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\Run straight to the goal,with purpose in every step."{ I Corinthians 9:27\If you're not failing a lot,you are probably not being as creative as you could be."{ B. Douglas
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Chapter 1Particles and Interactions1.1 IntroductionA belief exists among physicists that a fundamental simplicity underlies the observeddiversity of the Universe. This belief has guided mankind on a scienti�c journey to seekout, understand, and �nally unify the particles and forces of nature. We now believethat nature contrives an enormous complexity of structure and dynamics from justsix leptons and six quarks (and their antimatter counterparts). Four interactions existbetween these particles: electromagnetism, gravity and the strong and weak forces. Inthe subatomic realm, interactions between particles can produce changes in energy andmomentum, and even transitions between particles; an interaction can also a�ect aparticle in isolation, in a spontaneous decay process.The world we normally experience is composed almost entirely of one lepton, theelectron, and two kinds of quarks, labelled \up" and \down" (or, simply u and d).Quarks can be bound together in groups of three, called baryons, or in groups of two,called mesons; baryons and mesons form a larger class of particles called hadrons. In asimpli�ed picture, the proton consists of two up quarks and a down quark (p = uud),and the neutron consists of two down quarks and an up quark (n = udd).1



2The electron, up, and down quarks have less well known anti-matter counterparts: thepositron (e+), the anti-up quark �u, and the anti-down quark �d. Anti-particles have thesame mass as their corresponding particles, but carry the opposite charge. Anti-particlesmay also be found within hadrons. For example, the positively charged pi-meson (orsimply, pion) consists of an up quark and an anti-down quark (�+ = u �d).In addition to the u and d quarks, two other pairs of quarks exist: strange (s) andcharm (c), and beauty (b) and truth (t). The subject of this thesis is the charged Bmeson, consisting of either an anti-beauty quark and an up quark (B+ = �bu), or abeauty quark and an anti-up quark (B� = b�u).1.2 ParticlesModern relativistic �eld theory succeeded in providing a theoretical framework withinwhich we can describe quantitatively physical phenomenon involving the creation andannihilation of particles. This theory has been greatly successful in predicting a widevariety of scattering and decay processes. Within �eld theory, the �elds are quantizedand particles emerge as quanta of their associated �elds. Particles with half-integralspin (1=2�h, 3=2�h,...) are called fermions, while those with integral-spin (0, 1�h, 2�h,...)are called bosons. Fermions can be divided into two additional categories: leptons andquarks.Leptons naturally fall into three doublets, or families, as shown in Table 1.1. Theelectron is much lighter (me = 0:5110MeV=c2);1 than the muon (m� = 105:7MeV=c2)or tau (m� = 1777:1MeV=c2) [1] [2]. Each of these leptons is associated with a neutralpartner called a neutrino (m� � 0MeV=c2) [3]. Quarks also fall into three families.While the up, down and strange quarks (u, d and s) are known to be very light (a few to1AnMeV is a million eV, the energy an electron, or other singly charged particle, gains in traversing avoltage di�erence of one Volt. Similarly, a GeV is a billion eV. Masses are usually measured in MeV=c2,meaning that if the mass is M , the rest energy is Mc2 MeV.



3a few hundred MeV=c2), the charm, beauty and truth quarks (c, b and t) are heavy, withmc � (1:3�1:5)GeV=c2,mb � (4:7�5:0)GeV=c2, andmt � (160�192)GeV=c2 [4] [17].Using scattering experiments, leptons and quarks are known to be many orders ofmagnitude smaller (10�18 m) than the size of atoms (10�10 m) [5].It is experimentally observed that heavier leptons and quarks decay to lighter onesvia the weak force. While these transitions usually observe family lines, they occasionallycross them. In particular, the beauty quark may decay to the lighter c quark or u quark.The relative rate of such decays provides an opportunity to test and de�ne the currenttheory of particle interactions, the standard model.Table 1.1: Fermions and their Electric Charges.leptons  e�e !  ��� !  ��� ! e0quarks  ud !  cs !  tb ! +23e�13eTable 1.2: Fundamental Interactions of the Standard ModelForce Boson Symbol Charge Spin Mass ( GeV=c2)Strong gluon g 0 1 0Electromagnetic photon  0 1 0Weak W W� �e 1 81Z Z0 0 1 92In this thesis, we ask the question: how often does a charged B meson collapsethrough a mutual annihilation of its constituent quarks and fully materialize into lep-tons? As we discuss in the next chapter, the answer to this question is dependent onthe frequency of b!u transitions.



41.3 InteractionsAccording to the standard model, three fundamental interactions occur between thefermions. These interactions are carried by the bosons listed in Table 1.2. The electro-magnetic interaction is mediated by photons, and may couple to any of the chargedleptons and quarks. The weak interaction is mediated by the very heavy W� andZ0 bosons, and may couple to quarks and leptons of the same or di�erent family offermions. The strong interaction is mediated by massless gluons, and may couple to anytwo quarks.21.3.1 Gauge TheoriesThe dynamics of interacting fermions are de�ned by a Lagrangian density [6]. In thestandard model, each Lagrangian density is generated by requiring local gauge invari-ance. Physically this means that tranformations of the form (~x; t)! eiH(~x;t) (~x; t) (1.1)will not produce physically observable e�ects. The quantity H(~x; t) is referred to as thegauge, and may be any n� n Hermitian matrix.The theory of the electromagnetic interaction, quantum electrodynamics (QED), isconstructed by applying the principle of local gauge invariance to the free Dirac La-grangian. In this case the gauge H is just a real number, and the corresponding operatorU = eiH belongs to the group U(1). To construct a locally invariant Lagrangian, it isnecessary to introduce a vector �eld, A�. This �eld contains the gauge freedom nec-essary to absorb changes in the Lagrangian produced by a local gauge tranformation.The desired symmetry is achieved only if the vector �eld is long-range and massless.2The gravitational interaction, not considered a part of the standard model, is believed to be carriedby gravitons, and may couple to any two particles with mass.



5The resulting QED interaction Lagrangian can be written:LQED = (e � � )A�; (1.2)where e is the electric charge,  are the Dirac matrices related to the spin of the fermions,and the quantity in parentheses is the fermion current. The resulting �eld equations areprecisely those predicted by classical electrodynamics. Here, the fermions are quanta ofthe Dirac �elds, � , and photons are quanta of the electrodynamic �eld, A�.The theory of strong interactions, quantum chromodynamics (QCD), arises from thespecial unitary symmetry SU(3). The procedure for constructing the QCD Lagrangian iscompletely analogous to the procedure used in QED. In this case, however, the gauge His a 3�3 matrix, and the corresponding operator U is a unitary matrix with determinant1. The three dimensions correspond to the three color \charges" of quarks: red, green,and blue. The interaction Lagrangian describing the \color" force between a quark q�of color � and quark q� of color � is given by:LQCD = g3X �q������q�G��; (1.3)where G is the chromoelectric �eld, g3 is the coupling strength, and  and � are theDirac and Gell-Mann matrices related to the spin of the quarks and color of the gluons,respectively. The chromoelectric �eld produces changes in the quark colors, and thecolor di�erence is carried away by the gluons. The gluon involved in the coupling of q�and q� will carry away colors � and �. From three colors, eight independent gluon com-binations can be constructed. Because gluons carry color, they may strongly interactwith each other. There is good evidence that this complicated set of interactions is re-sponsible for quark con�nement, the phenomenon that prevents quarks from existing inisolation [7]. In addition, the dynamics of the chromoelectric �eld are known to producean \antiscreening e�ect" called asymtotic freedom which leads to a progressively weakerforce between quarks as they approach one another (or equivalently, as the momentum



6involved in an interaction increases).The electromagnetic and the weak interactions have been integrated into a singlegauge theory based on a SU(2)L�U(1) symmetry. In the electroweak theory, the inter-action Lagrangian for the �rst family or \generation" of fermion is:LEW = Xf=l;q g1( �f�f)A�+ g2cos �W Xf=l;q h �fL�fL(T 3f � Qf sin2 �W ) + �fR�fR(�Qf sin2 �W )iZ�+ g2p2 h( �uL�dL + ��eL�eL)W+� + (Hermitian Conjugate)i ; (1.4)where f and �f are the �elds of the fermions,A is the �eld of the photon, and Z andW arethe �elds of the two weak gauge bosons; g1 is the electric coupling strength (or electriccharge), g2 is the weak coupling strength, and T 3f is the third component of weak isospinof the interacting fermions. The subscripts L and R denote the chirality, or handedness,of the fermions. For massless fermions, the chirality is equal to the helicity, which ispositive (negative) if the fermion spin is directed toward (away from) its direction ofmotion. The Weinberg or weak mixing angle, �W , is a measure of the relative strength ofthe electromagnetic coupling and weak coupling strength. At energies below 100 GeV,sin2�W � 0:23. In electroweak interactions, the neutral currents involve left- and right-handed fermions, while charge currents involve only left-handed fermions. An importantconsequence of the left-handed charged current is parity violation, the hallmark of theweak interaction.All electoweak processes can be represented by Feynman diagrams. As an example,the coupling of a charged-W boson to a lepton and neutrino is shown in Figure 1.1.3This coupling can occur a number of di�erent ways. In the �rst diagram, a lepton emitsa W and becomes a neutrino; in the second diagram, a W produces a charged lepton3In this thesis, the time coordinate of a Feynman diagram ows horizontally.



7and neutrino; and, in the third diagram, a charged lepton and neutrino annihilate toproduce a W . The photon and Z boson couple to neutral currents in a similar manner.
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(c)Figure 1.1: The basic interactions involving a W boson. (a) A lepton emits a W andbecomes a di�erent lepton. (b) A W produces a charged and a neutral lepton. (c) Acharged lepton and neutral lepton annihilate to produce a W .1.3.2 The Higgs Mechanism and the CKM MatrixThe electroweak theory as described above is known to be awed. The gauge symmetrySU(2)L � U(1) is invariant only if the fermions and bosons are massless. To remedythe situation, it is assumed that the underlying gauge symmetry is spontaneously bro-ken. The symmetry breaking mechanism must not only generate the fermion and bosonmasses, but also lead to a renormalizable theory. In the Weinberg-Salam (WS) model,this is accomplished by introducing a doublet of complex Higgs �elds, expanding theHiggs �elds around an asymmetrical ground state, and demanding local gauge invari-ance.The fermions in the WS model acquire mass through their couplings to the Higgs�eld. The terms representing the fermion-Higgs interaction in the Lagrangian are not



8necessarily diagonal in fermion generations [8]. Since fermion-Higgs interaction must beexpressed in terms mass eigenstates, the weak eigenstates giving currents diagonal ingenerations are not the same as the mass eigenstates. Hence, integenerational mixingbetween fermion can occur.To express the fermion-Higgs interaction in terms of mass eigenstates, the mass ma-trix is diagonalized using a pair of unitary transformations (one for each quark charge)relating the physical and weak quark bases. The product of unitary matrices that ac-complishes this task, and which appears in the charge-current interaction Lagrangian,is known as the mixing matrix. For neutral currents the mass matrix stays diagonal andmixing does not occur [9].The mixing matrix is unitary by construction, and therefore contains n2 parameters.However, an arbitrary choice of phases for the quark �elds can be used to eliminate 2nparameters. An overall phase can be chosen to render one of these operations ine�ective,so we can remove a total of 2n�1 phases. Of the n2�2n+1 parameters, it can be shownthat 12n(n� 1) are real parameters and 12(n� 1)(n� 2) are imaginary parameters [10].For two generations (n = 2), the mixing matrix contains one real parameter: theCabibbo angle, �C. The resulting charge current (CC) part of the Lagrangian is:LCC = W�+(�uL�cL)�0B@ cos�C sin�C�sin�C cos�C 1CA0B@ dLsL 1CA + h:c: (1.5)where all coupling constants are real. The well-known GIM mechanism uses the notionof \Cabibbo-rotated" quark states to explain the suppression of avor-changing neutralcurrents, and justify the existence of the charm quark.For three generations (n = 3), the resulting charge current part of the Lagrangianis:



9LCC = W�+(�uL�cL�tL)�0BBBBB@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CCCCCA0BBBBB@ dLsLbL 1CCCCCA+ h:c: (1.6)The mixing matrix for three generations is referred to as the Cabbibo-Kabayashi-Maskawa (CKM) matrix. Like fermion masses, the CKMmatrix elements are fundamen-tal input parameters, and must be determined experimentally. For three generations,the CKM matrix contains four independent quantities: three real parameters (or an-gles), and one imaginary parameter (a complex phase). The presence of a complex phasein the CKM matrix is believed to be responsible for CP violation in charged-currentinteractions.1.3.3 Measuring the CKM MatrixExperimentally, cross-generational mixing is known to be small. Guided by this ob-servation, a useful expression for the CKM matrix may be obtained by expanding thematrix in the small parameter � = sin�C � 0.22 [11], where �C is the Cabibbo angle.This parameterization was �rst given by Wolfenstein [12], and is written as:V = 0BBBBB@ 1� 12�2 � A�3(�� i�)�� 1� 12�2 A�2A�3(1� �� i�) �A�2 1 1CCCCCA : (1.7)As shown in this parametrization, the diagonal elements Vud, Vcs, Vtb are close to unity(0.97-1.00), and the o�-diagonal elements are much smaller in magnitude. That is,weak interactions nearly respect the quark generations, but not completely. The rela-tive strength of the charged current couplings for leptons and quarks is represented inFigure 1.2. As an example, the rate for the process B ! �`�, which involves a b!utransition, is suppressed by a factor jVubj2 = 9:0�10�6, and is therefore rarely observed.
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(a) (b)Figure 1.2: The possible charged current couplings for (a) leptons and (b) quarks. In(b), the strongest transitions correspond to the boldest lines.Currently, only A and � have been well measured with A � 0:94 � 0:10 and � =0:2196� 0:0023. However, rough estimates of � and � can be obtained by measuringthe b-quark couplings of W-mediated B decays. The Feynman diagrams for severaltypes of B decays is given in Figure 1.3 and Figure 1.4. In this thesis, we will examinethe probability that a B meson decays by the annihilation diagram (Figure 1.4(c)). InChapter 2, we discuss how an observation of this decay would constrain the experimentalvalues of � and �.The Unitarity RelationOne important test of the the standard model is obtained by experimentally verifyingthe unitarity of the CKM matrix. The unitarity condition can be expressed as:VudVub� + VcdVcb� + VtdVtb� = 0 (1.8)In terms of the Wolfenstein parameters, this condition de�nes the \unitarity triangle" inthe complex (�,�) plane (see Figure 1.5). Using the approximation Vud�Vtd�1, the upper
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13the dominance of matter over antimatter in the universe.1.3.4 The Status of the Standard ModelThe standard model has proven to be extremely e�ective in predicting physical phe-nomenon. To date, no signi�cant discrepancies have been found between the standardmodel and experimental observation. However, the standard model is incomplete. Themodel does not account for the pattern of quark and lepton masses or the values of theCKM matrix elements. In all, it contains twenty or more theoretical parameters: thecoupling strengths of the strong, weak, and electromagnetic interactions, the masses ofthe quarks and leptons, the mass of the Higgs boson, and the parameters specifying theinteractions. By the criterion of simplicity set out at the beginning of this chapter, thestandard model is lacking. However, a critical examination of the standard model mayeventually lead to more powerful theories.To test the standard model, and theories beyond the standard model, it is necessaryto study particle interactions at higher and higher energies (> 1 TeV). Of immediateimportance is the need to con�rm the existence of the Higgs boson, and thereby con-�rm the Higgs mechanism as an explanation of spontaneous symmetry breaking in theelectroweak interaction. Currently, the Large Hadron Collider (LHC) being constructedat the European particle physics laboratory (CERN) is designed to do this. In addi-tion, the nature of CP violation must be better understood. The B factories underconstruction at the Stanford Linear Accelerator Center (SLAC), and at the Japaneselaboratory KEK, as well as the upgrade of the Cornell Electron Storage Ring (CESR),may facilitate this understanding.Ultimately, the goal of theoretical and experimental e�orts in elementary particlephysics is to provide a uni�ed understanding of all interactions of nature. Conspicu-ously missing from our discussion is the gravitational interaction. Whether gravity canbe described in a quantum theory and uni�ed with other forces remains another open



14question. Evidence exists at higher energies that the coupling strengths of the grav-itational, electromagnetic, weak, and strong interactions converge at extremely highenergies (1015 GeV). This convergence may indicate a single fundamental symmetryunderlying all interactions. Examples of theories that attempt to specify this symmetryare string theory and supersymmetry; however, these theories have been subjected tolittle experimental scrutiny.



Chapter 2Fully Leptonic DecaysThe measurement of fB and f�B , the leptonic decay constants of the Band B� mesons, represents one of the main goals of the current and futureexperimental investigations in heavy quark physics [16]. P. Colangelo2.1 Theoretical MotivationOne of the primary objectives of current experimental particle physics is to determinethe values of all nine CKM matrix elements. As mentioned in Chapter 1, this objec-tive can be reduced to the measurement of four independent parameters, which in theWolfenstein parameterization are A, �, �, and �. While the values of A and � are well-established, � and � are currently poorly known. To evaluate these parameters currentexperimental e�orts have relied on measurements of the CKM mixing angles Vub andVcb, from inclusive semileptonic B decays, and the B0B0 mixing parameter, xd. Thefunctional dependence of these measurements on � and � is given by:jVubVcb j / (�2 + �2) 12 ; and (2.1)15



16(�M� ) / ((1� �)2 + �2)f2B: (2.2)Unfortunately, the constraint from B0B0 mixing depends on the poorly known quantityfB, the B decay constant, which describes how often two quarks overlap inside a Bmeson. The B decay constant has not been measured; theoretical estimates vary fromnear the pion decay constant of 130 MeV by QCD sum rules [18] to around 370 MeV bylattice QCD calculations in the static quark limit [19]. Given a precision measurementof fB , a solution for � and � is obtained from the interesection of two circles, de�nedby Equations 2.1 and 2.2, in the �� � plane (see Figure 2.1).The only direct experimental means to access fB is through an observation of purelyleptonic decays B ! `�`.1 An alternative, albeit model-dependent, means to access fBis also provided through an observation of the radiative leptonic decays B ! `�` +. We refer to B ! `�` and its radiative partner B ! `�` +  collectively as fullyleptonic B decays. The goal of this thesis is to observe such decays and measure fB. Anunexpectedly large rate for these decays would have major implications for the standardmodel.2.2 B ! ` ��`: The Annihilation DiagramPurely leptonic B-meson decays proceed through the annihilation diagram in completeanalogy to pion decays. The Feynman diagram for this decay is given in Figure 2.2(a).The constituent quarks of the B meson annihilate via the weak interaction to forma virtual W boson. After propagating a short distance, the W produces one of threelepton pairs: e�e, ���, or ��� . The branching fraction for this process is given by:1Throughout this thesis decays of the type B ! `��`X refer to both B� ! `���`X and B+ ! `+�`X,where ` = e; �; or� .
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19Figure 2.3: Helicity States in B ! `�` DecayB(B ! `�`) = G2FmBm2̀8�  1� m2̀m2B!2 f2B jVubj2�B; (2.3)where GF is the Fermi coupling constant, mB and m` are the B-meson and leptonmasses, �B is the charged-B lifetime, and Vub is the CKM mixing angle for b!u transi-tions. The remaining factor is fB , theB-meson decay constant, which for non-relativisticmodels de�nes the light quark wave function at the origin (the location of the b quark).All quantities in this decay rate are well established except for fB and Vub. The factorVub has been measured through a study of inclusive charmless semileptonic decays [20],and is currently known to 25�30%. Hence, the parameter fB can be determined throughan experimental observation of B ! `�` decays.The experimental di�culty in measuring B ! `�` is due primarily to the well-knowne�ect of helicity suppression which lowers its rate. To understand this e�ect, considerthe decay B� ! `�` in the B rest frame (Figure 2.3), where ` = e. Since the B haszero spin, the electron and neutrino must have the same helicity by angular momentumconservation. Since the weak interaction produces exclusively right-handed �es, both theneutrino and electron must have helicity H = +1. However, since electrons producedby weak interaction are preferentially left-handed, the amplitude for this process issuppressed. The dependence of helicity suppression on the lepton mass is given by:Helicity Suppression / 1� �l = 2m2lm2B +m2l ; (2.4)where �l is the velocity of the lepton. The helicity suppression factor for � , � and e is



20approximately 1/5, 1/1000, and 1/50,000,000, respectively. The experimental con�rma-tion of helicity suppression in �� ! `��` decays [21] is one of the great achievementsof the standard model. The estimated branching fractions for purely leptonic B decaysare: B(B� ! ���� ) = 5:5� 10�5; (2.5)B(B� ! ����) = 2:5� 10�7; and (2.6)B(B� ! e��e) = 5:8� 10�12; (2.7)(2.8)where we use �B = 1.6 ps, fB = 190MeV, and Vub = 0:003, as reasonable values forthese parameters [22] [23] [24].According to CPT invariance, we expect the branching fractions for B� ! `��` andB+ ! `+�` to be identical. The relatively large B ! ��� decay rate suggests that it isthe least di�cult channel to study experimentally. However, other experimental factorsrelated to decay dynamics make searches for B ! ��� and B ! ��� comparable indi�culty. A detailed explanation of these factors is given in Chapters 5 and 6.2.3 B ! ` ��`: The Structure-Dependent DiagramRadiative e�ects in purely leptonic decays should also be investigated. According tothe Burdman, Goldman, and Wyler (BGW) model [25], there are two contributionsto B ! `�`: the Internal Bremsstrahlung (IB) diagram and the Structure Dependent(SD) diagram. The Feynman diagram for these processes is given in Figure 2.2(b-d). Inthe IB diagram, a photon is emitted in either the initial or �nal state. The amplitudefor this process is suppressed by both the electromagnetic coupling constant, and thehelicity suppression factor.



21In the SD diagram, an initial-state photon is produced in the transition of a spin-0 B meson to a spin-1 o�-shell vector or axial-vector B meson. Because the heavyintermediate state has spin-1, helicity suppression can be avoided. Hence, the SD processis suppressed only by the electromagnetic coupling.The decay rate depends on the electromagnetic coupling constant, the mass of theintermediate B meson, and the decay constant of the intermediate B meson. These val-ues are expected to di�er for transitions involving vector mesons (B�s) and axial-vectormesons (B0s). In the context of Heavy Quark Symmetry (HQS) [25], the axial vectormeson has an orbital angular momentum L=1 and belongs to two separate spin dou-blets. These states are labelled j=1/2 and j=3/2, the total angular momentum carriedby the light degrees of freedom. The mass di�erences between the excited B mesonand the ground-state B meson (��, �0j) are measured directly in the B system [27],and the coupling constants (��, �0j) are estimated from a combination of charm-systemmeasurements and theory [28]. Therefore, to a �rst approximation, the only uncertainparameters are the decay constants (f�B, f 0Bj).HQS cannot relate the decay constants of heavy mesons belonging to di�erent spindoublets [29]; hence, it is useful to de�ne the relative strength of the axial-vector processand vector process as: j � �0jf 0Bj��f�B : (2.9)In terms of j , the relative branching fraction of the SD and annihilation diagram is:RB̀ = B(B ! ` ��`)B(B ! ` ��`) (2.10)= 16����2m2B �mBm` �2 Z 10 dxx3(1� x)8>><>>: 1(x+ 2��mB )2 + 0BB@Xi ix+ 2�0jmB 1CCA29>>=>>; ;(2.11)



22where �� is the vector coupling to the photon, �� is the vector B-mass di�erence, �0jis the axial-vector B-mass di�erence, and j is the relative strength of the axial-vectorprocess.Unfortunately, there are no conclusive experimental indications from other hadronicsystems of the relative strength of the axial-vector process, j . We might expect j to besmall because, according to non-relativistic models, f 0Bj is zero.2 However, relativistice�ects can be important and modify these predictions drastically. If j is small, anobservation of B ! `�` would determine f�B . Knowledge of f�B , together with HQSrelation f�B = mBfB (in units of GeV2) [30], provides an alternative means to determinefB.Due to the absence of helicity suppression, the decay rate for B ! `�` is expectedto be comparable or even larger than B ! `�` decays. This is substantiated by bothHQS arguments [31], and Lattice QCD calculations [32]. In addition, to the �rst orderin (m`=mB)2, the decay rate is independent of the lepton species. Assuming a value forthe vector meson decay constant, f�B = 1:0 GeV2, the measured value for the B lifetime,�B = 1:6 ps, and a reasonable estimate of the b!u coupling constant, Vub = 0:003 [24],the expected range for the B ! `�` decay rate is:1:0� 10�6 < B(B ! `�) < 4:0� 10�6 : (2.12)The uncertaintly in this rate is dominated by ��, which varies from 1.4 GeV�1 to 2.8GeV�1 [33]. The upper limit in Equation 2.12 implies:B(B ! e�e)� B(B ! e�e); (2.13)B(B ! ���) � 16� B(B ! ���); and (2.14)2For an orbitally excited state, the wave function of the light quark vanishes at the origin due tothe presence of a centrifugal barrier.



23B(B ! ���)� B(B ! ��� ): (2.15)Because the rate for B ! ��� is a small correction to B ! ��� , a decay that is alreadydi�cult to detect due to multiple neutrinos in the �nal state (see Chapter 6), we searchfor B ! `�` decays in the channels B ! e�e and B ! ���. A complete descriptionof these analyses is given in Chapter 7.



Chapter 3The Experiment Apparatus:CESR and CLEOThe data used in this thesis were obtained using the Cornell Electron Storage Ring(CESR), and the CLEO II detector. This chapter describes the production of B mesonsusing the CESR facility, and the detection of B-meson decays using the CLEO IIdetector.3.1 CESRCESR is a high energy electron-positron collider located approximately 50 feet beneaththe campus of Cornell University in Ithaca, New York. The entire facility is approx-imately 1/2 mile in circumference, and consists of three main parts: (1) the linearaccelerator, (2) the inner synchrotron ring, and (3) the outer storage ring (see Fig-ure 3.1). 24



253.1.1 Beam ProductionThe acceleration and production of electrons and positrons begins in the linear acceler-ator, or linac. Electrons are produced by a hot-cathode electron gun near the beginningof the linac, and accelerated by a continuous line of small radio frequency (RF) cav-ities to approximately 150 MeV. In a separate procedure, positrons are produced bydirecting the electron beam into a thin tungsten target located half way down thelinac. Through the process of bremsstrahlung (or radiation loss) and pair production,a shower of low energy electrons and positrons are produced. The positrons are thenfocused, and accelerated down the remainder of the linac.Both the electrons and positrons are injected into the inner synchrotron ring.1 Thesynchrotron accelerates the electrons and positrons in circular orbits to approximately5 GeV using an additional set of RF cavities. At an energy of 5 GeV, electrons andpositrons travel at 99.9999995% the speed of light.A periodic arrangement of dipole and quadrupole magnets in the synchrotron isused to keep the particles in stable orbits and con�ne them into several ribbon-shapedbunches. Each bunch contains approximately 2�1011 particles in a volume with dimen-sions: width = 0.6 mm, height = 0.011 mm, and length = 17 mm [34]. The electron andpositron bunches rotate in opposite directions. After the particles have been su�cientlyaccelerated, they are transferred to the outer storage ring.The outer storage ring functions in the same way as the synchrotron, except that theRF cavities are used to restore energy lost due to synchrotron radiation.2 Under typicalrunning conditions, the electrons and positrons are grouped into 7 bunches each. Thebunches orbit at 390 kHz and have an energy spread of approximately 0.06%. As the1In practice, the positrons are injected �rst, and the electrons second.2Energy loss due to synchrotron radiation (approximately 0.5 MeV per orbit) appears in the formof very intense and well-focussed x-rays. A parasitic facility called CHESS (Cornell High Enrgy Syn-chrotron Source) allows chemists, biologists, and other scientists to exploit this phenomenon [35].



26

CLEO II

SYNCHROTRON

CESR

EAST
TRANSFER

LINE

WEST
TRANSFER

LINE

LINAC

e+

e-

Positron Bunch - Clockwise

Electron Bunch - Counter ClockwiseFigure 3.1: A schematic diagram of the main components of the CESR facility as viewedfrom above.



27bunches orbit the ring, they are forced into oscillations about the center of the beampipe. In this con�guration, the bunches interact at only one point located at the centerof the CLEO II detector. This point is called the interaction region.3.1.2 Luminosity MeasurementThe rate of collisions between bunches in the interaction region is given by:L = nf N(e+)N(e�)A(e+e�) ; (3.1)where N � 1011 is the number of particles in a bunch, A(e+e�) � 5� 10�4 cm2 is thee�ective area of the beams, and f � 400 kHz is the orbital frequency. The number ofbunches n was 7 for most of the data. Typical peak luminosity at CESR during thisperiod of operation was L = (1 � 3) � 1032 cm�2s�1. The cross section for a givenscattering process is then given by: � � NR Ldt ; (3.2)where the numerator, N, is the total number of scattering events, and the denominatoris the total integrated luminosity.3.1.3 �(4S)-Resonance ProductionWhen an electron-positron collision occurs, the electron and positron may simply scattero� one another, or annihilate into a virtual photon which may materialize as a particle-antiparticle pair. The result of each collision is called an event. The �rst-order decaydiagram for the annihilation process is shown in Figure 3.2. If the total electron-positroncollision energy is equal to the mass of a meson (carrying the same quantum numbersas the photon), the cross section for this process is enhanced. An enhancement in thecross section is called a resonance.
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Figure 3.2: e+e� annihilation, and all possible �nal state particles.Four such resonances are observed in the hadronic cross section near 10 GeV (seeFigure 3.3).3 These resonances are labelled �(1S), �(2S), �(3S), and �(4S), and cor-respond to the ground state and excited states of a b�b system, respectively [36]. Thenatural width of the �rst three resonances (� 40 KeV) is dominated by the beam-energy resolution (� 6 MeV). In contrast, the natural width of the fourth resonance(14 MeV) is comparable to the beam-energy width. The relative narrowness of the �rstthree resonances and the fourth resonance is ascribed to the so-called Zweig (or OZI)rule where decays of b�b mesons are suppressed by unconnected lines in the quark owdiagram [37].As can be seen from Figure 3.3, the four resonances sit on top of a nearly atbackground. This background can be divided into three main parts: (1) qq pairs, whereq = d; u; s; orc, (2) �+��, �+��, plus higher order QED processes, and (3) two-photoncollisions. Two-photon collisions occur when the electron and positron each radiate avirtual photon; the photons may then interact, producing a large amount of hadronic3The event selection criteria used to select hadronic events are given in Section 5.2.3.



29energy [38]. The total hadronic background is referred to as the \continuum".The data used in this thesis were collected at the �(4S) resonance at the center ofmass energy ps = 10:58 GeV. This data sample is referred to as the \on-resonancesample". Unlike the lower energy upsilon resonances, b quarks at the �(4S) are onlyloosely bound and may move away from each other; as they separate, the strong forcebetween the quark results in the creation of a light quark-antiquark pair (u�u or d �d).The quarks group together to form a pseudoscalar B meson and anti-B-meson (seeFigure 3.4). Each B meson has a mass 5.28 GeV and is produced nearly at rest (� =0:06). The �(4S) is believed to decay only to BB, making it possible to obtain a verywell-understood sample of B mesons.Data are also collected below the �(4S) resonance at ps = 10:52GeV. This samplecontains only continuum processes (see Figure 3.2). Since this sample cannot contain Bdecays, it is used to estimate the continuum contribution to the �(4S) resonance. Theon- and o�-resonance samples are described in more detail in Section 5.2.2.3.1.4 Beam DecayAs electrons and positrons interact and produce interesting physics, the beams them-selves begin to die out. Particles may, for example, collide with residual gas, an e�ectsigni�cantly reduced by maintaining a high vacuum (10�8 torr) in the storage ring [40].Particles may also drift out of orbit and collide with the beam-pipe walls, or becomelost in a collisions at the interaction region. Such e�ects limit the storage time of thebeams to approximately two hours. The beams are rejuvenated approximately once perhour.



30

9.44 9.46

e+e- Center-of-Mass Energy (GeV)

0

5

10

15

20

25

σ 
(e

+
e-  →

 H
ad

ro
ns

)(
nb

)

Υ(1S)
10.00 10.02

0

5

10

15

20

25

Υ(2S)
10.34 10.37

0

5

10

15

20

25

Υ(3S)
10.54 10.58 10.62

0

5

10

15

20

25

Υ(4S)Figure 3.3: The hadronic cross section of e+e� annihilations in the � energy region.



31
e−

e+

b

-b

-u,-d

u,d
}B+, B0

}B−, -B0

ϒ(4S)γ

Figure 3.4: Production of B mesons in e+e� collisions.3.2 The CLEO II DetectorThe CLEO II detector is positioned at the interaction region of CESR. The purpose ofCLEO II is to simulataneously measure the trajectory, momentum, energy, and iden-tity of each particle in an event. To detect particles that emerge in any direction, theinteraction point is surrounded by detector components. Consequently, CLEO II is avery large apparatus, occupying a space six meters long, eight meters wide and ninemeter high, and weighing 1.5 million kilograms [41].3.2.1 B-Decay MeasurementsOnce a BB pair is produced by CESR, each B decays via the weak interaction (within afew pico seconds), producing a spherical spray of charge and neutral particles through-out the CLEO II detector. Among the particles that are detectable are: e�, ��, ��,K�, p and �p, and the neutral particle . Other particles that decay too quickly tobe directly observed, but that can be inferred from their decay products, include thecharmed mesons (D�,D0, �D0,D�s ), the �� lepton, and many other mesons and baryons(��c , J= , �0, K0s , ��, �, �, etc.). For example, the decay �0 !  is recognized by



32comparing the invariant mass of a detected pair of photons with the known �0 mass.Other particles are either too di�cult (n and K0L) or impossible (�e, ��, �� ) to detectwith CLEO II.Ideally, enough measurements can be performed to either partially or fully recon-struct a B meson. The �rst evidence for the existence of the B meson came from thepartial reconstruction of \semileptonic" decays. These decays occur when a B decaysinto a muon or an electron, together with a neutrino and one or more hadrons. Sincethe leptons are produced singly and not in oppositely charged pairs, backgrounds fromQED processes can be ruled out. Moreover, the observed lepton momenta were con-sistent with coming from a heavy B meson, and not from a lighter charged or strangemeson. Similar measurements have since been performed for many common (B ! D��,B ! J= K, etc.) and rare (B ! K��+, B ! �+��, B ! K�, etc.) B-decay pro-cesses. The current CLEO II dataset includes a large sample of both partially and fullyreconstructed B mesons [42].3.2.2 Detector OverviewThe CLEO II detector is described in cartesian and cylindrical coordinates. The zaxis extends in the beam direction, the y axis in the up direction, and x axis in theinward-radial direction. The x-y or r-� plane is perpendicular to the beam line.At the core of the CLEO detector (see Figure 3.5 and Figure 3.6) is a superconduct-ing solonoid magnet, approximately 1.5 meters in radius and 3.5 meters long. Inside themagnet is a cylindrical drift chamber which detects tracks of charged particles emerg-ing from the interaction region. As many as 67 separate measurements are made todetermine the complete trajectory of each charged track. The curvature of each trackwithin a nearly uniform 1.5 Tesla magnet �eld is used to determine the track momen-tum. These chambers also provide measurement of the energy loss over the length ofeach track. Measurements of energy loss provide the velocity of a track, and may be



33combined with the track momentum to determine the mass or identity of each track.Just beyond the tracking chambers is a system of plastic scintillation, or time-of-ight(TOF), counters. As particles cross the TOF counters they produce ashes of light.The light is collected and detected by photo-multiplier tubes and used to determinethe arrival time of each track. This information can be combined with known beamcrossing time to determine the velocity of each particle. As mentioned before, velocityinformation is used for particle identi�cation.Charged and neutral particles passing through the TOF counters enter the CsI crys-tal calorimenter. Here, photons and electrons deposit all their energy in the form ofelectromagnetic showers. Other particles such as muons and hadrons often deposit verylittle energy and pass into the muon iron. The energy of each electromagnetic shower isdetermined from the light collected by the crystals. For photons, the size and locationof the shower translates directly into the energy and direction information (providedthat the photon originates from the interaction point). For charged particles, the sizeof shower can be combined with the momentum of the corresponding track to identifyelectrons.Outside the coil of the solonoid magnet is a thick set of iron muon chambers. Mosthadrons are �ltered away when they interact via the strong interaction with the iron.To a good approximation, the only particles that reach the muon counters, and createhits in the muon chambers, are muons.Below, each CLEO II detector component is described in detail, beginning from thecentral region of the detector and moving outward. A more complete description of theCLEO II detector can be found in Reference [43].3.2.3 The Beam PipeThe interface between the CESR vacuum and CLEO II is a beryllium pipe. The pipe is500 �m thick, 33 cm long, and 7 cm in diameter. The inner face of the pipe has a 20-�m
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36layer of silver and a 1-�m layer of nickel. These layers prevent synchrotron radiationfrom entering CLEO II. The pipe covers a solid angle of 99% of 4�, constitutes 0.44%of a radiation length to normally-incident particles.4 Particles emerging in the directionof the beam line, typically strike either the support structure of the tracking chambersor the magnets within CESR.3.2.4 The Central DetectorThe central detector consists of three concentric drift chambers: the precision tracker(PT), the vertex detector (VD), and the central drift chamber (DR). Each trackingchamber contains a di�erent array of anode wires that run parallel to the beam pipe.The anode wires are surrounded by cathodes which are used to shape the electric�elds (the location and type of cathode used varies from chamber to chamber). Thecathodes de�ne a \drift cell" at each anode. As charged particles spiral outward underthe inuence of the magnetic �eld, they interact with a gas in each chamber. Theseinteractions produce ion pairs (positive ions and electrons). While the electrons drifttoward the nearest high voltage anode wire, the positive ions drift more slowly awayfrom the wire. The paths of the electrons are inuenced by the detailed features of themagnetic and electric �elds around the wire. Contours of equal drift time are called\isochrones", and may be di�erent from cell to cell. As the electrons near to the anodewire they accelerate dramatically and produce additional ions. This process results in achain reaction, or cascade, which produces an electronic signal at the anode. The risingedge of this signal can be used to determine the drift time of the electron. The electrondrift time, together with a knowledge of the isochrones, can be used to determine thedistance of closest approach of the charged particle to the anode. A series of suchmeasurements can be used to determine the trajectory of the particle.4One radiation length is the thickness of a material necessary to reduce the average energy ofa beam of electrons (excluding electrons produced in showers) by a factor 1=e = 1=2:718 throughbremsstrahlung [44].



37Drift chambers may also be used for particle identi�cation. This can be accomplishedby operating the drift chamber in proportional mode. In this mode, the magnitude ofthe electronic pulse is proportional to the total number of primary electron-ion pairswhich is related to the ionization loss of the charged particle.The Precision Tracking Layer (PT)The precision tracking layer (PT) is the innermost detector component of CLEOII (see Figure 3.7). The objective of the PT is to measure the central vertex of eachcharged track as precisely as possible. The PT uses a six-layer straw tube drift chamber.The tubes are mounted around the beam pipe in a hexagonal packing arrangement.Each tube is 50 cm long, 2.5-3.5 mm in diameter (depending on the distance from theinteraction region), and is composed of a piece of aluminized mylar. While each tubeserves as a cathode, a wire drawn down the center of each tube serves as an anode. Thegas uses in the PT depends on the dataset. The �rst half of the dataset uses a 50:50mixture of argon and ethane (at atmospheric pressure), and second half of the datasetused Dimethyl Ether (DME). The active region of the PT covers a radial distance of4.5-7.5 cm. The entire structure is covered by an additional layer of mylar and is heldtogether by a layer of epoxy.The r-� resolution of the wires is �100 �m (argon-ethane) or �60 �m (DME), whenaveraged over the entire tracking volume (the PT cannot make measurements in the zdirection). The e�ciency for detecting a track at an anode wire is 85% (argon-ethane)when averaged over an entire cell. The PT presents a total of 0.28% radiation lengthsto normally-incident particles.The Vertex Detector (VD)The vertex detector (VD) extends from 8.0 to 16.6 cm in the radial direction, andfrom -35.0 to 35.0 cm in the z direction. The VD contains 10 layers of very closely spacedanode wires, 5 layers of 64 wires and 5 layers of 96 wires. The cathodes are provided
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Figure 3.7: An end view of the inner tracking chambers showing the pattern of wiresand their radii.



39by a series of �eld-shaping wires arranged hexagonally about each anode, or sense wire.This hexagonal structure provides nearly circular isochrones which simplify trackingmeasurements. The anode wires are made from a high resistance nickel-chromium wire.This allows the measurement of charge ratio (charge division) at the two ends of thewire, which can be used to determine the z position of the track. Charge divisiontechniques were used for approximately 90% of the data used in this thesis. As for thePT, the VD uses a 50:50 argon and ethane gas mixture, but at higher pressure (20 psi)to reduce the e�ect of di�usion on the spatial resolution [45].The performance of the VD is further enhanced by a set of cathode strips on theinner and outer walls of the VD. The cathode strips are made of carbon �lament tubeslined with aluminum-coated mylar. The mylar is 75 �m thick, and the aluminum coatis 8 �m thick. Each tube serves as a cathode. The cathodes are segmented into 8 stripsin the �-direction and 64(96) strips in z direction along the inner(outer) walls. Whena charged particle interacts with the gas near the inner or outer walls, positive ionsinduce an image charge on the cathodes. This provides additional information for �and z-position measurements.The VD has an average r-� resolution of 150 �m. The z resolution is � 1.2 cm usingcharge division, and 750 �m using the cathode strips. The e�ciency for registering ahit in a cathode strip is about 83(78)% for the inner(outer) layer.The Central Drift Chamber (DR)The central drift chamber (DR) provides the most tracking information of the track-ing chambers. The DR extends from 17.8 to 94.7 cm in the radial direction, and from-94.5 to 94.5 cm in the z direction. The DR contains 12,240 sense wires and 36,240 �eldwires, which are arranged into square drift cells. Two large 1.25 inch thick aluminumplates support the wires at each end. As in the VD, the inner and outer walls of theDR are lined with cathode strips. The outer shell of the DR is made from a plastichoneycomb sandwiched between 1/32-inch thick layers of aluminum, which provides



40support for the end plates. The inner shell is lined with a thin layer of graphite epoxyto prevent gas leakage.As shown in Figure 3.8, there are 51 concentric layers of sense wires. The numberof sense wires per layer increases from 96 in the inner layer to 384 in the outer layer,providing a constant cell size (15 mm by 15 mm) throughout the drift chamber. Eachsquare cell consists of a gold-plated 20 �m tungsten sense wire, and 8 surrounding �eldwires [46]. The �eld wires are made of aluminum in the �rst forty layers, to reducemultiple scattering, and copper-beryllium in the remaining layers. The small size of theanode wires is chosen to increase the gas ampli�cation factor (if the wire is too small,frequent wire breakage occurs). The sense wires are used to measure both the drift timeand ionization energy loss of each passing particle.Every fourth layer contains stereo wires. Stereo wires are tipped with respect to thez-axis to provide z-position information. The angle the stereo wires make with the z-axis ranges from 3.8� to 6.9�. The sense and �eld wires between each stereo layer forman \axial layer". Wires within an axial layer line up radially, and wires in adjacent axiallayers are staggered by a half-cell in the azimuth. Staggering each sucessive axial layerhelps resolve ambiguities associated with the relative position of the track and anodewire in the preceding axial layer.Both the inner and outer cathodes are made of aluminum-coated mylar sheets. Theinner cathode is segmented into 96 sections in the z direction, and 16 sections in the� direction. The outer cathode is segmented into 192 sections in the z direction, and 8sections in the � direction.The DR has an average r-� resolution of 150 �m. The z resolution in each stereolayer varies from 3-6 mm (assuming at least 3 of the 12 possible stereo layers is hit). Thez resolution provided by the inner cathode strips is 1 mm, with a solid angle coverageof 92% of 4�. The z resolution provided by the outer cathode strips is 600 �m, with asolid angle coverage of 71% of 4�.
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423.2.5 The Time-of-Flight Detector (TOF)Just beyond the tracking chambers is a system of plastic scintillation, or time-of-ight(TOF), counters. Each plastic counter is doped with organic molecules. Particles thatenter the counters excite organic molecules in the plastic. As the molecules return toground state, they release ultraviolet light. This process is called scintillation. The ul-traviolet light is then converted to blue light by embedded dye molecules. The resultinglight reects internally down the length of the scintillator into a plastic light pipe lead-ing to a photomultiplier tube. Information collected with the phototubes are used todetermine the arrival time of each particle.The TOF system has two primary functions. First, the TOF system is used forparticle identi�cation. As described in the detector overview, the arrival time of eachtrack can be combined with the measured track momentum to determine the mass, oridentity, of the particle. Second, the TOF system is used by the CLEO II trigger system(see Section 3.2.9). The fast response time of the TOF system is used to recognize theoccurence of an interesting events at each bunch crossing.The TOF system is composed of two parts: the barrel and the endcap. The bar-rel TOF system contains 64 strips of 5-cm thick Bicron BC-408 scintillator. Mountedto the end of each scintillator is an ultraviolet-transparent light guide made of luciteand an Amperex XP2020 photomultiplier tube. The phototubes operate in a low-�eldenvironment beyond the return ux of the magnet.The endcap TOF system contains 28 counters. The endcap counters are made from5-cm thick trapezoidal-shaped scintillators. The counters are 58-cm long and are readout at the narrow end. Design di�culties in the endcap light guides made it necessaryto position the phototubes inside the magnetic �eld. Hamamatsu R2580 phototubes areused which are insensitive to axial magnetic �elds, though their gain is much lower.The time resolution of the barrel TOF system is approximately 160 picoseconds per



43Table 3.1: The cumulative material in the inner portions of the CLEO II detector at� = 90� measured in radiation lengths.Region Cumulative Material(in radiation lengths)Layer 1 of the PT 0.46%Layer 1 of the VD 1.38%Layer 1 of the DR 2.5%Outside the DR outer shell 6.0%Outside the TF 16.5%The front of the CC 18%tube, average over all particle types. The time resolution of the endcap TOF is approx-imately 200 picoseconds for Bhabha electrons.5 The combined solid angle coverage ofthe barrel and endcap TOF counter is 97% of 4�.3.2.6 The Electromagnetic Calorimeter (CC)The CLEO II electromagnetic crystal calorimeter (CC) is system of 7800 thallium-doped cesium iodide crystal blocks located outside the TOF counters. Like the TOFsystem, the CC has both barrel and endcap detectors. The amount of material eachparticle must traverse before reaching the CC is given in Table 3.1. Charged particlesand photons that enter the CC deposit energy into the crystals. The release of energyacross many crystals is called a shower. The calorimeter is built of a high-Z material tocontain showers with a small volume. The shower light is collected by photodiodes atthe back of the crystals and used to determine the energy and location of each shower.High energy electrons interact with the calorimeter in a very dramatic way. As theypass into the CC, they immediately scatter against heavy nuclei in the crystals andrelease energy in the form of radiation, a process known as bremsstrahlung (or radiation5For comparison, light travels 6 cm in 200 picoseconds.



44loss). The photons emitted in bremmstrahlung may then interact with additional nucleiand produce electron-positron pairs. These pairs may also bremsstrahlung. The ensuingchain reaction, or cascade, continues until the average electron energy is so small thatother processes such as ionization loss begin to dominate. In the end, almost all theincident electron energy is deposited in the calorimeter.6 The result is the productionof an electromagnetic shower in the calorimeter. Likewise, high energy photons alsodeposit their incident energy as electromagnetic showers in the CC. In this case, thecascade is initiated by pair production.Other particles, such as muons and pions, rarely produce cascade showers, since thecross section for bremmstrahlung is suppressed for heavy particles. Typically, muonsand hadrons lose energy through ionization, a process dependent only on the particlevelocity. Occasionally, charged and neutral hadrons interact by the strong force withthe crystal nuclei and produce larger, more di�use showers. The use of CC to detectand measure hadrons is discussed in Sections 4.3 and 4.4.4.The barrel calorimeter contains 6144 crystal blocks, each approximately 30 cm longand 25 cm2 in cross section, which are arranged in a center-pointing geometry.7 Thecrystals are divided into 128 sections in the �-direction, and 48 crystals in the z direc-tion. Likewise, the endcap contains 828 rectangular crystals stacked in a large ring. Allcrystals are held �rmly in place by an aluminum \egg-crate".Each crystal presents 16 radiation lengths to electrons and photons, preventingshower leakage out the back of the crystals. The crystals are wrapped in 0.12 mmthick white teon for large reectivity and wrapped in 0.01 mm thick aluminized mylarto create a light seal between adjacent crystals. Four Hamamatsu S1723-06 photodiodesare mounted on 6-mm thick UVT lucite wafers at the back of each crystal. Each crystal6This fact is exploited to identify electrons (see Section 4.4.3).7Actually, the crystals in the barrel CC are only approximately center-pointing to prevent photonsfrom slipping through cracks between the crystals.



45Table 3.2: The energy resolution of the CsI calorimeter in response to 5 GeV/c Bhabhaelectrons, and the angular limits of di�erent regions of the calorimeter (1996). The e�ectof radiation in the sample events is not subtracted.Region Angular Region Solid Angle (% of 4�) Resolution (%)yGood Barrel (GB) 45� - 135� 70.7 1.3Bad Barrel (BB) 37� - 45� 9.2 2.7Overlap (OB) 30� - 37� 6.7 7.6Good Endcap (GE) 25� - 30� 4.0 3.2Bad Endcap (BE) 18� - 25� 4.5 5.3y The energy resolution is de�ned by �E=E, where �E = FWHM=2:35 [68].can function properly with only one diode. Given the diode failure rate of 40 per year,it will take approximately 75 years before one crystal loses all four diodes.The energy resolution of the calorimeter is strongly dependent on the detector region(see Table 3.2). The energy resolution of the \bad barrel" region is impaired by the DRendplate (3-cm thick aluminum), voltage cables, pre-amps, and a copper cooling plate(3-mm copper). The energy resolution of the \overlap" region (i.e. the region wherethe barrel and endcap crystals overlap) is degraded by the endcap support structure,and a smaller crystal radiation length. The endcap resolution is degraded by the driftchamber endplate and electronics, and by shower leakage out the edges of the bottomcrystals. Criteria for reading out CC electronics and combining crystal hits into showersare described in Sections 3.2.9 and 4.3.1.3.2.7 The Superconducting MagnetThe tracking chambers, TOF system, and CC are surrounded by a superconductingcoil which provides a uniform 1.5 Tesla magnetic �eld in the z direction. The Lorentzforce produced by the magnetic �eld bends each charged particle into a curved path, orhelix. The radius of the helix is used to determine the momentum of the charged track(see Section 4.2).



46The coil consists of two layers, each with 650 turns of cable. The cable is made of ahigh purity aluminum stabilizer, which contains a niobium-titantium-copper wire. Theinner diameter and length of the coil is 2.9 m and 3.5 m, respectively. The magneticux return is facilitated by a 800,000-kg steel yoke that is also used by the muonidenti�cation system. The magnet is cooled with liquid-helium stored in a reservoirabove the detector.The uniformity of the magnetic �eld is measured using a Hall probe, and is shown inFigure 3.9. Variations in the �eld strength are monitored continuously by an an NMRprobe and are stable to 1 Gauss.3.2.8 The Muon Identi�cation System (MU)The outermost detector component of CLEO II is the muon identi�cation system (MU).The MU system also consists of a barrel and endcap detector. The barrel detector isdivided into 8 octants, each containing three thin \superlayers" of proportional countersinterleaved with 30 cm thick iron slabs. The endcap calorimeter contains one thinsuperlayer. Muons can penetrate much deeper into the iron than other particles sincethey are both heavy and immune to strong interactions. For this reason, the MU systemis often called a \muon �lter".A superlayer consists of three layers of plastic proportional counters, operating at2,500 V, within a 50:50 argon-ethane mixture (see Figure 3.10). The redundancy oflayers insures the MU system against malfunctions. Each counter is about 5 m long,and 8.3 cm wide, and is divided into eight 0.9 cm by 0.9 cm rectangular drift cells.The sides of each cell are coated with graphite and serve as a cathode; a silver-platedCu-Be wire strung down the center of each cell serves as an anode. The eight anodes areconnected together, each separated by a 100-
 resistor, giving a spatial resolution of2.4 cm. This resolution is better than the spatial uncertainty for multiple scattering forhigh-momentum muons, the particles of interest in our experiment. Wires belonging to
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Figure 3.9: A plot showing the z component of the CLEO II magnetic �eld as a functionof z position at 3 di�erent radii. The triangles, circles, and squares show the �eld atradii of 0.6 cm, 19.4 cm, and 69.4 cm, respectively.



48Table 3.3: The solid angle coverage of the various barrel muon counters and their e�-ciency for detecting 5 GeV/c muons.Muon Layer Solid Angle (%) E�ciency (%)Return 0:85� 4� 0:99� 0:01Inner 0:82� 4� 0:98� 0:01Outer 0:79� 4� 0:90� 0:02counters in di�erent layers are staggered to reduce geometrical tracking ine�ciencies.Copper cathode strips outside the cell run perpendicular to the wires and provide az-position resolution of 5.3 cm.The solid angle coverage and hit e�ciency for 5 GeV barrel muons is given in Ta-ble 3.3. The solid angle coverage is limited by the protruding light guides of the TOFsystem. Barrel muons must have at least 0.8 GeV/c to reach the �rst superlayer.3.2.9 The Trigger SystemThe CLEO II trigger system uses the fastest components of the CLEO II detector todetermine if a given event is worth keeping. Since the CESR bunch-crossing frequencyis approximately 2.8 MHz, and the actual rate of interesting collisions is about 10 Hz,the trigger system lifts an enormous burden o� of the CLEO II data aquisition system.Even with this system, approximately 2 gigabytes of data are written to tape per day.The trigger system contains three triggers: L0, L1, and L2. Each trigger containsseparate trigger lines that correspond to di�erent combinations of detector data usedfor event-selection. A trigger line \�res" when the input indicates the occurence of aninteresting event. When this occurs, additional data are prepared for analysis by thenext trigger. Each trigger corresponds to a successively tighter set of event-selectioncriteria. The main requirements to pass all three triggers is that energy is deposited inthe TOF system and CC, and more than one track is found in the DR.
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Figure 3.10: Cross section of a muon super layer. (Courtesy of Je� Nelson of the CLEOCollaboration.)



50The L0 trigger uses information from the TOF system, the VD and the CC. Whenthe L0 trigger �res, sample-and-hold circuits are used to \freeze" the data until theevent either fails the L1 or L2 requirements, or the system has been read out. Since theL0 trigger must make a decision each time the bunches cross, this trigger must use onlythe fastest parts of the detector. The TOF is the fastest of these devices. The signalsfrom the TOF phototubes register in only 55 ns. The L0 trigger rate is approximately10 kHz.The L1 trigger uses information from the TOF system, VD, CC, and DR. Preparingdata for L1 takes approximately 1.5 �s. This introduces a dead time of 2% (whichmust be used to correct the estimated integrated luminosity). If the L1 trigger �res,additional data are prepared for the L2 trigger; if not, the detector is reset for the L0trigger. The L1 trigger rate is 25 to 50 Hz.The L2 trigger uses information from both the VD and DR. Preparing data for theL2 trigger takes approximately 50.0 �s. The L2 trigger rate varies from 10 to 20 Hzdepending on the CESR running conditions. If a L2 trigger occurs, the CLEO II dataacquistion system writes out all (or nearly all) detector data to disk. The overall triggere�ciency for BB events is 99.8%.3.2.10 The Data Acquisition SystemThe purpose of the CLEO II data acquistion system [47] is to digitize the analog datafrom each detector element, in parallel, and write this information to disk. This canresult in an enormous amount of data, since hundreds or even thousands of detector el-ements are used in each event. Using four Motorola 68040 microprocessors, the detectordata are read into a temporary memory bu�er in an average of 2 ms.Fortunately, most events generated in e+e� collisions involve only a small numberof particles, and therefore a small number of detector elements. To reduce the amountof unnecessary information, the detector signals are required to satisfy certain criteria



51to be considered further (e.g. the energy of a crystal in the CC must contain at least 2MeV of energy). This sparci�cation process takes an additional 13 ms. The sparci�eddata are stored in another set of memory bu�ers, and built into a complete event. Whenthe entire procedure is complete, the data are saved onto disk.Data on disk is then analyzed with a software �lter called Level 3 (L3). This �l-ter was added to accommodate improvements in CESR luminosity, and allow loosertrigger requirements for the study of rare and exotic B decays. Events passing L3 arewritten permanently to 4 mm tape.8 End-user analysis can begin once the physicalcharacteristics of these events (particle trajectories, shower positions, etc.) have beencalculated.

8Along with a predetermined percentage of Bhabha and muon-pair events for o�ine calibrations.



Chapter 4Event Reconstruction andSimulation4.1 IntroductionAfter each detector element is read out by the data acquistion system, stored on disk,and �ltered through L3, the data are �nally saved onto magnetic tape. The format ofthe data on tape is not suitable for o�ine physics analysis, and must be converted.Before conversion, the data are stored in a \raw" format containing only digitizedpulse heights and times. After conversion, the data are stored in a format containingphysical quantities such as the momentum and energy of each particle. The converted,or compressed, data requires only 1% of the memory storage needed for raw data.Converting raw data into compressed data is called event reconstruction.The reconstruction process is performed by a sophisticated software package calledCLEVER. The CLEVER program uses a set of specialized processors which can in-terpret the raw data and write it into the compressed format. We then attempt tounderstand this output by comparing it to \arti�cial" data generated by a Monte Carlo52



53simulation of the detector (see Section 4.5). In the following sections, a detailed de-scription of the CLEVER processors are provided.4.2 Track ReconstructionWe use the processors TRIO [48] and DUET [49] to identify and measure tracks left bycharged particles in the tracking chambers. Track reconstruction with DUET is moree�cient and accurate than TRIO, but takes considerably more computer time. For thisreason, TRIO is used for online analysis, and DUET is used for o�ine analysis.The transverse momentum (the momentum component perpendicular to the z axis)for each identi�ed track, can be calculated from:pt = 0:3RB; (4.1)where pt is the transverse momentum measured in GeV/c, R is the radius of the trackin meters, and B is the strength of the magnetic �eld in Teslas. The total momentumof the track is then p = ptp1 + cot2�; (4.2)where � is the angle between the track and the beam line near the interaction point.4.2.1 TRIOThe TRIO track-�nding algorithm begins by identifying groups of three hits, from radi-ally adjoining drift cells, throughout the tracking chambers. The criteria for combininghits di�ers in each tracking detector. In the PT, hits may come from any set of threeadjacent layers. In the VD, hits must come from either the �rst �ve layers, or second�ve layers. In the DR, only hits belonging to the same axial layer are used.



54TRIO then attempts to connect hit triplets from the innermost and outermosttriplets in each detector. When combinations are found, TRIO �ts a candidate trackto the drift-time isochrones of the hits. Next, TRIO attempts to add new triplets tothe candidate track. If new triplets are found, a new track is �t, and the process re-peats itself. If at any point, the reconstructed track does not extrapolate closely to theinteraction point, the track is abandoned. Typically, each cycle introduces four newtriplets. When the process is complete, reconstructed tracks with good �t parametersare added to a permanent track list. This track list contains the momentum, direction,�t parameters, and vertex information for each track.TRIO has di�culties �nding triplets when dead or noisy wires are present. TRIOalso has di�culty properly �tting low-momentum, tightly curling tracks. Such tracksare sometimes ignored, or �t to multiple tracks (one track for each spiral in the r-�plane).4.2.2 DUETThe DUET processor uses TRIO tracks as seeds for a more sophisticated track-�ndingprocedure. In the DUET algorithm, track-�nding begins by locating hit pairs in the r-�plane. These hits are used to build a \hit tree". The longest, circular segments of eachtree are taken as candidate tracks. These segments are de�ned further using z positioninformation, and �t to a three-dimensional helix. As for TRIO, good tracks are storedin a permanent track list.The momentum resolution can be divided into two pieces: (1) uncertainties in theindividual position measurements due to the �t procedure, and (2) uncertainties due tomultiple scattering. Theoretically, the momentum resolution depends on the momentumof the track, the uncertainty of each drift distance measurement, the strength of themagnetic �eld, and total length of the track �tted, the number of position measurementsin the �t, and the thickness of the material in the path of the particle (usually given



55in radiation lengths). To calculate this theoretical resolution for the CLEO II trackingchambers, we assume an average of 49 r-� track measurements, an average drift distanceresolution of 150 �m, and an average material thickness of 0.025 radiation lengths. Theresulting transverse momentum resolution is:(�pt=pt)2 = (0:0011pt)2 + (0:0067)2; (4.3)where pt is the transverse momentum in GeV/c. The �rst term is due to uncertainties indrift distance measurements, and the second due to uncertainties in the track trajectoryfrom multiple scattering.The momentum resolution of the DUET processor is determined by a number oftechniques [48]. Each technique relies on a source of clean, monoenergetic tracks inthe data. At high energies, the resolution is determined using 5.29 GeV muons frome+e� ! �+�� events. The measured momentum resolution using data (0.051 GeV/c)agrees well with the Monte Carlo simulation result (0.047 GeV/c).1 The momentum res-olution for muons in e+e! �+�� events is shown in Figure 4.1. The angular resolutionis �� � 1 mrad and �� � 4 mrad.The simulation of the track-�nding e�ciency has also been checked carefully bya number of techniques [51] [52]. One such check involves a comparison of the ra-tio R=B(�0 ! �+���0)=B(�0! ), where �0!, in Monte Carlo and data.2 Sincethere are two photons in each channel, the photon-�nding e�ciencies in this ratio can-cel. The presence of two pions in the numerator allows us to check the track-�ndinge�ciency. According to these studies, the Monte Carlo and data charged pion e�ciencyagree to within 2% (for momenta above 200 MeV/c).1This agreement is reasonable since the Monte Carlo includes only the error in the transverse mo-mentum. The error associated with the polar angle of each track is much smaller.2The ratio R is measured to be approximately 0.61 [1].
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Figure 4.1: Measured muon momentum distribution for a sample of e+e� ! �+��events. (Courtesy of Je� Nelson of the CLEO Collaboration.)



574.2.3 Rejection of Poorly Reconstructed TracksTo eliminate poorly reconstructed tracks, we require all track candidates, except thosefrom secondary decays such as K0S ! �+��, to originate near the interaction point.Tracks identi�ed as the inward-going half of a curler (see below) or without z informa-tion are discarded. To eliminate high-momentum tracks produced by incorrect �ts, wediscard tracks with measured momenta of 5 GeV/c or more.4.2.4 Rejection of Curler and Ghost TracksThe DUET algorithm occasionally �ts more than one track to a set of hits. Extratracks associated with these �ts can be split into two categories: curler tracks and ghosttracks. Curler tracks occur when particles with a transverse momentum of less than �220 MeV/c and z momentum less than 45 MeV/c execute more than one spiral beforeleaving the tracking chambers. In this case, DUET �ts multiple tracks to di�erent sec-tions of the spiral in the r-� plane. Typically, this produces a pair of tracks: a primaryarc corresponding to the particle's initial ight from the interaction region and a sec-ondary arc corresponding to the return path. For each pair, the return track is rejectedon the basis of � separation (�� > 0:28 radians), the maximum transverse momen-tum (Pt < 217MeV=c), and the transverse momentum di�erence (�Pt < 80 MeV=c).If either track has a z momentum greater than 45 MeV/c, or if both tracks satisfytight vertex requirements, the curler track hypothesis is abandoned. The tight vertexrequirement is enforced by requiring the impact parameter with respect to the inter-action point, DBCD, be less than 6.5 mm, the z position of the track at the interactionpoint, Z0CD, be less than 3.0 cm, and the residuals of the track �t (computed from thenormalized sum of the di�erences between the measured and �t predictions of the driftdistances), RESICD, be less than 0.45 mm.Ghost tracks occur when two closely-spaced (i.e. nearly parallel) �ts are associatedwith the same set of track hits. The recalcitrant track corresponds to the �t with the



58smallest number of z hits. A pair of tracks containing a ghost track is referred to asa \ghost pair". Ghost pairs are identi�ed on the basis of their � separation (�� <:06 radians), momentum correlations (�P=P = 25%), and hit anti-correlations [55].4.3 Shower Reconstruction4.3.1 CCFCAs charged particles and photons pass into the calorimeter, they deposit energy intothe crystals. The deposited energy appears as connected patterns of crystal hits in thecalorimeter. Hits in the calorimeter may be produced by a single particle (e.g. chargedpion), or by the overlap of multiple particles (e.g. merged photons from a �0 decay).The task of the CCFC processor is to reconstruct showers from crystal hits. Since thedetection of electrons and photons take priority in most experimental applications, thereconstruction algorithm is optimized to identify and resolve electromagnetic showers.The reconstruction process occurs in three steps: formation of connected regions,elaboration of connected regions into showers, and shower measurement. First, all crys-tals with an energy greater than 10 MeV/c are identi�ed. These crystals are connectedtogether if they are adjacent to one another. Then, the crystals in each connected regionare ranked according to energy. The most energetic crystal is called a \primary seed".The second most energetic crystal, that is not the nearest or next-nearest neighbor ofthe primary seed, is called the \secondary seed". Additional seeds (if they exist) arede�ned in a similar manner.To form a shower, each seed is connected with its nearest neighbors.3 Next, theprimary seed is associated with its next-nearest neighbors. Likewise, the secondary seedis associated with its next-nearest neighbors, provided that they are not yet claimed by3In the barrel region of the CC, these groupings are straightforward; however, in the overlap andendcap regions the geometry is not as regular and groupings are somewhat larger.



59the primary seed. If additional seeds exist, they are treated in the same fashion. Thisprocess continues until all nearby crystals containing deposited energy have been used.Often, crystal hits are left over after the shower reconstructed procedure. If such hitsare nearest neighbors to a crystal in any shower, the hits are combined with the shower.Left over hits not assigned to a shower are discarded.After the showers have been identi�ed, their energies and positions are calculated.To reduce the e�ects of electronic noise, it is not optimal to use all crystals for theshower energy calculation. According to Monte Carlo calculations, the optimal numberof crystals varies from 4 crystals for showers below 25 MeV to 17 crystals for showersabove 4 GeV; a correction factor is applied to account for unused crystals. Additionalcorrections associated with lateral uctuations in the showering process and leakageout the back of the crystals are also applied. The overall correction factor has beendetermined as a function of energy using radiative Bhabha events and isolated photonsfrom �0 decays. These correction factors have also been checked in the Monte Carlo.The position of a shower is determined using the energy-weighted sum of the crys-tal centers. Correction factors are used to modify the predicted lateral position anddepth of each shower. The lateral correction is related to the �nite segmentation of thecalorimenter, and is based on the position of the shower within the seed crystal. Thiscorrection is smallest at the crystal edges and center, and largest in between. The largestcorrection is approximately 1 cm. The average depth of a shower D is determined usingMonte Carlo, and is given by: D = 5:45 + 0:97 lnE; (4.4)where E is measured in MeV and D is measured in cm. The exact depth of a givenshower is between 8 and 15 cm. The shower energy and position resolutions for boththe barrel and endcap regions are given in Table 4.1.The simulation of the photon-�nding e�ciency has been checked using the ratio



60Table 4.1: The energy and angular resolution of the CC. The energy is assumed to bemeasured in GeV, the angles are given in mrad.Quantity Barrel EndcapEnergy �EE [%] = 0:35E0:75 + 1:9� 0:1E �EE [%] = 0:36E + 2:5� �� = 2:8pE + 1:9 �� = 3:7pE + 7:3� �� = 0:8�� sin � �� = 1:4pE + 5:6R=B(�0! �+���0)=B(�0 ! �+��), where �0 ! . Because there are two chargedpions in each channel, the charged track e�ciencies cancel. The presence of an additionalphoton in the numerator allows us to check the Monte Carlo prediction. According tothis study, the Monte Carlo prediction for photon e�ciency agrees with the true datae�ciency to better than 2.5%.4.3.2 Rejection of Showers Matched to Charged TracksSince neutral particles are identi�ed by their showers in the CC, it is important todistinguish these showers from those created by charged particles. Fortunately, chargedshowers can be identi�ed by their proximity to tracks in the DR.The CDCC processor is responsible for determining if a shower is matched to acharged track. Two types of track-shower matches can occur: Type 1 and Type 2 [56].A Type 1 match requires that the track pass within a certain distance of the shower. Thegeometry of a track-shower match, projected into the r-� plane, is shown in Figure 4.2.Here, O is the interaction point, C is the center of the track helix, and S is the centerof the shower. As mentioned in the previous section, the exact depth of the shower isa function of energy; however, for matching purposes the depth is de�ned to be 15 cm(half the length of the crystal). The distance of closest approach is expressed in terms
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Figure 4.2: A schematic of the track-shower matching projection method. A Type 1match requires that L be less than 8 cm, and D be less than 15 cm. (The distance ofclosest approach for a particle produced at the origin 0 is typically less than 0.1 cm.)of a radial (D) and lateral (L) component. A Type 1 match requires that L be less than8 cm, and D be less than 15 cm. Similarly, a Type 2 match requires that the trackpass within a certain distance of a crystal center within a shower. These criteria wereoptimized using electron and photon showers in the data.4.3.3 Rejection of Merged Showers and Shadow ShowersComplications in track-shower matching arise for two types of showers: merged showersand shadow showers. A merged shower occurs when multiple particles are associatedwith a single shower; that is, when the electromagnetic cascade of two or more indi-vidual particles overlap. Merged showers may or may not result in a mismeasurementof the total neutral energy. For example, a merged shower produced by a charged andneutral particle may result in the unwanted removal of neutral shower energy throughtrack-shower matching. According to Monte Carlo studies, this situation occurs rarely.Conversely, a merged shower created by two closely-spaced photons from �0 !  decaydoes not adversely a�ect the measured event energy since total energy of the photons



62is recorded.In contrast to a merged shower, a shadow shower occurs when multiple showers areassociated with a single particle. For example, nuclear material produced by a hadronicinteraction in the calorimeter may travel an appreciable distance before creating anotherseparate shower (or \hadronic splito�"). Such showers are unwanted since they lead toan overestimate of the total neutral energy since they are not identi�ed in track-showermatching. Fortunately, shadow showers may be identi�ed by their proximity to showersmatched to a charged track. In particular, we require the angle between each shadowshower candidate and the nearest matched shower to be separated by less than 9� in �and less than 10� in �. We further require that the shower energy distribution for eachshadow shower candidate (see Section 4.4.4) not be consistent with a photon. Thesecriteria were optimized using hadronic showers in the data [57].4.3.4 Rejection of Showers With Malfunctioning CrystalsElectronic noise associated with individual crystals can degrade the energy resolutionof showers. Showers containing, or near to, crystals known to be have electronic noisefor a given run are rejected. To eliminate the e�ects of \noisy" crystals in showerreconstruction, we impose a minimum shower energy requirement of 30 MeV.4.4 Particle Identi�cation TechniquesThe identi�cation of particles is essential to a complete understanding of each event.In this section, we describe several techniques for identifying the charged particles:electrons, muons, pions, kaons, and protons. These techniques exploit the di�erent waysthat each particle type interacts with the detector. At the end of the section, a schemefor resolving the identity of particles consistent with more than one particle hypothesesis given.



634.4.1 Ionization Energy Loss (DR)The amount of speci�c ionization energy loss, dE=dx, a charged particle experiencesas it passes through the tracking chambers can be related directly to the particle'svelocity. According to the well-known Bethe-Bloch formula, the average dE=dx lossvaries as 1=�2 at non-relativistic velocities, and after passing through a minimum atE� 3Mc2, increases logarithmically with  = (1 � �2)�1=2. Furthermore, this loss isindependent of the mass of the traversing particle. Hence, at a given momentum, heavierslower-moving particles will experience a larger ionization loss. In this thesis, ionizationenergy loss is used primarily for hadron identi�cation.The dE=dx loss at each sense wire is determined by dividing the measured charge bythe path-length through the drift cell. The dE=dx loss of each particle is de�ned as themean of the dE=dx measurements over the length of each track. These measurementsuse 39 layers of axial sense wires, and 11 layers of stereo sense wires. The dE=dxmeasurement of a typical track in the barrel is based on approximately 30 good hits.For each track, the dE=dxmeasurements are expected to be approximately equal, sincethe ionization energy loss is negligible (� 5.0 KeV/cm) on the momenta of high-energyparticles (p > 100MeV=c).Due to occasional \close" primary collisions, the dE=dx distribution contains a high-energy Landau-like tail. While such collisions are infrequent, they produce a large e�ecton the mean of the dE=dx distribution. To reduce this e�ect, dE=dx measurementsabove the median for each track are discarded. This procedure improves the estimationof the average dE=dx loss [59].The DEDR processor takes the raw data at each sense wire, and corrects it for thetwo additional e�ects:a) Dip angle saturation. Saturation occurs when ions, released by the passage of atrack, electrically shield other electrons from the sense wire. This e�ect reduces thecollected charge at the wire. The magnitude of this e�ect depends on the polar angle



64of track, and is largest for angles near 90�.b) Drift distance. The total charge collected at a wire depends on the distance theelectrons travel from the track to the wire. As mentioned in Section 4.2, the precisepath of travel can be complicated by magnetic �eld e�ects. The drift distance is alsoknown to be a�ected by the entrance angle of the track into the drift cell, the chargeof the particle, and the speci�c axial-stereo layer used.The gas mixture, gas temperature, and atmospheric pressure can also a�ect theamount of ionization created in each drift cell. Further, the e�ect of broken �eld wiresin nearby cells, and di�erences in wire-to-wire electronic gains may also a�ect the ion-ization loss measurement. To account for these e�ects, corrections based on studies ofBhabha events are applied.After accounting for the above dependencies, a �nal value for dE=dx for a giventrack can be determined. For a track with 40 or more good hits, a dE=dx resolution of6.2% is achieved for Bhabha electrons, and a resolution of 7.1% for minimum-ionizingpions. The separation of particle types achieved by this method is shown in Figure 4.3.Next, the DEDR processor compares the measured dE=dx values with the expectedvalues. The di�erence between these values is expressed in terms of the standard de-viation of the dE=dx measurement. For example, the di�erence between the measuredand expected dE=dx loss for a pion (SGPIDI) is de�ned by:SGPIDI �  (dEdx )meas� (dEdx )exptd! !� ; (4.5)where ! is the measured width of the pion dE=dx distribution. The correspondingquantities for kaons and protons are referred to as SGKADI and SGPRDI, respectively.4.4.2 Direct Velocity Measurement (TOF)The TFAN processor takes the raw TOF data and calculates, with corrections, thetravel time of a particle passing from the interaction point to the TOF counters. The
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Figure 4.3: dE=dx as a function of momentum. Theoretical predictions for various typesof particles are indicated by curves on the plot.



66TOF measurement, together with an estimate of the path length of the track, canbe used to calculate the velocity (�) of the particle. As mentioned in the previoussection, the measured velocity of a particle may be used for particle identi�cation. Theseparation of particle types achieved by this method is shown in Figure 4.4. Like dE=dxmeasurements, the di�erence between the measured and expected TOF measurementsis expressed in terms of the standard deviations of these measurements.4.4.3 Energy-Momentum Ratio (DR and CC)This technique is used to identify electrons. Since electrons deposit nearly all of theirenergy in the crystals, the energy of an electron shower is approximately equal to themomentum of the matched track (the electron mass is negligible). Other particles, suchas muons and pions, deposit only a small fraction of their energy into the crystals(see Section 3.2.6). Hence, the ratio of energy to momentum (E=p) for electrons isapproximately 1.0, and for other particles is typically much less than 1.0. A comparisonof E=p for electrons and hadrons in given in Figure 4.5.4.4.4 Shower Shape (CC)As mentioned in the previous section, electrons and photons lose a large fraction of theirenergy in the calorimeter. The process responsible for this loss occurs very rapidly,producing a very well-con�ned shower. In contrast, charged or neutral hadrons thatinteract hadronically with the calorimeter deposit energy in a more di�use pattern. Todiscriminate between electromagnetic showers and hadronic showers, we use the shower-shape quantity, E9=E25, where the variable E9 is the energy of the all crystals out tonearest neighbors of the primary seed, and E25 is the energy of all crystals out to itsnext-nearest neighbors of the primary seed. Consequently, E9=E25 is large for electronsand photon showers, and smaller for hadronic showers (see Figure 4.6).
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Figure 4.4: Measured time of ight as a function of momentum. Predictions for varioustypes of particles are indicated by lines on the plot.
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Figure 4.5: The ratio of shower energy to track momentum (E=p) for electrons fromradiative Bhabha events (dotted line) and hadronic events (solid line). For each trackcandidate, we require 0:8 GeV=c < p` < 3:0 GeV=c, and that the particle deposit energyin the barrel calorimeter. (Courtesy of Steve Schrenk of the CLEO Collaboration.)
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Figure 4.6: The ratio of the energy in the 9 innermost crystals and the 25 innermostcrystals (E9=E25). The ratio is approximately 1.0 for electrons and photons, and fre-quently less for other particles. For each track candidate, we require 0:8 GeV=c < p` <3:0 GeV=c, and that the particle deposit energy in the barrel calorimeter. (Courtesy ofSteve Schrenk of the CLEO Collaboration.)



694.4.5 Muon and Tracking Chamber Hits (DR and MU)Muon and tracking chamber hits can be used to identify muons. Muon identi�cationrelies on the ability of muons to penetrate the plastic TOF scintillators, the cesium-iodide crystals, the magnetic coil, several inches of iron, and �nally, registered hits inthe muon chambers.The MUTR processor uses the muon hypothesis to project each drift chamber trackthrough the inner detector components, and into the muon chambers. This projectiontakes into account multiple scattering, ionization energy loss, and magnetic �eld e�ects.To be identi�ed as a muon, candidate tracks must have hits in all of the super layerswhere hits have been predicted. In addition, the identi�ed muon must also have at leasttwo hits in the outermost superlayer it is predicted to reach. The penetration depth ofidenti�ed muons is calculated in nuclear absorbtion lengths.44.4.6 Particle Identi�cation RequirementsThe objective of a particle identi�cation scheme is to combine all the identi�cationtechniques above to resolve the identity of each particle in an event. Below we describespeci�c consistency cuts for each particle type, and then describe the scheme to resolveconicts where a particle is consistent with more than one identi�cation hypothesis.Speci�c Consistency Cutsa) Hadrons (��, K�, p, and �p). Hadron identi�cation is based solely on ionizationenergy loss measurements in the DR. In particular, the observed dE=dx loss of thehadron candidate must be consistent with the predicted loss within 2.0 sigma. Forexample, an identi�ed pion must have jSGPIDIj < 2:0.4One nuclear absorbtion length is the mean free distance over which a strongly-interacting particlewill collide inelastically with a nucleus (only 16.7 cm in iron).



70b) Muons (��). Muon identi�cation is based solely on muon and track chamber hitinformation. Each candidate muon track is assigned the depth of the outermost unitin which at least two of three layers in the superlayer are hit. The quantity, DPTHMU,is de�ned as the maximal depth reached by the muon candidate in nuclear absorbtionlengths. To identify muons we require DPTHMU > 3. If, according to track extrapolation,there are other units at depths greater than the maximal reached that are expectedto have hits but have no hits (i.e. if the track's depth is less than predicted), then themuon hypothesis is rejected.The muon detection e�ciency is degraded by material e�ects, geometric acceptance,and chamber e�ciency. The e�ciency to detect low momentum muons is also lim-ited since these particles may curl within the tracking chambers without reaching theMU detector. The momentum threshold to enter the outermost muon detectors is ap-proximately 1.8-2.0 GeV, depending on the polar angle of the track. The geometric andchamber e�ciency for muons is determined with a high statistics sample of e+e! �+��events, and used as input to the Monte Carlo. The Monte Carlo and data muon e�-ciency in the threshold region agree to within 0.5% [60]. This agreement reects a goodunderstanding of the amount of material in front of the muon chambers.The muon fake rate, or the probability that hadrons are misidenti�ed as muons,is contributed by four sources: random matches, decays in ight, \punch through"hadrons, and \sail through" hadrons. A random match occurs when a set of noise orcosmic-ray hits in the muon chambers is inadvertantly matched with a track in thedrift chamber. These matches occur very rarely since the muon identi�cation schemerequires a minimum of six matched wires or strips for a muon to be detected. Decays inight, such as K!�� and �!��, produce real muons which enter the muon counters. A\punch through" hadron is a hadron that interacts via the strong interaction, usuallywith the muon iron, producing secondary particles that reach the muon counters. A\sail through" hadron is a hadron that passes through the iron and into the muon



71counters.The muon fake rate is determined by several techniques. A summary of these tech-niques is given in Reference [61]. Each technique relies on a source of nearly purehadrons. One means to obtain a hadron sample is by tagging hadrons in well-knowndecay processses such as D0 ! K��� or � ! ��h�0 in which the recoiling � decaysleptonically. It is also possible to obtain a nearly pure hadron sample from �(1S) data.In this case, a small source of leptons from the process �(1S) ! � ! qq, togetherwith the continuum contribution, must be subtracted using o�-resonance �(4S) data.According to these studies, the muon fake rates for DPTHMU > 3, 5, and 7, correspondingto momenta above 1.0, 1.5, and 2.0 GeV/c, are approximately constant at 3.5%, 1.4%,and 0.8% (for good barrel muons only).c) Electrons (e�). Electron identi�cation is based primarily on dE=dx and E=pmeasurments. To a lesser extent, the following quantities are also used: E9=E25, TOFmeasurements (in the barrel region), the ratio of shower width in the � and � directions,and the track-shower match distance. This information may be combined into a log-likelihood (R2ELEC) of a particle being an electron. This log-likelihood is de�ned by:R2ELEC = Xvariables ln PeP 6=e ; (4.6)where Pe is the joint probability that an electron will produce a track with the valuesmeasured, and P 6=e is the joint probability that a non-electron will produce the samevalues. If an identi�cation measurement for a candidate track is unavailable, the cor-responding terms in the likelihood variable are dropped. This technique allows us toidentify electrons down to 400 MeV.To identify electrons, we require R2ELEC > 3:0 in the barrel region of the calorimeter,and R2ELEC > 1:0 in the bad barrel, overlap, and good end cap regions (see Section3.2.6). The Pe distribution is determined by embedding hits from electron tracks fromradiative Bhabha events into hadronic events. The P 6=e distribution is determined using



72�(1S) data. Values of R2ELEC in the Monte Carlo are simulated using the Pe and P 6=edistributions above.The electron e�ciency is determined by embedding electrons from radiative Bhabhaevents in hadronic events. For the requirement R2ELEC > 3:0 this e�ciency rises from90% to 95% with increasing momentum [62]. The assumption that embedded electronevents look like real events introduces a systematic uncertainty of approximately 5%on the electron identi�cation e�ciency [63].The electron fake rate is estimated using many of the same techniques used todetermine the muon fake rate [64]. The pion fake rate for electrons varys roughly from0.1% below 1 GeV/c to 0.4% at 3 GeV/c. The kaon and proton fake rates are notwell-known due to a lack of statistics.A Particle Identi�cation SchemeOften, the identity of a candidate track is consistent with multiple particle hypothe-ses. To resolve these conicts, we �rst assume that all tracks are pions. This is a goodapproximation for BB events, where approximately 8 in every 10 tracks is a pion. If thetrack is also consistent with the electron or muon hypothesis, the identity of the trackis analyzed further. If the track is consistent with the electron hypothesis, but not themuon hypothesis (see the de�nitions above), we assign the electron mass to the track;if not, we assign the muon mass to the track.If a track is not an electron or muon, but is consistent with the kaon hypothesis,we assign the kaon mass to the track. If the track is not an electron, muon, or kaon,but is consistent with the proton hypothesis, we assign the proton mass to the track.This scheme improves the total charged energy resolution, with respect to the simplepion-mass hypothesis, by approximately 15%.



734.5 Monte Carlo SimulationSince the CLEO II detector is a complicated device, we need to use a Monte Carlosimulation to understand how our detector will respond to various decay processes.The term \Monte Carlo" is connected to the use of random number generators tomodel inherently random physical phenomenon such as decay processes.To produce Monte Carlo events, a user must �rst provide a set of data �les thatdescribe a desired decay process, or list of decay processes, that follow from a hypo-thetical e+e� annihilation. This data speci�es the decay probability and dynamics ofall particles in each event. In some cases, decay processes not explicitly provided by theuser (perhaps from secondary and tertiary decays) are provided by a comprehensivedefault data �le which summarizes our knowledge of particle physics.The above data are then fed into a routine which randomly determines the momen-tum and energy of all speci�ed particles according to the kinematics and dynamics ofeach decay. A detector simulation routine called CLEOG [65] propagates these particlesthrough a model of the CLEO II detector. This routine is capable of modeling hadronicinteractions, electromagnetic showers, multiple scattering, photon conversions, ioniza-tion, and many other physical processes in the detector.Ultimately, the destiny of each particle is determined by random number generators.CLEOG may indicate, for example, that a particle is lost in a spontaneous decay processin the DR, or absorbed in the MU system. After all particles have been propagated,CLEOG calculates the estimated response of the detector in terms of pulse heights andtimes, and writes the event out in raw format. The raw data are then converted into acompressed format using the same processors used for the data events.Monte Carlo simulations are used extensively to study the detector performance andanalysis software. For example, in Chapter 7, we study the response of the CLEO II de-tector to B ! `�` decays. Several thousand Monte Carlo events are used to determine



74the e�ciency of detecting the lepton and photon in each event. In addition, millionsof potential background events are also simulated. The total number of lepton-photonpairs in this sample, consistent with a B ! `�` hypothesis, are used to determine thepredicted background level. Having tested that the Monte Carlo does an adequate job ofmodeling signal and background events, these results can be used to predict the overallsensitivity of the CLEO II detector to B ! `�` decays.4.6 A Reconstructed CLEO II EventAn example of a reconstructed CLEO II event is shown in Figure 4.7. In this view,the positive z axis is out of the page. The center of the �gure represents the trackingchambers. Individual drift chamber hits and the reconstructed tracks are superimposed.The thin ring just outside the tracking system corresponds to the TOF system, and thethick circular grid outside the TOF system corresponds to the CC. The barrel of thecalorimeter is rendered in a single-point perspective; in this view, the outer regions ofthe grid are closer to the viewer, and the inner regions are farther away. Hits withinthe CC are represented by closed rectangles. The reconstructed shower energies aregiven in GeV. The open squares at the center of the �gure represent hits in the endcapcalorimeter. The muon system is represented by the outer octagonal region. In thisregion, the closed circles represent hits on the anode wires, and the long black barsrepresent hits in the cathode strips.The data event shown in the Figure 4.7 is a candidate event for the process e+e�!�+��where the �+ decays to �+���� and the �� decays to �+������ . Track 1 correspondsto the muon candidate, since it is matched to a series of hits in the muon chambers.According to dE=dx information, tracks 2,3 and 4 are consistent with being pions. Allcharged tracks are matched to showers in the calorimeter. According to the showerreconstruction, track 3 is matched to two showers, with energies 740 MeV and 180MeV. The 20 MeV shower neighboring the 420 MeV shower (matched to track 4) is
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Figure 4.7: An example of a reconstructed CLEO II event. (Courtesy of Je� Nelson ofthe CLEO Collaboration.)



76interpreted as a shadow shower. The neutrinos in this event are undetected.



Chapter 5A Search for B ! ���� andB ! e��e Decays5.1 Signal Decay KinematicsIn B ! ��� and B ! e�e decays, the lepton and neutrino are produced back-to-backwith approximately equal momentum. Since both the muon and electron mass aresmall relative to the B meson mass, the decay kinematics for B ! ��� and B ! e�eare essentially identical. In B rest frame, the lepton momentum for these decays isconstrained to be approximately mB=2, where mB is the B meson mass. In the labframe the observed lepton momentum distribution is Doppler broadened by �6% dueto the motion of the parent B (see Section 3.1.3).A number of other important kinematic features of B ! `�` decays may also beidenti�ed. Consider a BB event in which the �rst B (B1) decays to B ! `�`, andthe second B (B2) decays generically (i.e. randomly, through other decay processes).Assuming the neutrino in the B ! `�` decay is the only undetected particle in theevent, the total energy of the remaining particles should be consistent with the energyof a single B. This constraint is expressed by:77



78EB2 �Xi Ei = Ebeam = 5:29 GeV; (5.1)where Ei is the energy of the i-th particle from the second B. The sum energy of theparticles from the second B equals the beam energy since B mesons are produced in ane+e�collision. Given the energy of the second B and the knownB mass, the momentumof the second B, pB2 , can be determined. Values of pB2 are therefore constrained by:MB2 � qEbeam2 � pB22 = mB = 5:28 GeV; (5.2)where MB2 is referred to as the \beam-constrained mass" [66].Having dealt with quantities that characterize the second B, we require that themissing energy, E� , and missing momentum, P� , of the event be consistent with thepresence of a massless neutrino; that is, we require E� = P� . This condition maybe transformed into a requirement on the lepton momentum. Since ~pB1 = �~pB2 andpB1 � p` , the neutrino mass constraint implies:Ebeam�E` = j~pB1 � ~p` j ; and (5.3)Ebeam � p` � p` � pB1cos�`�B2; (5.4)which reduces to: p�̀ � p` + pB22 cos�`�B2� mB2 ; (5.5)where p�̀ is the \corrected" lepton momentum, or the lepton momentum in the B restframe. This quantity is composed of two terms: (1) the observed lepton momentum,and (2) a correction to the lepton momentum due to the motion of the parent B.



795.2 Event Selection5.2.1 General MethodGuided by the above kinematic constraints, we search for B ! `�` decays in BB eventscreated at �(4S) resonance by requiring a lepton with a momentum of approximatelymB=2 = 2:64 GeV, and the sum energy and beam-constrained mass (or momentum) ofremaining particles to be consistent with the decay of a second B.5.2.2 The Data SampleThe data sample used in this measurement consist of approximately 2.7 million �(4S)!B �B events and 9.9 million continuum events collected at ps = 10:58 GeV (the \on-resonance" sample). Of the continuum sample, approximately 86% are e+e� ! q�qevents. We also use a sample of 5.1 million continuum events collected below resonanceat ps = 10:52 GeV for background subtraction (the \o�-resonance" sample). The on-and o�-resonance samples correspond to an integrated luminosity of 2.5 fb�1 and 1.3fb�1, respectively. The use of the o�-resonance sample is described in detail in Section5.3.1.5.2.3 Selecting Hadronic DecaysTo search for B ! `�` decays, we �rst select hadronic candidates based on the event-vertex position. The event-vertex position is de�ned as the point closest to the largestnumber of tracks, and must be within 2 cm of the interaction point in r-� plane, andwith 5 cm in the z direction. This requirement rejects beam-wall, beam-gas, and otherjunk events. We also require at least 3 tracks in the DR (tracks from K0S and photonconversions count as 1 track). The total event energy must be greater than 15% of thecenter-of-mass energy. The e�ciency of hadronic event selection cuts on Monte CarloBB events is approximately 99%. These cuts rejects QED events such as Bhabha and



80muon-pair events [67].5.2.4 Selecting Signal DecaysOnce a suitable sample of hadronic events has been selected, we search for eventscontaining a lepton with a momentum of approximately 2.64 GeV. For each leptoncandidate, we attempt to identify and measure all particles attributed to the second B.A detailed description of this procedure is given below.The LeptonTo identify the lepton in a B ! `�` decay, we begin by identifying all leptons ineach event in the hadronic sample. Electrons with momenta above 1.8 GeV are identi�edby their electromagnetic interactions in the calorimeter, their ionization-energy loss inthe drift chamber gas, and their velocities measured in the time-of-ight system. Inparticular, we require R2ELEC > 3 (see Section 4.4.6). Electrons within the geometricalacceptance (jcos �ej < 0:85) are identi�ed with an e�ciency of approximately 94%.Muons are identi�ed by their ability to penetrate through at least 7 nuclear absorptionlengths of crystal and iron and produce hits in the muon tracking chambers; speci�cally,we require DPTHMU> 7. This requirement puts a lower limit of approximately 2.0 GeV onthe muon momentum acceptance. Muons within the geometrical acceptance (jcos ��j <0:85) are identi�ed with an e�ciency of approximately 85%.Each lepton candidate must also ful�ll strict vertex requirements. In particular, werequire the impact parameter with respect to the interaction point, DBCD, be less than1.5 mm, the z position of the track with respect to the interaction point, Z0CD, be lessthan 3.5 cm. We also require the candidate tracks to have good z information, and notbe identi�ed as the inward-going half of a curler. One lepton candidate per event ischosen based on the highest momentum lepton in the event. According to the MonteCarlo, if the signal lepton falls within the detector acceptance and passes the above


