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A STUDY OF EXCLUSIVE CHARMLESSSEMILEPTONIC B DECAYS WITH THE CLEODETECTORV�eronique Boisvert, Ph.D.Cornell University 2002
We report on a study of exclusive semileptonic b ! u decays in 9.7 million B �Bevents accumulated with the CLEO detector produced in the Cornell ElectronStorage Ring (CESR). We reconstruct candidates in the exclusive decay modesB ! [��; �0; ��; �0; !; �]`�, where the charged lepton is an electron or a muon.We use the hermeticity of the CLEO detector to infer the neutrino four momen-tum. The ISGW2 theoretical calculation of the B ! Xu form factors is used todetermine total branching fractions, the partial widths as a function of the mo-mentum transfer q2, and an estimate of the CKM matrix element jVubj. We �nd avalue for the B ! ��`� branching fraction of (1:470 � 0:179+0:129�0:150) � 10�4 and avalue of (1:657� 0:228+0:421�0:481)� 10�4 for the B ! ��`� branching fraction. We alsoreport a value of (0:837� 0:306+0:082�0:092)� 10�4 for the B ! �`� branching fraction.Finally, we �nd a value of jVubj of (2:913� 0:128+0:165�0:220)� 10�3.
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CHAPTER 1INTRODUCTION1.1 OverviewAt about the 15 billion-year mark in the great race of Nature, one interestingmilestone was achieved: the human being. Even more astonishing than all of thetechnological, social, political and cultural achievements of this amazing species istheir desire to understand the world around themselves which led them to studywhat is now known as physics, chemistry and biology. It's to answer this intrinsicneed of human nature that I decided to become a physicist. Physicists push backthe limit of our knowledge of Nature, but their work is only meaningful if they cantransmit that knowledge to the rest of the human community. This is not onlytrue for physicists: any scholar of any �eld has the responsibility to share his orher discoveries. The Philosophia Doctoris thesis used to serve as the traditionalmethod of propagating such information. In modern times, scienti�c research is socomplex that Ph.D theses fail to render to the general public, or to fellow universityscholars, even the gist of the study at hand. It is important to me to somewhatrestore this tradition. In this �rst section I take the reader on a journey of particlephysics. I �rst set the stage for what modern particle physics is about, then I1



2introduce the main actors relevant to my research, �nally, I describe what myresearch tries to accomplish. In the second part of this chapter, I accompany thereaders familiar with the �eld through a grand tour of the Standard Model.1.1.1 The StageIn the expression \particle physics" resides the word particle. The classic imagethat comes to mind is that of a billiard ball, of a speci�c mass, and other char-acteristics. It can hit other balls, and if we use conservation laws like those ofmomentum (the product of mass and velocity) and energy, we can predict exactlythe trajectory of such a ball. This was also the picture that early physicists hadof elementary particles. The atom was thought of in terms of a nucleus of protonsand neutrons, with one or more electrons orbiting around it. This classical picturequickly fell apart when confronted with experiments. When we enter a regimewhere systems are very small, we need to use quantum mechanics as opposed tothe classical mechanics of billiard balls. Elementary particles certainly fall into thesmall system category. The revolutionary idea behind quantum mechanics is therealization that the natural world is described by means of observation and mea-surements, and such actions by de�nition perturb the system under study. Thisleads to the introduction of probabilities, since until we observe particular char-acteristics of a system, the system contains all the di�erent possibilities within it.If any observation impacts the system under study, can we think of the smallestperturbation possible? This corresponds to one quantum of action, which is theproduct of the amount of energy involved in the perturbation by the amount of



3time the perturbation took. The numerical value of this quantum of action is about1� 10�34 Joules second.Elementary particles are not only small, they usually move very fast, so fast asto approach the speed limit: the speed of light in vacuum. Again classical physicsat low speed is not adequate for systems at high speed. We need the theory ofspecial relativity. For the case of elementary particles we need to put those twoextremes together, quantum mechanics with special relativity, to give us quantum�eld theory. One consequence of picturing particles in this context is that when weprobe particles at high energies we see that they are in fact surrounded by a cloudof virtual particles. They are virtual because they violate conservation of energy,but since they exist for a very short time, the quantum of action is not violated.An experimental consequence of the presence of such particles is to partially screenthe charge of the particle they are surrounding. Hence intrinsic characteristics likethe charge of a particle is actually dependent on the scale of the experimentalproblem.We have just seen that the concept of \what is a particle" is greatly modi�edas we go into the realm of elementary particles that are small and go fast. Whatabout the concept of force? We can think of a force as the source of why oppositelycharged particles attract each other while particles of the same charge repel eachother; this is the electric force. An apple falling from a tree involves the gravita-tional force. The classic representation of such forces is that of an action takingplace across some distance. This gets modi�ed in the quantum �eld context: theforce is carried by a messenger, a virtual particle that carries the force back and



4forth between the particles feeling the force. The carriers are di�erent dependingon which force is at play.We are now ready to look in detail at what are the elementary particles andbasic forces according to the model that has successfully succeeded under numerousexperimental tests, the so-called Standard Model. We start out with the atom,since most people are familiar with it: some number of electrons surround a nucleusmade up of protons and neutrons. It was found experimentally that the electronsare elementary particles, while the protons and neutrons are composite particles:they are made out of quarks. To give an idea of the relative size involved in anatom, the Particle Data Group (PDG) has a good analogy: if the protons andneutrons were 10cm across, then the quarks and electrons would be less than0.1mm in size and the entire atom would be about 10km across! The electronsand quarks are two branches of the same family called fermions; so called becausethese particles have an intrinsic angular momentum (we call it spin) in units of ahalf-fraction of the unit of action seen previously. Although the word spin evokesthe classic image of an object rotating, spin is a purely quantum quantity and doesnot mean that the electrons or quarks are rotating. But the spin has inuence onexperimental characteristics: for example, it determines the behavior of the particlein a magnetic �eld. Another consequence of having half-integer of spin is that thefermions obey Fermi statistics, which lead to the Pauli exclusion principle: no twofermions can be in the same quantum state. One consequence of this principle isthe structure of the periodic table of elements.



5We now introduce some more fermions. In many particle reactions involvingthe electron, there is an elusive partner that accompanies it: the neutrino. It iselusive because it does not carry any electric charge, and it is believed to have verytiny mass. Neutrinos are nonetheless crucial since they are produced copiously; forexample, our Sun produces millions of those neutrinos all the time, and they reachthe Earth and go through our bodies without us noticing. The exact value of theirmass is the subject of ongoing research, since their mass combined with the factthat there are so many of them could have drastic consequences on the structureof the Universe. The electron and neutrino have two sisters each: the muon andits partner the muon neutrino, and the tau, and its partner the tau neutrino. Themuons and taus are heavier \copies" of the electrons. The electron, muon, tau andtheir associated neutrinos are referred to as the leptons. Aside from producingthem in particle accelerators, we �nd muons and taus only in cosmic showerscoming from space and reaching our atmosphere. Another type of particle that isalso produced in particle accelerators and not commonly found around us is theanti-particle. The anti-electron has the same mass and spin as the electron, exceptit has opposite charge, hence it was called the positron. When a particle encountersits anti-particle partner they annihilate, releasing their combined energy.We continue our tour of the atom: the proton is made out of two up (u) quarksand one down (d) quark, while the neutron is made out of two down quarks andone up quark. Everything in our everyday life is made out of those two kind ofquarks, but just like the electron, the u and d quarks have siblings: the charm(c) and strange (s) quarks for the second generation, and the top (t) and bottom



6(b) quarks for the third generation. The quarks are also fermions, so they carryhalf-integer units of spin. Particles that are made out of quarks are called hadrons,and they come in two classes: those that have three quarks (baryons), and thosethat contain a quark and an anti-quark (mesons). An example of a meson isthe pion (�), which contains an up quark and an anti-down quark when it haspositive charge. Since quarks carry half-integer spin, then the baryons also carryhalf-integer spins, while the mesons carry integer spin. Instead of being fermions,the mesons obey Bose-Einstein statistics, and so are referred to as bosons. Oneconsequence of bosonic statistics is that the Pauli exclusion principle does notapply for these particles, hence we can have peculiar states of matter where all thebosons particles are in the same state.Mesons are composite particles, but there are also elementary particles thathave integer units of spin: the force carriers. The force carrier of the electromag-netic interaction (electricity and magnetism) is the photon, the bosons associatedwith the weak force are the two charged W 's and the neutral Z, and the bosonassociated with the strong force is called the gluon. The strong interaction is re-sponsible for keeping quarks together inside hadrons. For example, inside a protonthe three quarks keep exchanging gluons back and forth. Just as the electromag-netic interaction acts on the electric charge of the particles feeling the force, thestrong interaction acts on a charge that we call \color". Hence quarks not onlycarry electric charge, they also carry color charge. There are two possible statesfor the electric charge (+ or -) but there are three possible states for the colorcharge (red, blue, green, or any other combination of names that refer to three



7colors). Unlike the electric charge, hadrons cannot have a net color charge asso-ciated with themselves, the colors associated with the quarks must add up onceinside the hadrons, so that the hadron is colorless (or \white"). Also unlike theelectromagnetic interaction, the force carriers of the strong interaction, the gluons,carry color charge themselves (remember, the photon is electrically neutral). If theprotons and neutrons are colorless, then what binds the nucleus together? Thereis a residual strong force coming from the colored quarks and gluons inside theprotons and neutrons; this is analogous to the residual electrical interaction insidea molecule which binds together various neutral atoms.Another fundamental interaction is the weak interaction. It is the only knowninteraction that applies to neutrinos. For example, the weak interaction is respon-sible for the decay of the neutron (see �gure 1.1). One of the down quarks insidethe neutron turns into an up quark by emitting a virtual W� boson, which thendecays into an electron and an anti-electron neutrino. The up quark combineswith the two spectator quarks that were inside the neutrons, to form a proton.This interaction is called weak because if we were to compare the strength of thatinteraction with that of the strong force for two up quarks at some distance, thestrength of the weak interaction relative to the electromagnetic interaction wouldbe down by a factor of 10�4, while the strength of the strong interaction relativeto the electromagnetic one would be 60. The charge associated with the weak in-teraction is called \avor". Leptons and quarks both carry avors, but the avoris di�erent for an electron than a neutrino and di�erent for an up quark than adown quark. Another fundamental interaction, and we are reminded everyday of



8its presence, is the gravitational interaction. It is not described by the StandardModel, because it has little inuence on elementary particles since its strength isproportional to mass. Gravity is the main actor involved in the global structure ofgalaxies and the creation of stars. The common belief among physicists is that atsome point early in the creation of the Universe, all interactions were uni�ed intoone single interaction. As the Universe cooled down, that interaction broke downinto four separate interactions. So far physicists have managed to unify the weakinteraction with the electromagnetic one. The daunting challenge facing theoristsnowadays is to combine the quantum �eld theory relevant to the Standard Modelwith the General Relativity involved in describing the gravitational interaction, auni�cation of the in�nitely small with the in�nitely big. Table 1.1 summarizes thevarious elementary particles and interactions.1.1.2 The SynopsisNow that we have set the stage of modern particle physics, it is useful to peek atthe script of my analysis to help put things in perspective, in view of the next fewsections. I intend to make clear how I go about to use the CLEO detector to detecta B meson that decayed into a hadron that contains an up quark (pion, rho, omegaor eta), a charged lepton (electron or muon) and a neutrino. The goal of lookingat this particular decay is two fold. First, this reaction involves a transition from ab quark to a u quark and the rate of this reaction is proportional to a fundamentalparameter of the Standard Model, Vub, for which I get a measurement. Second,the rate distribution as a function of kinematic variables sheds light on the inner
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Figure 1.1: A neutron decays into a proton using the weak interaction.
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Table 1.1: Elementary particles and interactionsInteractions: Electromagnetic Strong Weak GravitationalActs on: electric charge color avor mass-energyparticles electrically charged quarks, gluons quarks leptons allexperiencing: u c t e � �d s b �e �� ��carriers: photon gluons W+, W�, Z0 graviton



11working of the hadronic part of this decay. At present, very little experimentalinformation is available about this particular transition, getting a measurement ofthis distribution will help the community understand better this murky area ofQCD physics.1.1.3 The ActorsWith the synopsis of the analysis in mind we now consider the various actorsinvolved in my research. Taking another look at the neutron decay, we see that theweak interaction is at play in the decay of the down quark. The strong interactionis also involved since there are spectator quarks that somehow go from being partof a neutron to being part of a proton. Gluons are being exchanged throughout thisprocess, and speci�cally how many of them and of what energy has consequenceson the �nal products of this reaction. Looking now at one of the reactions thatis the subject of this thesis, we see a similar picture (see Figure 1.2): there is ananti-B meson composed of a b quark and a anti-d quark, the b quark decays into au quark, via the emission of a virtualW� weak boson. The W� boson then decaysinto an electron and an anti-electron neutrino. The anti-d quark then makes a pionwith the u quark.We have just determined that in order to perform my analysis I need B mesons,and I also need to be able to tell if the B meson decayed to a lepton (electronor muon), a neutrino, and a pion, for example. The �rst order of things is tobe able to produce B mesons. To do so, the accelerator collides electron andpositron against each other. The energy of this collision is just right so that there
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Figure 1.2: A B meson decays into a hadron containing an up quark, alepton and a neutrino.



13is enough to produce the heavy b quarks, which hadronize into a pair of B andanti-B mesons, but not too much energy, so that the B mesons are almost at rest.This makes the reconstruction of the event easier. For example, no other particlesare created along with the B meson pair. In order to get the colliding electronswe heat up a metal �lament. Electrons in the atoms get enough energy so thatthey can escape the atom. This happens in the Linear Accelerator (Linac), whichaccelerates the electrons to 150 million electron volts (your TV tube accelerateselectrons to 20,000 electron volts). To get the positrons, there is a metal platein the middle of the Linac. It gets bombarded by electrons and X-rays as wellas electrons and positrons come out of the interactions. The positrons are thenselected using the fact that they have charge opposite to the electrons. After theLinac, the electrons and the positrons get transfered into the synchrotron, whichfurther accelerates the particles. First it's the positron turn, and when they havereached 5 billion electron volts, they get transfered into the Storage Ring (CESR).It takes the particles about 2000 revolutions around the synchrotron for them toreach the required energy, this takes place in about one hundredth of a second.Once the electrons have been transfered to CESR as well, collisions can happen.More information on the accelerator can be found in section 3.1.Once the collision happens at the center of CLEO, the equivalent of 10 billionelectron volts of energy is released in new particles that go ying away. Thatamount of energy is equivalent to the amount of energy produced by a 100 Wlight-bulb turned on for only 16 picoseconds! This is not very impressive, why arewe not producing new particles by just turning lights on? The key feature is the



14density of energy: the energy produced by the synchrotron is given to each collidingelectron, while the light-bulb is sharing its energy among billions of particles.For our case of interest, the energy generated go into producing a pair of Bmesons. In order to tell if a B meson decayed into a lepton, a neutrino, and a pion,detectors are needed that register exactly what happened: how many particleswere created, where they went, what they were, how much energy they carried.Di�erent types of detectors answer the di�erent questions. For example, at a radiusof about 8cm from the interaction point, there is a one meter radius cylinder �lledwith gas. In the cylinder are about 40,000 wires strung along the cylinder axis.The wires are held at a certain voltage. When a charged particle comes into thiscylinder it ionizes the gas atoms, separating the electrons from the atom. Thenewly released electrons drift toward the sense wires and collect there, sendingan electrical impulse along the wire. The cylinder is bathed in a magnetic �eld,which bends the trajectory of the charged particle. Just how much the trajectory isbent depends on the value of the magnetic �eld and on the momentum (remember,product of mass and velocity) of the charged particle. By aligning all the wires thatreported a signal, we can reconstruct the curved trajectory of the charged particle,giving us two pieces of information: where it went and how fast it was going. Wehave another detector that gives us the velocity of the particle. It is called the timeof ight detector since it tells us how long the particles took to go a �xed distancefrom the interaction point, where there is a plastic scintillator which registers thepassage of the particle. Putting the momentum and velocity information togetherwe can get the mass of the particle, and so its identity. Overall, the CLEO detector



15is a multipurpose detector that gives excellent charge and neutral particle detectionand measurement. It is 6m on a side and consists of about 900,000KG of iron. Ithas about 50 000 individual detector elements. The CLEO collaboration consistsof about 150 physicists from about 25 institutions in the US and Canada. Moreinformation on the CLEO detector can be found in section 3.2.1.1.4 The PlayWe now turn our attention toward the fundamental interactions involved in mydecay of interest. The strong interaction is involved in making the �nal bound stateof quarks, the pion. We can examine two extreme kinematic cases (see Figure 1.3).In one case, most of the initial energy is used up to create the virtual W boson,so that not much energy is left for the �nal pion. In that case, the electron andneutrino go ying back to back (situation b) in �gure). From the quark's pointof view, not much disturbance happens for the spectator anti-d quark, and sopresumably not many gluons have to be exchanged to make the �nal pion. This isin contrast to the opposite case where most of the initial energy goes into the �nalpion, so that now the electron and neutrino are going in one direction, while thepion is going in the opposite direction (situation c) in �gure). From the quark'sperspective a lot happens to the anti-d quark since it goes from being part of arelatively slow B meson to a fast �. A lot of gluons have to be exchanged in thiscase. We can see that from the strong interaction's point of view, the �rst case ismore favored than the second case. Concretely this means that the probability for aparticular interaction to follow the �rst case is higher than the probability to follow



16the second case. A way to see experimentally if this is true is to count how manyreactions occurred each way. Of course, there are all the cases in between those twoextremes. By labeling the events according to, say, how much energy was given tothe lepton-neutrino pair (called q2), we get an experimental distribution that hasa direct connection to the strong interaction. We call this distribution, the formfactor relevant to the reaction. This is one of the main goals of my research: toget the form factors as a function of q2 and to compare the distributions of varioustheories, each of which use di�erent calculations. Seeing which calculations arefavored by the experimental results will give some understanding of how the stronginteraction behave in this speci�c circumstance, and hopefully, future calculationsfor a myriad of other processes will be able to make use of the new information.Can we gain new information from the weak part of the reaction? The b quarkdecays into a u quark: this is a jump from the third to the �rst generation, andis not very likely. Exactly how likely is represented by a number called Vub. Eachkinematically possible quark transition is quantitavely labeled by how probable itis. Figure 1.4 shows the various quark transitions allowed and the thickness of thearrows is correlated with how likely each transition is. The Standard Model doesnot predict what the numerical value is for Vub, we have to measure it. Whetherthe value that I measure is in agreement with other quark transition probabilitiessheds light on the validity of the Standard Model.In a given parameterization of the di�erent quark transition probabilities, thesize of the value of Vub is also related to a phenomenon called CP violation. CPviolation is related to the notion that physical reactions must obey some gen-
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FIG. 4. Kinematic con�gurations for the semileptonic decay of a B meson: (a) B meson beforedecay; (b) decay con�guration for q2 = q2max, where the form factors are largest for producing aD or D� meson in the �nal state; and (c) con�guration for q2 = q2min, where the form factors aresmallest. There may well be signi�cant production of non-resonant �nal states in the low q2 region,especially in b! u `�� decays, where the recoil velocity is high.20Figure 1.3: Di�erent kinematic limits of a heavy to heavy quark transition.
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19eral symmetry principles. For example, we would expect that a physical reactioninvolving particles would have the same probability of happening as the samereaction involving the corresponding anti-particles. Changing particles for theiranti-particles is applying the charge conjugation (C) operator. We would alsoexpect that the mirror image of a reaction would have the same probability ofhappening as the original reaction. Flipping the space coordinates and the spinprojection of the particles is applying the parity (P ) operator. Finally, we wouldexpect that there is no preferred time direction to a reaction. Flipping the spacecoordinates while conserving the same spin projection to a reaction is applyingthe time (T ) operator. It turns out that the weak interaction does not conservecharge conjugation and does not conserve parity either. We also have evidence thateven the product of both C and P operators is not conserved in weak interactions,although the amount by which it is violated is small. Besides having some philo-sophical implications, like the fact that the Universe seems to distinguish between\right" and \left", CP violation also has some connection as to why we exist atall. At the beginning of the Universe, particles and anti-particles kept annihilatingeach other. The fact that our current Universe is made out of particles means thatthe particles won out against anti-particles at some point. The weak interactionand its CP violation could be one mechanism for this to happen. It is impor-tant to note that the amount of CP violation that the Standard Model predicts,and which seems to be con�rmed by experimental measurements, including myVub measurement, is not enough to satisfy the amount of CP violation needed by



20models of the early Universe. This is one of the signs that the Standard Model isnot the end of the story.1.1.5 Structure of this thesisThe rest of this chapter reviews more in detail the foundations of the StandardModel and how it connects to B ! Xu`�. Chapter 2 reviews what we knowtheoretically about the B ! Xu`� decays. Chapter 3 goes into more details onthe experimental apparatus. Chapter 4, 5 and 6 go over the di�erent steps ofmeasuring the branching fractions, while chapter 7 describes the Vub measurementand interprets the results in light of the theoretical models.1.2 The Standard ModelIn order to put the measurements described in this research into context, I takea tour of the Standard Model and beyond. I have chosen a particular lens forthis tour: I want to describe how symmetries lead to the structure of the di�erentinteractions. Gauge symmetries are the central themes around which revolve thenext sections. None of the following work is new or original to me; I summarizereferences [1] to [11].1.2.1 Symmetries and conservation lawsEmma Noether's theorem is very powerful for it relates mathematically, in the La-grangian formulation, the connection between non-observable absolute quantities



21(symmetries) and the corresponding conservation law. We can classify symme-tries in four categories: space-time symmetries, symmetries of identical particles,discrete symmetries, and internal symmetries. Table 1.2 [1] lists the various sym-metries and their corresponding conservation laws.The �rst seven symmetries are global symmetries since they involve transfor-mations that have the same value at each space-time coordinate. The StandardModel is obtained by requiring the last three symmetries to be local symmetries,or local gauge invariances. This means that the corresponding Lagrangian remainsinvariant under a transformation which has di�erent values at each space-time coor-dinate. This more restrictive requirement has the drastic consequence of requiringthe existence of forces: force carriers must be emitted to satisfy these constraints.For example, the torque from the gauge invariance of the �elds's phase creates thephoton, the torque on the color �eld creates the gluons, the torque on the weakisospin doublets creates the vector boson, and the torque on space-time creates thegravitons. We now examine how this happens for each symmetry.1.2.2 Quantum Electrodynamics (QED)In this section we see how a local gauge invariance gives rise to QED. The simplestlocal gauge invariance that one could think of is a simple phase transformation ofthe �elds 1. We �rst take the Lagrangian of a free fermion:1It is interesting to note, as described in [2], that the expression gauge invariancecomes from Weyl, who wanted to make interactions invariant under a space-timedependent change of scale. His geometric idea did not work, but we kept the wordscale, or gauge.



22
Table 1.2: Noether's theorem in relativistic quantum theory [1]Absolute quantity Symmetry Conservation lawabs. spatial position space translation momentumabs. time time translation energyabs. spatial direction rotation angular momentumabs. velocity Lorentz transf. gen. of Lorentz groupdistinguishing identi-cal particles permutation of identi-cal particles Fermi Dirac or BoseEinstein statisticabsolute right or left change ~x! �~x Parityabsolute sign of charge change particles totheir anti-particles Charge conjugationAbsolute phase of acharged �eld change of phase electric chargeabsolute di�erence be-tween mix of coloredquarks change of color color generators

absolute di�erence be-tween mix of leptonsor neutrinos change lepton into itsneutrino weak isospin genera-tors
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L = � (i�@� �m) ; (1.1)where the � are the Dirac matrices. We can impose a phase transformation tothe �eld  0 = ei�(x) , then we get:L0 = � (i�@� �m) � � �(@��) (1.2)We see that we have an extra term in L0 compared to L. The extra term canbe taken care of if we introduce a vector potential, A�, transforming the derivativeinto a covariant derivative, D� � @� + iqA�, where q is the charge. Then theLagrangian is L = � (i�@� �m) � q � �A� : (1.3)Applying the phase transformation to the fermion �eld, we now getL0 = � (i�@� �m) � � �(@��) � q � �A0� (1.4)and we see that to get L0 = L, the vector potential must change by a gradient,A0� = A� � 1q@��. At this point, we could identify the vector potential with theelectromagnetic potential. This rede�nition of the potential will not change theelectromagnetic strength de�ned asF�� � @�A� � @�A�: (1.5)Now the electromagnetic Lagrangian looks like
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L = � (i�@� �m) � J�A�; (1.6)where we can identify J� = q � � with the electromagnetic current. Indeed weget conservation of charge, @�J� = 0, when we use the Dirac equations for thefermion �elds.To reproduce the complete Lagrangian of electrodynamics we need a kineticterm associated with the vector potential, representing the propagation of freephotons, LQED = � (i�@� �m) � J�A� � 14F ��F�� : (1.7)This Lagrangian is still invariant under the local phase transformation, al-though if we were to add a mass term for the photon,L = 12m2A�A�; (1.8)then we would not get invariance. The transformation involved with A0� generatesnew terms that can not be canceled. From this local gauge invariance nicelyemerges all of electrodynamics.As mentioned in [3] a phase transformation can be generalized to a 1�1 unitarymatrix, and the group of all such matrices is called U(1). So the symmetry shownhere is a U(1) gauge invariance. We will now see that the other interactions in theStandard Model also have a similar form of gauge invariance. However in thosecases the groups that will be connected to the symmetry are represented by non-



25Abelian matrices (matrices that do not commute), which will make the descriptionmore complex but richer.1.2.3 Quantum Chromodynamics (QCD)Continuing our tour of the Standard Model through the lens of symmetries, wecan extend the idea of a U(1) symmetry to the SU(3) group, which is relevant tothe case of QCD, describing a quark of some avor that comes into three colors.If we write the Lagrangian for a particular avor we getLj = �qj(i�@� �m)qj; (1.9)where j = 1; 2; 3 for the three colors. The idea is to make the Lagrangian invariantunder a local phase transformation of the quark �elds, like q(x) ! Uq(x). Thematrix U is a 3 � 3 unitary matrix which can be written as U = eiH , whereH is a Hermitian 3 � 3 matrix. It can be decomposed into 9 real numbers asH = �(x)1+�a(x)Ta, where the Ta are the Gell-Mann matrices and there is a sumover a = 1 : : : 8. We now have U = ei�(x)ei�a(x)Ta .In the development of QED we already experimented with a phase transfor-mation like �(x), so we can concentrate on the �a(x) part. It turns out that thematrix ei�a(x)Ta has determinant 1, so it belongs to the SU(3) group, (the S isfor special) and we see here that U(3) = U(1) � SU(3). As previously stated,the idea is to see that by making the Lagrangian invariant under SU(3), the phe-nomenological features of QCD nicely emerge. We are here in the presence of anon-Abelian group: the Gell-Mann matrices do not commute, but they obey the



26following commutation relation, [Ta; Tb] = ifabcTc; (1.10)where the fabc are real constants.The trick that we learned from QED is to replace the derivative by a covariantderivative and introduce new gauge �eldsD� = @� + igTaGa�: (1.11)The eight new gauge �elds, G� are the gluons, they are the bosons carrying theforce of QCD. The Lagrangian now readsL = �q(i�@� �m)q � g(�q�Taq)Ga�: (1.12)We want L to remain invariant under the U(3) transformationq0 = Uq � [1 + i�a(x)Ta]q(x)q0 � [1� i�a(x)Ta]q(x):The transformed Lagrangian reads,L0 = (1� i�aTa)�q(i�@� �m)(1 + i�aTa)q+g((1� i�bTb)�q�Ta(1 + i�bTb)q)G0a�= �q(i�@� �m)q + �q(i�@� �m)q(i�aTa)� (i�aTa)�q(i�@� �m)q�Ta�q�@�aq + g(�q�Taq � i�bTb�q�Taq + �q�Tai�bTbq+i�b�q�(TaTb � TbTa)q)G0a�= �q(i�@� �m)q � Ta�q�@�aq � g�q�TaqG0a� + gfabc�b�q�TcqGc�:



27Looking at that last equality, we see that to have L0 = L we must require thetransformation law, G0a� = Ga� � 1g@�a � fabc�bGc�: (1.13)We can now also add the kinetic term for the gluon �elds,L = �q(i�@� �m)q � g(�q�Taq)Ga� � 14Ga��G��a : (1.14)To preserve invariance of the new kinetic term Ga�� must be de�ned as,Ga�� � @�Ga� � @�Ga� � gfabcGb�Gc�: (1.15)The same argument that required the photon to be massless in QED applieshere, hence the gluons must also be massless. The extra term in equation 1.15 isdi�erent than in QED and has the profound consequence of adding self-interactionof the gluons to the Lagrangian, reecting the fact that gluons carry colors. It isinteresting to realize that this comes about because the U(3) group is non-Abelianwhile the U(1) group is an Abelian group.We look at some more di�erences between QED and QCD. In quantum �eldtheory, an elementary particle is not thought of as a point particle, but morelike a point particle surrounded by a cloud of virtual particles. For example, anelectron is surrounded by virtual positron-electron pairs. Hence, there is a vacuumpolarization: the positrons tend to align themselves with the central electron, andthe measured electric charge is dependent on the distance of the test charge, orsaid di�erently, the charge of the electron increases as we get closer to it. We say



28that the coupling constant runs. The relationship between the running couplingconstant and the electric charge is given by �(Q2) � e2(Q2)=4�, where Q2 � �q2is the momentum transfer characteristic to the reaction at hand. In QED theexpression for the running coupling constant is ([4])�(Q2) = �(�2)1� �(�2)3� logQ2�2 (1.16)at large Q2, where � is the scale characteristic of the renormalization schemechosen; a di�erent � leads to a di�erent expansion of the amplitude. The physicalobservable is the amplitude squared,jMj2, and should not depend on �. This isensured by using the renormalization group equation,�dMd� = (� @@� je + �@e@� @@e)M = 0; (1.17)where e is the coupling constant. We see from equation 1.16 that as Q2 increases,the running coupling constant increases as well. It is useful to rewrite the coe�cientof the log as �(�2)4� (�43): (1.18)The analogous term in the running coupling constant of QCD, �s, is�s(�2)4� (�23nf � 5 + 16); (1.19)where nf is the number of avors. The �rst term is the simple gluon loop goinginto a quark anti-quark pair, and we �nd an equivalent term in QED when the



29photon annihilates into a pair of an electron and a positron. In QED, the numberof \avors" is one, and there is a factor of two in the de�nition of � compared to�s. The other two terms in the QCD expression result from gluon self-interactions.The consequence is that these contributions have an anti-screening e�ect: a redgluon attracts other red gluons around it instead of anti-red gluons. If we enterthe \cloud of red gluons" we therefore see less and less \redness". Mathematically,since the coe�cient is positive in the denominator, as Q2 increases, �s decreases.This is referred to as asymptotic freedom. It is interesting to note that at a distanceof one fermi, the coupling constant is about one, so that perturbation theory isnot possible as a tool to compute QCD reactions. At a momentum transfer ofabout Q2 = (30GeV )2, then �s � 0:1, which is more amenable to perturbativecalculations.A �nal di�erence between QED and QCD is the fact that although particlescan carry charge, they can not carry color. This feature of QCD is related tothe fact that quarks are con�ned into hadrons. Quark con�nement makes QCDprocesses rather complicated since we never deal with individual quarks. This willbe crucial for our decay of interest.1.2.4 Electroweak InteractionIn the previous section, we saw how the fact that quarks come in three colors ledto a gauge theory involving the SU(3) symmetry. It would be tempting to applythe same trick to quarks and leptons since they come in weak doublets containingtwo members. Maybe we could get a gauge theory of weak interactions involving



30the SU(2) symmetry. Yang and Mills developed the mechanism of such a gaugetheory, but they were unsuccessful in their attempt to apply such a symmetryto the proton-neutron isospin doublet. One problem associated with making theweak interaction an SU(2) gauge theory is the fact that the bosons carrying theinteraction are heavy, and so the range of the force is short (hence the name\weak"). We will now see how an elegant mechanism such as the Higgs mechanismprovides the essential tool to cure this problem. First, we will review the e�ectivephenomenology of the weak interactions.Weak InteractionSince we are interested in an e�ective theory we �rst review all of the experimentalevidences that lead to the \guess" for the form of the weak Lagrangian.As shown in table 1.2 it seems natural to think that all physical processes haveto obey some general symmetries: for example the mirror image of any reactionshould also happen (Parity, (px; py; pz) ! (�px;�py;�pz)), or there should notbe any di�erence between a reaction involving particles, from a reaction involvingtheir associated anti-particles (Charge Conjugation).In 1956, Lee and Yang made a survey of all the weak interaction data. Theywere particularly puzzled about the decay of a kaon, since this particle seemed tobe decaying sometimes to two pions, sometimes to three. This was a concern sincethese two �nal states have opposite Parity. For Parity to be a good symmetry, astate of a de�nite Parity can not change to a state of opposite Parity. Therefore,Parity appeared to be violated by the weak interaction.



31To settle the issue of Parity violation Lee and Yang proposed an experimentthat was carried out by C.S. Wu. She aligned nuclei of Cobalt 60 so that they wouldall have a particular direction of nuclear spin. Then she recorded the direction ofthe electrons emitted when the nucleus underwent � decay. Her results showedthat most of the electrons were emitted in the direction of the nuclear spin. ForParity to be conserved in this reaction, the electrons should have been emittedequally in both directions.Other experimental evidence suggested that Parity was maximally violated inweak decays. To understand this, we need to introduce the de�nition of helicity,which is the dot product of the spin with the direction of the momentum of theparticle. For example, for a particle of spin 1/2, the helicity (�) can be righthanded (when the spin points in the direction of the momentum) or left handed(opposite). Now, let's suppose there is an observer going at a velocity greater thanthe velocity of the particle, then the direction of the momentum appears to bereversed, so the helicity changes sign (or handedness).For a massless particle, the situation is special. A massless particle moves atthe speed of light and, therefore all observers agree on its velocity. As a result itshelicity is �xed. For the case of the photon, this translates into the fact that thereis no longitudinal polarization.The helicity of the neutrino has been determined experimentally. Observationsof the �+ ! �+�� decay, revealed that the anti-muons emitted were always lefthanded. It was then inferred that the neutrinos had to be left handed also (the



32anti-neutrinos are then right handed). This observation would imply that theneutrinos are massless 2.Depending on how an object reacts to the Parity operator we get the followingnaming scheme: P (s) = sP (pseudo s) = �pseudo sP (v) = �vP (pseudo v) = v
where s is a scalar and v is a vector. FromQuantum Field Theory, we can determinethat the parity of a fermion is opposite to the parity of an anti-fermion, while theparity of a boson is the same as the parity of an anti-boson. We have assigned thequark to have an intrinsic parity of +1, so the parity of an anti-quark is -1. Fora composite system, the parity is the product of the intrinsic parities. In generalfor a meson, the parity is given by P = (�1)l+1, where l is the orbital angularmomentum between the two quarks in the meson.Continuing our review of experimental evidences that will lead to an e�ectiveLagrangian, we now turn to the Charge Conjugation symmetry. It is interesting2Recent results from neutrino physics involving measurements of solar neutrinooscillations and atmospheric oscillations strongly suggest that neutrinos have mass,although probably so tiny that such an e�ect would have gone undetected in the�+ decay experiment. Another possibility is that the mass term is carried by a\sterile" neutrino, which would not have interacted in such an experiment.



33to note that only particles that are their own anti-particles are eigenstates of theCharge Conjugation operator (C). Just as for Parity, Charge Conjugation is amultiplicative number. For a meson, the Charge Conjugation number is given byC = (�1)l+s, where s is the spin of the meson.Let's reconsider the �+ ! �+�L reaction. If we apply Parity then we getthe reaction �+ ! �+�R, which does not exist, so weak decays violate parity, asmentioned earlier. If we apply C then we get the reaction �� ! �� ��L which doesnot exist either, so weak decays violate Charge Conjugation as well. Now if wetake the product of C and P (CP) we get the reaction �� ! �� ��R, which doesexist, so CP is conserved in this reaction. We will return later to the phenomenonof CP violation.The above discussion points us at a possible expression for the weak current.For example, if we have a lepton neutrino interaction, involving the exchange of aW� the current is given by �u�e�12(1� 5)ue; (1.20)where u is the spinor associated with the incoming particle, while �u is the adjointspinor associated with the outgoing particle. The spinor u satis�es the Diracequation (in momentum space), (�p� �m)u = 0;while the adjoint is given by �u � uy0. The � are the Dirac matrices



34
� = (�; ��)5 = i0123;where the matrices �i's, and � are given by�i = 0BB@ 0 �i�i 0 1CCA� = 0BB@ I 00 �I 1CCA ;and where the �i are the three usual Pauli matrices. For anti-particles we have aspinor denoted by v and which satisfy the other Dirac equation,(�p� +m)v = 0:The complete wave function solution is  = u(p)e�ip�x and solves the funda-mental Dirac equation, involving the hamiltonian H of the interaction in question,H = (� � P + �m) : (1.21)The current of equation 1.20 is sometimes referred to as the V-A current, whichcomes from the di�erent combinations of the wave function with the gamma ma-trices: �  = scalar� � = vector(V )



35� 5� = axialvector(pseudovector)(A)� 5 = pseudoscalar:The next step toward writing an amplitude of a reaction is to �nd how the themediating particle interacts with the external particles, this is the propagator. Formassive, spin 1 particles, the propagator can be written as,�i(g�� � q�q�=M2)q2 �M2 ; (1.22)where q is the momentum of the boson, of mass M , mediating the interaction. Inour decays of interest we have q2 �M2 since the mass of the W boson is around80 GeV. We can then approximate the propagator as being ig��=M2, where g�� isassociated with the weak coupling gw.Weak interactions allow for di�erent generations of quarks to interact. If welook at the case of three quarks, u,d, and s, the two possible vertices are: a vertexinvolving a W+ going into a u and d quark with strength cos�c and a vertexinvolving a W+ going into a u and s quark with strength sin�c. In 1963 Cabibbointroduced the angle �c, which was measured to be small as expected (13:1�), sothat transitions across generations were less likely than within the same generation.This angle allowed several decay rates to be computed successfully. Therewas a puzzle though with the case of the decay K0L ! �+��. The amplitudefor this decay was predicted to be proportional to sin�ccos�c; but the measuredbranching fraction is far less than this value. In 1970, Glashow, Iliopoulos and



36Maiani proposed to introduce a fourth quark, c, and this was before the J= (ac�cresonance) was even discovered!. This quark is involved in the loop of the K0Ldiagram and cancels almost exactly the contribution given by the diagram with au quark in the loop. This is called the GIM mechanism.The bigger picture of these sin�c and cos�c factors can be interpreted, by con-vention, as the fact that the weak bosons couple to the rotated states of the lowermember of the quark doublets (we could have chosen to rotate the upper memberof the doublets), 0BB@ ud0 1CCA ;0BB@ cs0 1CCAwhere the weak eigenstates are related to the mass eigenstates by,0BB@ d0s0 1CCA = 0BB@ cos�c sin�c�sin�c cos�c 1CCA0BB@ ds 1CCA :Kobayashi and Maskawa generalized the Cabibbo matrix to include the 3rdgeneration of quark. To get the right strength of a particular amplitude one needsto take the corresponding element of the CKM matrix:0BBBBBB@ d0s0b0
1CCCCCCA = 0BBBBBB@ VudVusVubVcdVcsVcbVtdVtsVtb

1CCCCCCA0BBBBBB@ dsb
1CCCCCCA :We will discuss the CKM matrix in detail in the next section.



37Electroweak Uni�cationThe reader will notice that in the expression for the Yukawa coupling we have useda di�erent notation for the spinor as compared to equation 1.20. The connectionbetween those two is the projection operatoruL = 12(1� 5)u; (1.23)which projects out the left handed helicity component. This operator �nds itsusefulness in the process of unifying the weak interaction with the electromag-netic one. At �rst it seems like those two interactions share more di�erences thancommon features. Their relative strength is very di�erent, which comes from thephoton being massless and the weak interaction mediators being massive. Finally,the structures of their current also di�er: the electromagnetic current is purelyvector-like while the weak current contains a vector-like part and an axial vector-like part. Nonetheless, the photon must be involved in the weak interaction, sincethe W bosons are themselves charged. If the electromagnetic current is to beconserved, there must be a W+W� coupling term somewhere ([6]).We hinted that the solution for making the structure of the weak current lookmore vector-like was to use the projection operator,j�� = �u�e� 12(1� 5)ue = �u�eL �ueL: (1.24)The uL spinors are known as chiral spinors. The electromagnetic current canalso be written in terms of those chiral spinors:
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jem� = ��ueL�ueL � �ueR�ueR: (1.25)The weak current can be viewed as involving a left-handed doublet,�L = 0BB@ �ee 1CCAL ;so that the charged weak currents becomej�� = ��L����L; (1.26)where the � matrices are related to the �rst two Pauli matrices,�� = 12(� 1 � i� 2): (1.27)This structure is similar to the isospin structure used to describe the proton andneutron as two states of the nucleon, which implies that the current just de�ned isinvariant under the SU(2) symmetry. To complete the SU(2) structure we need athird invariant weak current,

j3� = ��L� 12� 3�L= 12 �u�eL �u�eL � 12 �ueL�ueL:It would be tempting to associate this current with the weak neutral current,but the Z boson also couples to right-handed spinors. We can push the analogywith the isospin system and make use of the hypercharge,
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Y = 2(Q� I3); (1.28)where Q is the electric charge and I3 is the third component of isospin. Thefrom for Y inspires a de�nition for a weak hypercharge current that involves bothright-handed and left-handed spinors:

jY� = 2jem� � 2j3�= �2�ueR�ueR � �ueL�ueL � �u�eL �u�eL :This current is invariant under the combined symmetry SU(2)L�U(1)Y . In sum-mary, we have combined QED and the weak interaction, so that the electroweakcurrents are given by, ~j� = 12 ��L�~��L (1.29)jY� = 2jem� � 2j3�: (1.30)The uni�cation is not perfect since we still have two groups each with an indepen-dent coupling, so the idea is to relate those two couplings.The last piece missing in this electroweak theory is the identi�cation of apropagator of the interaction, responsible for the currents. The structure of theSU(2)L � U(1)Y symmetry leads to a basic electroweak interaction of the form,�igj� _W � + g02 jY� B�; (1.31)



40which involves a massless triplet of vector bosons W� and a massless singlet bosonB�. The question is then how to relate those vector bosons to the physical statesthat are the massless photon and the massive W� and Z0? The answer is that thesymmetry is broken via the Higgs mechanism. The next sections describes howthis process results in the physical massive bosons.The Higgs MechanismThe thread we have been following so far has been how symmetries of Nature shapethe various fundamental interactions. From a �eld theory point of view, there aretwo conditions that determine whether we have an exact symmetry ([2]):� The Lagrangian is invariant under the symmetry (we have seen several ex-amples of this in previous sections)� The unique physical vacuum is also invariant under the symmetryThere are two types of situations that can spoil the exact symmetry case. First,if we do not have an exact symmetry, but the symmetry breaking e�ect is small,then all is not lost and we can write the Lagrangian as:L = Lsymm + �Lsymm:break: (1.32)A good example of this situation isL = Lstrong + LEM : (1.33)



41The strong interaction is invariant under the isospin symmetry, and the e�ect ofisospin violation is due to the eletromagnetic interaction. The second situationarises when we do have an exact symmetry of the Lagrangian but the dynamicsare such that the vacuum states are not invariant under the symmetry. In thiscase, we talk about spontaneous symmetry breaking.For a very illustrative example of this last case, we look at a continuous sym-metry breaking ([3]). We take the following Lagrangian, dependent on two real�elds �1 and �2:L = 12(@��1)(@��1) + 12(@��2)(@��2) + 12�2(�21 + �22)� 14�2(�21 + �22)2: (1.34)This Lagrangian is invariant under rotation in �1�2 space (SO(2)). We can writethe potential of this Lagrangian as,V = �12�2(�21 + �22) + 14�2(�21 + �22)2; (1.35)so that we can see that the minimum of this potential is a circle of radius �=� (thisis the wine bottle potential) given by,�21j0 + �22j0 = �2�2 : (1.36)In this interesting situation, the vacuum state does not lie at the zero of the po-tential, as is usual. We pick an arbitrary vacuum state around which the Feynmanrules can be used, �1j0 = ��; �2j0 = 0: (1.37)



42A judicious change of basis allow the new �elds to have their ground state lyingon the 0 of the potential, � � �1 � ��; � � �2: (1.38)The Lagrangian in terms of the new �elds now reads,L = [12(@��)(@��)� �2�2] + [12(@��)(@��)] + : : : : (1.39)The Lagrangian in the new basis has lost its SO(2) symmetry (it's hidden), butnow the spectrum of particles is apparent. The mass term of the � �eld can be reado� as � q(2)�, the � �eld is massless, and the other terms are interaction termsbetween the �elds. According to the Goldstone theorem, for every continuoussymmetry breaking there is the appearance of a massless scalar �eld, called aGoldstone boson. At this point it is not clear how this mechanism can help theinteraction �elds acquire mass, since it introduces even more massless particles.We will see that there is a delightful interplay between our good friend the localgauge invariance and the Higgs mechanism that does all the magic.The Higgs mechanism in the Abelian caseIn order to see how the magic happens in a simple case, we look at the case wherethe local gauge symmetry is Abelian. Taking our last example of the two real�elds, we combine them into one complex �eld, � = �1 + i�2,L = 12(@��)�(@��) + 12�2(���)� 14�2(���)2: (1.40)



43The SO(2) is replaced with the now familiar U(1) symmetry,D � @� + iqA�F�� � @�A� � @�A��! �0 = eiq�(x)�(x)A� ! A0� = A� � @��(x):The invariant Lagrangian is then,L = 12D���D��+ 12�2(���)� 14�2(���)2 � 116�F��F �� : (1.41)We make the same change of basis around the same particular ground statethat we chose in the previous example, so that the Lagrangian in the new basislooks like,
L = [12(@��)(@��)� �2�2] + [12(@��)(@��)]+[� 116�F��F �� + 12(q��)2A�A� � 2iq��@��A�] + : : :

As before, the � �eld has acquired mass, and we have a massless � �eld, but nowthe �eld A� has also acquired some mass! Unfortunately there is also a suspiciouslooking term that involves the A� and the � �elds. This is where the beautyof having an invariant Lagrangian comes into play, since we only have to use ajudicious choice of gauge and we can still use the form of equation 1.41. To makemore apparent the choice of gauge, we can rewrite the o�ending terms as followed,



4412(q��)2(A� + 12iq �� @��)(A� + 12iq �� @��): (1.42)We choose the following gauge,A� ! A0� = A� + 12iq �� @��; (1.43)which corresponds to a particular phase of the �eld,�! �0 = ei �2� ��: (1.44)This gauge forces the imaginary part of � to 0. This particular gauge, whichinvolves having only physical states in the Lagrangian, is called the unitary gauge(U-gauge). We can use the same equation 1.41 in the new gauge,L = [12(@��)(@��)� �2�2]� 116�F��F �� + 12(q��)2A�A�: (1.45)We see explicitly that the � �eld still has mass, this is the Higgs boson, thevector �eld has acquired mass, and we do not have any � �eld anymore. It isinteresting to note that before the symmetry breaking happened, we had fourparticle degrees of freedom: two scalar �elds and two polarizations of the masslessgauge vector A�. After the symmetry breaking we are left with one scalar �eldand three polarizations of the massive vector �elds, so still four particle degreesof freedom. This is where the expression \the vector boson (the A�) eats theGoldstone boson (the �) to acquire mass" comes from.



45The Higgs mechanism applied to SU(2)L � U(1)YFollowing [2], we start by just looking at the leptonic part of applying the Higgsmechanism to SU(2)L � U(1)Y . The SU(2)L symmetry has three massless gaugebosons associated with it b1�; b2�; b3�, while the U(1)Y has only one, A�. The La-grangian has a part associated with the gauge �elds and a part associated with theleptons. The gauge part has a kinetic term written in terms of the �eld-strengthtensors, which we've de�ned in previous sections for both the non-Abelian caseof SU(2) and the Abelian case of U(1). We can write the lepton part of theLagrangian as,
Lleptons = �uRi�(@� + ig02 A�Y )uR + �uLi�(@� + ig02 A�Y + ig2 � _b�)uL; (1.46)where g and g02 are the couplings for SU(2)L and U(1)Y respectively. We now usethe Higgs mechanism to render mass to the gauge bosons. We introduce a doubletof complex scalar �elds, � � 0BB@ �+�0 1CCA = 0BB@ �1 + i�2�3 + i�4 1CCA :The new part of the Lagrangian corresponding to this doublet of �elds isLscalar = (D��)y(D��)� V (�y�): (1.47)The covariant derivative is de�ned as usual involving the gauge bosons. We take thepotential to be the same as we've used in the previous section for the continuous



46symmetry. This is a Standard Model assumption: until we discover the precisemechanism of symmetry breaking of the electroweak system, we will not knowwhat the potential is, V (�y�) = �2(�y�) + j�j(�y�)2: (1.48)We can also add to the Lagrangian an interaction term that involves the scalardoublet and the leptons. The simplest coupling symmetric under SU(2)L�U(1)Yis given by LY ukawa = �Ge(�uR�yuL + �uL�uR): (1.49)We can now apply the spontaneous symmetry breaking process by noting that theminimum of the potential is given by,12(�21 + �22 + �23 + �24) = ��22�: (1.50)Thus we can choose the following ground states,�1 = �2 = �4 = 0; �23 = ��2� � v2; (1.51)which can be rewriten as: < � >0= 0BB@ 0vp2 1CCA :We have said in the previous section that the Goldstone theorem states that forevery symmetry breaking there will be the creation of a Goldstone boson (whichis going to be massless and be eaten up to give mass to the gauge boson). In a



47more mathematical sense this is equivalent to saying that there will be a Goldstoneboson created if a particular generator of the symmetry group does not leave thevacuum invariant, that is, if G < � >0 6= 0. The generators of SU(2) are the �matrices and applying each of them to < � >0 does not give 0. The generatorof U(1)Y is a number Y , so applying it to < � >0 does not give 0 either. It isinteresting to note that if we apply the electric charge as the generator, which is amix of �3 and Y according to the Gell-Mann-Nishijima relation, then we get,Q < � >0= 12(�3 + Y ) < � >0= 12 0BB@ 0� vp2 1CCA+ 12 0BB@ 0vp2 1CCA = 0:Hence the charge operator leaves the vacuum invariant. As a result, the photonwill remain massless while the three other gauge bosons will eat up their respectiveGoldstone bosons and acquire mass.The next step would be to rewrite the Lagrangian with the new �elds de�nedaround the minimum of the potential. We know that by choosing the U-gauge weensure that the physical spectrum of particles is apparent:�! �0 = 0BB@ 0v+�p2 1CCA :The Yukawa term now readsLY ukawa = �Gevp2 �uu� Ge�p2 �uu: (1.52)The �rst term can be interpreted as the mass of the leptons, while the secondterm is an interaction term between the leptons and the � �eld. The scalar termbecomes



48
Lscalar = 12(@��)(@��)� �2�2+v28 [g2jb1� � ib2�j2 + (g0A)�� gb3�)2] + : : : :We can read o� the mass of the � �eld to be M2 = �2�2. The � �eld is the Higgsboson of the Standard Model.The charged gauge �elds can be de�ned asW�� � b1� � ib2�p2 : (1.53)With this de�nition the mass term of the charged gauge bosons become manifest,since now we have g2v28 (jW+� j2 + jW�� j2); (1.54)and hence M�W = gvp2 . We can also write down the part of the Lagrangian de-scribing the interactions between the vector bosons and the leptons and make acomparison with the phenomenological Lagrangian found in previous sections forthe Electroweak interaction. The connection between the two gives the relationshipbetween g and the coupling found experimentally,g28 = GFM2Wp2 : (1.55)This gives us a value for v, the vacuum expectation value of the Higgs �eld,v = (GFp2)�1=2 = 174 GeV: (1.56)



49We can also de�ne the neutral boson �elds as
Z� = �g0A� + gb3�pg2 + g02 ; (1.57)A� = gA� + g0b3�pg2 + g02 : (1.58)The masses of the Z0 particle, M0Z = pg2 + g02 v2 and the photon, m = 0, becomeapparent. We see that the neutral bosons are mixed. It is useful to introduce aweak mixing angle such that g0 = g tan �W so that now we have

Z� = �A�sin�W + b3�cos�W (1.59)A� = A�cos�W + b3�sin�W (1.60)The uni�cation of the weak and electromagnetic interactions is now completesince we can relate each coupling constant to each other, with a relationship thatis found by making the connection between the Lagrangian of the neutral bosonsand their phenomenological counter part:g = esin�W ; g0 = ecos�W : (1.61)1.2.5 The CKM matrixWe come back to the CKM matrix introduced in section 1.2.4. The StandardModel does not predict the values of the CKM elements; we need to measurethem. The matrix is unitary by construction. This constraint along with the



50fact that phase di�erences are unphysical leave four independent real parameters,for three generations of quarks. These correspond to three angles and one phasefactor, so the CKM matrix contains complex elements. The PDG uses the set ofangles �12; �13; �23 and the phase factor �13.Although the Standard Model does not predict the individual elements, someinformation can be extracted from the CKM matrix when written in a usefulform. To do this we can use the approximation that cos�13 is very close to unity(Vub = sin�13e�i�13 is very small). Also, we can expand all the cos and sin terms.Wolfenstein chose the expansion parameter to be � = sin�C � 0:22. The CKMmatrix can be written, using the four independent parameters, A, �, � and � asV = 0BBBBBB@ 1� 1=2�2 � A�3(�� i�)�� 1� 1=2�2 A�2A�3(1� �� i�) �A�2 1
1CCCCCCA+O(�4):If we examine the magnitudes of the di�erent elements we notice that the biggerthe step in generation, the weaker the element: Vud; Vcs; Vtb are of order 1, whilethe elements involving the 1st and 2nd generation, Vus; Vcd, are of order �, theelements involving the 2nd and 3rd generation, Vcb; Vts, are of order �2 and �nallythe last level (and the hardest to measure) involves the elements from the 1st and3rd generation, Vub; Vtd, which are of order �3. Table 1.3 summarizes the latestresults and signatures for each element: ([7],[8],[9]).Using the unitarity constraint (V yV = 1) we can write down six equationsrelating the di�erent CKM elements. The most interesting one involves combina-
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Table 1.3: Measuring the CKM elementsCKM Experimental Signature MeasurementjVudj nuclear beta decays 0.9735�0.0008neutron decaysjVcsj K ! �e�e with D ! Ke�e decays 1.04�0.16Charmed-tagged W decaysjVtbj t! b`� decays jVtbj2Vtdj2+Vtsj2+Vtbj2 = 0.99 � 0.29jVusj K ! �e�e decays 0.2196�0.0023hyperon decaysjVcdj ��d! �c decays 0.224�0.016jVcbj B ! D�`� decays CLEO: 0.0462�0.0032Inclusive b! c`�jVtsj b! s decays jV �tsVtbj2jVcbj2 = 0.95(1+0.01 �)jVtdj Bd, Bs mixing jV �tbVtdj=0.0083�0.0016jVubj B ! �; �; `� decays this thesisInclusive b! u`� CLEO: 0.00408 � 0.00063



52tions of similar order and is the product of the 3rd row of V y and the 1st columnof V : V �ubVud + V �cbVcd + V �tbVtd = 0: (1.62)If we set the di�erent elements which are of order unity to one, and if we divideeach members by V �cbVcd then we get the triangle of base length one, shown in �gure1.5.From the previous discussion about the experimental signatures of the di�erentelements, it is clear that only the processes b ! u`�, b ! c`� and B0 � �B0mixing are necessary to completely determine the unitary triangle. The problemis that those reactions involve large hadronic contributions which results in largeuncertainties on the di�erent elements.The hope is that the angles �; �, and  can be extracted with reduced hadronicuncertainties. The angle � has been determined experimentally by the new Bfactories, BaBar and BELLE. They essentially looked at the process B ! J= Ks,which is very clean both theoretically and experimentally. The current averagevalue is sin2� = 0:77�0:08 [5]. To determine the angle � the B factories will haveto perform what is called an isospin analysis. Finally, the angle  is even harder tomeasure experimentally. There are various methods proposed to measure this angle([9]). One of these method is to build triangles relating various decay amplitudesto each other.The point of measuring all the various pieces of the unitary triangle indepen-dently is of course to see if the triangle closes, and see if there is some new physics
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Figure 1.5: Unitarity triangle built from the CKM matrix.



54beyond the Standard Model that shows up in one of those measurements. Sincethis type of new physics hunt is indirect (we are not looking for bumps indicatingnew particles), there is usually no single clean measurement that can clearly showthe new e�ect. Di�erent processes that would be controlled by the same combi-nations of CKM elements can have di�erent non-Standard Model contributions.Extracting CKM quantities assuming the Standard Model would then result ininconsistent parameters.1.2.6 CP violationWe have seen in section 1.2.4 that the V-A structure of the weak interaction pro-duces Parity violation and Charge Conjugation violation, but leaves CP invariant.Here we study how CP might be violated.If we look at the the following quark scattering process: ab ! cd, then theamplitude is proportional to,M/ VcaV �db( �uc�(1� 5)ua)( �ud�(1� 5)ub):If we apply the CP operator on the reaction we get the process �a�b ! �c �d, forwhich the amplitude can be written as,M0 / V �caVdb( �ua�(1� 5)uc)( �ub�(1� 5)ud): (1.63)Since an Hamiltonian is always hermitian we have M0 =My. For CP invari-ance to hold, application of the operator CP on the M amplitude must result inM0.



55We need to apply the operator CP to the di�erent currents. The end result isthat we �nd the amplitude to be ([4])CPM/ VcaV �db( �ua�(1� 5)uc)( �ub�(1� 5)ud):This amplitude is the same as the one in equation 1.63, except for the positionof the \*" on the di�erent CKM elements. If the CKM matrix were real, thenwe would have CP invariance. Because there is a complex number in the CKMmatrix, the SM predicts some CP violation.The unitarity triangle shown in �gure is related to CP violation through thefact that its area J (for Jarlskog), quanti�es the amount of CP violation becauseit is proportional to the imaginary part of the CKM matrix: J � �6A2�. Theother two triangles that we could have chosen also have their area equal to J. Onetriangle involves K decays, the other Bs decays. We mostly hear about the Bdtriangle because it has all sides of roughly the same size, which makes it easierexperimentally to measure all the sides and angles.The study of CP violation is a very hot subject of research within HEP thesedays. The reasons for this are that it's the least tested aspect of the StandardModel. Also most New Physics models predict additional sources of CP violation.Finally, our own existence implies that there was some amount of CP violationshortly after the Big Bang, but baryogenesis requires a larger level of CP violationthan is predicted by the Standard Model.There are three types of CP violation in meson decays: CP violation in themixing of the neutral mesons, CP violation in the decay of either the neutral or



56charged mesons and �nally, CP violation in the interference of decays of the neutralmesons with and without mixing.One way to measure CP violation in mixing is to look at semileptonic asym-metries of the neutral B meson,aSL = �( �B0(t)! X`+�)� �(B0(t)! X`��)�( �B0(t)! X`+�) + �(B0(t)! X`��) : (1.64)CLEO has a measurement of such an asymmetry, and the world average valueis ([5]) aSL = (0:2� 1:4)� 10�2. Unfortunately, the theoretical predictions for thisquantity involve large QCD e�ects, but we do know that the asymmetry can notbe larger than O( ��B�MB ), where ��B is the di�erence in width between the twoneutral B mesons, while �MB is their mass di�erence. The current precision ofthe measurements is still not high enough to either validate or refute the StandardModel. This type of CP violation is sometimes also referred to as indirect CPviolation.To measure CP violation in decay, one can look at the asymmetry involvingcharged �nal states, af� = �(B+ ! f+)� �(B� ! f�)�(B+ ! f+) + �(B� ! f�) : (1.65)If we choose two amplitudes such that A2 << A1 then the theoretical expressionfor the asymmetry can be written asaf� = �2(A2=A1)sin(�2 � �1)sin(�2 � �1); (1.66)



57where �2; �1 are strong phases, and �2; �1 are weak phases. Unfortunately, thisasymmetry also su�ers from large theoretical uncertainties since it involves thestrong phases, which usually depend on QCD e�ects that are hard to calculate, like�nal states interactions and hadronization. This type of CP violation is sometimesreferred to as direct CP violation.There is hope, though, concerning the third type of CP violation. For this kind,one can measure the time dependence of the asymmetry involving CP eigenstate�nal modes, afCP = �( �B0(t)! fCP )� �(B0(t)! fCP )�( �B0(t)! fCP ) + �(B0(t)! fCP ) : (1.67)Since this measurement requires the time dependence of the B decay, one gainsmuch leverage by building an asymmetric machine, leading to a displaced vertexof one B relative to the other. As we have mentioned in the previous section,the B factories have measured the CP eigenstate  KS decay mode, for which theasymmetry can be written asafCP = sin(2�)sin(�mBt): (1.68)The magnitude of the asymmetry is given by sin(2�) and it is signi�cantly di�erentthan zero. This is the �rst direct observation of CP violation in the B system. Itis also the �rst precision test of the Standard Model concerning CP violation, andwe're happy to report that it passed.



581.3 Beyond the Standard ModelWe have just gone through a quick overview of how the Standard Model is apossible ground on which to grow fundamental laws governing elementary particlesand how they interact. Although we know that it can't be the end of the story.For example, as mentioned before, our own existence implies that there is moreCP violation than what the Standard Model predicts. We now briey discuss themain reasons why the Standard Model is unsatisfactory and also look into possibleextensions.Modern neutrino physics has already provided experimental hints that themassless neutrinos predicted by the Standard Model need to be remodeled. Wenow review how the massless neutrino is predicted by the Standard Model. Com-ing back to the lepton current of equation 1.20, the leptons have a Yukawa-typecoupling with the Higgs �eld, LY ukawa = Y eij�uiL�ujR; (1.69)where the i; j refer to the avors. This coupling eventually leads to a mass termfor the charged lepton and predicts that neutrinos are massless. The simplest way([5]) to account for some neutrino mass is to add a dimension-�ve term that makesthe neutrino mass explicit, Ldim�5Y ukawa = Y �ijM �uiLujL��; (1.70)



59where the parameter M is a mass. This term is nonrenormalizable and impliesthat this extended version of the lepton sector of the Standard Model is valid onlyuntil the scale M . Because of the structure of this new dimension-�ve term, thecouplings Y � are symmetric. The mass terms for the leptons are now given by([5]), Me = vp2Y e;M� = v22MY �: (1.71)In complete analogy with the quark sector, we can always �nd unitary matricesVeLV� such that
VeLMeM yeV yeL = diag(m2e; m2�; m2� )V�M�M y�V y� = diag(m21; m22; m23):In the mass basis, the interaction between the W� and the lepton is given byLẀ� = gp2 �u`L�(VeLV y� )u�LW�� : (1.72)The unitary 3� 3 matrix VMNS = VeLV y� (the Maki-Nakagawa-Sakata matrix)is the mixing matrix for the leptons just like the CKM matrix is the mixing matrixfor the quarks. Because of the Majorana nature of the neutrinos in equation 1.70,we are not free to make a phase transformation to the neutrino �elds, in contrastto the situation with the charged leptons and the quarks. As a result, the MNSmatrix has three CP violating phases, as opposed to the single one in the CKM



60matrix. Because of this new MNS matrix, we now have avor changing interactionin the lepton sector, making it similar to the quark sector.None of the Yukawa couplings are predicted by the SM; we have to measure allthe masses of the fundamental particles. This touches on another shortcoming ofthe SM: the fact that there is such a di�erence in scale between the lightest andheaviest fundamental particle. Just among the quarks we go from � 0.004 GeV forthe up quark to �170 GeV for the top quark. Actually, the top quark is the onlyone that has the right mass scale: we have seen that the Higgs mechanism providesthe mass of the quarks, leptons and gauge bosons of the Electroweak interactionsvia its vacuum expectation value (vev). This value is about 100 GeV, so we wouldexpect all the masses to be around that value, which is only the case for the topquark and the W and Z bosons. Another issue connected with this is the mass ofthe Higgs particle itself: since it's a scalar �eld we would expect that it acquiresmass through all of its quantum e�ects. This means that its mass should be around1016 GeV, clearly not the 100 GeV that seems to emerge from all the Electroweakprecision data. This is known as the Hierarchy Problem.Another unnatural feature of the SM is related to what is called the strongCP problem. In the SM Lagrangian, there are nonperturbative QCD terms thatviolate CP and induce an electric dipole to the neutron. We expect a relationshiplike ([5]): dN � 5� 10�16�QCD e cm (1.73)



61The experimental bound on dN is less than 6:3� 10�26e cm, so �QCD should beless than 10�10. The theoretical prediction for this quantity is that it should be oforder one, so the small measured value seems to indicate possible new physics.The main issue with the Standard Model seems to be the hierarchy problem.Fundamentally, there are two ways to solve this problem: 1) there can be somecareful �ne tuning and cancelations that take place to prevent the quantum cor-rections that drive up the Higgs mass, or 2) the Planck scale is the same as theElectroweak scale.If you were to take a poll among theorists about their favorite contender forpossible physics beyond the Electroweak scale, the vast majority would answer Su-persymmetry (SUSY). This is particularly interesting in view of the fact that asidefrom the lack of any experimental observation of SUSY parameters, there needsto be several versions of SUSY that �x this or that theoretical shortcoming. Alsothere is a multiplication of unpredicted parameters that one has to measure withSUSY models, even though we already feel uncomfortable with the 18 parametersfrom the SM. Nevertheless, SUSY elegantly solves the �ne tuning of the SM and itlooks like it's a necessary part of any Grand Uni�ed Theory, where the electroweakand strong interactions come together.In 1882 Darbaux factored second order di�erential operators into the productof two �rst order operators. This is the most basic implementation of the ideaof supersymmetry ([6]). The same idea was used in Dirac's formulation of theharmonic oscillator writing it as H = h!(a+a = 12). Since the Hamiltonian is thegenerator of time translations, we can say that we've decomposed time translations



62into more fundamental operations. In SUSY, we have both spatial and time trans-lations embodied in a super algebra. For example, under the group SU(2)�SU(2),operators transform under (1/2,1/2). To apply the super algebra is to use morefundamental objects which transform under (1/2,0) and (0,1/2). Physically speak-ing this translates into postulating that there are fermion and boson multiplets:for every fermion there is a bosonic partner (sleptons, squarks) and for every bosonthere is a fermionic partner (photinos, gluinos). The �ne tuning of the hierarchyproblem happens because for each o�ensive fermionic loop in the quantum correc-tions of the Higgs �eld, there is an equal and opposite bosonic loop that cancels it([11]).It is interesting to note that the spectrum of sparticles is decoupled from theparticle spectrum, so that the physics at the EW scale is consistent with the SMpredictions (and hence with observations). Even the supersymmetry Higgs sectorcan be accommodated with a SM-like Higgs around 100 GeV.Another possible solution to the hierarchy problem is to postulate the existenceof extra spatial dimensions. Those extra dimensions would be compacti�ed so thatthere would be no direct evidence of them in our everyday world. The relationbetween how the size of these extra dimensions inuences the constants at thePlanck scale is given by ([11])M4dP lanck = (M (4+n)dP lanck )n+22 Rn2 ; (1.74)where Rn is the volume of the compacti�ed n-dimensional space. This line ofthought is an appealing candidate for developing quantum gravity, since in this



63model only the graviton would be able to radiate into the \bulk" (the extra dimen-sional volume), making its strength as feeble as we experience it. It's interesting tosee that such a model has exotic experimental predictions for the next generationof colliders such as the production of black holes.Finally, a less popular view is to consider the Higgs particle as a compositeparticle, so that it would be protected from quantum corrections. Technicolormodels have problems in that their predictions have di�culties standing up to theEW precision measurements.In summary, we have seen that the CKM matrix is a cornerstone in the com-plete understanding of fundamental particles and their interactions. Furthermore,precise kinematic observations of decays such as the transition of a b quark to au quark semileptonically can be used as a probe of the QCD physics involved,leading to much improved tools to help interpret more accurately a whole range ofcrucial measurements. In the next chapter, we look more in detail at the dynamicof such a decay and the di�erent tools that are used in the strong interaction partof the decay.



CHAPTER 2WHAT WE KNOW ABOUT THE B ! XU`�DECAYS2.1 Dynamics of the decaysNow that we have layed out the backgroud picture for the weak interations andspecially the role of the CKM matrix, we can turn to looking more speci�callyto the exclusive decays B ! ��!�`�. We will �rst look at their amplitudes anddecay rates and then we will look at what sort of information we can gain fromanalyzing their Dalitz plot.2.1.1 Amplitudes and decay ratesWe are interested in deriving an expression for the di�erential decay rate and thewidth of the exclusive decays involved in the transition b! u`�. These expressionslead to the determination of Vub, once we have the experimental results. We showthe complete derivation for the case of B ! �`�. It follows very closely theformalism used in [18]. Figure 1.2 shows the decay in the rest frame of the Bmeson. We choose the z axis in the direction of the W . The angle �` is the angle64



65between the lepton momentum, in the W rest frame, and the direction of the W ,in the B rest frame.The four-momenta of the B meson and of the pion are as followed, in the Brest frame: p� = (MB; 0; 0; 0); k� = (E�; 0; 0;�p�). The W meson is a spin oneparticle and we can write down it's helicity polarization vectors as,
��W+ = 1p2(0;�1;�i; 0)��W� = 1p2(0; 1;�i; 0)��W0 = 1pq2 (p�; 0; 0; q0);��Wt = 1pq2 (q0; 0; 0;�p�)where q2 = (p + k)2, and so, in the rest frame of the B, q0 = MB � E�. We canalso write these polarization vectors in the W rest frame,
��W+ = 1p2(0;�1;�i; 0)��W� = 1p2(0; 1;�i; 0);��W0 = (0; 0; 0;�1)��Wt = (1; 0; 0; 0)The di�erential decay rate is given by,d� = (2�)42MB jMj2d�; (2.1)



66whereM is the decay amplitude and d� is the di�erential amount of phase space.The amplitude is given by, M = �iGF2 VubL�H�: (2.2)We see the expressions for the leptonic current and the hadronic matrix element,L� = �u`�(1� 5)v�H� = h�j�q0�(1� 5)QjMi= f+(q2)(p+ k)� + f�(q2)(p� k)�;where f+; f� are form factors. The term proportional to f� vanishes when con-tracted to the lepton current, in the limit of massless leptons. With the aboveexpressions we can �nd the helicity amplitude of the W . Since both the pion andthe B meson are spinless, the only helicity available for the W is zero,H0 = ���W0H�= ��0W0H0 + ��3W0H3= 2pq2p�MBf+(q2):In the di�erential decay rate we need the magnitude squared of the amplitude,jMj2 = G2F jVubj22 L��H�� : (2.3)We start with the leptonic current,
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L�� = L�L�� = ( �u`�(1� 5)v�) ( �v�(1 + 5)�u`) (2.4)= 12Tr [p`�(1� 5)p��(1� 5)]= 8 hp�̀p�� + p�̀p�� � (p` � p�)g�� + i�����p��p`�i :We can rewrite equation 2.3 in the following way,jMj2 = G2F jVubj22 L�0�0q�0�q�0�H��; (2.5)this form allows us to insert the completeness relation of the W polarization vec-tors,
jMj2 = G2F jVubj22 Xmm0 X~m ~m0 L�0�0�m�0�� ~m�0 gmm0g ~m ~m0��m0� � ~m0� H�� (2.6)= G2F jVubj22 Xm X~m L�0�0�m�0�� ~m�0 �m� ~m��m� � ~m� H��:We can now evaluate the amplitude piece by piece starting with the lepton sector,Lm ~m = L�0�0�m�0�� ~m�0 �m� ~m; (2.7)We work in theW rest frame in which we can write the four-momenta of the leptonand the neutrino as,

p�̀ = (p`; p`sin�`; 0;�p`cos�`)p�� = (p`;�p`sin�`; 0; p`cos�`):



68Because we are in the W rest frame, we have p` = pq2=2 and (p` � p�) = q2=2.We could now evaluate all the di�erent possible helicity combinations (+,-,0,t) form and ~m using equation 2.7. Looking ahead, evaluation of the hadronic piece ofequation 2.5 tells us that only the helicity zero is possible, as we mentioned before,so m and m0 are zero and we only need to evaluate L00,L00 = L33�3W0��3W0= L33= 8[2(�p2̀cos2�`) + 2p2̀)]L00 = 16p2̀sin2�`:We can write down the hadronic part as,Hm ~m = ���Wm��W ~mH��H00 = ���W0H���W0H��= H20 :We can now write down the amplitude as,jMj2 = G2F jVubj22 16p2̀sin2�`H20 : (2.8)The three body decay phase space is given by,d� = 116(2�)7 p�MB dcos�`dq2; (2.9)



69where �` is the angle between the direction of the lepton in the W rest frame andthe dirextion of the W in the B rest frame. The di�erential decay rate is then
d� = (2�)42MB G2F jVubj22 16p2̀sin2�` 4q2p2�M2Bjf+(q2)j2 116(2�)7 p�MB dcos�`dq2d�dq2dcos�` = G2F jVubj2(2�)34 sin2�`p3�jf+(q2)j2:Integrating over the angle we get,d�dq2 = G2F jVubj224�3 p3�jf+(q2)j2: (2.10)One important feature of this last expression is the momentum dependence:there is a power of three for the pion decay and we would �nd a power of one forthe vector case. In general the dependence goes like p2L+1, where L is the lowestallowed orbital angular momentum. The power of the momentum inuences theshape of the lepton spectrum. The other important feature is that we need toknow the dependence of the form factor as a function of q2. This dependence isthe subject of much theoretical activity, as we shall see in the following sections.For the case of the � and !, the fact that these particles have one unit ofspin, allows all possible polarization of the W . The complete expression for thedi�erential decay rate can be found in many places, in [19] for example. We nowturn toward the dynamics of the decays.



702.1.2 The Dalitz plotA Dalitz plot is essentially a map of the probability of the di�erent decay con�g-urations. We show the Dalitz plot for the B ! �`� and B ! �`� decays usingthe ISGW2 model in �g 2.1 and �g 2.2 respectively. The y axis of the Dalitz plotsis q2, which is the momentum transfer to the virtual W boson. The x axis is theenergy of the lepton.We can derive several expressions for q2:q2 = (p` + p�)2;q2 = (pB � p�)2;q2 = M2B +m� � 2MBE�;where the di�erent p's are four momenta. The last equation has been obtainedusing the 2nd expression, assuming the B is at rest.To analyze the Dalitz plot we can look at the various regions of q2. Firstlet us look at the region around the maximum q2 (also called zero recoil region).This situation happens when the daughter pion receives no momentum and thenq2 = (MB � m�)2. In this situation the mass of the W is taking most of theavailable energy, and so it is produced nearly at rest. This has the consequence ofproducing the lepton and the neutrino nearly back to back.At parton level, the u quark does not get much momentum from the transferso if the u quark mass was close to the b quark mass nothing much would have
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Figure 2.1: Dalitz plot for B ! �`� using ISGW2.
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Figure 2.2: Dalitz plot for B ! �`� using ISGW2.



73changed in the reaction. This is roughly the underlying idea of the Heavy QuarkSymmetry (HQS). The form factors of the hadronic part of the decay favor thissituation. In this region of q2 the relativistic corrections that depend on the massof the heavy quark is negligible. For the case of b ! u this last remark is not asvalid as for the case of b! c. Still, the form factors favors this situation. It is forthis reason that the density of points is greater in the top of both Dalitz plots.The other extreme situation is for q2 minimum. In that case, the value of q2 isthe mass of the lepton squared, so essentially zero. At q2 minimum the lepton andthe neutrino go ying parallel to each other and opposite to the daughter hadron.In this situation the hadron gets the largest recoil momentum. At the quark level,the u quark got momentum in the reaction so it is moving quickly with respect tothe spectator quark. Many gluons must be exchanged between the two quarks toform a bound state. This situation is clearly messier than the previous situation,so the form factors do not favor it. This the reason why the density of pointsin that region for the Dalitz plot is not as high. It is interesting to note thatthe theoretical calculations are much harder at lower q2 because of all the gluonsdynamic and the relativistic nature of the particles involved.There is another factor that inuences the q2 distribution, and hence the Dalitzplot: the spin of the daughter meson. If we take the example of the pion beingthe daughter meson: we've seen in the previous section that the decay rate isproportional to p3� so this suppresses the rate at high q2. If we compare with thecase of the � being the daughter meson, then in this case the decay rate was found



74to be proportional to the �rst power in momentum; so this does not suppress therate as much at high q2.We can look at it in a di�erent way: at q2 max the lepton and the neutrinoare nearly back to back, which implies that the third component of spin for thelepton-neutrino system is +1 or -1 but not 0. The B meson has total spin of 0.In the case of the pion, which has also spin 0, there is nothing available to cancelthe +1 or -1, so the orbital angular momentum is of value 1. This is referred toas a P wave decay. On the other hand, the � has spin 1, so the orbital angularmomentum can take any value from 0 to 2. The decay can be an S, P or D wave.This also has the consequence of not suppressing the rate of the � at high q2.The di�erent situations of q2 are summarized in �gure 1.3 and we show therespective q2 distribution in �gures 2.3 and 2.4.We now turn our attention to the lepton energy distribution. The importantfactors for this distribution are the V-A structure of the weak current, and thespin of the daughter meson. The u quark has mostly an helicity of -1/2, while thelepton has almost purely an helicity of -1/2. In the case of the � meson, since itsspin is 1, then the spectator quark can have either helicity +1/2 or -1/2. Thisleads to a helicity of the � to be either 0 or -1. This in turns leads to the helicityof the W to be either 0 or -1. This has consequences on the energy of the lepton.When the W has helicity -1, then the helicity of the lepton is mostly -1/2 andso because of that the lepton is likely to be emitted in the W direction. Becauseleptons that go in the direction of the W are given higher energy (in the B restframe) because of the boost, we get what is known as the lepton forward-backward
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Figure 2.3: q2 distribution for B ! �`�. The solid curve is for ISGW2,dashed curve is for a licht-cone sum rule calculation.
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Figure 2.4: q2 distribution for B ! �`�. The solid curve is for ISGW2,dashed curve is for a licht-cone sum rule calculation.



77asymmetry. The way to see it in the Dalitz plot is that there is a higher densityof points at higher lepton energy for a constant q2. Another way of seeing it isthat the distribution of the rho is roughly proportional to (1+ cos�`)2 (�` has beende�ned in the previous section) as shown in �gure 2.5.If we look at the case of the pion, the d quark has no choice but to havehelicity +1/2, so the helicity of theW is 0 and we lose the helicity information.Thedistribution associated with the pion is proportional to sin2�` as shown in �gure2.6. The absence of lepton forward-backward asymmetry also leads to a softerlepton spectrum for the pion mode compared to the rho mode. The lepton energyspectra are shown in �g 2.7 and 2.8 for pion and rho respectively. Table 2.1summarizes what we have learned about the Dalitz plot.
2.2 The Form FactorsThe theoretical challenge in weak semileptonic decays is to describe the form factorspresent in the hadronic matrix elements. Those form factors are important inorder to predict the rate of the di�erent decays. The prediction can then be usedexperimentally to obtain a value for the di�erent CKM elements. A powerfulhandle used to determine experimentally the behavior of the form factor is the q2distribution of the decay.We have seen in section 1.2.3 the basic ideas behind QCD. Trying to describe theform factor behavior's in terms of QCD is very attractive. Unfortunately, for thepresent we need to build models to �ll the gaps where QCD is non-perturbative and
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Figure 2.5: cos�` spectrum for B ! �`� for ISGW2.
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Figure 2.6: cos�` spectrum for B ! �`� for ISGW2.
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Figure 2.7: Lepton energy spectrum for B ! �`�. Solid curve if for a lightcone sum rule calculation, dashed curve is for ISGW2.
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Figure 2.8: Lepton energy spectrum for B ! �`�. Solid curve if for ISGW2,dashed curve is for a light cone sum rule calculation.
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Table 2.1: Summary of the information for the Dalitz plotDalitz region q2 CommentTop maximum the momentum of the daughter mesonsis small(O recoil) the lepton and neutrino are back tobackthe form factors favor this regionthe density of points is highparticles are unpolarizeddistribution of cos is uniformMiddle middle the W helicity of -1 starts dominatingover +1 (case of �)excess of points at high lepton energyBottom minimum maximum recoil for the � and �(max recoil) relativistic situationthe �, � and W have helicity of 0no asymmetry in the distribution ofcos�`depletion of points at low and high lep-ton energy



83numerical solutions are not quite there yet to take over. We review the fundamentalideas between some QCD-based tools, and some models used in particular for theb! u`� case.2.2.1 Heavy Quark Symmetry and HQETHistorically, one of the problem physicists had with the Quark Model was the factthat it was not possible to \see" directly the individual quarks. The explanationfor this, which comes naturally from the �eld theory of QCD, is the asymptoticfreedom of quarks: the strong coupling constant, �s, becomes weaker and weakerin processes involving large momentum transfer. Large momentum transfer canprobe short distance reactions. On the other hand, for large distance processes, �s,is strong, and the system is usually non-perturbative; we cannot make expansionsin order �s. Another consequence is the con�nement of quarks and gluons insidehadrons. We can actually use the size of the hadron to get an estimate of theenergy scale that distinguishes the weak and strong regime of �s,Rhad � 1=�QCD � 1fm:We �nd �QCD, the energy scale below which a non-perturbative approach is nec-essary, to be about 0.2GeV. Is is then natural to classify quarks based on thatenergy scale: heavy quarks have mQ � �QCD, they are the c; b and t quarks. Theother three quarks are considered light quarks in this particular limit.For heavy quarks, the coupling constant is small, and QCD behaves very muchlike QED, for which the electromagnetic coupling constant is also small. Actually



84the hydrogen atom formalism o�ers a very nice treatment of quarkonium statesmade of heavy quarks.The particular system of interest to us involves the B meson, which is made outof one heavy quark, but also one light quark. The heavy quark is then surroundedby a complicated system composed of interacting light quark pairs and gluons; asystem sometimes referred to as the \brown muck". The interesting observationis that in order to have information about the heavy quark's quantum numbers,information about small distance scales is required. The soft gluons, part of thebrown muck, can only resolve larger distance scales, so the light degrees of freedomof the heavy quark meson are blind to the mass and spin of the heavy quark, theyonly feel its color �eld. This leads to the important conclusion that in the in�nitequark-mass limit, if the only things di�erent are the mass and the spin of the heavyquark, the con�guration of the light degrees of freedom is the same.Isgur and Wise were the �rst to see the implication of this principle: if a heavyquark of velocity v and spin s is replaced by a di�erent heavy quark with di�erentspin, then, as long as the velocities are the same, the light degrees of freedom donot change. This can be directly applied to some semileptonic decays involvingtransition between heavy quarks, like b! c for example. This avor symmetry hasan interesting analogy: di�erent isotopes have about the same chemistry, since theelectron clouds do not care about the mass of the nucleus. Of course in real life,quark masses are not in�nite, and so there will be corrections of order �QCD=mQ.Since it is possible to factor out the dependence of the mass of the heavyquark, the hadronic matrix element can be written in terms of a function, �(v � v0),



85involving the four-velocity of the initial heavy quark (v) and the four-velocity ofthe �nal quark (v0). If we now use the heavy quark symmetry, we can change oneof the heavy meson into a di�erent heavy meson, and the matrix element is stilla function of the same function �. This function is called the Isgur-Wise functionand it is a universal form factor, valid for any heavy to heavy meson decay. Acommon variable used for the dot product of the two velocities is w 1. w is alsothe boost between the frame of the initial meson and the �nal meson.The variable w can also be related with q2 in the following way,w = m2Q +m2Q0 � q22mQmQ0 ;where mQ and m0Q are the masses of the initial and �nal mesons respectively. Wesee that in the particular case of maximum q2, which corresponds to the �nal mesonbeing at rest in the rest frame of the initial meson, then the two four-velocitiesare the same and we have (v � v0) = 1. This is sometimes referred to as the zerorecoil con�guration. We also explained in the previous section how this particularcon�guration is favorable from the form factor point of view. This also means thatthe Isgur-Wise form factor is maximum and in fact it determines its normalization,�(1) = 1:Based on these fundamental principles, it is possible to write an e�ective theorythat deals especially well with systems for which the heavy quark symmetry applies[20]. It is an e�ective theory because in a sense we do not need all the high energy1It comes from the French pronunciation: double-v



86details of the full theory if we are working in a domain of low energies. Theprescription to build such an e�ective theory goes as follows: �rst, we integrateout all the heavy �elds since they do not matter in the low energy regime. Thisleads to a non local theory since in the full theory the heavy �elds had an inuenceover a short distance, �x � 1=M . The next step is to rewrite the action as anin�nite series of local terms. This series takes care of reproducing the long distancephysics of the full theory but not the short distance one. The short distance physicsis present because of the hard gluons inside the meson. To take this into account,we need to add up the small distance e�ects by using perturbative method, this issometimes referred to as matching.In the particular case of building a Heavy Quark e�ective theory (HQET), themass of the heavy quark is the high energy scale and �QCD is the low energyscale at which we are working. Obviously it is not possible to completely removethe heavy quark, but it is possible to integrate out some negligible terms in thefull heavy quark spinor. Finally, to write the e�ective theory it is useful to makeuse of Luke's theorem, which states that in the limit of zero recoil, there are nocorrections of order 1=mQ in the hadronic matrix elements.HQET has been proven to be very useful for decays involving heavy quarkslike, for example, semileptonic decays B ! D(�)`�. In these cases HQS provides anormalization for the form factors at zero recoil, and one can extrapolate over thekinematical range of q2. For the case of a B meson going into a meson containinga light u quark, the situation is rather di�erent, and HQET can not be applied.



87There is no normalization possible in that case, and the principles of HQS can onlybe applied in the region of q2 max.HQS, predicts scaling relations, in the case of zero recoil, for the �`� formfactors,
f+(tm) + f�(tm) � m�1=2bf+(tm)� f�(tm) � m+1=2b ;where, mb is the b quark mass. We have mentioned before how in the heavyquark limit, the b quarks in the B and B� mesons act as a static color source andthe spin decouples. Hence, in the HQ limit the B and B� are degenerate. Sincethe mass di�erence between the B and B� is less than the pion mass, we can thenexpect a contribution to the form factors, from the B� for the B ! �`� decay. Weexpect a scaling relation of the type,fB�+ � m3=2b :We can then conclude that this contribution dominates the rate in the region nearq2max, but it is not expected to dominate the entire range of q2.In order to perform comparisons with experiments, we need more than usefulrelations that hold around symmetry limits. Since any hadronic decay is trulydescribed by non-perturbative physics, only non-perturbative methods will lead toaccurate predictions. One such method is lattice QCD.



882.2.2 Form factors on the latticeUsing lattice QCD is in a sense comforting, since in this case we do not have toworry about the justi�cation of the physical approximations: there are none. Alsothere are some number of methods available to estimate the errors associated withlattice QCD predictions, which is also very useful when the experimentalists aretrying to extract the theoretical dependence of their results.Brief introduction to lattice QCD2 Given a particular physics problem, �eld theorists usually solve it by evaluatingthe corresponding vacuum expectation value. This expression can be evaluatedfrom the path integral of an action, S[�],h0jG[�]j0i = R D�e�S[�]G[�]R D�e�S[�] : (2.11)As the name invokes, the idea behind lattice QCD is to replace the continuumof space and time by a grid of points. The spacing between each site is a and thetotal length of the grid is L. Field values are evaluated at each site, but gauge�elds are evaluated at each link in between the sites. This discretization turnpath integrals into normal integrals, functionals into functions and derivatives intodi�erences. Putting the continuum into a grid is a reasonable approximation whenthe following condition is met:2Based on [21] and [22]
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a� length scale of particular problem� L:Unfortunately, even though equation 2.11 has been reduced to a more \com-putable" form, it is not enough: there are too many integration variables in thesystem and also usually e�S[�] is sharply peaked. The solution is to generate Nrandom �eld con�gurations and arrange them so that they are distributed accord-ing to the probability distribution P [�] � e�S[�]. Then the vacuum expectationvalue is given by the average over all the con�gurations,h0jG[�]j0i � �G = 1N NXi=1G[�i]:The question is how good this expression is for a �nite N . If N is su�cientlylarge, the distribution approaches a Gaussian distribution, and �G is the mean ofthat distribution. In that case we also know how to get the width of the distribu-tion, �2 � 1N PiG2[�i]� �G2N :For a particular problem that we can solve analytically, we can compute,�2 � h0jG2[�]j0i � h0jG2[�]j0i2N ;and with this prescription we have a way of estimating the errors of the simulation.How do we generate such con�gurations in practice? Basically, the con�gura-tions are sets of random numbers, which are drawn from a particular distribution.One type of method used relies on the generalized Langevin equation,
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m�x = �@V (x)@x � � _x+ �(t);which describes the motion of a particle of mass m under the inuence of a ran-domly acting force from the potential V(x) and the inuence of a dissipative forcecharacterized by �. The vector � is a random vector from an arbitrary distribu-tion. From this second order di�erential equation it is possible to write a 1st orderequation for x and the momentum. It is then possible to write by how much x andthe momentum change over one time step.In order to apply this formalism to lattice �eld theory, we make the followingassociation: x(n) ! �n(x)p(n) ! �n(x)fake �eldV (x) ! S[�]� ! 1m ! M:

The starting point is to choose completely arbitrary values for each �elds � and�. To build the next iteration we can use��(x) = �t�(x)M



91��(x) = ��t �(x)M + @S[�]@�(x)!+p2�t�(x):This has the end result of distributing all the �n according to e�S[�], as desired.Note that if the interval �t between each updating step is small, then two neigh-bouring con�gurations do not look much di�erent; they are strongly correlated. Wethen need to throw away most of the con�gurations generated and keep only thosethat are separated by enough updating steps, �n. It turns out that the size of �nnecessary to have a reasonable distribution, is proportional to L. When we wantto approach the continuum limit, we increase L, which has terrible consequencesin terms of how many con�gurations one must generate. This is the phenomenoncalled \critical slowing down".We mentioned above that the gauge �elds are speci�ed on links joining sitesinstead of on each site, which we would naively expect for a �eld. The gauge �eldsare speci�ed by the line integral, over a link, of the exponential of the gauge �eld.The reason we have to do this is to preserve gauge invariance, which is the onlysymmetry we really care about. The reason is: because we are dealing with quan-tum theories, the �elds have structure at all scales, which is what leads to quantumuctuations. The fact that we need to discretize the theory when we project itonto the lattice has the e�ect of an ultra-violet cuto�. We have the right behav-ior at low energy scale, but the high energy e�ects are not correctly reproduced.The way out of this situation is to renormalize all the running constants found onthe lattice so that they give the same physics as the continuum physics. If onewants to reduce the disretization errors, we can add local terms to the original



92Lagrangian. These new terms also have running constants associated with them,that much be renormalized. This renormalization is accomplished by relating thenew running constants with the ones that were in the original Lagrangian. If thespacing of the lattice is small enough, then asymptotic freedom acts in our favorand perturbation theory can be used to compute all the renormalization factors.What about gauge invariance? If it is not preserved then renormalization theorycannot be used to relate all the constants, and each constant we would need to betuned separately. That would be extremely time consuming.The choice of the expansion parameter is important. Since the lattice operatorsinvolve an exponential, it is possible to expand it in powers to evaluate it. Theterms in the expansion are proportional to the lattice spacing so it is reasonable tothink that the terms get smaller and smaller with increasing power of the latticespacing, but there is a factor a in front of the expansion. This factor has theconsequence that the di�erent terms in the expansion are not negligible. An im-provement was found that involved rescaling all the �elds by a common factor, sothat the expansion would go always decreasing in size. This is called the \tadpoleimprovement". The name comes from the fact that the higher order terms in �eldsin the expansion involve high-energy loop diagrams, called tadpole diagrams.Lattice calculations for B ! �; �`�We have mentioned before that in our decay of interest the available recoil is largebecause the �nal mesons are so light . Large momentum means being able to probeshort distances, hence we need smaller spacings when we want to simulate particles



93with higher momenta. Nowadays, the available range of lattice calculations for the� and � modes is a momentum from 0 to about 1GeV. This region correspondsto being very near q2 max. Extrapolation over the whole range is problematicand introduces model dependency for which the uncertainties are uncontrolledtheoretically. For the case of B ! �`�, this means that only 20% of the totaldecay rate is available. There are currently two main approaches to deal withthe heavy b quark: one can perform the calculation at the charm mass and thenuse HQET to do the appropriate extrapolation. This approach is taken by theUKQCD group, for example. The other approach is to use a relativistic actionto perform the calculations, but interpret the results in a non-relativistic fashion,allowing one to stay at the b quark mass. This approach is taken by the Fermilabgroup.Another characteristic of lattice calculations is that the mass of the u and dquark are too small to be directly simulated on the lattice. Usually calculationsare done at roughly the strange quark mass and the results are extrapolated to thephysical values. This is called the chiral extrapolation.Recently the Fermilab lattice group ([23])has worked on lattice calculations ina speci�c region of q2, that could lead to a robust value of Vub since no modeldependence would be introduced by extrapolating to lower q2 values. They havealso studied the e�ect of lattice spacing and found only a mild dependence, thoughtheir systematic uncertainty receives a contribution from this e�ect. The expressionthat they propose is:
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jV 2ubj = 12�3G2FMB 1TB(0:4; 1:0) Z 1:00:4 dpd�B!�`�dp ; (2.12)where TB contains the calculations of the form factors and they �nd: TB(0:4; 1:0) =0:55+0:15+0:09+0:09�0:05�0:12�0:02 � 0:06� 0:09GeV 4 + 10� 20%. The �rst error is the statisticalerror, the second is the e�ect of the chiral extrapolation, the third is the e�ect ofthe lattice spacing, the fourth is the e�ect of matching the discrete calculationsto the continuum, the �fth is an error coming from linking the lattice units tothe physical units, and parts of it reects the quenched approximation e�ect. Thelast 10-20% is the estimate of what the quenched approximation e�ect could be 3.The e�ect of this approximation varies from situation to situation. For example,for the case of the � mode this can have a big e�ect, since there must be a quarkpair created from the vacuum. On the other hand, systems like the � systemsare well approximated because the valence quarks are really the most importantplayers. Recently there have been unquenched calculations performed to determinethe decay constants of the B and D mesons: those results drive the uncertaintyestimate shown here.The UKQCD lattice group ([24], [25]) uses a di�erent procedure for the chiralextrapolation. They also report form factors over the whole range of q2 and forboth the � and � modes. For their � mode extrapolation over the whole rangeof q2 they choose the parameterization developed by Becirevic and Kaidalov (BK)([26]), which proposes to write the form factor to depend explicitly on the B� pole,and the other higher states can be written relative to the �rst pole,3The quenched approximation means that quark polarization loops are ignored.
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f+(q2) = cB(1� �)(1� q2M2B� )(1� �q2M2B� ) ; (2.13)where cB; � are parameters related to the inuence of the B� pole and other higherstates and can be �t for using lattice results. It is important to note that theFNAL lattice results can also be extrapolated over the whole q2 range using thisparameterization. There are other possible parameterizations for extrapolating atlower q2 that make use of dispersion relations ([27],[28]). The concept of dispersivebounds is introduced in the next section, where we review the other QCD tool forgetting the form factors: the QCD Sum Rules.2.2.3 QCD Sum RulesQCD Sum Rules were developed more than 20 years ago by Shifman, Vainshteinand Zacharov (SVZ). They are powerful tools used in hadron phenomenology. Theidea is to consider a hadron in terms of interpolating quark currents taken at largevirtualities ([29]). The fact that the quarks are highly virtual means that we areinterested in a short distance process for which pertubation theory can be used.We can write such an amplitude as a correlation function of quark currents,���(q) = (q�q� � q2g��)�(q2); (2.14)where q is the four momentum transfer of the reaction and has q2 < 0. Ourreactions of interest involve both short-distance and long-distance regimes. Thelong-distance part can be thought of as a sum over all possible hadron states and



96their polarizations. For q2 > 0 we can make use of the unitarity relation and insertof complete set of intermediate states,
2Im���(q) =Xn < 0jj�jn >< njj�j0 > d�n(2�)4�(4)(q � pn); (2.15)where d�n is the phase space volume of all the states, pn is the four momentum ofa state n. We need to be able to relate the �(q2) of equation 2.14 to its imaginarypart involved in the sum over hadronic states. A dispersion relation can do justthat. We can represent all the hadronic states as lying on the real axis of a complexplane and take a complex integral on a contour in that plane. The Cauchy formulagives us, �(q2) = 1� Z 1q0 ds Im�(s)s� q2 � i� : (2.16)The sum rule equates this last expression to a sum of local operators. Someof the local operators represent the short-distance physics and can be computedperturbatively, others represent the long-distance physics and can be calculated inthe quark-hadron duality approximation. This approximation can be viewed assaying that Im�(s)! Im�pert(s)js!+1: (2.17)We can then see that the limitations of the QCD sum rules are the use ofthe quark-hadron duality approximation and also the fact that the sum of localoperators is truncated.



97Nowadays, semileptonic phenomenology makes use of Light-Cone Sum Rules(LCSR). This variation of the SVZ sum rules uses an expansion of the quarkcurrents near the light-cone, which means that the quarks are traveling near thelight-cone x2 � 0, where x2 is the space-time interval x2 = x20 � ~x2. Typically wehave this condition as q2 ! �1, sincex2 � 1�q2 : (2.18)This corresponds to highly virtual quarks. Using the LCSR approach avoids theirregularities of the truncated sum of local operators. Another di�erence of theLCSR calculations is that the sum is performed on nonlocal operators, classi�edaccording to their twist instead of their dimension ([30]). The twist of an operatoris the di�erence between its dimension and its spin. The lowest twist possibleis two since an operator without any derivative in it has dimension three and theLorentz spin one. Since sum rules in general involve quarks at high virtualities, theLCSR calculations are most adequate in the region of high recoil of the daughtermeson, that is at low values of q2. Hence, LCSR calculations are complementaryto those obtained with the lattice simulations. Calculations for B ! �`� modeget form factors to an accuracy of 15%. These calculations take into accountradiative corrections and higher twists calculations, and the authors believe thatthey cannot be improved. Added to this error is the irreducible error of the quarkhadron duality approximation mentioned before. This additional uncertainty isguessed to be around 10%.



98The authors in [31] perform LCSR calculations for the B ! �`� mode. Theytake into account the B� pole inuence referred to previously. They �nd about an18% uncertainty on the form factor at q2 = 0. They think that the accuracy of theform factor can be reduced if higher twist calculations are performed for this mode.The authors do not refer explicitly to the quark hadron duality approximationused, but presumably an additional 10% uncertainty must also be considered inthis mode.2.2.4 Quark modelsIt is clear that the most desirable way to get a precise calculation of the dynamicsof heavy quark decay is to go with non-perturbative QCD. However such resultsare hard to obtain and sometimes, useful approximations and analogies can bemade which helps getting theoretical predictions that can be compared to theexperimental results. We can then learn whether the approximations were justi�ed.ISGW2One of the most popular phenomenological models on the market nowadays is amodel developed in the eighties by Isgur, Scora, Grinstein and Wise (ISGW). Atthat time much emphasis was put on inclusive semileptonic measurements. Thehope was to measure the CKM matrix elements Vcb and Vub from the inclusivelepton spectra. Then, the theoretical model was ACCMM, a \QCD correctedparton model". Unfortunately, the ratio of the mentioned CKM elements extracted



99with that model turned out to be much smaller than anyone imagined. The ISGWmodel was introduced to o�er an alternative to this situation.In the ISGW notation, the letter t is used for q2 and tm represents the q2max situation, or zero recoil. The ISGW model is a non-relativistic estimate ofthe intercept fi(0) and of the charge radii (eq 2.19) of the Lorentz invariant formfactors fi(tm � t). ri � "6 dfi(o)d(tm � t)#1 =2 (2.19)The term charge radius will be clearer later. The expressions found, rely on theobservation that for every form factor there is an associated partial wave amplitude.For example, in the case of the transition of a pseudoscalar to a pseudoscalar, theexpansion can be written as,hP 0(p0)jV �(0)jP (p)i = f+(p+ p0)� + f�(p� p0)�;where p and p0 relates to the initial and �nal pseudoscalars respectively. In thiscase, there are two partial wave amplitudes.The description of the ISGW model as being non-relativistic applies more thanjust to the assumption that the external momenta of the initial and �nal mesonsare themselves non-relativistic. It also applies to the internal motion of the lightdegrees of freedom of the meson. In the second version of the model (ISGW2,which is what is now commonly used), the parameters like the intercepts and thecharge radii, involved in the form factors parameterization, includes some relativis-tic corrections.



100Actually, ISGW makes the assumption that the form factors found in the ap-proximation that the light quarks mu; md; ms � �QCD can be extrapolated intothe domain of the physical quark values.Also, the model has been designed for matrix elements involving resonancesonly; it does not include non resonant decays. The contribution of the latter wasbelieved to be \small".The fundamental idea behind the ISGW model is to treat the heavy-lightmesons like quarkonia, a bound state of two heavy quarks. This means that all theextra quark pairs and gluons are ignored. We have previously mentioned that thequarkonium system is relatively easy to treat, and is in analogy with the hydrogenatom. In the ISGW model they make the supplementary simpli�cation of using theharmonic oscillator wave function instead of the full quarkonium wave function.Having described the various approximations used by this model, we now showthe parameterization of the various form factors,ff(t) = ff(tm) �1 + 16N r2(tm � t)��N ;where r, as mentioned above, is the charge radius, as in the expression,ff(t) = ff(tm) �1� 16r2(tm � t) + � � ��and where N = 2 + n + n0. The n and n0 are the oscillator quantum numbers ofthe initial and �nal wave functions. For example, if the decay involves an S waveamplitude to an S wave amplitude then n = n0 = 0; N = 2, if the decay involvesa transition between an S wave and a P wave then we have n = 0; n0 = 1; N = 3.



101As N !1, the form factors acquire the Gaussian formalism associated with theharmonic oscillator.As mentioned before, large hadronic recoils are possible in b! u`� decays. Thismeans that there is a large contribution from the 1P and 2S states in the inclusivelepton spectrum. Since ISGW only takes into account the lowest resonances, thismodel can only be used in the very end of the inclusive lepton spectrum.Going from the ISGW to the ISGW2 model, the exclusive spectra show a harderend point. Actually, there was a change of a factor of �ve between the two versions,for the pion decay rate.In summary, ISGW is adequate for the great majority of semileptonic decays,and predict a small model dependence. This is not the case for decays of the typeb ! u`�. The reasons being that, the �nal mesons have a large available recoil,and they have a rather relativistic nature. Also, these decays are far from anysymmetry limit. ISGW2 gives a factor of two of uncertainty in the B ! �`�, anda factor of about 50% uncertainty for B ! �(!)`�.ISGW2 also predict that much improvements can be made if one makes fulluse of the analogous D semileptonic decays, since HQS symmetry predicts niceparallels between those two types of decays. CLEO has started working on aD ! �`� analysis using the data collected with the new particle identi�cationdetector.



102Relativistic spectral representationsThe authors in [34] perform a fully relativistic treatment for their quark model.They get parameterizations of the form factors for both the B ! �`� and B ! �`�over the full range of q2 values. In their model, \the transition form factors aregiven by relativistic double spectral representations through the wave functions ofthe initial and �nal mesons both in the scattering and the decay regions". In orderto obtain those spectral representations they write down the amplitude in terms ofvector, axial-vector and tensor currents. Then they go to the region of space-likevalues (q2 < 0) and choose a proper integral in the complex plane. The form factorsin the physical q2 region are obtained by analytical continuation. The obtainedspectral functions are ensured to obey QCD constraints in the heavy quark limit.One disadvantage of this approach is that the model depends on parameters likethe e�ective constituent quark masses. In order to reduce this dependence, theauthors used lattice results at high values of q2 as experimental inputs to theirmodel.They compare the value of their form factors with lattice results at high q2 andwith LCSR results at low q2. The agreement is good in general. There is one formfactors in the B ! �`� case for which their value is slightly greater than the LCSRvalue by more than the 15% error quoted by the LCSR group.Skewed parton distributionsAnother quark model used for the B ! �`� mode is to model the B ! � transitionwith skewed parton distributions ([35]). Those distributions are non-forward ma-



103trix elements of non-local currents. The fact that they are skewed means that thereis a change of variable performed and a new variable, the skewedness parameter,is introduced. Performing the integral of the parton distributions over di�erentdomains of skewedness, allows one to clearly separate the various dynamical con-ditions of the reaction. At q2 � 0, large recoil, there is the overlap region, while atq2max the annihilation and the resonance contributions dominate. The term overlapmeans that for this region of q2 we have an overlap of the B meson wave functionwith the � meson wave functions. Annihilation means that the B meson emits theb u quark pair and the �nal pion is made out of the remaining partons. Finally, theresonance contribution is the e�ect of the nearby B� pole that must be consideredwhen close to q2max. The authors assure that the skewedness method ensures thatno double counting is possible over the di�erent regions.They �nd that their total uncertainty for the form factors is about 20-25%.They compare their distribution of form factors with other theoretical determina-tions and �nd good agreement. In particular, they �nd good agreement with theLCSR approach of [31], which is very close to their approach, since it makes useof a light-cone wave function.2.2.5 SummaryThis chapter presented the relevant theoretical ideas and motivations for an exper-imental analysis of the charmless semileptonic exclusive decays: B ! �; �; !�`�.We have learned that since these decays involve a heavy to light quark transi-tion, useful symmetries like Heavy Quark Symmetry are not directly applicable.



104Nowadays there are several theoretical ways to approach how to calculate the nonperturbative hadronic element present in these decays. Some of the methods in-volve brute force calculations of QCD; some of the methods make phenomenologicalassumptions. One thing is clear, some experimental direction coming from a q2distribution measurement for these decays will greatly help the theory community.We now look at the apparatus that enables us to make such measurements.



CHAPTER 3OBSERVING THE B ! XU`� DECAYSTo be able to probe every corner of the Standard Model and its possible extensionswe need to go back in time, get ever closer to the creation time of the Universe. Aswe go back in time, the Universe was hotter and particles of very high mass werecreated. To be able to study those particles we need a high density of energy. Wenow turn to the machine that provides enough energy to create a pair of B mesons.We also look into the various detectors necessary to make our measurement.3.1 CESRParticle accelerators for high-energy physics are big machines that are hard tobuild and operate and cost a lot of money. There are less than ten such machinesaround the world. Some of them accelerate electrons and positrons, some collideprotons with anti-protons, or even with other protons, others collide electrons andprotons. The technical issues and the physics are quite di�erent for the di�erentmachines. The Cornell Electron positron Storage Ring does not operate at thehighest energy now possible for an accelerator. Instead its center of mass energy is
105



10610.58GeV, enough to create a B �B meson pair. Before we go in the details of howthe pair is created, we briey review the di�erent parts of CESR.The �rst stage of the accelerator complex, as shown in �gure 3.1, is the linearaccelerator (linac). A cathode �lament is heated and electrons are boiled o�. Theyget accelerated down a 30m beam pipe through the action of eight acceleratingcavities. Those cavities generate an electric �eld from a radio wave, and the electric�eld increases the energy of the electrons. The electrons reach 300MeV at the endof the linac. To create positrons, a tungsten plate is put about half-way down thelinac. When the electrons hit the plate, out of the interactions come a spray ofelectrons, positrons and X-rays. The positrons get selected and accelerated downthe linac to about 140MeV.The next step is the accelerating part. The synchrotron accelerates eitherelectrons or positrons with four radio frequency cavities. There are 192 bendingmagnets that give a circular orbit to the particle. The radius of curvature of theparticles is given by, R = pqB ; (3.1)where p is the momentum of the particle, q its charge and B the magnetic �eldstrength. We see that as the particles gain energy and momentum, to keep aconstant radius, a varying magnetic �eld is needed. The name synchrotron comesfrom this particular synchronization. It takes about 4000 revolutions around thesynchrotron for the particles to reach 5.29GeV. This takes place in about onehundredth of a second.
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108The �nal step is to inject �rst the positrons, then the electrons into the storagering. Although the storage ring does not provide any acceleration to the particles,its technical requirements are formidable due to the long period of time that theparticles stay in it. To allow the particles to stay in the storage ring for aboutan hour, we need a very good vacuum, of the order of 10�8 torr, which is severalbillions times less dense than normal atmosphere. To reach such a vacuum, themetal of the beam pipe can be heated up to 150 C, so that any trapped gas canbe driven out with vacuum pumps. Those pumps use a discharge to ionize theair molecules, which then get collected on electrodes. We now look at the variouselements around CESR.Around CESR there are 86 dipole magnets which bend the trajectory of theparticles according to F = q~v � ~B; (3.2)where F is the inward force, q is the charge of the particle while v is its velocity, andB is the magnetic �eld provided by the dipole. Those dipole magnets are electro-magnets, and there are two types of iron used, one for the soft bend magnets andone for the hard bend magnets. There are 98 quadrupoles around CESR, providingfocusing either in the horizontal plane or in the vertical one, by the use of:F = �kx; (3.3)



109where x is the distance from the center of the axis. Finally, there are 84 sextupoleswhich correct for the chromatic e�ect of the quadrupoles, that is they make themomentum distribution of the particles more uniform.Due to the centripetal acceleration felt by the particles, they radiate o� someenergy, at the rate of about 1.2MeV per revolution. Those X-rays are a problemfor the particle physicists, but they are useful tools for other scientists: the X-raybeams produced by synchrotron radiation are many thousand times brighter andmore collimated than the X-rays produced at conventional X-ray laboratories. TheCornell High-Energy Synchrotron Source provides experimental stations to usersthat wish to make use of these X-rays. As for the particle physicists, they have torestore the lost energy. Radio-Frequency cavities are used around the ring. In thelast few years, CESR has replaced its copper cavities for super-conducting ones,providing a better performance e�ciency of the cavities. The CESR RF frequencyis 500 MHz.The e�ect of the linac RF frequency is to group particles together, instead ofhaving a continuous stream of particles. The con�guration is to have trains of carsof particles, electrons in one direction and positrons in the other direction, in thesame beam pipe. We are currently running in a 9x5 con�guration, which meansthat there are nine trains each separated by 284ns and each train contains �vecars, separated by 42ns each. The current record (as of 2002) for the amount ofcurrent per beam is 365mA, which corresponds to 2:3�1018 particles per car. Thetrains do not go in a circle, they follow a pretzel-like orbit and collide at a slighthorizontal crossing angle of about 2mrad. To prevent collisions to happen in other



110places than at the center of the detector, there are electrostatic separators aroundCESR as well. At the interaction point, the cars are about 2cm long, 0.3mm wideand 8�m high. At the position of the collision there is a luminous region, the beamspot, which is smaller than the size of each car: about 13mm long, 300�m wide,and 6�m high. Getting the beam size to be as small as possible is a criteria for asuccessful accelerator.The main criteria for a competitive accelerator is de�ned with its luminosity([13]), L = fnNe+Ne�A ; (3.4)where f is the frequency of revolution of the particles, n is the number of cars perbeam, Ne+Ne� are the number of particles per beam and A is the cross-section ofthe beam. The record luminosity for CESR at this point is 1.25 �1033cm�2s�1.The reason that the luminosity is important is that when integrated over time andmultiplied with the cross-section of a particular reaction, it gives the number ofevents produced. As we probe rarer reactions, we need more integrated luminosityto get a statistically meaningful sample. Integrated luminosity has units of inversearea, a useful unit is the barn, equaled to 10�28m2. A record day for CESR is tocollect 73 pb�1 (April 2001), this is to be compared to a typical day of about 15pb�1 back around 1996. For information about how the energy of the beams isdetermined, see [12].



111B �B productionWe have just seen that at the interaction point we get a collision of an electron anda positron. Sometimes the electron and positron scatter o� each other; Bhabhascattering is the most prevalent reaction happening at CESR. We keep some frac-tion of these events for calibration of the detectors. Another common process isto get a pair of muons. The cross-section for this reaction is 0.775nb at the CESRenergy. The muon pairs have a 1 + cos2� distribution, where � is the polar angle.Another possibility is that out of the energy of this collision, a bound state ofa b and an anti-b quark is produced. This is the � resonance, �rst discovered atFNAL in 1977. There can be di�erent resonances of this bound-state based onthe amount of energy available. The next �gure 3.2 shows the rate of productionof particles vs energy. For the �rst three resonances, there is annihilation of theb and anti-b quark, while for the fourth resonance, we have enough energy that apair of light quarks is produced, making up a pair of B �B mesons (discovered withCLEO in 1983). The fact that the �(4S) resonance is very broad is an indicationthat there are several new decay channels at that energy. The initial state, madeout of an electron positron pair, enforces the virtual photon that gives rise to the bquark pair to have a third component of spin to be �1. The B mesons are spinlessso they have a sin2� distribution, where � is the polar angle.Finally, there is another reaction that can happen from the initial electronpositron pair: they do not interact and, in place, the photons that radiate fromthe beam particles interact, while the electrons and positrons go down the beampipe. This is referred to as two photon physics. Because of the di�erence in initial
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Figure 3.2: Hadronic cross section as a function of the resonance mass.



113states, the quantum numbers possible in those reactions are di�erent than the onesin conventional B meson decays, allowing for a very di�erent kind of physics to beperformed.3.2 CLEOWe have just seen how we get a B meson pair at the interaction point. The Bmeson has a short lifetime (1.6ps) and it decays into various stable and unstableparticles. The particle physicists can be compared to a detective: a crime wascommitted (some initial decay involving the B meson), and we are only left withclues (detection information from the �nal particles); our job is to use all theevidences to reconstruct what happened. We will �rst review what happens whenparticles go through matter, and then we will briey look into how each subdetectorof CLEO makes use of those principles.3.2.1 Interaction of particles with matterMost interactions that happen between some incident particle and some materialis electromagnetic in nature, hence we can distinguish cases that involve chargedparticles and cases that involve neutral particles. As for the charged particles,we also have to distinguish between the particular situation of the electrons andpositrons compare to the other heavier charged particles. In general, we can saythat there are two main things that can happen to a charged particle as it goesthrough matter ([14]): 1) it loses energy 2) it is deected from its original direction.



114We can identify two main reasons for this: 1) inelastic collision with the atomicelectrons of the material, 2) elastic scattering from the nuclei. There can also beother less frequent processes like emission of Cherenkov radiation, nuclear reactionsand bremsstrahlung radiation.The energy loss of a particle is mainly due to the inelastic collisions with theatomic electrons, there is little energy loss from the nuclei interaction since themass of the nucleus is typically much larger than the mass of the incident particle.Although the energy transfered from the incident particle to the atomic electronsis small, there are so many such collisions, that the energy loss is signi�cant evenafter short distances in a given material. There can be either soft collisions, whereonly excitations happen, or hard collisions, for which ionization of the atom hap-pen. Sometimes the ionization electrons have enough energy to produce secondaryionization, we call these primary electrons �-rays. The energy loss due to ioniza-tion is given by the Bethe-Bloch equation (see [14] for example), which relates theenergy loss for a given distance, dE=dx, to an expression which does not depend onthe mass of the incident particle, but does depend on its velocity, and is somewhatindependent of the material. The Bethe-Bloch expression gives the average energyloss, but there are many uctuations. Those are dominated by the close primaryinteractions, so that we actually get a Landau distribution of energy loss as afunction of distance, which has a long tail. If we look at the energy dependenceof the Bethe-Bloch expression, we �rst see that it is dominated by its dependenceon velocity: 1=�2, then at about a velocity of 0.96c, there is a minimum, and we



115call the particles at this point minimum ionizing. This point is the same for allparticles of the same charge. Finally, past this point, there is a relativistic rise.We mentioned that the case of electrons and positrons is special, and that isdue to the small mass of these particles. There are two ways an electron or positroncan lose its energy: by ionization and by bremsstrahlung. For the ionization part,the Bethe-Bloch expression is modi�ed in two ways: 1) since the mass is small, theelectron or positron gets deected from the collision with the atomic electrons 2)since the incident particle and the target particle are identical particles, there aresome corrections to be applied.Bremmstrahlung is the german word for \braking radiation", in fact it repre-sents the emission of electromagnetic radiation from the scattering of the electronor positron with the electric �eld of the nucleus. At energies below the hundred ofGeV, electrons and positrons are the only particles for which radiation loss is sig-ni�cant. Radiation loss by muons is 40000 times smaller than for electrons. Sincethe energy loss from ionization is roughly constant for electrons and positrons andthe energy loss from radiation is a function of the particle's energy, for high-energyelectrons, radiation loss is the dominant process of energy loss for those particles.The amount of energy loss in that case is given by ([13]),(dEdx )rad = � EX0 ; (3.5)where X0 is the radiation length of the material, and we can see that it correspondsto that thickness of material that reduces the mean energy of a beam of electrons



116by a factor e. The energy at which the energy loss from collision is the same asthe energy loss from radiation is called the critical energy.The second electromagnetic process that we referred to earlier is elastic collisionwith the nucleus. Those are Coulomb scatterings, and as far as most detectors areconcerned, there are many such scatterings, which we name, multiple scatterings.The incident particle zigzag across the detector and the net e�ect is a deectionfrom its initial position and momentum, which limits the precision of the detect-ing elements. The cross section for such a process is given by the Rutherfordexpression.We now turn our attention to neutral particles. Of main concern to CLEOis the detection of photons. Since they have no electric charge there cannot beany inelastic collisions with the atomic electrons. Instead there are three mainprocesses involving the photon and the material: 1) photoelectric e�ect 2) Coulombscattering 3) pair production.The photoelectric e�ect is the absorption of the photon by the atomic electron,which gets ejected from the atom. To have conservation of momentum we need thepresence of the nucleus. Coulomb scattering refers to the scattering of an incidentphoton on a free electron. In a material, the atomic electrons are not free, butsince the energy of the incident photon is much higher than the binding energy ofthe electron, then Coulomb scattering can still apply. Since the cross section ofthe photoelectric e�ect goes like 1=E3, the one for Coulomb scattering goes like1=E and the one for pair production is constant with energy, any photon of morethan about 10MeV loses energy primarily due to the pair production process.



117Pair production is the creation of an electron positron pair from the energyof the initial photon. To have conservation of momentum, the nuclei are usedfor the recoil momentum. In theory, the pair production is very similar to thebremsstrahlung process, so that the conversion length is connected to the ra-diation length, �pair � 97X0. This relationship between pair production andbremsstrahlung leads to electron-photon showers: an incident photon in a ma-terial loses energy through pair production, then the electron and positron emitphotons through bremsstrahlung, and so on, until the electrons and positrons reachthe critical energy, at which point they lose their energy through collisions. Wewould get the same pattern if the initial particle was an electron or a positron.The maximum depth of the cascade is a function of the radiation length and thecritical energy and is an important factor in choices of detector material. Thetransverse dimension of the shower is given by the Moli�ere radius and is also dif-ferent depending on the type of material.Finally, neutral hadrons, like neutrons or KL, are going to mostly interact vianuclear interactions. Since the rate of this process is much less than the rateof electromagnetic interactions, much more material is needed to contain thoseshowers. We now look at the speci�c case of CLEO.3.2.2 The CLEO subdetectorsDuring tours to visitors I like to say that High Energy physics is the intersection oftwo types of physics: the very precise type, we are dealing after all with resolutionof the order of the micron sometimes, but also with the very bulky type, a drift



118chamber that contains thousands of wires and is about 2m long is not an easy pieceof equipment to manipulate. The huge size of high energy physics collaboration is areection of this fact: we need a lot of people to take care of the multiple challengesand details of each square inch of instrumented area. We now take a tour of thevarious kinds of detectors present in CLEO. There is no exhaustive descriptionof the construction aspects, which can be found in [15], we rather concentrate onthe physics processes going on and their associated challenges. Summary tables ofthe relevant parameters of each detector can be found at the end of this section.Figure 3.3 shows a view of the overall CLEO detector.Drift ChambersWe saw in the previous section, how ionization is a big part of the interactionbetween incoming particles and detector material. To detect the trajectory of theincoming charged particle, drift chambers rely on the charged particle to ionizethe gas, so that released electrons drift toward a wire held at some voltage. TheCLEO II detector contains three subdetectors that make use of this detectionprocess: the precision tracker (PT), the vertex detector (VD), and the main driftchamber (DR). We show the layout of those drift chambers in �gures 3.4 and 3.5.Typically, a sense wire is held at a high voltage and is surrounded by some �eldwires held at ground. This con�guration creates a �eld cell around the sense wire.As the ionized electron gets closer to the sense wire, it reaches a high �eld regionthat creates an avalanche of ions, the charge of which is collected. Although weknow which wire collected the charge, we do not know where on the wire the charge
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120was collected. To get some z position information, three methods are used: 1) thevertex detector is read out at both ends, so that based on the charge di�erencesome estimate of the z position can be inferred, 2) the main drift chamber hassome of its layers not perfectly aligned in z, they have a slight stereo angle, whichallow for some z information, 3) �nally, there are four cathode planes segmentedalong z at the inner and outer edges of the VD and DR. The cathodes rely on theimage charge produced by the avalanche near the sense wire to induce an equalcharge on the corresponding cathode pad.The drift chambers are in a 1.5T magnetic �eld, provided by the super-conductingmagnet. We can see from the following expression that we can get the momentumof the particle, if we know the radius of the trajectory's curvature,pc = Be�; (3.6)where � is the radius of curvature. We also realize that since the drift chamber hasa radius of about 1 meter, particles with a momentum less than about 225 MeV/ccannot exit the chambers. They spiral inside the chamber and leave tracks thatwe call curlers.The presence of curlers in the drift chamber raises the issue of track �ndingand �tting. Tracks are essentially built by putting together track segments insuperlayers, which are groups of layers, and then seeing if those segments can becombined to make a track. The goal of track �tting is to get as accurately aspossible the position and momentum of the particle at the place of its creation,along with the right error matrices of these quantities. In the era that we refer to
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123pre-compress, a simple chi square �t was applied on the string of hits found withpattern recognition, to make a helix trajectory. In the re-compress era, we startedusing what is called the kalman �lter, which in our case is only applied for track�tting. It takes into account energy loss and multiple scattering, so that each hit istaken into account independently in the track �t. Using this method we accuratelyget a track �t for each particle hypothesis: electron, muon, pion, kaon and proton.In the previous section we described how the speci�c ionization of a particleis a function of its velocity. The drift chamber also provides a measurement ofdE=dx, which combined with the momentum information determines the mass ofthe particle, and is used for particle identi�cation. In �gure 3.6 we show the variousbands as a function of momentum, for the di�erent particle species.For the CLEO II.V version of the detector, the Argon Ethane gas of the driftchamber was replaced with a mixture of Helium and Propane. The new gasesreduced the multiple scattering e�ect, improving the charge collection e�ciency.Improved tracking and dE=dx performance resulted from this change.Finally, aside from the drift chambers, the muon chambers also rely on ion-ization for charged particle detection. Muons are penetrating particles and theyare the only particles remaining after the iron of the magnet ux return. Threesuperlayers of three layers each are inserted at an absorption length of 3, 5 and 7.A cross section of a superlayer is shown in �gure 3.7.
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126Semiconductor DetectorsSemiconductor detectors have been in use in nuclear physics for a long time, butis is relatively recently that its general use has propagated to high energy physicsexperiments ([14]). Similarly to the ionization happening in the gas of drift cham-bers, an incoming charged particle creates electron-hole pairs which are collectedby an applied electric �eld. A big di�erence with gas ionization is that the mini-mum energy required to produce such a pair is much less than the energy necessaryto ionize a gas. A disadvantage of these detectors is the amount of material theyput in the path of the particles and their susceptibility to radiation damage.For CLEO II.V the semiconductor detector is a three layer double-sided siliconmicrostrip detector (SVX). Both r� and rz information is read out. It replacedthe PT of CLEO II and improved the impact parameter in r� by a factor of twowhile the rz resolution improved by an order of magnitude ([16]). Figure 3.8 showsthe various layers of the SVX detector.Scintillators and Calorimeter detectorsOther detectors that make use of crystals's conducting properties are scintillators.In those detectors, some material is doped, so that when charged particles liberateelectrons and holes, they get captured by the doping element. This activationcenter gets excited and decays with some light emission. This light is then capturedby photodiodes.The CLEO time of ight (TOF) detector makes use of this process by recordingthe time it took for a particle to go from the interaction point to the time of ight
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128crystals. This gives information on the velocity of the particle and can be used toget the identity of the particle when combined with its momentum measurement.Figure 3.9 shows the di�erent bands of 1=� as a function of momentum, for thedi�erent species.If one puts a dense enough crystal in the path of the particles, this becomes anabsorption detector. The CLEO electromagnetic calorimeter (CC) is made of theinorganic crystal Cesium Iodide and it is doped with Thallium atoms. We have seenin the previous section how an electromagnetic shower is created from the incomingphoton, electron or positron. The various electrons and positrons produced in theshower ionize electrons and holes in the crystal, which then activate the Thalliumatoms.Trigger and DAQIf CLEO were to record data for every CESR bunch crossing, the rate would be ofthe order of 3.6MHz. Fortunately, the amount of interesting events is only abouta few Hz. CLEO has a three hardware level trigger system before a software �lteris applied to make a �nal decision about which events are written to a permanentstorage device. The �rst trigger level, L0, tries to determine if there were anycharged particles or neutral particles in the events, it takes information from theTOF, the VD and the CC. It reduces the rate to about 10kHz. The next triggerlevel, L1, makes use of the TOF, VD, DR and the CC and combined with L0 takesa few microseconds to process. After L1, the rate is down to about 50Hz. Thenext trigger level, L2, takes more detailed tracking information and reduces the
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130readout by a factor of two. The software trigger L3, gives an additional 30,40%reduction. The trigger e�ciency for B �B events is 99.8% and 100% for B ! Xu`�events.The read out of the information is done di�erently for the di�erent detectors.For example, for the drift chambers, the trigger sends a stop signal, which thenmakes the drift chamber read out send its timing information contained in its bu�erfrom before the stop. This takes about 2 �s. On top of digitizing the informationfrom the electronics, some sparsi�cation is also necessary to reduce the event size:for example, only channels that recorded a non zero value are kept. In CLEOII the digitization and sparsi�cation take about 13.5 �s. A typical event size forCLEO II is 8 kbytes. For CLEO II.V, it is much higher because of the SVX.Summary of the CLEO detectorWe summarize the geometrical aspects as well as the resolutions of each detectorin tables 3.1 through 3.4. Ar is for Argone, C2H6 is ethane, He is helium, C3H8 ispropane, and DME is dimethyl ether.3.3 Monte-Carlo simulationThis analysis depends crucially on Monte-Carlo events: as we will see in the nextchapters, there are background events mixed in with our signal events. In orderto extract the fraction of events representative of our signal modes, we need someMonte-Carlo simulation to represent both the signal events and the background
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Table 3.1: Information about the central subdetectors

Detector Name Radius Commentsbeam pipe 3.5 cm II: beryllium, silver coating2.0cm II.V: 2 concentric cylinders, water in 0.5mm gap10�m gold coatingPT 4.7-7.2cm 6 layers of aluminized mylar tubes384 gold plated tungsten wiresgas: � 1992: 50:50 Ar-C2H6� 1992: DMENon existent in II.V (�1995)SVX 2.35-4.81cm 3 double-sided layers of Silicon strips96 wafers, 300�m thickpitch of r� side: 28 �m, rz:100 �mresolution for tracks perpendicular to beam:r�:� 20 �m, rz:� 27 �mNon existent in II (�1995)
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Table 3.2: Information about the VD and DR subdetectorsDetector Name Radius CommentsVD 7.5-16cm 70 cm long, 10 layers800 nickel-chromium sense wires2272 aluminium �eld wiresInner and outer cathode planesgas: 50:50 Ar-C2H6read out at both endsDR 17.5-95cm 2m long, 51 layers, 92% coverage40 axial, 11 stereo (up to 6�)12240 gold plated tungsten sense wires36240 gold plated (Al/copper beryllium)�eld wiresgas: II: 50:50 Ar-C2H6II.V: 60-40 He-C3H8resolution: �p?p? 2 = (0:0015p?)2 + (0:0050)2�� = 1mrad, �� = 4mrad
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Table 3.3: Information about the TOF and CC subdetectors

Detector Name Radius CommentsTOF 0.95-1.02cm � 5cm thick Bicron BC-408 plastic scintillatorsBarrel: 64 tubes, long UV transp.lucite light guidesphototubes outside magnet, 86% coverageresolution: � 150psEndcap: 28 tubes, phototubes on scintillatorsinside magnet, extend coverage to 96%resolution: � 300psCC 1.02-1.44 cm 7800 Thallium doped Cesium Iodide crystals� 5cm x � 5cm x � 30 cm4 photodiodes on each crystal, inside magnetBarrel: 6144 crystals,48 z rows x 128 azimuthalnear vertex pointing geometryE resolution for 1GeV photon: �2.2%Endcap: 828x2, E resolution for1GeV photon:� 2.8%
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Table 3.4: Information about the outer subdetecorsDetector Name Radius CommentsCoil � 1.5m superconducting, axial 1.5T, uniform to 0.2%cooled by liquid heliumover 95% of tracking volumeMU � 1.74m plastic streamer countersBarrel: embedded in iron ux return8 octants, 3superlayers at 36,72,108cm (3,5,7 X0)Endcap: forward and backward regioneach superlayer: 3 staggered layerseach layer: 8 rectangular plastic tubesanode wire in center of rectangle1 side of rectangle: perpendicular copper stripsgas: 50:50 Ar-C2H6resolution: 2.4cm, z: 2.8-5.5cm



135events. Fortunately, CLEO has a lot of experience in generating simulated events,and also, systematic uncertainties take into account possible mismodeling of thesimulated events.There are three main stages to generating simulated events: the physics of thegenerated events, the simulation of the detector and the processing of the simulateddetector responses. For the �rst step, we rely as much as possible on publishedmeasurements, a lot of them from CLEO, of B decays, or of continuum events1.For the remaining decays, theoretical predictions or educated guesses are used forthe di�erent branching fractions. It it interesting to note that only about 50%of the branching fractions of the B meson have been measured. In the specialcase of our analysis, the B decays that most inuence the results come from theb! c`� and b! u`� reactions. CLEO has a long experience in measuring charmedsemileptonic decays. The decays B ! D`�, B ! D�`�, B ! D1`�, B ! D�2`�,and even non-resonant decays like B ! D�`� have all been studied at CLEO.Furthermore, in some cases, the form factors were measured and since Heavy QuarkSymmetry holds relatively well for the charm system, this information can beused for other charmed modes. Nonetheless, part of the systematic uncertaintiescome from varying wildly the relative rate of these decays. Also treated in thesystematic uncertainties is the inuence of various theoretical assumptions abouthow to generate b! u`� events.1Continuum events are made of jets of light quarks: u,d,c,s, as well as � pairs,and two photon interactions



136The next step is to simulate the detector response to the passage of the gener-ated particles. It is crucial that a thorough description of each piece of materialbe included in the GEANT based simulation. As we have seen earlier, the amountof material a particle encounter, whether it is instrumented or not, has crucialconsequences on its energy loss or direction. Some of the detectors are simulatedaccording to a �rst principle approach: for the drift chambers, ions are generatedaccording to a Poisson distribution; while other detectors simulate some macro-scopic features: electromagnetic showers are not created by simulating the variouschain reactions and atom excitations but rather by producing a signal of a certainintensity based on data studies. In both cases, there are \knobs" (called con-stants!) associated with key parameters. Those knobs are turned to reproduce thedata and also take into account the aging of the various detectors. The end resultis a very good agreement of low level features between the MC and the data. Forexample, in simulating the drift chambers, we get 1% agreement between data andMonte-Carlo for the tracking e�ciency, and we get up to 5% agreement betweendata and Monte-Carlo for the resolution ([17]).Finally, the same PASS2 program used to take all the raw detector signals andturn them into reconstructed information is used to treat the Monte-Carlo. Thisensures that no bias is introduced between the data and the Monte-Carlo.



CHAPTER 4MEASURING THE BRANCHING FRACTIONS4.1 Current status of the measurementsIn 1996 CLEO reported on the exclusive branching ratios of B ! �`� and B !�`�; the decay B ! !`� was also studied [36] [37] [38]. To get to those measure-ments isospin relations were used and also the fact that the quark model predictssimilar decay rates for B+ ! !`+� and B+ ! �0`+�.
�(B0 ! ��`+�) = 2�(B+ ! �0`+�)�(B0 ! ��`+�) = 2�(B+ ! �0`+�)� 2�(B+ ! !`+�)In 1998 CLEO released an updated measurement of the B ! �`� branchingratio and jVubj [39]. That analysis also looked at the q2 distribution of the decayand extracted the form factor slope. The method used then was slightly di�erentthan the one used in the �rst measurement. Also, because of the very strong leptonmomentum cut used, the q2 distribution could not discriminate very much betweendi�erent theoretical models. 137



138Another approach to extract jVubj is to look at inclusive measurements B !Xu`�, where the Xu are all the possible �nal states. Unfortunately, because of thevery large backgrounds, one has to put a very strong cut on the lepton momentum,which induces much model dependence uncertainty on the measurement. Thereare interesting ideas about using other kinematic variables like q2 and the mass ofthe recoiling hadronic system, which could reduce the model dependence ([40]).Our analysis updates the original B ! �; �; !`� analysis with the additionof B ! �`� decay. We get a precise value for jVubj. We also extract the q2distribution for the various decays. The method uses the neutrino reconstructiontechnique, that was used in the previous exclusive b ! u`� analyses as well as ina measurement of the branching fraction of B ! D`� [41].The following section describes the event selection cuts required for our partic-ular analysis. The following two chapters will describe the �tting technique andthe results, as well as the systematic uncertainties, pertaining to the branchingratio measurements. Appendix A details the various tools needed to perform aneutrino reconstruction analysis.4.2 Selecting B ! Xu`� events4.2.1 Overview of the analysisBefore going into the details of how to select events representing B ! Xu`� candi-dates, we lay down the road map of the analysis. As mentioned earlier, we assigna neutrino 4-momentum based on the missing energy and momentum of the entire



139event. The track �tting of Trackman approved tracks provides the best represen-tation of the energy and momentum for the charged particles, while the Splito�approved showers from the calorimeter provide the best representation for the en-ergy and momentum of the neutral particles. We de�ne \good" tracks, from whichwe compute the missing momentum, to be Trackman-approved, and also have a to-tal momentum less than 5.0GeV/c. Similarly, \good" clusters are Splito�-approvedclusters. For vertices, like Ks ! �+�� or � ! p�� or photon conversions, thevertex information from the kinematic �t provides the best representation of themomentum and energy for those particles since the track parameters assume theparticle came from the beam point.We combine the approved tracks and showers with the beam information toobtain the neutrino 4-momentum as follows,
psum = Xtracks pi + Xclusters pi + Xvertices piEmiss = 2Ebeam � psum(4)~pmiss = ~pcrossing � ~psumpmiss(4) = Emissp� = (j~pmissj; ~pmiss):where ~pcrossing accounts for the small crossing angle. We assign the neutrinoenergy to be the magnitude of the missing momentum, because the missing mo-mentum resolution is signi�cantly better than the missing energy resolution. Thiscomes from the fact that any mistakes can only be additive in the scalar energy



140case, while they can potentially cancel out in the vector momentum case. We showin �gure 4.1 the resolution for the neutrino momentum and energy. We show boththe cases where there are no extra particles in the event, from which we extract theintrinsic resolution (FWHM/2.36), and the case where such particles are present.Extra particles refer to KL, neutrons, and extra neutrinos. For KL and neutrons,those particles sometimes interact partially in the calorimeter, which then reducethe error in the missing energy and momentum. The intrinsic resolution is sim-ilar for the di�erent hadronic signal modes, and also similar between CLEO IIand II.V. The missing momentum resolution is signi�cantly better than for nonkalman-�tted data.
�Emiss � 250MeV�~pmiss � 85MeVNow that we have a neutrino 4-momentum, we can combine it with an identi�edlepton, and a reconstructed hadron to make a B candidate. We consider the beamconstrained mass (refered to as MB), and the energy di�erence �E de�ned as,

�E = (E� + E` + Ehad)� EbeamMB = q(E2beam � j�~p� + ~p` + ~phadj2)� = 1� �EE� :
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Figure 4.1: Neutrino resolution for signal � MC. Top left is Emiss � E�,Top right is j ~pmissj � j~p�j, bottom left is j ~pmiss� ~p� j and bottom right is theangle between the reconstructed and generated neutrino. The solid curveshows events for which there are no extra particles; the dashed curve showsevents that had at least one extra particle. The normalization is absolute.



142Table 4.1: GSR and SR boundariesGSR 5:175 �MB � 5:3025 �0:75 � �E � 0:25SR 5:265 �MB � 5:2875 �0:15 � �E � 0:25For perfect energy and momentum conservation we would have �E = 0 and thebeam constrained mass equal the B hadron mass. The factor � enforces energyconservation (�E = 0), by scaling the neutrino momentum to close the vectorsum made by the lepton, the hadron and the B momentum magnitude (that weget from the beam constraint).To extract the di�erent branching fraction of the various hadron modes, we �tthe �E vs MB distribution over a so called Grand Signal Region (GSR), whileextracting the yields in the Signal Region (SR), de�ned in table 4.1. Figure 4.2shows the Grand Signal Region and the delimited Signal Region for the � MC.The �E window is asymmetric because the signal tends to be asymmetric andthe b ! c`� (referred from now on as btoc) background tends to reconstruct atnegative �E values, as we can see in �gures 4.3 and 4.4. The signal is asymmetricbecause hadronic splito�s tend to increase the energy associated with hadrons,and missing particles tend to increase the reconstructed neutrino energy. Thebtoc background piles up at negative �E values because the lepton momentum istypically softer for btoc events. When we have extra particles they increase theneutrino momentum, which increases �E which in turn can smear a btoc event intothe signal region.The � cross-feed into � piles up at negative �E values because
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Figure 4.2: �E vs MB for signal � ISGW2 MC.



144the signal � is likely to be one of the � coming from the real �, and so the event ismissing the other � energy to get �E = 0. Conversely, in the � reconstruction case,the � cross-feed reconstructs at positive �E values because the true �, neutrinoand lepton energy already add up to Ebeam, so adding in a random � to build a �makes �E > 0. Also, the � momentum is in general harder than the � one, as canbe seen in �gure 4.5Aside from measuring the various branching fraction of the di�erent signalmodes, we also measure the q2 distribution, which will allow discrimination amongvarious theoretical form factors models and so reduce the model dependence un-certainty on jVubj. Having the neutrino momentum helps the resolution of q2,particularly if we scale the neutrino momentum by the factor � de�ned earlier,q2 = (�p` + p�)2: (4.1)For � signal MC we get a q2 resolution of about 310 MeV 2 when we use thefactor �, 540 MeV 2 otherwise. Given the statistics for the di�erent modes, wechoose to �t in three q2 bins. The width of each q2 bin is the same for all modes,8 MeV 2. The plots shown in �gures 4.6 and 4.7 show that the area in each q2bin according to ISGW2 is given in table 4.2. The ! and the � modes are notstatistically signi�cant enough to be �tted in three q2 bins, so for those modes, theentire q2 region is �tted.
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Figure 4.3: �E in the MB signal region for �. Solid is � signal MC, shortdashed is � cross-feed and long dashed is btoc MC. The vertical lines repre-sent the various bins as described in the next section. The normalizationsare arbitrary.
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Figure 4.4: �E in the MB signal region for �. Solid is � signal MC, shortdashed is � cross-feed and long dashed is btoc MC. The vertical lines repre-sent the various bins as described in the next section. The normalizationsare arbitrary.
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Figure 4.5: Solid is � momentum and dashed is � momentum. The normal-ization is arbitrary.
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Figure 4.6: d�dq2 for the � mode according to ISGW2. The vertical lines showthe di�erent q2 bins.
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Figure 4.7: d�dq2 for the � mode according to ISGW2. The vertical lines showthe di�erent q2 bins.



150Table 4.2: Fraction of events in each q2 bin according to ISGW2mode q21(0� 8GeV 2) q22(8� 16GeV 2) q23(16� q2maxGeV 2)� 49% 36 % 15 %� 26% 54% 20 %4.2.2 Cuts and backgroundsWe now describe the cuts that eliminate the various backgrounds and select oursignal events. The cuts, summarized at the end of the section, were optimizedusing signal MC for all the signal modes, as well as some generic B �B MC (notcontaining any b! u`� events), some continuum MC, and some b! u`� inclusiveMC (not containing our signal events), all independent from the �tting samples.We looked at the �gure of merit for the charged � and the charged � modes. The�gure of merit (fom), de�ned asfom = S2S +Bxfeed + 1:2Bbtoc + 3Bcont +Bbtou ; (4.2)is the ratio of the amount of signal events (S) over the total statistical uncertainty.Bxfeed refers to the amount of the other signal modes that are feeding throughthe particular signal mode that we are studying, Bbtoc refers to the generic B �Bbackground, Bcont refers to the continuum background, and Bbtou refers to the otherb! u`� modes that are feeding down into the signal mode. The factors of 1.2 and3 accounts for the statistics of those samples used to model those backgrounds,



151since we have �ve times the data sample for the generic B �B MC, and half the datasample for o� resonance running.Global Event cutsIn order to require hadronic events, we ask for Klas = 10 events. The Klascode determines what kind of physics the event contains based on information likethe number of tracks and their momenta, other possibilies are beam gas events,radiative bhabhas, etc.We have already mentioned that the criteria for selecting good tracks is thatthey be Trackman-approved. In the case that a track is Trackman-approved buthad a bad z-�t, the event is poorly reconstructed and the neutrino momentum isprobably not reliable so we get rid of the event.In a perfect event, Trackman selects all the good tracks representing the par-ticles and we should get a net charge (�Q) of the event equal to zero. There issome justi�cation for accepting events that have �Q = �Qlep, a net charge ofthe opposite polarity of the signal lepton in the event. The reason for this is thatthe tracking e�ciency falls o� for soft pions. If the other B in the event decayedinto a D� meson, which decayed into a D meson, the accompanying pion is softand this signal event might very well have net charge di�erent than zero. Thoseevents represent 20% of all the mistakes that happen in the events for which netcharge is +1, or -1. We looked a the fom for the cases of �Q = 0;�Qlep;+Qlepand j�Qj = 1, and it turns out that accepting j�Qj = 1 in addition to �Q = 0gives the best �gure of merit.



152Once we have constructed a neutrino 4-momentum, as described above, werequire the polar angle of the momentum vector to satisfy jcos��j < 0:96. Ifparticles excaped down the beam pipe, their momenta would be included in themissing momentum.Charged lepton requirementsA powerful part of selecting the exclusive signal events is the choice of the signalcharged lepton. Since the u quark is lighter than the c quark, the hadrons in a b!u transition are lighter than the hadrons produced in a b! c transition, which inturn, produces leptons of higher momentum. In fact, the �rst evidence for the b!u transition was achieved by looking at the end-point of the lepton spectrum ([45]).This means that a hard lepton cut eliminates much of the btoc background, which isone of the most important backgrounds of the analysis. This cut comes with a price:in addition to having a reduced signal e�ciency, we must rely on models to correctfor our acceptance over only a limited lepton momentum spectrum. The shapepredicted by the di�erent form factor models a�ect the branching fractions and thed�=dq2 distribution, although the associated uncertainty is small in comparison tothe other uncertainties on those measurements. The dominant uncertainty on jVubjcomes from the normalization of the form factor shape. On the other hand, gettinga precise d�=dq2 distribution will help determine the various QCD calculationswhich will in turn put more constraints on the possible normalizations. Since it isone of the goals of this analysis to discriminate among models, it is worth tryingto keep the lepton cut as low as possible.



153For muons, we have di�erent selection criteria depending on whether the muonis the only lepton in the event or not. At �rst, we call a muon any track thatsatis�es the following criteria:
mudepth(track) � 5j~pj > 1:2jcos�j < 0:85mod(muquality(track); 10000) = 0

or 3 � mudepth(track) < 51:0 � j~pj < 1:75jcos�j < 0:71muquality(track) = 0
where mudepth refers to the number of interactions lenghts of material before themuons would range out. Muquality refers to whether there were missing hits withina subregion of the muon detector. After we have made sure that only one leptonis in the event, we ask if the muon satis�es the �rst set of requirements, these arethe signal muons.



154In this analysis we use a package 1 which makes an overall likelihood based onthe ratio of energy of the shower over the momentum of the track, the amount ofseparation between the track and the shower and the dE=dx information from thetrack. The e�ciencies were determined using embedded radiative bhabha eventsand 2 photon events. It was found that the radiative bhabha sample su�ered fromsome background contamination, but requiring the tracks to have 40% of possiblehits improved the purity of the sample. We make that requirement both in thedata and in the MC. The loss of e�ciency from the embedding goes from 6% atlow momentum to 3% for high momentum tracks, in the good barrel portion ofthe calorimeter. The fake rates from hadrons were determined using a KS dataskim for pions and a D� data skim for kaons. One has to take into account boththe e�ciency and the fake rate for each momentum bin in order to decide on theadequate electron identi�cation cut. The e�ciency of identifying an electron as afunction of momentum is shown in �gure 4.8. The fake rates are discussed in thenext section.Now that we have identi�ed leptons, we can count them. We require thatthere is only one lepton in the event. If there was an additional lepton, therewould likely be an additional neutrino, and that extra particle momentum woulddistort the signal neutrino momentum. We also require that the lepton track bea \good" track, as de�ned previously. The kinematics of the decay require thelepton momentum to be lower than 2.84 GeV/c. As for the lower limit, it will bea mode dependent value since the lepton momentum spectrum depends strongly1The Rochester Electron ID package (REID)
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Figure 4.8: E�ciency vs electron momentum. Square is for the Good Barrel,circle is for the Non Good Barrel.



156Table 4.3: Lepton momentum requirementsModes Lepton cut�,�0,� 1.0GeV/c�,�0,! 1.5 GeV/cTable 4.4:  and  (2S) mass windowsmode  (m=3.09688)  (2S) (m=3.686)ee 3.02-3.13 3.675-3.705�� 3.06-3.13 3.675-3.705in the hadron spin. The lepton momentum cuts for the various modes are shownnext in table 4.3.Figure 4.9 shows the lepton momentum distribution for � signal MC, � signalMC and btoc MC.A potential background for B ! �`� comes from B ! c�cKL, in which the c�cmeson decays to a pair of lepton and one of the lepton is misidenti�es. The KLplays the role of the neutrino. To eliminate such events, we combine the signallepton with every other track of opposite charge in the event and see if it fallswithin the following mass windows for the  and  (2S):Finally, we consider cos�lep, where �lep is the angle between the lepton in theWrest frame and the direction of the W in the B rest frame. This angle is strongly
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Figure 4.9: Lepton momentum distribution. Solid is � signal MC, shortdashed is � signal MC, and long dashed is btoc MC. The normalizationsare arbitrary



158correlated to the dynamics of the decay. Background is expected to be roughly at,while signal will have a distinctive shape that depends on the meson spin. In thepseudoscalar modes, the amplitude consists only of a longitudinal piece, the anglein this case follows a sin2�lep distribution. In this case the signal and backgrounddistribution are not clearly separated. The situation is better in the vector modessince then the amplitude is dominated by the transverse polarization and the V-Astructure of the weak current, and the resulting distribution is forward peaked.(seesection 2.1.2 for a more detailed description of the dynamics of the decays and aprediction of the cos�lep distributions). We apply a cos�lep > 0 in the vector modes,based on the �gure of merit. We veri�ed with various models that such a cut wouldnot signi�cantly bias the q2 distribution. Figure 4.10 shows the cos�lep distributionfor signal MC and btoc MC.FakesParticle identi�cation is not perfect and misidenti�cation can lead to two possi-bilities: leptons can get identi�ed as hadrons and hadrons can get identi�ed asleptons. The �rst case comes from the ine�ciency of the lepton cuts. It can onlyremove events from the signal region. The second case comes from the fact thata pion, kaon or proton can mimic a lepton response in the detectors. For exam-ple, hadrons interact in the calorimeter, and the resulting showers occasionallylook like an electromagnetic shower. Another phenomenon is the fact that around900MeV/c of momentum kaons stop in the calorimeter, leaving a cluster of energythat results in E/p � 1. This combined with the fact that kaons have an ioniza-
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Figure 4.10: cos�lep distribution. Top right is for � signal MC, top left isfor� signal MC, bottom is btoc MC, left is CLEO II and right is II.V



160tion de/dx band (see previous chapter) that merges with the electron band at nearthat momentum results in a signi�cant probability for kaons to fake electrons. Aveto based on time of ight, which discriminates well between kaons and electronsaround 1.0GeV/c, signi�cantly suppresses this fake rates. For that reason, werequire some time of ight information in addition to the likelihood requirementfor the data. Finally, anti-protons annihilate in the calorimeter, increasing theirprobability to fake electrons. Consequently we only use the anti-proton fake prob-ability 2. The fake probability for pions, kaons and protons are shown in �gures4.11 and 4.12, as a function of momentum for the electron case. Figures 4.13 and4.14 show the case of the muon, both for the conditions of faking a muon that weuse for signal, and for faking a muon used in the multiple lepton veto. We distin-guish between two regions of the calorimeter: the Good Barrel and the Non-GoodBarrel. The former corresponds to the region of the calorimeter with jcos�j < 0:7while the latter corresponds to jcos�j > 0:7.Having the possibility of a hadron faking a lepton might make a nonleptonicdata event fall into our signal region. We determine the backgroundfrom hadronsfaking the signal lepton by using data, not MC. For that reason, we run on non-leptonic data and treat successively each track as the signal lepton track and givethis combination a weight equal to the fake rate probability of this track. Since indata we do not know for sure if the hadron was a pion, kaon or proton, we lookin MC what is the relative population of each species as a function of momentum.2We use the results from the Minnesota study ([46]) to estimate our fake prob-ability.
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Figure 4.11: Fake rates for electrons vs momentum, in the Good Barrel.
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Figure 4.12: Fake rates for electrons vs momentum, in the Non Good Barrel.
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Figure 4.13: Fake rates for signal muons vs momentum.
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Figure 4.14: Fake rates for veto muons vs momentum.



165Combining this information with the fake rate probability in momentum bin weget an average fake probability as a function of momentum.A hadron can also fake a secondary lepton in semileptonic decay and result inthe loss of events. To account for this in the semileptonic MC events containing anidenti�ed lepton, we compute the total fake probability of all the hadronic tracks inthe event and compare this to a random number. If the random number is greaterthan the total fake probability, we reject the event. In MC we know with certaintythe identity of the hadrons, so we do not need the average fake probability thatwe used in the nonleptonic data.Hadron candidates requirementsAt this point in the analysis, we have a signal neutrino and a signal lepton. Weneed a signal hadron in order to reconstruct the B meson. To identify hadrons, weuse the combination of the de/dx information and the time of ight information,when they are available 3. We reweight the probability of being a particular hadronbased on the relative population of the hadrons as seen in the semileptonic B �BMC. If the identi�cation failed, the default identity of the track is a pion.We reconstruct six B ! Xu`� modes: ��, �0, �� ! ���0, �0 ! �+��,! ! �+���0 and �. For the � mode we look at two decay channels: � ! �+���0and � ! . Table 4.5 shows the multiplicty of tracks required for the di�erentmodes. These allow for some separation with the btoc background. �p and �grefer to the � decaying into three pions and two photons respectively. When the3We use the Rochester's list of bad time of ight runs ([47]).



166Table 4.5: Track multiplicity for each signal modeMode Min. tracks Max. tracks�� 4 10�0 4 8�� 4 10�0 6 10! 4 10�p 4 10�g 4 8hadronic decay mode involves charged pion tracks, those tracks should be goodtracks, and of opposite charge to the lepton in the case of the �� and �� mode, orof opposite charge to each other in the �0, ! and �p modes. The signal neutral pionmode requires that the signal �0 momentum be smaller than 5 GeV/c. The ! modehas the additional requirement of a Dalitz plot cut of 0.4 on the amplitude squaredrelative to the maximum amplitude of the plot. The neutral pions requirementsfor the di�erent modes are summarized in table 4.6Each mode, except the charged pion mode, is labeled according to its mass.Table 4.7 summarizes the di�erent mass windows for the di�erent signal modes.Figures 4.15 and 4.16 show the � and ! mass distribution respectively.
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Table 4.6: Neutral pions requirements.�0 requirements �0 and �g modes �� mode ! and �p modesMinimum �0 Energy 0 325 MeV 225 MeVMax. mass dev. (�) 6 1.8 2Max. �2 7 8 7Splitof approved showers: yes yes yesMinimum shower Energy 30 MeV 30 MeV 30 MeV

Table 4.7: Mass information for the various signal modes.requirements �0 and �g �� and�0 ! and �pmass of hadron (MeV): 134.976, 547.45 769.9 781.94, 547.45resolution (MeV): 8, 13 8.5, 4 8.5, 6natural width (MeV): n/a 151 8.4, n/anumber of mass bands: 5 9 9, 5mass width: 2 � 190 MeV 20 MeVcentral bands in �t: 1 3 3, 1
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Figure 4.15: Reconstructed �� mass distribution from �� signal MC. Eachbin is a mass band.
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Figure 4.16: Reconstructed ��� mass distribution from ! signal MC. Eachbin is a mass band.



170For the II.V sample, there is an additional requirement for each track enteringthe hadron candidate selection: if the track has no r-phi hits or no r-z hits, thetrack is rejected.Once the hadron candidate is built, we evaluate if this combination passesthe continuum suppression cut (describe in the next section). If it does then wecompute the beam constrained mass using the signal lepton and neutrino. If thebeam constrained mass is greater than 5.175 GeV, the candidate hadron is kept.We typically get more than one candidate per event for any given hadron mode,even in signal MC. We choose one signal candidate (per mode) based on j�Ej.Continuum suppressionA signigicant background comes from the continuum (e+e� ! q�q) under the �(4S)resonance. One example of how continuum events might mimic signal events is forone of the quark to hadronize into a charmed meson and for this charmed mesonto decay semileptonically. That lepton-neutrino pair can then combine with arandom pion in the event. We have two ways of dealing with this background: weuse a continuum suppression cut to reject as many of those events as possible. Forthe remaining events, we make use of the o�-resonance data, assuming that thecontinuum at a lower energy than the �(4S) looks the same as the continuum underthe resonance after accounting for the beam energy di�erence. The continuumsuppression cut is designed to discriminate between the jetty topology of continuumevents versus the uniform topology of B events. In general, one has to be carefulsince some cuts introduce a bias as a function of q2, while others do not. In this



171analysis, we only have to worry about the q2 dependence within one of our q2bin. We optimized a geometrical cut which is a function of R2 and cos�thrust. R2is the second moment of the Fox-Wolfram ratio and approaches one as an eventapproaches a perfectly uniform distribution of partiles in 4�. cos�thrust is the anglebetween the thrust of the signal, the lepton and hadron candidates, and the thrustof the rest of the event. The cut is separately optimized for every q2 bin, since thelow region of q2 contains the most continuum background (the high recoil dynamicproduces jetty events). It is also optimized independently for every mode, and for�Q = 0 and j�Q = 1j.We show the cos�thrust in �gure 4.17. The maximum lepton cut of 2.84 Gev/cpreviously referred to also rejects continuum events containing leptons with mo-menta greater than the b! u`� endpoint.The \V" cutThe most important background, after continuum suppression, comes from theb ! c`� transition. Normally those events should not fall into the signal region:the charmed mesons are heavier than the charmless mesons, so their leptons aresofter, but more importantly, the various hadrons present in those events should notmake an acceptable beam constrained mass. It's only in events for which somethingwrong happened that such an event fall into our signal region. Unfortunatelythis happens rather often. For example, 90% of btoc events in the signal regionhave extra particles in them, half are KL and the other half are neutrinos fromb! c! s`� transition. When there is an extra particle it increases the magnitude
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Figure 4.17: cos�thrust distribution. Solid is o� resonance data, while dashedis � signal MC. The normalizations are arbitrary.



173of the neutrino momentum; it is then easier to �nd a random soft track or set oftracks which, combined with the rather soft lepton, makes an acceptable beamconstrained mass.As mentioned previously the possible missed particles can be KL, neutrons andneutrinos. KL and neutrons can leave part of their energy in the calorimeter, ifthey do, that fraction of energy is taken into account and the mismeasurement isreduced, unless those showers are labeled as splito�s. It is for the case that theydo not interact at all that their entire energy is included in the neutrino energyand momentum 4.All is not lost though, there are observables that can distinguish reasonably wellif an extra particles was present. If we only had neutrinos as undetected particles,then, since their mass is essentially zero, the missing mass squared of the eventshould also be close to zero. If the missing mass squared is far away from zero thereis a chance that there was an extra particle. Also, the missing energy of the eventshows a di�erent distribution for events with and without extra particles. Otherobservables, somewhat related to the previous ones, are the missing momentum ofthe event and the total energy of all good tracks in the event5.4The most recent B ! �� analysis [48] made use of the fact that the numberof kaons in an event is related with the probability of having a KL in the event ornot. For the present analysis, the �gure of merit of such a cut indicated that itwas not a useful cut to make.5One thing that was tried was to build a Fisher discriminant using those vari-ables, to distinguish between events with extra particles and events without. Wecan not train the Fisher by saying that signal is signal MC and background is btocMC since then the Fisher will use its most powerful separating feature: the lep-ton momentum, so the resulting Fisher cut would be biased in q2. Unfortunately,



174We use a geometrical cut in the 2D plane of some combination of MM2ev, Emissand pmiss. There are two observations that one can deduct from
MM2ev � E2miss � j~pmissj2;�MM2ev � 2Emiss�Emiss:The �rst one is that any geometrical contour in two variables has an equivalentcontour for the other combination of two variables, the second observation is thatthe resolution inMM2ev is proportional to the true Emiss, the true neutrino energy,so actually pmiss is a better representation of that quantity. Indeed we see a clearerV shape when the y axis is pmiss, than when it is Emiss. Ultimately, we looked atwhat the �gure of merit had to say on the various shapes and variables: a slightlyasymmetric V cut on Emiss vs MM2ev for �Q = 0 gave the best result. For thej�Qj = 1 events, the nominal, tighter symmetric cut was kept. Table 4.8 givesthe values used for the cut. Figure 4.18 and 4.19 show the V cut for � signal MCevents and btoc MC events respectively, in the � signal region for �Q = 0 andj�Qj = 1.Summary of all cuts and backgroundsThe following table summarizes the cuts, and to which background they are des-tined.Tables 4.9 and 4.10 list the Signal Regions e�ciencies for the di�erent modes.the Fisher trained on events with extra particles or without did not give enoughseparation between signal MC and btoc MC.
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Figure 4.18: Emiss vs MM2ev for � signal MC. Top is �Q = 0, bottom isj�Qj = 1, while left is with no extra particles and right has at least oneextra particle.
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Figure 4.19: Emiss vs MM2ev for btoc MC. Top is �Q = 0, bottom isj�Qj = 1, while left is with no extra particles and right has at least oneextra particle.
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Table 4.8: Summary of all cutsCuts type of backgroundVcut: �Q = 0: -600MeV-1GeV K0L and extra neutrinosj�Qj = 1: -600MeV-600MeV b! c(u)`��Q = 0 + j�Qj = 1 good � reconstruction~p` � 1:0GeV; 1:5GeV b! c`�Nlep=1 good � reconstructionextra neutrinoscos�lep > 0 (vector modes) b! c`�kincd,tng good � reconstructionNtracks: mode dep. b! c`�R2 vs jcthrustj (per mode, q2,�Q) continuum suppressiontng(lep) good � reconstructionjcos��j < 0:96 good � reconstructionhadronic event class continuum suppressionpsicut B !  KL
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Table 4.9: SR e�ciencies , separately for �Q = 0 and j�Q = 1j andseparately for CLEO II and II.V, in percentmode signal btoc btou fakes contpip dq0 II 3.16 0.00045 0.010 0.000066 0.000080dq1 II 0.80 0.00030 0.0063 0.000045 0.000020dq0 II.V 2.41 0.00032 0.010 0.00023 0.000022dq1 II.V 0.94 0.00021 0.0044 0.00021 0.000033pi0 dq0 II 2.07 0.00013 0.0053 0.000028 0dq1 II 0.49 0.000076 0.0021 0.000013 0dq0 II.V 1.77 0.00012 0.0031 0.00013 0.000011dq1 II.V 0.56 0.000064 0.0045 0.000078 0.000011rhp dq0 II 1.17 0.00025 0.023 0.000063 0.000060dq1 II 0.27 0.00018 0.013 0.000017 0dq0 II.V 0.88 0.00024 0.019 0.00017 0.000022dq1 II.V 0.35 0.00018 0.012 0.000083 0rho0 dq0 II 1.99 0.00058 0.045 0.000095 0.000040dq1 II 0.45 0.00021 0.014 0.000036 0.000020dq0 II.V 1.40 0.00035 0.039 0.00029 0.000022dq1 II.V 0.42 0.00022 0.014 0.00011 0
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Table 4.10: SR e�ciencies , separately for �Q = 0 and j�Q = 1j andseparately for CLEO II and II.V, in percentmode signal btoc btou fakes contome dq0 II 0.52 0.000046 0.010 0.0000071 0dq1 II 0.096 0.000027 0.0027 0.0000036 0dq0 II.V 0.40 0.000024 0.0081 0.000027 0dq1 II.V 0.11 0.000037 0.0027 0.000015 0etp dq0 II 1.08 0.000034 0.0031 0.0000020 0dq1 II 0.20 0.000047 0.0015 0.0000023 0dq0 II.V 0.76 0.000029 0.0026 0.0000079 0dq1 II.V 0.20 0.000015 0.00044 0 0etg dq0 II 1.44 0.000045 0.00076 0.000011 0dq1 II 0.25 0.000010 0.0014 0.000002 0dq0 II.V 1.19 0.000014 0.00083 0.000040 0dq1 II.V 0.27 0.000014 0.0017 0.0000083 0



180Tables 4.11, 4.12 and 4.13 list the SR e�ciency for each mode and each q2bin. They show both the cross feed among modes but also among q2 bins. Thosenumbers are for both �Q = 0 and j�Qj = 1, and both CLEO II and II.V mixed.



181Table 4.11: E�ciencies in q2 bins for reconstructing ��, in percentTrue Mode q21 q22 q23 Sum�� Sum 1.226 1.669 0.664 3.559q21 2.421 0.054 0.001q22 0.082 4.513 0.056q23 0.000 0.129 4.400�0 Sum 0.000 0.002 0.045 0.046q21 0.000 0.000 0.000q22 0.000 0.004 0.009q23 0.000 0.003 0.283�� Sum 0.007 0.021 0.023 0.051q21 0.011 0.000 0.000q22 0.004 0.033 0.011q23 0.000 0.060 0.133�0 Sum 0.041 0.075 0.054 0.169q21 0.067 0.001 0.000q22 0.020 0.137 0.013q23 0.000 0.170 0.335! sum 0.005�p sum 0.001�g sum 0.003



182Table 4.12: E�ciencies in q2 bins for reconstructing �0, in percentTrue Mode q21 q22 q23 Sum�� sum 0.013 0.083 0.185 0.281q21 0.051 0.031 0.003q22 0.000 0.138 0.107q23 0.000 0.000 0.626�0 sum 0.000 0.006 0.035 0.041q21 0.000 0.000 0.000q22 0.000 0.006 0.008q23 0.000 0.012 0.154�� sum 0.013 0.154 0.162 0.329q21 0.033 0.014 0.004q22 0.008 0.244 0.064q23 0.001 0.093 0.627�0 sum 0.553 1.934 0.837 3.324q21 2.029 0.182 0.006q22 0.049 3.418 0.171q23 0.000 0.228 3.678! sum 0.040�p sum 0.002�g sum 0.007
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Table 4.13: E�ciencies for the remaining modes, summed over q2, in percentRec. Mode q21 q22 q23 Sum�0 0.886 1.115 0.405 2.406�� 0.350 1.344 0.583 2.276! 0.927�p 1.071�g 1.539



CHAPTER 5FITTING PROCEDURE AND RESULTSIn the previous chapter, we described the selection of candidate events. In thischapter we describe how, from the selected events in data, we can extract thesubset of which are most likely to be signal events and not background events. Todo this we use a Maximum Likelihood �t that takes the MC distributions for thebackgrounds and the signal and adjusts them to �t the data distributions.5.1 Fitting procedureA binned maximum log Likelihood �tIn order to compute the � and � branching fractions, we need to extract the yieldof each mode in the data. As mentioned in the previous chapter, we �t over the�E�MB region called the Grand Signal Region, more precisely, we subdivide thisplane into 11 subregions, as shown in �gure 5.1 and described in table 5.1.We let the �t determine the relative proportion of each source to obtain the bestrepresentation of the data distributed over those subregions. One could minimizea chi-square built from the comparison of the data and the sum of all the sourcesin each bin. In our case, since we are dividing up our data into q2 bins, as well184
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Figure 5.1: Grand Signal region with �t bins for reconstructed � mode.Top left is � signal MC, top right is � signal MC, bottom left is btoc MC,bottom right is btou MC



186Table 5.1: Subregions of the GSR �t plane
Subregion �E MB Subregion �E MB1 -0.15-0.25 5.265-5.2875 7 -0.45- -0.15 5.1075-5.1752 -0.15-0.25 5.2425-5.265 8 -0.75- -0.45 5.2425-5.28753 -0.15-0.25 5.175-5.2425 9 -0.75- -0.45 5.175-2.24254 -0.15-0.25 5.1075-5.175 10 -0.75- -0.45 5.1075-5.1755 -0.45- -0.15 5.2425-5.2875 11 0.25-0.75 5.1075-5.28756 -0.45- -0.15 5.175-5.2425as in �Q = 0 or �Q = 1, we do not have enough data in certain bins to ensurethat a Gaussian approximation of the data is adequate. We have to use a Poissondistribution for the data. We can still �nd the right proportion of each source bymaximizing the likelihood. We are then performing a binned maximum likelihood�t. Another complication arises from the fact that we have to take into accountthe statistical nature of the di�erent sources. We only have �ve times the amountof data for our generic btoc MC, and the o� resonance data is clearly statisticallylimited. The prescription for a chi-square �t would be to add the errors comingfrom the sources, along with the data errors. In the likelihood approach, we realizethat the events coming from the sources and that are being used in the �t, actu-ally come from some unknown expected number of events that are also Poissondistributed, so we can take all this into account in the likelihood. This straight



187forward prescription is described in detail in [49], we describe here our particularsituation.The di�erent sources that represent the data are the o� resonance data repre-senting the continuum background, the fake lepton data (on and o� resonance),the btoc background MC, the btou other background MC, and the signal MC. Thedata yield used in the likelihood expression is not continuum and fake backgroundsubtracted. Those backgrounds, determined with data, are considered sources inthe �t. The di�erent bins that we need to consider in the �ts are: 7 �E �MBbins (Subregions 1, 2, 3, 5, 6, 8, 9), 7 modes, 2 �Q, 3 mass bands in the vectormodes and 3 q2 bins.We eliminated the high �E region from our �t to reduce potential biasing ofthe B ! �` nu branching fraction. This mode feeds into the high �E region ofthe � mode (see �gure 4.4) and we found the B ! �` nu branching fraction to besensitive to mismodeling of the btoc background in this region.We also decided that the three lowest MB regions were constraining the btocbackground too much given the high level of combinatorics in those regions, andso we do not include those regions in the �t either.The btoc background is allowed to oat independently according to the mode,the �Q and the reconstructed q2 bin. The o� resonance and the fakes are nor-malized based on luminosity (corrected for energy dependence and cross section).The btou other is represented by only one scale factor.We now describe the formulation of the likelihood �t. The Poisson distributionis the limit of the binomial distribution but with a probability of success (p) which



188tends toward zero and a number of trials (N) which tends toward in�nity, so thatthe mean � = Np is still �nite. The probability of observing r events is given byP (r) = �re��r! : (5.1)This probability distribution is not symmetric, so that the peak of the distributiondoes not correspond to the mean. If the mean is greater than about 20, then werecover the Gaussian distribution, for which the peak is the mean. If we haven independent observations x1; x2; : : : xn, from a theoretical distribution, f(x; �),where � is the parameter to be estimated, then the probability of observing thesequence of values is given by the Likelihood FunctionL(x; �) = f(x1; �)f(x2; �) : : : f(xn; �): (5.2)This probability is maximum for observed values, so to �nd �, we take the derivativeof L with respect to � and set it to 0. For the case that the function f is the Poissondistribution, we get L(x; �i) = nYi=1 �xiixi! e��i ; (5.3)where � is the mean (which we are trying to estimate). Here we can interpret � asthe estimated number of events in the ith bin. n is the total number of bins andxi is the number of data events in the ith bin. We get,nXi=1 xi = ND



189Nj = nXi=1 aji�i = ND mXj=1 PjajiNj ;where ND is the total number of data events, j refers to a source, Nj is the totalnumber of events from that source, aji is the observed number of events fromsource j in bin i. Pj is the normalization of the source j and is what we are tryingto determine from the �t. It is simpler to evaluate the natural logarithm of theexpression lnL = nXi=1 xiln�i � nXi=1 �i � nXi=1 ln(xi!): (5.4)So far we have not taken into account the e�ect of the MC statistics. As we alludedpreviously, we recognize that the aji events come from some true Aji. Those eventsare also Poisson distributed since we have Aji � Nj. The Log Likelihood can nowbe written aslnL = nXi=1 xiln�i � �i � ln(xi!) + nXi=1 mXj=1 ajilnAji � Aji � ln(aji!): (5.5)We can also rewrite, �i = mXj=1 pjAjipj = NDPjNj :



190We use MINUIT to minimize �2lnL by variation of the di�erent pj for thedi�erent sources.It would be a CPU intensive e�ort to let the �t �nd the various Aji. Fortunatelywe can express the various Aji's in terms of the aji at the cost of having to solvesome polynomial equations, which we obtain by di�erentiating with respect to thepj's and to the Aji's. We �nd Aji = ajipjti + 1 ; (5.6)where the t's satisfy xi1� ti = mXj=1 pjajipjti + 1 ; (5.7)and are polynomials of up to order 27. We use Newton's method to solve for thet's. The procedure of the �t is then to solve for each ti, using the above equations,and use those in the appropriate equations for the A's, so that the log likelihoodexpression can be computed for each individual bin.There is a special case when one of the sources has zero observed events. Wehave to be able to allow the dominant source to uctuate to a non-zero value.Dominant here means that not only does this source contribute somewhat signif-icantly to that bin, but also, that source is de�nitely statistically limited. This issometimes the case for the btoc background and for the o� resonance. We mustbe careful about the o� resonance of the fakes sample since in that case its con-tribution is negative to the total yield for that bin. Hence it is never picked to beuctuated up.



191Normalization conditionsThere are nice normalization conditions that come out of the previous formalism.For example, we get Xi Aji =Xi aji 8j: (5.8)What this normalization condition means is that the predicted amount of thesource should sum up to the observed amount, only the distribution among thedi�erent bins di�ers. We get another similar conditionND =Xi Xj pjaji: (5.9)Since ND represents the total number of data events, we see that it is built fromthe total number of events from the di�erent sources, scaled by their right amount,once we have summed over all bins and sources.Those normalization conditions should hold perfectly at the minimum of the�t and we verify that they do in our nominal �t.Continuum SmoothingBefore describing the nominal �t and the results, there is an additional feature inperforming our maximum likelihood �t. For the case of the o� resonance data, thestatistics is so sparse that the Poisson distribution can not be expected to uctuateup to give a proper representation of this background over all the individual bins.To address this feature we perform a continuum smoothing procedure. We take



192the �E �MB distributions with and without the continuum suppression cut andlook in MC for a possible shape change as a result of this cut. The MC is acocktail of q�q MC, � pairs and data containing fakes, all properly normalized tothe data luminosity. In the �t we use the o�-resonance data distributions withno continuum suppression cuts as our observed number of o� resonance eventsfor each individual bins. We then scale this amount to represent the e�ect of thecontinuum suppression cut. Finally,we renormalize the scaled yields so that thesum over the whole �E�MB plane adds up to the o� resonance yield with the cutapplied. So, in short, we are not creating new o� resonance events, we are merelyredistributing them in a more uniform way over the �E �MB plane. Figure 5.2shows the continuum smoothed MB distribution on top of the distribution whichdoes not have any continuum smoothing applied.5.2 The ResultsNominal FitAs mentioned above, the btoc background is �tted separately for each mode andindependently for the two �Q conditions. It is possible to also �t the btoc back-ground separately for each q2 bin. We expect the statistical error to go up, as the�t is given more freedom, but we are in fact trading some amount of systematicerror for this increase of statistical error. We did verify that the errors were consis-tent when we �t with this particular situation. We also see the �tted scale factors
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Figure 5.2: First q2 bin of ��. Solid is o� resonance data, dashed is contin-uum smoothed o� resonance data.



194to be consistent across the three q2 bins, hence the nominal �t only allows for onescale factor for all three q2 bins.There is a similar situation regarding the btou other background. This back-ground is �tted using only one total scale factor. We could however let it oatand let the �t decide on the best scale factor, but we do not since it is likely to bea�ected too much by btoc mismodeling. We currently have two di�erent modelingof the btou other background: the �rst is the ISGW2 model (described in section2.2.4), which only has resonant modes. The second model, used in the nominal �t,is a mix of ISGW2 for the resonant modes and of an inclusive HQET calculation ofd�=dq2dM2XdE` [50]. The appropriate amount of resonant vs non-resonant modesis made by assigning the di�erence between the total resonant exclusive rate andthe total inclusive rate to be due to the non-resonant pieces.Our dataset consists of the entire samples of CLEO II (3.14 fb�1) and II.V (6.03fb�1). The o� resonance data sample has 1.61 fb�1 and 2.94 fb�1 of luminosity,respectively. We get the branching fraction from the e�ciency corrected yield, N ,using B = N4NB �Bf00 ; (5.10)where the factor of four accounts for the fact that we have two B's per event andwe use both electrons and muons as the charged lepton and f00 is the fractionof neutral B's vs charged B's, so around two. Tables 5.2, 5.3, 5.4, 5.5 and 5.6summarize the results of the nominal �t.We see that the � signal is only about 2.7� signi�cant.
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Table 5.2: Yields for q21�Q0 �� �0 �� �0Signal 17.6 6.4 3.8 3.2xfeed 1.1 0.4 0.6 0.6cont. 4.0 1.7 1.2 3.9btoc scale 1.01 �0.03 0.86 �0.05 0.91 �0.02 0.90 �0.01btoc 4.9 0.5 5.8 10.3btou 0.2 0.3 1.8 2.9data 20.0 12.0 16.0 20.0�Q1Signal 5.5 1.8 1.3 0.7xfeed 0.5 0.1 0.2 0.2cont. 2.0 0.7 1.3 0.4btoc scale 1.01 � 0.04 1.09�0.07 0.90 � 0.02 0.90 � 0.02btoc 3.0 0.0 2.9 3.5btou 0.1 0.1 1.1 0.6data 8.0 7.0 5.0 10.0
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Table 5.3: Yields for q22�Q0 �� �0 �� �0Signal 48.6 16.8 18.1 15.3xfeed 3.8 1.9 3.1 5.1cont. 4.9 2.1 5.4 5.7btoc scale 1.01 �0.03 0.86 �0.05 0.91 �0.02 0.90 �0.01btoc 17.4 6.0 11.0 23.2btou 1.7 0.6 4.9 10.8data 70 31 50 70�Q1Signal 16.0 4.7 5.9 3.8xfeed 1.9 0.6 1.4 1.5cont. 2.5 1.1 0.4 3.0btoc scale 1.01 � 0.04 1.09�0.07 0.90 � 0.02 0.90 � 0.02btoc 11.9 2.7 9.2 12.1btou 0.7 0.4 2.8 3.7data 28 15 17 20
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Table 5.4: Yields for q23�Q0 �� �0 �� �0Signal 17.5 5.6 10.1 8.0xfeed 10.7 4.3 4.1 6.5cont. 4.7 0.9 3.1 2.4btoc scale 1.01 �0.03 0.86 �0.05 0.91 �0.02 0.90 �0.01btoc 13.1 4.1 5.4 6.3btou 2.3 0.9 2.2 4.6data 40 16 15 30�Q1Signal 6.9 1.8 3.4 2.7xfeed 6.6 3.3 1.6 3.8cont. 3.5 0.5 0.2 1.8btoc scale 1.01 � 0.04 1.09�0.07 0.90 � 0.02 0.90 � 0.02btoc 9.2 4.8 3.1 3.2btou 1.5 1.0 1.4 1.6data 31 10 10 11
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Table 5.5: Yields for all q2�Q0 ! �p �gSignal 4.8 3.3 8.1xfeed 0.5 0.3 0.8cont. 2.2 0.7 1.3btoc scale 0.73 �0.03 0.85 �0.09 0.98 �0.12btoc 2.3 2.4 2.7btou 2.2 0.0 0.6data 16 8 20�Q1Signal 1.1 0.8 1.6xfeed 0.1 0.3 0.3cont. 1.1 0.8 0.2btoc scale 0.73 � 0.05 1.33�0.18 1.13 � 0.19btoc 2.3 2.9 1.4btou 1.2 0.4 0.7data 8 1 7
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Table 5.6: E�ciency corrected yields and branching fractions.N�� 907 � 213 1407 � 210 537 � 176N�� 576 � 240 1680 � 336 959 � 161N�g 630 � 230Branching Fractions (�10�4)q21 q22 q23 total� 0.468 � 0.110 0.725 � 0.108 0.277 � 0.091 1.470 � 0.179� 0.297 � 0.124 0.866 � 0.173 0.494 � 0.083 1.657 � 0.228� 0.837 � 0.306-2 ln L 394 for 406-21 d.o.f



200The following �gures show some �E and MB plots resulting from the �ts. Wecan see that the ! mode plots in 5.12 show very little signal.It is also interesting to look at how the �t agrees in the other regions of the�E � MB plane. We show the � mode in subregion 2 (�gures 5.14,5.15,5.16)which is just below the Signal Region in MB. In those �gures the MB plot is for�0:15 < j�Ej < 0:25, while the �E plots is for 5:2425 < MB < 5:265. We alsoshow the � mode in subregion 6 (�gures 5.17,5.18,5.19), for which the MB plot isfor �0:45 < j�Ej < �0:15, while the �E plots is for 5:175 < MB < 5:2425.Finally, we examine how the data yield is well represented in terms of thevarious sources, for each bin in the �t. In �gure 5.20 we show a plot where the xaxis is the bin number and the y axis is the di�erent yields. We show these yieldsfor two di�erent � � EMB regions: the Signal Region and subregion number 5.Also on that �gure, we show a plot where the x axis are those same individual binswhile the y axis is the log likelihood value. We see the correspondance between asmall value of log likelihood (the �t tries to maximize the log likelihood) and a binwhere the di�erent sources do not match the data yield. In general, the agreementis good.
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Figure 5.3: � mode plots for q21. Top is for �Q = 0, bottom is for �Q = �1.Open histogram is signal, black is cross-feed, light grey is btou, dark greyis fakes, dotted histogram is continuum, hatched histogram is btoc.
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Figure 5.4: � mode plots for q22. Top is for �Q = 0, bottom is for �Q = �1.Open histogram is signal, black is cross-feed, light grey is btou, dark greyis fakes, dotted histogram is continuum, hatched histogram is btoc.
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Figure 5.5: � mode plots for q23. Top is for �Q = 0, bottom is for �Q = �1.Open histogram is signal, black is cross-feed, light grey is btou, dark greyis fakes, dotted histogram is continuum, hatched histogram is btoc.
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Figure 5.6: � mode plots for q21 , central 3 mass bands. Top is for �Q = 0,bottom is for �Q = �1. Open histogram is signal, black is cross-feed, lightgrey is btou, dark grey is fakes, dotted histogram is continuum, hatchedhistogram is btoc.
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Figure 5.7: � mode plots for q22 , central 3 mass bands. Top is for �Q = 0,bottom is for �Q = �1. Open histogram is signal, black is cross-feed, lightgrey is btou, dark grey is fakes, dotted histogram is continuum, hatchedhistogram is btoc.
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Figure 5.8: � mode plots for q23 , central 3 mass bands. Top is for �Q = 0,bottom is for �Q = �1. Open histogram is signal, black is cross-feed, lightgrey is btou, dark grey is fakes, dotted histogram is continuum, hatchedhistogram is btoc.
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Figure 5.9: � mode plots for q21 , central mass band. Top is for �Q = 0,bottom is for �Q = �1. Open histogram is signal, black is cross-feed, lightgrey is btou, dark grey is fakes, dotted histogram is continuum, hatchedhistogram is btoc.
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Figure 5.10: � mode plots for q22, central mass band. Top is for �Q = 0,bottom is for �Q = �1. Open histogram is signal, black is cross-feed, lightgrey is btou, dark grey is fakes, dotted histogram is continuum, hatchedhistogram is btoc.
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Figure 5.11: � mode plots for q23, central mass band. Top is for �Q = 0,bottom is for �Q = �1. Open histogram is signal, black is cross-feed, lightgrey is btou, dark grey is fakes, dotted histogram is continuum, hatchedhistogram is btoc.
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Figure 5.12: ! mode plots for all q2. Top is for �Q = 0, bottom is for�Q = �1. Open histogram is signal, black is cross-feed, light grey is btou,dark grey is fakes, dotted histogram is continuum, hatched histogram isbtoc.
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Figure 5.13: � mode plots for all q2. Top is for �Q = 0, bottom is for�Q = �1. Open histogram is signal, black is cross-feed, light grey is btou,dark grey is fakes, dotted histogram is continuum, hatched histogram isbtoc.
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Figure 5.14: � mode plots for q21 in subregion 2. Top is for �Q = 0, bottomis for �Q = �1. Open histogram is signal, black is cross-feed, light grey isbtou, dark grey is fakes, dotted histogram is continuum, hatched histogramis btoc.
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Figure 5.15: � mode plots for q22 in subregion 2. Top is for �Q = 0, bottomis for �Q = �1. Open histogram is signal, black is cross-feed, light grey isbtou, dark grey is fakes, dotted histogram is continuum, hatched histogramis btoc.
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Figure 5.16: � mode plots for q23 in subregion 2. Top is for �Q = 0, bottomis for �Q = �1. Open histogram is signal, black is cross-feed, light grey isbtou, dark grey is fakes, dotted histogram is continuum, hatched histogramis btoc.



215

Figure 5.17: � mode plots for q21 , central mass band in subregion 6. Topis for �Q = 0, bottom is for �Q = �1. Open histogram is signal, blackis cross-feed, light grey is btou, dark grey is fakes, dotted histogram iscontinuum, hatched histogram is btoc.
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Figure 5.18: � mode plots for q22 , central mass band in subregion 6. Topis for �Q = 0, bottom is for �Q = �1. Open histogram is signal, blackis cross-feed, light grey is btou, dark grey is fakes, dotted histogram iscontinuum, hatched histogram is btoc.
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Figure 5.19: � mode plots for q23 , central mass band in subregion 6. Topis for �Q = 0, bottom is for �Q = �1. Open histogram is signal, blackis cross-feed, light grey is btou, dark grey is fakes, dotted histogram iscontinuum, hatched histogram is btoc.



218

Figure 5.20: Top: Yield vs bin number: the order is��1 ; ��2 ; ��3 ; �01; �02; �03; 5(��1 ; ��2 ; ��3 ); 5(�01; �02; �03); 4(!); �p; �g. Open his-togram is signal, black is cross-feed from same mode (�� $ �0), dark greyis cross-feed from other mode (� $ �), light grey is btou, darker grey isfakes, dotted histogram is continuum, hatched histogram is btoc. Bottom:lnL vs individual bins, for �Q = 0. Left is Signal Region, right is region 5.



CHAPTER 6SYSTEMATIC UNCERTAINTIES ANDCHECKSWe have just seen in the previous two chapters how we select our events of interest,and how we �t them to get the di�erent branching fractions. The �nal errors onthe branching fractions or Vub include a statistical part, a systematic part and amodel dependence part. We now turn to determining the systematic uncertaintiesassociated with the branching fractions. First, we look at some basic checks of theanalysis.6.1 Checks of the analysisKinematic DistributionsSeveral checks are performed to test the stability of the analysis. First we showsome lepton momentum plots (�gures 6.1 through 6.6), we see how the signal tendto populate the end point of the lepton spectrum, while the btoc background is atlower momentum values. It is interesting to note the correlation between a par-ticular q2 bin and the domain of lepton momentum values for the � and � modes.219



220Figures 6.7 through 6.12 show the hadronic mass distribution. The last bin of theplots contains the plot overows. Figures 6.13, 6.14 and 6.15 show the cos�lep dis-tribution, we see how the signal tend to populate the forward part of the spectrum.It is also interesting to note how the various backgrounds populate di�erently thevarious q2 bins when projecting on the cos�lep axis. All the normalizations aretaken from the �t results. In general we see good agreement between the data andMC, even though those variables were not part of the �t.Stability of the �tWe can also test the stability of the �t by relaxing some of the cuts used in theanalysis and comparing those �ts with the nominal �t. We varied the leptonmomentum cut, the \V" cut, and the cos�lep cut. We also performed the �t byusing only the electrons and only the muons as the signal lepton candidate. Weshow in table 6.1 by how many sigmas the branching fractions di�er 1. We see nosigni�cant bias.Also, we have run the �t on the CLEO II only part of the data set, using thesame cuts as the previous analysis ([36]) and with the q2 bins summed, so thatwe can compare our result with the previous analysis ones. For both analyses,the signal and the btou other models are ISGW2. The di�erences between theanalyses are that the 1995 analysis used about 2/3 of the CLEO II data and used1The sigma being de�ned as the di�erence of the central values over the quadra-ture sum of the uncertainties.
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Figure 6.1: � mode lepton momentum for q21 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.2: � mode lepton momentum for q22 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.3: � mode lepton momentum for q23 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.4: � mode lepton momentum for q21 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.5: � mode lepton momentum for q22 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.6: � mode lepton momentum for q23 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.7: m for the �0 mode for q21 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.8: m for the �0 mode for q22 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.9: m for the �0 mode for q23 and �Q = 0. Open histogramis signal, black is cross-fees, light grey is btou, dark grey is fakes, dottedhistogram is continuum, hatch histogram is btoc.
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Figure 6.10: Combined m���0 and m+� �� for the �� and �0 mode for q21 and�Q = 0. Open histogram is signal, black is cross-fees, light grey is btou,dark grey is fakes, dotted histogram is continuum, hatch histogram is btoc.
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Figure 6.11: Combined m���0 and m+� �� for the �� and �0 mode for q22 and�Q = 0. Open histogram is signal, black is cross-fees, light grey is btou,dark grey is fakes, dotted histogram is continuum, hatch histogram is btoc.
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Figure 6.12: Combined m���0 and m+� �� for the �� and �0 mode for q23 and�Q = 0. Open histogram is signal, black is cross-fees, light grey is btou,dark grey is fakes, dotted histogram is continuum, hatch histogram is btoc.
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Figure 6.13: � mode cos�lep for q21 and �Q = 0. Open histogram is signal,black is cross-fees, light grey is btou, dark grey is fakes, dotted histogramis continuum, hatch histogram is btoc.
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Figure 6.14: � mode cos�lep for q22 and �Q = 0. Open histogram is signal,black is cross-fees, light grey is btou, dark grey is fakes, dotted histogramis continuum, hatch histogram is btoc.
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Figure 6.15: � mode cos�lep for q23 and �Q = 0. Open histogram is signal,black is cross-fees, light grey is btou, dark grey is fakes, dotted histogramis continuum, hatch histogram is btoc.
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Table 6.1: Testing the stability of the �tCut new value mode q21 q22 q23 total\V" cut �Q0 : �1:2� 0:8 � 0.29 0.46 -0.06 0.25�Q1 : �0:8� 0:8 � -0.37 -0.62 -2.22 -0.75� 0.22lep mom p�;� � 1:5GeV=c � -3.72 1.35 -1.34 -1.22p� � 2:0GeV=c � 1.36 -3.43 5.35 -0.84� 0.66cos�lep cut No cut � 0.00 0.58 -0.59 0.06� -0.70 0.30 6.80 0.89� 0.37electrons muons di�erence: � 0.53 -0.94 1.17 0.42� 0.32 -2.73 1.02 -1.51� -0.85



237Table 6.2: Comparisons with previous analysisAnalysis B(� � 10�4) B(�� 10�4)current 1.77 � 0.39 2.55 � 0.331995 (ISGW2) 2.04 � 0.47 2.24 � 0.37the pre-compress version of the tracking software. The comparisons are shown intable 6.2 and we conclude that the two analyses give the same results.Testing the �tterFinally, we have done some tests using the MC to see if the �tter is performingadequately. There are several things to test: given some known branching fractionof the MC, does the �tter return the right value, and is the treatment of the Poissonstatistics adequate given the amount of luminosity of the data. To address the �rstpoint, we build some mock data by summing all of the sources in the amount thatthe �t is expecting. We �t this mock data with the same MC that was used in themock data and we do reproduce the branching fraction used in the MC.To address the second issue, we randomly select a number of events out ofour MC sample that is representative of the data luminosity. For example, ifwe generated ten times more signal MC than the data luminosity, we need torandomly select one tenth of the MC sample. With those events, we build a mockdata distribution and we �t it with the remainder of the MC for each source. Ifwe repeat this procedure several times (N), we can make a distribution of the N



238branching fractions obtained, and their errors. We should expect that the mean ofthe branching fraction distribution be close to the branching fraction that was putin the MC. We also expect that the width of the branching fraction distributionshould be close to the mean of the error distribution.To perform this test we build the mock data to contain signal MC, btoc MCand btou other MC. Ideally, we would include q�q MC to represent the continuumbackground. The problem is that based on the available amount of q�q MC gener-ated by the CLEO MC farms, we need to take 60% of the sample in each N try.This means that all the tries are highly correlated to each other and correlated tothe parent sample. The statistical uctuations present in the parent distributionget reproduced in each try, ending up into a coherent sum of these statistical uc-tuations, hence the branching fractions are biased due to these uctuations. In�gures 6.16 and 6.17 we show a Gaussian �t to the 100 tries of the � branchingfraction and of the error on that branching fraction reported by the �t, wherethe mock data and the �t contain btoc, btou other and signal MC. Figures 6.18and 6.19 show the same thing for the � mode. In �gure 6.20 we show the �2lnLquantity reported for each �t.In table 6.3 we summarize the results from using btoc btou other and signal MCin the mock data. The description of each column is as followed: mode, expectedbranching fraction, mean of branching fraction distribution, width of branchingfraction distribution, mean of the error distribution of the branching fractions,sigma associated with how the mean and the expected branching fraction agree,error on error is the percentage di�erence between the width and the mean of the
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Figure 6.16: B ! �`� branching fractions for 100 mock data �ts.
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Figure 6.17: B ! �`� branching fraction errors for 100 mock data �ts.
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Figure 6.18: B ! �`� branching fractions for 100 mock data �ts.
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Figure 6.19: B ! �`� branching fraction errors for 100 mock data �ts.
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Figure 6.20: �2lnL for 100 mock data �ts.



244Table 6.3: Summary of mock data �tter testmode exp BF mean width error mean sigma error on error data error�q21 0.9 0.88 0.132 0.129 1.52 2.3% 23.5%�q22 0.65 0.63 0.107 0.101 1.87 5.6% 14.9%�q23 0.26 0.26 0.072 0.083 0.00 -15.3% 32.9%� 1.8 1.784 0.216 0.183 0.74 15.3% 12.2%�q21 0.64 0.646 0.125 0.132 -0.48 -5.6% 41.8%�q22 1.33 1.386 0.213 0.183 -2.63 14.1% 20.0%�q23 0.5 0.52 0.095 0.082 -2.11 13.7% 16.8%� 2.5 2.532 0.255 0.242 -1.25 5.1% 13.8%� 0.9 0.908 0.384 0.327 -0.21 14.8% 36.6%mean of �2lnL �2lnL from data �t �386 394 0.3error distribution, data error comes from the data �t and so is not related to themock data tries.We see that the �tter does not introduce a bias on the branching fractions. Wealso see that it does a pretty good job at estimating the error. We know the 12%statistical uncertainty for the � mode to 15% of itself and the same with the �mode. As for the �, we know its 14% statistical uncertainty to 5% of itself.



2456.2 The systematic uncertaintiesThis analysis depends heavily on MC. since we use such distributions in the �t. Oursystematic uncertainties essentially come from imperfections of the MC simulation.The main ingredient a�ected by this is the neutrino reconstruction. We also studyhow a di�erent composition of exclusive modes in the btoc background a�ectsthe analysis. We do a similar exercise with regard to the btou other background.Part of the btou other background is the non-resonant contribution (B ! ��`�)which, understandably, mainly a�ects the � mode. We study this uncertainty indetail. Finally, we discuss the remaining uncertainties related with the fake leptonsample, the continuum smoothing procedure, etc. A summary of all the systematicuncertainties is shown at the end of this section.Detector simulationHow well the MC simulates the response of the detector is crucial in our analysissince the neutrino reconstruction depends on every track and shower in the de-tector. To quantify the possible e�ects on the results from discrepancies betweenthe data and the MC, we vary knobs related to detector simulation and tabulatehow much each knob a�ects the signal e�ciencies, the yields and the branchingfractions. The �nal uncertainty is a combination of the e�ect on those three quan-tities. We expect that the change in the branching fraction from the change ine�ciency and the change in yield to cancel to some extent because if signal got outof the signal region and background got in, the e�ciency will be lower in about



246the same way that the yield will be lower. However, we choose not to only takethe change in branching fraction as the total uncertainty, since our simulation ofthe cancelation for a given knob can be disturbed by other e�ects. We choose totake the following combination,�knob = �BF � 13(�yield ���): (6.1)The choice of 1/3 is somewhat arbitrary but seems to be of the correct order.Wedescribe each knob in turn, and summarize their e�ect at the end. Note that eachknob is applied on the MC events only.� Photon-�nding e�ciency: (PHOTON) we throw away 3% of clustersfrom photons. The e�ect of this knob is to lower the e�ciency as well as theyield. Some amount of signal left the signal region, while some backgroundwent in. This is an example of a cancelation between the change in e�ciencyand the change in yield, so that the change in branching fraction is small.The standard for CLEO analyses is to take a loss of 2% in e�ciency, so ouruncertainty is: � = 23�PHOTON .� Track-�nding e�ciency: (TRFND) we throw away 0.75% (2.6%) of trackswith momentum greater (less) than 0.25 GeV/c. Those numbers come fromthe embedding study done for the B ! D�`� analysis ([51]). We take thefull amount of this uncertainty, so � = �TRFND.



247� Fiducial cuts: (FIDU) we apply cuts of jcos�j < 0:93 for tracks and jcos�j <0:91 for photons, since around the beam line is a hard region to simulate.Those are extreme cuts, we decide to take as the uncertainty: � = 16�FIDU .� Splito� simulation: (SPLSIMU) we randomly increase the number ofhadronic splito�s by a mean of 0.029 splito�s per hadron. The energy ofthe added shower is taken randomly from the MC splito� energy spectrum.To study the e�ect of the splito� package we have compared a sample of ! KSKS in data and MC, since those events only contain hadronicshowers, so a lot of possible splito� showers and no photon showers. Wecompared the multiplicities of splito� showers in data and MC to obtain thevalue of the knob, see �gure 6.21 for an example. We take the full amountof this uncertainty, so � = �SPLSIMU .� Splito� Neural Net: (SPLNN)We smear the value of the neural net outputvariable of the splito� package, we make real photons look more like splito�sand real splito�s look more like photons. We obtained the value of thesmearing by comparing the neural net output variable in data and MC fordi�erent energy bins, for the sample described in the previous knob. Figure6.22 shows an example of such a comparison. We take the full amount ofthis uncertainty, so � = �SPLNN .� Shower Energy resolution: (SHWRES) we degrade the shower energyresolution by 10%, so Eshower ! Etrue+1:1(Eshower�Etrue). This is probably
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Figure 6.21: Number of showers in  ! KSKS event. Dashed histogramis MC, points are data.
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Figure 6.22: Neural Net output variable, -1 is photon like and +1 is splito�like. Points are MC before smearing, dashed histogram is MC after smear-ing.



250a conservative estimate of the resolution, but we still take the full amount ofthis uncertainty, so � = �SHWRES.� Track Momentum resolution: (TRKRES) we degrade the track momen-tum resolution by 10%, so Ptrack ! Ptrue + 1:1(Ptrack � Ptrue). This is alsoprobably a conservative estimate of the resolution, but we still take the fullamount of this uncertainty, so � = �TRKRES.� Charged Particle ID: (PID) we shift the sigmas of de/dx by 0.25 and oftime of ight by 0.5, away from the true value. We take the full amount ofthis uncertainty, so � = �PID.� KL Energy deposition: (KLEDEP) we increase the amount of energythe KL leave in the calorimeter by 20%. We take the full amount of thisuncertainty, so � = �KLEDEP .� KL Yield: (KLYLD) for this knob we compared the yield of KS in dataand MC, since KS's are produced at the same rate as KL's. A discrepancyindicates a problem with the physics model, not a detector e�ect. We foundthat there were more KS in data than in MC, as shown in �gure 6.23. Weapply a correction to our MC samples, where events containing a KL arereweighted by 1:072N where N is the number of KL in the event. We madesure that the momentum dependence of the yield was comparable betweendata and MC. There is an uncertainty on the reweight number and that isthe source of the uncertainty for this knob. The uncertainty is, and we takethe full amount of this uncertainty, so � = �KLY LD.
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Figure 6.23: KS momentum distribution. Solid histogram is data, dashedhistogram is MC.



252� Secondary Lepton spectrum: (SECLEP) Secondary leptons come fromthe process b ! c ! s`�, and have a soft momentum. The rate of thisprocess a�ects our cut on the number of leptons in the event, for example.Because of the soft momentum, we often cannot identify those leptons asleptons, resulting in accepted events with a poorly-reconstructed neutrino.We �nd that the MC contains a branching fraction of 10.41% for this process,while the world average branching fraction is 8.3 � 0.4% (PDG). So we havean excess of 20% in the MC for this process. We apply a correction tothe MC samples by correcting the shape of the generated secondary leptonspectrum to match the measured one. The measured spectrum is taken as aconvolution of the latest CLEOD meson momentum spectrum ([52]) with thesemileptonic D meson momentum spectrum from the DELCO collaboration([53]). We show the comparison of the two spectra in �gure 6.24. We varythe reweighting procedure by �1� to get an uncertainty associated with thisknob. We take the full amount of this uncertainty, so � = �SECLEP .Table 6.4 shows the e�ective uncertainty coming from each knob.btoc modelingIn order to get a systematic uncertainty related with the btoc background mod-eling, we vary the relative branching fractions of B ! D=D�=D��=D(n�)`� pro-cesses while keeping the total semileptonic rate constant. We vary each branchingfraction by about 30% of its measured value. It might be argued that this is asomewhat extreme amount of vary the measured branching fraction, but this is to
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Figure 6.24: Secondary lepton momentum. Solid is MC, dashed isCLEO+DELCO data. The normalization is absolute.
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Table 6.4: Knob turning systematic uncertainties, in percent

Knob scale � �q21 �q22 �q23 � �q21 �q22 �q23 �smear track params. 1.00 1.12 0.83 1.85 8.12 1.20 7.75 4.67 1.79 0.90reduce photon-�nding e�. 0.67 2.68 3.95 3.91 7.03 3.99 3.83 6.19 4.21 9.47reduce track-�nding e�. 1.00 2.90 4.65 4.80 8.97 2.88 12.13 5.72 5.44 3.68smear photon shwr E's 1.00 2.33 1.64 4.79 2.15 7.25 5.44 15.34 0.90 2.96Incr. K0L shower E's 1.00 1.32 1.03 1.70 2.43 1.32 0.42 1.33 2.14 3.88incr. n of splito� clusters/hadron 1.00 3.25 3.84 4.48 0.85 3.37 9.70 6.90 3.96 0.80shift dE/dx and TOF sigmas high 1.00 2.18 3.08 3.25 8.55 1.10 20.52 2.41 6.67 1.55�duc. polar-angle cuts to MC trks shwrs 0.17 1.93 2.30 2.83 3.58 2.42 2.85 1.87 3.76 1.74smear SPLITF NN output variable 1.00 1.67 0.98 2.27 4.45 2.19 1.91 4.31 1.25 3.38secondary-lepton-spectrum correction 1.00 0.90 3.78 2.89 2.88 2.40 38.01 6.86 0.62 3.64KL yield correction 1.00 0.15 0.23 0.14 0.40 0.98 0.39 1.28 0.79 0.39TOTAL 6.83 9.30 10.95 17.92 10.49 47.15 21.31 11.52 12.60



255compensate for not varying the form factors of the various btoc transitions. It isimportant to note that the other B in signal MC as well as in the btou other MC,also has this variation applied to it, in addition to both B mesons in the btoc MC.Table 6.5 lists the e�ect of each variation.Putting the B ! D`� and B ! D�`� branching fractions to zero is an extremechange since they dominate the b! c rate, so we only include the variations highand low in the systematic uncertainty. We see that even such extreme variationsresult in a relatively small e�ect.btou modelingWe already mentioned that for the btou other we have two models: one usingISGW2 to generate the B ! Xu`� modes that are not our signal modes, and onethat makes use of HQET and contains some prescription for non-resonant decays.Our nominal �t uses the second model (InclGen), and has the normalization �xed.The normalization was determined using the latest measurement of the b ! u`�inclusive end point analysis ([54]), and also using the measured branching fractionsfor the signal modes from this analysis, in an iterative process. The uncertainty onthe normalization comes mainly from the uncertainties on the current branchingfractions. For a systematic uncertainty associated with the btou modeling, we varythe normalization factor by �1� and also take into account the di�erence withusing the ISGW2 model for the btou other background. Table 6.6 summarizes thesystematic uncertainty coming from the btou other modeling.
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Table 6.5: Btoc modeling systematic uncertainties, in percent.Knob scale � �q21 �q22 �q23 � �q21 �q22 �q23 �B ! D`� High 1.00 0.38 1.24 0.00 0.66 0.32 6.06 1.12 0.99 0.00B ! D`� Low 1.00 0.13 0.62 0.00 0.00 0.00 9.09 1.12 0.99 0.94B ! D`� Zero 0.00 [3.18] [13.04] [0.21] [3.29] [3.53] [136.36] [12.36] [11.88] [13.21]B ! D�`� High 1.00 0.38 1.24 0.21 0.00 0.64 12.12 2.25 1.98 2.83B ! D�`� Low 1.00 0.51 1.24 0.21 0.66 0.96 9.09 2.25 1.98 0.94B ! D�`� Zero 0.00 [13.72] [37.27] [4.43] [17.76] [100.32] [154.55] [162.92] [73.27] [69.81]B ! D��`� High 1.00 0.13 0.62 0.21 0.66 0.32 3.03 1.12 0.00 0.94B ! D��`� Low 1.00 0.00 0.00 0.21 0.66 0.64 3.03 1.12 0.99 1.89B ! D��`� Zero 1.00 0.25 0.62 0.84 1.97 0.64 9.09 2.25 0.99 3.77B ! Dnr`� High 1.00 0.38 0.00 0.42 0.66 0.64 0.00 0.56 0.99 0.00B ! Dnr`� Low 1.00 0.38 0.00 0.42 0.66 0.64 0.00 0.56 0.99 0.94B ! Dnr`� Zero 1.00 1.40 0.62 1.48 1.97 0.96 3.03 1.12 1.98 0.94TOTAL 1.70 2.48 1.85 3.22 2.03 21.43 4.70 4.20 5.50
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Table 6.6: Btou other modeling systematic uncertainty.mode % unc. btou modeling�q21 0.2�q22 1.1�q23 5.6� 1.5�q21 30.5�q22 25.2�q23 13.5� 22.7� 2.8



258We see that for the � and � mode this systematic uncertainty is well undercontrol, but it is clearly not the case for the � mode: this is by far the dominantuncertainty for this mode. For comparison, in the previous analysis, this uncer-tainty was 7.5%. We have tracked down the di�erent ingredients that increasedthe uncertainty :� Adding the II.V data increased the uncertainty to 10%� Using the new cuts increased the uncertainty to 15%, which we expect sincethe cuts are much looser now� Using the new way of calculating the scale factor for the btou other increasedthe uncertainty to 21%� Using InclGen as the btou other model increased the uncertainty to 25%� Not �tting over subregions 4,7,10 and having a higher MB requirement forthe hadron candidate reduced the uncertainty to 20%� Finally, iterating over the btou other scale factor and using the new higherscale factor increased the uncertainty to 22.7%It is important to note that when we optimized cuts, we only took into accountthe statistical e�ect and not the systematic one. It is clear that some of cuts shouldbe tighter in light of this uncertainty. We have increased the lepton momentum cutto 2.0GeV/c and we would gain only a few percent reduction of the uncertainty.This is good news, since a higher lepton momentum cut would distort the various



259q2 bins. The other two cuts under consideration are the continuum suppresion andthe \V" cut.Non-resonant contributionThe dominant systematic error in the previous analysis was the e�ect of B ! ��`�decays on the � branching fraction result. In this analysis, we are using a btouother MC sample that contains some non-resonant contribution. This means thatthe amount of non-resonant decays predicted by this model is taken into accountin the level of btou other. Although this new btou model is based on HQET and onreasonnable assumptions about how to assign a decay to be exclusive or inclusive,it is still probably far from perfect, and one has to worry about the mismodelingof the non-resonant piece a�ecting the � branching fraction result.To accomplish this, we generate some B ! �`� MC where the � decays to two�0's. That way we select out the portion of the non-resonant that will maximallya�ect the analysis. We reconstruct this mode and allow for it as a new source inthe maximum likelihood �tter. The amount that the �tter seems to favor give usan idea of the mismodeling of that part in the btou other background. Dipionnon-resonant decays are more than just �0�0, what about ���0 and �+�� ?Since pions are spinless, they are bosons, and so their total wave function shouldbe symmetric. Combining two pions together can give an isospin sum of 0,1 or 2,but since the two pions come from the combination of up and down quarks, onlyisospin 0 or 1 are allowed. If one looks at the decomposition of the I=1 and I=0pieces in terms of the various �+�� combinations, one �nds that the I=1 part is



260antisymmetric and the I=0 is symmetric. This implies that in the I=1 part, thereshould be an odd orbital angular momentum between the two pions to make thewave function completely symmetric (since the spin part of the wave function issymmetric). Having a dipion pair with I=1 and L=1, is the � particle, given thatthe invariant mass of the pair is close to the mass of the �. Writing down thedecomposition of ���0, �+�� and �0�0 using the Clebsch-Gordan coe�cients, we�nd a ratio of 2:1:0. In the case of I=0, then we need an even orbital angularmomentum, so it cannot be a � particle. In that case, we �nd a ratio of 0:2:1(taking into account the fact that we can also have ���+, in addition to �+��).Once we know how much �0�0 non-resonant the �t is comfortable with, we seethat twice that amount represents the level of �+�� non-resonant.Remaining systematic uncertaintiesThere are some systematic uncertainties left that do not enter in the previouscategories. There is an uncertainty from the fake lepton sample. We run theanalysis on the fake sample and change the fake rates by �1�. We assign a 1%systematic uncertainty for all modes and q2 bins.In our procedure for the continuum smoothing in section 5.1, we described howwe �t MCMB distributions to obtain the shape bias that the continuum suppresioncut could introduce. To get a systematic uncertainty we generate a random numberbetween -1 and 1 and use it to scale the uncertainty on the shape parameters. Werepeat this procedure �ve times with di�erent seeds for the random numbers. Table6.7 shows the assigned systematic uncertainties.
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Table 6.7: Continuum smoothing systematic uncertainties, in percentmode % unc. cont. smooth.�q21 2�q22 0.2�q23 2� 1�q21 10�q22 1�q23 2� 3� 2



262In our nominal �t we have assumed the relative production of charged andneutral B meson to be the same, f+�=f 00 = 1. We vary this fraction by �1�using the latest measurement from CLEO: f+�=f 00 = 1:04�0:08 ([55]). This ratioenters in the denominator of the branching fraction expression, and also determinesthe normalization of the neutral modes vs the charged modes, since we are usingthe isospin relation. We have also assumed the ratio of B meson lifetimes to beunity. We vary this fraction by the measured value of �B+=�B0 = 1:062� 0:029 by�1�. The ratio comes into the normalization of the neutral modes vs the chargedmodes. We have also varied the isospin assumption, in the nominal �t we use aratio of 2, so we vary this ratio to be 1.43 or 1.7, as suggested by Diaz-Cruz. Table6.8 summarizes the uncertainties.Finally, we assign a 2% uncertainty on the lepton identi�cation e�ciency, andalso a 2% uncertainty on the number of B mesons. Those translate directly into a2% uncertainty on the branching fractions.SummaryTable 6.9 shows a summary of all the systematic uncertainties. Table 6.10 sum-marizes the �nal results for the branching fractions.Notice that the � branching fraction has a factor of two better uncertainty thanthe previous analysis, with the statistical uncertainty being of the same size as thesystematic uncertainty. The � branching fraction has the same combined statisticaland systematic uncertainty as the previous analysis, but we have the bonus of the
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Table 6.8: Various systematic uncertainties, in percentmode f+�=f00 �B+=�B0 isospin�q21 -2.6 -0.1 0.0�q22 -2.3 -0.3 0.0�q23 -2.2 -0.5 -0.2� -2.4 -0.2 0.0�q21 2.5 -4.2 1.9�q22 -1.0 -1.4 2.7�q23 -0.1 -2.1 2.3� 0.0 -2.1 2.4� 4.1 -1.4 -0.1
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Table 6.9: Summary of all systematic uncertainties, in percentSystematic � �q21 �q22 �q23 � �q21 �q22 �q23 �� reconstr. 7 9 11 18 10 47 21 12 13btoc mod. 1.7 2.5 1.9 3.2 2 21.4 4.7 4.2 5.5btou other 1.5 0.2 1.1 5.6 22.7 30.5 25.2 13.5 2.8cont. sm. 1 2 0.2 2 3 10 1 2 2fakes 1 1 1 1 1 1 1 1 1f+�=f00 2.4 2.6 2.3 2.2 0 2.5 1 0.1 4.1�B+=�B0 0.2 0.1 0.3 0.5 2.1 4.2 1.4 2.1 1.4isospin 0 0 0 0.2 2.4 1.9 2.7 2.3 0.1lep id 2 2 2 2 2 2 2 2 2luminosity 2 2 2 2 2 2 2 2 2Upper Unc. 8.4 10.3 11.8 19.6 25.4 61.1 33.4 19.1 15.5Non Resonant -5 -5 -5 -5 -14 -14 -14 -14 -5Lower Unc. 9.7 11.5 12.9 20.2 29.0 62.7 36.3 23.7 16.2
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Table 6.10: Branching FractionsMode Branching Fraction (�10�4) Total Unc.�q21 0.468 �0:110+0:048�0:054 � 0.12 (26%)�q22 0.725 �0:108+0:086�0:093 � 0.14 (20%)�q23 0.277 �0:091+0:054�0:056 � 0.11(39%)� 1.47 �0:179+0:123�0:143 � 0.229 (16%)�q21 0.297 �0:124+0:181�0:186 � 0.22 (75%)�q22 0.866 �0:173+0:290�0:314 � 0.36 (41%)�q23 0.494 �0:083+0:095�0:117 � 0.14 (29%)� 1.657 �0:228+0:422�0:481 � 0.53 (32%)� 0.837 �0:306+0:129�0:136 � 0.34 (40%)



266q2 distribution, which will lead to a lower model dependence uncertainty on jVubj.The � branching fraction is dominated by the statistical uncertainty.



CHAPTER 7MEASURING Vub AND CONCLUSIONThe last three chapters described the branching fraction measurement of the de-cays B ! (�; �; !; �)`�, in three q2 bins. They are important measurements intheir own right since they are the dominant exclusive modes making up the in-clusive b ! u rate, and may be some information can be extracted from themrelated to factorization (by comparing those to the B ! �� branching fraction forexample). The branching fractions are also the necessary ingredients for getting ajVubj measurement from exclusive decays. There are two main steps in getting ajVubj measurement with complete uncertainties: the �rst step is to get the statis-tical and systematic uncertainty, the second step is to get the model dependenceuncertainty. We show here the �rst step of this process, since we have used a singlemodel throughout our discussion, ISGW2. We �rst describe the �tting procedure,and then we repeat the �nal results of this study, along with some concludingremarks.
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268Table 7.1: u (in ps x 100) from ISGW2.Mode q21 q22 q23� 0.04728 0.03441 0.01340� 0.03682 0.07638 0.028687.1 The jVubj �tTo �t for jVubj we perform a simple chi-square �t of the six di�erent partial branch-ing fractions (three for the � mode and three for the � mode). The chi-square canbe written as, �2 =Xjk [Bj � Bthj ][Bk � Bthk ]cjk�j�k ; (7.1)where cjk are the correlation coe�cients from the branching fraction �t, � is thestatistical uncertainty on the measured branching fraction and Bth are the theo-retical branching fractions, given byBth = �BuV 2ub; (7.2)where �B is the B lifetime, u is the integral over the form factors for the particularq2 bin and for the model in question. Table 7.1 shows the values used for u (in psx 100) coming from ISGW2.Table 7.2 shows the correlation coe�cients for the nominal �t results.



269Table 7.2: Correlation coe�cients for the nominal �t.�1 �2 �3 �1 �2 �3�1 1.0 -0.039 0.004 -0.088 0.017 0.002�2 1.0 -0.033 -0.022 -0.126 0.059�3 1.0 0.004 0.009 -0.465�1 1.0 -0.039 0.043�2 1.0 -0.342To get the central value and statistical uncertainty on jVubj, we use the centralvalues of the branching fractions and their statistical uncertainties. Figures 7.1and 7.2 show the result of the nominal jVubj �t for d�=dq2 for the � and � moderespectively, including systematic uncertainties. The �t �nds a value of jVubj =(2:913 � 0:128) � 10�3, with a �2 = 14:1, which corresponds to a probability of1.5%.To get the systematic uncertainties, we run the jVubj �t using as the branchingfractions the central values coming from the systematic change, as well as the as-sociated statistical uncertainty. We choose to investigate the dominant branchingfraction systematics: the btou other scale factor, the shower Energy smearing andthe increased number of splito� showers per hadron. We guesstimate the contribu-tion from the �� non-resonant uncertainty based on the e�ect of this uncertaintyon the previous analysis. Table 7.3 summarizes the systematic uncertainty.The �nal result is:



270

Figure 7.1: d�=dq2 vs q2 for � mode. Solid are the measured branchingfractions with statistical uncertainties, dashed are the theoretical branchingfraction (where jVubj is from �t), dotted are the systematic uncertainties onthe measured branching fractions.
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Figure 7.2: d�=dq2 vs q2 for � mode. Solid are the measured branchingfractions with statistical uncertainties, dashed are the theoretical branchingfraction (where jVubj is from �t), dotted are the systematic uncertainties onthe measured branching fractions.
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Table 7.3: Systematic uncertainties on jVubj.systematic jVubj � 10�3 stat. unc. Prob �2 %Nominal 2.913 0.128 1.48% 14.1btou scale+1� 2.752 0.135 0.243% 18.5btou scale-1� 3.063 0.123 2.89% 12.5 5.34%shower E smear 2.924 0.133 0.939% 15.2 0.41%spltf shw/had 2.859 0.130 0.851% 15.5 1.84%Upper total: 5.7%�� NR -5%Lower total: -7.6%
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Current Measurement:jVubj = (2:913� 0:128+0:165�0:220)� 10�3 (7.3)We compare this result to the average of the previous exclusive CLEO mea-surements ([39]):CLEO exclusive 1998:jVubj = (3:25� 0:14+0:21�0:29 � 0:55)� 10�3 (7.4)where the last uncertainty comes from model dependence, and was the dominantuncertainty. We see that combining statistical and systematic uncertainties thecurrent measurement is marginally better than the previous measurement (8.7%vs 9.9%), but we do expect some improvement regarding the model dependence inthe future because of the information provided by the various q2 bins.We also compare this result to the latest inclusive CLEO measurement ([54]):

CLEO inclusive 2002:jVubj = (4:08� 0:34� 0:44� 0:29)� 10�3 (7.5)To be competitive with this measurement (15% total uncertainty), the modeldependence for our measurement would have to be equal or better than 12.5%.We do not think this is a reasonable expectation, since the uncertainty on thenormalization from the models are of the order 15-20%. It is important to notethat the inclusive measurement has an additional unknown systematic uncertaintycoming from the quark hadron duality assumption. If one assumes a 12.5% modeldependence uncertainty, then our measurement is about 2� away from the inclusive



274measurement. If this discrepancy is real, it could indicate that the quark hadronduality assumption is not as unsigni�cant as currently assumed.7.2 ConclusionWe repeat here the main results obtained with this measurement:Mode Branching Fraction (�10�4) Total Unc.�q21 0.468 �0:110+0:048�0:054 � 0.12 (26%)�q22 0.725 �0:108+0:086�0:093 � 0.14 (20%)�q23 0.277 �0:091+0:054�0:056 � 0.11(39%)� 1.47 �0:179+0:123�0:143 � 0.229 (16%)�q21 0.297 �0:124+0:181�0:186 � 0.22 (75%)�q22 0.866 �0:173+0:290�0:314 � 0.36 (41%)�q23 0.494 �0:083+0:095�0:117 � 0.14 (29%)� 1.657 �0:228+0:422�0:481 � 0.53 (32%)� 0.837 �0:306+0:129�0:136 � 0.34 (40%)jVubj = 2:913� 0:128+0:165�0:220 (7.6)As previously stated, to get a jVubj measurement close to 15%, we need a modeldependence close to 12.5%, which we think is unlikely with the current status ofQCD calculations. Although both the branching fraction measurements as wellas the jVubj measurement are consistent with both the previous exclusive analysis



275and the current inclusive analysis, it is interesting to note that the � branchingfraction is about 30% smaller than the previous measurement.Most of the di�erence in the � mode arises from the use of a di�erent scalefactor in scaling the btou other background: since the new scale factor is bigger(by about a factor of two), there is more btou other background and so less �`�signal. We have also seen how the btou other is, by far, the source of the dominantbranching fraction systematic uncertainty for this mode. It is clear that the focusshould now be on this e�ect. Although the large systematic uncertainty from thebtou other background is not very important as a systematic uncertainty on jVubj,the decreased branching fraction leads to a smaller central value for jVubj. The newcentral value is about 10% smaller than the previous exclusive measurement andabout 30% smaller than the current inclusive measurement.In �gure 7.3 we show a CKM �t1 to current values that determine the � �plane (see chapter 1 for more information on the CKM triangle) ([56]). We seethat the current measurement of jVubj is only somewhat consistent with the 1�band of sin2�. We stress that those are impressionistic arguments and that withthe current size of uncertainties no scienti�c judgment can be inferred from themeasurements.What is clear from the previous jVubj measurement is that the dominant uncer-tainty is from the model dependence. The model dependence comes through on a1Values used in the �t: jVubj = 2.913�0.444, jVudj=0.97394 � 0.00089,jVusj=0.2200 �0.0025,jVcdj=0.224�0.014, jVcbj=40.4D-03 � 1.3D-03 � 0.9D-03,�md= 0.489� 0.008,�ms= 0.0 � -1.0, j�K j= 2.271D-03� 0.017D-03, sin 2�=0.793� 0.102
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Figure 7.3: CKM triangle from global �t, using current values includingthis thesis's jVubj value. The small diamond shape is the 1� contour whichis surrounded by the larger 2� contour.



277small level for the branching fraction since the e�ciency of reconstructing signalevents is dependent on the model, but mostly it is an important factor for thejVubj extraction through the various u's that are the integral of the form factors.In this study, we have only used the ISGW2 model, although we have describeddi�erent models and QCD calculations in Chapter 2. We can readily say that theagreement between the partial branching fraction measurements and the ISGW2model is not stellar, in view of the small probability of chi-square obtained for thejVubj �t (1.5%).In conclusion, we can say that the branching fraction measurements shown in thisstudy are the necessary tools to get a precise value of jVubj. Furthermore, they willshed much needed light on the status of form factor calculations for heavy to lightquark transitions.



APPENDIX ATOOLS FOR NEUTRINO RECONSTRUCTIONThe neutrino reconstruction technique assumes that the missing energy and mo-mentum (see section 4.2) of an event arises solely from the elusive neutrino in thesignal decay. This technique relies heavily on the hermeticity of the detector. ForCLEO II, the coverage is 95% and 98% of 4� for the tracking and calorimetryvolumes respectively. For CLEO II.V, the tracking coverage goes down to 93%,because of the SVX detector.To obtain a respectable neutrino 4-momentum resolution, one must have goodtracking performance. This means that for every particle we want one and onlyone representation, either a track or a calorimeter shower, and not both. Theserequirements are rather di�erent than those for standard exclusive reconstructionanalyses, for which one is interested in the best representation of a particularparticle and does not necessarily care if there is more than one.In this section we review various tools and studies that were made over theyears to improve the neutrino 4-momentum resolution.
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279\Trackman" and \Splito�"As just mentioned, the tracking software of the drift chamber is not optimized fora neutrino reconstruction analysis, for example, it can make two distinct tracksout of hits coming from a single particle (ghost tracks). When the particle curlsin the drift chamber, each semi-circle is found as a distinct track. In both caseswe are interested in the best representation of the particle, and we want to rejectthe spurious tracks. Trackman was designed with that goal in mind. The maincategories of problematic tracks that trackman tries to address are: ghosts, whena string of hits has more than one track associated with them, curlers, these aresubdivided according to how many semi-circles are found, from two to 4, and �nallydecays in ight or scatters. Another criteria used to distinguish among variouscurler categories is whether the various tracks have a z component �t. Detaileddocumentation can be found in reference [43]. It is important to note that itwas tuned using an earlier version of the tracking software which did not includeKALMAN �tting (see section 3.2) for example. We found that the performancewas not signi�cantly di�erent for the new �tter and for II.V, although one couldimagine possible improvements from using the SVX detector.The situation is similar in the case of electromagnetic showers from the calorime-ter. Charged particles leave both track and shower signals in the detector. Wewant to use the more precise track information, so we need to discard the showerscoming from the interaction of charged particles with the calorimeter. Hadronscan also interact via nuclear interactions with the Cesium Iodide crystal calorime-ter. These can produce energetic particles that travel through the crystals and



280interact, making distant \splito�" showers nearby. We need to eliminate all theshowers associated with the charged particles, so that ideally only those showersassociated with neutral particles would remain.Neutral particles are primarily photons, but they can also be neutrons, KLand neutrinos. The energy left in the calorimeter by neutrons and KL is only afraction of the actual energy of the particle, since the calorimeter does not haveenough material for such hadrons to leave all of their energy. From a neutrinoreconstruction analysis point of view the partial energy measurement from theneutrons and KL is still valuable information. A software package, splito�, waswritten to get rid of charged particles showers and keep neutral particle showers.It is based on a neural net which is trained to distinguish between splito�s showerand photon shower geometries. Details about the splito� package can be found in[37].Good particlesWe can evaluate our hermeticity performance through MC studies. To asses howwell we do with tracking performance, we must know what particles we wouldideally want. A utility was created to identify which of the charged particles wewould want to reconstruct for each MC event. We call these good particles. Thereare two classes of mistakes: we either miss a particle, or we have an extra track.The criteria for deciding on the good particles are that they need to be charged,stable and produced before the calorimeter. Within those criteria there remainparticles that we are not really interested in. For example, the particle could be



281the daughter of a pion, of a muon or of a kaon, that decayed in ight. It could bea particle that resulted from a nuclear interaction between an initial particle anda piece of the detector. Finally, it could be an electron from a delta-ray. From aneutrino reconstruction point of view, the perfect situation for these processes isto keep the parent track for the missing momentum and energy calculation, butto keep the daughter track for track shower matching. The worse case scenariowould be to keep both tracks, and then end up with an extra track, or to missboth particles. An intermediate situation would be to identify either one, so thatat least the missing energy and momentum calculation is not too far o�. A test ofwhether we have an inclusive list of all the good particles is to sum up the chargefrom each good particle and see if it adds up to zero.MistakesOnce we have decided on the set of good particles, we can determine for a particularevent, if we indeed found those good particles, and only those. As mentionedearlier, we can have two classes of mistakes: 1) a missed particle, or 2) an extratrack. Before discussing those two types of mistakes, it is interesting to note thatthe total number of mistakes per event for the CLEO II dataset is 1.42 � 0.02compared to 1.83 � 0.04 for the II.V dataset, when trackman is used. Even aftercorrecting for the acceptance of the detector (jcos�j � 0:7), and the e�ect of lowmomentum tracks (j~pj � 0.25 GeV/c), we �nd the number of mistakes per event tobe 0.83 � 0.01 (II) and 1.02 � 0.02 (II.V). All the numbers shown in these sectionscome from studies that were performed on a sample of signal B0 ! ��`+� MC.



282We can also consider the net charge, the sum of all approved tracks, of thereconstructed events. We have found the following general correlations of mistakeswith net charge. When the net charge of the event is the same sign as the signallepton, then on average the mistake is a missed particle, (for example the signal�+ going down the beam pipe). When the net charge is the opposite charge of thesignal lepton, then on average the mistake is a missed particle, such as the softpion from a D�+ from the other B decay. When extra tracks remain, they arisemainly from electrons from photon conversion, and also from tracks from a nuclearinteraction in the detector.We compare the types of mistakes between the II and the II.V datasets. We�rst notice an increase in the number of mistakes that are extra particles comingfrom photon conversions of � 35% in II.V; from nuclear interaction the increasein number of mistakes is � 40%. The increase in number of mistakes from missedsoft pions is � 25% in the II.V dataset. These are all due to the increased amountof material, and the reduced tracking coverage of the II.V con�guration.Nuclear InteractionsExtra tracks from the nuclear interactions of particles with the detector materialis a prevalent mistake. We can attempt to improve this situation by implementingan algorithm that identi�es daughters of a nuclear interactions in an event 1. Wecould then do several things: 1) throw out the event on the basis that the missing1It is at least easier than to try to recuperate missing soft pions. Informationcan be found on a software package designed to do stand-alone tracking in orderto reconstruct low momentum particles in [44]



283momentum is inherently unreliable, 2) ag the daughters as bad tracks that shouldnot be included in the missing momentum computation 3) and attempt to identifythe incoming track, or even incoming hits, left by the particle that caused thenuclear interaction.Several situations might arise when we have a nuclear interaction related withwhether we detect the parent particle, and/or the daughter particles of the nuclearinteraction. Here is the break down of the various possibilities, as seen in signalMC:� 17% of the time, we �nd no tracks for either the parent or the daughters. Thatmeans that we have a missed particle, but we can not do anything about it.� 61% of the time, we �nd a track for the parent and none for the daughters, thisis the best situation as far as neutrino reconstruction is concerned.� 13% of the time, we �nd one or more daughters and no track for the parent. If weactually only detected one daughter, it will carry a fraction of the parent particlemomentum, so that the missing momentum might not be too disturbed. But tobe on the safe side, we would want to �nd that nuclear interaction to possibly �xup the missing momentum.� 7% of the time, we �nd one track for the parent and one or more tracks for thedaughters. In this case, we should discard the daughter tracks.The cuts that give good results for identifying tracks that come from nuclearinteractions are: (based on a similar study in [42])



284� choose a track identi�ed as a proton, but nos as an anti-proton. Anti-protonscome primarily from � decays not nuclear interactions.� the distance of closest approach to the beam should be less than 1 mm� the number of drift chamber hits should be greater than 10� the track should be a good track� try to make a good vertex (using a kinematic �t) with another track (which�lls the same track requirements as for the proton track, except for the particleidenti�cation and the charge conditions). The probability of �2 of the vertex shouldbe greater than 0.1%� make a global vertex with all the selected partners. The probability of �2 of thatvertex should be greater than 0.5% and the vertex should be at least the radius ofthe beam pipe.� if no partner was found for the proton, ag this track as a daughter of a nuclearinteraction� if the global vertex is not good, drop tracks until a good vertex is found� if two nuclear interaction vertices contain a common track, take the one with thebest probability.Those cuts were optimized using Monte-Carlo. To de�ne the e�ciency andpurity of the algorithm we used the tool described above, which identi�es goodtracks in a reconstructed MC event. Those cuts were also selected after variousattempts were made to raise the e�ciency of �nding cases of nuclear interactions.For example, we tried allowing pions as seed tracks. To raise the purity, we tried



285vetoing the track if it was labeled as part of a good vertex. We also tried totake only vertices that were within a certain range of known material. Finallywe also tried looking at the track's trackman code to see if that would help thedecision, since Trackman attempts to identify tracks from nuclear interaction, butits e�ciency and purity is very low.The above cuts identify nuclear interactions with an e�ciency of 23.5% and apurity of 71.2%. We can look at the resulting improvements in the di�erent cases:when we found both the daughters and the parent tracks, just using trackman givesa 57% chance of doing the right thing for neutrino reconstruction, while, if we addthe algorithm to the trackman decision, we get a 63% chance. Even though a 6 %improvement would not seem like much, if it does translate to a 6 % improvementin neutrino momentum resolution, it would be quite interesting. Probably moreimportant would be the change in the fraction of events with no mistakes.One disadvantage of the previous algorithm is that it is actually quite goodat identifying �'s, so that although this would probably be a small e�ect for thisparticular analysis, it could have a big e�ect for other analyses. The next stepwould be to look at the situation of the parent and decide on a global scheme toutilize this algorithm and study the improvement it made to the analysis. We leavethis task to the next generation of neutrino reconstruction adepts.
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