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Supervisor: Dr. D. Pitman 

ABSTRACT 

This thesis describes the determination of the T- -+K- Vr and r- -+n- vr branching ratios 

using data collected by the OPAL detector at the LEP e+e- collider during the years 1990 

and 1991. 

From a sample of 11381 e+e--+r+r- candidates, a sample of 1242 r--+n-(K-)vr 

candidates was selected (where this notation refers to a tau decay to either a charged 

pion or kaon final state plus a neutrino). In order to distinguish between the pions and 

the kaons in this sample to determine the T- -+!<:- vr and r- -+n- vr branching ratios, the 

combination of an ionization energy loss measurement and a momentum mea.5urement was 

used; as a charged particle traverses a gas, it ionizes the ga.5 and deposits a small amount 

of energy. The energy deposited is proportional to the speed of the particle a nd therefore, 

in conjunction with a momentum measurement, the energy loss meas urement can be used 

to distinguish between charged particles of different masses. 

This technique yielded a sample of 26 r--+K-vr candid ates. After efficiencies and 

backgrounds were est im ated using Monte Carlo and data st udies, the r--+f{- Vr branching 

ratio relative to the r--+1r-(I<.:-)vr branching rat io wa.5 determined to be 

f(r-+Kv) _ +0016 

f(r-+1r(K)v) - 0.087±0.017_0017 

which yielded the following absolute branching ratios: 

B ( J · ) +0 .0020 r r-+ { v = 0.0106 ± 0.0021-o 002 1 and Br(r-+1rv) = 0.1113± 0.0034±0.0040 

which are in good agreement with the previous world averages [5]: 

Br(r-+l{v) = 0.0067±0.0023 and Br(r-+1rv) = 0.116 ± 0.004 
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Chapter 1 

Introduction 

The Standard Model of particle physics describes the interaction of particles under 

the inf! uen ce of the strong, electromagnetic, and weak forces. The strong interaction is 

described by the theory of Quantum Chromodynamics (QCD), and the electromagnetic 

and weak interactions are described by a single , unified electroweak theory. 

This thesis exam ines some electroweak aspects of the Standard Model through the study 

of the weak decay of the T lepton to a single kaon plus a neut rino final state, using data 

collected by the OPAL experiment at the LEP e+ e- coll icier during the years 1990 and 

1991. 

The following sections will give a brief introduction to the Standard Model , the tau 

lepton, and a short outline of the analysis presented in this thesis. C hapter two is a de­

scription of the OPAL detector and how it is used to distinguish between particle species, 

and chapter three describes the analysis in detail. 

1 



Chapter l. Introduction 2 

1.1 The Standard M odel 

Excellent reviews of the Standard Model can be found in many texts (for instance [l] 

and [2]), therefore only a short overview will be given here. 

The bas ic particles in nature are the fund a mental fermion s and gauge bosons. The 

fundamenta l fermions (spin 1/2, pointlike, st ructureless particles) can be classed into quarks 

and leptons a nd th ey interact with each oth er through th e excha nge of gauge bosons. This 

is shown graphically in figure 1.1 wh ich is an example of a Feynman diagram. Fey nman 

diagrams are an important th eo ret ical tool used to calc ul ate the probability of occ urrence 

of various interactions. In this thesis the tim e axis in Fey nman diagrams wi ll a lways point 

towards th e right. A particle depicted as moving backwards in time in a Fey nm a n diagram 

can also be co nsidered as an antiparticle moving forwards in t ime. 

Both quarks and leptons are solutions to the Dirac equation (a formula describing free 

spin 1/2 particles) , and both have antimatter ana logues . Quarks carry colour charge wh ich 

enables them to interact via the st rong force through the exchange of a gauge boson called 

a gluon. An aspect of the strong interact ion is that free quarks a re never directly observed 

in the laboratory. Rather th ey are always bound togeth er into co mposite objects called 

hadrons. From current observat ions, a hadron is either a bound state of a quark and an 

antiquark pair , called a meson, or a three-quark bound state called a baryon. Leptons are 

'colourless' and hence do not interact via the strong force. There a re six currently known 

kinds or flavours of quarks and leptons and they fall in to three fami lies or doublets 1
: 

1 Antiparticle conjugates to quarks and neutrinos are denoted with a bar notation. F'or example, the 
antiparticle conjugate to the d quark is the d quark 
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photon 

Figure 1.1: Two like charges interact via the electromagnetic force; an example of interaction 

through the exchange of a gauge boson (in this case a photon). 
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where the second a nd third set of doublets are simply higher mass replicas of th e first. The 

upper quarks in each quark doublet have elect ric charge q = 2/3e a nd the lower qu a rks have 

electric charge q = -l/3e (e is t he magnitude of th e electron 's cha rge). The upper leptons 

in each lepton doublet a re elect rically neutral a nd a re referred to as neutrinos. Neutrino 

masses have been found to be co nsistent with zero within experimental limits. The lower 

leptons in each lepton doublet have electric cha rge q = - e. The qua rks and the charged 

leptons can in teract via th e elect rom agnetic force t hrough th e excha nge of a gauge boson 

called a photon. 

Both leptons a nd qu a rks can interact via t he weak force. The weak in te raction can be 

classified into t he neutral weak force a nd th e charged weak force. The z0 and the w± are 

t he ga uge bosons associa ted wi t h th e neut ral a nd cha rged weak in te rac tions, respectively. 

The qu a rk states which pa rt icipa te in t he weak in teract ion a re not th e same a.5 the 

quark states which are seen bound into hadrons in the la boratory. The form er a re called 

the quark weak eigenstates a nd t he la tter are called the qu a rk mass eigenstates. The quark 

weak eigenstates (denoted wi t h prime notation as d' ,s' ,and b' ) a re rela ted to t he mass 

eigenstates by th e transform ation: 

cl' cl 

s' s ( 1.1) 

b' b 

where V is a 3 x 3 ma trix know n as th e Cabibbo-Kobayashi-Maskawa mixing matrix. By 

convention only t he qu a rks wit h mass q = - l / 3e have distinct weak a nd mass eigenstates. 

It has been found experimenta lly th at only left-handed qu a rks a nd leptons (or their 

right-handed antipa rt icl e co nju gates) can co uple to t he w± boson an d th erefore pa rt icipate 

in th e charged weak interaction. In t he elect roweak Sta nd a rd Model t he left-ha nd ed qu a rks 

and leptons a re cl assed into doublets : 



Chapter 1. Introduction 5 

The w± boson can only couple to quarks or leptons within a left- hand ed doublet. One 

can think of the cha rged weak interaction as chan gi ng the flavour of a quark or lepton; as 

a left-handed quark or lepton in a doublet emits or absorbs a w± boson, the flavour of 

the particle changes to the second fl avo ur within its doublet. Thus, emitting or absorbing 

a w± changes an electro n into an electron neutrino, a u qua rk into a d' quark and so on. 

Figure 1.2 shows an example of the flavour-changing charged weak interaction. 

The right-h anded quarks and cha rged leptons (there a re no right- handed neutrinos) are 

singlets: 

The neutral weak interaction can co uple to either right- or left-handed qu a rks and leptons 

and the emission or absorption of a zo boson does not change the flavour of a pa rticle. 

1.2 The T Lepton 

Since its discovery in 1975 by M. Perl et a l. at SPEAR with the MARK I detector [3] 

[4], the r lepton has provided important opportun ities for testing fundamental a.5pects of 

weak interactions. In particular, the study of the weak decays of the T lepton to hadronic 

final states allows us to examine the couplings of the w± boso n to quarks. 

The T mass is such that it is heavy enough to a llow charged weak decays to hadronic 

final states, but only heavy enough to a llow decay into the qu a rks in the lightest left- hand ed 

doublet , the u and the d' quarks (t he mass of the lightest hadron , the pion , is about 0.14 

GeV /c2 ; for compariso n, the mass of theµ lepton is about 0.11 GeV /c2, a nd the mass of 
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Figure 1.2: An example of the flavour-chang ing charged weak interact ion: The u quark emits a 

w+ which subsequently changes the quark fl avour to d' . The electron t hen absorbs the w+ , thus 

changing its flavour to an electron neutrino. 
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the r lepton is about 1.8 GeV / c2 ). The weak eigenstate d' quark is a linear combination of 

quark mass eigenstates and, to a good approximation, can be expressed as: 

d' = d · cos Be + s · sin Be 

where Be is a parameter called the Cabibbo angle (the b quark portion of d' is neglected 

since its coefficient is very small). Experimentally Be is known to be a bout 13° [5]. Thus 

one obtains 

d' = 0.97d + 0.22s. 

Thus most of the time t he r lepton wi ll decay via the cha rged weak interaction to a com­

bination of u and cl quark mass eigenstates . This is known as a Cabibbo-enhanced decay 

mode. Sometimes, however , the r lepton will decay weakly to a co mbin a tion of u and s 

quark mass eigenstates. This case is known as a Cabibbo-suppressed decay mode. 

This th esis will examine Cabibbo-s uppressed r decay by determining th e branching ratio 

of the decay of the r lepton to a neutrino and a charged kaon . This decay will often be 

referred to in th is thesis in the notat ion r--+I<- 11T , where t his notat ion a lso implies the 

charged conjugate decay r+-+J(+y;T (so metimes the shorth and notation r-+l( 11 will a lso be 

used). The Feynman diagram depicting th e r- -+K - vT decay is show n in figure 1.3 (b). A 

branching ratio is the probabili ty that a pa rticle wi ll decay to a particular set of final states . 

Previous mea:,urements of the r Cabibbo-s uppressed decay to the charged I< meson plus 

a neutrino have been perform ed by both the DELCO [6] a nd the MARKI ! [7] experiments. 

Both measurements, howeve r, were based upon low statist ics (15 a nd 16 signa l events , re­

spectively). In order to study this decay mod e of t he r particle better, an ample production 

of r leptons in a low backgro und environm ent is needed. 

Such an environment can be found at the LEP collider at CERN; la rge numbers of r 

pairs are produced t hrough e+e- ann ihilat ion at the z0 resona nce (as shown in fi gure 1.3 

(a)) . Features of the OPAL detector at LEP enable the identifi cation of th ese r pairs with 

high efficiency and low background [14]. 
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e 

Figure 1.3: (a) Feynman diagram depicting the annihi lat ion of an e+ e- pair to form a zo 
or photon , which then decays to a 7 + 7 - pair. 

(b) Feynman diagra m depicting the Cabibbo-suppressed charged weak decay of a 7 lepton to a 

neutrino and the quark-antiquark pair which forms a charged kaon. 
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In this thesis a measurement of the r-➔I<-vr branching ratio rela tive to the sum of the 

T-➔rr-vT and T-➔K-vT branching ratios (this sum is also known as the T-➔rr-u<-)vT 

branching ratio) will be presented using data from approximately 23000 T lepton decays by 

the OPAL detector at LEP during the years 1990 and 1991. Afte r this relative branching 

ratio has been extracted , an absolute branching ratio for T-➔K- Vr will th en be calculated. 

From the T candidate sample, a sample of r-➔rr-(I(-)vr candidates is selected. To 

perform the branching ratio measurement, we separate the pions and kaons in that sample 

by exploi ting the fact t hat cha rged pa rticles traversing a gas ionize the gas and lose a small 

amount of energy; the amount of energy lost is proportional to the speed of the pa rticle 

and, in conjunction with a momentum measurement, can be used to distingu ish between 

particles of differen t masses. 

The general form of the relative branching ratio is given by [8) 

/
2 • 20 /k in e 
K S ill C r-.Kv 

12 · 20 Jkin e + / 2 20 /kin e /( Sill c r-. J(v ,r COS C r-.,rv 

where 

3 [ 2 l 2 ! kin e = 1nT 1 - m(J(,,r) 
T-.(K ,1r)v 2 m2 

T 

( 1.2) 

and JK and / " a re factors (often referred to as fo rm f actors) which take in to accou nt t he 

fact that the q ua rk decay products a re not free (as lepton decay products would be) but 

rather are bound into a hadronic final state. Neither JK , ! 1r, nor Be can be derived from 

theory and therefore the phenomenology of hadronic T decays depends on these quantities 

being well measured by some other decay processes or interactions. 

Two such in teractions which can be used are t he rr-➔JCYJ1, and I<-➔µ-v1, decays. The 

ratios of the branch ing ratios of these decays is eq ua l to 

Br(/( ➔ µv) 20 J'km;rK = tan c 12 3 Br(rr ➔ µv) "mgr" 
[mi - m~r 
[m; - m~r 

(1.3) 
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where r" and TK are t he lifetimes of the charged pion and kaon, respectively. When com bined 

with 1.2 this yields the pred iction 

r(r--+ Kv) mir" (m; - mk )2 (m; - m!) 2 Br(K--+ µ11) 
( = -- ( 2 = 0.0653 ± 0.0007. r r--+ rrv) m~ TK m; - m;)2 (mK - m~)2 Br(rr--+ µ11) 



Chapter 2 

The OPAL Detector 

OPAL (Omni Purpose Apparatus at LEP) is one of four large detectors built for the 

e+e- storage ring LEP at CERN. Its purpose is to detect a ll interactions occurring in e+e­

collisions at a centre-of-mass energy of about 90 GeV and to achieve efficient and accurate 

reconstruction and classification of events. A full description of the OPAL detector can be 

found in reference [9] . 

Some main features of the detector include: 

• A central tracking system to measu re charged pa rticle moment um , track 

direction , and energy loss. T he mom entum and energy loss meas ure­

ments are used in this thesis to distinguish between pions and kaons in 

the r--+1r-(J(-)vr event sample. 

• A time-of-flight (TOF) system which is used in this thesis to reject cosmic 

ray backgrounds in the eve nt samples . 

• An elect romagnetic calorimeter (ECAL) co nst ru cted of lead gla.ss blocks. 

The ECA L is prim a rily used in th is thesis to aid in elect ron and photon 

identifi cation and subseq uent rejection of eve nts from t he r--+1r-(K-)vr 

candidate sample which include either a n electron or 1r 0
• 

• A hadron sampling calorimeter (HCAL) constructed of layers of iron ab­

sorber, with gaps between the plates which a re instrumented with streamer 

tubes. The HCAL is used in this thesis to distinguish between hadrons 

and muons. 

11 
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• A muon detector which is used in this thesis to identify muons. 

Further discussion of each of these feat ures can be found in the sections below. 

The general layo ut of the OPAL detector is show n in figure 2.4 indicating the location 

and relative size of various components. Also show n in fi gure 2.4 is the OPAL coord ina te 

system; the x axis is horizo ntal a nd points to the centre of LEP, t he z axis lies a long the 

e- beam direction, and they axis is a pproximately vertical (since t he LEP ring is inclined 

at a n angle of 13.9 mrad relative to t he hori zontal pla ne). The pola r a ngle, 0, is measured 

from the z axis, and the azimu thal angle, ¢, is measured from the x axis in the xy plane. 

2.1 The Central Detector 

The central tracking system of the OPAL detecto r is designed to accurately measure the 

direction, moment um , a nd energy loss, dE/dx, of cha rged pa rticles . T his is achi eved using 

drift chamber tech nology. In order to facilitate the disc ussion of the central detector, the 

short description of a typical drift chamber found in t he section below might be helpful. It 

is the momentum a nd energy loss measurements wh ich a re essent ial to distinguish between 

pions and kaons in this a nalysis and therefore determine t he T--+K-vr branching ratio. 

The central detector consists of three pa rts : a vertex chamber close to the beam pipe 

designed to give accurate reco ns tructions of primary a nd seco nd a ry event vert ices; a large 

drift chamber, a lso kn ow n as the jel chamber, wh ich is used to acc urately determine the 

direction a nd energy loss of charged particles; and the z chamber wh ich is used to accurately 

determine the z coo rdin ate of charged particles leaving the central detector. The central 

detector is s ur ro und ed by a solenoid al coil which produces an axial field of 0.435 T. Further 

discussions of the compon ents of the central detecto r which are used in this a nalysis can be 

found in th e sections after t he general drift chamber discussion. 
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2.1.1 Drift Chambers 

A schematic of a cell in the OPAL jet chamber is shown in fi gure 2.5. The drift chamber 

is filled with a gas (the OPAL jet chamber uses a mixture of 88% argon, 10% methane, and 

2% isobutane at 4 bar (the criteria for choosing the gas press ure wi ll be discussed in the 

next section)) and the wires of the chamber are arranged in such a way to yield a constant 

electric field of typically less than 1 kV /cm over most of the chamber. As a charged particle 

traverses the gas inside a drift chamber it ionizes the gas a nd th e electrons from this primary 

ionization begin to drift towards the high field amplification region near the anode. Typical 

drift distances are around 10 cm and th e drift times a re on the order of one or two µs. As 

the electrons approach the high fi eld region near the anod e, they accelerate and begin to 

cause second a ry ionization of the gas. These secondary elect rons can then cause tert iary 

ionization , and so on . This is known as th e avalanche effect. The gas gain is the total 

number of electrons reaching the anode per initi al ion pair. The gas gain of the OPAL jet 

chamber is approximately 104
• 

The electron column caused by the passage of the charged particle initia lly accelerates 

in the electric fi eld but very quickly reaches a constant velocity known as th e drift velocity. 

Thus the collection t ime of t he avala nche gives a meas ure of the position of the trajectory 

of the charged particle to an acc uracy of typically 0.1 mm. Further, the number of ion pairs 

created by the particle as it t raverses the chamber is direct ly proportional to the energy 

lost by the particle in the ionizatio n process . Thus the integrated cha rge collected at the 

anode is a measure of the energy loss of the particle. 

2.1.2 The OPAL Jet Chamber 

The largest component of the OPAL central detector is the jet chamber, a full description 

of which can be found in references [10] and [1 I]. The sensit ive volume of the cha mber is 
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Figure 2.5: Schematic of one of the cells of the OPAL jet chamber. There are 24 such cells in the 

ref> plane. Large dots in the anode plane denote the fi eld shaping potential wires, and X's denote 

the anode wires. The drift distance between the cathode and anode planes ranges from 3 cm at the 

innermost wires to 25 cm at the outermost wires . The drawing is not to scale. 
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Figure 2.6: A schematic of the OPAL jet chamber. 

16 

a cylinder of length approximately 4 m surrounding both the beam pipe and the vertex 

chamber. The outer diameter is 3.7 m and the inner is 0.5 m. 

The chamber is divided into 24 identical sectors in </>, each containing 159 anode wires 

in a radial plane. Local</> is defined as the </> coordinate within a jet chamber cell. Cathode 

wire planes form the boundaries between adjacent sectors. All wires lie parallel to the beam 

direction. Schematics of the jet chamber are shown in figures 2.5 and 2.6. The field shaping 

wires are held at a constant voltage and the cathode wire potentials are graded to produce 

a constant electric field over most of the chamber. The anode wires are slightly staggered 

along the anode plane to resolve left/right ambiguities of track trajectories. 
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The jet chamber is designed to acc urately meas ure the direction a nd energy loss, dE/dx, 

of charged particles through multiple sampling of t he ionisation along a track. As seen above 

in the drift chamber discussion, the energy loss of the particle is proportional to the cha rge 

deposited on the wire, and the distance of t he track from the wire is proportional to the 

time of arrival of the avala nche at the a node. The momentum of the pa rticle is obtained by 

measuring the curvature of the particle track in t he magnetic field. The spatial resolution 

of the jet chamber is CTx,y = 135 µm [11] which leads to a moment um resolution of 

CTp = Jo .0004 + (0.0015 * p) 2 

p 

where the constant term inside the sq ua re root is due to multiple scattering of the charged 

particle as it traverses the gas. The z coo rdin ate reso lu tion is c,0 = 6 cm a nd is obtained 

by meas urin g the cha rge difference at either encl of each hit wire. If inform ation from th e 

z cha mbers is included , the z coord in ate resolut ion is improved to a , = 100 - 350 µm. 

A particle traversing the OPAL jet cha mber will yield N independ ent energy loss mea­

surements (where N can be as high as 159) which will be dist ributed a pproximately like a 

Landau distribu tion. In order to extract the mean energy loss measurement for the parti­

cle, we could compare our distribution of N measurements to a Land a u dist ribu t ion using 

t he maximum likelihood method. This procedure is acc urate but unfortun ately would be 

prohibitively tim e cons umin g to implemen t a.sit mus t be clone for each track of every event. 

An alternative procedure, wh ich is a lmost as accurate but is much less time consuming, 

is to use the method of t run cated mean [11] . This method rejects certain percentages 

of the lowest and highest dE / dx measurements from the N measurements. The mean 

of the distribu t ion is then calcu lated from the remaining measurements. The fraction of 

measurements to be rejected is determ ined by optimisin g the dE/clx resolu tion. For the 

OPAL jet chamber, the optimum resolution was ach ieved by truncating the highest 30% of 

the dE/dx measurements, with no truncation in the low dE/clx portion of the distribution 

[11]. 

The resolu tion of the mean clE/clx measurement usi ng th is met hod depends on th e 

number of energy loss measurements, NdE/dx , used in t he truncated mean calcu lation of 
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dE/dx. It was found for tracks in the OPAL jet chamber that [11] 

a(dE/dx) _A* (N )_ 0.43 

(dE/dx) - dE/dx 
(2.4) 

where A is a constant. Furthermore, for muons with a momentum of 46 GeV /cit was found 

that 

when NdE/dX ~ 130. 

a(dE/dx) 
(dE/dx) ~ 3.l% (2.5) 

Ionization Energy Loss and Particle Identification with the OPAL Jet Chamber 

The mean energy loss due to ionization is approximately parameterized by the Bethe- Bloch 

equation [12] 

(2.6) 

where 

and 

A2 = In ( 21~ec2 ) (2.7) 

ze is the charge of the particle passing through a gas with atomic number Z and atomic 

weight A, m e and re are the mass and classical radius of the elect ron res pect ively, and / 

is known as the ionization constant and is approximately equal to 16Z0 9 eV for Z > 1. 

The quantity o describes the density effect and it depends upon the chemical composition 

and density of the gas used in the jet chamber. As the energy of a particle increases, o 
approaches log(,2) plus a constant . 

Notice that eq uation 2.6 depends upon the speed of the particle, /3, and not upon the 

mass. The momentum, however, depends upon both the speed of the particle and the mass, 

therefore the combination of an energy loss and a momentum measurement can be used 
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to distinguis h between charged pa rticles of different masses . This technique is most useful 

only at momenta below approximately 20 GeV /c, however. To see why, we first look at the 

functional form of the momentum, p: 

m/3 
p = -✓-;::;=u=-==;;13;;;::;:=2 ) (2 .8) 

If we have two particle species, A and B, with different masses, mA an d mB, but the same 

momentum, we get 

mBf3B 

J(I - /31) 

which yields the ratio 

(2.9) 

A plot of this rat io versus momentum for kaons (m = 0.4936 GeV /c2
) a nd pions (m = 0.1396 

GeV /c2 ) is s hown in fi g ure 2.7. Note that at hig h momenta the two speeds are nearly equal. 

Since we saw that dE/dx in equation 2.6 depends upon the speed, the pions and kaons will 

have virtu a lly the same dE / dx at high momenta. Thus a t high momenta the combination 

of an energy loss a nd momentum measurement is not useful for discriminating between 

particles. 

At low momenta, however, figure 2.7 s hows that the two speeds a re quite different . Thus 

we would expect to be a ble to efficiently disc rimin ate between pions a nd kao ns for momenta 

below approximately 20 GeV /c. 

A typical plot of the energy loss as a function of mom entum is s how n in figure 2.8(a). 

For low momenta, the energy loss s hows a characteristic decrease proportional to 1 / /3 2
• 

Around -y = 3.2 dE/dx reaches a minimum a lmost virtually independ ent of the medium, 

a nd then contin ues with a logarit hmic rise (also known as the relativistic rise region). At 

high momenta the ene rgy loss sat urates at what is known as the Fermi plateau. It is the 

density effect in eq uat ion 2 .6 which limits the rise in the energy loss at hig h mom enta to the 

Fermi pla t eau. Figure 2.8(6) shows a typical set of plots of th e energy loss vers us momentum 

for various particles in the OPAL jet cha mber. Not ice that, as mentioned above , the energy 
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momenta the ratio is a lmost exactly equ al to one whereas at low momenta the two speeds are quite 
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Figure 2.8 : ( a) A typical plot of energy loss, dE / dx , versus momentum . 

(b) dE/dx versus momentum for various particles in the OPAL jet chamber. 

loss of the vanous particle species 1s nearly th e same at hig h momenta thus making it 

impossible to d ist ing uish between the particle species using a combination of an energy loss 

and a momentum measurement. 

A measure of how well one can expect to d is t in guish between two particle species, A a nd 

B, using dE/dx is known as the energy loss particle separation power, D . The separation 

power is a dim ensionless quantity, defined a.s 

D = (dE/dx)A - (dE/dx) 8 

- u(dE/dx)B 
(2.10) 
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Figure 2.9 shows the particle separation power as a function of momentum for various types 

of particles in the OPAL jet chamber. Notice that, as mentioned above, the best separation 

between pions and kaons occurs at momenta less than about 20 GeV /c. 

The gas pressure in the OPAL jet chamber has been optimised to provide the best 

particle sepa ration power. In general, raising the gas pressure improves the dE / dx resolution 

but reduces the height of the Fermi plateau (which reduces the slope of the relativ istic rise) . 

This reduced plateau height has the effect of reducing th e difference in energy loss between 

charged particles of different masses. The optimal pressure for the OPAL jet chamber was 

found to be 4 bar [11]. 

A quantity often used in this analysis is norm ali zed dE / dx , defined as follows: 

dE/d _ dE/dxmea, - dE/dxpr e.d 
Xn orm - a(dE/dx) (2.11) 

where dE/dxmeas is th e measu red dE/dx, dE/dxpred is the pred icted dE/dx for a partic­

ular momentum and particle species, and a(dE/dx) is the uncertainty on dE/dxmea,. If 

dE/dx has been normalised a.5sumi ng a pion, kaon , or muon hypothesis in the calc ulation 

of dE/dxpred, then dE/dxnorm will be written as dE/dx~orm, dE/dx:;orm, or dE/dx~orm, 

respectively. 

2.2 The Electromagnetic Calorimeter 

The electromagnetic calorimeter at OPAL (ECAL) is const ru cted of lead glass blocks 

designed to detect and measure the energies and positions of electrons, positrons, and 

photons. The gla.5s block a.5sembly is mounted between the solenoid coil and t he magnet 

ret urn yoke. There are also two lead gla.5s assemblies mounted on the encl cap resulting 

in a total ECAL coverage of 98% of 41r. C herenkov light from the passage of relativistic 

cha rged pa rticles through the lead glass is detected by phototubes at the ba.5e of each block. 
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Figure 2.9: The dimensionless quanti ty, particle separat ion power D, as a fun ction of momentum 

for various particles in the OPAL jet chamber. Note that the best separa tion between pious and 

kaons occurs below about 20 GeV /c. 
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The barrel portion of the ECAL covers I cos 01 less than 0.82 a nd th e end cap portion covers 

I cos01 between 0.81 to 0.98. 

The presence of~ 2 rad iation lengths of material in front of the calorimeter (mostly 

due to the solenoid a nd central detector pressure vessel) results in most electromagnetic 

showers initiating before reaching the lead glass. The resulting degradation of the energy 

a nd spatial resolution can be corrected for by the use of presampler devices located before 

the ECAL which a re designed to precisely measure the position and energy of showers. 

The presampler devices a re used in t his thesis to rejec t events in the r-➔1r-u<-)11T 

candidate sample which a re accom panied by a rr 0
; a rr 0 decays promptly into two photons 

which begin to shower in th e solenoid coil a nd hence show a large sign a l in th e presamplers. 

A cha rged pion , however, does not typically begin a hadro nic shower before reaching the 

ECAL and hence the presampler signal for a charged pion is mu ch smaller than t hat of a 

neutral pion [1 2] . 

2.3 The Hadronic Calorimeter 

The ret urn yoke of the solenoid is made of welded iron plates , 10 cm thick, with gaps 

between the plates which are inst rumented with st reamer tubes and fo rm the barrel hadron 

calorimeter (HCAL). The final thickness of the HCA L is 1 m which provides 4 or more 

interact ion lengths of absorber over a solid angle of 97% of 4rr. 

The HCA L co nsists of t hree parts, the barrel (I cos 01 less th a n 0.81) , th e end cap (I cos 01 

between 0.81 to 0.91) , a nd the pole tip (I cos01 between 0.9 1 to 0.99) wh ich is co nstructed 

of thin, high gain multiwire chambers . 

Since hadronic showers usua lly begin in the ECA L, th e hadro nic energy 1s meas ured 
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by combining the signals of the ECAL and HCA L. The energy resolution of the HCAL is 

120%/v'E. 

2.4 The Muon Chambers 

The outside of the HCAL is su rrounded by several laye rs of chambers designed to identify 

muons by measuring the position a nd direction of a ll cha rged particles leaving the iron 

absorber of the HCAL. Over the full solid angle, 93% is covered by at least one layer of 

the muon detector. There are gaps in the acceptance due to the beam pipe (loss of 1.6% 

of the solid angle), the support legs (4.4% of the solid angle), and the cables (1.2% of the 

solid angle). Over nearly all of the acceptance, the amount of material that a particle has 

to traverse exceeds 1.3 m of iron eq uivalent . 

The barrel portion of t he muon chambers covers I cos 0l <0.68 for four or more layers, 

and I cos 01 < 0. 72 for one or more layers. It is const ru cted of 110 large a rea drift chambers, 

each of which is 1.2 m wide and 90 mm deep. The endcap mu on chambers cover the range 

0.67< 1 cos 01 <0.98 a nd are constructed of four laye rs of st reamer tu bes placed perpendicular 

to the beam axis covering an area of ;:::: 150 m 2 • 
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Measurement of the r- -+ l(- vT branching ratio 

To determine the r-+/(v branching ratio relative to the r-+1r(l()v branching ratio (a quan­

tity which will often be referred to in the text below a.5 the relative branching ratio) a sam­

ple of 1242 r-+1r(K)v candidates wa.5 selected from 11381 e+e-➔r+r- candidates, which 

in turn were selected from data taken at the OPAL detector at LEP during the years 

1990 and 1991. Details of the selection of these and other event samples used in this 

thesis can be found in Appendix A or refe rence [14]. A momentum range was chosen 

where pion and kaon dE / dx were well separated . The events below a certain selection 

value in the dE/dx~orm distribution of the r-+1r(f()v sam ple were then selected as being 

r-+K v candidates. 

Since muons and pions have simila r mass, they experience nearly the same energy loss as 

they traverse the central detector. The r-+µTJv candidate sam pie was th erefore used to esti­

mate the pion co nta mination in the r-+K11 candidate sample. The Monte Carlo technique 

was used to determine the efficiencies for selecting r-tI< v out of the r-+1r(/()v cand idate 

sample. The Monte Carlo technique involves using a computer program to simu late the 

production and a ll known decay modes of various species of particles a nd their passage 

through a detector. The events generated in this manner will be discussed in the next 

section along with a description of the formula and parameterisation used to calcu late the 

predicted energy loss, dE / dxpred , used in the calculation of norm a lised dE / clx according to 

equation 2.11. 

26 
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3.1 Monte Carlo and the Predicted Mean Energy Loss 

An accurate parameterisation for the mean energy loss was needed to calculate nor­

malised dE / dx since it was this quantity which was used to differentiate between pions and 

kaons in the r-+rr(K)v sample to obtain th e r-+I< v candidate sampl e. 

Also req uired were Monte Carlo generated events to predict the effi ciencies for selecting 

r-+I<v out of t he r-+rr(J()v candid ate sample. The followin g sections will describe the 

parameterisation of the mean energy loss a nd how it wa.5 used to gene rate the Monte Carlo 

events used in this measurement. 

3.1.1 Parameterisation of the Predicted Mean Energy Loss 

The predicted dE/dx of a particle of cha rge Qe (where e is the magnitude of the cha rge of 

an electron) traversing the OPAL jet cha mber can be parameterized as fo llows [11] 

(3.12) 

where 

I (
(J2 dE/dxpred) 

K. = w + og Q2 
(3.13) 

Equation 3.12 is essentia lly a mod ified Bethe-Bloch equ ation (see for comparison eq uation 

2.6) parameterised with two constants ~ and w which are dependent upon the state and 

co mposition of t he ga.c; used in t he OPAL jet chamber. Both r;, and w are dim ensionless 

quantities, but since t he logarithmic term in eq uation 3.13 is not, quoted valu es of w in this 

thesis are given under the a.5sumption that the dE/dx a ppearin g in eq uat ions :3 .1 2 a nd :3.13 

is given in keV / cm. The density effect is no t included in this parameterisation since we are 

interested in a momentum regio n where th e density effect is negligible for pions, muons, 

and kaons. 
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In order to achieve a well understood background determination in the relative branching 

ratio measurement, the chosen parameterisation of the energy loss must describe both pion 

and muon energy loss in the momentum range of interest. Of equal importance, however, 

is that the energy loss para meterisation also describe kaon energy loss since we rely entirely 

upon the energy loss pa rameterisation to predict the effi ciencies in the calculation of the 

branching ratio. 

Thus, to determine the constants ~ and w used in the parameterisation, we would like 

to fit to a data sam ple composed of signifi cant numbers of pions, kaons, and muons. 

To achieve this, a maximum likelihood fit was pe rformed simultaneously to the dE/dxmeas 

of two data samples. The first sample was obtained from the T-tpvv candid ate sample 

(which was selected accordin g the crite ri a found in appendix A) as follows: 

1. Only events in the momentum range between 3.5 to 20 GeV /c were con­

sidered. This moment um ra nge was chosen since it was t he one over which 

the branching ratio measurement was finally performed (pion and kaon 

dE/dx are well separated below 20 GeV /c a nd the mome ntum threshold 

in the lab fram e for kaon production in T-tKv decays is 3.5 GeV /c) . 

2. Only events with local </> (</>within one of the 24 jet chamber anode cells) 

not between 6.5° to 8.5° were considered. This requ irement was made to 

remove the region aro und t he anode plane (local </> = 7.5°) in each jet 

chamber cell in order to ensure well understood dE/dxmeas a nd a(cl E/dx) 

for each event . 

3. Only events with NdE/dx > 130 were co nsidered, again to ensure well 

und erstood cl E/clxmeas a nd a(dE/dx) for each event . 

After a ll requirements, there remained 1858 cand id ates which consisted of approximately 

98% muons with a 2% pion contamin at ion as est im ated from t he Mo nte Carlo generated 

event sample. 

The second sample was obtained from the e+e-➔T+ T - candid ate sample in the 
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following fashion: 

1. Most electrons were removed from the sample by requiring that the event 

not be identifi ed as a r➔evv candidate. 

2. Most muons were removed by requiring t ha t th e event not be identified as 

a r➔µvv candid a te. This requirement was made to ma ke this second da ta 

sample independent from the first. 

3. The data sample was made independent from th e r-nr(K)v candidate 

sample by requiring that th e event not be indentifi ed as a r-+1r(I<)v 

candid a te. 

4 . Only events in th e mo ment um ra nge betwee n 3.5 to 20 GeV /c were co n­

sidered . 

5. Only events wi t h local ¢ not between 6.5° to 8.5° were considered. 

6 . Only events with NdE/ dx > 130 were co nsidered . 
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After all requirements th ere remained 5313 cand id a tes which consis t ed of approximately 

85% pions, 3% to 4% kaons , a nd a bout 5% each of muons and electrons a.5 estim ated from 

the Monte Carlo genera ted event sample. 

Parameters of th e maximum likelihood fi t were ~ a nd w, t he co ns ta nt A used in the 

calculation of a(dE/dx ) acco rding to equ a tion 2.4, a nd th e rela tive fr ac tions of kaons , 

muons, and electrons in the second da ta sample. The fraction s of muon s a nd pions in the 

first sample were held fixed a t t he values determin ed in reference [1 4] (ie; 98% a nd 2%, 

respectively) . 

In order to obta in a num erical solution to t he transcend ental equ a tion for r., form ed by 

equations 3.12 a nd 3. 13 a n iterat ive a pproach was used usin g th e energy loss pa ra meterisa­

tion described in reference [11] as th e firs t g uess to be used in equ a t ion 3.13. It wa.5 found 

that three iterations were more t ha n s uffi cient to ensure co nvergence to a solutio n. As an 

a.5ide it should be mentioned th a t th e energy loss pa ra mete risation found in reference [11] 
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Parameter Value 

~ 0.306 ± 0.003 keV /cm 

w 19.26 ± 0.01 

Table 3.1: The two predicted energy loss parameters determined from a maximum likelihood fit 

to the measured energy loss (in keV /cm) of data samples derived from the e+ e -➔r+r- candidate 

sample. 

was not used in this analysis since it was found not to provide a n optima.I description of 

kaon energy loss in the momentum range of inte rest. 

In other analyses, it has been customa ry to ignore the dependence of K upon 

ln(/J2dE/dxpred) and instead assume K is a constant in order to simplify the parameter­

isation and also make individu al calculations of dE/ dxpred on an event-by-event basis faster 

[11]. However the assumption that 1n(/3 2dE/dxpred) is co ns tant is only appropriate in the 

region where dE/dx falls as 1//32 thus making {3 2dE/dx equal to a constant, and the high 

momentum region where /3 2 essentially equals one and dE/clx is essentially constant due 

to the Fermi plateau effect. At interm edi ate momenta, however , In (/3 2 clE / clxpred) is not 

constant and a lthough the depend ence of K upon changes in {3 2dE / dx is weak over this 

momentum range, it still exists and is non-negligible. 

Since this is the mom entum range of in terest to th is analysis a nd since the data samples 

used in this analysis are not la rge enough to ma ke the ite rative approach to solving equations 

3.12 a nd 3.1:3 prohibitively time cons uming, it was decided to include the 1n(/3 2dE/dxpred) 

term in the determination of the dE / clx,,,.ed parameterisation used in this a nalysis . The 

dE/clx gas parameters dete rmin ed by th e fit a re found in table 3.1. 

Figure 3.10 (a) s hows a plot of clE/ dxmea, versus clE/ dxpred for the r-+µvv sample. 

Note that the slope of th e graph is co nsistent with one and t he inte rcept is consistent 



Chapter 3. Mea.surement of th e T- -+ K-vT branching ratio 31 

with zero, as would be expected if dE / dxpred were predicting the data ionization energy 

loss correctly. Figure 3.10 (b) shows a plot of dE/dxmeas - dE/dxpred versus momentum 

for the T-tµvv cand idate sample. Note that the line fitted to the plot has both slope 

and intercept consistent with zero, again as would expected if dE/dxpred were modelling 

dE I dxmeas correctly. 

As mentioned earlier, it is of vital importance that the chose n parameterisation describes 

the energy loss of kaons as well as that of muons and pions . In order to estimate how well 

dE / dxpred predicts the ionization energy loss of kao ns, a rough sample of kao ns was obtained 

from the e+e-➔T+T- sample in the following fashion: 

1. Only events in the barrel with NdE/dx > 130, momentum between 3.5 

to 20 GeV /c, and one cha rged track per jet cone were considered. The 

momentum range was chose n to give the bes t possible separation between 

pions and kaons without compromising th e statis tics of t he sampl e. 

2. Events cla.ssifi ed as either T-t/lVV or T-tevv were rejec ted. 

3. The dE / dx of the remaining events wa.s normalised to pion dE / d.?: a nd then 

all events with clE/dx~
0
rm > - 1.0 were rejected. This effectively removed 

about 85% of the pions, all of th e remaining electrons, and virtually all 

of the remaining muons. The value of dE / dx~orm > - 1.0 wa.s chosen to 

elimin ate a.s many pions as possible without serious ly biasing the kaon 

sample. It was found by examinin g the Monte Carlo gene rated events 

that t his valu e, in co njunction with th e momentum range used , yield ed no 

perceptible bias ing of the kaons . 

4. The events su rvivin g this selec tion were th en norm a lised to kaon clE/dx . 

Most of the few remaining pions were then removed from the upper portion 

of this distribution using Monte Carlo generated events to perform the 

background s ubtraction. The remaining eve nts were mostly kaons with 

some pions in the sample which contam inate the upper portion of the 

dist ribution. The lower portion of the dis tribution is virtually pure kaons. 

A plot of t he clE/dx:orm of the rough sampl e of kaon s thus obtained 1s shown in figure 
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Figure 3.10: (a) dE/dxmea, versus clE/clxp,·ed for the data r-+µvv candidate sample between 

3.5 to 20 GeV / c. Note that the slope, A I , is consistent with one and the intercept, AO , 

is consistent with zero , as would be expected if dE/clx pred was predict ing the muon energy loss 

correct ly. 

(b) (dE/dxmea• - clE/clxpred) versus moment.urn for the r-+1-ivv candida te sample between 3.5 to 20 

GeV /c. Note the slope and intercept of the fitted line are both consistent with zero , again indicating 

that clE / clxpred is modelling the data well . 
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3.11. Note th at the mean is consistent zero and the width is consistent with one, which 

demonstrates that the pa rameterisation appears to adequately describe the energy loss of 

kaons in th e momentum range of interest. The Gaussian fit wa.s not perform ed to the 

data points above dE / dx~orm = 1.0 since studies of Monte Carlo generated events suggest 

that these are almost certain ly background pion events which remain after the background 

subtraction procedure described above. 

3.1.2 Monte Carlo 

The computer program KORALZ3.8 wa.s used to simul ate th e production a nd a ll known 

decay modes of r leptons to genera te a sample of momentum four-vectors. The GEANT 

computer program then used t hese four-vectors as input to simulate the pa.ssage of the 

particles through the OPAL detector [13] , resulting in a Monte Carlo generated sample of 

72000 simulated r pair events . It wa.s found that the angul a r and momentum dist ributions 

of the Monte Carlo generated part icles produced in this fashion si mul a ted the data well 

(see examples in figure 3.12). It was found, however, that the energy loss simulation of the 

standard Monte Carlo generated events wa.s not sufficiently precise for the purposes of this 

analysis . The number of jet chamber hits, NdE /dx , used in the t run cated mean calc ulation 

of dE/dx was also not co rrectly simulated . 

To correct the Monte Carlo generated events, new dE / dx and NdE/dx for each track 

were obtained in the following fashion: 

1. The NdE/dx problem was corrected by random ly sampling NdE/dx probability 

dist ributions obtained from r decay events in th e e+ e -➔r+r- data sam­

ple wh ich only contained one cha rged track . It wa.s found, however, that 

the data NdE/dx distributions depended both upon t he local </> coo rdin ate 

within one of th e 24 anode ce lls in the jet chamber, and moment um (see ex­

amples in figure 3.13). A dedicated st udy showed that NdE/dx distributions 

in five bins in local </> (0° to 3°; . .. ; 12° to 15°) , a nd t hree bins of mo­

mentum (2 to 5 GeV /c; 5 to 20 GeV /c; 20 GeV /c and up), were suffi cient 
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Figure 3.11: dE/clx{;0 rm of the rough kaon sample (normalized to kaon dE/dx using clE/dxpred with 

the kaon mass and the parameters obtained from the fit). Note that the mean is consistent with zero 

and the width is close to one as would be expec ted if dE/clxpred was predicting kaon dE /dx well. 
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Figure 3.12: (a) Distribution in cosB for data (solid line) and Monte Carlo (dashed line) generated 

r➔µvv candidate samples. 

(b) Distribution in it, for data (solid line) and Monte Carlo (dashed line) generated 

r➔µvv candidate samples. 

(c) Momentum distribution for data (solid line) and Monte Carlo (dashed line) generated 

r➔µvv candidate samples. 

r➔evv and r➔rr(K)v samples show similar agreement between data and Monte Carlo generated 

events . 
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to describe the data adequately. Thus 15 probability distributions were 

formed based upon these NdE/dx distributions. The NdE/dx value for a 

particular Monte Carlo generated track was then obtained by randomly 

sampling the NdE/dx probability distribution appropriate to the track's 

momentum and direction in local ¢. 

2. The predicted dE/dx for each track, dE/dxpred, was calcu lated using 

equations 3.12 and 3.13 with the Monte Carlo generated momentum and 

mass, and the predicted energy loss parameters derived from the data as 

described in the previous section. 

3. The uncertainty on the dE/dx of the track, a(dE/dx) , was calculated 

using equation 2.4. Namely, 

a(clE/dx) =A· (NdE/dx)- 0 43 
· dE/dxpred· 

4. a(dE/dx) and clE/dxpred were then used to calcu late the new clE/clx of 

the Monte Carlo generated particle as fo llows: 

dE/dx = clE/clxpred + G · a(dE/dx) 

where G was a number randomly sampled from a normal Gaussian distri­

bution. 

36 

Figure 3.14 shows the normalized clE/dx distributions for the data and Monte Carlo 

generated r--+µYlv and r--+1r(K)11 candidate samples in the momentum range of interest to 

this analysis. In each case the data distributions are well simulated by the Monte Carlo 

generated events. 
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Figure 3.13: (a) NdE/dx distribution for data r-+µTiv candidate sample with local efJ between 

0° to 3° {solid line) and go to 12° (dashed line) . In both cases the momentum is between 

20 to 45 GeV /c. 

(b) NdE/dx distribution for data r-+µTiv candidate sample with momentum between 20 to 45 GeV /c 

(solid line) and 2 to 5 GeV/c (dashed line). In both cases local efJ is between go to 12°. 

For presentation purposes all histograms have been normalised such that the area under each his­

togram is equal to one. 
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Figure 3.14: (a) Normalized dE/dx distribution for the r➔µTi11 candidate sample between 3.5 

to 20 GeV /c for both the data (points) and the Monte Carlo generated events (histogram). 

(b) Normalized dE/dx distribution for the r➔1r(K)11 candidate sample between 3.5 to 20 GeV /c 

for both the data (points) and the Monte Carlo generated events (histogram) . 
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3.2 Calculation of the T-➔K- Vr Relative Branching Ratio 

The branching ratio measurement was performed using the following steps: 

1. A momentum range was chosen where the pions and kaons in the dE/dx~orm 

distribution of the r-+rr(K)v cand idate sample were well separated. 

2. r-+I( v cand id ates were selec ted by choosing events below a certain value 

of dE/dx~o,·m in this distribution. This dE/clx~orni va lue will be referred to 

as the clE / clx~orm selection value or th e selection value in clE / clx~orm . The 

pion background in this r-+f{ v sample wa.s est im ated using the clE / dx~ orm 

distribution of the r-+µvv sample. 
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The clE/dx resolving power , D, for various particles in the OPAL jet chamber is shown 

m figure 2.9. Notice that the best separation between the energy loss measurements for 

pions and kaons occ urs for momenta less than about 20 GeV /c and therefore this was 

taken as the upper limit on the momentum range for r-+Kv cand idates in this measure­

ment. The mom entum threshold in the lab fram e for ka.on s in r -+K v decays is abo ut 3.5 

GeV /c and therefore this wa.s chosen a.s the lower bound on the momentum range. Fig­

ure 3.15 shows the momentum distribution for both the data and Monte Carlo generated 

r-➔rr-(1(-)vr candidate samples. Dotted lines denote the momentum ra nge of interest. 

The selection value in clE/dx~orm was chosen s uch that the following requirements were 

met: 

1. The pion background in th e r-+/( v candidate sample was low. 

2. The efficiency for selecting r-+K v events out of the r-+1r(/{)v sample in 

the chosen momentum range wa.s high . 

If we examine figure 3.16 we see that if the dE/clx~ orm selection value 1s chosen as -3.0 
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Figure 3.15: Momentum distribution of the r--+1r(I()v candidate sample for both the data (points) 

and Monte Carlo generated events (h istogram). Dotted lines denote the momentum range in which 

r--+l(v candidates were selec ted out of the r-t1r(/\')v sample. 
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-3.0 (meaning that a ll events below dE/dx~orm equa l to negative three a re selected as 

r-+K11 candidates), the background is very low (about 3%), but the efficiency is also low 

(around 45%). A dE/dx~orm selection value of -2 .0 yields a higher efficiency (around 80%) 

but the background is high (around 20%). Thus the selection value was chosen to be -2.5; 

the background was reasonably low (around 10%), and the efficiency was acceptably high 

(around 65%). Figure 3.17 shows the r -+1r( K)11 normalised energy loss distribution for both 

the data a nd the Monte Carlo generated events. A n expa nd ed view of the portion of this 

distribution that was selected as r -+K11 candidates is seen in fi gure 3. 18. 

To obtain a well understood uncertainty in dE/clx , the number of jet cha mber hits used 

in the calc ulation of mean energy loss,NdE/dx , was required to be at least 130, and events 

with local ¢ along the a node plane were excl uded by requiring that local ¢ not be between 

6.5° to 8.5° . 

With the chosen select ion value in th e dE / dx~ orm distribution of the r -+1r ( K)11 candidate 

sam ple we can calc ulate the r-+/(11 bra nching ratio relative to the r-+1r( I<:)11 bra nching ratio 

according to the following formula: 

f(r-+K11) 
f(r-+1r(K)11) 

1 (1 _ ;non- K) 
J bkgd 

---~------,-~--- • -------,-~ 

(1 - ;non-1r ,K) e➔Kv F,T➔Kv 
Jbkgd bia, 

(3.14) 

where Nr➔Kv is t he number of r-+/(11 candidates below the selection value m the nor-cand 

malised energy loss d ist ribution of the r-+1r(K) 11 sample between 3.5 to 20.0 GeV /c, and 

N;a-;.;(K)v is the number of events in t he r-+1r(K)11 sample befo re the mom entum selection . 

The quantity J;/
9
~- K is the estimated background fract ion in the r-+f( 11 candidate sam­

ple from other r decay modes, and J;/
9
"ct-rr ,J< is the est im ated backgro und fraction in the 

r-+1r(K)11 candidate sample from other r decay modes and non r so urces. The q ua ntity 

ir➔Kv is the estimated efficiency for select in g r-+!(11 events out of the total number of 

r-+/(11 events in t he r-+1r(K)11 candid ate sample over the entire mome nt um range (note 

that this is different than the efficiency, shown in figure 3.16, for selecting r-+J< 11 events 

out of the r-+1r(K)11 sample in t he chosen momentum range), and F{;-:,Kv is the relative 

en ha ncement of r-+!(11 decays in the r-+1r(/()11 sample introduced by a ny biases in the 

preselection procedure for t he r-+1r(/()11 sample. 
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Figure 3.16: (a) Efficiency for selec ting r-+f(v events out of the r-+1r(I()v candidate sample 

(aft er the momentum selec tion) as a function of the selec tion value in normalised dE/dx . 

(b) Estimated background in th e r-+f( v candid ate sample as a fun ct ion of t he se lection value in 

normalised dE / dx . 
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Figure 3.17: Energy loss distribution of the r--+1r(K)v candidate sample normalized to a p10n 

hypothesis for both the data (points) and Monte Carlo generated events (histogram). The 

shaded portion of the histogram represents the non r➔ I< v events in the Monte Carlo generated 

r➔1r(K)v candidate sample. All events below the normalized energy loss selection value denoted by 

the arrow were selected as r--+I<v candidates . 
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Figure 3.18: Energy loss distribution of the r➔I<v candidate sample normalized to a pion hypoth­

esis for both the data (points) and Monte Carlo generated events (histogram) . The shaded portion 

of the histogram represents the non r-➔I<11 events in the Monte Carlo generated r-➔Kv candidate 

sample. 
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Both N;a-:,;f'-1 and N;a-;.;(l<)v a re obtained directly from th e dat a . J;/ gnd-1r ,K has been 

previously determined to be [1 4]: 

j;:,_0g~- h = (7.6 ± 0.7) %. 

The quantities l r➔Kv and F;;-;.Kv were both estim a ted from the Monte Carlo generated 

events. 

The pa ra meter J:i,0gnd-I< was es tim ated using both th e da ta T-tµYlv sample and Monte 

Carlo generated events . The da ta T-tµYlv sample (which is nearly pure muons with only 

a sma ll pion contamin ation) was used to pred ict th e pion backgro und fr act ion in the 

7--,[(v candidate to be 0.093 ± 0.031, and Mo nte Carlo generated events were used to 

predict the contamina tion in t he r-,[( v candida te sample from kaons which didn 't re­

sult from r-,J( v . The domin ant source of such events were T - -,!( * V r decays where th e 

[(* promptly decayed to a cha rged kaon a nd a neutra l pion . T he background frac tion 

in the r-,[(v sample due to this process was estima ted to be 0.035 ± 0.024 where the 

dominant source of un ce rtain ty was Monte Carl o statistics and where a bra nching ratio of 

Br(r-,K*v) = 0.0047 ± 0.0002 was ass um ed in t he Monte Carlo ge nera tion of events. 

The above procedure determin ed th e cent ral value of th e relat ive bra nching ratio to be: 

r (r-,Kv) 
r(r-,rr(K)v) = 0.087±0.017 

where only th e s tatistical error is quoted at this point. Values a nd uncertainties of the 

pa rameters used to calculate the branching ratio vi a equ a tion 3.14 a re seen in t a bles 3.2, 

3.3, and 3.4. 

3.2.1 Evaluation of the systematic errors 

The systematic studies a re shown in ta ble 3.5. The upper and lower limits of the 

momentum ra nge were va ried by 0.5 GeV /c to test the branching ra tio sensitivi ty to the 
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Parameter Value corresponding to 

select ion value of dE/dx~ orm<-2.5 

1,non-K 
bkgd 0.128 ± 0.039 

fton-rr,K 
bkgd 0.076 ± 0.007 

ET-+Kv 0.273 ± 0.034 

F,T-+Kv 
bia, 0.988 ± 0.072 

ET-+Kv * F',T.-+Kv a 
bia , 0.270 ± 0.039 

0 t_ r➔ Kv and F;;-;:,K" are correlated and thus used in the calculation as a combined quantity. 

Table 3.2: Parameters used in the calculation of the T-➔K- Vr relative branching ratio. 

# of MC 

Events 

r-+rr(K)v events before any selection 16656 

r-+/( v events before any selection 1097 

r-+rrv events in r-+rr(J()v candidate sample in entire momentum range a 2527 

r-+/(v events in r-+rr(I{)v candidate sample in entire momentum range a 176 

r-+rrv events in r-+rr(I()v candid ate sample between 3.5 to 20 GeV / c 1092 

r-+I<v in r-+rr(K)v candidate sample between 3.5 to 20 GeV / c 75 

r-+/(v in selected r-+Kv candidate sample 48 

0 after local </> and NdE/dx selections. 

Table 3.3: Monte Carlo generated events used in the calculation of the r-➔K- Vr relative branching 

ratio . 
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Number of Data 

Events 

r-+1r(I<)11 candidates before any other selection 1242 

r➔1r(K)11 candidates in entire momentum range a 1045 

r-+1r(I<)v candidate events between 3.5 to 20 GeV / c 424 

r➔I<v selected candidates 26 

0 after local ¢ and NdE/dx selections. 

Table 3.4: Data event parameters used in the calculation of the r-➔1(- vT relat ive branching ratio. 

momentum range used. The energy loss resolution was a lso varied within its uncertainty to 

test the bra nching ratio dependence . 

The selection value in NdE/dx was varied from 1~3 0 down to 40 a.n d the selection values 

in local </> were changed to exclude a region of 3° aro un d the anode plane as opposed to 

the original excl usion of only 2°. Finally, the parameters used to calculate dE / dxpred were 

varied within their un certa inties to examin e how this affected the branching ratio. 

The changes in the relative branching ratio induced by these variations are quantified 

by the systematic e rrors seen in table 3.5. Adding these errors in quadrature with the 

b. cl • • . • 7'-!/( v F,7'-ll(v r non-K cl r non-rr,K · Id com me u ncerta111 ties 111 f , bia, , 1 bkgd , an 1 bkgd y1e s 

r(r--+Kv) _ +0 .0 16 
r(r--+1r(K)v) - 0.087 ± 0.017 _0 _0 17 

where the first un certa inty is statistical a nd the second is systematic. 

A comparison of the relat ive branching ra tio co rresponding to the dE/dx~orm select ion 

value of -2.5 to those correspo nding to the selec tion values of -2.0 a nd -3.0 is seen 

in table 3.6. The la rge erro rs on the relative branching ratios co rresponding to the se­

lect ion values of -2.0 a nd -3.0 a. re predom in a ntly from the variation of ~ within one 
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SYSTEMATIC difference in relative BR 

- + 
momentum 3.5 to 19.5 GeV /c 0.002 

momentum 3.5 to 20.5 GeV /c 0.002 

momentum 3.0 to 20 GeV /c 0.002 

momentum 4.0 to 20 GeV /c 0.003 

resolution +aRES 0.004 

resolution -<iRES 0.002 

NdE/dx > 40 0.003 

local </> not betwee n 6° to 9° o.oo.s 

~ + O'f, 0.008 

~ - O'f, 0.009 

w+aw < 0.001 < 0.001 

W - O'w < 0.001 < 0.001 

€r➔Kv * p,r_-+Kv 
bia , uncertainty 0 0.013 0.013 

fin on-K uncertainty b 
bkgd 0.004 0.004 

fin on-rr,I( 
bkgd uncertainty b < 0.001 < 0.001 

TOTAL 0.017 0.016 

aError results from Monte Carlo generated event sample statistical uncer taint ies. 
bError results from both data and Monte Carlo generated event sample statistical uncertaint ies. 

Table 3.5: Change in the ,--+/(- Vr relative branching ratio as a fun ction of various systematic 

studies. 
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Selection Value Relative BR NT--+Kv 
cand (:a J:n on-K 

bkgd 

dE/dx~orm<-3 .0 0.058 ± 0.018~g g~i 11 0.453 ± 0.057 0.030 ± 0.020 

dE / dx:orm <-2.5 0.087 ± 0.017~g:g!~ 26 0.640 ± 0.055 0.128 ± 0.039 

dE / dx~orm < -2.0 0.097 ± 0.014~g g~~ 38 0.787 ± 0.047 0.182 ± 0.042 

0 Efficieny for selecting r➔I<1; events out of the r➔1r(K)1; candidate sample between 3.5 to 20 GeY / c. 

Table 3.6: A comparison of the relative branching ratios, number of T- --+K-vr candidate 

events, effi ciencies, and estimated backgrounds corresponding to three different selection values in 

dE/dx~orm . 

a of its central value; this causes a la rge cha nge in th e positio n of t he peaks in the 

T-➔1r-u<-)11T dE/dx~ O!'nl distribution , resulting in bad ly un ders tood efficiencies and back­

grounds . As mentioned above, the dE/clx~
0
rm selection values of -3.0 and -2.0 were re­

jected specifi cally because of their res pect ive sensitivity to badly und erstood efficiencies and 

backgrounds. 
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Discussion of the results 

A phenomenologial prediction of the r-tK v relative branching ratio can be calculated 

from the decay widths corresponding to r-t1rv and r-tKv decays, given by the expressions 

[8] 

r( ) G2
f;cos

20c m~ [ m
2

]
2 

r-t1rv = 16rr 1 - m; (4.15) 

and 

r( / . ) K sin c mr 1nK G2j2 . 20 3 [ 2 ] 2 
T-t \V = ---'-'---- } - -

16rr m; (4.16) 

where G2 is the Fermi coup ling co nstant , 0c is the Cabibbo angle, and f rr and f K are 

factors which take into account the fact that the quark decay products are not free but 

rather bound into a hadronic final state. Taking the ratio of equ ations 4.1.5 and 4 .16 yields 

the following prediction for the r-➔K-vr relative branching ratio 

r(r-tK v) _ 20 JK [m; - m}] 
r ( ) - tan c f 2 2 • T-t7r V rr mT - 1nrr 

(4.17) 

Theory does not predict the values of 0c, frr , and fK, but they can be obtained from the 

branching ratios of the decays K--+!t-v1, and rr-➔µ-vµ si nce 

[ m!] 2 1--
m2 

Tr 

( 4.18) 
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and 

G2j2 • 20 2 [ 2 l 2 K sm cmKmµ TK mµ 
Br(K➔µv) = 

8 
1i 1 - - 2 7T "/, mK 

(4 .19) 

where r" and TK are the lifetimes of the pion and kaon, respectively. Taking the ratio of 

equations 4 .1 8 and 4.19 then yields: 

Br(K➔µv) _ 20 {km;r1< 

B ( ) - tan c f 2 3 r 1r➔µv "mKTrr 

[m;<-m~r 
9 

[m; - m~r 

which, when combined with equation 4.17 , yields 

f(r➔Kv) mtr" (m; - m}) 2 (m; - m~) 2 Br(K➔µv) 
r(r➔1rv) - m~TK (m; - m;) 2(m} - m~) 2 Br(1r➔µv) 

which yields the prediction 

r(r➔Kv) ... 
r( ) 

= 0.0653 ± 0.0007. 
r➔1rv 

(4.20) 

(4.21) 

This analysis, based upon a data sample which includes approximately 680000 Z0➔qq 

events (where this notation denotes the decay of a zo to a quark-antiquark pair), found the 

T-➔K-vT branching ratio relative to the r➔1r(K)v branching ratio to be 

( 4.22) 

where the first un ce rtainty is statist ical a nd t he seco nd is sys temat ic. Tliis implies that the 

r➔Kv branching ratio relative to the r➔nv bra nching ratio has a value of 

r(,➔Kv) = 0.095 ± 0.020+0 019 
r(r➔1rv) -0 .020 

(4.23) 

which is in agreeme nt with the phenomenological predict ion given in eq uation 4.21 (the 

two values differ by on ly approximately 1 cr). The agreeme nt betwee n these two quantit ies 

implies that, to within the precision of this measurement, the phenomenology of Cabbibo­

suppressed tau decays appears to be we ll dPscribed by thf' current mod el. 
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Over the next several years the OPAL experiment is expected to collect approximately 

5 x 106 zo-+ qq events. This implies that the statistical error on th is branching ratio 

measurement will be expected to go down from 19% of the branching fraction to 7%. 

The systematic errors of this measurement strongly depend on the statistics available and 

therefore these are also expected to decrease with increased statistics. 

The r-+rr(K)v branching ratio has previously been measured by the OPAL experiment 

to be [14]: 

Br(r-+1r(K)11) = 0.122 ± 0.003 ± 0.004 

which, combined with eq uation 4.23 , yie lds 

Br(r-+K 11) = 0.0106 ± 0.0021 ~g gg~~ 

Br(r-+1r11) = Br(r-+1r(I()11) - Br(r-+f(v) = 0.1113 ± 0.0034 ± 0.0040 

The previous world averages for these quantities are [5] 

Br(r-+Kv) = 0.0067 ± 0.0023 

Br(r-+1r11) = 0.116 ± 0.004 

(4.24) 

Both the r-+Kv and r-+1r11 branching rat io measurements are in agreement with the previ­

ous world averages and are also of comparable precision. 
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Conclusions 

T his a na lysis found t he r--+J(- vT branching ratio relative to the r--+1r - vT branching ra tio 

to be 

f(r-+Kv) + 0019 

r( ) 
= 0.095 ± 0.020_ 0 020 

r-+1rv 

The phenom enological prediction for this quantity derived from the bra nchin g ratios of 

1(--+µ-vµ a nd 1r--+µ-v
1
, decays is 

f(r-+Kv) 
r( ) 

= 0.0653 ± 0.0007. 
T-+7rV 

Both the prediction a nd t he measurem ent derived by t his analysis a re in agree ment (t he 

two values differ by only approximately 1 a-). Th is implies t hat, to within the precision 

of this measu rement, Cabbibo-supp ressecl tau decays appear to be we ll desc ribed by the 

Standard Model a nd ph enom enological predictions. 

From the r-+1r (/()v bran ching rat io previous ly dete rmin ed by t he OPAL collaboration 

[1 4), r-+Kv and r-+1rv branching ratios were extracted . They were fo und to be 

Br(r-+I<:v) = 0.0106± O.OO21!ggg~~ and Br(r-+rrv) = 0.11 13 ± 0.0034 ± 0.0040 
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The PDG92 world averages for these two quantities are [5] 

Br(r➔I<v) = 0.0067± 0.0023 and Br(r-+1rv) = 0.116 ± 0.004 

Both the r-+Kv and r-+1rv branching ratio measurements are in agreement with the previ­

ous world averages and a re also of comparable precision. 
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Appendix A 

Data Samples 

The following is a disc ussion of t he data samples used in this thesis. For more in format ion 

on the systematics studies used to dete rmin e the backgro und fractio ns in each of these 

samples, see reference [1 4]. 

All of th e eve nts in the data samples used in this analysis satisfy the following quality 

selection criteria: 

• To ens ure on ly well reco nstructed cha rged tracks are used in this analysis, 

we req uire that: 

* Each track must have at least 20 hits in t he OPAL jet cham­

ber with the first hi t at a rad ius of no greater than 75 cm. 

* The transverse mom ent um of each track must be at least 

0.1 GeV /c. 

* T he distance of closest approach to t he in teract ion point , 

Ido l a nd the z distance of closest approach to t he interac­

tio n point , !zol, must both be at most 2 cm. 

• To remove noisy calorimeter clusters we req uire: 

* In the barrel region of th e ECAL (cos (0) :S 0.7) t here must 

be at least one hi t block a nd the total raw cluster energy 

in t he ECAL must be at least 0.1 GeV /c. 
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* In the endcap region th ere must be at least two hit blocks 

in the ECAL and a tota l raw cluster energy at least 0.2 

GeV / c. In addition we req uire the fraction of the energy 

in the ECAL block containing the most energy to the total 

raw cluster energy to be less than 0.99. 

A.1 Selection of e+ e-➔r+r- Candidates 

To select e+e-➔r+r- candidates we require the following selection c riteria: 

• To remove hadronic backgro unds resu lting from z0 --+ qq events (where q 

denotes a qu ark) , we require there to be betwee n 1 and 6 charged tracks 

per event and less than 10 ECA L clusters associated with each event. 

• Since r decays a re characte rized by two back to back jets of pa rticles, it is 

often convenient to assig n cha rged tracks a nd ECAL cl usters in r decays 

to cones . For e+ e-➔r+r- candi dates we require t hat the cones be of half 

a ngle 35°, t hat th e total track a nd ECAL cl uste r assig ned to each co ne 

be at least 0.01 * Ebeam, a nd that there be on ly two cha rged cones in the 

event . 

• In order to reject cosmic rays, we require the fo llowing: 

* At least one good charged track in the event must have 

Idol < 0.5 cm and lzo l < 20 cm. 

* The diffe rence between the measured TOF a nd t he ex pected 

TOF flig ht for a track (ass uming the track origin ated at 

t he origin) must be no less than 10 ns . An event is a lso 

rej ected if all TOF co un ter pairs se pa rated by at leas t 165° 

in ¢ have TOF readings which are d ifferent by at least 10 

ns . 
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• To remove two photon events, we exploit the low visible energies and low 

net transverse momentum typical of e+e--+(e+e-)X events . 

An event is rejected if the s um of the visible energies of the jets , Ev;., is 

less than 3% of EcM • Evi, is defined as 

Evi, = L max(Ec1., Etrk) 
con e 

where Eirk and Eci. are the track and cluster energy associated with each 

track. 

Also, if Evi, is less than 20% of EcM, the event will be rejected if the 

missing transverse momenta, calculated separately for both the charged 

tracks and ECAL cluste rs , arc both less than '2 GeV /c. 

• To remove background from Bhabh a events , the large energy deposition 

in the electromagnetic calorimeter typical of s uch events is exploited. An 

event is rejected if 

and 

L Ef wsr > 0.8Ec 111 
i 

L Efwsr + o.:3I: EJRACF< > Ec: 111 
j 

where the summation is over all good clusters a nd tracks in the event . 

• Rejection of e+e--+µ+µ- and e+e--+µ+µ--y backgrounds depends mainly 

upon the muon identification provided by the ECAL, HCAL, and MUON 

detectors and on the high track momentum typical of s uch events. An 

event is rejected if it contains two muon candidates and if the scalar sum 

of th e charged track momenta plus the ene rgy of t llf' mos t ene rgetic ECA L 

cluster in each cone is greater than 0.6Ec M• A muon candidate must 

satisfy one of the following three requirements: 

MUID : 

Muon identification by the outer four MUON chamber lay­

ers. In order to meet this requ irement the track must have 

58 



Appendix A 

at least two layers in the barrel or end cap MUON detector 

with signals associated with the track. 

HCID: 

Muon identification by the hadron calorimeter. In order to 

meet this req uireme nt the track must have at least 4 layers 

in HCAL with signals associated with the track, with at 

least one of t he layers being in the last three layers of the 

HCAL. Also the ra tio of the total number of HCAL layers 

assigned to t he jet to t he number of HCAL layers assigned 

to the track must be less than three. 

ECID: 

M uon identificat ion by t he electro magnetic calo rim ete r. In 

order to meet this requirement the ECAL cluster energy 

associated with the track must be less than 2 GeV. 

59 

These requ ireme nts selected a final sample of 11381 T pair cand idates with an estimated 

background fraction of 0.019 ± 0.007 a nd an efficiency of 54 .1 ± 0.2% (which co rrespo nds to 

an efficiency of 93% within the geometrical acceptance) .. 

A.1.1 Selection of T-➔µ-vµvT Candidates 

The T-➔µ-v1,11T canidates must satisfy the fo llowing req uirements: 

• There must be exactly one cha rged track per candid ate jet. 

• Most T--+J.L -vµvT decays a re characterized by a small energy deposition 

in the ECA L a nd associated signa ls in the HCA L and MU O N subd etec­

tors consistent with the passage of minimum io nizin g particle. In order to 
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accept muons that enter inactive regions of the HCAL or MUON subde­

tectors, or that are accompanied by radiation, however, it is only required 

t hat a T--+µ-Ti 1,vr cand idate satisfy at least two out of MUID ,HCID , 

and ECID defin ed above. 

• Any associated sign als in t he HCAL must be consistent with t he passage 

of a minimum ionizing particle, even when the HCID co ndition is not 

satisfied. Thus a T--+µ-TiµV 7 candidate is rejected if the number of layers 

in HCAL associated with the track is at least three and if the ratio to the 

total number of HCAL layers assigned to the jet to those assigned to the 

track is at lea.st three. 

• Some residua l background from hadronic decays accompan ied by 1r0 pro­

duction is suppressed by requirin g 

Mtrk- ecal < 0.3GeV 

where Mtrk- ecal is the inva riant ma.ss of the cha rged track (a.ssuming a 

1r± hypothesis) and a ll ECAL clusters in th e jet (ass uming a photon hy­

pothesis. In the calcu lation 0.5 GeV is subtracted from the energy and 

momentum of the ECAL cluster nearest the cha rged track to acco unt for 

the energy depostion expected from a minimum ionizing particle. 

• In order to s uppress residu a l e+e--+µ+µ- co nta min ation , a T--+1-i-Ti
1
,vr 

candidate is rejected if t he opposite jet co nsists of exactly one cha rged 

track, co nsistent with bein g a mu on, t hat satisfi es 

Ptrk + Ec1, - 0.5GeV ~ 0.8Ebeam 

where 0.5 GeV is the average ECAL energy deposit ion of a minimum ion­

izing particle. A t rack is consid ered co nsis tent with bei ng a muon if it 

satisfi es a ny one of th e followin g criteria: 

1. MUID identification (defined above). 

2. HCID ident ifi cation (defin ed above). 

3. Pa.ssage through a geomet ric region wh ere neit her t he hadron 

calorimeter nor the MUON chambers are full y active . 
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Background Contam ination(%) 

T-+ -rr(K)v 2.4 ± 0.5 

T-+ other 0.3 ± 0.2 

e+e- -+ µ+µ - 0.7 ±0.1 

e+e--+ e+e-µ+µ- 0.7± 0.1 

TOTAL 3.71 ± 0.60 

Table A. 7: Estimated background contaminations found in the selected T- -+J.L-VµVT candidate 

events in the 1990 and 1991 data. 

• To ensure reli a ble muon identifi cation with low background , the muon 

candidates must satisfy: 

(Ptrk + Ec1, - 0.5GeV) --------- > 0.05. 
Ebean1 

There were 3798 r--+µ-v µvT candidates in the co mbined 1990 and 1991 data samples 

and the backgrounds est imated from Monte Carlo a nd dedicated data studies are shown in 

table A.7. 
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A.1.2 Selection of T--'trr-(I(-)vr Candidates 

The T- -'t7r- (I(-)vr cand idates must satisfy the following criteria: 

• There must be exactly one good charged track assigned to the jet cone. 

• To reject T--'te-Ilevr and other backgrounds with la rge associated ECAL 

energy, the ratio of energy, Ec1,, of the cluster associated with the pion 

cand idate to the candidate's reconstructed track momentum, Ptrk, must 

satisfy : 

Ec1s/Ptrk < 0.8. 

• To reject hadronic decays accompanied by rr 0 -'t 11 , it is req uired that 

the total cluste r energy in t he jet, exclud in g the cluster associated with 

the pion candid ate track, satisfy: 

E exce ,s < 0.02Ebeam 

• Further rejection of hadronic backgrounds accompanied by rr 0 's is obtained 

by requiring the difference in azimuth, o<f>Max, between the track and pre­

sampler sig na l fa rthest away in azimuth (but sti ll a.,;;signed to the jet) to 

be less than 0.5°. 

• Removing the background from T- -tµ-v µLlr depends crit ically u pan the 

HCAL and MUON chambers, both of which have some geomet ri c gaps in 

acceptance. Only T--'t7f- (I(-)vr candidates in the region of full response 

of the MUON chambers are accepted . If the candidate ente rs a region 

where the HCAL is a lso fully active then it is re.fected if either 

NHC/MU > ;3 
layer. -

or the following two cond itions are met 

HC/MU _ 
N,ay e1·.• - 2 
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and 

N FI C 3 
hit•/ lay er < 

where N1~Y~~":u is the number of layers containing signals out of a possible 

seven in the HCAL (three layers) and MUON (four layers) subdetectors. 

If the candidate enters a region where the HCAL is not fully active then 

it is rejected if 

N MU > 2 
layer , -

where N1~~r, is the number of MUON chamber layers associated with the 

signal. 

• To ensure good understanding of r-➔1r-(J(-)vT selection efficiency and 

backgrounds, the candidate 's track mom entum must satisfy 

...l?..!.!.!__ > 0.05. 
Ebeam 
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There were 1242 r-➔rr -( K- )vT candidates in the combined 1990 and 1991 data sample 

and the backgrounds est im ated from Monte Carlo and dedicated data studies are shown in 

table A.8 . 
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Background Contamination(%) 

T- ➔e-Tie llT 1.5 ± 0.3 

T-➔µ--;;1,IIT 0.3 ± 0.1 

T- -+pvT 4.1±0.4 

T-+ other 1.7 ± 0.2 

TOTAL 7.6 ± 0.7 

Table A.8: Estimated background contaminations found in the selected T-➔11'- (J(- )vT candidate 

events in the 1990 and 199 1 data. 
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