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Chapter 1Introduction
This dissertation presents the �rst measurement of the branching ratio of the decay ofthe tau (�) lepton into a �nal state containing at least one K0L meson by the OPAL1collaboration. The analysis was done using data collected between 1991 and 1995using the OPAL detector, a multipurpose experiment located at the LEP2 colliderat the European Centre for Particle Physics Research (CERN) located near Geneva,Switzerland.The �eld of particle physics began just over one hundred years ago with thediscovery of the electron in 1897 by Thomson. Advancements in accelerator anddetector technology have rapidly occurred leading to the discoveries of new particlesand a better understanding of particles and their interactions. In 1975, the thirdgeneration � lepton was discovered by M. Perl et al. [1] at the SPEAR e+e� storagering. Subsequently, the � itself became the subject of intense investigation as one canuse � production and decays to explore several features of particle physics, includingthe electromagnetic, weak and strong forces. One can test the validity of the manyfeatures of the Standard Model of particle physics [2] and search for new physicsbeyond the Standard Model.1Omni-Purpose Apparatus for LEP2Large Electron Positron



Chapter 1. Introduction 2The � is a sequential third generation charged lepton. Speci�cally, this meansthat the � is a point-like spin 1=2 particle with properties and couplings which arebelieved to be identical, except in mass, to those of the electron and muon. The massof the � , 1777:1 MeV3 [3, p. 286], is more than three thousand times greater than theelectron (me = 0:511 MeV). The � decays via the charged weak interaction with alifetime of 290:0 fs [3, p. 286]. The sample of � lepton pairs used in this analysis wascreated through electron-positron collisions (e+e� ! �+��) close to a centre-of-massenergy of 91.2 GeV, the mass of the Z0 boson.The large mass of the � allows it to decay into both leptonic and hadronic �nalstates. Leptonic tau decays have �nal states containing either an electron (e) andan electron neutrino (�e) or a muon (�) and a muon neutrino (��) accompaniedby a � neutrino (�� ) (see Figure 1.1(a)). Hadronic � decays are assumed to have�nal states consisting of a single charged meson, h� (a quark-antiquark or qq pair)accompanied by a �� (see Figure 1.1(b)). Final states with two or more mesonsare assumed to be the result of the decay of an initial heavier meson. The chargedmeson pairs are composed of up (u) and down (d) type quarks such as ��(u"d#) and�(770)�(u"d"), where the arrow represents the spin of the quark. Although these twomesons have the same quark content they have di�erent masses due to their di�erentspin con�gurations. The spins of the two quarks in the �� are antiparallel giving totalspin zero. The spins of the two quarks forming the �(770)� are parallel giving totalspin one. Table 1.1 shows several mesons described in this work; their quark contentand spin alignment are shown. Note that the spins of each pair of quarks may bereversed since the magnitude of the total spin remains the same. For completeness,the orbital angular momentum, the total angular momentum and the parity of eachmeson is shown in the table.3Natural units (�h = c = 1) are used throughout this work unless otherwise speci�ed.



Chapter 1. Introduction 3Net Orbital JP Strangeness = 0 Strangeness = �1Spin ang. Quark Content Observed Quark Content Observedmom. & Spin Meson & Spin Mesons = 0 l = 0 0� u"d# �(140)� u"s# K(494)�l = 0 0� �u"u# � d"d#� =p2 �(135)0 d"s# K(498)0s = 1 l = 0 1� u"d" �(770)� u"s" K�(892)�l = 1 1+ u"d" a1(1260)� u"s" K1(1400)�Table 1.1: The quark content and spin is shown for several di�erent mesons.The mesons are grouped into non-strange (Strangeness = 0) and strange (Strang-eness = �1) mesons. The net spin (s), orbital angular momentum (l), total angularmomentum (J) and the parity (P ) of the qq pairs are shown. The mass of each mesonis shown in the parentheses in units of MeV followed by a superscript indicating theelectric charge.In the hadronic � decay shown in Figure 1.1(b), the W� can only decay into aud0 state due to energy conservation, where the u-quark and d0-quark are the weakquark eigenstates [4]. In 1963, Cabibbo proposed an hypothesis exclusive to thequark sector which states that weak quark eigenstates may be mixtures of the quarkmass eigenstates [5]. This phenomenon as de�ned a�ects only the d0-type quarks,such that the weak d0-quark eigenstate is an admixture of the d-quark and the s-quark mass eigenstates, whereas the weak u-quark eigenstate is equal to the u-quarkmass eigenstate. The de�nition is purely conventional and one could accomplishthe same purpose by introducing a u0-type quark eigenstate in lieu of the d0-typequark eigenstate. This phenomenon allows for additional possible �nal state mesonscontaining us quarks for � decays. The s quark mesons analogous to the �� and�(770)� mesons are the K�(u"s#) and K�(892)�(u"s"). These strange mesons havesimilar properties, except for mass, as the non-strange mesons. Due to the amountof quark mixing, strange mesons are produced at a much lower rate than non-strangemesons. For example, the branching ratio of the �� ! ���� decay is (11:08� 0:13)%while the branching ratio of the �� ! K��� decay is only (0:71� 0:05)% [3, p. 286].



Chapter 1. Introduction 4
(a)

τ-

ντ

W
-

e
-
,µ-

ν
–

e
,ν
–

µ
(b)

τ-

ντ

W
-

q

q
–

h
-

Figure 1.1: Feynman diagrams of the � decay. (a) shows the � leptonic decays and(b) shows the � hadronic decays, where the blob at the vertex indicates the unknownhadronic interactions that yield a meson h�.Many of the current studies of � decays concentrate on understanding the � lep-ton's dominant decay modes in which the �nal state contains leptons or non-strangemesons. These �nal decay states account for approximately 97% of the � decay prod-ucts. Most of the remaining suppressed decays include kaons, i.e., mesons that containone strange quark. Consequently, their decay fractions are small and the decays aremore di�cult to identify than the leptonic or pionic decay modes. Therefore the �rststep in understanding more about the � decays into strange mesons is to identifythem and then to measure their branching ratios.The decay of the �� into a us pair can result in a K� or an excited K meson in the�nal state. The excited K mesons then usually decay into �nal states involving K�and also K0 mesons (or K+ and K0 for �+ decays) because hadronic decays preservethe quark 
avours. The two neutral kaons, K0 and K0, are not directly observed in



Chapter 1. Introduction 5nature, instead one observes the physical particles known as K0S and K0L.4 The masseigenstates of these physical particles are admixtures of the K0 and K0 eigenstates,jK0Si = (1 + �)jK0i+ (1� �)jK0ip2 (1 + �2) (1.1)jK0Li = (1 + �)jK0i � (1� �)jK0ip2 (1 + �2) ; (1.2)where � ' 2:3� 10�3 [3, p. 107]. The mass eigenstates would be exact even and oddeigenstates of the CP operator5 except for the very small CP violation introducedby �. The CP even state, the K0S, decays into two pions, a combination which isalso CP even, whereas the CP odd state, the K0L, decays into a CP odd combinationof three pions. Consequently, any given sample of K0 or K0 mesons is composed ofapproximately 50% K0L and 50% K0S mesons.The discovery of the �rst type of neutral kaon took place in 1947 by Rochester andButler [6] as it decayed into two pions. The second type of neutral kaon was discoveredin 1956 by Lederman et al. [7] at Brookhaven as it decayed into three pions. Thecharged kaon, K�, was discovered by Powell et al. [8] in 1949 as it decayed into amuon antimuon neutrino pair. It has been observed that the K0S decay into two pionsis much faster than the K0L decay into three pions due to phase space limitations. Theexperimental lifetimes of the kaons are [3, p. 439]:TK0S = 8:9� 10�11 sTK0L = 5:2� 10�8 sTK� = 1:2� 10�8 s:4The S and L subscripts delineate short and long, referring to the short and long decay lengthsof the two particles, respectively.5The CP operator is a space re
ection through the origin followed by a charge conjugation,changing the sign of all the quantum numbers.



Chapter 1. Introduction 6Thus a relativistic K0S meson will travel only a few centimeters while the K0L mesoncan travel many meters. For example, if the kaon had an energy of 10 GeV, then theK0S meson would travel on average 55 cm before decaying into two pions while the K0Lmeson would travel on average 325 m and the K� mesons would travel on average 75m before decaying.In the detectors currently used to study � decays, various methods have beendevised to identify the strange decay modes. Charged kaons have been identi�edthrough measurements of their energy loss as they traverse a gas. The di�erent life-times of the neutral kaons allows one to distinguish a K0S from a K0L using their decaylengths. Consequently, the short-lived K0S mesons have been studied by searchingfor evidence of the K0S decaying into a ���+ �nal state that is visible in a trackingchamber, while long-lived K0L mesons have been identi�ed through their interactionswith electromagnetic and hadronic calorimeters that contain the K0L meson's energy.Using the latter method, this analysis looked for decays containing a charged trackand at least one K0L meson. Using � decays that have this topology, the �� ! X�K0L��branching ratio6 is measured where X� is either a �� or a K� which may be accom-panied by any number of neutral particles. This is the �rst OPAL analysis to identifya K0L meson. The �� ! X�K0L�� decays are then examined to determine the identityof the X�. The charged hadron is identi�ed using the energy loss of the particle asit passes through the OPAL jet chamber and �0 mesons are identi�ed primarily byobserving an excess of energy in the electromagnetic calorimeter. Following these ad-ditional selections, the branching ratios of three exclusive decay modes are measured:�� ! ��K0�� , �� ! ��K0 � 1�0�� and �� ! K�K0 � 0�0�� . These decay modes6Charge conjugation is assumed throughout this work. When quoted decay modes list only thenegative charged state, the corresponding positive charge state is implied.



Chapter 1. Introduction 7include both K0L and K0S mesons, by convention they are collectively labelled as K0(or K0). These branching ratio results will be shown to be in very good agreementwith recent results from the ALEPH and L3 collaborations in which the � decays intoa �nal state containing a K0L meson. In addition, the new measurements presentedhere are compared to results from the CLEO and ALEPH collaborations in which the�nal state contains a K0S meson. The corresponding branching ratios are expected tobe equal, as previously discussed.As described above, the �� can decay into a us pair giving a K� �nal state or anexcited K meson �nal state, such as the K�(892)� or K1(1400)� mesons. The excited Kmesons decay very rapidly through the strong interaction with lifetimes of order 10�23s. The lowest mass K meson, aside from the K�, is the K�(892)�. It is a vector (J = 1)meson and decays into a (�K)� �nal state (either ��K0 or K��0). Therefore, one canuse the branching ratio of the �� ! ��K0�� decay mode and isospin conservationof the K�(892)� meson with respect to its decay products to make a measurementon the branching ratio of the �� ! K�(892)��� decay mode. The concept of isospinconservation will be discussed further in Chapter 2. This branching ratio can then becompared to various theoretical predictions and other experimental results, includingthe analogous OPAL result using the ��K0S �nal state. More information on thevarious possible resonances of the three exclusive decay modes will be discussed inChapters 2 and 4.In addition, existing experiments have not observed individual quarks. Currently,physicists only have observed the �nal state hadron and not the processes that occur inits creation. Consequently, one does not know how the charged weak current couplesthe quarks to form hadrons. Figure 1.2 uses a blob at the vertex to show this unknowncoupling for the �� ! K�(892)��� decay; the unknown coupling strength is denoted
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Figure 1.2: A Feynman diagram of the �� ! K�(892)��� decay.by the form factor (decay constant) fK�. A measurement of the �� ! K�(892)���branching ratio can be used to calculate fK�.A more detailed description of the Standard Model is presented in Chapter 2; thischapter will also describe the properties of the � and give a description on how thedecay rates of tau hadronic decays can be predicted. Chapter 3 gives a description ofthe LEP collider and the OPAL detector data processing scheme and its subdetectors.Chapter 4 presents a detailed description of the interaction of particles with matter.Chapter 5 describes the selection of the sample of � leptons used in this work createdthrough electron-positron collisions close to the centre-of-mass energy of 91.2 GeV, themass of the Z0 boson. Chapter 5 also gives a description of the simulated events thatwere used to describe the data. Chapter 6 describes the selection of the �� ! X�K0L��decays and determines the composition of X�. Chapter 7 presents the branchingratio results and the systematic errors are described. In Chapter 8, the branchingratios are compared to other experimental results and theoretical predictions. Finally,Chapter 9 summarises the results and presents the conclusions.
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Chapter 2Theory
This chapter will describe the Standard Model and the physics of tau hadronic decays.The �rst section will give a brief review of the Standard Model. The second section willdescribe how quark mixing occurs within the Standard Model. The third section willoutline the concept of isospin conservation. Finally, the fourth section will discuss tauhadronic decays with an emphasis on the neutral kaon decays that are being studiedin this dissertation.2.1 Standard ModelThe Standard Model [2] is a highly successful description of the interactions of ele-mentary particles. In this theory, matter is composed of point-like spin 1/2 fermions,which interact via the strong, weak and electromagnetic forces through the exchangeof gauge bosons. Some properties of these gauge bosons and fermions are shown inTable 2.1 [3, p. 223{348].Fermions can be categorised as either leptons or quarks. Leptons consist of threecharged particles: the electron (e), muon (�) and tau (�); and three neutral particles:the electron neutrino (�e), muon neutrino (��) and tau neutrino (�� ). These particlespossess integer electric charge (0 or �1) and do not interact with the strong force.There are six quarks (u,d,c,s,t and b) which have a fractional electric charge and



Chapter 2. Theory 10interact via the strong force as well as the weak and electromagnetic forces. Foreverydaymatter, essentially all physics can be described using only four fermions: twoleptons (�e and e) and two quarks (u and d). These fermions are grouped together toform the �rst generation of matter. Each fermion is also associated to an antiparticlewith opposite electric charge and opposite quantum numbers.The remaining, more exotic, fundamental particles are grouped into two additionalfamilies which are identical to the �rst generation in all respects except for theirmasses. The three rows in the top part of Table 2.1 correspond to the three families.Each family consists of a charged lepton and a neutrino as well as a pair of quarkswith charges +2/3 and -1/3. The weak force is able to couple members of each weakisospin doublet to one another by charged current interactions.The gauge bosons mediating the strong, weak and electromagnetic forces arise dueto the invariance of the Standard Model Lagrangian under a SU(3)c�SU(2)L�U(1)Ylocal gauge transformation.1 The SU(3)c group determines the couplings betweenstrongly interacting particles by the exchange of colour carrying gauge bosons calledgluons. The SU(2)L�U(1)Y gauge group describes the uni�ed electroweak interactiondescribed by Glashow, Salam and Weinberg [2]. The subscript L on SU(2)L is due tothe experimental observation that the charged currents in weak interactions coupleonly to the left-handed chiral states of particles forming doublets of weak isospin [4].Right-handed particles are classi�ed as singlets. As a consequence, leptons remainunmixed within the minimal Standard Model. The �nal group, U(1)Y , relates theweak hypercharge Y to the electric �eld Q and the third component of the weakisospin T3 by Q = T3 + Y=2.1The term gauge transformation denotes a transformation of a physical system that obeys thesymmetry of the mathematical group and leaves the physical state of the system unchanged.



Chapter 2. Theory 11Fermions (spin = 1/2)Leptons QuarksName Mass Charge Isospin Name Mass Charge Isospin(GeV) (Q) (T3) (GeV) (Q) (T3)�e < 5:1 � 10�9 0 +1=2 u 0:0033 � 0:0018 +2=3 +1=2e 5:1 � 10�4 �1 �1=2 d 0:0060 � 0:0030 �1=3 �1=2�� < 2:7 � 10�4 0 +1=2 c 1:250 � 0:150 +2=3 +1=2� 0:106 �1 �1=2 s 0:115 � 0:055 �1=3 �1=2�� < 0:031 0 +1=2 t 173:8 � 5:2 +2=3 +1=2� 1:777 �1 �1=2 b 4:3� 0:2 �1=3 �1=2Gauge Bosons (spin = 1)Name Mass (GeV) Chargephoton (
) 0 0W� 80.22 �1W+ 80.22 +1Z0 91.19 0gluon (g) 0 0Table 2.1: Boson and fermion properties. The mass, charge and weak isospin areshown for each fermion while the mass and charge are shown for each boson. Theparticle masses are taken from reference [3, p. 223{348].The masses of the gauge bosons and fermions are the result of couplings betweenthe gauge or fermion �elds and a scalar �eld called a Higgs �eld. The Higgs interac-tion is one way to generate particle masses in a gauge invariant, Lorentz invariant andrenormalisable way. The Higgs �eld spontaneously breaks the local SU(2)L � U(1)Ygauge symmetry to produce the separate electromagnetic and weak forces. The re-sulting massive gauge bosons, W� and Z0, are associated with the weak interaction.However the photon (
), which is associated with the residual remaining unbrokenU(1)Q symmetry, remains massless. The gauge bosons and their properties are givenin Table 2.1. Feynman diagrams for the electromagnetic, strong, charged and neutral
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Figure 2.1: The couplings of the electromagnetic, strong, charged and neutral weakinteractions that are permitted in the Standard Model: (a) the coupling of a photon(
) to a fermion (f) with the coupling constant e giving the electromagnetic force;(b) the coupling of a gluon to a quark (q) giving the strong force; (c) the weak chargecurrent coupling of a W� to fermions of a weak isospin doublet and (d) the weakneutral current coupling of a fermion (f) to a Z0.weak couplings are shown in Figure 2.1. The fourth force, gravity, is su�ciently weakat the length and mass scales accessible to particle physicists that its e�ects are neg-ligible. The coupling constants of the forces are shown on the diagrams. The electriccharge, e, couples photons to charged fermions creating the electromagnetic force.The strong coupling constant, gs, couples gluons to quarks giving the strong force.The neutral weak coupling constant, gZ, couples the Z0 boson to fermion-antifermion(ff) pairs and the charged weak coupling constant, g, couples the W� bosons toleptons and neutrinos or to quark-antiquark (qq0) pairs.



Chapter 2. Theory 132.2 Quark MixingThe W� couples to the fermions of a weak isospin doublet, i.e. leptons or quarks ofthe same family or generation. For example, the following interactions are possible:e� ! �e +W� and d! u +W�. In the case of the leptons, the coupling of the W�takes place strictly within a particular generation and no cross-generational couplingis observed (eg. the e� ! ��+W� interaction does not occur). This observation hasbeen enshrined in the laws of conservation of electron, muon and tau lepton number.With respect to quarks, the weak interaction does not strictly respect only inter-family transitions, such that the cross-generational interactions s! u+W� occur inaddition to the d! u +W� interactions.In 1963, Cabibbo suggested a solution to this paradox of the W� decaying intotwo di�erent quark-antiquark pairs which have one quark in common [5]. Cabibboproposed that the quark weak eigenstates were actually mixtures of the quark masseigenstates. Speci�cally the weak u-quark eigenstate is equal to the mass u-quarkeigenstate whereas the d0-quark eigenstate is an admixture of the d-quark and thes-quark mass eigenstates. This de�nition is purely conventional and one could ac-complish the same purpose by introducing a u0-type quark eigenstate in lieu of thed0-quark eigenstate.To accommodate the mixing of the di�erent quark families,2 Cabibbo proposed amodi�cation to the quark doublets involving a quark mixing angle �c (now known asthe Cabibbo angle), such that [5]d0 = d cos �c + s sin �cs0 = �d sin �c + s cos �c:2At the time only the u,d and s quarks were known to exist.
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Figure 2.2: Cabibbo favoured and suppressed interactions. (a) shows the Cabibbofavoured transitions while (b) shows the Cabibbo suppressed transitions.The strangeness-changing processes s ! u + W� are observed to be much weakerthan the strangeness-conserving processes d ! u + W� consequently the Cabibboangle is small (13:1� [3, p. 103]). Figure 2.2 shows the interactions allowed under theabove scheme; diagram (a) shows the Cabibbo favoured interactions while (b) showsthe Cabibbo suppressed transitions.Cabibbo's theory was very successful in describing decays based on the uds quarks.However, this theory allowed the K0 to decay into a �+�� pair at a calculated decayrate in strong disagreement with the allowed experimental limit. To explain thisdiscrepancy, Glashow, Iliopoulos and Maiani (GIM) [9] proposed the existence of afourth quark to complete the second generation quark family in analogy to the secondgeneration lepton family � ud0 � ; � cs0 � :As a consequence of the two generations, additional Feynman diagrams are possiblein which the c quark replaces the u quark. Consequently, the Feynman diagramswith a u quark are cancelled by the corresponding diagrams containing a c quark,thus accounting for the absence of decays such as K0 ! �+�� and K� ! ��e+e�.



Chapter 2. Theory 15Later, in 1973, before the fourth quark was even discovered, Kobayashi andMaskawa generalised the 4 quark scheme to handle three generations of quarks inan e�ort to explain CP violation [10]:0@ d0s0b0 1A = 0@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1A0@ dsb 1A ; (2.1)where d, s and b are the physical quarks and d0, s0 and b0 are the weak eigenstates.Note that the �rst element, jVudj, is the Cabibbo angle cos �c. By convention thethree quarks with charge +23e are unmixed while mixing takes place between the �13echarged quarks. The magnitude of the matrix elements have been experimentallymeasured [3, p. 103]: 0@ 0:975 0:221 0:0030:221 0:975 0:0390:009 0:039 0:999 1A : (2.2)The elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix enter as a factorinto the calculation of the Feynman diagrams in determining the strength of thecoupling between the W� boson and the quarks. Consequently, as will be shown inSection 2.4, the partial width depends quadratically on the CKM-matrix elements.Using these elements and neglecting phase space contributions, one can estimatethe ratio of the probability of the u quark interacting with an s quark comparedto the probability of the u quark interacting with a d quark to be V 2us=V 2ud � 5%.Consequently, the interaction of the u quark with an s quark is said to be Cabibbosuppressed.2.3 Isospin ConservationThe concept of isospin was introduced by Heisenberg [11] in 1932 to account for thecharge independence of the strong force. For example, the strong force cannot distin-



Chapter 2. Theory 16guish between the proton and neutron or the three di�erent states of the pion meson.The members of an isospin multiplet are in essence the same particle appearing withdi�erent orientations in isospin space or with di�erent charges (Q = T3+Y=2). UsingNoether's Theorem [12], Heisenberg asserted that the strong force is invariant under arotation in isospin space implying that isospin is conserved in all strong interactions.An important application of isospin conservation arises from the strong interac-tions between non-identical particles. It is used in this analysis to determine thebranching ratio of the �� ! K�(892)��� decay mode from the branching ratio of the�� ! ��K0�� decay mode measured in this work. The K�(892)� meson decays intotwo �nal states: ��K0 and K��0. The relationship between the K�(892)� meson andthese decay products is described below.The isospin of a particle is commonly displayed as a Dirac ket jT T3i, where Tis the eigenvalue for the isospin operator and T3 is the eigenvalue for the projectionoperator along the third direction of T . For the particles in this example, the Dirackets are:jK��i = j12 � 12i; jK�i = j12 � 12i; jK0i = j12 12i and j�0i = j1 0i: (2.3)The isospin states of the possible decay products of the K�(892)� meson can becalculated using Clebsch-Gordon coe�cients [3, p. 183] to bej��K0i = p1=3j32 � 12i �p2=3j12 � 12i and (2.4)jK��0i = p2=3j32 � 12i+p1=3j12 � 12i:Requiring isospin invariance, the j32 � 12i terms are eliminated givingjK��i =p1=3jK��0i �p2=3jK0��i: (2.5)



Chapter 2. Theory 17Note that the charge conjugate state gives the same conservation relation with allthe signs reversed. As described in the next section, the decay width is proportionalto the square of the amplitudes (Dirac ket coe�cients), subsequently the branchingratio of the �� ! K�(892)��� branching ratio is equal to 1.5 times the �� ! ��K0��branching ratio. The branching ratio of the �� ! K�(892)��� decay mode will becalculated in Chapter 8.2.4 Tau Hadronic DecaysOf the three charged leptons | the electron, muon and tau | only the latter ismassive enough to have hadronic decay modes. Thus an entirely new regime of studyis opened up, since the tau can decay into both strange and non-strange mesons. Thetotal width of the tau (�� ) is given by the sum of the widths of each tau decay (�i)and is inversely proportional to the �� lifetime (�� ). The branching ratio of the taulepton to any given �nal state is de�ned as the ratio of the partial decay width to thetotal decay width for exampleB(�� ! h��� ) = �(�� ! h��� )�� ; (2.6)where h� represents any hadronic �nal state. Table 2.2 shows the average branchingratios of the � divided into categories based on the topologies of the �nal states.The di�erential decay width for a particle of mass m can be written as [2],d� = 12m jMj2 dPS; (2.7)where dPS is the Lorentz invariant phase space factor and M is the invariant am-plitude for semi-leptonic decays and contains the dynamical information about thedecay which can be evaluated from a Feynman diagram. For any �� two-body decay



Chapter 2. Theory 18Decay mode Branching ratio (%)�� ! e��e�� 17:81� 0:07�� ! ������ 17:37� 0:09�� ! h��� 12:32� 0:12�� ! h��0�� 25:84� 0:14�� ! h� � 2�0�� 10:79� 0:16�� ! (3prong)��� 15:18� 0:13�� ! (5prong)��� 0:097� 0:007Table 2.2: The major decay modes of the � . For this table, the h denotes bothcharged � and K mesons. Decays with 3- and 5-prongs include those decays with 3and 5 charged hadrons, respectively.into a meson P and a neutrino, one getsdPS = 18�2 �1� m2Pm2� � d
; (2.8)where d
 is the solid angle element, m� is the mass of the �� lepton and mP is themass of the meson. The Lorentz invariant phase space factor contains the kinematicinformation of the decay. The matrix element can be written in the form of a current-current interaction, such thatM(�� ! h��� ) = GFp2 jVCKMjL�J�; (2.9)where jVCKMj is the magnitude of the CKM matrix element and GF is the Fermicoupling constant. This factor includes all the numerical factors involved in couplingthe fermions to the gauge bosons. L� describes the leptonic tau current, and is givenby L� = u��
�(1� 
5)u� ; (2.10)where u and u are Dirac spinors and 
� and 
5 are Dirac matrices. The hadronictransition current J� describes how the hadronic system h� is formed from the vacuum



Chapter 2. Theory 19by the weak current. If one is restricted to a V -A structure, J� can be written asJ� = hhjV�(0)� A�(0)j0i; (2.11)where V�(0) and A�(0) are the vector and axial-vector quark currents, respectively,operating on the vacuum. The vector part of the hadronic current leads to �nal stateswith even G-parity, or an even number of pions, while the axial-vector part couplesto odd G-parity states, or an odd number of pions.Finally, the Lorentz invariant amplitude for the decay �� ! h��� is expressed asd� = G2F4m2� jVCKMj2L��J�� dPS: (2.12)In the rest frame of the h� system, the tensor product simpli�es to a sum over variousstructure functions and kinematic factors. For simple � decays into only one hadron,the hadronic current is easily determined using knowledge of the four vectors of the de-cay products. If the �nal state contains two or more hadrons, the hadronic transitioncurrent becomes much more complicated. For a complete explanation of the hadronicstructure functions for �nal states containing strange mesons see references [13, 14].The calculation of the � decay rate requires knowledge of the hadronic current J�.The simplest, most general, form of the hadronic current is iVCKMfP pP� for a pseu-doscalar meson (eg. ��, K�) and iVCKMfV �V� for a vector meson (eg. ��, K�(892)�),where VCKM is the CKM matrix element for the corresponding meson. The fP and fVare the decay constants representing the unknown coupling between the W� bosonand the quarks, while pP� is the momentum four vector for the pseudoscalar mesonsand �V� is the polarization four vector for the vector mesons. The decay constants ofthe pseudoscalar mesons can be determined experimentally from the leptonic decayof the meson. This is not practical for the vector mesons, consequently a ratio of thedecay widths of two di�erent decays is used to give an indirect measurement.
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Chapter 2. Theory 21have the values 130:7� 0:4 MeV and 159:8� 1:5 MeV [3, p. 353], respectively.The decay rate for a �� to decay into a vector meson, V , can be approximated ifone assumes the narrow-width approximation for V and ignores radiative corrections.The narrow-width approximation assumes that the lifetime of the vector meson isin�nite and subsequently that it does not decay. The radiative corrections can beneglected in this work because they will cancel when the ratio of the �� ! ���� and�� ! K�(892)��� decay rates is calculated. However, the widths of the two mesonsare not negligible. Therefore, there is a small unknown theoretical uncertainty in thecalculated ratio of the decay rates. The �� ! V ��� decay rate is [15]�(�� ! V ��� ) = G2FV 2CKMf 2Vm3�64�2 �1� m2Vm2� �2�1 + 2m2Vm2� � ; (2.14)where fV represents the coupling of the W� to the vector meson and mV is the massof the vector meson. For the decays �� ! K�(892)��� and �� ! ���� , equation 2.14can be modi�ed by replacing mV and fV with the corresponding masses (mK� andm�) and couplings (fK� and f�). In addition, the CKM matrix element VCKM is sin �cfor the �� ! K�(892)��� decay and cos �c for the �� ! ���� decay.The calculation of the decay rate for the �� to decay into a �nal state with twoor three mesons is more complicated and is not shown here; for complete detailssee [13, 14]. The �� ! (�K)��� decay mode, shown in Figure 2.4, proceeds throughthe weak hadronic vector current. If one assumes that nearly all of the ��!(�K)���decays pass through the K�(892) resonance, equation 2.14 can approximate the ��!(�K)��� decay width and subsequently the decay's branching ratio. The ��!(��)���branching ratio can be similarly estimated using the �� ! ���� branching ratio. Ifone imposes isospin conservation on the two possible decay modes of the K�(892)meson, then predictions of the �� ! ��K0�� and �� ! K��0�� branching ratios arepossible.
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Figure 2.4: A Feynman diagram of the �� ! (�K)��� decay.Once the branching ratios are measured, the decay constants for various vectormesons can be approximated using equation 2.14,fV = 8�GFVCKMm3=2� �1� m2Vm2� ��1�1 + 2m2Vm2� ��1=2sB(�� ! V ��� )T� ; (2.15)where GF = 1:16639 � 10�5 GeV�2 [3, p. 69]. Using the particle masses from ref-erence [3, p. 286 and 364] and the current world average branching ratio for the�� ! ���� decay mode, B(�� ! ���� ) = 0:2532� 0:0015 [3, p. 286], one approxi-mates f� to be 742:4�0:8�2:2 MeV, where the �rst error comes the uncertainty in Vudand the second from the uncertainty in the branching ratio. Similarly, the decay con-stant fK� can be approximated using the �� ! K�(892)��� branching ratio, B(�� !K�(892)��� ) = 0:0128 � 0:0008 [3, p. 286], giving fK� = 764:8 � 13:6 � 24:3 MeV,where the �rst error comes from the uncertainty in Vus and the second from the un-certainty in the branching ratio. A new estimate of the decay constant fK�, usingthe branching ratio of the �� ! K�(892)��� decay mode calculated in this work, ispresented in Chapter 8.For the last 30 years, several authors have been studying the properties of thedecay constants of various mesons. One such study, presented by Oneda [16] showsthe calculation of several di�erent decay constant relations using a set of sum rules



Chapter 2. Theory 23originally derived by Das, Mathur and Okubo (DMO) [17]. Oneda predicts that in the
avour-SUf (3) symmetry limit (mu = md = ms), the decay constants are expectedto be equal, f� = fK� [16]. Oneda makes a second prediction based on asymptotic
avour-SUf (3) symmetry at high energies resulting inf�m� = fK�mK� : (2.16)Under the narrow width assumption, this work uses the ratio of the �� ! ����decay width with respect to the �� ! K�(892)��� decay width to give an independentcheck on the decay constants:f�fK� = tan �cs B(�� ! ���� )B(�� ! K�(892)��� ) �m2� �m2K�m2� �m2� �sm2� + 2m2K�m2� + 2m2� : (2.17)This ratio uses only the branching ratios, masses and the Cabibbo angle and is inde-pendent of of the Fermi coupling constant, tau lifetime and any radiative corrections,assuming that the two decays have the same radiative corrections. The ratio f�=fK�is calculated using the �� ! K�(892)��� branching ratio calculated in this work inChapter 8 and is compared to other recent measurements and theoretical expecta-tions.The decay widths of the remaining decay modes studied in this work can be esti-mated in a manner similar to that described above. The branching ratio predictionsare compared to the measurements from this work in Chapter 8.
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Chapter 3LEP and the OPAL Detector
This chapter will describe the experimental facility used to collect the data for thisanalysis. The �rst section will describe the Large Electron Positron (LEP) [18] colliderfacility at CERN just outside Geneva, Switzerland. The second section describes theOPAL detector and the performance of the detector since 1991.3.1 The LEP ColliderThe LEP collider facility consists of several di�erent particle accelerators that areused to create high energy electrons and positrons and bring them into collision.From 1989 to 1995 the injector chain produced and accelerated electrons and posi-trons to 20 GeV, while the main ring accelerated the particles to approximately 45GeV, providing the centre-of-mass energy of 90 GeV required for Z0 physics. Recentimprovements to the LEP collider now allow electrons and positrons to reach energiesclose to 100 GeV.Figure 3.1 shows a schematic diagram of the LEP injector chain. Positrons areproduced by directing electrons from a 200 MeV linac onto a converter target. Theelectrons and positrons are then accelerated in a 600 MeV linac and collected in theElectron-Positron Accumulator (EPA). After accumulation in the EPA, the electrons



Chapter 3. LEP and the OPAL Detector 25and positrons are injected into the Proton Synchrotron (PS) where they are acceler-ated to 3.5 GeV and then transferred to the Super Proton Synchrotron (SPS) whichaccelerates the particles to 20 GeV. The SPS was made famous in the 1980's for thediscovery of the Z0 and W� bosons [19,20]. The �nal acceleration to 45 GeV is donein the LEP ring.The LEP ring is 26.66 km in circumference and is buried between 100 m and 150 munderground (see �gure 3.1). The LEP ring consists of a repeating set of horizon-tally de
ecting dipole magnets and alternating focusing and defocusing quadrapolemagnets. This forms a strong focusing lattice that keeps the beams circulating inopposite directions on closed stable orbits around the ring. Radio frequency (RF)cavities provide the accelerating force on each beam. Once the beams reach theiroperating energy, set by the bending �eld of the dipole magnets, the RF cavitiescompensate for synchrotron radiation losses. The collider successfully reached thedesign peak luminosity of 1:6 � 1031cm�2s�1 at an average beam current of 3 mA,corresponding to the production of a Z0 boson approximately every second. LEP hasbeen operated in four and eight bunch mode. In four bunch mode there are fourequally spaced bunches each of electrons and positrons which are made to collide atfour intersection points which are instrumented with large detectors. After 1992, LEPoperated in eight bunch mode, with eight circulating bunches per beam.3.2 The OPAL DetectorOPAL is one of four large detectors whose purpose is to detect all types of inter-actions occurring in e+e� collisions at a centre of mass energy up to 200 GeV. Afull description of the detector can be found in reference [21] and a schematic of theOPAL detector is shown in Figure 3.2. The detector has a cylindrical geometry and
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Chapter 3. LEP and the OPAL Detector 28is coaxial with the LEP beam pipe.The coordinate system used by OPAL is illustrated in Figure 3.2; the x-axis ishorizontal and points toward the centre of LEP, the y axis is vertical, and the z-axisis in the e� beam direction. The origin of the coordinate system is at the nominalinteraction point at the centre of the detector. The polar angle, �, is measured fromthe z-axis about the x-axis, and the azimuthal angle, �, is measured from the x-axisabout the z-axis.The e+e� interactions take place in a 10:7 cm diameter evacuated beryllium beampipe surrounded by the inner tracking detectors (see Figure 3.3) that measure thedirection, momentum and energy loss (dE=dx) of charged particles. A solenoidalmagnet, located outside the inner tracking detectors, provides a magnetic �eld of0:435 T in the direction of the electron beam. The momenta of charged particles isdetermined from their curvature in the magnetic �eld. Outside the inner detectorsare calorimeters that measure the total energy of all particles, except neutrinos andmuons. A set of detectors for detecting muons surrounds the calorimeters. Thefollowing sections describe the OPAL detector components used in this analysis inorder of increasing radius from the beam.3.2.1 The Central Tracking SystemThe central tracking system consists of a silicon microvertex detector and three driftchamber devices: the vertex chamber, the jet chamber and the z-chamber. The threedrift chambers operate at a pressure of 4 bar with a gas mixture of 88.2% argon,9.8% methane and 2.0% isobutane inside a pressure vessel whose cylindrical structureprovides mechanical support to the solenoidal magnet mounted around it. Only thevertex chamber and the jet chamber are used in this analysis. They are describedbelow.
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Figure 3.3: Cut-away of two quarters of the OPAL detector showing the front viewof the barrel (a) and top views (b) for both the barrel and endcap regions.



Chapter 3. LEP and the OPAL Detector 30The Central Vertex chamber (CV) is a high resolution cylindrical drift chamberwhich extends radially from 88 mm to 235 mm from the interaction point. Thedetector is composed of an inner layer of thirty-six axial wire cells, each composedof twelve anode sense wires, and an outer layer of thirty six stereo cells inclined at4�, each with six anode wires. The drift time to the axially placed sense wires canbe measured precisely enough so that the position of a track in the r � � plane iscalculated with a resolution of 55 �m. The time di�erence between signals at eitherend of the sense wires gives a relatively coarse z coordinate measurement (4 cm) whichis used by the OPAL track triggering and in pattern recognition. The combination ofthe stereo layer and axially placed sense wires provides an accurate z measurementfor charged particles close to the interaction region with a resolution of 700 �m.The Central Jet chamber (CJ) is a large cylindrical drift chamber with a lengthof approximately 4 m, surrounding the beam pipe and vertex chamber. The outerdiameter is 3.7 m, the inner diameter is 0.5 m. It is divided into 24 identical sectors in� each containing a sense wire plane with 159 anode wires and two cathode wire planesthat form the boundaries between adjacent sectors. The anode wires are locatedbetween radii of 255 mm and 1835 mm, equally spaced by 10 mm and alternatingwith potential wires. To resolve left-right ambiguities, the anode wires are staggeredby �100 �m alternately to the left and right side of the plane de�ned by the potentialwires. Similar to the vertex chamber, a measurement of the drift time determines thecoordinates of wire hits of a track in the r�� plane with a resolution of 135 �m. Theratio of the charges between the signals at either end of the wires gives a measure ofthe z-position with a resolution of 6 cm. The ionization energy loss of the chargedparticles, dE=dx, is measured by integrating the charge received at each end of a



Chapter 3. LEP and the OPAL Detector 31wire, allowing identi�cation of particles by determining the velocity and momentumsimultaneously. This technique will be discussed in more detail in Section 4.1.The momentum of the particle is obtained by measuring the curvature of theparticle track in the axial magnetic �eld. The momentum resolution for the jetchamber is given by �pp = �pTpT =p(0:0004 + (0:0015� pT )2);where pT in GeV=c is the momentum component transverse to the beam direction [22].The momentum dependent term is calculated from the momentum resolution of Z0 !�+�� events while the constant term is due to multiple scattering at low energies.Note that both the momentum resolution, and the transverse momentum resolutionare identical in the barrel region of the OPAL detector, since the curvature error(error in the x-y plane) dominates; the error of the dip angle1 � can be neglected.3.2.2 Time-of-Flight SystemSurrounding the tracking detectors and magnet is the time-of-
ight (TOF) system.The TOF system covers the barrel region (TB), j cos �j < 0:82, of the OPAL detector.It is comprised of 160 scintillation counters, at an average radius of 2.36 m. The TOFprovides a timing resolution of 460 ps for muons and a z-resolution of 5.5 cm. Thez-position is measured by comparing the time di�erence between the signals at theends of the scintillators. The timing resolution allows the TOF detector to be usedfor cosmic ray rejection and as a trigger veto for events which are not synchronouswith LEP bunch crossings.1The maximum angle in the vertical plane with respect to the x-y plane, de�ned as tan� = cot �.



Chapter 3. LEP and the OPAL Detector 323.2.3 Electromagnetic CalorimeterThe electromagnetic calorimeter (ECAL) of OPAL is outside both the pressure vesselof the tracking system and the coil of the magnet. It consists of a pre-shower counter(pre-sampler) and a lead glass calorimeter. The electromagnetic calorimeter is de-signed to contain and measure the energy and position of electrons, positrons, andphotons.The electromagnetic pre-sampler is located immediately in front of the electro-magnetic calorimeter. It consists of two concentric cylinders of limited streamer tubeswith wires parallel to the beam axis and cathode strips oriented at �45� with respectto the wires. The pre-sampler samples the energy of a particle after it passes throughthe magnetic coil, enabling one to make a correction if the shower has started in thecoil.The barrel region (EB) of the electromagnetic calorimeter covers j cos �j < 0:82and the endcap region (EE) covers j cos �j from 0.81 to 0.95. For this analysis, onlythose events fully contained in the barrel region are used. The barrel electromagneticcalorimeter consists of two half-ring sections that form a cylindrical array of 9440SF57 [23] lead-glass blocks with 59 blocks in the z-direction and 160 blocks in the� direction. Each block is 24:6X0 thick (where X0 = 1:5 cm for the lead-glass)2with an area of approximately 10 cm� 10 cm. Located 2455 mm from the beam, thiscorresponds to an angular coverage of approximately 40mr� 40mr. The blocks areoriented so that they point back toward the interaction region with a slight o�set tominimise the possibility that a particle will pass through a crack between the blocks.�Cerenkov light produced by relativistic charged particles in the blocks is detected by2X0 is referred to as the radiation length and is de�ned as the mean distance over which a highenergy electron loses all but 1=e of its energy by bremsstrahlung.



Chapter 3. LEP and the OPAL Detector 33phototubes at the base of each block.The e�ective energy resolution of the electromagnetic calorimeter is �E=E =(1:8% + 23%=pE), where E is measured in GeV [24]. Lead-glass was chosen forthe electromagnetic calorimeter because of its excellent intrinsic energy resolution(�E=E � 5%=pE), linearity, spatial resolution (� 1 cm), granularity, electron-hadron discrimination, hermiticity and gain stability. However, the resolution is de-graded by the approximately 2X0 of material located in front of the calorimeter, thesolenoid, central detector and pressure vessel, which usually initiate early showering.3.2.4 Hadron CalorimeterOutside the electromagnetic calorimeter is the iron return yoke of the magnet, which isinstrumented using streamer tubes with pads and strips to form a hadron calorimeter(HCAL). The HCAL measures the energy of hadrons emerging from the ECAL andcan assist in the identi�cation of muons. The HCAL is divided into three parts: thebarrel (HB) covering j cos �j < 0:81, the endcap (HE) covering 0:815 < j cos �j < 0:91,and the pole tip (HT) covering 0:91 < j cos �j < 0:99.The barrel hadron calorimeter (see Figure 3.4(a)) consists of 9 layers of chambers,alternated with 8 iron slabs spanning radii from 3.4 to 4.4 m. In addition, anotheriron slab is located beyond the last active detector layer. The slabs are 100 mm thickand are separated by 25 mm gaps giving over four nuclear interaction lengths (�) ofabsorber material.3 Note that there is a further 2:2� of material located in front of theHCAL. The active material, i.e. the detectors, of the calorimeter consists of nine 25mm thick plastic streamer tubes, usually called HCAL layers (see Figure 3.4(b)). Eachstreamer tube layer consists of a series of chambers, with each chamber containing3The interaction length, �, is de�ned as the mean free path of a particle before undergoing anuclear collision.
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Chapter 3. LEP and the OPAL Detector 3557,000 individual signals. These signals can provide precise single particle trackingand can provide the pro�le of the shape of a hadronic shower.The pads are grouped together to form HCAL Towers (HT), which divide the solidangle into 976 equal elements radiating out from the interaction region. There are 48bins in � and 21 bins in �. Unit gain analogue summing ampli�ers sum the signalsfrom the pads in each tower to provide an estimate of the energy of the hadronicshowers.The e�ective energy resolution is calculated (see Appendix A.2) using minimumionising pions from �� decays giving �HB=E = (0:165� 0:024)+ (0:847� 0:100)=pE,where E is in GeV. This measurement takes into account the probability of hadronicinteractions being initiated in the 2.2 interaction lengths of material in front of thehadron calorimeter.3.2.5 Muon ChambersMost electrons, hadrons and photons are stopped by the calorimeters but muons abovea threshold energy penetrate beyond the calorimeters. Therefore, outside the hadroncalorimeter are four layers of drift chambers to identify muons. The chambers measurethe position and direction of all charged particles leaving the hadron calorimeter.Ninety-three percent of the solid angle is covered by at least one layer of the muonchamber, with some gaps in the acceptance due to the beam pipe, the supportinglegs and the cables. Each layer is constructed of 110 large-area drift chambers, 1.2 mwide and 90 mm deep. The barrel region (MB) covers j cos �j < 0:68 while the endcapregion (ME) covers 0:67 < j cos �j < 0:98.



Chapter 3. LEP and the OPAL Detector 363.2.6 TriggerThe primary event selection is performed by the trigger system which uses a high levelof redundancy to provide good acceptance for studies of Z0 decays. Each subdetectorcomponent provides independent signals which are examined after each beam collisionto see if an interesting interaction or event has occurred. Two types of signals are usedby the central trigger processor to make a decision on whether the event represents apotentially interesting physics process.Each subdetector provides direct trigger signals that are estimates of quantitiessuch as the total energy or track counts. The information from each subdetectoris combined, allowing spatial coincidences between the subdetectors to be identi�ed.The central logic processor also uses signals from the vertex chamber, the jet chamber,the time-of-
ight detector, the electromagnetic calorimeter, the hadron calorimeterand the muon chambers. For this analysis, trigger signals were required from boththe jet chamber and electromagnetic calorimeter to accept an event.The jet chamber trigger provides the central trigger processor with informationon the number of hits in three regions of the detector (two rings of 12 adjacent wiresnear the inner radius and one ring near the outer radius), as well as the number oftracks that could be identi�ed in the detector. A track is recognized in the r�z planeif it originates from the interaction region within an adjustable range in z.The electromagnetic calorimeter trigger is based on comparing analogue sums ofenergy in de�ned regions of the calorimeter against a low and a high energy threshold.The latter threshold is used for direct or stand-alone signals while the lower thresholdlogic allows for spatial coincidences between the electromagnetic calorimeter and theother subdetectors. The thresholds for the total energy in the barrel detector are 4



Chapter 3. LEP and the OPAL Detector 37GeV and 7 GeV, respectively. The trigger operated with nearly 100% e�ciency at arate from the barrel trigger of about 0.1 Hz for the high threshold events and about12 Hz for the low threshold events.3.2.7 Online Data ProcessingOnce the trigger logic has identi�ed an event with potentially interesting physics, thedata are read out from each of the subdetectors and transferred to an event builderwhere the full event record is assembled. The event is then passed to a �lter processorwhich performs a fast analysis to provide preliminary event type classi�cation (qq pair,lepton pair, etc.). The �lter processor is also used to reject events which have beenidenti�ed as background events (those events which are not physically interesting),which account for approximately 90% of the data selected by the trigger logic. The�lter processor writes out the events into 20 Megabyte �les which are then releasedto the online data reconstruction system (ROPE).The events are processed immediately by the online reconstruction system. Thedata reconstruction program consists of several subprocessors, one for each subde-tector plus others to perform matching between the subdetectors. The quantitiesmeasured in the detector are converted into calibrated energies and vector momenta.3.2.8 Detector PerformanceThe OPAL detector collected data at LEP phase 1 (at or near the Z0 pole) fromAugust 1989 to October 1995. Phase 2 began in October 1995 and is still ongoing.During phase 1, 5.1 million Z0 decays to detectable particles were observed at theOPAL interaction point for a total integrated luminosity of 163 pb�1. The integratedluminosity collected as a function of time at OPAL since 1991 is in shown in Fig-
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Figure 3.5: The integrated luminosity collected by the OPAL detector as a functionof time. The weak number is referenced to the LEP start date each year.ure 3.5. The analysis reported here studies the e+e� ! �+�� events collected atOPAL between 1991 and 1995.



39
Chapter 4Particle Identi�cation
This chapter will describe the key aspects of how various particles interact and areidenti�ed using the OPAL detector. The �rst section describes how particles canbe identi�ed using the OPAL drift chamber through ionization energy loss. Thesecond section describes the electromagnetic interactions of particles with matter andthe properties of electromagnetic showers. Finally, the third section describes thehadronic interactions of particles with matter and presents a study of the hadronicshower pro�le of various tau decays.4.1 Ionization Energy LossAs a charged particle travels through a gas it will lose energy as it interacts with theatomic electrons of the gas. The atomic electrons then undergo one of two processes:excitation or ionization. Excitation occurs when the atomic electron is lifted to ahigher energy level while ionization occurs when the atomic electron is ejected fromthe atom. The total energy loss of the charged particle is given by the Bethe-Blochformula which approximates the average energy deposition per unit length (dE=dx)in terms of the particle energy [27, 28]:�dEdx = 4�nZ2e4mev2 �ln� 2mev2I(1� �2)�� �2 � �2� ; (4.1)



Chapter 4. Particle Identi�cation 40where me is the electron mass, Z and v are the charge and the velocity of the particle,� = v=c, n is the number of electrons per cm3 in the medium, E is the energy of theparticle in MeV, x is the path length measured in g cm�2, I is the mean excitationenergy which is approximately 10Z eV for absorber materials with Z > 8 and � isthe density correction factor.The energy loss of a particle is measured as it travels through the gas mixturecomposed of argon (88.2%), methane (9.8%) and isobutane (2.0%) in the Central Jetchamber (CJ). As described in section 3.2.1, the CV, CJ and CZ detectors are allcontained in a pressure vessel maintained at a pressure of 4 bar optimised to providethe best combination of dE=dx resolution for particle separation and position andmomentum resolution. The choice of this pressure is a compromise between highpressure which maximises the dE=dx particle identi�cation ability and low pressurewhich minimises multiple scattering.The charge deposited on each wire is proportional to the energy loss of the particleas it travels through the OPAL jet chamber. These independent energy loss measure-ments are distributed according to a Landau distribution from which the mean energyloss for each particle can be measured. The resolution of the dE=dx measurement forthe OPAL jet chamber has been determined to be [29]�(dE=dx)(dE=dx) = �159 � 159Nsample�0:43 ; (4.2)where Nsample is the number of wires in the CJ detector that are used to measuredE=dx and �159 is the resolution obtained when all 159 dE=dx samples are used in theenergy loss measurements. Typically the dE=dx resolution is from 3-4%. Note thatmost tracks do not have 159 dE=dx samples due to the application of quality criteria.Figure 4.1 shows the dependence of dE=dx on momentum for tracks originating from
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Figure 4.1: The ionization energy loss (dE=dx) as a function of momentum for tracksfrom � decays, superimposed on the plot are the theoretical prediction curves forvarious particle species in the OPAL jet chamber.various �nal states of the � lepton. The points are from the data and the solid linesare predictions based on the energy loss parameterisation.The energy loss drops rapidly with increasing velocity of the particle, until anionization minimum occurs at about � = 0:95. It starts to increase slowly afterthe minimum because of relativistic e�ects (relativistic rise). At high momenta, theenergy loss saturates at what is known as the Fermi Plateau.The particle separation power S(�) versus momentum is shown in Figure 4.2 forpairs of various particle species i and j, such thatS(�) = (dE=dx)i � (dE=dx)j� ; (4.3)where � is the quadratic sum of the uncertainties on the energy loss of the two particlespecies in question. From Figure 4.2, it is observed that the OPAL jet chamber yields,for example, a pion/kaon separation of at least 2� for particles with a momentum
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Figure 4.2: The separation from pions in standard deviations for di�erent particletypes as a function of momentum.between approximately 2 and 30 GeV.The dE=dx for a particle species can be converted into two other forms for easyparticle identi�cation. First, the dE=dx can be normalised such that it has a meanof zero and a width of one. The normalised dE=dx (N(dE=dx)) is de�ned asN(dE=dx) = dE=dxmeasured � dE=dxexpected�dE=dx ; (4.4)where dE=dxmeasured is the measured dE=dx, dE=dxexpected is the expected dE=dx forthe particle of interest at a known momentum and �dE=dx is the dE=dx resolution. Thenormalised dE=dx was studied in Appendix B using one-prong tau hadronic decays;corrections were applied where necessary to the ensure that the Monte Carlo modelledthe data. Figure 4.3 shows the normalised dE=dx for tracks using the hypothesis thatthe track was a pion. This plot shows the various particle species within the one-prongtau sample. Reasonable separation power is observed between the charged pion andkaon mesons allowing the charged pions and kaons to be separated on a statisticalbasis.
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at between �1 and 1. This analysis uses the dE=dxweights to identify charged particles. The dE=dx weight, WP , is de�ned to be the�2 probability for one degree of freedom of a track being consistent with a particularparticle species and is de�ned as [30]WP (X) = 1p2� Z 1X e� 12 tdt; (4.5)where X = (N(dE=dx))2. The sign of the weight is extracted from the di�erencedE=dxmeasured � dE=dxexpected, where dE=dxexpected is the expected value of dE=dxaccording to the measured momentum of the assumed particle species. Figure 4.4shows the dE=dx weight W� assuming that the track comes from a pion for the one-prong tau decays. The hatched part of the plot shows the pion contribution from theMonte Carlo and as expected a pure pion sample has a 
at distribution. For moreinformation about the dE=dx calibration, see Appendix B. Note that most of thecharged kaons are identi�ed as having a very small probability of being a pion.
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Figure 4.4: The dE=dx weight, W�, of one-prong tau decays assuming that the trackis a pion.4.2 Electromagnetic ShowersParticles lose energy through both electromagnetic and hadronic interactions withmatter. The electromagnetic component of a hadronic shower can be signi�cant ifthe particle interacts with the detector material creating photons or if the hadronicshower contains �0 mesons which decay into photons; the resulting photons then initi-ate an electromagnetic shower. These showers begin at energies above approximately550=Z MeV when electrons lose the majority of their energy by radiating photons viabremsstrahlung, where Z is the atomic number of the medium. If a photon has suf-�cient energy it may interact with the detector material producing electron-positronpairs. The newly formed electrons and positrons also lose energy by bremsstrahlung,producing photons which continue to undergo further pair production. Thereforewhile the electromagnetic shower is developing, the number of particles is increas-ing. Consequently, the average energy of the particles in the shower decreases untilit falls below the critical energy Ec (Ec � 550=Z MeV [31]). At this point the parti-



Chapter 4. Particle Identi�cation 45cle multiplication stops because the loss of energy by ionization becomes larger thanby bremsstrahlung. At energies below the critical energy, photons interact mainlythrough Compton scattering and the photoelectric e�ect.The lateral spread of an electromagnetic shower is mainly due to the multiple scat-tering of the electrons that do not radiate but have a large enough energy to travelsigni�cant distances from the initial shower axis. The multiple scattering process in-creasingly in
uences the lateral spread with decreasing energy of the shower particlescausing a gradual widening of the shower. The shower radius is characterised usingthe natural transverse unit of a shower | the lateral spread of an electron beam ofcritical energy Ec after traversing a material thickness X0 [32],R = 2Rm = 2EsEcX0 and Es = 21 MeV; (4.6)where Rm is the Moli�ere radius, Es is the constant appearing in multiple scatteringtheory [28] and X0 is the radiation length. A good approximation for the radiationlength [31] is given by X0 ' 180 AZ2 g cm�2: (4.7)Inserting X0 and Ec into equation 4.6 givesRm ' 14AZ g=cm2; (4.8)where the ratio A=Z can be estimated from the composition of the material in ques-tion. For the OPAL detector this ratio gives, A=Z ' 2:34, consequently, Rm is about32:8 g=cm2 or 6.0 cm, given that the density of the OPAL lead glass blocks is 5.5g/cm3.The energy loss of the electromagnetic shower in any detector can be parameterisedin a material-independent way using the radiation length. The energy loss �E by



Chapter 4. Particle Identi�cation 46radiation in length �x is written as [32],�E�x = � EX0 (4.9)where E is in units of GeV and must be greater than 1 GeV. While the high energypart of the electromagnetic shower is governed by equation 4.9, the low energy partof the shower is characterised by the critical energy of the medium. It is de�ned asthe energy loss by collision of the electrons (or positrons) of energy Ec in the mediumin one radiation length, i.e [31].dEdx = �EcX0 ' 3ZA MeVcm2=g: (4.10)For the OPAL electromagnetic calorimeter, the energy loss by collision is 7.02MeV cm2=g or 38.6 MeV/cm.The depth at which a shower penetrates the medium is also characterised usingthe critical energy. The median depth of the shower is given by the expression [32],tmed = log� EEc� + a; where a = � 0:4 for electrons1:2 for photons : (4.11)The median depth is related to the maximum of the shower such that tmax ' tmed�1:5.The longitudinal distribution of the shower allows one to estimate the calorimeterdepth needed to contain a �xed fraction of the incident energy, i.e. L(98%) ' 3tmed.For example, if a 50 GeV electron (photon) is incident on the OPAL electromagneticcalorimeter, then the 98% containment level will be reached if the calorimeter hasa depth of 21.4X0 (23.8X0). Recall that the OPAL electromagnetic calorimeter is24.6X0 thick with an additional 2X0 of material in front of the calorimeter.To study the energy leakage of electromagnetic showers out of the back of theOPAL electromagnetic calorimeter, two samples of electrons from tau decays with



Chapter 4. Particle Identi�cation 47di�erent energy ranges were studied. First, electrons with an incident energy less than10 GeV were studied and it was observed that approximately 1% of them escapedthe electromagnetic calorimeter. The remaining higher energy (10{40 GeV) electronsshowed a leakage rate of approximately 3%. This suggests that most electromagneticshowers will be contained within the OPAL electromagnetic calorimeter.The resolution of the energy measurement of the electromagnetic shower is de-termined by the 
uctuations in the shower propagation. The intrinsic component ofthe resolution is caused by the 
uctuations in the total charged track length. Thisrepresents the lower bound on the resolution. Additional components that a�ect theresolution include the incomplete containment of the showers (energy leakage) and toa lesser extent the transverse leakage, as well as non-uniformity in the signal collectionand imperfections in the material.4.3 Hadronic ShowersHadronic interactions between a particle and matter are more complex than electro-magnetic interactions because there are many more possible reactions involved. Anenergetic hadron loses its energy in matter through elastic and inelastic scatteringwith the nuclei of the medium. In an elastic scattering process, the energy of theincident particle changes due to the recoil of the scattering nuclei in the medium, butthe nuclear state of the particle remains the same. The fraction f of the incidentparticle energy transferred to the medium is given by [34],f = 1A+ 1 ; (4.12)where A is the nuclear mass of the medium. Consequently, if the nuclei in the materialare light, the recoil energy becomes an important factor.



Chapter 4. Particle Identi�cation 48In an inelastic scattering processes, the nuclei and/or incident particle may becomeexcited, break up, or produce additional particles. These may in turn lose their kineticenergy by ionization or initiate new reactions, continuing the process of hadronicshower development. Therefore hadronic showers are characterised by multiparticleproduction and particle emission by spallation from nuclei.Spallation proceeds via two processes [33]:1: Intranuclear cascade: This process occurs when an incoming particle interactswith a nucleon inside the nucleus; the particle may transfer enough energy to thenucleon to cause it to interact with other nucleons. Pions or other mesons are oftenproduced from these interactions, and some of the faster nucleons (p, n) can beemitted with enough energy to cause further intranuclear cascades.2: Evaporation: The highly excited nucleus remaining from each intranuclearcascade then decays by liberating neutrons, photons and possibly other nucleons, untilthe excitation energy is smaller than the binding energy (a few MeV per nucleon) ofthe nucleons. Subsequently, the nucleus decays by emitting 
-rays.Neutral pions are often produced as secondary mesons in inelastic collisions andcharge exchange interactions by charged pions; they decay into two photons witha branching ratio of about 99%. These photons initiate electromagnetic showers.Therefore, hadronic showers contain an electromagnetic component that is generatedat the particle level. The e�ect causes a large variation in the response of calorimetersto hadrons depending on how much of the incident hadron energy is converted intoenergy observed as an electromagnetic shower.The typical hadronic shower dimension scales with the nuclear absorption (or in-teraction) length �; the mean free path length of a particle before undergoing inelastic



Chapter 4. Particle Identi�cation 49nuclear scattering. It is often approximated by [31]� ' 35A1=3g cm�2: (4.13)Hadronic showers di�er from electromagnetic showers by their longer longitudinaldimension. This e�ect can be seen by comparing the nuclear absorption length �,which is proportional to A1=3, with the radiation length X0, which is proportional toA=Z2. The interaction length of pions and kaons in the OPAL hadronic calorimeteris estimated to be approximately 18 cm. About half the energy in a hadronic showerdeposited through ionization is due to fast secondaries. The average transverse mo-mentum of these secondary hadrons is about 350 MeV=c [34]. Thus, a hadronic showeris more spread out than an electromagnetic one. In addition, a hadronic shower canstart much deeper in the medium than an electromagnetic shower.The full incident energy of a hadronic shower may not be detected due to severalprocesses. A sizable amount of the available energy is used to liberate slow neutronsfrom the nucleus during nuclear evaporation, this e�ect is known as binding energyloss. Some of this lost energy may be recovered when neutrons are captured by othernuclei.Slow charged pions produced in the nuclear reactions may also contribute to theundetectable energy. The low-energy charged pions decay into muons and muonneutrinos via the weak interaction. The muon only ionizes minimally and nearlyalways escapes due to its long lifetime of 2.2 �s. The neutrino being a neutral leptondoes not interact in the calorimeters. Finally, the ionization from the slow nucleonfragments is usually so dense that it can saturate the active medium or fail to leave theabsorber material, and thus does not contribute e�ciently to the energy measurementin the calorimeters.



Chapter 4. Particle Identi�cation 504.3.1 Hadron Shower Pro�leThe longitudinal depth of a hadronic shower is very important in determining the sizeof a hadronic calorimeter and in determining if the calorimeter can contain the energyfrom the hadronic shower. The longitudinal depth pro�le of the OPAL hadron calori-meter is investigated using three � decay channels and two single hadron Monte Carlosimulations. The three tau decays examined in this analysis included the �� ! ���� ,�� ! ���� and �� ! X�K0L�� decay modes. The two single hadron Monte Carlosamples are created in which charged pions and K0L mesons are simulated interactingwith the OPAL detector.The energy of the hadronic showers is determined by summing over the energyof the individual clusters in the hadronic calorimeter within a 35� cone around thedirection of the � . The longitudinal pro�le mapping (depth) is obtained by summingover the number of hits in each layer by counting the strip signals within the cone,until a prescribed level of containment is reached. Longitudinal energy depositionpro�les are characterised by a sudden onset at the �rst interaction point followed bya more gradual development with a maximum at a depth [3, p. 159]x� ' 0:2 lnE + 0:7; (4.14)where E is the energy in the shower in GeV.The depth pro�les should be identical for any hadron at the same incident energy.To test this hypothesis, a Monte Carlo sample of single charged pions and singleK0L mesons were generated at an incident energy of 10 GeV and passed throughthe OPAL detector simulation routines. Figure 4.5 shows the longitudinal depth at acontainment level of 80 and 95% for this Monte Carlo. As expected, the shower pro�lesare very similar. Figure 4.6 shows the longitudinal hadronic shower development for
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Figure 4.5: The longitudinal shower depth for the Monte Carlo sample of singlecharged pion mesons and K0L mesons at an incident energy of 10 GeV at the 95% and80% shower containment levels.tau decays into �nal states containing pion, rho and X�K0L mesons. The showers arefully contained at the 80% containment level while some of the shower energy maybe lost at the 95% containment level. Small di�erences in the shower shapes for thethree �nal states are due to biases introduced by the di�erent algorithms used toselect the three di�erent tau decays, for example, all X�K0L �nal states must have aminimum energy in the hadron calorimeter of 7.5 GeV, while no such requirement isimposed on the other two �nal states.On average, most tau hadronic showers are contained within the OPAL hadroncalorimeter; the average shower penetrates about 3.2 interaction lengths (� 60 cm).For very energetic particles in the hadron calorimeter, the longitudinal measurementmay not be accurate because the OPAL hadron calorimeter depth is only 4.77 inter-action lengths. Note that the combined electromagnetic and hadronic calorimetershave a depth of approximately 7 interaction lengths. It can be shown [3, p. 159] thatfor hadrons with an incident energy greater than 50 GeV, approximately 6 interaction
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Figure 4.6: The layer in which the shower is stopped is plotted for the 95% (top plots)and 80% (bottom plots) containment levels. The shower pro�les are di�erent due tothe biases introduced in the selection of the various � decays. The data are the pointsand the stars are the MC.lengths are required for 95% energy containment. It will be shown in Chapter 7 thatthis leakage of energy out of the back of the hadron calorimeter has no signi�cantimpact on the calibration of the hadronic energy.
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Chapter 5Tau-Pair Selection
This chapter will present the selection of the tau events used in this analysis. The�rst section describes the OPAL data as well as the Monte Carlo simulated datasamples that were used to estimate e�ciencies and backgrounds in the data sample.The second section discusses the selection of tau-pair decays of the Z0 from the fulldata set.5.1 Event Samples5.1.1 OPAL Data SampleThe data used in this analysis were taken during the 1991-1995 running periods ofLEP. The integrated luminosity per year is given in Table 5.1. Approximately 89.6%of the data was collected at the Z0 peak centre-of-mass energy (ECM = 91:2 GeV),4.4% are approximately 2 GeV below the Z0 peak and the remaining 6.0% are ap-proximately 2 GeV above the Z0 peak. The OPAL detector information is recordedfor each subdetector when the trigger identi�es some activity that coincides with thebeam crossing [21]. The raw data are processed in real time so that background frombeam-gas interactions and cosmic rays are reduced. The data are then passed throughROPE [35] which converts the raw information (eg. drift times) to physical quantities(eg. tracks).



Chapter 5. Tau-Pair Selection 54Year IntegratedLuminosity1991 13 pb�11992 24 pb�11993 34 pb�11994 59 pb�11995 33 pb�1Total 163 pb�1Table 5.1: Integrated luminosity per year.CV CJ TB PB EB EE HS HT MBdetector 3 3 3 2 3 3 3 2 3trigger - 2 - - 2 3 - - -Table 5.2: Detector and Trigger Status Requirements.It is important that only reliably measured quantities be used for the selectioncriteria. Therefore the subdetectors used to make the measurements are required tobe in good running order during the data taking period. There are four status levelsde�ned for each subdetector: 0 indicates that the subdetector status is unknown, 1indicates that it is o�, 2 means that the detector is partly on, and 3 indicates thedetector is fully on. Table 5.2 shows the minimum levels required for each detector andtrigger used in this analysis; if there is no status level indicated then no requirementwas placed on that particular detector or trigger.5.1.2 Monte Carlo Event SampleMonte Carlo simulated data were used to estimate the selection e�ciency and back-grounds in this analysis. The primary Monte Carlo event sample of four-vector quanti-ties for the reaction e+e� ! �+�� were generated using the KORALZ [36] simulationprogram. The Monte Carlo samples used for the e+e� processes discussed in this



Chapter 5. Tau-Pair Selection 55Interaction MC run Generator Luminosity(pb�1)e+e� ! �+�� 1520 KORALZ [36] 405.11536 KORALZ 253.11560 KORALZ 539.51565 KORALZ 337.8e+e� ! �+�� 1620 KORALZ 404.31636 KORALZ 253.1e+e� ! e+e� 1320 BABAMC [40] 1511335 BHWIDE [41] 72.2e+e� ! qq 2291-2292 JETSET [42] 60.82790-2793 JETSET 121.6e+e� ! (e+e�)�+�� 1716 VERMASEREN [43] 461.71745 VERMASEREN 456.0e+e� ! (e+e�)e+e� 1717 VERMASEREN 392.51746 VERMASEREN 392.5e+e� ! (e+e�)�+�� 1744 VERMASEREN 678Table 5.3: The Monte Carlo samples used in this analysis to model � decays andnon-� backgrounds in the � event sample.dissertation are shown in Table 5.3.KORALZ simulates tau-pair production and decays at the Z0 centre-of-mass en-ergy, including higher order corrections. Decays of the taus produced by KORALZwere simulated using the Tauola [37] program. The branching ratios used in KO-RALZ were the world averages at the time that the Monte Carlo sample was created,however the selection method does not rely on their particular values.The four vectors of the particles created by the various generators were processedby the OPAL detector simulation program, GOPAL [38], which uses the programGEANT [39] to track the particles through the volume of the OPAL detector. GOPAL



Chapter 5. Tau-Pair Selection 56produces output in an identical format (with the addition of the initial four vectors)as the data that are extracted from the OPAL detector. The Monte Carlo samples arethen passed through the same reconstruction procedure as the real data. Comparisonsbetween Monte Carlo and data of the distributions of physics quantities are used toensure the accuracy of the Monte Carlo modeling, and corrections are applied to theMonte Carlo distributions where necessary. These corrections are discussed in thefollowing chapters.5.1.3 Monte Carlo ModellingExperimental evidence suggests that when the � decays into a hadronic �nal state itdoes so via a single particle or resonance (�� ! X��� ). The particle X� could be along lived particle, such as a �� or K�, or it could be a short lived particle (resonance)such as the �(770)� or K�(892)�. The Tauola generator uses this information whengenerating the � decays. If such information is not known, the decays are generatedusing phase space distributions. New information on the decays into �nal stateswith kaons has recently become available and this section describes how this newinformation has been incorporated into Tauola. Table 5.4 shows the tau decay �nalstates that are detected in this analysis. The production processes are also shown foreach �nal state.The �� ! ��K0�� decay has the largest branching ratio of the decay modesselected in this analysis. The ��K0 �nal state mesons are generated via the K�(892)resonance by Tauola. This �nal state is well understood and no additional MonteCarlo was made. The �� ! K�K0�� decay mode was generated by Tauola usingphase space only.The �� ! ��K0�0�� decay mode was generated by Tauola through the K1(1400)



Chapter 5. Tau-Pair Selection 57Final state Production Process�� ! ��K0�� K�(892)�� ! K�K0�� phase space�� ! ��K0�0�� K1(1270)K1(1400)�� ! K�K0�0�� a1(1260)�(1700)�� ! ��K0�0�0�� phase space�� ! K�K0�0�0�� phase spaceTable 5.4: The �nal states observed in this analysis are shown in the �rst column.The intermediate resonances that are used by the Monte Carlo to simulate thesedecays are shown in the second column. For some decays the �nal state is createdusing phase space only, because the intermediate structure of these decays is not wellunderstood.intermediate resonance using two decay chains:�� ! K1(1400)��� ! (K�(892)�)��� ! ��K0�0���� ! K1(1400)��� ! (�(770)K)��� ! ��K0�0�� :Several recent analyses and theoretical studies have indicated that the ��!��K0�0��decay can also proceed via the K1(1270) resonance [13, 44, 45]. The K1(1270) mesondecays primarily to K�(892)�, K�0(1430)� and �(770)K, which in turn decay some ofthe time to �nal states including neutral kaons. The K1(1270) meson can decay intomeson pairs heavier than itself, i.e �(770)K, due to its broad width which is estimatedto be between 50 and 200 MeV [3, p. 474]. The possible branching ratios of theK1(1270) meson are also taken from [3, p. 474]. The various decay possibilities willgive di�erent momenta and energy spectra of the �nal decay products, consequentlya�ecting the selection e�ciency of the �� ! ��K0�0�� decay. To examine thesedi�erences, a modi�ed version of Tauola created by S. Towers [44, 46] was used to



Chapter 5. Tau-Pair Selection 58generate the following decays that include the K1(1270) resonance:�� ! K1(1270)��� ! (K�(892)�)��� ! ��K0�0���� ! K1(1270)��� ! (K�0(1430)�)��� ! ��K0�0���� ! K1(1270)��� ! (�(770)K)��� ! ��K0�0�� :Also, an additional sample of �� ! ��K0�0�� decays was generated in which theK1(1400) resonance decays only to K�(892)�, since experimental evidence indicatesthat this decay dominates over the �(770)K and K�0(1430)� modes [13].The �� ! K�K0�0�� decay is generated in Tauola through a mixture of thea1(1260) and �(1700) intermediate resonances:�� ! a1(1260)��� ! (K�(892)�)��� ! K�K0�0���� ! �(1700)��� ! (K�(892)�)��� ! K�K0�0�� :Special samples of Monte Carlo were generated separately for each of these decaymodes [44, 46].In addition, special Monte Carlo samples were generated for the K0���0�0�� andK0K��0�0�� decays which were not included in Tauola [44, 46]. Since the interme-diate structure of these decays is not well understood theoretically and experimentalinformation is sparse, these decays were generated through phase space only.5.2 Tau SelectionAt LEP, electron and positron beams collide and form a Z0 boson which in turn candecay into lepton-antilepton, neutrino-antineutrino or quark-antiquark pairs;1 thequark pairs give rise to multihadronic events.2 This section will describe the analysis1Note that the Z0 is too light to decay into tt pairs.2Multihadronic events contain several hadrons which are created through hadronization of thequark-antiquark pair.



Chapter 5. Tau-Pair Selection 59Requirements Variable DescriptionTrack de�nition NhitsCJ � 20 hits NhitsCJ : number of hits in the jet chamber.PT: momentum transverse to the beamPT � 0:1 GeV direction.jd0j: point of closest approach of the trackjd0j � 2 cm to the interaction point in the x� y plane.jz0j: point of closest approach of the trackjz0j � 75 cm to the interaction point in the z-direction.Rmin � 75 cm Rmin: radius of the �rst jet chamber hit.ECAL cluster Nblocks: number of ECAL calorimeterde�nition Nblocks � 1 blocks in the cluster.Eclusters � 0:1 GeV Eclusters: total ECAL energy in the cluster.Table 5.5: Good track and cluster de�nitions. Those tracks and clusters that satisfythe inequalities are accepted.that is used to select the e+e� ! Z0 ! �+�� events from the total event sample. AtLEP, the Z0 boson decays at rest in the laboratory frame producing pairs of � leptonsthat have equal and opposite momenta and hence appear to be back-to-back. The� leptons are highly relativistic (� = 0:9992) and have a lifetime of only 290:0� 1:2fs [3, p. 286], consequently only the � decay products are seen and they are highlycollimated in a narrow cone about the � direction of motion.The charged decay products produce tracks in the inner tracking detectors whileboth charged and neutral decay products can deposit energy in the electromagneticand possibly the hadronic calorimeters. Figure 5.1 shows a typical tau decay. Tracksand clusters must pass several requirements to ensure that they are not from cosmicrays or beam-gas interactions. These criteria are shown in Table 5.5.Complete details of the tau selection algorithm are described in references [47,48]and are outlined in Tables 5.6 and 5.7. Each e+e� ! Z0 ! �+�� event is subjectedto a jet �nding algorithm, where a jet is de�ned to be a collimated concentration of
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 Run : even t  6233 :  14746   Da t e  950623  T ime  200525                                  

 Ebeam 45 . 663  Ev i s   81 . 4  Emi ss    9 . 9  V t x  (    - . 04 ,     . 11 ,     . 71 )               

 Bz=4 . 350  Bunch l e t  1 / 1   Th r us t =  . 9984  Ap l an=  . 0001  Ob l a t =  . 0247  Sphe r =  . 0007     

Ct r k (N=   2  Sump=  18 . 3 )  Eca l (N=  18  SumE=  13 . 9 )  Hca l (N=12  SumE=  62 . 6 )  

Muon (N=   1 )  Sec  V t x (N=  0 )  Fde t (N=  0  SumE=    . 0 )  

Y

X
ZFigure 5.1: A typical OPAL event, showing two back-to-back � jets. The view is alongthe beam direction, showing the transverse plane. The concentric rings correspondto the outer edges of the beam pipe, vertex chamber, jet chamber, electromagneticcalorimeter, hadron calorimeter and muon chambers. The lines in the vertex andjet chambers represent the tracks. The rectangles in the calorimeters represent en-ergy deposits with the rectangle height being proportional to the amount of energydeposited, while the arrow indicates that muon chambers were hit.activity in the detector caused by the passage of energetic particles. Typical e+e� !Z0 ! �+�� events produce two jets, where the jets are the � leptons. The jet directionis initially de�ned to be the highest energy good track or electromagnetic cluster. Thenext highest energy good track or cluster within a 35� cone is added to the �rst track,and the jet direction is rede�ned by the vector sum. The second step is repeated untilthere are no more tracks or clusters that fall within a 35� cone.
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Requirements Variable DescriptionGood event Njet: number of jets satisfying theNjet = 2 Ejet requirement.j cos �j: average value of j cos �j forj cos �j < 0:68 the 2 jets.Ejet: total track andEjet � 0:01Ebeam cluster energy in the jet.Ebeam: the LEP beam energy.e+e� ! qq Ntrack: number of good tracks inrejection 2 � Ntrack � 6 the � -pair event.Nclusters: number of good clusters inNclusters � 10 the � -pair event.e+e� ! e+e� PEcluster � 0:8ECM Ecluster: energy of ECAL clusters in event.rejection or ECM = 2EbeamPEcluster+0:3PEtrack�ECMEtrack: energy of charged tracks in event.e+e� ! �+�� Pjets(Etotalcluster + Etrack) � 0:6ECM and both jets are muons.rejection A jet is a muon if one of the following is true:NMUONlayers : total layers hit in the barrelNMUONlayers � 2 or endcap muon detector.Echargedcluster : energy of the ECAL clusterEchargedcluster < 2 GeV associated to the track.NHBlayers: number of HCAL layers withNHBlayers � 4 signals associated to the track.NHCALouter 3 layers: number of signals in the 3NHCALouter 3 layers � 1 outer HCAL layers.NHCALhits=layers: number of HCAL hitsand NHCALhits=layers < 2 per layer for the jet.Table 5.6: Tau-pair selection requirements. The events are accepted if they satisfythe listed conditions.



Chapter 5. Tau-Pair Selection 62Requirements Variable DescriptionTwo-photon �acol: the supplement of the anglerejection �acol � 15� between the 2 jets in the � pair event.Evis � 0:03ECM Evis =PconeMax(Ecluster; Etrack)If Evis � 0:20ECM thenPT(cluster): sum of ECAL energyPT(cluster) > 2:0 GeV in the event.or PT(track): scalar sum of trackPT(track) > 2:0 GeV momenta in the event.Cosmic ray jd0jmin: minimum d0 for all tracksrejection jd0jmin � 5 mm in the event.jz0jmin: minimum z0 for all tracksjz0jmin � 20 cm in the event.jz0jave: average z0 for all tracksjz0jave � 20 cm in the event.tmeas and texp: measured and expected TOFjtmeas � texpj � 10 ns assuming the event is created at the origin.If j�i � �jj � 165� then reject the event if jti � tjj � 10 ns:Table 5.7: Tau-pair selection requirements (continued). The events are accepted ifthey satisfy the listed conditions.The tau-pair selection begins, by selecting candidates that contain exactly twojets, each with at least one charged track and with a total track and cluster energythat exceeds 1% of the beam energy. The average value of j cos �j for the two chargedjets must satisfy j cos �j < 0:68 to avoid the interface region between the barrel andendcap of the lead-glass calorimeter, thus restricting the selection to the barrel.Background events from the Z0 decays involving quark-antiquark (qq), e+e� or�+�� �nal states must be removed from the tau-pair sample. The requirements are:� Multihadronic events, e+e� ! qq are reduced by limiting the number of tracksand clusters in the event. It is required that the number of good charged tracks



Chapter 5. Tau-Pair Selection 63in the event be between two and six and that the number of good ECAL clustersbe no more than ten.� Electron-pair �nal states, e+e� ! e+e�, can be identi�ed by the presence oftwo high-momentum, back-to-back charged particles with the full centre-of-massenergy (ECM) deposited in the electromagnetic calorimeter. This backgroundcan be reduced by requiring tau-pair candidates to satisfy either PEcluster �0:8ECM or PEcluster + 0:3PEtrack � ECM, where Ecluster is the total energy inthe ECAL and Etrack is the total energy of the charged tracks in the event.� Muon-pair �nal states, e+e� ! �+��, can be identi�ed by the presence oftwo high-momentum, back-to-back charged particles but with very little energydeposited in the electromagnetic calorimeter. These events are removed bymatching activity in the muon chambers or hadronic calorimeter with tracks inthe jet chamber, and then requiring that the total momentum deposited in thejet chamber plus the total energy deposited in the ECAL is less than 0.6ECM.In addition to the background from two fermion events, two-photon events, e+e�!(e+e�)X, where X = e+e�, �+��, �+��, qq, must also be removed. Two photonevents contain a �nal state electron and positron that escape undetected at smallangles. These backgrounds are not signi�cant because they lack the enhancement tothe cross-section from the Z0 resonance and because the visible energy (the sum ofthe charged track and ECAL cluster energies) of the two-photon system is in generalmuch smaller than that from a tau-pair event. In addition, the detected particlestend to have a large acollinearity3 angle with respect to each other. These events arerejected by requiring the acollinearity to be less than 15�, and the visible energy Evis3The acollinearity angle is the supplement of the angle between the two jets.



Chapter 5. Tau-Pair Selection 64Background Contaminatione+e� ! e+e� 0.0041 � 0.0007e+e� ! �+�� 0.0072 � 0.0005e+e� ! qq 0.0028 � 0.0004e+e� ! (e+e�)e+e� 0.0007 � 0.0002e+e� ! (e+e�)�+�� 0.0008 � 0.0002Total 0.0156 � 0.0010Table 5.8: The fraction of the non-tau background in the tau-pair sample [49].to be less than 3% of the centre-of-mass energy. The visible energy is the maximumof either the jet energy measured in the ECAL, or the jet energy in the jet chamber.Finally, if Evis � 0:20ECM , then the event must have energy greater than 2.0 GeVdeposited in either the ECAL or the jet chamber for it to be rejected.The �nal background contamination of the tau-pair sample that was consideredcomes from cosmic rays. These events are removed with simple requirements on thetime-of-
ight detector and on the location of the primary event vertex.The tau-pair selection applied to all data between 1991 and 1995 yielded 201850individual taus. To ensure consistent comparisons between the Monte Carlo and thedata, the Monte Carlo was also passed through the same selection as for the data.Studies of this selection using the Monte Carlo give a tau-pair selection e�ciencyof 54:3 � 0:1%, which corresponds to an e�ciency of 93% within the geometricalacceptance of the detector. The study of the background contamination in the tau-pair sample was made in another analysis [49] using the same tau selection as thiswork; the background fraction was estimated to be 0:0156� 0:0010. The results aresummarised in Table 5.8.
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Chapter 6Neutral Kaon Selection
This chapter will describe the selection of the �� ! X�K0L�� decay. The �rst sectionwill describe the selection of the �� ! X�K0L�� decays, where X� includes a chargedhadron possibly accompanied by any number of neutral hadrons (eg. �0 or anotherK0). The second section describes the exclusive selections. First, the identity ofthe charged hadron is determined and secondly, the decays that contain a chargedpion are passed through an additional selection which separates out the decays thatcontain a �0 meson.6.1 Selection of �� ! X�K0L�� decaysThe lifetime of the K0L is such that it will not decay in the OPAL detector, insteadit will interact with the material in the electromagnetic and hadronic calorimeters.The momentum of the charged hadron present in the decay can be measured usingthe track curvature in the jet chamber while both the charged hadron combination,X�, and the K0L will deposit energy in the hadron calorimeter. Consequently, theselection used in this analysis looks for a signi�cant excess of energy in the hadroncalorimeter compared to the momentum of the charged hadron determined from thecurvature of the track.



Chapter 6. Neutral Kaon Selection 66The �� ! X�K0L�� selection requirements used in this analysis are listed belowand a discussion of each requirement will follow:) Only one charged track is allowed in the jet chamber.) The momentum (p) of the charged track divided by the beam energy (Ebeam)must be less than 0.5.) No secondary vertices are allowed in the jet.) The energy, EHB, measured in the hadron calorimeter must be larger than7:5 GeV.) The signi�cance factor SHB must be greater than 2:0.Each decay was required to have only one track pointing towards the primaryvertex that satis�es the track requirements given in Section 5.2 and has a momentumdivided by the beam energy (p=EBeam) less than 0.5. This requirement removes highmomentum pion decays from the data sample. Figure 6.1(a) shows p=EBeam for thedecays after all the other selection requirements (except SHB) have been applied.In addition, some jets may still contain tracks that have failed the good trackrequirements. These additional tracks may be from photon conversions or � decaysthat have a K0S in the �nal state, where the K0S decays to a �+�� pair. Photonconversions and �� ! X�K0S�� decays are identi�ed if a pair of oppositely chargedtracks form a secondary vertex in the r � � plane of the jet chamber [50]. If a jetcontains one of these secondary vertices, then it is rejected. Approximately 5% of the� decays are removed by this requirement.In order to ensure that the decay has a well-measured energy deposition in thehadron calorimeter and to reduce leptonic background, it was required that there be
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Figure 6.1: Histogram (a) shows the momentum divided by the beam energy(p=EBeam) and histogram (b) shows the hadron calorimeter energy (EHB). Theseplots show the number of decays for the one-prong � sample and e+e� ! qq eventsafter the other selection requirements (except SHB) have been applied. The solid dotsshow the data, the open histogram shows the Monte Carlo and the hatched histogramshows the K0L component of the Monte Carlo.at least one cluster in the hadron calorimeter and that the total energy depositedin the hadron calorimeter be greater than 7.5 GeV. Figure 6.1(b) shows the totalhadron calorimeter energy (EHB) for the one-prong sample after the other selectionrequirements, except SHB, have been applied. The hatched region of the plot showsthe K0L candidates in this sample. The energy calibration of the hadron calorimeteris discussed in Appendix A.



Chapter 6. Neutral Kaon Selection 68Decay mode Background (%)�� ! X�K0S�� 9:8� 0:5�� ! h��0�� 6:5� 0:4�� ! h��� 4:2� 0:4�� ! h� � 2�0�� 2:5� 0:3other � decays 0:2� 0:1e+e� ! qq 5:5� 0:4total 28:6� 0:8Table 6.1: The background contributions in the �� ! X�K0L�� sample, includingdecays that contained K0S mesons. The quoted errors are the statistical uncertainties.The decay, �� ! X�K0L�� , on average will deposit more energy in the hadroncalorimeter than most other tau decays due to the neutral hadron K0L present in the�nal state. The hadronic energy measurement is exploited in the selection using avariable known as the signi�cance factor, SHB. This variable is de�ned asSHB = EHB � p�HB ; (6.1)where EHB is the total energy deposited in the hadron calorimeter for the jet, p is themomentum of the track and �HB is the hadron calorimeter resolution at the energyEHB. The K0LX� decays are selected by requiring that SHB � 2:0. Figure 6.2 showsSHB after the remaining requirements have been applied. Further details concerningSHB, EHB and �HB are discussed in Appendix A.A total of 305 candidates are selected using the above requirements. The back-ground is estimated to be 24% from other � decays (including K0S �nal states) and 6%from e+e� ! qq events. Table 6.1 shows the contributions of the major backgroundcomponents in the �� ! X�K0L�� sample.Further, it should also be noted that some K0S mesons will be selected by the K0Lselection. Approximately one-third of the K0S mesons will decay into 2�0 mesons.These are unlikely to be selected as the total energy deposited in the hadron calori-meter is small. The remaining K0S mesons decay into �+�� pairs. The decay length
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Figure 6.2: A histogram SHB is plotted for the K0L candidates after the other selectionrequirements have been applied. The upper plot is linear and the lower plot is log-arithmic. The solid dots show the data, the open histogram shows the Monte Carloand the hatched histogram shows the K0L component of the Monte Carlo.of some K0S mesons will be su�ciently long that they will be indistinguishable fromK0L mesons. For the inclusive selection, these K0S mesons will be considered to bebackground which is estimated from the Monte Carlo. For the exclusive selections,described in the next section, these K0S mesons are included as part of the signal.Subsequently, the exclusive branching ratios are quoted as the sum of the branchingratios of the �� ! X�K0L�� and �� ! X�K0S�� decay modes. Figure 6.3 showsthe K0S decay length plotted for the Monte Carlo K0S candidates selected after the�� ! X�K0L�� selection algorithm (except SHB) was applied to the � sample (open
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Chapter 6. Neutral Kaon Selection 716.2.1 Charged Hadron SeparationIn this analysis, charged kaons are identi�ed on a statistical basis using the energyloss of the charged track, dE=dx, in the jet chamber. This technique is appliedto the �� ! X�K0L�� candidate sample to distinguish �� ! K�K0L(�0)�� decaysfrom �� ! ��K0L(�0)�� decays. The identi�cation of the charged hadron uses thenormalised dE=dx which is de�ned to beN �dEdx� = dE=dx(measured)� dE=dx(expected)�dE=dx ; (6.2)where dE=dx(measured) is the measured dE=dx for the particle of interest at a givenmomentum, dE=dx(expected) is the expected value of the dE=dx for the particleof interest at a given momentum and �dE=dx is the momentum dependent dE=dxresolution. As shown in Figure 4.1, the dE=dx provides the best separation forcharged pion and kaon mesons, at the level of 2�, in the momentum range of 2-30 GeV.Figure 6.4(a) shows the number of dE=dx hits that were used in the measurement andFigures 6.4(b) and (c) show the normalised dE=dx for the pion and kaon hypotheses,respectively, for those events selected as �� ! X�K0L�� candidates.The actual selection criteria to separate charged pions and kaons is made usinga signed dE=dx probability variable (W ), which is calculated from the normaliseddE=dx variable for each particle species. The probability variable (or weight) is a
at distribution between -1 and 1 for a pure particle species (see Section 4.1 formore information). The probability of selecting pions or kaons is done using two newvariables created from the weights:P(�) = W�=(W� +WK) (6.3)P(K) = WK=(W� +WK):Thus P(�) is the probability of selecting pions and P(K) is the probability of selectingkaons. Figures 6.4 (d) and (e) show P(�) and P(K) for the �� ! X�K0L�� decays. In
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Chapter 6. Neutral Kaon Selection 73Figure 6.4(f), P(�)�P(K) is shown; a track is considered to be a pion if P(�) > P(K)and a kaon otherwise. The selection yields 39 �� ! K�K0L(�0)�� candidates and 261�� ! ��K0L(�0)�� candidates.6.2.2 �0 Finding AlgorithmThe �0 decays that are selected in this analysis involve only those �0 mesons thatdecay into two photons due to the one-prong nature of the selection. At LEP, the �0mesons from � decays are highly relativistic and the two photons from the �0 ! 

decay will be very close to each other. Hence, the two photons will usually form oneelectromagnetic cluster, although at low energies two clusters can sometimes result.Some photons may also travel close to the charged hadron, thus the energy depositedby the photons and the charged hadron merge and form one cluster. Further, theK0L can leave energy in the electromagnetic calorimeter that can be misidenti�ed asa �0 meson. Thus any electromagnetic clusters in the jet may have energy from boththe K0L and the �0. Consequently, this analysis used a neural net algorithm to selectdecays with �0 mesons, instead of trying to identify the individual �0 mesons in thedecays.The neural net algorithm used in this analysis was constructed using the JETNET3.4 [51] algorithm. The variable selection is described in Appendix C. The neuralnetwork used seven variables, which are described below:� The total energy of the jet in the electromagnetic calorimeter divided by thebeam energy, E=Ebeam.� The total energy of the jet in the electromagnetic calorimeter divided by themomentum of the track, E=p.� The number of electromagnetic clusters in the jet with Eclusters > 1 GeV.
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Figure 6.5: The variables used in the neural network routine for identifying �0 mesonsin the K0L selection: Histogram (a) shows the electromagnetic energy divided by thebeam energy; plot (b) shows the ratio of the electromagnetic cluster energy (E)with the momentum of the track (p); plot (c) shows the number of electromagneticcalorimeter clusters (N); plot (d) shows the fraction of lead glass blocks in the elec-tromagnetic calorimeter with over 90% of the energy in the jet; plot (e) shows anglebetween the position of the track at the presampler and the presampler cluster fur-thest away from the jet axis; plots (f) and (g) show the di�erence in theta (��) andphi (��) between the track and the vector obtained by adding all the clusters in theelectromagnetic calorimeter; and plot (h) shows the output of the neural network.



Chapter 6. Neutral Kaon Selection 75� The minimum fraction of active lead glass blocks which together contains morethan 90% of the total electromagnetic energy of the jet, F90.� The di�erence in the azimuthal angle between the track and the presamplersignal farthest away from the track but still within the jet, �PS.� The di�erence in theta (��) and phi (��) between the track and the vector ob-tained by adding together all the electromagnetic calorimeter clusters in the jet.The variables used in the neural network and the output are shown in Figure 6.5. Ifthe neural network output is larger than 0.2 then the decay is considered to containa �0 meson. The cut was chosen to maximise the �� ! ��K0 � 1�0�� signalwhile reducing as much as possible the �� ! ��K0�� contamination in the �� !��K0 � 1�0�� sample. The variation of the cut on the neural network output isdiscussed further in Section 7.3.6 where it is observed that the branching ratios remainconsistent when the cut is varied between 0.1 and 0.8. This selection gives 178 �� !��K0�� decays and 81 �� ! ��K0 � 1�0�� decays. For more information about theneural network algorithm see Appendix C.
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Chapter 7Results
This chapter describes the calculation of the inclusive branching ratio of the �� !X�K0L�� decay mode and the exclusive decay modes �� ! ��K0�� , �� ! ��K0 �1�0�� and �� ! K�K0 � 0�0�� . The �rst section describes the measurement ofthe inclusive branching fraction. The second section describes the calculation of thebranching ratios of the three exclusive decay modes.7.1 Inclusive Branching Ratio7.1.1 Branching ratio for a single decay channelThe branching ratio to a �nal state X (eg. �� ! X��� ) is de�ned asBX � NXN� ; (7.1)where NX is the number of �� ! X��� decays in a sample containing N� taus.In practice, the sample of tau decays will contain background from other events.Consequently, the true number of taus in the sample (N� ) is given byN� = (1� fnon�� )N sel� ; (7.2)



Chapter 7. Results 77where fnon�� is the fraction of background events present in a sample of N sel� taus.The number of true �� ! X��� decays, NX , is given byNX = (1� fnon�X)N selX� (7.3)where N selX is the number of selected �� ! X��� decays, fnon�X is the fraction ofbackground events present in the selected sample of �� ! X��� decays and � is theselection e�ciency of the �� ! X��� decays determined by the Monte Carlo. Finally,equation 7.1 is rewritten as BX = 1� N selX (1� fnon�X)N sel� (1� fnon�� ) : (7.4)The � pair selection does not select all decay modes equally and introduces relativebiases between � decays. These biases were studied using the Monte Carlo sam-ples. The bias factors are used to correct the biases in the branching ratios from the� pair selected sample, such that the true branching ratio is obtained by dividingequation 7.4 by its bias factor (F bias):BtrueX = BXF bias : (7.5)The bias factor for the �� ! X�K0L�� decays is measured to be 0:991 � 0:007. Amore thorough description of the bias factors is given in Appendix D.7.1.2 ResultsThe inclusive analysis selected 305 �� ! X�K0L�� candidates. The selection e�ciency� and � background (fnon�X�K0L) are summarised in Table 7.1. For the inclusiveselection, the decays containing K0S are included as part of the background which isdetermined by the Monte Carlo. Evaluating equation 7.4 and correcting for the bias



Chapter 7. Results 78factor, F biasX�K0L, yields the branching ratio:B(�� ! X�K0L�� ) = (10:01� 0:79� 0:64)� 10�3; (7.6)where the �rst error is the statistical uncertainty and the second error is the systematicuncertainty. The statistical uncertainty is given by the binomial error on the ratioNX�K0L=N� , where NX�K0L is the selected number (N selX ) of �� ! X�K0L�� decays.Systematic uncertainties are discussed in Section 7.3.N� 201850NX�K0L 305� 0:110� 0:002fnon�� 0:016� 0:001fnon�X�K0L 0:286� 0:008F biasX�K0L 0:991� 0:007B(�� ! X�K0L�� ) (10:01� 0:79� 0:64)� 10�3Table 7.1: Summary of results for the inclusive �� ! X�K0L�� selection. The quotederrors on the e�ciency, backgrounds and bias factor are given by the statistical un-certainty. The �rst error on the branching ratio is the statistical uncertainty whilethe second is the systematic uncertainty.7.2 Exclusive Branching RatiosIn this analysis, three decay modes (channels) were identi�ed: �� ! ��K0�� , �� !��K0 � 1�0�� and �� ! K�K0 � 0�0�� . However, the selection algorithms didnot select each mode exclusively, therefore each selected sample contains some decaysfrom the other two decay modes. For example, the �� ! ��K0�� decay mode includessome �� ! ��K0 � 1�0�� and �� ! K�K0 � 0�0�� decays as well as other � decays(background decays). As a result, the branching ratios for the three decay modes arecalculated simultaneously to take these correlations into account.The number of observed decays for each channel can be written in terms of thenumber of true (signal) decays, background from other � decays and background from



Chapter 7. Results 79non-� events as N sel =Xs N sels +Xb N selb +Nnon�� : (7.7)or alternatively, using equation 7.3 this equation can be written asN sel =Xs �sNs +Xb �bNb +Nnon�� ; (7.8)where s is the index over all signal channels, b is the index over all backgroundchannels, Ns (Nb) is the number of signal (background) decays, �s (�b) is the e�ciencyto select signal (background) decays and Nnon�� is the number of non-� events in theselected sample. Dividing equation 7.8 by N� and substituting equations 7.1 and 7.2gives Xs �sBs +Xb �bBb = N sel �Nnon��(1� fnon�� )N sel� ; (7.9)where Bs and Bb are the branching ratios of the signal and background decays.The formalism can be extended into three selections, �� ! ��K0�� , �� ! ��K0 �1�0�� and �� ! K�K0 � 0�0�� by adding an index i to equation 7.9,�i1B1 + �i2B2 + �i3B3 + MXk=4 �ikBk = N seli �Nnon��iN sel� (1� fnon�� ) ; (7.10)where �ij (j = 1; 3) are the e�ciencies for selecting signal j using selection i and �ik(k = 4; :::) are the e�ciencies for selecting the � background modes using selection i.The branching ratios of the signal channels and backgrounds are Bj (j = 1; 3) andBk (k = 4; :::), respectively. The number of data events that pass the selection i isN seli and Nnon��i is the non-� background present in each selection i. The fraction ofnon-tau events in the tau pair sample is fnon�� and N sel� is the total number of data� 's that pass the tau pair selection.



Chapter 7. Results 80The selection e�ciencies (�ij) for both signal and background are determined di-rectly from the Monte Carlo. The e�ciency for detecting decay channel j in selectioni is de�ned as �ij = NijNj (7.11)and the uncertainty on the e�ciency is given by the binomial error as��ij =s�ij(1� �ij)Nj ; (7.12)where Nij is the number of j decays identi�ed by selection i and Nj is the totalnumber of j decays.Equation 7.10 can be written in matrix form as[�][B] = [n] (7.13)where [�] is a 3� 3 matrix of all signal e�ciencies, [B] is a 3� 1 dimensional matrixof the signal branching ratios and [n] is a 3� 1 dimensional matrix with entriesni = N seli �Nnon��iN� (1� fnon�� ) � MXk=4 �ikBk (7.14)containing the fraction of events in each selection after the background is subtracted.If [�] is a nonsingular matrix, the branching ratios [B] can be solved as[B] = [�]�1[n] (7.15)where [�]�1 is the inverse of the e�ciency matrix. Finally, each branching ratio isdivided by its bias factor (F bias) to correct for the fact that the tau-pair selectionfavours some decay modes over others (see Appendix D).The branching ratio Bi can be written explicitly using equation 7.13 as,Bi = 1F biasi 3Xj=1 ��1ij  N selj �Nnon��j(1� fnon�� )N sel� � MXk=4 �jkBK! : (7.16)



Chapter 7. Results 81The statistical uncertainty on Bi comes from the �rst term inside the parentheses inequation 7.16. It is calculated to be�2Bi(stat) = 1(1� fnon�� )2 3Xj=1 ���1ij �statj �2 ; (7.17)where �statj =vuut NseljNsel� �1� NseljNsel� �N sel� : (7.18)More information on how to calculate the error on an inverse matrix is describedin Appendix E. The systematic uncertainties due to the Monte Carlo statistics isdescribed in Section 7.3.1. These uncertainties arise from the errors on each elementof the inverse e�ciency matrix ��1ij .7.2.1 ResultsThe selections for the �� ! ��K0�� , �� ! ��K0 � 1�0�� and �� ! K�K0 � 0�0��decays yielded 178, 81 and 41 events, respectively. These decay modes include bothK0L and K0S mesons which are collectively called K0. The selection e�ciencies �ij forboth signal and background are determined directly from the Monte Carlo and aregiven in the top part of Table 7.2. The central part of Table 7.2 gives the results ofthis analysis. The uncertainties on the backgrounds and bias factors are the binomialerrors due to the Monte Carlo statistics only. The quoted e�ciencies are calculatedfor observing a K0. The branching ratios obtained using this analysis areB(�� ! ��K0�� ) = (9:1� 0:9� 0:6)� 10�3B(�� ! ��K0 � 1�0�� ) = (3:6� 1:3� 1:0)� 10�3B(�� ! K�K0 � 0�0�� ) = (3:3� 0:9� 0:7)� 10�3;



Chapter 7. Results 82where the �rst uncertainty is statistical and the second is systematic. The statisticalcorrelation coe�cients between the three branching ratios are shown in Table 7.2.The correlation coe�cients �ij were calculated using�ij = covij�i�j ; (7.19)where covij is the covariance between branching ratio i and j, and �i (�j) is thestatistical error on branching ratio i (j). The statistical error matrix between thethree branching ratios is given by [52]covij = �Bj�ni �nj �Bi�nj ; (7.20)where covij is the covariance between branching ratio i and j, �Bj;i=�ni;j is the un-certainty on branching ratio j (i) due to fraction ni (nj) and �nj is the statisticalerror on fraction ni given by equation 7.18. In addition, if i = j then covij = �i is thestatistical error on branching ratio i. Finally, the systematic uncertainty is discussedin the next section.7.3 Systematic error evaluationThis section discusses the systematic errors of the branching ratios. There are twokinds of systematic errors. The �rst type, although considered a systematic error, isstatistical in nature as it arises from the �nite size of the Monte Carlo sample. Thesecond type of systematic error includes instrumental uncertainties associated withthe modelling of the physical processes or the modelling of the detectors response.The estimated systematic errors on the branching ratio measurements are shownin Table 7.3. The statistical uncertainties will be described �rst, followed by theinstrumental uncertainties.



Chapter 7. Results 83E�ciency MatrixDecay ChannelSelection �� ! ��K0�� �� ! ��K0 � 1�0�� �� ! K�K0 � 0�0���� ! ��K0�� 0:0736� 0:0018 0:0081� 0:0009 0:0028� 0:0006�� ! ��K0 � 1�0�� 0:0105� 0:0007 0:0360� 0:0019 0:0008� 0:0003�� ! K�K0 � 0�0�� 0:0043� 0:0005 0:0019� 0:0004 0:0353� 0:0021Exclusive Results�� ! ��K0�� �� ! ��K0 � 1�0�� �� ! K�K0 � 0�0��NK0i 178 81 41N� 201850 201850 201850fnon�� 0:016� 0:001 0:016� 0:001 0:016� 0:001fnon�K0 0:218� 0:009 0:448� 0:016 0:215� 0:019F bias 0:986� 0:009 0:995� 0:015 0:999� 0:015BR(�10�3) 9:1� 0:9� 0:6 3:6� 1:3� 1:0 3:3� 0:9� 0:7Statistical Correlation Coe�cients�� ! ��K0�� �� ! ��K0 � 1�0���� ! ��K0 � 1�0�� �:349�� ! K�K0 � 0�0�� �:133 �:041Table 7.2: Summary of results for the exclusive K0 selections. The �rst table gives thee�ciencies for identifying the signals for each selection. The second table shows thenumber of selected events for each channel, the background fraction, the bias factorand the branching ratios. The third table gives the statistical correlation coe�cientsbetween the three branching ratios.7.3.1 Monte Carlo statisticsThe error on the branching ratios due to the Monte Carlo statistics is calculated di-rectly from the statistical uncertainties on the elements of the inverse e�ciency matrix[�]�1 for the exclusive channels, and the statistical uncertainty of the e�ciency forthe inclusive channel. The systematic uncertainty on Bi is found from equation 7.15



Chapter 7. Results 84Systematic SelectionError K0LX��� K0���� K0�� � 1�0�� K0K� � 0�0��K0L Selection �0.55 �0.40 �0.68 �0.42Background �0.24 �0.29 �0.50 �0.31MC Statistics �0.22 �0.24 �0.28 �0.24Bias Factor �0.07 �0.14 �0.05 �0.05dE=dx modeling | �0.21 �0.11 �0.33�0 Selection | �0:14 �0:27 |MC modelling | �0:00 �0:39 �0:17Total �0.64 �0.62 �1.02 �0.68Table 7.3: Systematic errors on the branching ratios for the inclusive and exclusivedecay channels. All values in the table should be multiplied by 10�3.and is given by 3Xj=1(���1ij nj)2: (7.21)Each element of the inverse e�ciency matrix has a covariance matrix which is madeup of contributions from all the statistical errors in the e�ciency matrix. A morethorough description of ���1ij is given in Appendix E.7.3.2 Bias factorA small correction, as described in Appendix D, must be applied to the branchingratios to correct for the slight bias introduced by the � -pair selection criteria. Thesystematic error on each branching ratio is calculated using the bias factor error.The factors are found to be relatively insensitive to the branching ratios and detectorcon�gurations used in the Monte Carlo sample. Further, minor variations in the taupair selection are found to have little impact on the values of the bias factors.



Chapter 7. Results 857.3.3 K0L selection e�ciencyThe K0L selection e�ciency was sensitive to the calibration of the momentum, theenergy measured by the hadron calorimeter and the resolution of the hadron calori-meter. A recent OPAL result estimated that the momentum scale was measured tobetter than 1% [53]. Consequently the systematic error on the K0L selection e�ciencywas estimated by varying the momentum of the track of the charged hadron by �1%.After the momentum was varied, the branching ratio was recalculated and the dif-ference between this value and the nominal value was taken as the systematic error.The uncertainty in the energy calibration of the hadron calorimeter was obtained bystudying a sample of single charged hadrons from tau decays (see Appendix A) andagreement between data and Monte Carlo was good at the 1.5% level. The energymeasured by the hadron calorimeter was varied by �1:5% and the branching ratioswere recalculated, the di�erence between these results and the nominal branchingratios were taken as the systematic errors. The uncertainty due to the measurementof the resolution of the hadron calorimeter was estimated by varying the resolutionwithin its uncertainties and recalculating the branching ratios; the di�erences betweenthese branching ratios and the nominal branching ratios were taken as the system-atic errors. The contributions to the systematic error from the various sources areshown in Table 7.4. Several consistency checks were done by varying the cut valueson p=EBeam, EHB and SHB: p=EBeam was varied between 0.3 and 0.7; EHB was variedfrom 0.0 GeV to 15.0 GeV; and SHB was varied from 1.6 to 2.4. The results werewithin the systematic uncertainty for each branching ratio.



Chapter 7. Results 86Systematic SelectionError K0LX��� K0���� K0�� � 1�0�� K0K� � 0�0��p scale �0:24 �0:14 �0:24 �0:12EHB scale �0:43 �0:48 �0:50 �0:31Resolution (�HB) �0:24 �0:23 �0:42 �0:36Total �0.55 �0.40 �0.68 �0.42Table 7.4: Systematic errors on the branching ratios for the K0L selection e�ciency.The values in the table should be multiply by 10�3.7.3.4 BackgroundThe systematic error due to the background in the K0L selection includes the un-certainty in the branching ratios of the background decays as well as the MonteCarlo statistical uncertainty. This background includes the �� ! ��K0K0�� and�� ! ��K0K0�0�� decay modes in which the two K0 mesons appear as one K0 me-son in the selected sample. The uncertainty in the background due to these branchingratios includes the Monte Carlo statistical uncertainty plus a contribution due to theuncertainty in the branching ratios of these decays [3, p. 286] [54]. The non-K0background consists primarily of ��, �(770)� and a1(1260)� decays.To investigate this background, the SHB selection cut was reversed and the in-variant mass spectra were studied for each decay mode (see Figure 7.1). The ratiosof the data to the Monte Carlo simulation: 0:97� 0:02, 1:04� 0:02 and 0:94� 0:06for the ��K0, ��K0 � 1�0 and K�K0 � 0�0 selections, respectively, are consistent.The errors on the ratios are taken as contributions to the systematic uncertainty onthe background. The various contributions to the total systematic error from thebackground are added in quadrature.
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Figure 7.1: The jet mass is plotted for those decays that are rejected by the K0Lselection when the requirement on SHB is reversed. The plots, (a), (b) and (c) respec-tively, are shown for the decays rejected by the �� ! ��K0�� , �� ! ��K0 � 1�0��and �� ! K�K0 � 0�0�� selections. The data are the points while the various taubackground decays are shown on each plot.7.3.5 dE=dx ModelingThe dE=dx pion and kaon probabilities are obtained from the normalized pion andkaon dE=dx, respectively. The Monte Carlo parameterization of the normalizeddE=dx distributions was studied using a sample of single charged hadrons from taudecays. The systematic error on the branching ratios associated with the dE=dx mod-elling, see Appendix B, was obtained by varying the means of the normalised dE=dx



Chapter 7. Results 88distributions by �1 standard deviation from their central values. In addition, to ac-count for possible di�erences in the dE=dx modelling, the widths of the normaliseddE=dx distributions are varied by �30%. Varying the mean of the normalised dE=dxdistributions for the pion hypothesis gave errors of 0.00008, 0.00007 and 0.00022 onthe ��K0, ��K0 � 1�0 and K�K0 � 0�0 modes, respectively. Similarly, varyingthe mean of the normalised dE=dx distributions for the kaon hypothesis gave errorsof 0.00010, 0.00005 and 0.00014, while varying the widths gave errors of 0.00015,0.00007 and 0.00019 for the three decay modes, respectively. The errors are added inquadrature and are shown in Table 7.3.7.3.6 �0 Identi�cationThe analysis used a neural network algorithm to separate �� ! ��K0�� from �� !��K0 � 1�0�� decays. The most powerful variable for distinguishing between thesetwo decays is the energy deposited in the electromagnetic calorimeter. The systematicerror on the branching ratios is evaluated by shifting the electromagnetic energy scaleby �1:0% based on studies of tau 3-prong decays [55]. The branching ratios wererecalculated using the di�erent energy scales and the di�erence between these resultsand the nominal branching ratios were taken as the systematic errors: 0.00007 and0.00013 for the ��K0 and ��K0 � 1�0 decays, respectively.The uncertainty on the �0 identi�cation also includes the maximum di�erencewhen each of the remaining variables (except the ones that depend on the energy)are individually dropped from the neural network algorithm. The contributions tothe error are 0.00014 and 0.00027 for the ��K0 and ��K0 � 1�0 decays, respectively.These uncertainties are added in quadrature with those obtained from the energy scaleuncertainty. Several consistency checks on the branching ratios were conducted. For
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Figure 7.2: The branching ratio of the �� ! ��K0�� and �� ! ��K0 � 1�0�� decaymodes is plotted against the output of the neural network. The solid line give thenominal branching ratio and the dotted lines show the systematic error.example, the neural net output cut was varied between 0.1 and 0.8 (see Figure 7.2).Another check consisted of removing each of the variables starting with the leastsensitive until only two variables remained. The results were consistent with the fullneural net algorithm. For more information about the systematic errors for the �0�nding algorithm see Appendix C.



Chapter 7. Results 907.3.7 Monte Carlo modellingThe models used in the Monte Carlo generator can e�ect both the pion and kaonmomentum and energy spectra. This e�ect can produce biases when determiningthe K0 identi�cation e�ciency, the momentum dependent K=� separation and the �0identi�cation. The dynamics of the ��K0 decay mode is well understood and it isgenerated by Tauola via the K�(892)� resonance. The K�K0 �nal state is generatedby Tauola using phase space only.As discussed in Chapter 5, the �� ! ��K0 � 1�0�� decay mode is composed of�� ! ��K0�0�� and �� ! ��K0�0�0�� decays. The �� ! ��K0�0�� channel ismodelled by Tauola assuming that the decay proceeds via the K1(1400) resonance.Recent results from ALEPH [45], on one-prong � decays with kaons, and OPAL [44],using �� ! K����+�� decays, suggest that the �� ! ��K0�0�� decay will alsoproceed via the K1(1270) resonance. A special Monte Carlo simulation was generatedin which the �nal state was created using the K1(1270) and K1(1400) resonances, usingthe algorithm developed for the analysis described in references [44,46]. The selectione�ciency of the �� ! ��K0�0�� �nal state is estimated from the special Monte Carlofor both resonances. The e�ciencies are found to agree at a level of 10% giving asystematic error of 0:00037.The �� ! ��K0�0�0�� decay mode is not modelled by Tauola. The branchingratio of this mode was recently measured to be (0:26 � 0:24)� 10�3 [54]. A specialMonte Carlo sample of the �� ! ��K0�0�0�� decay mode is generated using 
atphase space [46] and it is found that the e�ciency of this mode is within 30% ofthe e�ciency of the �� ! ��K0�0�� decay mode. For the systematic uncertaintyassociated with this decay mode, 30% of the �� ! ��K0�0�0�� branching ratio isused.



Chapter 7. Results 91The �� ! K�K0 � 0�0�� decay mode is composed of �� ! K�K0�0�� and�� ! K�K0�0�0�� decays. The �� ! K�K0�0�� decay mode is generated by Tauolathrough a combination of the �(1700) and a1(1260) resonances. A special Monte Carlosample of these two modes was generated separately using the algorithm developedfor the analysis described in [44,46]. The selection e�ciencies of the �� ! K�K0�0��decay mode is calculated for these two samples and are found to be equivalent withinstatistical error. No systematic uncertainty is included for this channel. The �� !K�K0�0�0�� decay mode is not modelled by Tauola. The Particle Data Group [3, p.286] give a limit of 0:18� 10�3 for this channel. A special Monte Carlo sample of the�� ! K�K0�0�0�� decay mode is generated using 
at phase space [46] and it is foundthat the e�ciency of this mode is within 30% of the e�ciency of the �� ! K�K0�0��decay mode. For the systematic uncertainty associated with this decay mode, 30%of the �� ! K�K0�0�� branching ratio limit is used.Finally, the �� ! K�K0 � 0�0�� selection e�ciency may depend on the relative�� ! K�K0�� and �� ! K�K0�0�� branching ratios. Using the current worldaverages from [3, p. 286], the relative contribution of each channel is varied by�25%. The branching ratio is observed to change by up to 0:00015 from the nominalvalue; this is included as a systematic error for this channel.7.3.8 Additional checksPotential detector-related systematic biases to the branching ratios were evaluatedby comparing the branching ratio measurements obtained in di�erent regions of thedetector or with di�erent detector requirements. The parity invariance of the detectorwas tested by comparing the branching ratios in the two hemispheres (cos � > 0) and(cos � < 0) of the detector. The charge dependence, and hence the invariance under



Chapter 7. Results 92Selection K0LX��� K0���� K0�� � 1�0�� K0K� � 0�0��Charge conjugation �0:12 �0:28 �0:30 �0:08Parity �0:49 �0:15 �0:17 �0:27NhitsdE=dx > 80 �0:11 �0:16 +0:14 �0:03CZ acceptance �0:32 �0:16 +0:09 +0:05HCAL leakage �0:11 �0:40 �0:39 +0:40Table 7.5: The shift in the branching ratio measurements resulting from changes tothe selection procedures (�10�3).the assumption of invariance under charge conjugation, was checked by comparing thebranching ratios for �� and �+ decays. In both cases, the branching ratio variationswere within the statistical errors. These results were shown in Table 7.5. The e�ectof the dE=dx quality requirement of at least 40 wires was tested by increasing thethreshold to 80 wires per track. This change was found to have a negligible e�ect onthe branching ratio measurements.The CZ detector has two small regions, corresponding to about 7% of the geomet-rical acceptance, which were inoperative for part of the data collection period. The� Monte Carlo modelled these regions as if they were inoperative for the entire datacollection period, leading to a slight di�erence in CZ acceptance between data andMonte Carlo. This may lead to di�erences in the calibration of the dE=dx, since non-gaussian e�ects may be present in the data without CZ hits. The sensitivity of thebranching ratio determination to the Monte Carlo modelling of this e�ect was eval-uated by recalculating the branching ratios excluding any decays that pass throughan inoperative region of the CZ detector.The energy calibration of the hadron calorimeter does not take into account theleakage of energy out the back. This leakage may change the energy calibration ofthose decays not fully contained. Figure 7.3 shows the number of decays that have
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at distribu-tion.decay is well described by the Monte Carlo. To check the sensitivity of the branchingratios to this e�ect, the branching ratios are recalculated requiring that each decaybe stopped by the hadron calorimeter (ie. the decay does not have any muon hits).As a �nal check on the calibration of the hadron calorimeter, the signi�cancefactor SHB is plotted for samples of �� ! K��� and �+ ! K+�� decays to check theresponse of the hadron calorimeter to strangeness enhanced hadronic showers (seeFigure 7.5). The selection uses the algorithm outlined in Appendix A and uses thedE=dx separation procedure described in Chapter 6 for the X�K0L analysis. Both
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96
Chapter 8Discussion
The inclusive �� ! X�K0L�� branching ratio was measured to be (10:01�0:79�0:64)�10�3, where the �rst error is statistical and the second is systematic. Recalling thatthe K0 (K0) meson can be composed of 50% K0L and 50% K0S mesons, the branchingratios of both the �� ! X�K0L�� and �� ! X�K0S�� decay modes are expectedto be equal. Figure 8.1 shows that the �� ! X�K0L�� branching ratio result is inagreement with the published results [56,57] involving the K0S meson. The solid bandon the plot is the average of the two previous results involving the K0S meson and is9:70� 0:67.The �� ! ��K0�� branching ratio includes both the K0L and K0S mesons, as do theremaining exclusive decay modes. The branching ratio of this mode was measuredto be (9:1 � 0:9 � 0:6) � 10�3 and is in good agreement with the analogous OPALbranching ratio measurement involving the K0S meson of (9:6� 1:0� 0:7)� 10�3 [58]and the world average of (8:64 � 0:42) � 10�3. Figure 8.2(a) shows these resultsand other experimental results [45, 56, 57, 59] and theoretical predictions. The anal-yses are labelled with either K0L or K0S depending upon the primary component inthe decay. The theoretical predictions of the �� ! ��K0�� branching ratio havebeen estimated by several authors in recent years. For example, Finkemeier and
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Figure 8.1: Branching ratios of the �� ! X�K0L�� and �� ! X�K0S�� decay modesmeasured to date. The solid band is the average branching ratio of the two previousmeasurements.Mirkes [13] calculate the hadronic matrix element,M, in terms of form factors whichare predicted using low-energy e�ective Lagrangians using SU(3)L � SU(3)R chiralsymmetry, supplemented by information about any possible low-lying resonances inthe di�erent channels. They also take the isospin symmetry relations into account.Braaten, Oakes and Tse [14] use a similar approach to predict the tau semi-leptonicbranching ratios. They use a U(3) � U(3) chiral symmetry and take into accountsymmetry breaking e�ects by using the measured value of the meson masses in cal-culating phase space and the vector meson propagators. Finkemeier and Mirkes [13]predict that the branching ratio is in the range of (6:6� 9:6)� 10�3 while Braaten etal. [14] predict a range of (8:9 � 10:3) � 10�3. Both predictions agree with the newOPAL result and are shown on the last two rows of Figure 8.2(a).It is known that the �� ! ��K0�� decay mode is dominated by the K�(892)�resonance. This can be observed from the K0�� invariant mass distribution shown
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Figure 8.2: Branching ratios of the �� ! ��K0�� and �� ! ��K0 � 1�0�� decaysmeasured and predicted to date. The solid band is the average branching ratio ofthe previous measurements. The �� ! ��K0 � 1�0�� results include both the�� ! ��K0�0�� and �� ! ��K0�0�0�� measurements. The theoretical estimatesare shown for the �� ! ��K0�0�� decay mode only. The open points show thenew OPAL results, the solid points show other experimental results and the boundedregion shows the theoretical predictions of the branching fractions.
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Figure 8.3: The jet mass is plotted for the data and Monte Carlo for the �� ! ��K0��and �� ! ��K0 � 1�0�� decay modes. Each mass plot assumes that the chargedtrack is a pion. Histogram (a) shows the invariant mass of the ��K0 mesons from the�� ! ��K0�� decay. Histogram (b) shows the invariant mass of the ��K0�0 systemfrom the �� ! ��K0�� decay.in Figure 8.3(a). The data agree with the Monte Carlo simulation which assumesthat this channel proceeds through the K�(892)� resonance. Using the �� ! ��K0��branching ratio measured in this analysis and isospin conservation,1 an estimate ofthe �� ! K�(892)��� branching ratio is calculated, givingB(�� ! K�(892)��� ) = 0:0137� 0:0016: (8.1)The analogous OPAL result involving primarily K0S �nal states give 0:00144� 0:0018[58]. Finally, the combined OPAL result, including both the K0L and K0S studies isB(�� ! K�(892)��� ) = 0:0140� 0:0013: (8.2)This value is consistent with the current world average 0:0128� 0:0008 [3, p. 286].1Recall that the isospin conservation relation for the K�(892)� decay is jK��i =p1=3jK��0i �p2=3jK0��i.



Chapter 8. Discussion 100The decay constant of the �� ! K�(892)��� decay, fK�, is estimated using equa-tion 2.15:fK� = 8�GFVusm3=2� �1� m2K�m2� ��1�1 + 2m2K�m2� ��1=2sB(�� ! K�(892)��� )T� : (8.3)Inserting the branching ratio of the �� ! K�(892)��� decay into this equation givesfK� = 799:8� 14:2� 38:0 MeV, where the �rst error comes from the uncertainty onVus and the second error comes from the uncertainty on the branching ratio.Predictions of the decay constant fK� using various theoretical models have beenmade. These models predict the fK� decay constant by relating it to the f� decayconstant using sum rule relations between the spectral functions based on assumptionsof SU(3)f symmetry derived by Oneda [16] using a set of sum rules originally derivedby Das, Mathur and Okubo (DMO) [17]. At the 
avour-SU(3)f symmetry limit(mu = md = ms), the decay constant ratio is unity fK� = f�. If asymptotic SU(3)fsymmetry becomes exact at high q2 where its breaking can be explained by theproduction of few resonances at low mass one estimates [16]f�fK� = m�mK� = 0:86: (8.4)Recalling equation 2.17, the ratio of the decay constants, f�=fK�, can be deter-mined using the decay widths of the �� ! ���� decay with respect to the �� !K�(892)��� decay:f�fK� = tan �cs B(�� ! ���� )B(�� ! K�(892)��� ) �m2� �m2K�m2� �m2� �sm2� + 2m2K�m2� + 2m2� : (8.5)To estimate this ratio, the OPAL measurement of the branching ratio of the �� !h��0�� decay mode is used, B(�� ! h��0�� ) = 0:2589 � 0:0034 [49]. The �� !h��0�� decay mode is the sum of the decay modes �� ! ���0�� and �� ! K��0�� .
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Figure 8.4: Decay constant ratios f�=fK� using results from tau decays and the DMOsum rules [17]. The �rst DMO result uses the assumption that the 
avour-SU(3)fsymmetry limit is reached while the second ratio assumes asymptotic 
avour-SU(3)fsymmetry. The solid band in the average of the previous measured decay constantratios.The branching ratio of the �� ! K��0�� decay mode can be calculated using isospinconservation from the �� ! ��K0�� branching ratio giving (4:67 � 0:42) � 10�3;consequently the branching fraction of the �� ! ���0�� decay mode is estimated tobe 0:2543� 0:0034. Using the Cabibbo angle �c and the particle masses from [3, p.103, 286, 364 and 472], the decay constant ratio isf�fK� = 0:93� 0:05: (8.6)Figure 8.4 shows this measurement together with other measurements of the decayconstant ratio [45, 57]. This result does not indicate which theoretical assumption isbetter.The �� ! ��K0 � 1�0�� branching ratio was measured to be (3:3�0:9�0:7)�10�3



Chapter 8. Discussion 102and is shown in Figure 8.2(b) in comparison with other measurements. The resultis in good agreement with the world average of (3:83� 0:45)� 10�3. If one assumesthat the decay only contains one �0 meson, then the decay can be compared to the-oretical predictions. Note that the current branching ratio of the �� ! ��K0�0�0��is measured to be only (0:26� 0:24)� 10�3 [54]. Finkemeier and Mirkes predict thatthe branching ratio will be in the range of (0:81 � 0:96) � 10�3 [13] and Braatenet al. predict a range of (0:9 � 3:7) � 10�3 [14]. The �� ! ��K0�0�� branchingratio by Finkemeier and Mirkes is signi�cantly higher than the experimental results,however they argue that the widths of the K1 resonance [3, p. 474] used in theircalculation are unusually narrow and that increasing the K1 width would give a pre-diction that agrees with the experimental measurements [60]. The invariant mass ofthe �� ! ��K0 � 1�0�� system is plotted in Figure 8.3(b).The �� ! K�K0 � 0�0�� branching fraction was measured to be (3:3 � 0:9 �0:7) � 10�3. Figure 8.5 shows this measurement in comparison with other recentresults. The results shown are the sum of the �� ! K�K0�� , �� ! K�K0�0�� and�� ! K�K0�0�0�� branching ratios for the experimental results. The results fromthis study agree well with the world average branching ratio of (3:08� 0:42)� 10�3.The theoretical predictions are the sum of the �� ! K�K0�� and �� ! K�K0�0��branching ratios, since no predictions of the �� ! K�K0�0�0�� decay mode havebeen made. The current upper limit of the �� ! K�K0�0�0�� branching ratio is0:18 � 10�3 [3, p. 286]. Finkemeier and Mirkes predict the branching ratio shouldbe in the range of (2:3 � 2:7) � 10�3 [13] while Braaten et al. predict a range of(2:4�4:0)�10�3 [14]. Predictions of the �� ! K�K0�� decay mode are possible usingthe charge vector current (CVC) hypothesis [61] using low energy e+e� ! �+�� datascaled by a kinematic factor to take into account the ��K mass di�erence, estimates
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Chapter 9Conclusion
This dissertation presents evidence for the �rst observation of the K0L meson usingdata collected between 1991 and 1995 with the OPAL detector at LEP. Using thisobservation, the �rst OPAL measurement of a branching ratio of the � lepton decayinginto a �nal state containing at least one K0L meson was made. The branching ratiofor the inclusive � decay to the K0L meson is measured to be:B(�� ! X�K0L�� ) = (10:01� 0:79� 0:64)� 10�3,where X� represents a �� or K� meson accompanied by any number of neutralmesons. The �rst error is statistical and the second is systematic. This is the �rstinclusive measurement using the OPAL detector of the � decaying into a K0L meson.The decays from the inclusive selection are then subjected to additional criteriato identify the particles accompanying the K0L meson. These criteria identify threeexclusive decay modes: ��!��K0�� , ��!��K0 � 1�0�� , and ��!K�K0 � 0�0�� .The branching ratios of these modes are measured to beB(�� ! ��K0�� ) = (9:1� 0:9� 0:6)� 10�3,B(�� ! ��K0 � 1�0�� ) = (3:6� 1:3� 1:0)� 10�3,B(�� ! K�K0 � 0�0�� ) = (3:3� 0:9� 0:7)� 10�3,where the �rst error is statistical and the second is systematic. The exclusive decaysinclude K0L mesons and a small component of K0S mesons which have a su�cient



Chapter 9. Conclusion 105lifetime to remain in the selected sample. These exclusive branching ratios are the�rst OPAL measurements involving � decays into K0L mesons.The branching ratio of the �� ! ��K0�� decay mode and isospin conservationof the K�(892) meson were subsequently used to calculate the branching ratio of the�� ! K�(892)��� decay, giving B(�� ! K�(892)��� ) = 0:0140� 0:0013. This resultis in good agreement with other current results.Finally, using the branching ratio of the �� ! K�(892)��� decay mode calculatedin this analysis, the ratio of the �(770) decay constant, f�, to the K�(892) decayconstant, fK�, was measured to be f�=fK� = 0:93 � 0:05. This ratio was predictedusing the DMO sum rules to have two di�erent values depending upon the theoreticalmodel used, either f�=fK� = 1:0 or f�=fK� = 0:86. The ratio measured in this analysisis consistent with either theoretical prediction.
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Appendix AHCAL Signi�cance Factor
A new variable called the signi�cance factor and denoted by SHB, was created to helpselect K0L candidates from � decays. This variable is de�ned asSHB = EHB � p�HB ; (A.1)where EHB is the total energy deposited in the hadron calorimeter (HCAL) for thejet, p is the momentum of the charged track and �HB is the hadron calorimeter energyresolution. The �rst section describes the Monte Carlo simulation of EHB and thesecond section describes the measurement of the HCAL resolution.A.1 Monte Carlo Simulation of the HCALThe Monte Carlo simulation of the hadron calorimeter energy, EHB, is studied toensure that the Monte Carlo agrees well with the data. The HCAL energy of theMonte Carlo was studied using isolated hadrons that leave a small amount of energyin the electromagnetic calorimeter through ionization and consequently leave almostall of their energy in the hadronic calorimeter. These hadrons will be referred toas minimum ionizing pions (mips) throughout the remainder of this Appendix. Themips used in this study of SHB come from the �� ! ���� decay. Each decay is



Appendix A. HCAL Signi�cance Factor 107required to be within the barrel region of the OPAL detector, j cos �j < 68�, to ensurethat the HCAL energy is well measured. Each decay is required to have a presamplermultiplicity, the sum of hits in the presampler, less than 4 and to have only onetrack accompanied by one cluster in the electromagnetic calorimeter with an energyless than 1.5 GeV. The decays were required to have a di�erence in the azimuthalangle between the track and presampler cluster farthest away from the track to beless than 0:5�. To reject electrons, the electromagnetic cluster energy divided by themomentum was required to be less than 0.8. Finally, to remove muons, the �� ! h���candidates were not allowed to have any hits in the muon chambers.The Monte Carlo simulation was checked using tau decays into pion and rhomeson �nal states. The �� ! ���� decays were selected as above without the elec-tromagnetic calorimeter requirement. The �� ! ���� decays were selected followingthe algorithm described in [63], which selected decays within the barrel region of theOPAL detector. Each decay was allowed to have only one track and up to threeclusters in the electromagnetic calorimeter in which two of the clusters are not asso-ciated with the track. The energy of the cluster closest to the track divided by themomentum was required to be less than 0.9 and the neutral clusters were requiredto deposit at least 1.2 GeV of energy in the electromagnetic calorimeter. Finally, themass of the reconstructed �0 meson had to be less than 0.28 GeV to be consistentwith the true �0 mass.The momentum and hadron calorimeter energy for the mips in each jet is shownin Figure A.1. Plot (a) shows that the momentum is well modelled by the MonteCarlo, whereas plot (b) shows some discrepancies between the Monte Carlo and datafor the hadron calorimeter energy (EHB). To explore this discrepancy further, apro�le histogram of EHB=p is shown in Figure A.2. Figure A.2 shows that the Monte
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Figure A.1: (a) shows the momentum and (b) shows the hadron calorimeter energyfor mips with EEB < 1:5 GeV.
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Appendix A. HCAL Signi�cance Factor 109Carlo underestimates the hadron calorimeter energy by up to 5%, and is momentumdependent. To correct the Monte Carlo, a ratio of the Monte Carlo and data pro�lehistograms is computed, giving a correction factor of(EHB=p)MC(EHB=p)Data = 0:852 + 0:00265 p: (A.2)To check the Monte Carlo simulation of EHB after it has been corrected, the ratio ofEHB=p is plotted as a function of p for tau decays into mips, pion and rho meson �nalstates in Figure A.3 for data and Monte Carlo. The ratio of (EHB=p)Data for the datato (EHB=p)MC for the Monte Carlo is plotted for the three selections in Figure A.4.If the modelling of the HCAL energy is adequate, then (EHB=p)Data=(EHB=p)MCshould be unity. Indeed, in all three cases the ratios of ratios are approximately one.The uncertainties on the �ts suggest that the Monte Carlo simulates HCAL energyto better than 1.5% for the three selections. The �2 per degree of freedom, shown onthe plots, is close to unity for all three samples.With the components of SHB checked for consistency, SHB is plotted to ensurethat the Monte Carlo agrees with the data. Figure A.5(a) shows SHB for the mipssample that was used to correct EHB, while Figure A.5(b) shows a similar plot for the�� ! ���� decays. The dotted line in both plots shows the Monte Carlo EHB beforeit was corrected while the solid line gives the energy after it has been corrected. Itcan be observed that the corrected Monte Carlo agrees well with the data for the twocontrol samples; the �2 di�erence between the data and Monte Carlo is shown on theplots.
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Appendix A. HCAL Signi�cance Factor 113energy (EHB) and the incident energy (p) of the isolated hadrons. The resulting energyresolution, �HB=EHB, follows the expected A +B=pE form [33], where the constantterm includes the sampling and shower 
uctuations of the hadron calorimeter andthe energy dependent term includes the detector response imperfections and noise.It should also be noted that in principle the width of the distributions is a functionof both the momentum and the energy. This can be written as �2HB�p = �2HB + �2p.However �HB � �p, thus �HB�p can be approximated as �HB.The actual resolution of the hadron calorimeter is estimated by comparing thedi�erence between the incident energy and the energy deposited in the hadron calori-meter in eight momentum bins between 2 and 50 GeV. Figure A.6 shows the EHB� pdistributions for each momentum bin for the data and Monte Carlo. Each plot is�tted with a gaussian distribution to calculate the mean and the width of the peaks.The gaussian �ts are performed within �2� of the mean to reduce the e�ects of thenon-gaussian tails. The means of the EHB � p distributions may not be exactly zeroas expected since the momentum distributions may not be uniform within the binrange. The means and widths of the eight distributions are listed in Table A.1 forthe data and Monte Carlo.Figure A.7 shows the plot of �=E versus E for the data (�lled dots) and MonteCarlo (open dots) with E = Ebin + �E, where Ebin is given by the midpoint of eachbin and �E is the shift in the mean from zero of the gaussian �t to the EHB�p peak asgiven in Table A.1. The plot shows the expected A+B=pE behaviour. The measuredresolution of the hadron calorimeter from the data is (0:165 � 0:024) + (0:847 �0:100)=pE. The resolution of the Monte Carlo is (0:204�0:023)+(0:696�0:097)=pE.It is observed that the data agree with the Monte Carlo within statistical errors onthe �ts, consequently the same resolution function is applied to both the data andMonte Carlo.
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Bin Range (GeV) Data Monte CarloMean (�E) Width (�) Mean (�E) Width (�)2.0-7.5 �1:08� 0:16 2:31� 0:18 �1:12� 0:16 2:27� 0:177.5-15.0 �2:20� 0:18 4:15� 0:18 �1:59� 0:16 3:86� 0:1515.0-20.0 �1:46� 0:40 7:00� 0:36 �0:97� 0:40 6:86� 0:3520.0-25.0 0:10� 0:50 8:08� 0:44 �0:04� 0:49 8:00� 0:4325.0-30.0 �0:98� 0:61 9:55� 0:52 0:48� 0:61 9:58� 0:5330.0-35.0 �0:27� 0:70 9:75� 0:61 1:23� 0:85 11:12� 0:8335.0-40.0 0:62� 0:81 10:74� 0:70 1:85� 0:97 12:16� 0:9340.0-50.0 �1:71� 1:03 12:27� 0:92 0:51� 1:17 13:22� 1:11Table A.1: Fitting parameters of the EHB � p distribution for the 1991-1995 OPALdata and Monte Carlo
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Appendix BdE=dx Modelling
Using the energy loss to distinguish pions from kaons requires an accurate dE=dxparameterisation. This appendix checks the parameterisation of the Monte Carlowith respect to the data and computes any correction factors that may be requiredto improve the Monte Carlo modelling. The dE=dx modelling was studied using� one-prong hadronic decays. These decays were selected by requiring one chargedtrack, the hadronic energy measured in the hadron calorimeter to be no less than 2.5GeV and no hits in the muon chambers. These last two requirements remove nearlyall of the leptonic tau decays. The normalised dE=dx, N(dE=dx), is plotted in binsof � ln(1 � �2�), where �� = p=E and E2 = p2 + m2� for the pion hypothesis. Thebinning parameter comes directly from the �rst term inside the parenthesis of equa-tion 4.1. Any di�erences observed between the means and widths of the N(dE=dx)distributions for the data and Monte Carlo are corrected and the results are shown.Figures B.1 and B.2 show the N(dE=dx) distributions for the pion hypothesis.The plots on the left show the Monte Carlo distributions while the plots on the rightshow the data distributions. Similarly, Figures B.3 and B.4 show the N(dE=dx)distributions for the kaon hypothesis. The distributions are �t with gaussians aroundapproximately �2� of the mean to reduce some of the e�ects of the non-gaussian



Appendix B. dE=dx Modelling 117tails. These tails are due to the charged kaon component in the � one-prong hadronicdecays which makes up approximately 5% of the one-prong sample. The presence ofthese charged kaons results in high �2 values per degree of freedom (dof) in some ofthe distributions. The resulting �ts have 18 dof, except for the top plots in Figure B.3which have 28 dof. For the 95% (99%) con�dence level, the �ts should have �2 �29 (42) for 18 dof and �2 � 41 (48) for 28 dof [52]. Approximately half of thedistributions satisfy these requirements at the 95% con�dence level while 85% of thedistributions satisfy these requirements at the 99% con�dence level.In order to check the calibration of the data by the Monte Carlo, the di�erencein the means of the data and Monte Carlo from the N(dE=dx) distributions for thepion and kaon hypotheses are plotted as a function of � ln(1��2�) in Figure B.5. Theplots show that the di�erence is independent of � ln(1� �2�) up to 8.5 (p = 20 GeV).Above 8.5, a �� dependent correction is required. The N(dE=dx) o�sets for the piondistributions are:if � ln(1� �2�) < 8:5 then �0:0687� 0:0143if � ln(1� �2�) > 8:5 then (�0:82� 0:13) + (0:088� 0:013)(� ln(1� �2�)):Similarly, the N(dE=dx) o�sets for the kaon distributions are:if � ln(1� �2�) < 8:5 then �0:2345� 0:0172if � ln(1� �2�) > 8:5 then (�1:343� 0:0172) + (0:133� 0:015)(� ln(1� �2�)):The resolutions of the N(dE=dx) distributions are plotted versus � ln(1� �2�) inthe left-hand plots in Figure B.6 for the pion and kaon hypotheses. The �lled pointsshow the data resolutions while the open points show the Monte Carlo resolutions.The right-hand plots show the ratio of the resolutions of the data with respect to the
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Pion Distributions
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Figure B.5: The di�erence between the means of the data and Monte Carlo from theN(dE=dx) distributions versus � ln(1� �2�).
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Figure B.9: Important dE=dx variables for the one-prong sample. (a) shows thenumber of dE=dx hits; (b) and (c) show the normalised dE=dx distributions for thepion and kaon hypotheses, respectively; and (d) { (f) show the particle separationprobability variables for the one-prong sample.
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Appendix CThe �0 Finding Algorithm
The �rst section of this appendix describes the selection of the variables that are usedin the neural network algorithm. The second section discusses the systematic studiesthat are performed to check the consistency of the neural network output.C.1 Variable SelectionThe �rst step in this analysis is to select variables that appear to have some separationpower for decays containing �0 mesons. These variables are then subjected to astatistical test to ensure that they do have separation power and to ensure thatthey are minimally correlated. Although there is no restriction on the number ofvariables, it is obvious that a small number will lead to more manageable and lesstime consuming algorithms. Various methods exist to quantify the usefulness ofa variable with respect to its discriminating power and its correlation with othervariables. This analysis used the F-test statistic as described in reference [64] whichwill now be outlined below.Consider a set E of n events ei divided into k classes, and described by l variables.Then all of the events are contained in a matrix xij with i = 1; : : : ; n and j = 1; : : : ; l.For an arbitrary variable j, one can de�ne gj, the barycentre (gravity) of the entire



Appendix C. The �0 Finding Algorithm 127event sample and hj the barycentre of the events belonging to an arbitrary class Cmwith nm events: gj = 1n nXi=1 xij; j = 1; : : : ; l (C.1)hj = 1nm Xi2Cm xij; m = 1; : : : ; k (C.2)The within vector W describing the dispersion within a class can now be calculatedusing the above quantities Wj = kXm=1 Xi2Cm 1n (xij � hj)2 : (C.3)Similarly, the between vector B describes the distance of a class to the overall barycen-tre gj: Bj = 1n kXm=1 nm (hj � gj)2 : (C.4)Large values of Bj and small values of Wj characterise well separated and compactclasses. Therefore the discriminating power of variable j is summarised in the F-test [64]: Fj = (n� k)(k � 1) BjWj : (C.5)The variables having high F-test values are considered to be those with the mostdiscriminating power. For this analysis, the denominator gives 6 degrees of freedomwhile the numerator gives 1 degrees of freedom, consequently any variable with anF-test value greater than 6.88 [52] would have adequate discriminating power.For this analysis, the event sample is divided into two classes: class 1 (�� !��K0 � 1�0�� decays) and class 2 (�� ! ��K0�� decays). The seven variables



Appendix C. The �0 Finding Algorithm 128VariablesE=EBeam E=p N F90 �PS �� ��Class 1 Gravity 0.357 0.838 0.207 0.492 0.112 0.162 0.210Class 2 Gravity 0.192 0.659 0.156 0.552 0.075 0.122 0.166Total Gravity 0.237 0.171 0.170 0.536 0.085 0.133 0.178Within Vector 0.015 0.033 0.007 0.013 0.007 0.015 0.036Between Vector 0.0054 0.0031 0.0005 0.0007 0.0003 0.0003 0.0004F-test 790.0 199.0 168.0 118.0 82.8 46.5 23.4Table C.1: F-test results of the neural network variables.described in Section 6.2.2 are subjected to the F-test and the results are shown inTable C.1. Note that the variables are normalised to be between zero and one, andare ordered according to the size of their F-test values. The results of the F-test showthat the seven variables selected for the �0 separation are statistically signi�cant.The correlations between the selected variables was checked to ensure that theseven variables were minimally correlated. Each element of the correlation matrixwas calculated using [52] �ij = covijp�i�j ; (C.6)where covij = NXk=1 (xij � �i)(ykj � �k)N � 1 (C.7)is the covariance of the pair of variables ij in question with xij representing the valueof one of the variables with mean �i and ykj representing the second variable withmean �k. In addition, �i;j is the variance of the variables i and j. The correlationmatrix is shown in Table C.2. The largest correlation is between E=EBeam and E=pat 0.544, which is below the recommended cuto� of 0.55 suggested in reference [64].The seven variables that appear to have some �0 separation ability are now inputinto the JETNET [51] neural net algorithm. The neural net was trained using thetwo classes of data as predicted by the Monte Carlo. The training was done using



Appendix C. The �0 Finding Algorithm 129E=EBeam E=p N F90 �PS �� ��E=EBeam 1.000 0.544 0.241 -0.393 0.176 0.032 0.078E=p 0.544 1.000 0.134 -0.265 0.303 0.398 0.532N 0.241 0.134 1.000 -0.294 0.270 0.138 0.162F90 -0.393 -0.265 -0.294 1.000 -0.061 -0.071 -0.103�PS 0.176 0.303 0.270 -0.061 1.000 0.178 0.455�� 0.032 0.398 0.138 -0.071 0.178 1.000 0.372�� 0.078 0.532 0.162 -0.103 0.455 0.372 1.000Table C.2: The correlation matrix for the �0 variables.three layers, including 7 input nodes, 12 internal neurons and 1 output node. Theneural network was trained until the �gure of merit (FOM) of the training samplewas constant. The FOM measures the separation achieved between the two classes |values close to zero indicate no separation, whilst one indicates complete separation.A total of 40 epochs were used to train the neural net. The FOM versus the epochnumber is shown for the training and test sample in Figure C.1. Additionally, thepurity of the class 1 (�� ! ��K0 � 1�0�� ) decays is plotted versus the neuralnetwork output | for a properly trained network this should be linear, with thenetwork output representing the signal purity; good agreement is observed betweenthe training and test samples.C.2 Systematic StudiesSeveral systematic studies were done to verify that the neural network algorithmadequately identi�es decays containing �0 mesons. The �rst test involved changingthe energy scale of the Monte Carlo of the electromagnetic calorimeter by �1%. Thisa�ects two variables: E=Ebeam and E=p. The systematic errors were estimated by cal-culating the branching ratios for the scaled energy and taking the di�erence betweenthese values and the nominal branching ratios. The systematic errors were 0.00007and 0.00013 for the �� ! ��K0�� and �� ! ��K0 � 1�0�� decays, respectively.
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Figure C.1: The FOM versus the epoch number is shown on the left plot while thepurity versus the neural network output of the �� ! ��K0 � 1�0�� decays is shownin the right plot. �K0 �K0 � 1�0Nominal 0:00912 0:00357Drop Nclus +0:00011 �0:00020Drop F90 +0:00002 �0:00003Drop �PS �0:00006 +0:00013Drop �� �0:00012 +0:00024Drop �� �0:00004 +0:00007Table C.3: The change in the branching ratios when each non-energy dependentvariable is dropped from the neural network.For the next test, each non-energy dependent variable was dropped from theneural network and the di�erences calculated between these results and the nominalbranching ratios. The results of these tests are shown in Table C.3. The largestchange from the nominal branching ratios are taken as the systematic uncertainties.The following checks are not included as part of the systematic uncertainties,but were done to ensure that the neural network output was stable within systematicuncertainties. The �rst check involved dropping each variable from the neural networkuntil only the two most signi�cant variables remained. The results of this check, along



Appendix C. The �0 Finding Algorithm 131�K0 �K0 � 1�0Nominal 0:00912(0:00094) 0:00357(0:00131)Drop �� 0:00900(0:00094) 0:00365(0:00133)+�� 0:00908(0:00098) 0:00351(0:00141)+�PS 0:00881(0:00103) 0:00408(0:00157)+F90 0:00869(0:00103) 0:00397(0:00161)+Nclus 0:00889(0:00108) 0:00396(0:00169)Table C.4: The branching ratios and statistical uncertainties when each of the vari-ables are removed from the neural network until only two variables remain.with the statistical errors on the branching ratios are shown in Table C.4. The tableshows the expected results, such that as the variables are removed from the neuralnetwork the statistical uncertainty increases.The correlation matrix coe�cients of the �� ! X�K0L�� selected decays werecalculated for the data and Monte Carlo. The Monte Carlo was divided into tenequal samples and the correlation matrix was calculated each time; these results werethen averaged. In Table C.5 the correlation between each variable is shown for thedata and Monte Carlo. The minimum and maximum correlation coe�cients of theten Monte Carlo samples is also shown. The uncertainty shown on the Monte Carlocoe�cients is the standard deviation of the ten samples. The �2 is calculated for eachpair of coe�cients and the total �2=dof is 21.1/20, indicating that the seven variableschosen for the �0 identi�cation are well modelled by the Monte Carlo.A �nal test of the neural networks ability to identify �0 mesons was done bycalculating the one-prong branching ratios: �� ! h��� and �� ! h� � 1�0�� . Thiswas done using the one-prong sample selected for the K0L analysis. In order to removeleptons, it was required that the hadronic energy be greater than 2.5 GeV. Using thisrequirement the following results were obtained: B(�� ! h��� ) = 0:1157 � 0:0022



Appendix C. The �0 Finding Algorithm 132Variables Data MC(mean/sigma) MC(min/max) (D �M)2=�2E=Eb - E=p 0.70 0:65(0:05) 0.58 0.72 1.00E=Eb - Ncl 0.25 0:23(0:04) 0.15 0.30 0.25E=Eb - F90 �0:35 �0:39(0:06) �0:49 �0:33 0.44E=Eb - �PS 0.36 0:28(0:04) 0.20 0.36 4.00E=Eb - �� 0.10 0:18(0:06) 0.10 0.32 1.78E=Eb - �� 0.26 0:21(0:04) 0.14 0.27 1.56E=p - Ncl 0.23 0:18(0:03) 0.13 0.24 2.78E=p - F90 �0:21 �0:22(0:06) �0:32 �0:14 0.03E=p - �PS 0.43 0:38(0:03) 0.32 0.44 2.78E=p - �� 0.29 0:33(0:04) 0.25 0.42 1.00E=p - �� 0.61 0:55(0:04) 0.51 0.63 2.25Ncl - F90 �0:32 �0:24(0:05) �0:34 �0:17 2.56Ncl - �PS 0.38 0:36(0:08) 0.28 0.51 0.06Ncl - �� 0.26 0:22(0:04) 0.17 0.32 1.00Ncl - �� 0.31 0:28(0:06) 0.13 0.34 0.25F90 - �PS �0:04 �0:07(0:07) �0:20 0.03 0.18F90 - �� �0:10 �0:10(0:04) �0:14 �0:02 0.00F90 - �� �0:10 �0:11(0:06) �0:22 �0:02 0.03�PS - �� 0.23 0:27(0:06) 0.14 0.35 0.44�PS - �� 0.51 0:54(0:05) 0.47 0.62 0.64�� - �� 0.39 0:35(0:05) 0.28 0.43 0.64Total (�2=dof): 21.1/20Table C.5: The correlation coe�cients for the 21 pairs of variables of the data (secondcolumn) and Monte Carlo (third column) for �� ! X�K0L�� decays. The fourth col-umn shows the minimum and maximum correlations for the 10 Monte Carlo samplesand the �fth column shows the �2 di�erence between the Monte Carlo and the data.The total �2=dof is shown in the last line of the table.and B(�� ! h� � 1�0�� ) = 0:3882� 0:0044. The current world averages for thesedecay modes are [3, p. 286]: B(�� ! h��� ) = 0:1179 � 0:0012 and B(�� ! h� �1�0�� ) = 0:3691� 0:0017. The di�erence between the two decay modes were 2% and5%, respectively. These errors are within the systematic errors quoted above for theK0L decays (2% and 7%), thus con�rming the ability of the neural network to identifydecays containing �0 mesons.
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Appendix DThe Bias Factor
The � pair selection, discussed in Section 5.2, does not select all � decay modes withan equal probability. This leads to a bias on the � pair selection which selects certaindecay modes over others. This is quanti�ed as a set of bias factors for each decaymode in the Monte Carlo. The bias factors are calculated from the set of MonteCarlo samples used in this analysis, shown in Table D.1. The Monte Carlo samplesRun Detector � pair events generatedNumber Con�guration at ECM = 91:2 GeV1520 1994 6000001536 1995 3750001560 1994 8000001565 1992 500000Table D.1: The Monte Carlo samples used in the bias factor calculation.used three di�erent detector con�gurations, slightly di�erent branching ratios and run1520 used a di�erent electromagnetic shower algorithm than the other Monte Carlosamples. These di�erences will be shown to have a negligible e�ect on the decaymodes between the four di�erent Monte Carlo samples.The bias factor of decay mode i (F biasi ) is de�ned asF biasi � BafteriBbeforei ; (D.1)



Appendix D. The Bias Factor 134where Bbeforei (Bafteri ) is the branching ratio of decay i before (after) the � pair sele-ction. The branching ratios are de�ned by equation 7.1, thus equation D.1 is writtenas F biasi = Nafteri =Nafter�Nbeforei =Nbefore� (D.2)where Nafteri (Nbeforei ) is the number of decays i after (before) the � pair selection andNafter� (Nbefore� ) is the total number of taus after (before) the � pair selection. Theuncertainty on the bias factor is calculated as the binomial error on the numeratorand denominator of equation D.2. However, this estimate slightly overestimates thetrue error, as correlations between the branching ratios in the numerator and denom-inator are ignored. The bias factors from each Monte Carlo simulation are shown inTable D.2. In general, the bias factors from the four di�erent Monte Carlo samplesare consistent with each other within their statistical uncertainties. The bias factorsfor the decay modes measured in this work are shown in Table D.3.The Monte Carlo used in this analysis was created with a centre-of-mass energyof 91.2 GeV, the Z0 mass. However, some of the data collected by the OPAL detectorbetween 1991 and 1995 was at energies slightly below and above the Z0 mass. Conse-quently, to estimate any possible systematic variations on the bias factor due to thedi�erent energies, the requirements dependent on the centre-of-mass energy in MonteCarlo run 1560 were varied. This was done by rescaling the centre-of-mass energy byup to �1:0% and recalculating the bias factor for each decay mode. The results areshown in Table D.4. Similar results were observed for the other Monte Carlo samples.As the centre-of-mass energy is scaled, the central values of the Monte Carlo 1560bias factors change less than the statistical error. As a result, the statistical errorson the bias factors are considered su�cient to describe the total bias factor errors.



Appendix D. The Bias Factor 135Decay Mode MC1520 MC1536 MC1560 MC1565�� ! e��e�� 1:004� 0:003 1:004� 0:004 1:007 � 0:003 1:003� 0:004�� ! ������ 0:983� 0:004 0:987� 0:004 0:985 � 0:003 0:984� 0:004�� ! ���� 0:987� 0:004 0:991� 0:005 0:992 � 0:004 0:994� 0:005�� ! ���0�� 1:021� 0:003 1:019� 0:003 1:018 � 0:002 1:018� 0:003�� ! ���+���� 0:993� 0:005 0:990� 0:006 0:988 � 0:004 0:987� 0:005�� ! ��2�0�� 1:016� 0:005 1:013� 0:006 1:011 � 0:004 1:016� 0:005�� ! K��� 1:008� 0:019 1:017� 0:023 0:996 � 0:016 0:990� 0:020�� ! ���+���0�� 0:959� 0:007 0:958� 0:009 0:964 � 0:006 0:971� 0:008�� ! ��3�0�� 1:008� 0:012 0:998� 0:016 1:003 � 0:011 1:006� 0:014�� ! 3��2�+�� 0:782� 0:063 0:793� 0:079 0:779 � 0:054 0:753� 0:067�� ! 3��2�+�0�� 0:827� 0:114 0:625� 0:149 0:799 � 0:103 0:758� 0:132�� ! ���+��2�0�� 0:944� 0:026 0:967� 0:030 0:934 � 0:021 0:947� 0:027�� ! ���+��3�0�� 0:832� 0:075 0:928� 0:060 0:934 � 0:041 0:912� 0:051�� ! K�2�0�� 1:011� 0:072 1:042� 0:067 1:035 � 0:047 1:014� 0:060�� ! K�K0L�0�� 1:010� 0:054 1:027� 0:075 0:957 � 0:053 1:020� 0:067�� ! K�K0S(2�0)�0�� 0:992� 0:103 1:109� 0:147 0:955 � 0:102 1:128� 0:123�� ! K�K0S(other)�0�� 1:002� 0:066 0:952� 0:094 0:975 � 0:065 0:937� 0:077�� ! ���0�(2
)�� 1:090� 0:062 1:044� 0:076 0:991 � 0:052 1:047� 0:068�� ! ���0�(3�0)�� 1:037� 0:067 1:013� 0:084 0:960 � 0:058 1:035� 0:072�� ! ��K0LK0L�� 1:114� 0:089 0:959� 0:130 0:960 � 0:091 0:976� 0:111�� ! ��K�K+�� 1:011� 0:039 1:025� 0:052 0:999 � 0:036 0:975� 0:046�� ! ���0K0L�� 1:014� 0:051 0:978� 0:044 1:032 � 0:030 0:963� 0:040�� ! ���0
�� 1:033� 0:063 1:035� 0:081 1:012 � 0:056 1:020� 0:071�� ! ���0K0S(2�0)�� 1:168� 0:092 1:019� 0:079 1:025 � 0:057 0:994� 0:073�� ! ���0K0S(other)�� 0:994� 0:061 0:978� 0:053 0:987 � 0:036 0:990� 0:045�� ! ���0�(other)�� 0:957� 0:072 0:977� 0:087 0:962 � 0:060 1:004� 0:077�� ! (��K)��� 0:965� 0:037 0:975� 0:032 0:981 � 0:022 0:984� 0:027�� ! K�K0L�� 1:014� 0:040 0:993� 0:069 1:010 � 0:048 1:032� 0:060�� ! K�K0S(2�0)�� 1:067� 0:076 1:073� 0:131 1:091 � 0:088 1:032� 0:118�� ! K�K0S(other)�� 0:996� 0:049 0:968� 0:082 1:011 � 0:055 1:027� 0:070�� ! K� ! K��0�� 0:988� 0:023 1:011� 0:029 1:024 � 0:020 1:010� 0:026�� ! K� ! ��K0L�� 0:997� 0:024 0:989� 0:030 0:973 � 0:021 0:996� 0:026�� ! K� ! ��K0S(2�0)�� 1:059� 0:044 1:050� 0:055 1:031 � 0:039 1:085� 0:048�� ! K� ! ��K0S(other)�� 1:003� 0:027 0:951� 0:035 0:992 � 0:024 0:977� 0:031�� ! ��K0LK0S(2�0)�� 1:043� 0:122 1:043� 0:162 1:053 � 0:109 0:982� 0:136�� ! ��K0LK0S(other)�� 0:942� 0:077 1:005� 0:101 0:954 � 0:070 0:948� 0:090�� ! ��K0S(2�0)K0S(2�0)�� 0:920� 0:369 1:267� 0:392 1:021 � 0:322 1:032� 0:417�� ! ��K0S(2�0)K0S(other)�� 1:005� 0:136 1:037� 0:170 0:924 � 0:135 1:085� 0:166�� ! ��K0S(other)K0S(other)�� 0:906� 0:125 0:964� 0:184 0:914 � 0:120 0:750� 0:177Table D.2: The bias factors for all decay modes in each Monte Carlo sample. Theerrors shown are statistical.Signal Channel Bias Factor�� ! X�K0L�� 0:991� 0:007�� ! ��K0�� 0:986� 0:009�� ! ��K0 � 1�0�� 0:995� 0:015�� ! K�K0 � 0�0�� 0:999� 0:015Table D.3: The bias factors for the decay modes measured in this analysis.



Appendix D. The Bias Factor 136
Decay Mode �1:0% �0:5% Nominal +0:5% +1:0%�� ! e��e�� 1:007 � 0:003 1:007� 0:003 1:007� 0:003 1:007 � 0:003 1:006� 0:003�� ! ������ 0:984 � 0:003 0:985� 0:003 0:985� 0:003 0:986 � 0:003 0:986� 0:003�� ! ���� 0:992 � 0:004 0:992� 0:004 0:992� 0:004 0:992 � 0:004 0:992� 0:004�� ! ���0�� 1:019 � 0:002 1:018� 0:002 1:018� 0:002 1:018 � 0:002 1:018� 0:002�� ! ���+���� 0:988 � 0:004 0:988� 0:004 0:988� 0:004 0:988 � 0:004 0:987� 0:004�� ! ��2�0�� 1:011 � 0:004 1:011� 0:004 1:011� 0:004 1:011 � 0:004 1:011� 0:004�� ! K��� 0:996 � 0:016 0:996� 0:016 0:996� 0:016 0:996 � 0:016 0:996� 0:016�� ! ���+���0�� 0:965 � 0:006 0:965� 0:006 0:964� 0:006 0:964 � 0:006 0:964� 0:006�� ! ��3�0�� 1:003 � 0:011 1:004� 0:011 1:003� 0:011 1:004 � 0:011 1:003� 0:011�� ! 3��2�+�� 0:780 � 0:054 0:780� 0:054 0:779� 0:054 0:779 � 0:054 0:779� 0:054�� ! 3��2�+�0�� 0:800 � 0:103 0:800� 0:103 0:799� 0:103 0:799 � 0:103 0:799� 0:103�� ! ���+��2�0�� 0:935 � 0:021 0:935� 0:021 0:934� 0:021 0:934 � 0:021 0:934� 0:021�� ! ���+��3�0�� 0:933 � 0:041 0:932� 0:041 0:934� 0:041 0:934 � 0:041 0:934� 0:041�� ! K�2�0�� 1:035 � 0:047 1:035� 0:047 1:035� 0:047 1:034 � 0:047 1:032� 0:047�� ! K�K0L�0�� 0:956 � 0:053 0:955� 0:053 0:957� 0:053 0:957 � 0:053 0:956� 0:053�� ! K�K0S(2�0)�0�� 0:949 � 0:102 0:948� 0:102 0:955� 0:102 0:954 � 0:102 0:954� 0:102�� ! K�K0S(other)�0�� 0:975 � 0:065 0:975� 0:065 0:975� 0:065 0:975 � 0:065 0:974� 0:065�� ! ���0�(2
)�� 0:992 � 0:052 0:992� 0:052 0:991� 0:052 0:991 � 0:052 0:991� 0:052�� ! ���0�(3�0)�� 0:959 � 0:058 0:958� 0:058 0:960� 0:058 0:960 � 0:058 0:960� 0:058�� ! ��K0LK0L�� 0:966 � 0:091 0:966� 0:091 0:960� 0:091 0:960 � 0:091 0:960� 0:091�� ! ��K�K+�� 1:000 � 0:036 1:000� 0:036 0:999� 0:036 0:999 � 0:036 0:998� 0:036�� ! ���0K0L�� 1:032 � 0:030 1:032� 0:030 1:032� 0:030 1:031 � 0:030 1:032� 0:030�� ! ���0
�� 1:012 � 0:056 1:012� 0:056 1:012� 0:056 1:011 � 0:056 1:011� 0:056�� ! ���0K0S(2�0)�� 1:026 � 0:057 1:026� 0:057 1:025� 0:057 1:025 � 0:057 1:025� 0:057�� ! ���0K0S(other)�� 0:987 � 0:036 0:987� 0:036 0:987� 0:036 0:986 � 0:036 0:986� 0:036�� ! ���0�(other)�� 0:962 � 0:060 0:962� 0:060 0:962� 0:060 0:964 � 0:060 0:963� 0:060�� ! (��K)��� 0:981 � 0:022 0:981� 0:022 0:981� 0:022 0:981 � 0:022 0:982� 0:022�� ! K�K0L�� 1:011 � 0:048 1:011� 0:048 1:010� 0:048 1:010 � 0:048 1:010� 0:048�� ! K�K0S(2�0)�� 1:092 � 0:088 1:091� 0:088 1:091� 0:088 1:091 � 0:088 1:090� 0:088�� ! K�K0S(other)�� 1:012 � 0:055 1:011� 0:055 1:011� 0:055 1:011 � 0:055 1:010� 0:055�� ! K� ! K��0�� 1:023 � 0:020 1:024� 0:020 1:024� 0:020 1:024 � 0:020 1:024� 0:020�� ! K� ! ��K0L�� 0:973 � 0:021 0:973� 0:021 0:973� 0:021 0:972 � 0:021 0:972� 0:021�� ! K� ! ��K0S(2�0)�� 1:032 � 0:039 1:031� 0:039 1:031� 0:039 1:031 � 0:039 1:030� 0:039�� ! K� ! ��K0S(other)�� 0:993 � 0:024 0:992� 0:024 0:992� 0:024 0:992 � 0:024 0:991� 0:024�� ! ��K0LK0S(2�0)�� 1:054 � 0:109 1:054� 0:109 1:053� 0:109 1:053 � 0:109 1:053� 0:109�� ! ��K0LK0S(other)�� 0:954 � 0:070 0:954� 0:070 0:954� 0:070 0:954 � 0:070 0:953� 0:070�� ! ��K0S(2�0)K0S(2�0)�� 1:022 � 0:322 1:021� 0:322 1:021� 0:322 1:021 � 0:322 1:020� 0:322�� ! ��K0S(2�0)K0S(other)�� 0:925 � 0:135 0:925� 0:135 0:924� 0:135 0:924 � 0:135 0:924� 0:135�� ! ��K0S(other)K0S(other)�� 0:915 � 0:120 0:915� 0:120 0:914� 0:120 0:914 � 0:120 0:914� 0:120Table D.4: The bias factors for Monte Carlo 1560 with the centre-of-mass energyvaried by up to �1%. The errors shown are statistical.
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Appendix EError on an inverse matrix
The inverse of the e�ciency matrix is used to extract the branching ratios. Conse-quently, the uncertainty on each of the inverse matrix elements is needed to evaluatethe systematic errors on the branching ratios. These uncertainties are evaluated fromthe known uncertainties of the e�ciency matrix using the following method [65].Often the errors of an inverted matrix are estimated by ignoring the o�-diagonal el-ements of the covariance matrix. This is the correct procedure only if the quantitiesinvolved are independent of each other.If one considers a nonsingular matrix [�] with elements �ij � �ij then[�][�]�1 = I (E.1)where [�]�1 is the inverse matrix with elements ��1ij ����1ij and I is the unitary matrix.Taking the derivative of both sides of this equation yields�[�][�]�1 + [�]�[�]�1 = [0] (E.2)or �[�]�1 = � �[�]�1�[�][�]�1� : (E.3)



Appendix E. Error on an inverse matrix 138Thus the uncertainty on each element of [�]�1 (���1ij ) is given by[���1ij ]2 = ��[��1ia ] �[�ab] [��1bj ]��2 ; (E.4)where the �ij are all uncorrelated and the sum is over repeated indices unless otherwisenoted. Substituting �[�ab] = [�ab] into equation E.4 gives[���1ij ]2 = ��[��1ia ] [�ab] [��1bj ]��2 : (E.5)This equation is a reasonable approximation but is incorrect. It neglects any correla-tions between the elements of the inverse e�ciency matrix, which can be signi�cant.The following calculation shows how equation E.5 can be modi�ed to include theo�-diagonal elements of the inverse e�ciency matrix.It is always possible to write the inverse of a matrix in terms of its cofactorsdivided by the determinant, in which each element of an inverse matrix has elementsof the original matrix in common. Thus the inverse matrix elements are correlated.As above, consider a matrix [�] with elements �ij and in the most general casecovariances denoted by cov(���; �ab). The inverse matrix elements ��1ij , in general,have covariances cov(��1�� ; ��1ab ), which can be written as,cov(��1�� ; ��1ab ) = ��1�i ��1j� ��1ak ��1lb cov(�ij; �kl): (E.6)The full derivation is given in [65]. If there are no correlations between the elementsof the e�ciency matrix then cov(�ij; �kl) = [�ij]2�ik�jl; (E.7)with no summation over repeated indices. Hence the full set of covariances of ��1 isgiven by cov(��1�� ; ��1ab ) = �[��1�i ][��1ai ]� [�ij]2 �[��1j� ][��1jb ]� ; (E.8)



Appendix E. Error on an inverse matrix 139where there is no sum over repeated indices inside the parenthesis. Consequently, thevariance of an element of the inverse e�ciency matrix is written as[���]2 � cov(��1�� ; ��1ab ) = [��1�i ]2[�ij]2[��1j� ]2: (E.9)Equation E.9 gives the expression for the uncertainty on element ��1ij in terms of theelements of the inverse matrix [�]�1 and the original uncertainties of the matrix [�].Note that each term of equation E.9 is squared before making the sum whereas inequation E.5 the sum is done �rst.
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