momentum for the three-prong tracks of the r1+3 event sample, 
along with the expected curves for the various particle species. 

The three-prong tracks of the T1+3 sample are expected to consist entirely of 11"± 
and J(±. The separation of these tracks into 7r± and' 1{± candidates is based 
on momentum and dEJdx measurements from the TPC. Figure 4.1 plots dE/dx 
versus momentum for these tracks and gives a rough idea of the relative abundance 
of 7r± and J(± in the sample. While most of the tracks are distributed about the 
mean value curve of the 7r±, there is also a small but unmistakable population 
of tracks distributed about the J(± curve. The dE/dx distributions for charged 
particle species are known to be Gaussian out to three standard deviations with 
a well-understood resolution that is a function of the angle and number of wire 
samples [22]. Our requirement of at least 80 wire dE/dx samples gives an average 
dE / dx resolution of 3.2% and an average 7r± / J(± separation of over three sigma for 
the momentum region above 2.0 Ge V / c. Tracks below 2.0 Ge V / c are considered to 
be 7r±, since Monte Carlo simulations predict that fewer than 4% of the J(± from 
three-prong r- decays will have such low momenta. This is simply a consequence 
of the high mass of the J(± relative to that of the T- , which limits their relative 
velocity. 

Protons from background sources pose a particular concern since they would 
likely be misidentified as J(± due to their low dE / dx values through the high 
momentum region. The sources of possible proton contamination are qq events of 
unusually low charged multiplicity and nuclear interactions of particles with the 
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Figure 4.2: XK vs X1I" for the three-prong tracks of the TI+3 sample. The solid line 
X; - Xk = 4 separates the tracks into 11'± and K± candidates. 

beampipe or inner pressure wall of the TPC. The selection criteria were chosen to 
be especially efficient in excluding qij events from the T+T- sample. Monte Carlo 
simulations predict less than one proton in the Tl+3 sample from qij background. 
Interactions with the ordinary bulk matter of the detector would produce protons 
and not anti-protons. Of the tracks in the region below the J(± mean, there are six 
positive and ten negative tracks. Therefore, there is no indication of a significant 
number of protons within the sample. 

A plot of the XK vs X1I" values for the three-prong tracks with momentum 
greater than 2.0 GeV /e is shown in Figure 4.2, where X = R. Since the dE/dx 
resolutions of the tracks vary little through this momentum region and the distance 
between the expected dE/dx values for 1l'± and J(± is roughly constant, the tracks 
fall into three bands depending on whether their dE / dx value is above the 1l'± curve, 
between the 11'± and J(± curves, or below the J(± curve. These three regions are 
described approximately by the equations, 

XK =X1I"+e 

XK + X1I" = e 

(4.1) 
(4.2) 
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Decay Class 
V-r 7r- 7r+ 7r- ~ 0 neutral 
v-rJ{- 7r+ 7r- ~ 0 neutral 
V-r 7r- J{+ 7r- ~ 0 neutral 
v-rJ{- J{+ 7r- ~ 0 neutral 
v-rJ{- 7r+ J{-~ 0 neutral 
v-rJ{- J{+ J{-~ 0 neutral 

Population 
484 
23 

7 
4 
o 
o 

Table 4.4: Populations for the r- three-prong decays, categorized according to the 
charged particle classification. 

XK = X'II" - C (4.3) 

where c is the separation of 7I"± and J{± curves in number of standard deviations. 
The distribution in Figure 4.2 shows that the typical 7I"± / J{± separation for these 
tracks is about 3.5 sigma. 

We use the X'II" and XK values to separate the three-prong tracks into 7I"± and 
J{± candidates. The probability of a track being 7r± or J{± is given by, 

P'II" ex: l'II"e-X~/2 

PK ex: IKe-Xk /2 
(4.4) 

(4.5) 

where I'll" and IK are the particle fractions for 7r± and J{± for the given momentum 
of the track. The relative probability is then, 

(4.6) 

and contours of constant relative probability are given by hyperbolic curves of the 
form, 

X! - X~ = a ( 4.7) 

where a is a constant. Since the fraction of J{± in the sample is small, we select 
the value a = 4, given by the solid line in Figure 4.2, to divide the tracks into 7r± 

and J{± candidates. 

With the tracks separated into 7I"± and J{± candidates, we classify the events 
according to the possible combinations of charged particles. These populations are 
given in Table 4.4. To examine the resonance structure of the decay r- -+v-rJ{-7r+7r-, 

we use the 23 J{-7r+7r- candidates. The background events in the J{-7r+7r- sam
ple are expected- to be primarily due to 7I"-7r+7r- events where one of the 7r- is 
misidentified as J{-. From the assumption of Gaussian dE / dx distributions for 
charged particles and the 7r± / J{± cla~sification criterion X; - Xk = 4, we calculate 
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Figure 4.3: Invariant mass distributions of the 23 K-1r+1r- candidate events of the 
Tl+3 sample. 

the 1r--+f{- misidentification probability for each of the 7r- of the 7r-1(+7r- can
didates. The sum of these misidentification probabilities provides a background 
estimate of6.3 ± 2.7 events, where we have included a 15% systematic error due 
to uncertainties in dEJdx parameterization. 

The f{-7r+1r-, f{-7r+, and 7r+7r- invariant mass plots for the f{-7r+7r- candi
date events are shown in Figure 4.3. For the mK-lI'+lI'- plot, most of the events 
are clustered in the region between 1.2 Ge V J c2 and 1.4 Ge V J c2

, giving a narrower 
distribution than would be expected for non-resonant phase space decay channels. 
The mK-7r+ spectrum shows a distinct f{* peak, consistent with a large contribu
tion from the ](1'(1400), which decays almost entirely through the 1(*°,. Finally, 
the mll'+l1'- plot gives only a hint of p signal, which would be a signature for the 
](1'(1270). 

4.4 Neutral Particle Identification 

The selection of the f{-7r+7r- candidate event sample described in the preceeding 
sections is based entirely on charged particle information. In order to check for 
evidence of neutral particles, particularly 7r 0 , we look for energetic photons that are 
associated with the three-prong T decays of the f{-7r+7r- sample. At PEP energies, 
the decay products are well-separated into distinct hemispheres and most photons 
are easily associated with one decay or the other, as shown in Figure 5.4. For each 
event, we define a decay axis as the sum of the momenta of the three-prong system 
of charged particles, and include photons within 45° of this axis that have energies 
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of at least 0.4 GeV. Photon pairs with an invariant mass between 0.07 GeV le1. 

and 0.20 GeV le1. are considered to be 71"0 candidates. Using these criteria, we find 
no 71"0 candidates among the 23 J{-7I"+7I"- candidate events, although there are 6 
events with 1 energetic photon and 1 event with 2 energetic photons. 

In order to estimate the number of J{-7I"+7I"- candidate events with an ad
ditional 71"0, we use Monte Carlo simulations of the decays 7"- -+vT J{-7I"+7I"- and 
7"- -+vT K-7I"+7I"-7I"°. The simulated events are passed'through the analysis software 
to obtain estimates of the expected fractions of events that will be observed to 
have a reconstructed 71"0 or high energy photons. A maximum likelihood fit of the 
Monte Carlo predictions. to the number of reconstructed 71"0 observed in the data 
estimates 0 ± 2 events with an additional 71"0, while a similar fit based on the num
ber of energetic photons estimates 7 ± 4. The discrepancy in the two estimates 
gives an idea of the systematic uncertainties in the Monte Carlo simulation of the 
electromagnetic calorimeter. However, these estimates do provide rough limits on 
the number of events with 71"0. We expect that the Monte Carlo simulation may 
overestimate the 71"0 reconstruction efficiency, and almost certainly underestimates 
the number of fake photons from hadronic interactions of 71" and J{ in the calorime
ter. Consequently the actual number of events with 71"0 is likely somewhere between 
the two values given. 

From the branching fractions and selection efficiencies for 7"- -+vT 7r-7r+7r- and 
7"--+vT 7r-7r+7r-7I"° [8], we expect that about 40% of the background events will 

. have an additional 7r
0

: This would contribute 2.5 ± 1.1 events with 71"0. Also note 
that the decay J{l- -+K-w results in a final state of J{-7r+7r-7r0 • After adjusting 
for relative selection efficiencies of the various decay modes, we expect that 16.4% 
of K1 (1270) events and 1.4% of K1 (1400) events will also include a 7r

0 • 

Although we find no evidence for a significant number of K-7r+7r-7r° events in 
our sample, the relatively low 7r

0 reconstruction efficiency prevents us from ruling 
out their presence. The question of K-7r+7r-7I"° contribution must ultimately be 
resolved by experiments with both charged particle identification and efficient 7r

0 

reconstruction. 

4.5 Decay Models. 

In order to determine the resonant contributions of the K1(1270), K1 (1400), and 
other possible channels for the decay T- -+vT K-7r+7r-, we use Monte Carlo methods 
to obtain analytical expressions that model the expected distributions of these 
decay events in the three-dimensional invariant mass space defined by mk-1I"+1I"-' 

2 d 2 mK-1I"+' an m1l"+1I"_. 

The decay modeling begins with the derivation of the Lorentz invariant phase 
space for 7"- -+vT K-7I"+7I"-. The calculation is simplified by factorization [8], which 
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1<:;- Model Parameters 
Decay 1<-1r+1r- 1<-1r+ 1r+1r-

Mode Mass Width Mass Width Mass Width 
1<:;-(1270) ](*1r 1.262 0.102 0.898 0.059 

1<~(1430)1r 1.264 0.087 1.306 0.238 
1<p 1.263 0.094 0.761 0.102 
1<w 0.933 0.144 0.573 0.108 
1< 10(1400) 1.264 0.093 0.861 0.313 

1<:;-(1400) 1<*1r 1.373 0.199 0.898 0.061 
1<p 1.404 0.120 0.768 0.083 
1<w 0.980 0.345 0.537 0.252 

1< 10(1400) 1.400 0.162 0.820 0.255 

Table 4.5: Model parameters for theJ(l resonances. These effective masses and widths 
are used to describe the expected distribution of events in the J(-1r+1r-, J(-1r+, 1r+1r-
invariant mass space. 

allows the isolation of the hadronic portion of the phase space according to 

where Q represents the 1<-1r+1r- system. The phase space for the initial two-body 
decay is given by 

dA.[r-~v Q. ] = _l_(m; - mk1r1r) dfl 
If' .,. 29 6 2 • 1r m.,. 

(4.9) 

Here the factor (m; - mk1r1r) is proportional to the momentum of the 1<-1r+1r
system in the rest frame of the r-. The phase space for the three-body hadronic 
system may be expressed in Dalitz form as, . 

(4.10) 

For the decay r- ~v.,.1<-1r+1r-, the overall phase space probability density function 
is then given by 

(4.11) 

Note how the expression approaches zero as the invariant mass of the 1<-1r+1r
system approaches the r mass, the boundary for the accessible phase space. 
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This phase space expression is used as the basis for the analytical models that 
we use to describe the invariant mass distribution of events for the various hy
pothetical channels of the T- --+v7 /(-7r+7r- decay. Our basic probability density 
function is then, 

(4.12) 

where the constants and the integration over the angular orientation of the initial 
T- have been relegated to an overall normalization factor N. To this we add 
optional Breit-Wigner functions, 

(4.13) 

to allow modeling of resonances for the /(-7r+7r-, /(-7r+ and 7r+7r- charged particle 
combinations, designated here by Q. The mOQ and r Q parameters are the effective 
central mass and width values of the resonances. The inclusion of these Breit
Wigner functions gives the final from of the invariant mass probability density 
function, 

( 4.14) 

Not all of the Breit-Wigner functions are necessary for any given decay. For 
example, in modeling the decay chain T- --+v7 1{1(1400) I /(1(1400)--+K*°7r- I 
K*o-+1{-7r+, we parameterize the Breit-Wigner functions for the /(-7r+7r- and 
/(-7r+ systems of particles, but not for the 7r+7r- combination. 

For each of the decay modes of the /(1(1270) and /(1(1400), we generate 
events with the T- generator KORALB [31], to which we have added decays to 
the 1(1 resonances. These events are then passed through a detector simulation in , 
order to model acceptance and resolution effects. The analytical expression for the 
expected decay probability density is then fit to the invariant mass distribution 
of these Monte Carlo events. The fit determines the best values for the effective 
mass and width parameters of the Breit-Wigner functions, listed in Table 4.5. 
Note that the /(-7r+7r- mass values for the /(w decay modes of the /(1(1270) 
and /(1 (1400) are low due to the additional 7r0 in the final state of this decay. 
Finally, these expressions for the individual decay modes are combined, according 
to their relative selection efficiencies and branching fractions, as given in Table 4.6, 
to give net invariant mass distributions for the /(1(1270) and the /(1(1400). The 
projections of these distributions onto the ]{-7r+7r-, /(-7r+, and 7r+7r- axes are 
given in Figure 4.4. 

Using the 7r-7r+7r- candidates of the 7"1+3 data sample, we derive a similar ana
lytical expression for the expected invariant mass distribution for the background. 
For each 7r- with momentum greater than 2.0 GeV Ie, we replace the 7r- mass 
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Normalized Decay Fractions 

Decay Total K-7r+7r- Selection Normalized 
Mode Fraction(%) Fraction(% ) Efficiency(% ) Fraction(%) 

K1 (1270) K*7r 16 ± 5 44.4 12.6 17.7 

KO'(1430)7r 28±4 44.4 ' 12.3 30.2 
Kp 42 ±6 33.3 11.4 31.4 
]{w 11 ±2 91.0 8.3 16.4 

K 10(1400) 3±2 62.0 11.8 4.3 

K1 (1400) ]{*7r 94 ±6' 44.4 12.9 ' 94.0 
Kp 3±3 33.3 11.7 2.0 
Kw 1±1 91.0 8.6 1.4 
]{ 10(1400) 2±2 62.0 12.0 2.6 

Table 4.6: Normalized decay fractions for ](1-+](-1r+1r-. The total fractions are the 
measured branching fractions for the /(1(1270) and ](1(1400). The normalized fractions 
take into account the fraction of each decay to the ](-1r+1r- final state and the selection 
efficiencies. These normalized fractions are the coefficients used in the linear combination 
of individual decays of the ](1(1270) and ](1(1400). 

Decay Population Efficiency Branching Fraction (%) 
Likelihood fKl/f3 TPC/2, 

lJr ]{1(1270) 54+5.4 
· -4.6 0.36 ± 0.04 041 +0.41 · -0.35 

lJr ]{1(1400) 11 0 +5.8 · -4.8 0.39 ± 0.04 o 76 +0.40 · -0.33 
lJr]{l 164+5.7 

· -5.1 0.38 ± 0.04 1 17 +0.41 · -0.37 

Table 4.7: Branching fractions for r- -+lJr ](1(1270), r- -+vr ](1'(1400), and total 
r- -+lJr ](l' assuming that the process r- -+lJr ](-1r+1r- proceeds entirely through the 
](1' channels. The efficiency definition is described in the text. 

with that of the ]{- and calculate mk-1!"+1!"-' mk-1!"+' and m;'+1!"- for the event. 
The expression above, with Breit-Wigner functions for all three charged particle 
combinations, is then fit to these invariant mass points. 
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Figure 4.4: Invariant mass distributions of the [(1(1270) and [(1(1400) models, com
pared with the [(-11"+11"- candidate events. The upper plots are for the [(1(1270) plus 
background, while the lower plots are for the [(1(1400) plus background. The dashed 
curve shows the estimated background from misidentified 11"-11"+11"- events. 

4.6 Branching Fractions 

Assuming that the decay r- ~V7"](-7r+7r- is dominated by the two ](1 channels, 
we construct an extended maximum likelihood function, 

(4.15) 
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Figure 4.5: Invariant mass distributions of best fit K}(1270) and K} (1400), compared 
with the K-7r+7r- candidate events of the TI+3 sample. The dashed curve shows the 
estimated background from misidentified 7r-7r+7r- events, while the solid curve shows 
the background plus the best fit combination of K}(1270) and K}(1400). 

where a runs over the ](-7r+7r- candidate events. The Vi and Ii are the expected 
populations and predicted invariant mass distributions of ](1(1270), ](}(1400), 
and background events. The sum of the Vi is given by v, and the Poisson factor 
accounts for statistical fluctuations in the total population of the sample. Using 
the background estimate of 6.3 ± 2.7 events, we determine the most probable values 
for the J{1(1270), J{1(1400) , and total J{1 populations, listed in Table 4.7. As 
a consistency check, we perform the likelihood fit without using our background 
estimate based on misidentification probabilities. Using the likelihood fit alone, 
we obtain a background estimate of 8.5 ± 7.7 events, in good agreement with the 
value of 6.3 ± 2.7 arrived at from misidentification probabilities. 

The branching fractions are calculated according to 

(4.16) 

where B3 is the topological branching fraction to three-prongs 14.06 ± 0.25% [8], 
N3 is the number of events in our TI+3 sample, and f-Kl / f-3 is the selection efficiency 
for J{} events in the J{-7r+7r- sample relative to that for three-prong events in the 
TI+3 sample. We estimate a systematic error of 25% from uncertainties in dE / dx 
parameterization, event selection efficiencies, and modeling of the ](1(1270) and 
](1(1400) decays. The Monte Carlo invariant mass distributions for the best fit 
values of ](}(1270) and /(1(1400) plus background are compared with those of the 
](-7r+7r- candidates in Figure 4.5, while the error contours for the ](1 branching 
fractions are shown in Figure 4.6. Given the current branching fractions for the 
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Figure 4.6: Statistical error contours for the r-,-vr ](1(1270) and r-,-vr ](1(1400) 
branching fractions. The shaded regions represent the ranges of the ratio of 1(:1 branch
ing fractions predicted for ](1 mixing angles of 330 and 570 and SU(3) breaking of 
Ihl ~ 0.2. 

decays ](1 (1270) -+ ](*11" and ](1 (1400) -+ ](*11" [8], we use our r- -+vr ](l values 
to obtain 

B( r- -+ vr [(*°1l"-) = 0.51 :!:g:~~%, (4.17) 

consistent with a measurement from CLEO [32] of 0.38 ± 0.17%. The partial 
decay rates and masses of the ](1(1270) and ](1(1400) predict a mixing angle of 
OKt ::::::: 33°or 570 [30]. Our ratio of ](1 branching fractions favors the mixing 
angle of OK! ::::::: 330 for reasonable estimates of SU(3) breaking, as shown by the 
corresponding shaded regions of Figure 4.6. 

The results that we have presented so far are based on the assumption that the 
process r--+vr ](-1I"+1I"- proceeds entirely through the ](1(1270) and ](1(1400) 
channels. In order to check for non-](1 contributions to the decay r- -+V,T](-1I"+1I"-, 

we use Monte Carlo methods to obtain expressions for the expected invariant 
mass distributions of non-resonant [(*011"-, ](-pO, and ](-11"+11"-. We perform 
likelihood fits where one of these non-resonant components is included along with 
the ](1(1270), the ](1(1400), and background. The most likely value for the 
branching fraction of [(*011"- , which has an invariant mass distribution very similar 
to the ](;-(1400), is 0.19 :!:g:~~, while branching fractions for the](- po and ](-11"+11"

are 0.01:!:8:M and 0.04 :!:8J~. Although we are unable to rule out contributions from 
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Resonant State Branching Fractions (%) 
ud states us states 

Pseudoscalar 1r 11.6 ± 0.4 K- 0.67 ±0.23 
Vector p - 22.2 ± 1.0 K*- 1.42 ± 0.18 
Axial-Vector ai" 18.7 ± 1.0 Kl 1.17 ± 0.41 

Table 4.8: r- branching fractions for iid and iis resonant states. The ratio of our 
measurement of the total branching fraction for the iis axial-vector decay r- -+v-rJ(l 
to the branching fraction for T- -+v-rai" is similar to the iis/iid ratio for the vector and 
pseudoscalar decays. 

these non-resonant channels, our overall results are consistent with I<l dominance 
of the (K 1r1r >- decays of the r- lepton. 

4. 7 Discussion 

This resonance analysis provides the first evidence for the strange axial-vector de
cay of the r- lepton. The likelihood fit clearly favors the Monte Carlo distributions 
for the Kl states over those of the non-K1 models. From the relative magnitude 
of the CKM matrix elements IKsl and IVudl, we expect the branching fraction for 
the us decays of the r- to be about 5% of that of the analogous ud decays. The 
branching fractions for the ud and us pseudoscalar, vector, and axial-vector states 
are given in Table 4.8. Our measurement of 1.17 ~g:n % for the total branching 
fraction of r-~v-rKl is in good agreement with the existing pattern of branching 
ratios to resonant states, 
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Chapter 5 

G 10 hal Measurement of T 

Branching Fractions 

Measurements of the branching fractions for the decays of the r- lepton provide 
many insights concerning weak charged coupling and strong interactions below 
the r- mass. Through the interaction of the W-, the r- decays to lIr and an. 
additional pair of leptons or quarks. Rates for the leptonic decays, r- -+ e-Vellr 

and r- -+ jl- vl-'1Ir , are predicted very precisely by standard electroweak theory and . 
their measurement allows a careful check of the universality of couplings among 
the three generations of leptons. Hadronic decays of the r- are initiated with W
coupling to either ud or us quark pairings. During the hadronization and strong 
decay process, additional uu, (ld, or 5S quark pairs may be produced. Branching 
fraction measurements of these hadronic decays help reconstruct this process of 
strong interactions along two parallel paths characterized by the ud pairing with 
near-degenerate quark masses, and the us pairing where the heavier s quark breaks 
the mass symmetry. 

This analysis gives a comprehensive set of measurements of the branching frac
tions for the decays of the r- lepton. Although similar global measurements have 
been performed by the ALEPH [4] and CELLO [3] experiments, this is the first 
such analysis capable of separating charged 1r and J(. This allows a much more 
detailed set of decay categories and provides a means of separating the parallel 
physics of the ud and us decays of the r-. Another feature of this analysis is 
that only those events for which both decays are well-identified are included in 
the sample. While this strict requirement reduces the size of the sample, it allows 
the definition of event classes and the direct use of event selection efficiencies into 
the calculation of the branching fractions. Methods that use decay classes rather 
than event classes must assume that the mix of decays from the opposite half of 
the event is accurately estimated from a sum over branching fractions and event 
efficiencies. By requiring two well-identified decays and directly using the event 
efficiencies to determine the expected number of events in each event class, we 
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obtain an over-determined system of equations that allows checks of the internal 
consistency of the estimated event efficiencies. 

5.1 The Method 

In order to obtain a complete set of r- branching fractions, we first devise a set 
of selection criteria that will give a relatively pure sample of r+r- events and 
then classify each of those events according to the charged particles and photons 
observed in the r+ and r- decays. The decay classifications are designed to be as 
detailed as possible, given the capabilities of the detector and the size of the data 
set. Table 5.1 shows the classification scheme, as well as the physical decay modes 
that are expected to contribute to each class. For most of the hadronic decay 
classes we have listed resonances through which those decays appear to proceed. 
Note that the us decays through the 1<*- and ](1 contribute to a number of 
classes, many of which are populated primarily by more common ud decay modes. 
Fortunately both the ](*- and 1<1- have decays with 1<- that serve as a distinct 
signature for the measurement of their branching fractions. We are then able to 
infer the ](*- and 1<1 contributions to other predominantly ud classes. Although 
we refer to a /(1 state, there are actually two states to consider, the 1<1(1270) and 
the 1<1 (1400), as discussed in the previous chapter. Since the selection efficiencies 
and decay fractions for the ]{-7r+7r-, ]{-7r07r0, and ]{07r07r- final states are very 
similar for both of the 1<1 states, we are able to handle the 1<1 states together 
and report values for combined 1<1' 

The excellent particle identification of the TPC/Two-Gamma detector allows 
an efficient separation of all possible species of charged particles, namely e, Il, 7r, 
and ]{. Although all of these species are found in one-prong decays, only 7r and 1< 
are possible in decays with higher charged multiplicity, since the leptonic decays 
produce a single charged particle. Preliminary feasibility studies with our data in
dicate that there are simply not any reasonable candidates for certain charged par
ticle combinations that would allow a measurement of any corresponding branching 
fractions. These combinations, 7r-1<+7r-, 1<-7r+]{-, and 1<-]{+ 1<-, are expected 
to be highly-suppressed and we do not include them in our analysis. 

The neutrals classification is simply an estimate of the number of 7r°S in the 
decay. This estimate comes from adding the number of reconstructed 7r°S and 
the number of additional energetic photons ·associated with the decay. Again, 
preliminary feasibility checks of the r+r- sample give us an idea of which 7r0 

classifications will be possible for a given charged particle class. The number of 
decays with one charged pion is quite large and is separated into classes with 0, 1, 
2, or 2 3 7r°s. Charged kaons are much less common and are separated into classes 
with 0, 1, or 2 2 7r°s. Decays with 7r-7r+7r- are separated into classes with 0 or 
2 1 7r°s. The three-prong decays with charged kaons, ]{-7r+7r- and 1<-]{+7r-, are 
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Decay Class Decay Definition Decay Modes 
Charged Neutral Dominant Additional 

1 e e - ~O e 

2 p, p, ~O P, 

3 71" 71" 0 71" J(*- -+71"- J(2 

4 71"-71"0 71" 1 p - J(1-+71"-71"° J(2 

5 71"-71"071"0 71" 2 at J(*- -+71"- J(~ 

6 71"-71"071"071"0 71" ~3 71"-71"071"071"0 J(1-+7I"-71"° J(~ 

7 J(- J(- 0 J(-

8 J(-7I"0 J(- 1 J(*-

9 J(-7I"0 7l"0 J(- ~2 J(1" 

10 71"-71"+71"- 71"-71"+71"- 0 at ]c- -+71"-J(~ 

11 71"-71"+71"-71"0 71"-71"+71"- ~1 71"-71"+ 71"-71"0 J(1-+7I"-7I"° J(~ 

12 J(-7I"+7I"- J(-71"+71"- ~O J(1" 

13 J(- J(+7I"- J(- f{+71"- ~O J(- f{+7I"-: 

Table 5.1: r- decay classes and the decay channels that are expected to contribute to 
each class. The neutral classification is an estimate of the number of 71"°S, based on the 
number of reconstructed 71"°S plus the number of additional energetic photons. 

too rare to allow separate classes with differing numbers of 71"0. 

Now that we have our list of decay classes, we consider the physical decay 
modes that contribute to these classes. The modes that we use for modeling the 
decays of the r- are listed in Table 5.2. Here we are still considering the ideal 
situation in which each of the decays is correctly classified based on the decay 
products. Later we will address the question of misclassification of decays. Note 
that more than one physical decay channel may contribute to a given decay class. 
For example, although we expect that the 71"- class is mainly comprised of decays 
in which the W- couples to ud quark pair in the pseudoscalar 71"- state, we also 
know that there will be a small contribution from W- coupling to us quarks in the 
vector ]C- state; followed by decay of the J(*- to 71"-, which we observe, and J(2, 

which we do not observe. If we assume that the (J(71"t decay proceeds through 
the J(*- channel, then we are able to calculate the ratio of f{-7I"0 and 71"-](0 decays 
from isospin symmetry. From the distinct signature of the ](- 71"0 decays we can 
then estimate the 71"- J(0 contribution to the 71"- class. We follow an analogous 
argument for the (]( 71"71" t decays and the ](1" resonances. 

In order to relate the observed event class populations to the branching frac
tions, we require estimates of selection efficiencies for the possible decay modes. 
These efficiencies are calculated from Monte Carlo methods in which we generate 



Decay Mode Particles Decay Class 

Vector p-Cud) 71'-71'0 71'-71'0 
~~~~----------~--------~-------1C-(us) K-7I'° K-7I'° 

Axialvector al ( ud) 

J{l (us) 

Others 

71'-K2 
71'-K~ 
71'-K~ 

K-7I'°7l'° 
K-7I'+7I'-
71'-71'0 J{2 
71'-71'0 J{Z 
71'-71'0 J{~ 

J{-7I'07l'0 

J{-7I'+7I'-

71'-71'0 

71'-71'071'071'0 

71'-71'+71'-71'0 

71'-71'071'071'0 71'- 71'071'0 71'0 

71' -71'+ 71' -71'0 71' - 71'+ 71' -71'0 

K- J{+7I'- J{- J{+7r-
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Table 5.2: r- decay modes considered in this analysis. The estimation of efficiencies 
is based upon simulations that are predominantly modeled through resonances for the 
hadronic decays, which are listed in fid and fis pairs. 

random pairings of the various decay modes for e+ e- --.r+r- events and then pass 
these events through a simulation of the detector. Events are generated with the 
r+r- generator KORALB [31] to which we have added decays through the 1(1" 
resonances. The lepton classes, e- and 1-'-, are assumed to be populated entirely 
by the two corresponding leptonic decays of the r-, which make up about 35% of 
the r- decay rate. The matrix elements for these decays are predicted by elec
troweak theory, so there is little uncertainty in the event simulation. The 71'- and 
J{- are the wen~established ud and us pseudoscalar decays of the r- and are mod
eled very precisely from the parameters of the decays 71'---'1-'- vll and J{- --'1-'- iiw 
The (71'71')- and (J{7I')- decays are modeled through the vector states p- and K*-, 
while the (71'7r7l') - and (J{ 71'71' ) - decays are modeled through the axialvector al and 
J{1" states. For the 7r-7I'07l'07r0 , 71'-71'+71'-71'0, and J{- J{+7I'- we use a simple matrix 
element, in which the hadronic current is proportional to the sum of the momenta 
of the mesons. 
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The calculation of branching fractions in this analysis comes from an extended 
maximum likelihood fit to the observed event class populations. These event pop
ulations are assumed to follow Poisson statistics with the expected mean number 
of r+r- events in each event class given by, 

viI = £UT'f L 2: Tt/+-k,BkB, . (5.1) 
k I 

The total number of r+r- events produced during the experimental runs, N-r+-r-, is 
given by the product of the integrated luminosity C, and the cross section for r+r
production U-r'f' The B k , B, are the branching fractions for the decays of the r+r
pair. The Tij+-kl are the elements of the classification efficiency matrix. These are 
estimates of the fraction of r+r- events with decays r+-+k+ /r~-+l- that will be 
observed in event class ij. The elements Tij+-kl are determined from Monte Carlo. 
The expected number of events in each class must also include background from 
physics other than e+e--+r+r-. These are also arrived at through Monte Carlo. 
The equations, 

v~~ CueeTt/ \ (5.2) 
'3 

vl!P 
'1 - CUJ.lji.Tt? (5.3) 
V~r - CUqqTi~q (5.4) 

'3 

V'!~ - CU-y-yTi? (5.5) 
'3 

give the expected number of background events from e+ e-, J-l+ J-l-, qij, and "Y"Y 
background events. For each event class we calculate an expected number of events 
by summing the various physical processes, 

(5.6) 

Assuming that the observed populations for the event classes, nij, are Poisson 
distributed, we construct an extended maximum likelihood expression, 

(5.7) 

Maximization of this likelihood function determines the most probable values for 
the branching fractions. Note that Vij scales with the integrated luminosity. This 
means that we may set the integrated luminosity to the measured value for the 
experiment and then check if the branching ratios for the decay modes add to unity 
within errors. An alternative approach is to normalize the branching fractions to 
unity in order to arrive at an independent measurement of the integrated luminosity 
based on the r+r- sample. 

An outline of the analysis procedure is given in Figure 5.1 which shows how both 
the data and Monte Carlo events are passed through the selection and classification 
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Figure 5.1: Overview of analysis showing selection and classification of events to give 
event populations. The parallel analysis of Monte Carlo events leads to the calculation 
of efficiency matrix elements for both T+T- and background events. 

process. The analysis of the data begins with the selection of a r+r- sample by 
using criteria determined by Monte Carlo to efficiently retain r+r- events while 
rejecting other events. The selection process also tags tracks as one-prong and 
three-prong candidates. At this point we have a sample which is predominantly 
r+r- with some background from other events. All of these events are then clas
sified into the possible event classes to give the event class populations, nij. The 
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objective of the parallel Monte Carlo analysis is to obtain estimates of the classifi
cation efficiencies for both r+r- and background events. With the Monte Carlo we 
are able to look at individual decay combinations for r+r- events and also at the 
individual sources of background to find out what fraction of each type of event is 
ending up in each event class. For the r+r- events these classification efficiencies 
are the elements Tt/<-kl. For the background events we obtain a set of Tii for each 
of the expected background types. The details of the selection and classification of 
events, as well as the calculation of branching fractions, follow in the next several 
sections. 

5.2 Event Selection 

During the runs of the TPC /Two-Gamma experiment millions of events were 
recorded. Scattered among these events are thousands of r+r- events. Here we 
describe the selection criteria used to produce an event sample which retains as 
many of these r+r- events as possible while rejecting as many of the other types 
of events as possible. The data set used in this analysis in limited to the 1985-1986 
high-field experimental run, which has an integrated luminosity of 63 ± 7 pb- I

. 

The selection places more emphasis on purity than on efficiency. Consequently 
we will find that while our final sample consists of roughly 95% r+r- events, it 
includes only about 15% of the estimated 8600 r+r- events that occurred during 
the experimental run. 

5.2.1 Selection Criteria 

The selection criteria are based entirely on the kinematic properties and particle 
identification of the charged tracks of the events. No neutral information from 
the calorimeters is used in selecting the r+r- sample. Roughly, the idea is to 
select events with the characteristic topology of-r!+! and rI+3 events, where the 
subscripts give the numbers of charged tracks in each of the r+r- decays. The 
higher multiplicity r+r- events, such as r1+5 and TH3, are much rarer and more 
difficult to separate from qij backgrounds. 

The decay classification that we have described requires that the one-prong and 
three-prong tracks of these events must pass through regions of the detector where 
we are able to make an efficient separation into charged e, jJ, 1r, and J( candidates. 
Since the classification also depends on an estimate of the number of 1r0 in each 
decay, we need to ensure that photons from the 1r0 decays will have a reasonable 
probability of identification in the calorimeter. In the coverage of the detector 
components, there are gaps between the central and forward regions for both the 
electromagnetic calorimeters and muon chambers. In addition, at very low angles 
the TPC' resolution worsens due to the decreased number of wire samples. For 
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these reasons the selection for this analysis is limited to those events for which 
both groups of decay particles pass through the central region of the. detector. 

5.2.2 Kinematic Selection 

The first step in the selection of 71H and 71+3 event samples is a series of kinematic 
and topological selections. 

The 71H events are characterized by their low charged track multiplicity. At PEP 
energies, qij events have much higher charged multiplicities and are easily excluded 
from the 71+1 sample. The potential backgrounds here are from the QED events 
e+e--+e+e-(-y) and e+e--+p.+p.-(-y) which usually have a pair of nearly collinear 
charged tracks close to beam energy. Although cuts against energy and collinearity 
of the tracks are quite efficient at removing most of these backgrounds, the radiative 
versions may have very similar topologies to those of the 71+1 events. This requires 
the use of particle identification cuts in which we remove events where both of the 
one-prong tracks are tagged as electron candidates, or both are tagged as muon 
candidates. 

We should also note that many of the one-prong decays of the 7- include 
7I"°s. About 15% of their decay photons are expected to interact with the detector 
material before reaching the TPC and produce an e+e- pair. In order to retain 
these 7+7- events in our sample we must allow for total charged multiplicities that 
exceed two, and then separate the one-prong tracks from the conversion pairs. The 
71+1 selection beginsby describing track definitions that will be used to identify the 
one-prong tracks and the conversion electron candidates. The selection is actually 
run twice with slightly different track and topology definitions in order to reject 
backgrounds that would survive in the margins of either pass by itself. Each track 
may be assigned to any combination of these categories, they are not mutually 
exclusive. 

• Good Tracks 

- The track momentum is greater than 0.3 GeV Ie (0.1 GeV Ie). 
- The track angle relative to the beamline must be at least 35° (20°). 

- The track extrapolates to within 2 em (5 em) of the interaction 
point in a plane perpendicular to the beam axis and to within 5 em 
(10 em) of the interaction point along the beam direction. 

• Conversion Electron 
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- The closest distance to the track of the other conversion electron in 
the pair is less than 10.0 em (7.5 em) 

- The invariant mass of the conversion e+ e- pair is less than 0.20 Ge V I e:;! 
(0.15 GeV Ie:;!). 

• Likely Electron 

- The dE / dx fit to the electron hypothesis is X~ < 9.0. 

- The dE/dx fit to the any of the other charged particle hypotheses is 
X2 > 9.0. 

We also include two topological definitions, acollinearity and aeoplanarity, and give 
their limits for the two selection passes. The acollinearity, 

-1 ( Pl' P2 ) 
lYlinear = COS -lplll]321 (5.8) 

gives a measure of how close the tracks come to being back-to-back, while the 
acoplanarity, 

-1 [( ZXPl) (ZX]32)] 
lYplanar = COS I; x Pli . I; x P21 ' (5.9) 

where Z is the beam direction, is a measure of the difference in azimuth of the 
tracks. The limits for these quantities for the two selection passes are given below. 

• The acollinearity of the one-prong tracks must be between 3° (2°) and 55° 
(70°). 

• The acoplanarity ofthe one-prong tracks must be between r (to) and 55° 
(55°). 

The lower limits are used to reject e+ e- and ",+ ",- events which tend to be collinear 
and coplanar, while the upper limits are set to retain the majority of r+r- events. 

The events of the rl+l sample must satisfy the following kinematic and topo
logical criteria for both sets of track and topology definitions given above. 

• The total number of reconstructed tracks must not exceed 8, while the 
number of good tracks must be in the range of 2 to 6, inclusive. These 
multiplicity cuts eliminate most of the QeD events. 

• The scalar sum of momentum for all charged tracks must be between 
7.25 GeV Ie and 22.0 GeV Ie. This requirement removes high-energy 
background such as e+ e- ,:"nd ",+ ",- and low-energy background such as 
1"'/ events. 
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• The event sphericity [33] must be less than 0.06, and the scalar sum of 
momentum for all good tracks in each hemisphere defined by the sphericity 
axis must be greater than 0.65 Ge V / c. -

• There must be only 1 pairing of good tracks that is both acollinear and 
acoplanar, according to the cuts given above. This defines the one-prong 
candidates in the event. 

• The two one-prong candidates must have a net charge of zero. . .' 

• All other tracks must be part of reconstructed e+ e- pairs from photon 
conversions or identified as likely electrons. 

These events, with a higher charged track multiplicity, are more easily separable 
from e+ e- and 11+ 11- events. However, there is now some ambiguity with qij events. 
Events in the 71+3 sample must pass the following kinematic criteria. 

• Good Tracks 

- The track momentum must be greater than 0.3 Ge V / c. 

- The track angle relative to the beamline must be at leal'!t 30°. 

- The track must extrapolate within 5 em in a plane perpendicular the 
beam axis and within 10 em along the beam axis of the interaction 
point. 

• Conversion Electron 

- The closest distance to the track of the other conversion electron in 
the pair must be less than 10.0 em. 

- The invariant m,ass of the conversion e+ e- pair must be less than 
0.20 GeV /e2

• 

With these definitions of good tracks and conversion electron candidates, the 71+3 

events must pass the following kinematic crit,eria. 

• The total number of reconstructed tracks must not be more than 9. This 
multiplicity cut eliminates most of the QCD events. 

• The scalar sum of momentum for all charged tracks is between 4.5 Ge V / c 
and 24.0 Ge V / e. This requirements removes high-energy background 
such as e+e- and 11+11- and low-energy background such as II events. 
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• There must be exactly 4 good tracks, apart from identified conversion e+ e
pairs. This defines the one-prong and three-prong candidates in the event. 

• The 4 good tracks must have a net charge of zero. 

• The one-prong candidate must be at least 1400 and less than 1780 from 
each of the three-prong candidates. 

• The invariant mass of the three-prong tracks, assuming 7r masses, must be 
less than 2.0 GeV jc2 .This is another strict cut against qij backgrounds. 

• The invariant mass of all the reconstructed tracks, assummg 7r masses, 
must be at least 3.0 GeV jc2

• 

5.2.3 Particle Identification Selection 

After this kinematic selection the Tl+1 sample still consists of nearly half radiative 
e+ e- events, based on Monte carlo estimates. There are also a large number of 
radiative p,+ p,- events that pass the kinematic cuts. The TI+3 kinematic selection 
also allows considerable numbers of e+ e- background events to pass. Particle 
identification cuts are required to further reduce the backgrounds to manageable 
levels. 

In order to ensure that the decays pass through the reliable regions for particle 
identification, we first impose a geometric cut on the samples. This cut is actually 
determined by the need to identify the photons from 7r°S in the events. The photon 
candidates for the events of the T+T- sample are easily associated with the charged 
tracks, as shown in Figure 5.4. In order to identify a high percentage of the photons 
in these events, we define a charged decay axis for each decay. For one-prong decays 
this axis is simply the direction of the momentum vector of the one-prong track at 
the interaction point. For three-prong decays we sum the momenta of the three 
three-prong tracks there. 

• The charged decay axis for each of the decays must have an angle of at 
least 500 from the beam line. 

This requirement gives a high probability of photons in the decays passing through 
the planes of the central calorimeter and gives a roughly uniform efficiency for 
photon identification and 7r

0 reconstruction throughout the allowed angular region, 
making the analysis less sensitive to uncertainties in the modeling of decay angular 
distributions. This also keeps the decays in the region of efficient charged particle 
identification. Finally, the e+ e- -+e+ e- background is greatly reduced since its 
differential cross section increases rapidly in the forward regions. 

The charged tracks of the remaining events are now passed through a prelim
inary separation into charged e, JL, and h candidates, based on information from 
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Figure 5.2: Energy/momentum function used to identify. electron candidates in the 
preliminary r+r- sample. Note the peak centered about zero, the expected value for 
electrons. 

the electromagnetic calorimeter and muon chambers, followed by a more precise 
separation based on dE / dx measurements from the time projection chamber. The 
hits in the muon chambers associated with the tracks are used to tag tracks as Jl 
candidates. From its trajectory in the time projection chamber and our knowl
edge of the detector geometry and materials, each one-prong track is extrapolated 
through the layers of the muon chambers to predict the location of expected hits, 
given that the particle is a 1'; The actual pattern of hits is then compared with the 
expected hits from the extrapolation. In the central region, there are four layers of 
muon chambers, a, b, c, and d. The I' criteria are that the track have a hit in the 
terminal layer determined by the extrapolation, and there be no more than one 
missing hit in the previous layers. Tracks that satisfy this requirement are tagged 
as I' candidates. 

Information from the electromagnetic calorimeter is used to tag tracks as e 
candidates. Again, based on its trajectory in the time projection chamber, we 
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extrapolate each one-prong and three-prong track to predict the position of inter
section with the plane of the calorimeter. We then check for clusters near that 
point to indicate the actual position of the track in the calorimeter. Any cluster 
within 5.0 cm of the track is associated with that track and the estimated energy, 
assuming an electron, is assigned to that track. Figure 5.2 shows the sample of 
tracks plotted according to the function (ecAL - 'PTpc)/(ecAL + 'PTpc). This ex
pression places electrons near the zero point, since they shower, and other tracks 
toward the negative region, since they don't. The plot shows a prominent peak 
centered at zero with the remaining tracks appearing at lower regions. We define 
electron candidates as those tracks that fall above the arrow in the diagram, which 
corresponds to a calorimeter energy of at least 60% of the momentum measured 
in the TPC. As an example of the consistency of our integrated particle identifi
cation system, we note that none of the fL candidates defined above passes the e 
criteria in the calorimeters. Unfortunately, there are many tracks for which we are 
unable to find an associated cluster in the calorimeter, either because of gaps in 
azimuth between modules or scattering that places the cluster outside the 5.0 cm 
limit for track association. Therefore, tracks that are not tagged as fL candidates 
must be considered to be e candidates if there is no associated calorimeter cluster 
to determine shower energy. 

The e and fL tagging described above separates the track sample into three 
categories: electron, muon, or hadron. Plots of dE/dx versus momentum from 
TPC measurements are given in Figure 5.3 for the preliminary e, fL, and h can
didates. These dE / dx values from the TPC allow us to further fine-tune each of 
these preliminary samples. The dE /dx boundaries for the track regions are given 
in Table 5.3. Events with e+ e- or fL+ fL- tags are removed to give the final rl+l 

data sample. For the rI+3 events, none of the three-prong tracks may be an e 

candidate. 

5.2.4 Selection Efficiencies 

The total r+r- sample consists of the rI+l and rI+3 samples. The efficiency of 
the r+r- selection and background estimates come from Monte Carlo simulations. 
Monte Carlo simulations of the various event types give values for the numbers of 
background events that still appear in the selected samples. The QED backgrounds 
e+e- -+e+e-b) and e+e- -+fL+ fL-(-Y) are well-understood physical events. On the 
other hand, qij and two-photon events are less well-understood and require some 
assumptions concerning the details of the decay process. 

The efficiencies for the possible decay combinations of r+r- events are listed 
in Table 5.4 which gives efficiencies for the dominant decay modes for each of the 
decay classes, and in Table 5.5 which compares the efficiencies for the dominant 
and additional us modes to give an idea of the possible systematic error introduced 
from differences in efficiency for different channels of the same decay class. Since 
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Figure 5.3: dE/dx distributions for (a) e-, (b) p,-, and (c) h candidate tracks used in 
event selection. Electron and muon candidates are identified through information from 
the calorimeter and muon chambers. 
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Preliminary Classification Final Classification 

Class CAL/MUC Criteria Class dE/dxCriteria 

e Energy /momentum > 0.6 or e X; - X; < 10 

no CAL cluster or MUC hits h X; - X; > 10 

J.L Hits through extrapolated J-L X! - xk < 10 
layers of muon chambers h X! - xk > 10 

h Not tagged as e or J.L e X; - X; < 1 

h X; - X; > 1 

Table 5.3: Classification of one-prong and three-prong charged tracks into preliminary 
and final samples of e, J-L, and h candidates based on calorimeter, muon chamber, and 
dE / dx information. Events with e+ e- or J.L+ J-L- classification are excluded from the 
r+r- sample in order to remove QED backgrounds. 

the efficiencies vary considerably from class to class, the makeup of the r+r

sample is different from that of the original r+r- events. 

Event Selection Efficiency (%) 
Decay Class 1 2 3 4 5 6 7 8 9 10 11 12 13 

e 1 0 18 14 11 11 11 19 16 13 22 24 27 24 

J-L 2 1 16 17 16 16 15 23 18 24 24 22 26 
1r 3 12 18 21 16 17 22 20 23 23 22 21 
1r-1r0 4 17 13 15 21 18 15 23 24 27 23 
1r-1r0 1r0 5 11 13 19 18 15 24 20 21 21 
1r-7I"0 1r0 1r0 6 11 19 15 14 21 20 22 24 
](- 7 17 23 18 23 23 24 17 
](-1r0 8 20 18 24 22 23 26 
](-71"071"0 9 14 21 22 27 22 
1r-1r+1r- 10 0 1 1 1 
1r-71"+ 1r-1r0 11 0 1 2 
](-1r+1r- 12 . 0 1 
](- ](+1r- 13 0 

Table 5.4: Event selection efficiencies for the dominant channels of the event classes of 
r+r- decays, rounded to the nearest percent. The efficiencies for pairs of charge conju-
gate event classes are assumed to be identical. Note that there are small contributions 
from r3+3 events that have been misidentified during the selection process. 
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Event Selection Efficiency % 
Decay Class 3a 3b 4a 4b 5a 5b 6a 6b lOa lOb 11a 11b 

e 1 14 11 11 11 11 7 11 10 22 22 24 20 
p 2 16 13 17 15 16 15 16 17 24 21 24 22 
11"- ( 11"-) 3a 12 13 18 15 21 16 16 21 23 21 23 21 
11"-(1<*-) 3b 13 6 11 11 11 7 13 11 23 18 25 22 
1I"-1I"0(p- ) 4a 18 11 17 16 13 12 15 9 23 20 24 22 
11"-11"°(1<1 ) 4b 15 11 16 9 12 10 9 11 23 22 23 20 
11"-11"011"0 ( an 5a 21 11 13 12 11 11 13 13 24 18 20 21 
11"-11"011"0 (1(*-) 5b 16 7 12 10 11 12 9 6 24 22 19 22 
11"-11"011"011"0 6a 16 13 15 9 13 9 11 10 21 21 20 17 
11"-11"°11"°11"°(1<1 ) 6b 21 11 9 11 13 6 10 8 18 17 19 18 
1(- 7 17 16 21 18 19 24 19 20 23 21 23 21 
1(-7r0 8 22 17 18 14 18 16 15 12 24 19 22 23 
1(-7r0 7r0 9 20 17 15 16 15 15 14 13 21 22 22 16 
11"-11"+ 7r- (a1) lOa 23 23 23 23 24 24 21 18 0 2 1 3 
11"-11"+11"-(1<*- ) lOb 21 18 20 22 18 22 21 17 2 4 2 2 
11"-11"+ 1I"-7r0 11a 23 25 24 23 20 19 20 19 1 2 0 1 
11"-11"+ 1I"-7r0 ( K1) 11b 21 22 22 20 21 22 17 18 3 2 1 0 
1(-7r+1('- 12 22 23 27 21 21 29 22 24 1 2 1 2 
1(- K+1I"- 13 21 28 23 25 21 27 24 29 1 2 2 1 

Table 5.5: Event selection efficiencies for additional us channels, compared with those 
of the ud channels that dominate those decay classes. For example, the ud contribution 
to 1('-11"+1('- through the a1 channel is designated lOa, while the us contribution through 
the 1(*- channel is designated lOb. Resonant decay channels are given in parentheses. 

5.3 Event Classification 

After the selection of a relatively pure r+r- event sample, the next step is to 
classify each of the events in the sample according to the charged particles and 
photons associated with the r+ and r- decay. The result of this process is a set 
of event class populations nij, where the i and j indices refer to the decay class 
for the r+ and r- decays of the event. For example, if the r+ decay class is e+ 
and the r- decay class is 1'-, the event class is e+ 1'-. The populations for charge 
conjugate event classes, for example e+ p- and e-p+, are added together to give a 
single class population. 

In the following sections we describe the way in which the charged tracks are 
classified as e±, p±, 7l"±, or 1(±, and the photon candidates from the calorimeter 
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are used to obtain an estimate of the number of 1("°S in each decay. 

5.3.1 Charged Tracks 

The classification of the charged tracks in the T+ and T- decays is based on momen
tum and dE/dx values from the time projection chamber (TPC), energy measure
ments from the electromagnetic calorimeter (CAL), and the patterns of associated 
hits in the tilUon chambers (MUC). These quantities define a parameter space 
which we segregate into e±, J.L±, 1("±, and J{± regions for one-prong tracks, and 
1("± and J{± regions for three-prong tracks. Our intention is to maximize the clas
sification efficiency while keeping the boundary definitions as simple as possible. 
During the selection process certain regions of this particle identification space were 
excluded in order to remove background events. For example, Tl+l events in which 
the one-PFong tracks both fall within regions of high electron probability or both 
fall within regions of high muon probability are excluded from the sample in order 
to reject e+e---te+e-(-y) and e+e---tJ.L+J.L-(-y) background events. 

The procedure for track classification is similar to that for the particle iden
tification selection. In fact we use the preliminary classification where we have 
tagged one-prong charged tracks as e, J.L, or h. Again, the electron preliminary 
class consists of those tracks for which the energy measured in the calorimeter is 
at least 60% of the momentum measured in the TPC. Tracks without associated 
clusters in the calorimeter and without hits in the muon chambers must be consid
ered electron candidates. The muon preliminary class consists of tracks that have 
hit patterns expected for a J.L of that vector momentum. With the well-understood 
Gaussian distribution and excellent dE / dx resolution of the TPC we are able to 
fine-tune these preliminary track classes to obtain final classifications. The dE / dx 
boundaries for the track regions are given in Table 5.6. While in the selection the 
boundaries were defined loosely to ensure the removal of e+ e- and J.L+ J.L- events, 
here we choose boundaries that maximize the efficiency of our classification. 

5.3.2 Neutrals 

The neutral class for each decay is simply an estimate of the number of 1("°S, based 
on the photons observed in the decay. Photons themselves must first be recon
structed from showers in the calorimeter or from conversion e+ e- pairs in the TPC. 
In the calorimeter, photons generate electromagnetic showers which fire clusters 
of adjacent cells. The cluster from a given photon may have considerable overlap 
with clusters from other photons or from charged particles, especially for events 
such as T- decays where the decay products are collimated due to the boost of 
the T- at the energies of the PEP collider. Clusters that are not associated with 
a charged track are photon candidates. 
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Charged Track Classification 
Preliminary Final 

Class CAL/MUC Criteria Class dE/dxCriteria 

e Energy /momentum > 0.6 or e X~ - X; < 8 
no CAL cluster or MUC hits 7r X~ - X; > 8, X; - Xk < 4· 

I< X; - Xk > 4 
Hits through extrapolated e X~ - X~ > 10 
layers of muon chambers J.l X! - X~ < 10, X~ - Xk < 9 

I< X~ -Xk > 9 
h Not tagged as e or J.l e X; ~ X; > 6 

2 2<6 2 2 4 ' 7r X1I" - Xe , X1I" - XK < 
I< X; - Xk > 4 

Table 5.6: Classification of one-prong charged tracks into preliminary and final samples 
of e, J.l,and h candidates based on calorimeter, muon chamber, and dE/dx information. 

Each photon candidate must be assigned to either the r+ or r- decay in the 
event. Figure 5.4 shows the angular distribution of photons relative to the charged 
tracks for the events of the r+r- sample. The photons are easily associated with 
a particular decay with few ambiguous cases. A photon is assigned to a decay if 
the direction of the photon is within 450 of the charged axis of the decay. For 
one-prong decays this axis is given by the momentum of the one-prong track at 
the interaction point, while for the three-prong case the axis is the vector sum of 
the three-prong tracks. We also require that the energy of the photon be greater 
than 0.4 Ge V to avoid the large number of clusters from split-offs and noise. 

Once the group of photons has been established for the decay, we reconstruct 
as many 7r0 candidates from the pool of photons as possible. Figure 5.5 shows 
the invariant mass combinations for all of the photon pairings. There is a distinct 
peak at the mass of the 7r0 , Photon pairings with masses between 0.07 GeV /c2 and 
0.20 GeV/ c2 are considered to be 7r0 candidates. In the case that the same photon is 
included in two or more 7r0 candidates, we use the particular combinations in which 
each photon appears no more than once and the total number of 7r0 candidates is 
maximized. 

Although many of these energetic photons are paired into 7r°S, there are also 
many photons which are not. Pairs of photons may merge to give one cluster 
rather than two distinct clusters in the calorimeter, or one of the photons may be 
low energy and fail the selection criteria. Following this reasoning, each additional 
energetic photon is considered to be a signature for an additional 7r0 in the decay. 
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Figure 5.4: Angular distribution of photons relative to the charged particle axis for the 
decays of the r+r- sample. . 

This method of estimating the number of 7r°S gives a reasonable efficiency for cor
rectly assigning the decay to its proper neutrals class. The results of Monte Carlo 
simulations of r- -tV'T7r-, r- -+V'T7r-7r°, r-v'T-t7r-7r°7r°, and r- -tV'T7r-7r°7r°7r° are 
given in Table 5.7 to show the number of photons that we expect to be recon
structed in these decays. Using the additional energetic photons as signals for 
additional 7r

0 significantly increases our classification efficiency. 

5.3.3 Event Class Populations 

With each of the decays in the r+r- sample assigned to a charged and neutrals 
class, we consider how to combine this information to give a decay class. Table 5.8 
gives the numbers of decays that fall into the various combinations. We note that 
although most of the decays in the electron class have no neutrals, there are quite 
a number with one or two. This is expected from the radiation of the low mass 
electrons as they pass through the material of the detector. All of these categories 
are considered to be in the e- class .. While almost all decays in the muon class 
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Figure 5.5: Invariant mass of photons pairs from the r+r- sample, There is a distinct 
peak centered at the mass of the 11'0, 

show no neutrals, there are some with multiple 11'0. A closer look reveals that these 
muon decays with neutrals are at low momentum where the pion misidentification 
in the muon chambers is high. Monte Carlo simulations suggest that these decays 
are likely due to 11'-+2:: 111'° decays rather than JL- decays. Consequently, only 
those decays with one candidate JL and no neutrals are included in the JL- decay 
class. The decays with additional neutrals are combined with the 71'-11'0, 71'-71'071'0, 

and 71'-11'011'011'0 decay classes. The definitions of the remaining classes are straight
forward. 

According to the classification scheme we have described, we find the popula
tions of the event classes as given in Table 5.9. These are the numbers nij that will 
be used in our global fit of the branching fractions of the r- lepton. For example, 
ther~ are 63 events where one of the r decays is classified as 71'-71'0 (decay class 4) 
and the other as 11'-11'+11'- (decay class 10). The populations for e+ / e- and JL+ / JL
events are zero since those event class regions are excluded in the selection pro
cess in order to remo.ve e+e-~e+e-(r) and JL+JL-~JL+JL-(r) background events. 
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Decay Number of Additional '"Y Efficiency 
reconstructed 1T'0 0 1 2 3 

0 97 3 0 0 

1 0 0 0 0 
97% 7r 

2 0 0 0 0 

3 0 0 0 0 

0 17 44 6 0 

7r-7r0 1 29 3 0 0 
73% 

2 0 0 0 0 

3 0 0 0 0 

0 5 19 15 0 

7r-7r0 7r0 1 11 26 5 0 
51% 

2 10 4 0 0 

3 1 0 0 0 

0 7 9 10 4 

7r-7r0 7r0 7r0 1 10 12 10 2 
33% 

2 12 15 2 0 

3 4 1 1 0 

Table 5.7: Distributions of reconstructed 11"0 and additional photons for the 7r- , 7r-7r0 , 

11"-11"011"0, 7r-1I"0 7r07r0 decays, based on Monte Carlo simulation. The numbers are in per-
cent and the bold values are for those fractions which are correctly assigned. 

There are also no events with T3+3 topologies since our selection is limited to events 
identified as Tl+l or T1+3 candidates. 

5.3.4 Classification Efficiencies 

With the event ~lassification definitions and event populations in hand, we have 
a rough estimate of the relative frequency of the decays of the T-. However, 
as noted before, the selection efficiency varies from mode to mode .. An extreme 
example is for the e+ e- and p+ p- cases where the need to exclude e+ e-~e+ e- (-y) 
and e+ e- ~J.L+ p.- (,) backgrounds requires us to use selection criteria that remove. 
almost all of those types of T+T- events. 

To obtain branching fraction estimates we fit a set of expected event populations 
to the actual event populations of the data. The expected populations are functions 
of the branching fractions and the selection efficiencies for each of the possible 
event types. Therefore we require an estimate of the fraction of events that will 
fall into each possible classification. The elements of the efficiency matrix, Tt/+-kZ, 
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Neutrals 
Charged Tracks o· 1 2 3 
e - 276 58 9 0 

Jl, 386 21 5 2 
1T' 375 550 197 31 
f(- 22 21 7 2 
1T'-1T'+1T'- 242 108 40 8 
f(-1T'+1T'- 13 7 0 0 
f(- f(+1T'- 8 4 2 0 

Table 5.8: Decay class populations, based on charged and neutral particle classes. 

Event Class Populations 
Decay Class 1 2 3 4 5 6 7 8 9 10 11 12 13 

e - 1 0 83 46 73 22 4 4 4 0 55 43 9 0 

J.L 
- 2 0 68 113 26 7 1 4 3 50 27 3 1 

1T' 3 33 87 34 6 3 1 1 40 21 2 0 
1T'-1T'0 4 64 48 4 4 5 1 63 42 3 0 
1T' -1T'0 1T'0 5 7 3 3 1 0 31 15 3 2 
1T'-1T'01T'01T'0 6 0 0 0 0 3 6 0 0 
f(- 7 0 1 1 0 5 0 0 
f(-1T'0 8 0 0 3 2 0 0 
f(-1T' 01T'0 9 0 3 0 0 0 
1T'-1T'+1T'- 10 0 0 0 0 
1T'-1T'+1T'-1T'0 11 0 0 0 
f(-1T'+7r- 12 0 0 
f(- f(+1T'- 13 0 

Table 5.9: Event class populations for the T+T- sample. These are the nij used in the 
fit that determines the branching fractions for the r- decay classes. Note that all the 
potential e+ e- or JL+ JL- event candidates are removed in order to limit background from 
e+ e- -+e+ e-(J) and e+ e- -+Jl,+ Jl,-(J) events. 

come from Monte Carlo models of e+e--+T+T- events. For i max decay classes 
and kmax decay modes there will be i~axk!ax elements of this event efficiency 
matrix. For the thirteen decay classes and nineteen decay modes considered in 
this analysis, the number of elements is prohibitively large to list here. However, 
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Classification Efficiency (%) 
Decay Class 1 2 3 4 5 6 7 8 9 10 11 12 13 

e - 1 0 0 2 8 1 0 0 0 0 0 0 0 0 

p, - 2 0 0 0 0 0 0 0 0 0 0 0 0 

71" 3 0 0 0 0 0 0 0 0 0 0 0 
71"-7r0 4 0 0 0 0 0 0 0 0 0 0 
71"-7r07r0 5 0 0 0 0 0 0 0 0 0 
71"-7r07r07r0 6 0 0 0 0 0 0 0 0 
1<- 7 0 0 0 0 0 0 0 
1<-7r0 8 " 0 0 0 0 0 0 
1<-7r07r0 9 0 0 0 0 0 
71"-7r+7r- 10 0 0 0 0 
71"-7r+7r-7r0 11 0 0 0 
J{-7r+7r- 12 0 0 
J{- J{+7I"- 13 0 

Table 5.10: Classification efficiencies of r+ --+ vT 11"+ 11"0 /r- --+vTvee- decays, estimated 
from Monte Carlo simulation. Note that there is no significant misidentification of the 
charged e or 11", while there is considerable misidentification of the number of 1I"°S in the 
event. 

as an example, Table 5.10 gives the values for the elements Tij:(1!"+1!"O)(e-) for the 
process r+ -tvT 7I"+7r° /r- -tvTvee-, one of the most probable event types. Note that 
only a few decay classes contain any significant fr~ction of these events. Because 
of the excellent charged particle identification possible with the combination of 
calorimeter and TPC, only about 1% of the e will be misidentified. On the other 
hand, the less certain estimation of the number of 7r°S is evident from the fraction 
of 71"-7r0 events that are identified as having 0 or 2 7r°s. This pattern is typical of 
the charged and neutral classification of all the decay modes. 

5.4 Branching Fractions 

All of the pieces are now in place to allow the calculation of the branching fractions. 
Using the classification efficiency matrices estimated from Monte Carlo, we deter
mine the expected number of r+r- events for each of the event classes according 
to 

vij'F = c'uT'F ~~Ttj:klBkBl' 
k I 

(5.1O) 
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while the expected number of background events in each class is given by, 

y~~ 
'1 LaeeTt/ (5.11) 

y,!,p. 
'] Lap.jlTt/ (5.12) 

y9iJ 
I] LaqqTi~q (5.13) 

y!:'f 
I] - La-y-yT?j. (5.14) 

The total expected number of events for each of the event classes is then 

(5.15) 

Given the expected number of events for each class, the likelihood of observing a 
particular set of event class populations, nij, is given by the expression 

( 
n
ij

) 
y .. 

. LE = II e-lIij~ 
" nij' . I] 

(5.16) 

This likelihood expression is a function of the Bk , the branching fractions of a 
comprehensive set of physical decay modes of the T- lepton. The decay modes ·k 
may be categorized in a number of ways. Each involves some assumption about 
the nature of the decays that contribute to a particular observed class. While the 
decay classes remain fixed, we are able to redefine the list of decay modes that we 
wish to measure as long as there remains a distinct signature for at least one of 
the sub-decays of each of the modes. Of course, each set of decay modes requires 
a separate calculation of the Tt/+-kl elements. 

5.4.1 Estimation of Systematic Errors 

Before proceeding with the results of the branching fraction analysis, we consider 
the sources of systematic uncertainty in our measurements. From the mathematical 
formalism of our calculations, we expect that the dominant sources for systematic 
errors are in the estimation of the classification efficiency matrix elements Tt/+-kl' 
which include effects due to both the selection and classification processes. The 
error due to uncertainties in the integrated luminosity, which is estimated to be 
63 ± 7 pb-1 , is eliminated by normalization of the branching fractions to unity. 

An overview of the estimation of systematic errors for the decay classification 
is given below. The systematic error contributions due to the various sources for 
the set of decay class branching fractions are listed in Table 5.11. 

Charged Particle Identification 

The major source of systematic uncertainty in the branching fractions for the 
leptonic decays, T- ~YTiiee- and T- ~YTiip.Jl-, is the simulation of the charged 



70 

Decay Class Systematic Errors (%) 
1 2 3 4 total 

e 0.91 0.19 1.01 0.13 1.38 

Jl - 1.05 0.09 0.90 0.14 1.39 
11"" 0.77 1.75 0.65 0.12 2.02 
11""-11""0 0.69 2.24 1.47 0.20 2.77 
1I""-1\""01\""0 0.76 3.61 0.91 0.05 3.80 
1I""-1\""01\""01\""0 1.01 2.12 0.30 0.05 2.37 
]{- 0.11 0.11 0.06 0.08 0.19 
]{-1\""0 0.13 0.26 0.07 0.03 0.30 
]{-1\""01l""0 0.25 0.45 0.05 0.03 0.52 
11""-1\""+1\""- 0.47 0.26 0.47 0.10 0.72 
1I""-1I""+1\""-1\""0 0.33 0.44 0.35 0.10 0.66 
]{-1\""+1\""- 0.25 0.03 0.03 0.05 0.26 
]{-1(+1\""- 0.05 0.03 0.01 0.09 0.11 

Table 5.11: Systematic errors for decay class branching fractions. The individual con-
tributions, 1 - charged particle identification, 2 - neutral particle reconstruction, 3 -
selection efficiency, 4 - background subtraction are added in quadrature to obtain the 
net systematic errors. 

particle classification. In order to estimate the systematic error associated with 
this u'ncertainty we vary the parameterization of the dE /dx resolution, and the 
(mis )identification probabilities for electrons, muons, and hadrons in the electro
magnetic calorimeter and muon detection system. 

Neutral Particle Classification 

. Compared with the identification of the charged tracks, the uncertainty in the 
classification of the neutrals in the r- decays is relatively large. In order to estimate 
this uncertainty we use different definitions of the neutral classes. If we use the 
number of fully reconstructed 1\""°S (excluding additional energetic photons) to define 
the various neutral particle classes, the branching fraction estimates tend to drop 
for the multiple 11""0 modes, while the modes with no 1\""°S, r- -4V.,.1\""- and r- -4v.,.]{-, 

show increases. This is an indication that the Monte Carlo may be overly optimistic 
in the simulation of 1\""0 reconstruction in r- decays. At the other extreme, we may 
use the total number of energetic photons as the definition of the neutrals classes. 
In this case we find that the Monte Carlo underestimates the number of clusters in 
the calorimetry, and the branching fractions for modes with multiple 1\""°S increase. 
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Decay Class Branching Fractions % 
TPC /Two-Gamma World Average 

e - 17.25 ± 0.95 ± 1.38 17.89 ± 0.14 

J-L 17.19 ± 0.89 ± 1.39 17.34 ± 0.16 
1(' 9.43 ± 0.79 ± 2.02 11.6 ± 0.4 
1('-1('0 26.73 ± 1.29 ± 2.77 22.2 ± 1.0 
1('-1('01('0 11.58 ± 1.68 ± 3.80 (9.0 ± 0.8 h -1('01('0) 
1(' -1('01('01('0 1.32 ± 1.11 ± 2.37 (1.8 ± 0.5 h -1('01('01('0) 
I{- 0.62 ± 0.22 ± 0.19 0.67 ± 0.23 
J{-1('0 0.78 ± 0.26 ± 0.30 
J{-1('01('0 0.42 ± 0.22 ± 0.52 
1('-1('+1('- 7.87 ± 0.59 ± 0.72 (8.2 ± 0.6 h-h+h-) 
1(' -1('+ 1('-1('0 6.29 ± 0.54 ± 0.66 (4.8 ± 0.6 h-h+h-1('°) 
J{-1f'+1f'- 0.33 ± 0.19 ± 0.26 0.22 ± 0.16 
J{- J<+1('- 0.19 ± 0.11 ± 0.11 0.22 ± 0.17 

Table 5.12: r- branching fractions for the decay classes ofthis analysis, compared with 
available world averages. The errors are statistical and systematic. 

Varying the neutral classification in thisVfay produces different sets of values 
for the the· event class populations nij. If the simulation accurately describes the 
interaction of the decay particles with the detector, the values of T{/+-kl' calculated 
with the modified classification scheme, will compensate for the changes in the 
event class populations such that the branching fraction values remain stable. 
The branching fractions obtained with these two alternate neutral class definitions 
provide estimates of the systematic errors from neutral particle reconstruction. 

5.4.2 Decay Classes 

The most. obvious set of branching fractions that we might measure is simply the 
set of decay classes that we have defined. This is certainly the most empirical 
since we report the decays based on what we actually observe in the detector, 
not on any theoretical assumptions about the resonances that the decays have 
passed through. However, this approach may combine physically distinct decays 
that happen to contribute to the same decay class. For example, we expect that 
.the decays r- -+v-r1('- and r- -+v-rI{*- will both contribute to the class 1('-, since 
the J{*- may decay to 1f'-J{l. The branching fraction reported here for 1('- says 
nothing about the how much of the decay rate is from which source. 

U sing the class efficiency matrix elements for the dominant decay channels for 
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each of the decay classes, we arrive at the branching fractions listed in Table 5.12. 
Our measurements of the leptonic modes are consistent with the current world 
average values, and provide a check of the overall consistency of our global set of 
branching fractions. " 

Our values for the 1r- and 1r-1r0 branching fractions are notably lower and 
higher, respectively, than the world averages, although the large systematic errors 
due to uncertainties in the neutral classification of decays limit the precision of 
our measurements. Our values for 1r-1r0 and 1r-1r01r0 are the first measurements 
of these decay modes. We compare these with the world average values for h-1r° 
and h-1r°1r°, where the h- stands for hadron, either 1r- or ](-. As for decays with 
one charged kaon, our value for ](- is in good agreement with the world average 
value, while our measurements for ](-1r0 and ](-1r01r0 have no precedent. 

The branching fractions for the three-prong decay classes 1r-1r+1r- and 1r-1r+1r-1r0 , 

as with their one-prong analogs 1r-1r
0

1r
0 and 1r-1r

0
1r

0
1r

0
, are first measurements. 

The precision of these three-prong decay measurements is much better than that 
of their one-prong analogs since the systematic error introduced by the uncertain
ties in the neutral classification is much lower. Our values for the three-prong 
decays with charged kaons, ](-1r+1r- and ](~ ](+1r-, are consistent with the world 
aver age values. 

5.4.3 Resonance Classes 

Another approach to the definition of a set of decay modes is to assume that the 
hadronic decays of the r- are dominated by resonances. Here we assume that the 
( 1r1r ) -, (mr1r) -, (]( 1r) -, and (]( 1r1r ) - decays are dominated by the p -, aI, ](*-, 

and ](1" channels respectively. The p- decays to the final state 1r-1r0
, while the a1 

decays to a 1:1 ratio of 1r-1r01r0 and 1r-1r+1r-. 

As discussed earlier, the us channels have more complicated decay patterns, 
and this analysis uses the decays that include charged 1< as signatures for these 
decays. About one-third of the r- -+v-r](*- decays result in the 1<-1r0 final state, 
while about one-ninth of the r- -+v-r1<1 decays result in the ](-1r0 1r0 final state and 
four-ninths result in the ](-1r+1r- final state. The remaining ]C- and 1<1 decays 
lead to final states that are dominated by ud decay channels. By using a set of 
resonant channels for the r- decays, we are able to subtract these backgrounds 
from the ud measurements. 

As a check that the hadronic decays observed in our data sample exhibit this 
pattern of resonant state dominance, Figure 5.6 shows invariant mass plots for 
the charged and neutral decay particles of particular decay classes, compared with 
Monte Carlo simulations of resonant channel decays. The upper plot includes 
decays in which there is one likely 1r-, one reconstructed 1r0 , and no additional 
energetic photons. A prominent p- peak is observed. The middle plot is for decays 
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Figure 5.6: Mass distributions for 11"-11"0, K-1I"°, 11"-11"+11"- events, compared with 
Monte Carlo distributions for r--tv-rp-jP--t1l"-1I"°, r--tv-rIC*-jK*--tK-1I"°, and 
r- -tv-ral /a1-t1l'-1I"+1I"- events. 
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Decay Class Branching Fractions % 
TPC /Two-Gamma Theory 

e 17.21 ± 1.04 ± 1.35 18.13 ± 0.20 
jJ, - 17.11 ± 0.96 ± lAO 17.64 ± 0.19 
7r 9.44 ± 0.85 ± 2.07 ' 10.90 ± 0.12 
1<- 0.60 ± 0.23 ± 0.19 0.73 ± 0.01 
p - 27.33 ± 1.34 ± 2.05 
IC-, 2.89 ± 0.80 ± 0.81 

at 16.36 ± 1.26 ± 1.69 
1<} 0.95 ± 0047 ± 0.41 
7r-7r07r0 7r0 2.45 ± 0.93 ± 1.36 
7r-7r+7r-7r0 5.41 ± 0.64 ± 0047 
1<-1<+7r- 0.19 ± 0.11 ± 0.14 

Table 5.13: r- branching fractions for resonance classes, assuming that the hadronic 
decays are dominated by these channels. The resonances are listed in ud and us pairs. 

with one likely 1<-, one reconstructed 7r0 , and no additional photons. Although 
the statistics are small, the distribution is consistent with 1<*-. Finally, the lower 
plot is for 7r-7r+7r- candidate decays. Here the distribution is consistent with the 
at channel. Evidence for decays of the r- through the 1<; channels is presented 
in detail in the preceeding chapter. 

The branching fraction results for the resonant-dominated set of decays are 
listed in Table 5.13. Note that the us contributions to predominantly ud decay 
classes are removed automatically during the maximization of the likelihood func
tion. For example, the 1<*- contribution is taken out of the 7r- class by using the 
1<-7r0 class as a signature for the IC- decay. Another feature of this approach 
is that constraints are placed on the decays 7r-7r07r0 and 7r-7r+7r-, since they are 
assumed to be produced at an equal rate through the at. 

As expected, the modified set of hadronic decay modes has little effect on the 
leptonic branching fractions. The 7r- and 1<- values also show little change, even 
though the IC- contribution to the 7r- decay is now subtracted out. The measured 
branching fractions for these four simplest decays are all consistent with theory. 

The measurements for the vector p- and IC- decays are both higher than would 
be expected from our values for the 7r-7r0 and 1<-7r0 branching fractions. The value 
for p- is somewhat higher than that for 7r-7r0

, in spite of the subtraction of 1<1 

contributions from the 7r-7r0 decay class. Also, the 1<*- measurement is notably 
higher than three times that of the 1<-7r0 decay. These vector channel values 
are higher than expected because of constraints imposed by the assumption of at 
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" and J{l dominance. For the axial-vector at and J{l decays, the contributions 
from the three-prong final states (71"-71"+71"- and J{-7I"+7I"-) and the one-prong final 
states (71"-71"071"0 and /(-71"071"0) are constrained to particular ratios, based on isospin 
symmetry. This limits the number of events that are attributed to 71"-71"071"0 and 
J{-7I"07l"0 decays, and results in increased branching fractions for final states with 
1 or 3 7I"°s. This effect is apparent in the higher than expected values for the p
and J{*- decays, and in the 71"-71"071"071"0 value, which is considerably higher for the 
resonant set of decays. 

5.5 Discussion 

This chapter has described the selection and classification scheme used to obtain 
a set of r+r- event samples. The populations of these event classes nij are used 
along with classification efficiencies Tij+-kl to determine branching fractions for a 
complete set of r- decays. . 

The measurements for the leptonic decay m'odes are consistent with both the 
current world average values and the theoretical predicted values. Unfortunately, 
while the world average values for the leptonic branching fractions are at the 
1 % level, the size of our data set limits us to measurements at the 5% level. 
Nevertheless, our values for the leptonic modes are important in determining the 
overall consistency of our global set of measurements. 

For all of the hadronic decay classes, our branching fraction measurements are 
either unique or have precision comparable to existing measurements. Although 
all of our measurements are consistent with existing world averages, our measure
ments for the vector decays r- -+vTP- and r- -+vTJ{*- are considerably higher 
than existing measurements. Unfortunately, large systematic uncertainties in the 
neutral classification prevent us from making a more precise determination of these 
branching fractions. 
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Chapter 6 

Conclusions 

This thesis describes measurements of branching fractions for the decays of the r
lepton. The analysis presented here is based on data from the TPC/Two-Gamma 
detector, which is capable of 7r± /]{± particle identification. A particular focus of 
our analysis has been the measurement of branching fractions for decays with ]{±. 

For the ]{:; decays of the r-, we have obtained branching fraction measure
ments of, 

B[r---+lIr ]{:;(1270)] - 0.41 ~g:~~% 

B[r- --+lIr ]{:; (1400)] - O. 76 ~g:~g% 

The net branching fraction for the 1(:;(1270) and ]{:;(1400) decays is 

(6.1) 
(6.2) 

(6.3) 

consistent with the value expected from the a1 branching fraction and IKs 12 /IVud 12 

suppressIOn. 

This thesis also describes a global measurement of r- lepton branching frac
tions, in which the r- decays are classified according to the observed charged 
particles and reconstructed neutral particles. The 7r± /]{± particle identification of 
the TPC allows us to make the first branching fraction measurements for a number 
of decay· classes defined by the number of 7r±, ]{±, and 7r

0 in the decay. Assuming 
that the hadronic decays of the r- lepton proceed through coupling of the W- to 
resonant states, we obtain branching fraction measurements for the iid channels 
7r-, p-, and at, and for the us channels ]{-, ]{*-, and ]{:;. 

While the 7r± / J(± particle identification of the TPC /Two-Gamma detector has 
allowed us to obtain the first branching fraction measurements for a number of de
cay classes, the precision of these measurements has. been limited statistically by 
the size of the data set and systematically by the uncertainties in the reconstruc
tion of photons and 7r°s. Improvements in the understanding of r- lepton decay 
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processes will require experiments that are capable of both charged particle identi
fication and efficient neutral particle reconstruction, and that have large statistical 
samples. 
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