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ZusammenfassungDas Thema dieser Arbeit ist die Messung der Lebensdauern von Bottom-Hadro-nen. Die Lebensdauermessung bezieht sich auf ein Gemisch von Bottom-Hadronenwie es in Zerf�allen des Z-Bosons auftritt. Es enth�alt geladene B-Mesonen B+,neutrale Mesonen B0 und Bs und B-Baryonen �b.Die Lebensdauer, welche von der Gr�o�enordnung 1 ps ist, wurde mit einerDriftkammer und einem hochau
�osenden Silizium-Streifen-Detektor gemessen. DieWerte der B-Lebensdauern wurden aus einer Anpassung an die Zerfallsverteilungvon � 200 000 Bottom-Hadronen gewonnen.Als Ergebnis der Messung wurde die mittlere Lebensdauer aller Bottom-Hadronenaus Z Zerf�allen, �b = (1554� 7� 17) fs ;das Verh�altnis der Lebensdauern von geladenen und neutralen B-Hadronen in Z-Zerf�allen, �(B+)=�(B0) = 1:11� 0:07� 0:03 ;und eine obere Grenze f�ur die Di�erenz der Zerfallsraten der CP-Eigenzust�andedes neutralen Bs Mesons,(��=�)Bs < 0:5 (95%C:L:) ;bestimmt.In der Fehlerangabe f�ur �b und �(B+)=�(B0) enth�alt der erste Fehler die statis-tischen und der zweite die systematischen Unsicherheiten. Im Verh�altnis �(B+)=�(B0) bezieht sich �(B0) auf die mittlere Lebensdauer aller neutralen B-Hadronen.Aus diesen Messungen l�a�t sich die Amplitude f�ur schwache Wechselwirkungenangeben, mit der ein Bottom-Quark in ein Charm-Quark bzw. ein Top-Quark in einDown-Quark umgewandelt wird. Diese Amplituden sind fundamentale Naturkon-stanten der schwachen Wechselwirkung. Sie werden beschrieben im Rahmen derTheorie von Cabibbo, Kobayashi und Maskawa, welche einen Teil des Standard-modells der elektroschwachen Wechselwirkung bildet.Die obigen Resultate f�ur �b und ��=� erlauben unter Hinzunahme andererMessungen eine Bestimmung des Cabibbo-Kobayashi-Maskawa MatrixelementesjVcbj und die Angabe einer unteren Grenze f�ur das Verh�altnis jVtd = Vtsj . Das Re-sultat ist: jVcbj = (41:0� 1:0 (exp)� 1:4 (theo))� 10�3 ;und jVtd=Vtsj > 0:1 (95%C:L:) :i



Im Resultat f�ur jVcbj gibt der erste Fehler die experimentelle Unsicherheit, derzweite die theoretische Unsicherheit an. Die Grenze f�ur jVtd = Vtsj ist der erste Werteiner experimentellen unteren Grenze.Diese Untersuchung wurde im Rahmen des L3-Experimentes am Europ�aischenForschungszentrum CERN in Genf (Schweiz) durchgef�uhrt.
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AbstractThis thesis describes a measurement of lifetimes of bottom hadrons. The mea-surement uses a mixture of bottom hadrons as it is produced in decays of Z bosons.It contains charged B mesons B+, neutral mesons B0 and Bs and B baryons �b.The lifetime, which is of the order 1 ps, was measured with a drift chamber anda high-precision silicon-strip detector. The values of the B lifetimes were obtainedfrom a �t to the decay distribution of � 200 000 bottom hadrons.The results of the measurement are the average lifetime of bottom hadrons inZ decays, �b = (1554� 7� 17) fs ;the ratio of lifetimes of charged and neutral B hadrons in Z decays,�(B+)=�(B0) = 1:11� 0:07� 0:03 ;and an upper limit on the rate di�erence between the CP eigenstates of the neutralBs meson of (��=�)Bs < 0:5 (95%C:L:) :The �rst error of �b and �(B+)=�(B0) describes the statistical and the seconderror the systematic uncertainty inherent in the measurements. The value of theratio �(B+)=�(B0) is given with respect to the average lifetime of all neutral Bhadrons in Z decays.The above measurements determine the amplitudes of weak interactions thattransform bottom quarks into charm quarks and top quarks into down quarks,respectively. These amplitudes are fundamental parameters of the weak interac-tion. They are described within the framework of the Cabibbo-Kobayashi-Maskawaquark mixing matrix which is part of the standard model of electroweak interac-tions.The results for �b and ��=� allow, together with other measurements, thedetermination of the value of the Cabibbo-Kobayashi-Maskawa matrix elementjVcbj and of a lower limit on the ratio jVtd = Vtsj . The result is:jVcbj = (41:0� 1:0 (exp)� 1:4 (theo))� 10�3 ;and jVtd=Vtsj > 0:1 (95%C:L:) :In the result for jVcbj the �rst error denotes the experimental uncertainty and thesecond error the theoretical uncertainty. The limit on jVtd = Vtsj is the �rst experi-mental lower limit value.These investigations were carried out within the frame of the L3 experiment atthe European Laboratory for Particle Physics CERN in Geneva (Switzerland).iii



iv



Contents
1 Introduction 11.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . 31.2.1 The elektroweak interaction . . . . . . . . . . . . . . . . . . 31.2.2 The strong interaction . . . . . . . . . . . . . . . . . . . . . 51.3 History of the bottom quark discovery . . . . . . . . . . . . . . . . 61.4 The process e+e� ! bb at the Z resonance . . . . . . . . . . . . . . 71.5 Bottom hadron production from Z decays . . . . . . . . . . . . . . . 112 Cabibbo-Kobayashi-Maskawa quark mixing matrix 122.1 Matrix element jVcbj . . . . . . . . . . . . . . . . . . . . . . . . . . 172.1.1 Inclusive semileptonic width �(B ! Xc l �) of b hadrons . . 172.1.2 Exclusive semileptonic decays . . . . . . . . . . . . . . . . . 202.2 Matrix elements jVubj , jVtdj and jVtsj . . . . . . . . . . . . . . . . . 222.2.1 Rare b hadron decays . . . . . . . . . . . . . . . . . . . . . . 222.2.2 Observation of B0 � B0 and search for Bs � Bs oscillations . 252.2.3 Lifetime di�erences of neutral B mesons . . . . . . . . . . . 342.2.4 Possible scenarios for values of jVubj and jVtdj . . . . . . . . . 403 The L3 detector at LEP 443.1 The LEP e+e� storage ring . . . . . . . . . . . . . . . . . . . . . . 443.1.1 The LEP accelerator system . . . . . . . . . . . . . . . . . . 453.1.2 Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . 473.2 The L3 detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483.2.1 The silicon microvertex detector . . . . . . . . . . . . . . . . 503.2.2 The time expansion chamber . . . . . . . . . . . . . . . . . . 543.2.3 The z chamber . . . . . . . . . . . . . . . . . . . . . . . . . 56v



3.2.4 Outer detector components . . . . . . . . . . . . . . . . . . 563.2.5 Trigger system . . . . . . . . . . . . . . . . . . . . . . . . . 583.2.6 Event simulation . . . . . . . . . . . . . . . . . . . . . . . . 594 Measurement of the b hadron production and decay location 604.1 Hadronic event selection . . . . . . . . . . . . . . . . . . . . . . . . 604.2 Charged particle trajectory . . . . . . . . . . . . . . . . . . . . . . . 624.3 Common vertex of several tracks . . . . . . . . . . . . . . . . . . . 634.4 Track resolution near the e� beam location . . . . . . . . . . . . . . 644.4.1 Impact parameter resolution . . . . . . . . . . . . . . . . . . 644.4.2 z0 resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 684.5 Beam position measurement . . . . . . . . . . . . . . . . . . . . . . 694.5.1 Central beam spot position . . . . . . . . . . . . . . . . . . 694.5.2 Beam spot dimension . . . . . . . . . . . . . . . . . . . . . . 694.6 Track quality selection . . . . . . . . . . . . . . . . . . . . . . . . . 704.6.1 Antiselection of tracks from identi�ed K0S and � decays . . . 714.7 Reconstruction of Z decays into bb . . . . . . . . . . . . . . . . . . . 735 Average b hadron lifetime 795.1 Principle of measurement . . . . . . . . . . . . . . . . . . . . . . . . 795.2 Monte Carlo simulation of bottom hadrons . . . . . . . . . . . . . . 805.2.1 Bottom quark fragmentation . . . . . . . . . . . . . . . . . . 815.2.2 Simulation of b hadron decays . . . . . . . . . . . . . . . . . 825.2.3 Determination of model parameters . . . . . . . . . . . . . . 835.3 Decay length method . . . . . . . . . . . . . . . . . . . . . . . . . . 855.4 Impact parameter method . . . . . . . . . . . . . . . . . . . . . . . 875.5 Systematic uncertainties and cross checks . . . . . . . . . . . . . . . 895.5.1 Detector uncertainties . . . . . . . . . . . . . . . . . . . . . 905.5.2 Uncertainties from modeling of heavy quarks . . . . . . . . . 905.5.3 Cross checks . . . . . . . . . . . . . . . . . . . . . . . . . . . 935.6 Combination of decay length and impact parameter results . . . . . 956 Bottom hadron identi�cation 986.1 Charge measurement in inclusive b decays . . . . . . . . . . . . . . 99vi



7 Lifetimes of neutral and charged b hadrons and �� of Bs mesons 1047.1 The free parameters in the �t . . . . . . . . . . . . . . . . . . . . . 1047.2 Fit results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1057.2.1 Three-parameter �t . . . . . . . . . . . . . . . . . . . . . . . 1057.2.2 LEP constrained �ve-parameter �t . . . . . . . . . . . . . . 1097.3 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . 1137.4 Discussion of the �t results . . . . . . . . . . . . . . . . . . . . . . . 1157.4.1 The lifetime ratio �(B+)=�(B0) . . . . . . . . . . . . . . . . 1157.4.2 The upper limit on ��=� . . . . . . . . . . . . . . . . . . . 1168 Determination of the jVcbjvalue 1178.1 The jVcbj value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1178.1.1 Measurement of �b . . . . . . . . . . . . . . . . . . . . . . . 1178.1.2 Measurement of B(B ! Xc l �) . . . . . . . . . . . . . . . . 1198.1.3 Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1228.2 Comparison with the jVcbj determination from the decay B ! D� l �� 1229 Lower bound on the value of jVtd = Vtsj 1249.1 Determination of the value of jVtd = Vtsj . . . . . . . . . . . . . . . . 1249.1.1 Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1259.1.2 Upper bound on the value of �MBs . . . . . . . . . . . . . 12510 Summary and conclusions 12610.1 Status of the CKM matrix elements . . . . . . . . . . . . . . . . . . 12610.1.1 What can we learn from magnitudes? . . . . . . . . . . . . . 12610.2 The issue of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . 12910.2.1 A brief look into the future . . . . . . . . . . . . . . . . . . 130A Correlation of �t variables 133

vii



viii



Chapter 1Introduction
1.1 MotivationThe basic aim of elementary particle physics is to discover the building blocks ofmatter and to understand the interactions between them. The ideas in this �eldhave come a long way since the ancient times when nature was believed to becomposed of air, water, earth and �re. The concept of the atom as an elementaryand indivisible constituent of the macroscopic world was �rst introduced by theGreek philosophers. The essential innovation attributed to modern science, devel-oping since the Middle Ages, was the importance of the experiment as a guide toestablish the truth of our ideas. In consequence it has lead to today's view of \bigscience": an experiment is performed by a team of a few hundred scientists andtechnicians, and the microscopes used for the observation of the smallest units ofmatter exceed the dimensions of an apartment house.Today's understanding of the fundamental constituents of matter is based onthe existence of two kinds of point-like particles - the fermions and bosons. Allmatter is composed of fermions of which there are two distinct classes, quarksand leptons, and the interactions between them are mediated by bosons. We candistinguish four classes of interactions: electromagnetic, weak, strong and grav-itational, which di�er in strength and range. Glashow, Salam and Weinberg [1]realized that the electromagnetic and the weak interactions can be uni�ed in theframework of a local gauge invariant �eld theory, termed the Standard Model ofelectroweak interactions (SM). The subsequent discovery of the predicted inter-mediate vector bosons, W� and Z at CERN 1 [2] in 1983, was a triumph for theStandard Model. The Large Electron Positron collider (LEP) and the StanfordLinear Collider (SLC) were commissioned at CERN and SLAC 2, respectively, tofurther study the properties of the weak neutral and charged currents mediatedby these bosons. LEP, operational since 1989, has collected � 15 million annihi-lations of electrons and positrons at center-of-mass energies in the vicinity of the1European Laboratory for Particle Physics, Geneva, Switzerland2Stanford Linear Accelerator Center, California, USA1



Z resonance and was upgraded in 1995 to operate above the W pair productionthreshold.The symmetry between the electromagnetic and the weak force also manifestsitself as a symmetry between the particles on which they act. Particles that cannotbe distinguished by the weak force are arranged in families, so-called weak isospindoublets. One family is composed of a quark and a lepton doublet. All matterwhich exists on earth in the form of gas, liquid or solid state is composed of quarks(up and down) and leptons (electron and neutrino) of one family. One of thegreat achievements of modern particle laboratories, as for instance CERN andSLAC, was the observation, that, in addition to the fermions of this family, othernovel fermion families exist. These new particles obey the same laws of natureas electrons, protons and neutrons, the main di�erence being that they are notstable and decay rapidly (on time scales of 1 �s until 10�7 �s) into \particles of ourworld". If we are able to produce new forms of matter by enormous concentrationof energy in a small volume at our laboratories it implies that this matter was alsopresent in the universe subsequent to the big bang. The LEP energy correspondsto a temperature of 1015 K which was the average temperature of the universe10�10 s (=100 ps) after the big bang. In its relation to cosmology the LEP collideris a \time machine" that brings us close to the big bang. Particle physics can beunderstood as the physics of the early universe.The question arises why di�erent fermion families are realized in nature andhow many of them exist. At present three fermion families have been observedand we also have strong evidence that these are all the families that exist. Butit is neither understood why replicae of the \constituents of our world" exist norhas the \magic number three" found any explanation. There is one hint for thesolution of this puzzle. It is possible that the number of three fermion families isrelated to the observed violation of the symmetry between matter and antimatter.However, at present, no experimental evidence can support this hypothesis.Quark families do not exist separately from each other, but do undergo tran-sitions. This phenomenon can be described in the Standard Model, but it is stilla mystery why it occurs. The so called Cabibbo-Kobayashi-Maskawa (CKM) ma-trix elements [3] account for these quark transitions between di�erent families anddescribe the coupling strengths between quarks. This thesis is dedicated to a mea-surement of matrix elements of quark transitions, in particular those involvingquarks of the third family. The information about CKM matrix elements is ob-tained from a study of decays of bottom hadrons - the down quarks of the thirdfamily. The bottom quark is the most massive quark accessible at LEP. The aver-age lifetime of bottom quarks is of the order of 1 ps (=10�12 s) and its measurementrequires precision apparatus. A study of the b quark decay distribution at LEP al-lows the determination of the CKM matrix element jVcbj (coupling between charmand bottom quark) and in principle, if the measurement is precise enough, also thematrix elements jVtsj (coupling between top and strange quark) and jVtdj (couplingbetween top and down quark) can be evaluated. The current experimental andtheoretical accuracy allows the determination of jVcbjwith an uncertainty of 5%.2



In contrast, the ratio jVtd = Vtsj has never been measured, so far. It is the aim ofthis thesis to perform a precision measurement of the jVcbj element and to attempta measurement of the ratio jVtd = Vtsj .The sensitivity to the matrix element jVcbj arises from its relation to the av-erage b hadron lifetime, whereas the matrix elements jVtdj and jVtsj are related tothe B0 �B0 , Bs �Bs oscillation phenomenon. Oscillations between particles andantiparticles, as for instance that of neutral bottom mesons, are a consequence ofquark mixing in the weak interaction. The 
avour-changing quark transitions yieldtwo distinct mass eigenstates of neutral B mesons which di�er in their masses andlifetimes but are built from the same quark constituents. Interference between thesetwo mass eigenstates causes an initial pure 
avour state to change its 
avour com-position as a function of time. This oscillation behaviour has been studied in detailin the neutral kaon system. Since 1987 it has been observed that also the bottomquantum number is oscillating in time [4]. The oscillation phenomenon has twocomplementary manifestations: the 
avour eigenstates oscillate with a frequency !into one another and the mass eigenstates decay with two distinct decay times �1,�2. The oscillation frequency ! as well as the lifetime di�erence �� = �1 � �2 ofneutral mesons are correlated to the relevant CKM matrix elements, in case of Bmesons jVtdj and jVtsj . The approach of this thesis is a measurement of the lifetimedi�erence ��, which would complete the existing measurements of !.1.2 The Standard Model1.2.1 The elektroweak interactionThe Standard Model of electroweak interaction (SM) is based on a SU(2) � U(1)gauge group. The gauge group of the uni�ed electroweak interaction is formedas a direct product of the SU(2) group of the weak isospin and a U(1) group forthe description of the electric charge. The fundamental fermions, i.e. the quarksand leptons, as well as the transmitters of the force, the so-called gauge bosons,are irreducible representations of this gauge symmetry group. There are threefamilies of fundamental fermions, each containing an up-type quark, a down-typequark, a charged lepton and a neutrino, as listed in table 1.1. Each fermion ischaracterized by a speci�c 
avour. Forces between the fermions are mediated bythe exchange of gauge bosons. The SM contains four of them: the photon and themassive Z and W� bosons. The SU(2) � U(1) symmetry is spontaneously brokenby the ground state due to the presence of a third kind of particle, the scalarHiggs boson. The Higgs boson is attributed to be responsible for the masses of thefermions and gauge bosons. It has not been observed yet and the understandingof this mechanism remains one of the most fundamental problems facing particlephysicists. The values of the masses of fermions and gauge bosons are listed intable 1.2. 3



fermions family Q/e1 2 3quarks u c t 2/3d s b -1/3leptons e � � -1�e �� �� 0gauge bosons 
 0Z 0W� � 1Table 1.1: The three known families of elementary fermions, the electroweak gaugebosons that act as their force carriers, and their respective charges.
massquarks u � 300 MeVd � 300 MeVc (1.5 � 0.2) GeVs � 500 MeVt (175 � 6) GeVb (4.9 � 0.2) GeVleptons e 0.511 MeV�e � 0?� 105.6 MeV�� � 0?� 1.777 GeV�� � 0?gauge bosons 
 0Z 91.19 GeVW� (80.33 � 0.15) GeVTable 1.2: The masses of elementary fermions and electroweak gauge bosons [5].In the SM the coupling strength between fermions and gauge bosons is re-lated to a few fundamental parameters. These are the fermion electric charge Qf ,the weak isospin If , the electroweak mixing angle �W and the parameters of theso-called Cabibbo-Kobayashi-Maskawa matrix. The transition matrix elements be-tween fermions are expressed in terms of currents, i.e. terms bilinear in the fermion�elds. The currents couple to the boson �elds 
, Z and W�. The currents thatcouple to the neutral gauge bosons 
 and Z are termed neutral currents, those thatcouple to the charged W� bosons charged currents.4



In the SM the Lagrangian of the neutral current interaction is given by:LNCint =Xi �fi �e 
�Qf A� + esin �W cos �W 
� (I3f (1� 
5)� 2Qf sin2 �W )Z�� fi(1.1)Here 
� are the Dirac matrices and (1 � 
5)=2 is the projection operator to left-handed states. I3f denotes the third component of the weak isospin. The uni�ca-tion of electromagnetic and weak interactions is visible in a combined descriptioninvolving the photon �eld A� and the Z boson �eld Z�. Often used variables arealso the vector and axial-vector coupling constants gV and gA. They denote the Zcoupling constants proportional to 
� and 
� 
5, respectively:gV = I3f � 2Qf sin2 �W ;gA = I3f : (1.2)In the following sections a measurement of gV and gA will be discussed asan example of an experimental proof of relation (1.2). The neutral current is
avour-conserving, i.e. a fermion can never change its 
avour in a neutral currentreaction. However the charged current contains 
avour-changing transitions. As itwas shown by Kobayashi and Maskawa [3] the Lagrangian of the charged currentinteraction has the form:LCCint = ep2 sin �W Xi;j (�u0)i 
�(1� 
5)W+� (VCKM)ij (d0)j + h:c: : (1.3)Here VCKM denotes the so-called Cabibbo-Kobayashi-Maskawa matrix. The ele-ments of this matrix describe the coupling strengths between charge 2/3 quarksu0 = ( u; c; t ) and charge -1/3 quarks d0 = ( d; s; b ). The determination of theseelements is the main topic of this thesis. Chapter 2 contains a detailed discussionof charged current interactions.It can be shown [6] that non-trivial combinations of vector and axial-vectorcouplings violate the parity symmetry. This is the case of couplings to the Z andW� bosons. The weak interaction is not invariant under the parity transforma-tion P. On the contrary, couplings to the photon involve only vector currents andconserve parity.1.2.2 The strong interactionOnly the quarks take part in the strong interaction. They are con�ned to boundstates, called hadrons, which are composed of a quark-antiquark pair (mesons) orof a quark-triplet (baryons): mesons � q�qbaryons � qqq :In the theory of strong interactions, Quantum Chromo Dynamics (QCD), thequarks carry a colour charge, that is independent of the quark 
avour. There are5



three di�erent colours for quarks and antiquarks, respectively. In this way mesonsand baryons can be composed as colourless objects. The theory of QCD is basedon a gauge group SU(3) of colour. This gauge group has eight gauge bosons calledgluons. QCD is a non-abelian gauge theory, i.e. the gluons themselves carry acolour charge and therefore interact with each other. The strong interaction hasthe property that the e�ective coupling strength decreases with increasing energyscale Q2. The limits of Q2 ! 1 and Q2 ! 0 are known as asymptotic freedomand con�nement, respectively. The consequence is that the applicability of QCD isenergy-dependent. QCD has been very successful in the calculation of interactionsat high energies, for instance in deep-inelastic scattering of electrons on protons.However, below a characteristic energy scale of �QCD � 200 MeV, calculations inQCD diverge. This region of non-perturbative QCD still leaves many questionsopen. The description of hadron decays belongs to this di�cult region. Analyticcalculations in this region may be possible in special cases, such as for hadronscontaining heavy quarks with masses � �QCD, where the Heavy Quark E�ectiveTheory can be used [7], as will be discussed later.Mesons and baryons are classi�ed according to their 
avour composition, thespin and the angular momentum of the quarks. The large hadronic spectrum of theParticle Data Tables [5] can be successfully reproduced by this ordering scheme.In this thesis properties of the ground states of bottom hadrons are studied:B+u B0d B0s �babbreviation B+ B0 Bs �bquark content (�bu) (�bd) (�bs) (bud)spectroscopic notation JP 0� 0� 0� 12+Table 1.3: Bottom hadron ground states. The 
avour content and the spectroscopicnotations are shown. The lowest lying b mesons are characterized by a zero valuefor the spin and for the angular momentum of the quark system. In case of the �bbaryon the diquark-system ud has a spin of zero. Note that the values for the totalangular momentum J and the parity P are expectations from the quark model,none of them have actually been measured. The abbreviations shown in the secondline will be used throughout this thesis.
1.3 History of the bottom quark discoveryThe �rst experimental evidence for a �fth quark came in 1977 with the observationof a narrow resonance �(1S) and its �rst excited state �(2S) by the CFS Collabora-tion [8] in the process p+nucleus! �+��+X at Fermilab. The �(1S) resonanceat � 9.5 GeV in the invariant mass spectrum of �-pairs has been tentatively in-terpreted as a bound state jbbi of a new heavy quark in analogy to the discoveryof the J=	 [9] in 1974. This interpretation was favoured by the discovery of the6



third charged lepton, the � [10], in 1975 and the postulation of a third quark familyby Kobayashi and Maskawa [3] in 1973 in order to incorporate CP violation (anasymmetry between matter and antimatter) into the electroweak SM framework.However, a full identi�cation of a new heavy quark requires a measurement of itselectric charge and appropriate couplings to the W� and Z bosons.The results of the CFS Collaboration were subsequently con�rmed studyinge+e� annihilations [11, 12] leading to observations of further � states (�(2S) ,�(3S) , �(4S) ). The �(4S) , at a center-of-mass energy at 10.58 GeV [12], ismuch broader than the previous three states, indicating that the threshold for theproduction of pairs of B mesons had been crossed (�g. 1.1). Within the frameworkof the SM the bottom quark production can be understood as a transformation ofthe energy of e+e� annihilations into the creation of new massive fermions. The �resonance is produced in a single-photon annihilation of an e+e� pair, illustratedin the Feynman diagram �g. 1.2. The coupling of the b quark to the intermediatephoton is determined by its electric charge. A measurement of the � partial widthinto e+e� pairs �ee(�(1S))= 1.3 � 0.3 keV [11, 12] favoured the assignment ofcharge -1/3 for the new quark.

Figure 1.1: The e+e� total cross section for � production measured by the CLEOCollaboration [12].
1.4 The process e+e� ! bb at the Z resonanceMeasurements at e+e� colliders of higher energies (PEP, PETRA, KEK, LEP andSLC) could establish the weak-isospin doublet character of the b quark by a mea-surement of its vector and axial-vector couplings to the Z boson. The processes atthe e+e� storage rings LEP and SLC, operating at the Z resonance, are dominatedby e+e� annihilations into Z bosons (�g. 1.2), whereas the previous colliders PEP,PETRA and KEK are mainly sensitive to e+e� annihilations into photons and the
-Z interference term. 7
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Figure 1.2: Fermion production via e+e� annihilation a) into photons and b) intoZ bosons.The partial decay width of the Z boson into fermions ff is:�(Z ! ff) = GFM3Z6p2� �fV g2V + fA g2A�NfC(1 + �QED)(1 + �QCD) : (1.4)Here gV and gA are the previously de�ned vector and axial-vector coupling con-stants. Several corrections need to be taken into account in formula (1.4). For lep-tons only Quantum Electrodynamic (QED) corrections �QED have to be applied,while for quarks equation (1.4) also contains a factor NfC = 3 due to colour and cor-rections �QCD due to Quantum Chromodynamics (QCD). The factors fV ; fA � 1account for fermion mass e�ects, which are small. Weak radiative corrections areincorporated by replacing gV;A by the e�ective couplings �gV;A at the Z-pole. Thereis an additional top-mass dependence for the partial decay width Z ! bb. The SMprediction for bottom quarks is �(Z ! bb) = 375.9 � 0.2 MeV [5]. An often usedvariable, Rb = �bb=�had, describes the partial width into bottom quarks normal-ized to the total hadronic decay width �had, the SM value lies at Rb = 0.2156 �0.0001 [5].Two independent observables are needed for the determination of gV and gA.The second variable used is the forward-backward asymmetry of b quarks, Afb,derived from the di�erential cross section:d�d cos � / �1 + cos2 � + 83Afb cos �� ; (1.5)where the angle � denotes the polar angle of the b quark with respect to thedirection of the e� beam. The term (1 + cos2 �) re
ects the spin 1 intermediatestate of the Z boson and the spin 1/2 of the bottom quarks. The asymmetry Afbis correlated to geV;A of the electron initial state and gfV;A of the �nal fermion statevia: Afb = 3 geV geA gfV gfA(geV 2 + geA2)(gf 2V + gf 2A ) : (1.6)The L3 measurements of Rb and Afb [13] were interpreted in terms of gbV;A ofb quarks, giving four pairs of values for the coupling constants, where the electron8



couplings geV;A were taken from the L3 measurements in the lepton sector [14] withthe signs assumed to be that of the SM.What can we conclude for the b quark couplings relative to that of the electron?First, the vector couplings cannot be distinguished from the axial-vector couplings,because they enter symmetrically into the equations for Rb and Afb. Second, thesigns of gbV and gbA cannot be measured separately, but the sign of the productgbV gbA is de�ned by the Afb measurement. This leads �nally to a fourfold ambiguity,illustrated in �g. 1.3.

Figure 1.3: Vector and axial-vector couplings of the Z boson to bottom quarksmeasured by the L3 Collaboration [13]. The four regions show the experimentallyallowed values in the gV ; gA plane at 1� and 95% con�dence level. The SM pointindicates the expected couplings gV ; gA for b quarks using the weak mixing angle�W measured by L3 in the lepton sector [14]. The circle and straight lines showcontour lines of constant Rb and Afb, respectively, according to the SM expectation.Results from low energy e+e� experiments at PEP, PETRA and KEK are alsoshown which select a unique solution of gV ; gA values [15].9



The ambiguity can be resolved by including e+e� data from PETRA, PEPand KEK, where the asymmetry Afb is dominated by the 
-Z interference term,proportional to Qe geAQb gbA. The sign of the axial coupling gbA is thus determinedwith respect to the reference de�nition of the electron. The limits obtained in [15]select a unique solution of the L3 values for gbV and gbA:gbV = �0:27+0:05�0:07gbA = �0:55+0:04�0:03 : (1.7)The measurement of gbV;A can be compared with the SM expectation, that thevector and axial-vector couplings of all fermions are determined by a single pa-rameter, the weak mixing angle �W , according to equation (1.2). The axial-vectorcoupling gbA is compatible with the SM value -0.5 and the vector coupling gbV com-pares well with the expectation -0.3459 � 0.0015 derived from L3 measurements inthe lepton sector [14]. The negative sign of gbA identi�es the b quark as the bottomstate of a weak isospin doublet.We conclude, the weak-isospin doublet nature of the b quark has been exper-imentally established and the weak mixing angle �W derived from b quark mea-surements is in agreement with independent �W measurements using leptons. Byimplication, the other member of the isospin-doublet, namely the top quark, mustexist! The long awaited observation of the the top quark, has been successful in1995 at the world's highest-energy proton collider, the Tevatron at Fermilab [16].The LEP data also allow a prediction of the top-mass due to the virtual presenceof the top quark in higher-order processes. The combined LEP result mt = 171 �8 +17�19 GeV [17], where the central value refers to a Higgs-mass of 300 GeV and thesecond error shows the variation with the Higgs-mass in the range from 60 GeV to1000 GeV, is in excellent agreement with direct top-mass measurements mt = 175� 6 GeV [18] reported by the CDF and D0 Collaborations.It should also be mentioned here that the charged current couplings of b quarksto the W� boson have been measured, but not with the same precision as the neu-tral current couplings. Measurements of the b coupling constants to the W bosonrely on the assumption that b hadron decays, in particular their semileptonic de-cays, can be modeled by the QCD-improved quark model decay b! c l �. Observ-ables sensitive to the chiral structure of the b! c charged current in semileptonicb decays are the momentum spectra of the charged leptons and neutrinos [19]. TheV-A structure of the leptonic current (which was con�rmed in � and � decays) hasbeen exploited here as an analyzer of the polarization of the virtual W. Experi-mental analysis at the � resonance [20] and at LEP [21] shows strong evidence forthe V-A form of the b! c current and rules out a (V+A)�(V-A) structure for theb quark decay. 10



1.5 Bottom hadron production from Z decaysThe Z resonance provides an abundant production of b 
avoured hadrons throughdecays of the Z into bb pairs. The evolution of the primordial bb quark systeminto the �nal hadron system as observed in the detector, is qualitatively describedby QCD but quantitatively complicated by the fact that QCD does not allow forperturbative expansions at momentum transfers of the order the con�nement scale�QCD � 200 MeV and below. In the �rst phase if the quarks are separated byless than � 1 fm they behave like asymptotically free particles, which is observablein the back-to-back two jet structure of e+e� events. In the following phase thequarks radiate hard gluons, that in turn radiate themselves, and lead to distinctthree and four jet topologies. This stage can be treated perturbatively in QCD.At lower energies, the con�nement of quarks and gluons into colour singlets leadsto the formation of hadrons. This last stage, called fragmentation process, cannotbe calculated exactly and must be treated using simpli�ed models.At the Z resonance a mixture of b hadrons is produced containing B+; B0; Bsmesons, �b baryons and their excited states. A meson is formed when an original bquark from a Z decay combines with an u, d or s quark created in the fragmentationprocess. A baryon is produced if a di-quark is generated in the fragmentation.The relative production fractions of B+; B0; Bs;�b hadrons stand in the followingapproximate ratios: B+ : B0 : Bs : �b = 4 : 4 : 1 : 1 : (1.8)It is still possibile to assume a rather simple relation like (1.8) which is in agreementwith the measured values that have a resolution of not better than 20% for the Bsand �b fractions [5]. The values of eq. (1.8) are the fractions of weakly decaying bhadrons. These are the ground states of the b hadrons. They are either produced asthe primary fragmentation hadrons or originate from a decay of excited b hadrons.Excited b hadrons are hadrons of spin one, called B� hadrons, or hadrons witha non-vanishing angular momentum of the quark constituents, denoted as B��hadrons. The decays from excited b hadrons to the ground states proceed via thestrong or the electromagnetic interaction.The production fractions of b 
avour states can be related to the masses of the bpartner quarks. The probability of a qq pair to be generated in the fragmentationdepends on its mass. The production of heavy quarks in the fragmentation isstrongly suppressed. The total fraction of b baryons amounts to � 10%. It ismuch smaller than the b meson fraction due to the suppression of di-quark pairproduction. As in the case of b mesons there exist several 
avours of ground statesof b baryons. However the �b baryon is the most abundant one. It is followed bythe ��b baryon (quark content: bds) and the �0b baryon (bus) which have a totalproduction fraction of � 1%. In this thesis all kinds of b baryons are summarizedunder the notation �b.A detailed description of the fragmentation process is given in chapter 5.11



Chapter 2Cabibbo-Kobayashi-Maskawaquark mixing matrixThis section will �rst introduce the ideas leading to the Cabibbo-Kobayashi-Maska-wa (CKM) mixing matrix which relates the quark mass eigenstates to those of theweak interaction. The way the information on the CKM matrix elements is ob-tained experimentally is the main subject addressed here. Particular interest isgiven to matrix elements involving quarks of the third family: the top and bot-tom quark. The relationship between the b hadron decay width, in particular thesemileptonic width, and the CKM matrix element jVcbjwill be outlined. The the-oretical methods of Quantum Chromodynamics (QCD) to describe heavy 
avourdecays will be discussed brie
y. Recent developments to measure the matrix ele-ments jVubj , jVtdj , jVtsjwill be presented, which are one goal of present experiments(as for instance CLEO-II and the LEP experiments) and future facilities (as CLEO-III, HERA-B, BABAR, BELLE and LHC-B). Precision studies of B0 � B0 andBs�Bs oscillations allow the determination of top quark transition amplitudes. Adiscussion of the observation of B0 � B0 and the search for Bs � Bs oscillations,entering into the possibilities and consequences of an observation of lifetime di�er-ences of neutral B mesons, will conclude this chapter.The elements of the Cabibbo-Kobayashi-Maskawa matrix are fundamental pa-rameters of charge-changing weak interactions. Both leptons and quarks undergocharge-changing weak transitions. The patterns, however, appear to be radicallydi�erent. At present (and this may change in the near future) each charged leptonis considered to transform into its own neutrino and vice versa the neutrino cantransform back to the charged lepton, but the transitions never get out of onelepton family, as illustrated in �g. 2.1a. On the other hand, the quarks partic-ipate in a rich pattern of charge-changing currents. Transitions between quarksare not limited to one family but rather connect di�erent families with each other(�g. 2.1b).The �rst evidence for family-changing weak transitions was found in beta-decays of strange particles, as for instance K+ ! l+ �. These strangeness-changingdecays appeared to have an amplitude of about 1/4 as big as strangeness-conserving12



u! d transitions in beta-decays of nuclei [22]. On the other hand it was noted thatthe u ! d transition strength is approximately equal to that of lepton transitionse ! �e and � ! ��. A solution to the \strangeness-puzzle" was given in 1963 byCabibbo [3], who proposed a hadronic weak current with the same normalizationas the leptonic one by introducing a mixing angle � between strangeness-conserving(�S = 0) and -changing (�S = 1) transitions:JHadronic� = J�S=0� cos � + J�S=1� sin � : (2.1)The strangeness-changing transitions have been used to determine sin � � 1/4,leading to only a slight departure of cos � from 1. The Cabibbo mixing scheme, orig-inally formulated in terms of hadronic currents, was, after the existence of quarkshas been accepted, transformed to a mixing between quarks. So far as only threequarks take part in the quark transitions also neutral strangeness-changing currentswould be allowed. However, it has been observed that strangeness-changing tran-sitions are strongly suppressed in neutral currents, as for instance stringent limitsrestrict the decay K0 ! �+��. This led to the prediction of the charm quark [23]in 1964 to banish neutral strangeness-changing currents, because the transitionsinvolving the charm quark remove o�ending strangeness-changing terms.

Figure 2.1: Patterns of charge-changing weak transitions among (a) leptons and (b)quarks. Direct evidence for �� does not yet exist. In (b) the strongest transitionscorrespond to the darkest lines.Kobayashi and Maskawa [3] have generalized the four-quark pattern to sixquarks long before the � lepton and the third quark family (t,b), and even thec quark, were observed. Only the � -neutrino has not yet been detected directly.The balance in the number of quark and lepton doublets played a deep role inthe construction of a selfconsistent and renormalizable gauge theory of electroweakinteractions [24]. 13



The Cabibbo-Kobayashi-Maskawa mixing matrix of equation (1.3) is given by:VCKM = 0B@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CA : (2.2)VCKM is a 3�3 unitary matrix.The values of individual matrix elements can in principle all be determined fromweak decays of the relevant quarks, or, in some cases, from deep inelastic neutrinoscattering and the oscillation strength of neutral B mesons. Table 2.1 summarizesthe approximate strength of charge-changing weak transitions and their source ofinformation. For detailed information the reader is referred to the excellent reviewsin [5, 25].Relative amplitude Transition Source of information (example)� 1 u $ d Nuclear �-decay� 1 c $ s Charm particle decays� 0.22 u $ s Strange particle decays� 0.22 c $ d Neutrino production of charm� 0.04 c $ b Bottom particle decays� 0.04 t $ s Rare penguin B decays (b ! s)� 1 t $ b Top quark decays� 0.003 u $ b Charmless B decays (b ! u)� 0.01 t $ d B0 � B0 oscillationTable 2.1: Relative strengths of charge-changing weak transitions.A table similar to 2.1 for the transitions between leptons does not exist atpresent. The absence of a mixing matrix in the lepton sector is related to the zeromass of neutrinos. In the limit of degenerate neutrino masses (for example zeromass) a lepton family mixing becomes physical meaningless. However the assump-tion of zero neutrino mass is not protected by a fundamental gauge symmetry andit might be that we are close to the discovery of non-vanishing neutrino masses byone of the recent neutrino oscillation experiments [26]. An observation of neutrinooscillations would con�rm the existence of family mixing among leptons.The tendency of neutrinos to have small or even zero masses was also used toderive the number of fermion families. A �rst indication for a new fermion familyis expected to arise from neutrinos which could be pair produced in Z decays inthe LEP experiments. This would in
uence the shape of the Z resonance. TheLEP experiments derived N� = 2:989�0:012 [17] from the invisible Z decay width,which is extracted from the Breit-Wigner relation between the width and the heightof the Z resonance curve. Due to the balance in the number of lepton and quarkfamilies we can exclude a quark doublet of a fourth family, even with masses notaccessible at present accelerators. 14



Now the number of free parameters in the mixing matrix V for three quarkfamilies will be evaluated. As already mentioned, V is a 3�3 unitary matrix.An arbitrary complex 3�3 matrix has 18 real parameters, but unitarity (V +V =1) provides nine constraints, so only nine real parameters remain. Five of theseparameters can be removed by appropriate rede�nitions of the relative phases ofsix quarks. The number of remaining parameters is then four. Of these, three,namely the number of independent rotations correspond to angles while the last onerepresents a phase. It was the necessary presence of this phase that served as theprime motivation of Kobayashi and Maskawa for the introduction of a third quarkdoublet. In the four-quark case there is only one angle and no phase, correspondingto the case of Cabibbo mixing.The phase in the six-quark pattern provides a potential source of CP violation,i.e. a di�erence in the dynamical behaviour of particles and antiparticles. It is ob-vious that the symmetry between particles and antiparticles is broken, because ouruniverse consists mainly of matter and only barely of antimatter. The notation CPstands for the discrete operations of the charge conjugation C, transforming parti-cles into antiparticles, and the parity transformation P, switching the orientation ofthe particle spin relative to its 
ight direction. In the absence of any interaction anasymmetry between particles and antiparticles would appear as a violation of theC symmetry, making the free motion of particles di�erent from antiparticles. How-ever, a dynamical di�erence between matter and antimatter has to be de�ned as aviolation of the CP symmetry, because the weak interaction does not respect theP symmetry [27]. The weak interaction can distinguish between the mirror imagesof a particle: that one of positive helicity behaves di�erent than that of negativehelicity, i.e. the spin has a preferred direction relative to the 
ight direction of theparticle. It has been observed that the polarization of particles is opposite to thatof antiparticles. This observation alone makes no distinction between matter andantimatter. On the contrary, it is necessary to compare particles and antiparticlesof the same helicity. The question is if antimatter could be de�ned as matter ofthe opposite charge and opposite helicity or if there is real need for a new quantumnumber to characterize antimatter. To summarize, matter behaves identically toantimatter if the laws of nature are invariant under the product of C and P, theCP transformation.How is CP violation correlated with quark mixing? Any process that is deter-mined by a single quark transition occurs with a probability proportional to thesquare of the respective matrix element. This is independent of whether particlesor antiparticles are involved in the process. If, however, two possibilities exist totransform a given initial state into a �nal state, and if both paths are determinedby di�erent quark transitions, then in addition to the sum of the squares of thematrix elements an interference term participates in the process that depends onthe relative phase between the matrix elements. This interference term has theopposite sign for particles and antiparticles and causes a di�erence in the totalrate of a process involving matter and its CP mirror process involving antimatter.At present CP-violating e�ects were only observed in decays of neutral kaons [28].15



Because of the absence of other hints the origin of CP violation is still a mystery.It is not even known if CP violation is a property of the weak interaction or rathercaused by a superweak so far unknown force [29] because only tiny e�ects wereobserved. According to our present knowledge about the magnitude of CKM el-ements substantial CP asymmetries are expected in decays of bottom hadrons.Several future experiments (HERA-B, BABAR, BELLE, the run-II period at CDFand LHC-B) will be devoted to shed light on the mystery of CP violation by ameasurement of these CP asymmetries.Nevertheless it is interesting to study the three angles occuring in the CKMmatrix. It was observed that these angles satisfy a hierarchy in the sense thattransitions between the �rst and second quark family are much stronger than thosebetween the second and third family but the latter ones are still stronger than thosefrom the �rst to the third family. The angles di�er approximately by one orderof magnitude (see tab. 2.1). A crucial role in the discovery of this hierarchy wasplayed by the �rst measurement of the b lifetime in 1983 by the MARK-II andMAC Collaborations [30] at SLAC. The average b lifetime was believed to bemuch shorter than the time resolution achieved at that time. Its measurementcame completely unexpected and was interpreted as a strong suppression of therelevant matrix element jVcbj relative to the known matrix element jVusj .A parametrization of the CKM matrix re
ecting the observed hierarchy is theone by Wolfenstein [31]:V � 0B@ 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1 1CA : (2.3)Transitions between the �rst and second family appear at the order � = sin �Cabibbowhereas transitions between the second and third family occur at the order �2 andtransitions between the �rst and third family are suppressed by a factor �3. Theparameters A and � control the �ne-tuning of the three angles and � represents thecomplex phase responsible for CP violation. Today the best measured parameterof the CKM matrix is � followed by A, � and �, in order of decreasing accuracy. Inthe following we consider the parameter � to be known (see references [5,25]) anddiscuss the determination of A, � and � in more detail. Existing knowledge fromrecent measurements and theoretical approaches as well as proposals for futuremeasurements will be reviewed.It should be mentioned that the parametrization (2.3) is not exactly unitary. Itwas derived from a expansion in powers of � where higher order terms above �3 wereneglected. The observed hierarchy, which cannot be understood from �rst princi-ples, is the underlying feature of this parametrization. An exact parametrizationcontains at least �ve elements with the complex phase �. However, as a consequenceof the hierarchy all except two can be neglected in the Wolfenstein parametrization,so that � appears only in transitions from the �rst to the third family. Processeswhich are dominated by transitions between the �rst and third family, as for in-stance B0 � B0 oscillations, are expected to have larger CP-violation e�ects [32]16



than those observed in the neutral kaon system. But one should keep in mind thatthis prediction is based on purely empirical arguments. A deeper understandingof the hierarchy of CKM elements remains a challenge for the physics beyond theSM.2.1 Matrix element jVcbjThe measurement of jVcbj constituted the �rst evidence for family changing transi-tions involving quarks of the third family. The magnitude of jVcbj determines theparameter A in the Wolfenstein parametrization of the CKM matrix. There areseveral ways to measure jVcbj . First, the average b hadron lifetime is interpreted interms of the matrix element jVcbj and second, the rate of exclusive semileptonic bdecays can be used to determine jVcbj . As for many other CKM elements, a reliabletheoretical description is needed to extract the jVcbj element with high accuracy. Incase of b hadron decays promising theoretical techniques exist to reduce the modeldependence in the jVcbj determination.2.1.1 Inclusive semileptonic width �(B ! Xc l �) of b ha-dronsThe description of weak b hadron decays will start with the spectator model, wheredi�erences between the decaying b hadron and the b quark are neglected and willbe complemented by the modern treatment of strong interaction e�ects in b hadrondecays, based on �rst principles of QCD.Spectator model of semileptonic b decaysThe spectator model of b hadron decays is based on the approximation that the bquark decays as a free particle, thereby neglecting all e�ects due to the accompa-nying light antiquark in b mesons and the diquark system in b baryons (�g. 2.2).Within this picture the charged-current weak decay of a b hadron can be treatedas the muon decay, correcting for the mass of the b quark and the b! c transitionstrength: �(b! c e ��e) = �(�! ��e ��e) jVcbj2  mbm�!5= G2Fm5b192�3 jVcbj2 (l = e; �) : (2.4)It is known that the dominant decays of b quarks involve charmed quarks in the�nal state, so that jVcbj� jVubj , but in principle a similar expression for eq. (2.4)would relate �(b! u l ��) with jVubj . The non-leptonic decay rate of b hadrons alsocan be calculated within the spectator model, in which case a factor NC = 3 enters17



- -b c			���jVcbjW ������ l� ��
��q �qFigure 2.2: Spectator model diagram for b meson decays.in eq. (2.4) due to colour. However the model is not expected to be as precise as inthe case of semileptonic decays due to possible gluon exchange between �nal statequarks. It is necessary to take into account the masses of the �nal state fermions,so far neglected in eq. (2.4). The charm-quark mass mc signi�cantly reduces theavailable phase space, which is expressed by a phase-space factor fPS. This factordepends on the ratio between the c and b quark mass:fPS = fPS �mcmb� (2.5)and evaluates to [33]:fPS(�) = 1� 8�2 + 8�6 � �8 � 24�4ln� ; � = mcmb : (2.6)For a reasonable choice of the quark masses [34],mb � 4:8 GeVmb �mc � 3:5 GeV ; (2.7)the phase space correction factor amounts to fPS=0.585, making the b lifetimealmost a factor of two longer than that of a decay to massless fermions.QCD model of semileptonic b hadron decaysThe strong interaction e�ects in weak decays of heavy hadrons can be treated withQCD methods which were developed along two main directions, 'symmetry based'and 'dynamical'. Today a consistent well-de�ned theory is available combining thetwo counterparts: global heavy quark symmetry, on the one hand, and asymptoticfreedom, on the other. The general idea of separating the two domains and applyingdi�erent theoretical tools to them was formulated long ago by Wilson, whereas theheavy quark symmetry was �rst observed and developed by Isgur and Wise. Thephysical picture underlying the heavy quark symmetry is the following [7].18



In a bound state such as a meson or baryon, the typical momenta exchangedbetween the constituents are of order the con�nement scale �QCD. Hadrons canbe understood as a cloud of strongly interacting quarks, antiquarks and gluons.However, a typical property of heavy hadrons is the fact that 1=mb � 1=�QCD,i.e. the Compton wavelength of the heavy quark is much smaller than the size ofthe hadron. As the portion of the volume that the b quark occupies inside thehadron is of order (�QCD=mb)3 the accompanying quarks and gluons behave likespectators and their e�ects are small. This is a new global symmetry! The heavyquark is nothing but a static source of a colour �eld for the other constituents.The light hadron constituents only experience this colour �eld and decouple fromthe 
avour and spin of the heavy quark.Heavy quark symmetry is an approximate symmetry due to the �nite b quarkmass and corrections are calculated in powers of �QCD=mb. The way the expansionin powers of �QCD=mb is carried out is the Operator Product Expansion (OPE) [35],where bound-state e�ects of b hadrons can be accounted for in a systematic way.The central result obtained by application of OPE to the inclusive decay widthof b hadrons is the absence of 1=mb corrections, the leading power correctionsstart with terms 1=m2b . The theoretical expression for the inclusive semileptonicwidth has been evaluated in [34] including the �s and leading nonperturbativecorrections. It can be translated into a relation between the average lifetime �b,the semileptonic branching ratio B(B ! Xc l �) and jVcbj [34]:jVcbj = 0:0408  B(B ! Xc l �)0:105 !1=2 �1:6 ps�b �1=2 : (2.8)The theoretical uncertainties in extracting jVcbj from eq. (2.8) are still a con-tentious issue [34, 36]. Several sources of systematic uncertainties may be distin-guished: uncertainties in the phase space, i.e. the quark masses, uncertaintiesfrom higher-order perturbative corrections, and uncertainties in the values of thehadronic parameters contained in the non-perturbative corrections. The biggestuncertainty arises from our limited knowledge of the quark masses. The b quarkmass has been determined from a study of the excitation states of the � system. At�rst sight it might seem that the �fth power of mb in eq. (2.4) strongly magni�esthe uncertainty in mb. However the precise value of mb is not too important sincethe b ! c width depends to a large extent on the di�erence mb �mc rather thanon mb itself [34]. The quark mass di�erence mb �mc can be measured by �ttingthe endpoint lepton spectrum of b decays at the �(4S) resonance. Independentlythe heavy quark symmetry relates mb �mc to the mass di�erence between heavymesons via:mb �mc = MB + 3MB�4 � MD + 3MD�4 + �2 � 12mc � 12mb� ; (2.9)where �2 characterizes an energy scale related to the average momentum of the bquark inside a B hadron at rest. The scale �2 has been obtained from QCD sum19



rule calculations, but also could be extracted from data. A dedicated analysis ofthe lepton spectra will determine �2 with a better accuracy - so that the biggesttheoretical uncertainty for jVcbj can be improved by measurements in the near fu-ture. The present uncertainties in the quark masses lead to a 3% uncertainty injVcbj [34].The appropriate de�nition of quark masses is the major source of controversyabout extraction of jVcbj from the inclusive width. If �(B ! Xc l �) is calculated interms of the pole mass (mass of a free quark observed from in�nity), on which theheavy quark theory was originally based, there are signi�cant higher-order pertur-bative corrections of the order � 10% [36]. The solution of the problem is to avoidthe use of unphysical quantities like the mass of a free quark. It cannot be deter-mined from experiment and also the theoretical expressions are not well-behavedwhen parametrized in them. The mass that can be extracted from experimentwith, in principle, unlimited accuracy is the short-distance running mass. If theinclusive width is expressed in terms of the short-distance mass, the higher-ordercorrections are small and well-behaved. In reference [34] an uncertainty of 2% injVcbj is assigned as a conservative estimate of higher-order e�ects.The uncertainties from non-perturbative corrections were estimated to be small(� 0.5%). The quoted uncertainty of 3% from phase space in reference [34] alreadyincludes the uncertainty from �QCD=mb power corrections. Therefore, the numeri-cal analysis implies that already at present the theoretical uncertainty in the valueof jVcbj from the semileptonic inclusive width does not exceed 5%. The determina-tion of the value for jVcbj from measurements of the semileptonic branching ratioB(B ! Xc l �) and the average lifetime �b according eq. 2.8 will be presented inchapter 8.2.1.2 Exclusive semileptonic decaysOne important consequence of the heavy quark symmetry is that all hadronic formfactors in semileptonic decays of the type B ! D� l �� and B ! D l �� are relatedto a single universal form factor, the Isgur-Wise function F(q2), and the normal-ization of this function at maximum momentum transfer q2 is �xed: F(q2max) = 1(corresponds to zero recoil of the D(�) meson in the B rest frame). The reason forthat behaviour can easily be understood: The con�guration of light constituentsin a hadron containing a single heavy quark with velocity v and spin s does notchange if this quark is replaced by another heavy quark with di�erent 
avour orspin s0, but with the same velocity v. Therefore a measurement of the zero recoilrate d�=dq (q2 = q2max) in decays B ! D� l �� or B ! D l �� o�ers an alternativemethod for the determination of jVcbj .The advantage of small theoretical uncertainty in hadronic matrix elementshas been obtained for the price of statistics. The phase space is strongly re-duced in the region of maximum momentum transfer and converges to zero forq2 ! q2max. The strategy for the jVcbj determination is to extract the product20



jVcbjF(q2max) from a measurement of the di�erential decay rate d�=dq and to ex-trapolate it to q2 ! q2max. The relation F(q2max) = 1 holds only in the in�nitemass limit, for �nite masses mb;c it acquires corrections. The power correctionsenter at the level of 1=m2b;c, as in the case of the inclusive method. Various calcula-tions [34,36] have been performed to evaluate F(q2max) in order to turn the exclusivemeasurements into a precise determination of jVcbj . The accuracy in jVcbj alreadyreaches that of the inclusive method, the results derived from measurements at the� resonance [37] and at LEP [38] will be discussed in chapter 8.It is instructive to compare the inclusive method of the semileptonic decay ratewith that of the exclusive approach of zero recoil rates. The zero recoil rate of exclu-sive decays has the conceptual advantage that, apart from the form factor itself, themeasured rate is given in terms of the masses of real B and D(�) mesons, whereasthe inclusive width is based on quark masses. On the other hand, with respectto the non-perturbative power corrections, the inclusive semileptonic width has atwofold theoretical advantage over the exclusive predictions: First, the expansionparameter is bigger in case of the exclusive rate, namely 1=mc, rather than 1=mb asfor the inclusive width. The predictions of the form factors at zero recoil are onlyvalid for transitions between heavy quarks (b! c), whereas the inclusive width ismeaningful even in the limit of a light �nal quark (i.e. for the b ! u transition).Similarly, the jVcbj determination from the inclusive semileptonic width with a cquark in the �nal state, jVubj can be determined from the total b! u semileptonicwidth by a measurement of the branching ratio B(B ! Xu l �) (see discussion innext section). The second advantage of the inclusive decay rate concerns the factthat the sum over many hadronic channels eliminates bound-state e�ects relatedto the properties of individual hadrons. This property is termed \quark-hadronduality" in the literature. In case of the exclusive rate, long-distance e�ects in theform of wavefunction overlap may arise, which are di�cult to control and dependrather arbitrarily on details of the wavefunction. This problem introduces a moresigni�cant model-dependence to the jVcbj determination from the exclusive rate.We can conclude that the dominant theoretical uncertainty in the inclusive ap-proach is the uncertainty in the phase space, whereas the accuracy of the exclusivepredictions is limited by uncertainties in the non-perturbative corrections.From the experimental point of view the uncertainties of both methods origi-nate from di�erent sources as well. The inclusive approach is preferred because ofstatistical accuracy, whereas the exclusive one is not competitive. The systematicuncertainties of the inclusive width arise from systematic e�ects in the measure-ment of the semileptonic branching ratio and of the b lifetime. The main errorsources in these measurements are uncertainties in the lepton identi�cation e�-ciency on one side and uncertainties in the decay time of the charm hadron decaysubsequent to the b decay on the other. In case of the exclusive rate it is importantto have a good knowledge about the e�ciency in the reconstruction of the exclusivechannel. The error is dominated by uncertainties in branching ratios and detectore�ciencies. To summarize, the methods to determine jVcbj are complementary toeach other, both from the experimental technique as from the theoretical ansatz.21



The accuracy obtained with both methods is of comparable order and the agree-ment in the jVcbj values constitutes an important test of our understanding of weakdecays of b 
avoured hadrons. This discussion will be continued in chapter 8.2.2 Matrix elements jVubj , jVtdj and jVtsjThe values of the remaining CKM matrix elements involving quarks of the thirdfamily, jVubj , jVtdj and jVtsj , can all be determined from measurements of branchingratios of rare b hadron decays or transition amplitudes between b hadrons. Inparticular, the 
avour changing neutral current (FCNC) transitions of b hadronsare sensitive to the top quark couplings jVtdj and jVtsj , which are di�cult to measureotherwise. In this section the experimental status of the search for rare b hadrondecays and B0 � B0 , Bs � Bs oscillations is reviewed and complemented by aquantitative analysis in terms of quark transition amplitudes.2.2.1 Rare b hadron decaysAll b hadron decays that do not occur through the usual b! c transition are calledrare b decays. The simplest diagram for a rare b decay is obtained by replacing theb! c transition by a Cabibbo suppressed b! u transition, as shown in �g. 2.3a.These decays probe the small CKM matrix element jVubj , the magnitude of whichsets bounds on the combination �2 + �2 in the Wolfenstein parametrization of theCKM matrix. Measurements of the magnitude of jVubj have been obtained frominclusive and exclusive semileptonic b decays.a) - -b u			���jVubjW ����� l� ��
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��q �qFigure 2.3: Diagrams for rare b meson decays: a) Cabibbo suppressed spectatorand b) electromagnetic penguin.In addition to the rare b decays proceeding via charge changing transitions,evidence for FCNC decays of b hadrons has been reported recently. The mostsigni�cant of these decay modes is the one-loop b ! s transition diagram, knownas the 'penguin' diagram (�g. 2.3b). Penguin contributions lead to signi�cant22



amplitudes in b decays because the b! s loop contains the heavy top quark withthe couplings jVtbj and jVtsj , the largest possible couplings in penguin decays. Theobservation of the decay B ! K�(892)
, reported by the CLEO Collaboration [39],was the �rst direct evidence for penguin diagrams. This decay is described by theelectromagnetic transition b ! s
, where the b ! s penguin loop is accompaniedby the radiation of a photon. Its branching ratio as well as the inclusive B ! Xs
width determine the ratio of the CKM matrix elements jVts = Vcbj and contribute intesting the unitary of the CKM matrix.Charmless semileptonic decaysThe �rst evidence for a non-zero matrix element jVubjwas obtained by studying thespectra of charged leptons in inclusive semileptonic B decays [40]. The excess ofleptons beyond the kinematic endpoint for the decay B ! D l �� directly visualizesthe contribution from b ! u l ��. In order to normalize the contribution fromb! u l �� to the dominant mode b! c l �� a prediction of the q2 dependence of theform factors is needed. The q2 domain spanned by the decays b ! u l �� is muchbigger as that of b! c l �� and makes the determination of jVub = Vcbjmore di�cultthan that of jVcbj . The calculations for inclusive semileptonic decays are based onthe assumption of quark-hadron duality. Model dependence is introduced by thepredicted shape of the q2 distributions.On the other hand, exclusive channels, as for instance �B0 ! �+ l �� and �B0 !�+ l �� can be studied, but the branching ratios need to be normalized accordingthe probability that a hadronic system Xu consists of a single particle � or �.Nevertheless exclusive channels can be used to check di�erent theoretical predic-tions in more detail. In particular, a measurement of the ratio between the partialwidths to vector and pseudoscalar �nal states can discriminate between severalphenomenological models. The combined analysis of inclusive and exclusive de-cays [41] determines the ratio jVub = Vcbj to:����VubVcb ���� = 0:080� 0:015 ; (2.10)which corresponds to the constraint:�2 + �2 = ( 0:36� 0:07 )2 : (2.11)At the present time the model dependence still dominates the error.Potential sources of information on jVubj are also the purely leptonic decaysB+ ! �+�� and B+ ! �+��. These processes, which have not been observedyet, will provide information on the product of the CKM matrix element jVubj andthe B decay constant fB. The present experimental limits for B+ ! �+�� andB+ ! �+�� by L3 [42] and CLEO-II [43] are still more than one order of magnitudeabove the theoretical predictions [44], giving so far no stringent constraints forfBjVubj . 23



Electromagnetic penguin decaysThe electromagnetic penguin decays B ! Xs
, B ! K�
 and their Cabibbo-suppressed counterparts B ! Xd
, B ! �
 are important for determining thetop quark couplings to the strange and down quark, jVtsj and jVtdj . The rate forinclusive radiative penguin decays B ! Xs
 has been measured by the CLEOexperiment [45], operating at the �(4S) resonance. The experimental signatureof a hard photon with an energy of � 2.5 GeV in the CLEO electromagneticcalorimeter has been used to detect b! s
 transitions. An excess from B ! Xs
events was observed in the photon spectrum after the expected background fromcontinuum and other B decays was subtracted. The dominant background wasinitial-state radiation from the continuum. The strange quark from the Xs systemhas been reconstructed by a K0s ! �� decay or by a measurement of the ionizationenergy loss in the drift chamber consistent with a K�.The exclusive channels B0 ! K�0
 and B� ! K��
 have been analyzed bya full reconstruction of K�0 and K�� decay modes [46]. The measured branchingratios [45, 46]: B(B ! Xs
) = (2:32� 0:57� 0:35)� 10�4 ;B(B ! K�
) = (4:2� 0:8� 0:6)� 10�5 ; (2.12)determine the ratio of the CKM matrix elements jVts = Vcbj [47]:����VtsVcb ���� = 0:85� 0:12 (exp) � 0:10 (theo) ; (2.13)which is within errors consistent with unity, as expected from the unitarity of theCKM matrix.In addition CLEO has searched for exclusive b! d
 decays in the modes: B0 !�0
, B0 ! !
 and B� ! ��
. The decays �(770) ! �� have been distinguishedfromK�(892)! K� decays by a �=K separation using ionization and time of 
ightmeasurements and a reconstruction of the invariant mass assuming the particleswere either a K� or �� pair. No signal for b! d transitions was found. The upperbounds on the branching ratios [46] have been converted into an upper limit onthe ratio of the CKM matrix elements jVtd = Vtsj :����VtdVts ���� < 0:56 (90%C:L:) : (2.14)In the preceding discussion of electromagnetic penguin decays it has been alwaysassumed that jVtbj= 1. Indeed the hierarchy of the CKM matrix allows deviationsof jVtbj from unity only at a level of O(�4). However, the only measurement ofjVtbj has been performed by studying top quark decays at the Tevatron and itsprecision is far from O(�4). The dominant coupling of top quarks to bottom quarkshas been used to identify top quarks in the reaction p�p ! t�tX ! bW+�bW�X.The lifetime of b quarks was used to distinguish b jets from other quark jets. A24



comparison of the number of events with a single b tag and those with a doubleb tag allowed the determination of the top quark cross section and the couplingstrength jVtbj . The probability that a top quark decays to a b quark is related tothe CKM matrix elements containing a top quark via:b = B(t! bW )B(t! qW ) = jVtbj2jVtdj2 + jVtsj2 + jVtbj2 (2.15)Under the assumption of three families the denominator is identical to unity andb reduces to jVtbj2. A measurement of b by the CDF Collaboration [48] yielded:b = 0:94+0:06�0:30 : (2.16)Assuming three families implies jVtbj= 0.97 +0:03�0:17 .2.2.2 Observation of B0�B0 and search for Bs�Bs oscillationsThe behaviour of neutral particles under charge conjugation has already occupiedthe pioneers of quantum mechanics. This discussion was mainly stimulated byEnrico Fermi. We will begin with a review of the history of oscillations, whichwere �rst predicted for the neutral kaon system.Review of oscillations in the K0 �K0 systemIt was believed that neutral particles fall into two classes according to their be-haviour under CP transformation.(1) On one side there are particles that transform under CP into themselvesand which are thus their own antiparticles. For example, the photon and the �0meson are bosons that behave in this fashion.(2) On the other side there are neutral particles that behave like charged ones inthat they have antiparticles distinct from themselves. The conservation of a charge-like quantum number prohibits transitions between particle and antiparticle states.A member of this class is provided by the neutron where the conserved quantity isthe baryon number.M. Gell-Mann and A. Pais [49] have �rst pointed out in 1955 that neutralparticles could exist that belong neither to class (1) nor to class (2). It was knownthat the K0 meson decays into two charged pions. They argued that the �+��state is a CP eigenstate and if CP is conserved in nature the CP mirror processK0! �+�� must also occur. If decays of two particles can lead to the same �nalstate then also virtual transitions K0 , �+�� , K0 can take place. However,K0 and K0mesons can be distinguished by the sign of the electric charge of theK+; K� meson associated with the production of K0 and K0 in a typical �xedtarget experiment. This distinction is possible due to conservation of strangeness25



in the strong interaction. The K0 particle is distinct from its antiparticle K0 if itis observed via its strong interaction, but nevertheless transitions between K0 andK0 occur in the weak interaction.This mixing of the K0 and K0 particles in the weak interaction is responsiblefor interesting new phenomena. These phenomena cannot be found for the photonnor for the neutron, but are speci�c for the neutral mesons only. Some of thepredicted properties of the K0 meson state were:(I) The existence of a K2 particle for which two-pion decay is prohibited andwhich has a lifetime considerably longer than that for the two-pion decay of theK1 particle. As far as CP is conserved the decay modes for K1 and K2 are distinctfrom each other and their rates of decay are quite unrelated. There are thus twoindependent lifetimes, one for K1 and one for K2. For this reason these are calledK0S (short-lived) and K0L (long-lived). In addition, the weak interaction responsiblefor K0�K0 transitions will produce small level shifts in the masses of K1 and K2.(II) The content of K0 and K0mesons in an initial pure K0 state will oscillatein time. These oscillations can be observed by the strong interaction of the K0particle with matter or by 
avour tagging K0 decays, as for instance semileptonicdecays. The oscillation process is sensitive to the K1 - K2 mass di�erence.In order to understand the K0 � K0 system on a deeper level a short mathe-matical description is presented here [50]. The K0 � K0 system is an example ofa quantum mechanical two-state system. We choose the base states as jK0i andj �K0i. The amplitudes that any state j	i of a neutral K particle is in either of thetwo base states are denoted by:C+ = hK0j	i ; C� = h �K0j	i : (2.17)The Hamilton equations for the K0 �K0 system are given by:i dC+dt = A0C+ + AwC� + AwC+i dC�dt = A0C� + AwC+ + AwC� ; (2.18)in which we used the convention �h = 1. The �rst terms on the right-hand sidecharacterize the free motion of the K0 and K0mesons, respectively. The termsproportional to Aw are induced by the weak transitions from K0 to K0 and K0 toK0 as described by the �rst equation. The second equation contains the respectivecounterparts. As far as CP is conserved in these transitions all terms are pro-portional to a single amplitude Aw. Both amplitudes A0 and Aw are, in general,complex numbers.These equations of motion can be decoupled from each other by transformingto new base states jK1i and jK2i that are given by the sum and di�erence of jK0iand j �K0i: jK1i = (jK0i+ j �K0i)=p2jK2i = (jK0i � j �K0i)=p2 : (2.19)26



The time-behaviour of the amplitudes C1 and C2 of the new base statesC1 = hK1j	i ; C2 = hK2j	i (2.20)is governed by the independent Hamilton equations:i dC1dt = A0C1 + 2AwC1i dC2dt = A0C2 : (2.21)The solutions are plane waves:C1(t) = C1(0) exp (�i (A0 + 2AW ) t)C2(t) = C2(0) exp (�i A0 t) : (2.22)Choosing the real and imaginary parts of the amplitudes asA0 =M0 � i2�0 ; 2Aw = �M � i2�� (2.23)C1(t) and C2(t) describe the time-evolution of two unstable particles that are char-acterized by a mass splitting of �M and a decay rate di�erence of ��. Thereference scales are given by the mass M0 and by the decay width �0 of the K2particle.If a K0 particle is produced in a strong interaction, for instance in the process�� + p! K0 + �0, the initial conditions of the kaon beam are:C+(0) = 1 ; C�(0) = 0 ; (2.24)which is equivalent to C1(0) = 1p2 ; C2(0) = 1p2 : (2.25)The time-dependence of the C� amplitude is given by:C�(t) = (C1(t)� C2(t))=p2 = 12 exp (�i A0 t) (exp (�2i Aw t)� 1) : (2.26)The probability of observing a �K0 particle at a time t is equal to:jC�(t)j2 = 14 exp (��0 t)�1 + exp (��� t)� 2 exp (���2 t) cos(�M t)� : (2.27)This is a remarkable result! Although a K0 component was not present in theinitial K0 beam it is produced by the interference of the two mass eigenstates K1and K2 if they develop in time.Already in 1956, one year after the prediction of a longlived K0 particle, it wasdiscovered by L. M. Ledermann et al. [51]. K0L decays were observed in a cloud27



chamber placed more than 100 mean lives of the K0S particle from the productiontarget. They observed decays into two charged particles, so called V 0 events, thatwere kinematically unlike K0 ! �+�� and were interpreted as semileptonic decaysof K0L mesons. The oscillations have been �rst observed by L. M. Ledermannet al. [52] in 1957 by noting a K0 meson that interacted with a helium nucleusto produce a hyperon of negative strangeness. Further con�rmation on K0 �K0 oscillations has been obtained from the observation of a time-dependent chargeasymmetry in the semileptonic decay K0 ! ��e+� (see for instance [53]). Thecharge asymmetry was de�ned as the fraction of \wrong sign" electrons (e�) tothe \right sign" electrons (e+) from an initial pure K0 state.The oscillation phenomenon of neutral mesons is equivalent to a modi�ed Stern-Gerlach experiment. The creation of a pure K0 state, a strangeness eigenstate, canbe simulated by a Stern-Gerlach apparatus where one of the atom beams inside themagnetic �eld is blocked by a plate. This modi�ed apparatus can be called a Stern-Gerlach �lter [50]. The time evolution of a pure K0 state is equivalent to a series ofStern-Gerlach �lters. In the kaon beam the weak interaction produces intermediatestates of dominantly even CP parity (the two pion state). However, the strangenessS and the CP parity form a pair of complementary variables. They cannot bemeasured simultaneously with in�nite accuracy. The situation is equivalent to theone if the polarized atoms of the �rst Stern-Gerlach �lter are passed through asecond �lter with the direction of the �eld axis rotated by 900 with respect to the�rst one. In case of the kaon beam the weak interaction is responsible for blockingthe CP-odd component in the kaon state. After the kaons have passed throughthe \�lter of the weak interaction" the original information on the strangeness S islost. A third Stern-Gerlach �lter with the magnetic �eld directed along the original�eld direction can be used to measure the presence of an atom state of oppositepolarization to that which was selected by the �rst �lter. For the kaon beam therole of the third Stern-Gerlach �lter is taken by strong interactions or semileptonicdecays of kaons. The result is that if the second Stern-Gerlach �lter has a blockingmask there will be a K0 component detected by the third �lter, but if not, thebeam will stay in a pure K0 state. The important point is the �lter in the secondapparatus, not the beam separation in the apparatus itself.Observation of B0 �B0 oscillationsSome evidence for B0 � B0mixing was �rst found by the UA1 Collaboration inproton-antiproton collisions at CERN [54]. The experimental method was the sameas for K0 � K0 oscillations: a search for a charge asymmetry in semileptonic B0decays. The UA1 Collaboration observed a like-sign dilepton signal, which was a2� deviation from the expected background. B0 �B0 oscillations produce leptonswith the \wrong sign" of electric charge. They contribute to the fraction of like-signlepton pairs. In addition, several background sources, as for instance semileptoniccharm decays, pollute this sample. The majority of the scienti�c community ofthat time believed that it was impossible to observe B0 � B0mixing. Therefore28



the UA1 signal was interpreted as being due to Bs�Bsmixing. However also thisexplanation was not satisfactory because the signal was much larger with respectto the suppression of the Bs production fraction.It was the merit of the ARGUS Collaboration to clear up this situation. Theclearest signals are fully reconstructed �(4S) events that decay into B0B0 or B0B0meson pairs. In 1987 ARGUS succeeded in �nding one fully reconstructed �(4S)!B0B0 decay [4]. In this event, shown in �g. 2.4, all �nal particles (�; �;K) were wellidenti�ed and the masses of the intermediate states agreed well with the masses ofD and D� mesons. Kinematic considerations showed that the event was complete.The background for this event was found to be completely negligible.

Figure 2.4: Completely reconstructed �(4S)! B0B0 event observed by the AR-GUS Collaboration [4].This one event demonstrates that the phenomenon of B0 �B0 oscillation mustexist. The direct evidence derived from this single mixed event was complementedby a statistical analysis of like-sign lepton pairs in semileptonic decays. The AR-GUS collaborators could extract a B0�B0 oscillation signal in the like-sign leptonsample of more than 4 standard deviations. The mixing strength was measured tobe [4]: r = N(B0B0) +N( �B0 �B0)N(B0 �B0) = 0:21� 0:08 : (2.28)Does the Standard Model agree with the ARGUS measurement? From thehistorical point of view the measurement of r was a stunning surprise becauseB0�B0 oscillations were expected with very tiny mixing amplitudes much smallerthan the measured value. How could this happen?The calculation of B0 � B0 transition amplitudes relies on 2W� exchange box29



diagrams, illustrated in �g. 2.5. These box diagrams represent 
avour changingneutral currents (FCNC) with j�Bj = 2, which are governed by the GIM mecha-nism. The GIM mechanism named after Glashow, Iliopoulos and Maiani [1] givesa quantitive description of FCNC transitions, which are only allowed if the partic-ipating quarks are not degenerate in mass.- - -b t d))))((((
))))((((W WjVtdjjVtdj� � ��d �t �bFigure 2.5: Box diagram for B0 � B0mixing.The mass splitting in the B0 system induced by the SM box diagram contribu-tions can be expressed by [55]:�M = G2Ff 2BmB12�2 m2t �2t : (2.29)Here GF is the Fermi-constant, fB the decay constant of the B0 meson, describingits wave function at the origin and mB the B0 meson mass. �M is proportionalto the square of the top mass mt. This dependence is a consequence of the dimen-sion of the Fermi-constant. A second-order weak process diverges quadratically inenergy. The GIM mechanism cancels this divergency at an energy scale de�nedby the heaviest quark involved in the process. Finally �M is proportional to therelevant combination of CKM matrix elements: �t = Vtb V �td. The contribution fromthe top quark is dominant relative to the charm and up quark due to mt � mb. Itis the high value of the top quark mass of mt = 175 � 6 GeV [18] (which was notknown in 1987) that is responsible for observable B0 �B0mixing.The leading terms to �� are determined by transitions with charm and upquarks in the intermediate state. These correspond to Feynman diagrams as in�g. 2.5 where the top quark is replaced by a charm or up quark, respectively.�� = � G2Ff 2BmB8� m2b (�c + �u)2 = � G2Ff 2BmB8� m2b �2t (2.30)The unitary relation �c+ �u = ��t relates the combination of u- and c-quark CKMelements to that of the t-quark. The important consequence is that the leadingcontributions to �M and �� are both proportional to the same combination ofCKM elements. 30



The experimental parameter r of B0 � B0mixing measured by ARGUS canbe expressed in terms of �M and ��. In the limit �� = 0, which is reasonablebecause of mt � mb, the expression for r is given by [56]:r = �M2B02�2 +�M2B0 : (2.31)Equation 2.31 is only valid on the �(4S) resonance where theB0 B0 pair is producedin a coherent state [56]. In order to get a rough estimation for r the values fB0 =200 MeV, mB0 = 5.3 GeV, mt = 175 GeV, jVtdj= 0.01 and �b = 1.55 ps have beeninserted into equation (2.29) and (2.31). The prediction for the mass di�erence�MB0 is of the order: � 7 � 10�4 eV � 1 ps�1 and the mixing parameter r isof observable magnitude: r � 0.5. Vice versa, the measurement (2.28) can beconverted into �MB0 = 0.47 � 0.12 ps�1.A direct measurement of �MB0 can be obtained by studying the time de-pendence of the mixing amplitude. The oscillation frequency is equal to the massdi�erence, as shown in equation (2.27). The time dependence of B0�B0mixing hasbeen measured at LEP [57]. Here the high kinetic energy of B0 mesons producedin Z decays can be exploited to measure the proper time of the decaying B0 mesons(which is not possible at the �(4S) resonance). An example of a time-dependentcharge asymmetry measurement by L3 is shown in �g. 2.6. This measurement hasbeen performed in an inclusive sample of B hadrons, which consists of � 40% B0mesons. The b 
avour has been tagged by the charge of the lepton originatingfrom b decay. The observed oscillation pattern has been interpreted to come fromB0 oscillations.The present LEP average in the mass di�erence �MB0 = 0.466� 0.019 ps�1 [57]is in excellent agreement with the �rst measurement of �MB0 by ARGUS and hasa factor 10 better accuracy.What do we learn from the measurement of �MB0 in terms of the CKM matrixelements? The value of jVtdj can be determined from equation (2.29) by an estimateof the factor between �MB0 and jVtdj . All parameters that enter in this factor aremeasured except of one, the B0 meson decay constant fB0 . At present its valuewas calculated by means of lattice-QCD methods up to a precision of � 20%. Inreference [58] a value of: jVtdj = 0:086� 0:020 (2.32)was obtained. The error is dominated by the uncertainty in fB0 . The value ofjVtdj constrains the combination (1� �)2 + �2 in the Wolfenstein parametrization.The allowed range is: (1� �)2 + �2 = ( 0:97� 0:23 )2 : (2.33)In the preceding discussion ofK0�K0 and B0�B0 oscillations it was assumed at�rst that CP is a good symmetry of both the strong and weak interactions. In thiscase the physical states with well-de�ned masses and lifetimes are CP eigenstates31
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from a measurement of the charge asymmetry in same-sign dilepton events:Re � = 14 N(B0B0)�N( �B0 �B0)N(B0B0) +N( �B0 �B0) : (2.35)A search for an asymmetry in the same-sign dilepton sample at the �(4S) resonancewas used to put a limit on jRe �j < 0:045 [59]. In the limit mt !1, the real partof � vanishs, Re �! 0.However, the imaginary part of � is a phase convention dependent, unphysicalparameter. The Hamiltonian (2.18) describes only one part in a physical process,the transition from B0 to B0 , but an observable can only be de�ned for �nal decaychannels of the B0 particle. There are physical consequences of CP violating termsin the Hamiltonian (2.18) beside Re �, namely that CP violation can be inducedfrom interference between a mixing amplitude and a decay amplitude in decays ofneutral B mesons. We shall see later on explicitly how B0 � B0mixing is relatedto CP violation.Search for Bs �Bs oscillationsMeasurements of the time-integrated mixing strength � = r=(1 � r) at LEP andat the �(4S) resonance allow the extraction of the mixing parameter �d and �s ofB0 and Bs mesons, respectively. We can bene�t here from the di�erent compo-sition of the neutral B meson samples at LEP and at the �(4S) resonance. The�(4S)measurements ��(4S) = �d = 0:156�0:024 [57] are only sensitive to the frac-tion of mixed B0 mesons, whereas the LEP measurements �LEP = fd�d + fs�s =0:1217� 0:0046 [57] observe a fraction of mixed B0 and Bs mesons. The weightsfd and fs are the branching ratios Br(b ! B0) � 0:4, Br(b ! Bs) � 0:1 thata b quark hadronizes into a B0, Bs meson at LEP. Both measurements are onlycompatible at values of �s � 0:5 implying maximal mixing of Bs mesons. Wecan conclude that the Bs oscillations occur at a time scale much shorter than theaverage b lifetime, �MBs� ��Bs . But it is not possible to derive a value for�MBs from �s = 0:5.A time-dependence of Bs mixing has not been observed yet, because the presentexperimental resolution on the decay length does not allow to resolve very fastBs oscillations. The task so far is to derive limits on �MBs of Bs mesons from asearch for such oscillations. One possibility of determining limits on Bs oscillationsis provided by the amplitude method [57]. This method is inspired by a Fourieranalysis. The Fourier-spectrum of the observed time distribution of mixed Bsevents at LEP does not show a peak at a certain value of �MBs . A limit has beenplaced on regions of �MBs where peaks can be excluded. The combined lower limitfrom all LEP experiments is �MBs > 8.0 ps�1 at 95%C.L. [57].This high limit for �MBs may have its origin in the hierarchy of the CKMmatrixelements. The ratio �MB0 =�MBs re
ects the transition strength jVtdj relative to33



that of jVtsj : �MB0�MBs =  fB0fBs !2 mB0mBs ����VtdVts ����2 : (2.36)A future measurement of �MBs will allow an estimate of the ratio jVtd = Vtsj andthus of jVtdj (2.3) with better accuracy as compared to eq. (2.32). The un-certainty in the absolute value of fB0 can be avoided by the use of the ratio�MB0 =�MBs rather than of �MB0 alone. The ratio of the decay constantsfB0=fBs is known with a much better accuracy than fB0 because fB0=fBs � 1except of deviations coming from the breaking of the SU(3) 
avour symmetry [60].The lower limit on �MBs can be converted into an upper limit on jVtd = Vtsj [61]:����VtdVts ���� < 0:28 (95%C:L:) ; (2.37)which just reaches the upper boundary in the allowed range of jVtdj from eq. (2.32).2.2.3 Lifetime di�erences of neutral B mesonsIn order to understand B0 �B0 oscillations as a quantum mechanical interferencephenomenon it is necessary to establish experimentally the existence of two kindsof B0 particles, a short lived and a long lived one. However a similar observationto that of the K0L particle [51] is much more di�cult for the B0 particle. The hugelifetime di�erence of (��=�)K0 � 600 is a special property of the K0 particle.The �nal states of K0 decays with de�nite CP parity are two pion and three pionstates. The K0S particle decays dominantly to two pions, whereas three pion statesare reserved for the K0L particle. These decay modes di�er in their available phasespace. The three pion �nal state is kinematically strongly suppressed, becausethe masses of three pions almost add up to the mass of the kaon. But in thelimit of CP conservation, there is no other CP eigenstate than that of three pionsavailable for the K0L particle. The small decay width for the K0L particle appearshere as an \accident in phase space" and is not correlated to the values of CKMmatrix elements. If, on the contrary, the masses of the �nal state mesons aresmall compared to the mass of the decaying meson, the original dependence of�� on its relevant CKM elements is no longer hidden under special phase spacecon�gurations. This is the case of neutral B mesons.The expected lifetime di�erences according to eq. (2.30) are of the order � 1%for the B0 meson and � 10% for the Bs meson [62]. Possible lifetime di�erencesof neutral B mesons have not been investigated yet, neither for the B0 meson norfor the Bs meson. These measurements are awaited because they will improvethe knowledge in the values of CKM matrix elements. Of particular interest is ameasurement of �� of the Bs meson because it allows the determination of theratio jVtd = Vtsj . In the SM ��Bs and �MBs are proportional to each other:��Bs�MBs � �mbmt�2 : (2.38)34



The calculation in [62] determined the factor between ��Bs and �MBs as 5:6�10�3.The known ratio of ��Bs =�MBs o�ers a new possibility to measure jVtd = Vtsj . Bsoscillations can be observed until a lower limit on �MBs so that the oscillationfrequency is small enough to be resolvable or until an upper limit on �MBs wherethe decay width di�erence ��Bs is big enough to be detectable. A measurementof ��Bs is sensitive to small values of jVtd = Vtsj and is thus complementary to thatof �MBs . Experimental limits on �MBs are upper limits on jVtd = Vtsj , whereasa limit on ��Bs would be a lower limit on jVtd = Vtsj . The expected magnitude of��Bs as a function of jVtd = Vtsj is shown in �g. 2.7.

Figure 2.7: The expected di�erence in decay rates of the Bs meson as a functionof the ratio of CKM elements jVtd = Vtsj . The prediction relies on the measurementof �MB0 of B0 mesons. The hatched region corresponds to the predicted valuesaccording to a theoretical estimate of the B0 decay constant [58]. Also shown isthe limit on �MBs from a measurement of the Bs oscillation frequency [61].It is one of the major concerns of this thesis to point out the possibility fora measurement of lifetime di�erences of neutral B mesons at LEP. Fig. 2.8 showsthe e�ect of �� of B0 and Bs mesons on the proper decay time distribution of allB hadrons assuming an exponential decay law for each b hadron and neglectingall measurement uncertainties. The average lifetime of B mesons was set to 1.5 psand that of b baryons to 1.2 ps, in agreement with the current world averages ofb lifetimes. A b hadron composition of eq. (1.8) has been assumed. Di�erencesto the case �� = 0 are observable at long-time scales in the inclusive decay timedistribution. This in
uence arises from the non-linearity of the decay law. At short35



decay times the sum of a shortlived and longlived component is almost identicalto a decay law with a single average lifetime because the decay distribution is ingood approximation a linear function. However at long-time scales higher ordere�ects in the exponential decay law are important and the presence of a longlivedB0 component in
uences signi�cantly the shape of the decay time distribution.

Figure 2.8: Proper time distribution for b hadron decays in case of a short- andlonglived Bs and B0 meson. The distributions are shown for lifetimes bigger than�ve mean B meson lives, where the deviations to �� = 0 are most signi�cant. Thedistributions are normalized to be identical at t = 0. The fractions of b hadronswere assumed to be �b : Bs : B+ : B0 = 1 : 1 : 4 : 4 and the average lifetime ofB mesons was set to 1.5 ps and that of b baryons to 1.2 ps.Fig. 2.8 illustrates that it is possible to observe a lifetime di�erence betweentwo CP eigenstates of neutral B mesons even if the CP state is not explicity re-constructed. The LEP statistics do not allow the reconstruction of CP eigenstatesof B hadrons due to very tiny B branching ratios for CP eigenstates [5]. Butnevertheless thanks to the non-linearity of the decay law it is possible to observe�� as a statistical signi�cant deviation from the decay distribution with a singleaverage lifetime. Assuming the ratio of (��)Bs=(��)B0 � 10, as a consequence ofthe hierarchy of the CKM transitions, it follows that a lifetime di�erence of the Bsmeson produces the more signi�cant e�ects on the decay time distribution and willbe observed �rst. In the following we will rely on that assumption and concentratethe discussion on the Bs meson.The question is, how many events are necessary to establish that the deviations36



are statistically signi�cant? As an example �g. 2.9 shows the number of B hadronevents necessary to extract a �� 6= 0 signal with a signi�cance of three standarddeviations. Note that the number of B events represents the total number ofB decays from which only 10% consist of Bs mesons. The sensitivity could beimproved by a B hadron 
avour separation. This is also shown in �g. 2.9 forthe example of 50% non-Bs background suppression. The sensitivity is almostindependent of the resolution on the decay time if the resolution is better than�ve average lifetimes. In an extreme case it would be possible to measure ��only with the number of b decays that occur after �ve mean lives with almost thesame accuracy as obtained from a �t to the full decay time distribution. As it willbe pointed out in chapter 4 the L3 resolution on the decay length is � 0:2 �b inthe inclusive sample described before and therefore the detection of �� is in goodapproximation as precise as in �g. 2.9.There exist several calculations for �� relying on di�erent assumptions. Anearly calculation within the parton model was performed by J. Hagelin [55] in 1981,i.e. even before the lifetime of the B hadron was measured. Rescaling this earlyestimate to the actual value of the top mass gives ��=� � 0:2. In 1993 �� wasestimated as a sum over exclusive decay modes, where the major contributionscome from Ds �Ds, D�s �D�s and Ds �D�s + �DsD�s [63] with the result ��=� � 0:15.A recent calculation using the operator product expansion taking into account�QCD=mb and �s power corrections [62] yielded: ��=� = 0:16+0:11�0:09 . The largeuncertainty is the same that occurs in the extraction of jVtdj from �MB0 comingfrom uncertainties in the hadronic matrix elements. Fig. 2.9 illustrates that thestatistics collected by L3 seem to be su�cient to be sensitive to the predicted valuesof ��=� within the SM.Fig. 2.9 demonstrates in a quantitive manner that the smaller the lifetimedi�erence the more events are needed to observe it. If, for instance, the sensitivityshould be improved by a factor of two in ��, a ten times bigger data sample has tobe analyzed. The di�culty in observing very small lifetime di�erences arises fromthe fact that only the time distribution of a superposition of both CP eigenstatesof the Bs meson can be observed at LEP. If it would be possible to measurethe lifetimes in two separate CP eigenstate samples much fewer events would besu�cient to measure the same value of ��. For instance 100 Bs mesons, consistingof 50% CP even and 50% CP odd states, that are measured separately would allowa three sigma signi�cant observation of ��=� = 0:6 and an increase in statisticsby a factor of four would extend the sensitivity up to ��=� = 0:3.One important systematic uncertainty regards lifetime di�erences between theB hadron species that are in principle not distinguishable from lifetime di�erencesof neutral B mesons if the inclusive time distribution alone is considered. Lifetimedi�erences between B hadrons are expected to be small due to the high value ofthe b quark mass. As a �rst estimate of the systematic error on ��=� I haveevaluated how the signi�cance for ��=� changes if the lifetime of one B hadron isvaried relative to the average B hadron lifetime. The results are shown in �g. 2.10.It is su�cient to vary three lifetime ratios because the lifetime of the fourth B37



Figure 2.9: Discovery potential for a short- and longlived Bs meson in dependenceon the magnitude of ��=�. The number of B decays necessary for a 3� signi�cantobservation of �� is shown by the solid curve, the improvement obtained from 50%non-Bs background suppression is indicated by the dashed curve. The curves showthe statistical sensitivity, systematic errors have been neglected. The sensitivity ofthe L3 experiment in this thesis is getting close to the SM prediction of ��=� =0:16+0:11�0:09 [62].hadron is constrained by the average B lifetime. Fig. 2.10 indicates the in
uenceof the lifetime of b baryons, the mean lifetime of both Bs mesons and the lifetimeof charged B mesons for the example ��=�=0.5.The most important reduction in signi�cance for �� arises from the uncertaintyin the mean value of the lifetimes of the short- and longlived Bs meson followed bythe uncertainty in the lifetime ratio of B+ and B0 mesons, whereas the uncertaintyin the b baryon lifetime is less important. The measurement of �� is more preciseif the mean Bs lifetime is longer than the average lifetime because this leads toa background reduction at long lifetimes. Vice versa, the measurement of ��becomes more di�cult if the background species as B+ and �b have a longer lifetimethan the Bs mesons. In our example of ��=�=0.5 the signal was statisticallysigni�cant by 4� and has still a signi�cance of 3� taking into account the systematicerror from B lifetimes. To summarize, the lifetime di�erences between B hadronsare a source of systematic uncertainty, but within the current accuracy in lifetimeratios the systematic error on ��=� is well under control.It is constructive to compare the properties of particle-antiparticle mixing for38



Figure 2.10: In
uence of uncertainties in the average lifetimes of �b, Bs, B+ or B0hadrons on the signi�cance for �� of Bs mesons. The curves illustrate the variationof the signi�cance for the example ��=�=0.5 using the L3 statistics of this thesisof 2�105 b hadrons as a function of the respective lifetime ratios. All other averagelifetimes except that which was varied were �xed to 1.5 ps for B mesons and 1.2ps for b baryons. The hatched regions indicate the measured lifetime ratios.the di�erent neutral mesons: K0, D0, B0 and Bs. The important characteristicsare collected in tab. 2.2.K0 D0 B0 Bs��=� �1 = 579 �2 � 0 � 0 � 0.16 � 0.10�M=� 0.95 � 0 0.73 � 0.05 � 25 � 15Table 2.2: Important properties of neutral K, D and B mesons. �� and �Mdenote the rate and mass di�erence of the neutral two-state systems, respectively.The values are given in units of the average decay width � = (�1+�2)=2. The kaonentries and �M for B0 mesons are experimental results, the remaining numberstheoretical expectations.In principle the process of particle-antiparticle transitions is the same for allneutral mesons. However the transition amplitudes are rather di�erent due todi�erent masses and CKM elements of the participating quarks. A crucial featureof the kaon system is the very large di�erence in decay rates between the twomass eigenstates. A similar hierarchy in decay rates is expected for the Bs meson,although far less pronounced as �1=�2 = O(1). In the case ofB0 ��=� is essentiallynegligible. A special role is taken by the D0 meson where ��=� and �M=� areexpected to have values close to zero. The D0 � D0 transitions are dominatedby the exchange of virtual d- and s-quarks. They contribute with amplitudes thathave the same magnitude, but opposite sign (due to mc � md; ms both amplitudes39



cancel each other: m2c Vcd V �ud = �m2c Vcs V �us).2.2.4 Possible scenarios for values of jVubj and jVtdjMeasurements of jVub = Vcbj and jVtd = Vtsj are estimates of two independent combi-nations of � and �, the parameters of the Wolfenstein parametrization describingtransitions from the �rst to the third family. The values for � and � can thusbe determined separately. In principle, measurements of magnitudes alone fullyconstrain all free parameters in the CKM matrix including the complex phase �,responsible for CP violation. The relations between magnitudes and phases ofCKM matrix elements in the SM can be submitted to experimental tests. Thissection shows the consequences of measurements of jVub = Vcbj and jVtd = Vtsj for CPviolation in the SM. The main task is to �nd out if the measurements are alreadyprecise enough to give stringent predictions of CP violation magnitudes.The allowed range in values of � and � according to the estimates (2.11) and(2.33) is shown in �g. 2.11. The most likely point in the (�; �) plane forms theupper corner of an triangle, which is a geometrical interpretation of an unitarityrelation among CKM matrix elements. A path along the triangle sides in �g. 2.11is identical to summing up three complex numbers,Vud V �ubVcd V �cb + Vtd V �tbVcd V �cb + 1 = 0 ; (2.39)with the result of zero. The sides of the triangle can be determined from mea-surements of magnitudes of CKM elements, as illustrated in �g. 2.11. The anglesof the triangle correspond to CP violation e�ects. They visualize a phase di�er-ence between products of CKM elements. CP violation is induced for instanceby B0 � B0mixing through the interference of the two amplitudes B0 ! f andB0 ! B0! f . We can observe CP violation e�ects if the angles in the triangleare di�erent from 00 and 1800. The approach of testing the SM is to measure thesides and the angles of the unitarity triangle and to see if they are consistent.Of primary interest is the question, whether the triangle collapses to a line, inwhich case CP violation cannot come from quark mixing. This can be excludedby measurements of jVub = Vcbj and jVtd = Vtsj at least within 68% CL. It is worthremarking that the (db) triangle of �g. 2.11 together with the (ut) combination,Vud V �td + Vus V �ts + Vub V �tb = 0 ; (2.40)are the only non-trivial triangles in the SM. In all other cases the triangles arealmost degenerate to a line. This is just a consequence of the hierarchy of thetriangle's sides. Only the (db) and (ut) triangles have sides of approximately thesame magnitude. In the other triangles representing transitions from the �rst tothe second and from the second to the third family one side is much shorter thanthe others so that all angles are close to 00 or 1800.40



Figure 2.11: Curves in the (�; �) plane associated with �xed values of jVub = Vcbj andjVtd = Vtsj . The labels were chosen according the present 1� uncertainties injVub = Vcbj and jVtd = Vtsj .CP violation can be observed by measuring a time-dependent asymmetry be-tween B0 decays to a CP eigenstate fCP and that of B0 to the same CP eigenstatefCP : A(t) = �(B0(t)! fCP )� �( �B0(t)! fCP )�(B0(t)! fCP ) + �( �B0(t)! fCP ) : (2.41)In the limit �� = 0 the asymmetry A(t) obtains the simple form [32]:A(t) = � sin 2�W sin(�MB0t) ; (2.42)where � is the CP eigenvalue of fCP and �W is the process speci�c weak phase.The CP violating asymmetry A(t) oscillates in time with the oscillation frequency�MB0 and the amplitude � sin 2�W . Two familiar examples [64] are: (i) B0 !J	K0S, where � = �1 and �W = �,A(t) = � sin 2� sin(�MB0t) ; (2.43)and (ii) B0 ! �+��, where � = 1 and �W = � + 
 = � � �,A(t) = sin 2(� + 
) sin(�MB0t) = � sin 2� sin(�MB0t) : (2.44)The two asymmetries in our example measure the angles � and �.What can we conclude now from measurements of jVub = Vcbj and jVtd = Vtsj forthe CP asymmetry amplitudes sin(2�) and sin(2�)? Curves in the (sin(2�),sin(2�))41



plane associated with �xed values of jVub = Vcbj and jVtd = Vtsj are shown in �g. 2.12.The existing measurement of jVub = Vcbj provides stringent constraints on sin(2�)whereas the present estimation of jVtd = Vtsj cannot restrict the range in sin(2�).Improvements in the prediction for sin(2�) are expected from an observation of Bsoscillation, either a measurement of the lifetime di�erence ��Bs or the oscillationfrequency �MBs of the Bs meson.It would be interesting if measurements of magnitudes alone could predict di-rect CP violation [29]. Indirect CP violation characterizes the situation in whichCP violation of the CKM mechanism cannot be distinguished from the one of asuperweak force. Generally the amplitudes of CP asymmetries of di�erent decaychannels could di�er both in sign and magnitude. In a superweak model, however,the amplitudes di�er only by the sign � of the CP parity of the �nal state (�W =constant). Superweak models are geometrically located at sin(2�) = � sin(2�).The di�erentiation between them and the SM depends crucially on the value ofjVtd = Vtsj . However, the present range in values of jVtd = Vtsj still includes the pos-sibility of no direct CP violation.The question of direct CP violation was �rst formulated for the neutral kaonsystem. Several experimental groups searched for a di�erence in the CP violatingmagnitude between K0 decays to �+�� and �0�0. The present experimental re-sults [5] do not allow to dismiss the possibility of only indirect CP violation. Ifdi�erent CP violating amplitudes would be observed in di�erent decay channels,it would imply that CP violation cannot come from particle-antiparticle mixingalone but rather is also a property of the weak deacys of neutral mesons. Thequestion, whether CP violation comes from mixing or decay is only meaningful, iftwo decay channels are compared. As far as only one decay channel is considered,only the sum of both phases from mixing and decay is well de�ned, whereas theindividual phases are parametrization dependent. This is the same reason, whyIm � is not an observable. However, if CP violating e�ects are di�erent in di�erentdecay channels, there exists a non-trivial phase from weak decay that cannot beremoved by reparametrizations of the CKM matrix.Note that the absolute signs of sin(2�) and sin(2�) are not determined as longas the sign of �MB0 has not been measured. Nevertheless the relative sign betweensin(2�) and sin(2�) is well de�ned. It is thus possible to rule out the superweakmodel even if sin(2�) and sin(2�) would have the same magnitude but also thesame sign.Finally I would like to remark that CP violation in the SM is a phenomenonrestricted to the microscopic world because it appears only in quantum mechanicalinterference processes. An observation of macroscopic CP violation e�ects wouldrevolutionize our present physical theory.
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Figure 2.12: Values of CP asymmetries sin(2�) and sin(2�) associated with �xedvalues of jVub = Vcbj and jVtd = Vtsj . The big � solution shown in �gure a) is onlyvalid within 1� uncertainty in the best estimates of jVub = Vcbj and jVtd = Vtsj . At alevel of 2� uncertainty the region of allowed values extends to small sin(2�) values(�gure b). The point sin(2�)=sin(2�)=0 of no CP violation is still contained inthe 90%C.L. region.
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Chapter 3The L3 detector at LEP
3.1 The LEP e+e� storage ringThe Large Electron Positron collider LEP situated at the CERN laboratory hasbeen designed to study the electroweak interaction at energy scales of up to 200 GeV.The physics goals of LEP are twofold. In a �rst phase, electrons and positrons areannihilated at center-of-mass energies close to the Z resonance. The main purposeof this stage is a measurement of the neutral-current couplings of the leptons andquarks to the Z boson. The Z resonance in e+e� annihilations is especially suitablefor this object. The di�culty is to disentangle the Z boson contribution to theneutral current from the electromagnetic one which dominates at energies belowthe Z mass. However, the Z resonance in e+e� annihilations is a pure weak reso-nance above a negligible electrodynamic background. The resonance in the e+e�annihilation cross section is shown in �g. 3.1.Moreover the large amount of Z bosons produced at the LEP e+e� storagering can be used to study the properties of heavy fermions, such as fermions ofthe second and third family into which the Z boson decays. In this thesis theZ resonance has been exploited only in its property to deliver large amounts ofbottom hadrons. The e+e� cross section at the Z resonance together with a largebranching ratio for Z ! bb of � 15% make the LEP collider an ideal b hadronfactory. A big sample of in total � 6 million high-energetic bottom hadrons hasbeen collected by the four experiments at the LEP collider. The most precisedetermination of bottom hadron lifetimes and the time-dependent measurement ofB0 �B0 oscillations were made with these data samples at LEP.In a second stage of the LEP program, which started in 1995, the energy of theLEP beams has been increased to allow e+e� annihilations into pairs of W+W�bosons. The present center-of-mass energy is 183 GeV and will be increased furtherup to � 200 GeV until the end of the LEP program in the year 2000. The energywas increased to study the gauge boson self interaction - a crucial feature of theSM and to search for the Higgs particle as well as for new phenomena beyond theSM. 44



Figure 3.1: Cross section for e+e� annihilation into hadrons as a function of thecenter of mass energy Ecm. The LEP collider works at the peak of the Z resonanceand exploits the maximum cross section. Note the logarithmic scale for the crosssection.3.1.1 The LEP accelerator systemThe LEP ring has a circumference of 26.7 km and is located in a tunnel underneaththe Swiss-French border near Geneva at a depth which varies between 50 and 150 m.It consists of eight circle segments and eight straight sections, as shown in �g. 3.2.Four to eight � 1 cm long bunches of electrons and positrons circulate, in oppositedirections, in the same vacuum vessel. To keep the electrons and positrons in theirorbit 3304 dipole magnets, which produce a �eld of 0.048 T each, are installed inthe curved sections. In addition the e+ and e� bunches are steered with focusingquadrupole and sextupole magnets onto their required trajectories. The beamscollide at four interaction points in the straight sections around which the fourexperiments ALEPH [65], DELPHI [66], L3 [67] and OPAL [68] are placed.The energy loss by synchrotron radiation of 120 MeV per turn at a beam energyof 45 GeV is replenished by radiofrequency (RF) copper cavities placed on two ofthe straight sections. The LEP ring was chosen with its large radius in order toreduce the energy loss by synchrotron radiation which is inversely proportional tothe radius of curvature. The 128 cavities are capable of providing up to 16 MW ofpower. They are also used to accelerate the particles from their injection energy of45



Figure 3.2: The LEP e+e� storage ring at CERN located at the border betweenFrance and Switzerland. Its circumference extends from the Jura mountains in thenorthwest to the Geneva Airport in the southeast.20 GeV up to the �nal beam energy. In the LEP II program the beam energy wasincreased by a factor of two, from 45 GeV to 90 GeV. This enhances the energylost by synchrotron radiation by a factor of 16 to 2 GeV per turn because it scaleswith the fourth power of the particle beam energy. The necessary RF power forLEP II was provided by the installation of additional 240 superconducting cavities.The pre-acceleration of electrons and positrons for the LEP ring uses previouslybuilt facilities at CERN. The pre-acceleration steps are described in [69]. The LEPbeam energy is measured by monitoring the current going through calibrated dipolemagnets. In particular at the Z resonance the calibration can be improved by meansof the so-called \resonant depolarization" method [70]. This method makes use ofthe transverse polarization of the electrons that is caused by the Sokolov-Ternove�ect [71]. The calibration has a precision of � 5 MeV at beam energies of 45 GeVand is responsible for the high accuracy in the determination of the Z mass with arelative precision of better than 10�4 [17].For a measurement of bottom hadron lifetimes the dimensions of the e+ and e�bunches and the environment near to the interaction point are of great importance.The average decay length of b hadrons at LEP is of the order 3 mm. At theinteraction point the beam has a vertical extension of � 20 �m and a horizontalextension of � 200 �m. The beam is broader horizontally than vertically because46



the synchrotron radiation emitted in the accelerator plane causes momentum andthus orbit changes. The beam pro�le dimensions show the typical uncertaintyin the position of the primary interaction point relative to which the secondarybottom decay position has to be determined.The central beam is accompanied by a halo which extends over radial distancesof a few cm. As a compromise between long beam lifetimes and spatial resolutionnear to the interaction point the vacuum beam pipe has a radius of 5 cm in theinteraction region. It is made of beryllium with a thickness of 1 mm. The radialdimension of the beam pipe implies that the �rst measurements of the particletrajectories are made at distances that are much larger than the average decaylength of b hadrons. The b hadrons decay before they can reach the detector!Therefore excellent measurements of the particle trajectory are needed at distances> 5 cm. The resolution requirement can be expressed in a simple rule. The singlepoint resolution of the tracking detectors has to be small compared to the averagedecay time c �b � 400 �m of b hadrons in their rest frame. This is the accuracythat has to be achieved by the experimental apparatus.3.1.2 LuminosityFor precision measurements large amounts of Z bosons have to be produced. Theevent rate N is equal to the product of the cross section � and the luminosity L,N = �L L = Z L dt : (3.1)The LEP energy is optimized on the peak of the cross section at the Z mass,as shown in �g 3.1. At the peak the cross section for e+e� annihilation intohadrons is � 30 nb. In order to measure the shape of the resonance the beamenergy was varied close to the maximum position. This energy scan is necessaryfor the determination of the total width of the Z boson from which the number ofneutrino species can be derived. The typical instantaneous luminosity L of LEPis 1031 cm�2 s�1. The LEP performance is organized in �lls where one �ll extendsover � 10 hours. One �ll yields thus about 400 nb�1 of integrated luminosity. Thetotal luminosity delivered to the L3 experiment at the Z resonance was 155 pb�1from which 80 pb�1 were taken in the years 1994 and 1995. The luminosity isproportional to the number of bunches per particle species in the ring, the currentper bunch and the single turn frequency. The single turn frequency, which is �xedby the circumference of the LEP ring, is 11.2 kHz. The typical bunch currentis 0.32 mA and the number of bunches was initially four and increased to eightsince 1992. The limiting factor for the luminosity is the maximum current perbunch, which, in turn, is determined by the beam-beam interactions. Therefore,to increase the luminosity the LEP machine has to be �lled with more bunches.The luminosity to produce on average one Z event is 2.5 �1031 cm�2. Withthe typical LEP luminosity of 1031 cm�2s�1 it yields a Z production frequency of0.4 Hz. This can be compared with the beam crossing rate of 90 kHz for eight47



bunches and implies that the electron and positron beams have to cross each other200,000 times before one Z boson is produced.Detailed information on the LEP machine and its performance can be foundin [69].3.2 The L3 detectorThe L3 detector [67] is one of the four LEP experiments located at the LEP e+e�storage ring. A perspective view of the detector is shown in �g. 3.3. The axis ofthe electron direction is signed as the z direction within the L3 coordinate system.The origin of the L3 coordinate system lies in the center of the detector. The ydirection points vertically upwards and the x direction points to the center of theLEP ring.
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From inside out, they are:� a silicon microvertex detector, the SMD, to provide few very accurate chargedparticle position measurements for the determination of momenta and pro-duction vertices.� a time expansion chamber, the TEC, to extend the charged particle trackingsystem over a bigger lever arm for the measurement of track momenta andproduction vertices.� a z chamber to measure the charged particle trajectories in the z direction.� an electromagnetic calorimeter composed of BGO crystals to identify elec-trons and photons and to determine their energy.� a luminosity monitor, to measure the luminosity by counting small angleBhabha events.� an array of scintillators to reject cosmic rays.� a hadron calorimeter to measure, in conjunction with the BGO, jet energies.� a muon spectrometer to identify muons and to measure their momenta.All detector elements are installed in a 12 m inner diameter solenoidal magnet,which provides a uniform magnetic �eld of 0.5 T along the beam direction. In thismagnetic �eld charged particles move on helicoidal trajectories along the symmetryaxis of the beam direction. From the helix curvature the particle momentumtransverse to the beam direction can be determined. Except for the muon system,all subdetectors are installed inside a steel support tube, which is 32 m long andhas a diameter of 4.45 m. The muon chambers are mounted outside of this supporttube.I will describe now the L3 detector components from inward to outward. Thedescription will go into more detail for the inner detectors, on which the measure-ment of bottom hadron lifetimes relies. However this is a biased view of the L3detector which has many more applications [72]. Most of the L3 subdetectors con-sist of a barrel part and an endcap part. These parts cover di�erent polar angleregions and di�er in their relative resolution. For instance the � determinationof tracks outside the z chamber is performed with the forward tracking chamber(FTC) located at the TEC end
anges. The measurement of b hadron lifetimes,however, relies on the precise tracking information of the TEC chamber. There-fore only measurements inside the barrel part of the detector (j cos �j < 0:74) arerelevant for this thesis and no detailed description of the endcap detector part ispresented here. 49



3.2.1 The silicon microvertex detectorThe �rst measurements of bottom hadron lifetimes have been performed usingthe impact parameter of leptons from b hadron decays [30]. The leptons canbe identi�ed with the relevant detector components and o�er a clean signature forevents containing bottom hadrons. The impact parameter is de�ned as the shortestdistance between the lepton track and the primary production vertex. The MACand MARK-II Collaborations at SLAC succeeded at �rst to measure the b lifetimewith the impact parameter method [30]. However, those charged particle trackingdetectors had a rather modest impact parameter resolution. Another restrictionof the semileptonic decay is the loss of statistics by a factor of 5 to 10 due to thesemileptonic branching ratio ( 10% for muons and 10% for electrons).Silicon microvertex detectors were built as detectors of very high spatial resolu-tion for the recognition of secondary decays on an event-by-event basis. In the last15 years a lot of e�ort has been put into the development of high resolution siliconstrip detectors that have been incorporated into the detector systems at LEP, inparticular into L3, and at p�p colliders like the Tevatron. The silicon detectors are atool for the identi�cation of heavy 
avours independent and superior to the leptontag discussed above. Therefore I will describe now the basic principles underlyingthe design of these detectors followed by a detailed presentation of the L3 siliconmicrovertex detector.Particle detection with siliconSilicon detectors are an application of p-n junction diodes. Historically they havebeen used almost exclusively for energy measurements until the end of the '70s.In this case the primary particle is absorbed within the semiconductor and theelectrical signal is proportional to the primary energy. The discovery of the charmquark [9] in 1974 and the fact that it is relatively long-lived motivated the improve-ment of the spatial resolution of silicon detectors. The high spatial resolution isachieved by the segmentation of the silicon diode in a series of strips. A traversingparticle creates a signal in the strips near to the particle crossing path.The detection principle of particles in silicon is similar to the one in gas detec-tors. Relativistic charged particles passing through matter lose energy primarilyby ionization. In case of a gas atoms are ionized under the emission of electrons, incase of a semiconductor electron-hole pairs are created. However, there are quan-titative di�erences. The binding energy of an electron in a typical drift chambergas like argon is � 26 eV. This is much more than the energy gap between valenceand conduction band in silicon. The energy to create an electron-hole pair is only� 3.6 eV. The high density of silicon leads to a large stopping power for chargedparticles. Very thin silicon layers (typical thickness of 300 �m) are su�cient togenerate detectable amounts of signal charge.The physical processes in a semiconductor detector are the following: The50



application of a reverse bias voltage on the p-n junction depletes the silicon layerof mobile charge carriers (that would be present otherwise by thermal excitation)and sets up an electrical �eld for the separation of electron-hole pairs generated bythe passage of ionizing particles. A typical voltage for the depletion of a 300 �mthick silicon layer is � 50 V. When a charged particle traverses the depleted regionit generates electron-hole pairs along its path in a very narrow tube. 99.9% ofthe generated electrons remain inside a radius of 0.1 �m. The electrons and holesdrift to opposite sides of the electrodes where they cause a change in the inducedsurface charges and create a short current pulse. The collection of charge carriersfrom the production until their arrival on the electrodes takes � 8 ns for electronsand � 25 ns for holes. The front and back side of the silicon substrate can beequiped with silicon implantation strips so that both, the electrons and holes, canbe detected simultaneously. The strips on both sides can be oriented perpendicularto each other so that two coordinates of the transversing particle can be measured.A three dimensional tracking performance can be obtained by a series of silicondetector layers placed one behind the other.Last but not least, the fabrication of silicon detectors is already so advancedthat complicated geometries and very small structures (of the order a few �m)can be produced in mass production. The strip distance should be a reasonablecompromise between the resolution requests and the intrinsic limitations. Theresolution is limited by the transverse di�usion during charge collection (typically5 �m for 300 �m thickness) and by �-electrons (high energetic electrons that leadto further ionization). A typical resolution is of the order 10 �m. In the simplestcase, if only the strip with the highest signal is used for the position measurement,the resolution � is related to the strip distance d by: � = d =p12. Thus, to achievethe best possible resolution the strip distance should be of the order 30 �m.It is still rather expensive to read out big detector areas with strip distances of� 30 �m. One possibility to reduce the number of electronic read-out channels byonly a small worsening of resolution is given by the method of capacitive chargedivision. Here the number of strips is as high as before, but not all of them areread out anymore. The strips are coupled by a capacity. A charge collected ina non-readout strip induces a certain charge in the neighbour strip. This can berepeated until a readout channel is reached. From the signal heights in the tworead-out channels enclosing the particle path the position can be extrapolated.A detailed report about the use of silicon detectors and their application toheavy 
avour physics can be found in [73].SMD detector componentsThe L3 silicon microvertex detector (SMD) is a cylindrical detector directly sur-rounding the beam pipe and is composed of two concentric layers of silicon stripsensors at distances of 6 cm and 8 cm from the interaction point. The inner andouter silicon layers consist of respectively 12 subunits, called ladders. The geomet-51



rical location of the ladders is shown in �g. 3.4.

Figure 3.4: The L3 silicon microvertex detector.The silicon sensors have readout strips on both sides. The strips on the one side(p+ doped) run parallel to the beam direction and measure the azimuthal angle �and the strips on the other side (n+ doped) run perpendicular to the beam andmeasure the z coordinate. Together with the radial position of the ladder given bythe mechanical holding frame, the position of a single particle hit is determined incylindrical coordinates r, � and z.The � coordinate measuring p+ doped strips are made of boron implantations,the z coordinate measuring n+ doped strips of phosphor implantations. In betweenthe n doped active silicon layer is sandwiched. The strip pitch on the p+ junctionside is 25 �m and every second strip is read out. On the n+ ohmic side the strippitch is 50 �m and the readout pitch depends on the polar angle, either 150 �mor 200 �m. The total number of readout channels amounts to about 73,000.In the r-� direction the sensitive areas of adjacent ladders are arranged so thatthey match each other in case of the outer layer and overlap each other by �2 mm in case of the inner layer. In this way the full 2� azimuthal angular region iscovered. An average number of four and a maximum number of six hits is obtainedfor a charged particle traversing the detector. The length of the sensitive region inthe z direction is 30 cm. Therefore the SMD covers the polar angular region from220 to 1580.In the case of multi-hadronic events a solution has to be found how the � hitscan be correlated to the z hits. Ambiguities can occur due to accidental matchingof � hits and z hits of di�erent particles. To resolve these ambiguities the sensors ofthe outer layer are rotated by 20 relative to the beam direction, as it can be seen in�g. 3.4. This means, that the strips in the outer sensors do not measure the \true"� and z coordinates but rather orthogonal superpositions of both. Due to the zcomponent in the � hit of the outer layer it can be derived which hits belong to52



each other and the number of combinatorial background tracks is strongly reduced.The mechanical support structure of the SMD consists of a 1 m long carbon�bre cylinder. The silicon sensors are mounted onto rings made of aluminum.The structure was chosen to be mechanically stable, resistant against temperaturechanges and to contain a minimum amount of material (to reduce the e�ect of mul-tiple scattering). The aluminium rings host the water cooling circuit. Componentsof the readout electronics are implemented into the carbon �bre cylinder which iselectrically screened with a thin aluminized foil.SMD alignmentIn order to achieve the desired high precision in vertex reconstruction an accuratealignment of the SMD has to be performed. The alignment begins with the controlof the strips under a microscope during assembly of the SMD detector sensors.Before installation of the SMD detector into the L3 experiment a complete surveyof the ladder positions on the carbon cylinder has been performed with a highprecision mechanical measuring device. Once installed, the ladder positions haveto be monitored as a function of time. This is done by laser light spots. Theyare generated by laser diodes, distributed by optical �bres and focused on thesilicon detector surface. The system is capable of a precision of several microns.The optical alignment is further improved by o�-line software alignment usingreconstructed tracks.The �nal alignment concerns both the global SMD detector position with re-spect to the rest of the L3 experiment and the relative positions of SMD sensors toeach other. The global alignment is performed by the use of a sample of dimuonevents with the muons measured in the time expansion chamber and the muonchamber. The discrepancy between the SMD hits and the track extrapolationpoints is minimized using as free parameters that of the translations and rotationsof the whole detector. In the local alignment each ladder position is described bytranslations and rotations relative to a SMD coordinate frame. The parameters aredetermined as before by minimizing the residuals of the hit positions with respectto the track �t. In order to become independent of the systematic error from therest of the tracking system the local alignment is done with the SMD alone. Tracksthat are passing through the r-� overlap region of the inner ladders constrain neigh-bour ladders to each other. Tracks that have hits in the inner and outer layer relateboth detector layers to each other. In addition dimuon and Bhabha events allowto constrain opposite sides of the detector due to their back-to-back structure. Asa result the relative ladder positions can be determined with a resolution of 5 �min the r-� projection and of 10 �m in the r-z projection.Further details on the design and construction principles of the L3 silicon mi-crovertex detector and its alignment system can be found in [74]. The SMD de-tector has been implemented into the L3 experiment at the beginning of the 1993running period. It was fully operational from 1994 onwards. L3 has collected53



data at the Z resonance containing SMD measurements in the years 1994 and 1995which amount to a luminosity of 80 pb�1. The thesis relies on this data sample.SMD performanceA study of the SMD performance in 1994 and 1995 was performed with �+�� ande+e� events [74,75]. The SMD hardware was found to be operational to 79% [75].The average detection e�ciency for the operational part was estimated to 84% [75].A spatial resolution of 15 �m was measured in the r-� projection and of 25 �m inthe r-z projection [74].3.2.2 The time expansion chamberThe time expansion chamber is a precise wire chamber for the position measure-ment of charged particles. The chamber extends over a radial distance of 37 cm andis operated in the so-called \time expansion mode". Following its principle [76],the time expansion chamber (TEC) combines a large volume with a low, homoge-neous drift �eld with a very small volume of high �elds to achieve the necessary gasampli�cation. The chamber is �lled with a mixture of 80% CO2 and 20% isobutaneiso-C4H10, at a pressure of 1.2 bar. This gas mixture has a low di�usion coe�-cient and enables the use of low electric �elds (0.9 kV/cm). Thus the electronsproduced by ionization have a low drift velocity of 6 �m/ns which improves theposition resolution. A single-wire resolution of � 50 �m is obtained.The chamber is made up of two concentric cylinders operating in a commonvolume that is limited by an inner wall at a radius of 9 cm and by an outer wallat a radius of 46 cm. A segment of the cylindrical chamber is shown in �g. 3.5.Its sensitive length is 98 cm. The inner drift chamber is divided into 12, the outerinto 24 sectors along the � direction. The di�erent number of sectors accounts forthe longer drift distances in the outer chamber and enables to resolve left-rightambiguities. These ambiguities occur because only the drift distance, but not itsdirection can be determined. Each sector contains anode, cathode and grid wiresstretched parallel to the beam direction, as it can be seen in �g. 3.5. The grid wiressituated close to the anodes separate the drift region from the ampli�cation region.The inner chamber measures 8, the outer 54 coordinate points of an ionizationtrack. All sensitive wires measure the � coordinate. In addition some of the wiresare prepared for z coordinate measurement and left-right ambiguity resolution.Information on the z coordinate can be obtained by a divison of the signal chargethat is transported to both ends of the wire and a comparison of its pulse heights.The drift direction can be determined by the readout of groups of grid wires tofurther reduce left-right ambiguities.The drift time is determined relative to the beam-crossing time delivered bythe LEP machine. The anode pulses are sampled by 100 MHz 
ash analog-to-digital converters (FADC) in order to obtain a precise drift time measurement by54
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Figure 3.5: Charged particle detection in the silicon microvertex detector (SMD),the r� drift chamber (TEC) and the z chamber.a weighted average of the arrival times of the electrons. A precise calibration ofthe drift velocity is necessary to transform the time measurement into a positionmeasurement. The TEC itself can be used to parametrize the time-to-distancerelation. The calibration parameters are determined from a minimization of theresiduals of the single hit positions with respect to the track �t. The parametriza-tion of the time-to-distance relation depends on the drift time. It is di�erent forthe ampli�cation region between anode and grid wires, the drift region and thecathode region. The di�culty is that the track �t has to be repeated for eachnew con�guration of parameters. This problem can only be solved iteratively. Inorder to minimize the free parameters in the calibration it was assumed that theparametrization is the same for all wires in the inner TEC and for all wires in theouter TEC. This is of course a simpli�cation of the real situation.A new possibility to calibrate the TEC chamber is o�ered by the SMD detector.This calibration has the advantage that it is independent of the TEC chamber. Indimuon events a precise track �t can be performed with the muon chambers andthe SMD. The TEC is now calibrated by comparing this track trajectory withthe time measured in the TEC. The particular advantage is that the residualminimization is non-iterative and directly yields the calibration parameters. Asa result a more realistic parametrization can be chosen by enlarging the numberof free parameters. For instance, small corrections to the linear time-to-distancerelation in the drift region can be described by the inclusion of a quadratic term.Most important, the parameters are determined separately for each single wire,so that the calibration gets drift time, wire, sector and chamber dependent. Intotal, about 16,000 parameters were �tted with the SMD calibration method. Thesingle-wire resolution could be improved by 20% in the drift region and by a factorof two in the worse-resolution regions close to the cathode and ampli�cation region.55



The only drawback is that the TEC and SMD calibrations become dependent fromeach other because the resolution is only as precise as the position of the SMD withrespect to the TEC is known. A data sample not used in the SMD calibration hasbeen used to cross check the impact of SMD systematic uncertainties on the TECcalibration which was found to be small. To summarize, the use of an externaldetector, namely the SMD, allowed a reduction of systematic uncertainties in theTEC calibration so that the intrinsic resolution of the TEC chamber of better than50 �m could be reached.The details of the design, construction and performance of the TEC are de-scribed in [76].The transverse momentum resolution obtained with the combination of SMDand TEC measurements is �(1=p?) = 0:010 GeV�1. The inclusion of the SMDimproves the �(1=p?) resolution by a factor of two mainly due to the increase inthe lever arm of the tracking system. In addition the presence of the SMD has aconsiderable e�ect on the impact parameter resolution. A track �t with the TECalone yields a resolution of 120 �m for high-momentum tracks that is improvedto 32 �m by including the SMD. Here the high resolution points nearest to theinteraction point account for the improvement in the resolution.3.2.3 The z chamberIn addition to the SMD measurements a second z measurement is provided bythe z chamber at a radial distance of � 50 cm. The z chamber consists of twothin cylindrical multiwire proportional chambers containing four layers of cathodestrips on their surfaces. Its radial dimension extends from 47 to 49 cm at a lengthof 107 cm. In the gas volume anode wires are strung in the beam direction. If aparticle traverses the gas the charge avalanche around the anode wires induces amirror charge on the cathode strips at the chamber surface. These cathode stripsare read out. The readout pitch is 4.45 mm. In two layers the cathode strips areinclined perpendicular to the beam axis so that they measure the z coordinate,whereas the strips in the remaining two layers form a helix with a stereo angle of+690 and -690. The stereolayers are used to match the z measurements with the� measurements of the TEC. The resolution of the z measurement is 450 �m [77].3.2.4 Outer detector componentsThe calorimeter systemThe energy of particles emerging from e+e� annihilations is measured by the to-tal absorption technique [5] with an electromagnetic and a hadron calorimeter.Two calorimeters are combined in the L3 detector to get an optimum energy mea-surement for electrons and photons on one side and for hadrons on the other. Aschematic view of the L3 calorimeter system is shown in �g. 3.6.56
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uncertainty due to intrinsic shower 
uctuations and reduces the hadron backgroundin the muon chambers. Combining the information from the BGO and hadroncalorimeters, a resolution of 10% in the total energy and of 40 mrad in the directionof jets has been obtained in hadronic Z events.The luminosity monitorThe luminosity delivered by the LEP collider to the L3 interaction region is mea-sured by two dedicated BGO calorimeters. In the limit of small polar angles thecross section for Bhabha scattering e+e� ! e+e� is identical to Rutherford scat-tering with purely photon exchange. It is assumed that the cross section is wellknown from QED so that the number of observed events can be converted into avalue of the luminosity. The calorimeters are situated symmetrically on either sideof the interaction region at z = �2:7 m. They cover the polar angular range of25 mrad < �; (�� �) < 70 mrad, respectively. The limiting factor on the luminos-ity measurement is the de�nition of the �ducial volume. In order to improve theangular resolution a silicon detector (SLUM) was installed in front of each of thecalorimeters [78]. The precision obtained with this luminosity monitor system is0.2%.The scintillation countersAn array of 30 scintillation counters is situated in the region between the BGOand the hadron calorimeter. The aim of these scintillators is a discrimination ofcosmic muons by precise timing measurements.The muon spectrometerThe muon spectrometer consists of three layers of drift chambers which measurethe muon trajectory in the region between the support tube and the magnet coil. Amomentum precision of 2.5% is reached for 45 GeV muon tracks. Tracks measuredin only two layers have a precision of � 20%. In 1996 the barrel muon system hasbeen complemented by forward muon chambers. The polar angular acceptance ofboth muon detectors covers the range from 360 < � < 1580.3.2.5 Trigger systemAs mentioned earlier, the Z production rate is �ve orders of magnitude smaller thanthe beam crossing rate. Therefore the readout performance of the L3 detector isan essential task.The readout sequence of the L3 detector starts at each bunch crossing and,unless it is aborted, takes 500 �s or 45 bunch crossings to complete. While thereadout sequence is active no new input will be accepted. To minimize this \dead"58



time a trigger system is designed in three stages such that beam crossings withoute+e� annihilations can be recognized at time scales of 9 �s. This allows in case ofa negative trigger decision to reset the readout in time for the next bunch crossing.In each of the subsequent trigger levels more time can be consumed to process theremaining events. Under normal running conditions the dead time is less than 8%.The level-1 trigger decision is based on the signals in �ve independent subde-tectors, the calorimeter system, the TEC chamber, the muon chamber, the scin-tillation counters and the luminosity monitors. The event is retained in the bu�erif at least one of these subtriggers contains a signal. Events that satisfy only onelevel-1 subtrigger are subjected to the level-2 decision. This trigger level is morecomplex and aims toward a rejection of obvious background events such as cos-mic events, beam-gas or beam-wall interactions and detector noise. The level-3trigger has access to the full detector information. Tighter cuts are performed onthe correlations between detector components. For instance, tracks from the TECtrigger need to be correlated with an energy deposition in the calorimeters. Eventsaccepted by the level-3 trigger are recorded on tape for o�-line analysis.3.2.6 Event simulationTo understand the detector response in terms of speci�c physics processes in e+e�annihilations, events are simulated with a Monte Carlo generator. A Monte Carloevent generator simulates the evolution of a multiparticle con�guration from an ini-tial e+e� annihilation up to a time of � c� = O (1 cm). The Monte Carlo programused for this analysis is the Lund JETSET version 7.4 generator [79]. The JET-SET parameter settings were tuned on the values obtained in L3 measurements.Subsequently the particles are passed through the L3 detector simulation, basedon the GEANT program [80]. This program is responsible for the propagation ofparticles through a geometrical description of the detector, taking into account theinteractions of the particles with the detector material. It calculates the signalresponse of the various sensitive detector elements as well as the distortion occur-ing by the passage of particles through detector material, as for instance multiplescattering. In the last step the Monte Carlo events are reconstructed in the sameway as the \real data". In this reconstruction step the primary information aboutdrift times and pulse heights is converted into values of kinematical variables ofparticles. For instance, the measured drift times in the TEC are associated to hitsthat are �tted to a particle trajectory. The charge collected on the wires of thehadron calorimeter chambers is converted to an energy deposit that is combinedwith other signal wires to form topological clusters. Finally the information fromvarious subdetectors is combined to construct objects that roughly correspond toone �nal particle. Distributions of kinematical variables of these \reconstructed�nal particles" are used to derive the fundamental properties of the original leptonsand quarks produced in e+e� annihilations.
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Chapter 4Measurement of the b hadronproduction and decay locationThe processes in which bottom quarks are involved that lead �nally to observablee�ects in a physical detector should be discussed now in more detail. Due to itsshort lifetime of � 1 ps the b hadron cannot be observed directly in the detector.However its decay products as pions and kaons have lifetimes long enough to inter-act with the detector material. It is the aim of this chapter to explain how the bhadron decay length can be reconstructed from position measurements of its decayparticles.4.1 Hadronic event selectionThe selection of hadronic events was identical to the one used for the measurementof the hadronic cross section [81]. The selection is mainly based on calorimetricinformation. Hadronic events are characterized by a large amount of energy de-posited in the detector and a high particle multiplicity in the �nal state. Thefollowing cuts have been applied:The total visible energy normalized to the center-of-mass energy was restrictedto the range: 0:5 < Evis=ps < 2:0.The energy balance of the �nal state has been analyzed with two variables. Thevector sum of all cluster energies has been projected on the beam axis (Ejj) and onthe bending plane (E?). For Z events with the total �nal state energy visible inthe calorimeters both values should be identical to zero within the measurementaccuracy. The longitudinal energy imbalance normalized to the center-of-massenergy, Ejj=ps, should be below 0.6 removing beam gas events. The cut on thenormalized transverse energy imbalance was E?=ps < 0:5.The number of energy clusters should be greater than 13. This cut removede+e� ! �+�� events that have a typical cluster multiplicity of 5, whereas the meancluster multiplicity in hadronic events is about 30.60



In addition to these selection criteria a cut has been applied to the number ofTEC tracks. More than four tracks should be measured in the TEC chamber toensure that the chamber was in operation. The e�ciency of the selection has beenestimated to 99.2 � 0.1% [81]. It is mainly given by the polar angle coverage of thehadron calorimeter. The hadronic event sample has a high purity. The remainingbackground contamination is at the per thousand level. The biggest backgroundis that of e+e� ! �+�� events with a fraction of 0.20 � 0.02%. Background fromall other Z decays is negligible. The fraction of non-resonant background amountsto 0.10 � 0.04%.An event contained in the hadronic event sample is shown in �g. 4.1. In total,2:141�106 hadronic events have been selected in the data sample of the years 1994and 1995 corresponding to a luminosity of 79.7 pb�1.
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Figure 4.1: A hadronic event from 1994 data shown in the r� plane of the L3detector at the size of the hadron calorimeter.
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4.2 Charged particle trajectoryThe trajectory of a charged particle inside a uniform magnetic �eld is a helixspiraling along the direction of the magnetic �eld (the z direction). The particlemoves at a circle in the bending plane and the z displacement is proportional tothe length of arc on the circle. A particle trajectory obeying cylinder symmetrycan be described by �ve parameters.The circle in the xy plane can be mathematically described by:(x� xc)2 + (y � yc)2 = R2 ; (4.1)where R is the radius of curvature and (xc; yc) the center of the circle. The curva-ture C is de�ned as 1=R. A graphical representation is given in �g. 4.2.

Figure 4.2: The particle trajectory in the xy plane. In the L3 coordinate systemthe projection of a helix in the xy plane is a circle. The parameters used in thetext are shown in the �gure.An equivalent description of the central point (xc; yc) is given by the parameters�r� and �0 that relate the position of the circle to a speci�c reference point, as forinstance the e+e� interaction point. �r� is the distance of closest approach to thereference point (xr; yr). In the following also the term impact parameter will beused for it. �0 is the azimuth angle of the momentum vector at the position of62



closest approach to the reference point. The relation to (xc; yc) is given by:xc = xr + (R� �r�) sin�0yc = yr � (R� �r�) cos�0 : (4.2)The equation of the trajectory in the z direction can be parametrized by:z = z0 + stan � ; (4.3)where s denotes the arc length when the particle moves from (x0; y0), the point ofclosest approach, to (x; y). The z coordinate at the point (x0; y0) is given by z0and � is the polar angle of the momentum vector. We can consider equation (4.2)as a \straight line �t in the sz plane", taking 1= tan � as the slope in the sz plane.4.3 Common vertex of several tracksThe common vertex is found as the point ~xr = (xr; yr; zr) that minimizes theweighted sum of distances of closest approach �r�i and �zi to the tracks:�2vertex = nXi=1  �r�i (~xr)�r�i !2 +  �zi (~xr)�zi !2 : (4.4)Here �r�i are the distances of closest approach to the point (xr; yr) in the xy planeand �zi = z0;i � zr are the di�erences in the z coordinates of the i-th track and thevertex ~xr. The estimated errors are denoted by �r�i and �zi , respectively.A numeric solution for the minimization of �2vertex in equation (4.4) can bederived from the transformation law of the track parameters �r�i ; �zi under a changeof the reference position ~xr. The change from the �rst reference point (xr; yr; zr)to the new reference point (~xr; ~yr; ~zr) is described by:~xr = xr +�x~yr = yr +�y (4.5)~zr = zr +�z :It is the task of the �2 �t to �nd that values of �x;�y and �z for which �2 isminimal.How do the track parameters �r�i and �zi change under this change of the refer-ence position? In the limit C ! 0, which is reasonable for most of the tracks inhadronic events, the transformation law is given by:~�r� = �r� +�x sin�0 ��y cos �0 � C2(1� C�) ��x2 +�y2�~�z = �z + �x cos�0 +�y sin�0tan � ��z : (4.6)63



If the �rst reference point is already close to the �nal one, we can linearizethe problem by neglecting the terms proportional to (�x2 + �y2). In this linearlimit an analytic solution exists for the vertex coordinates (~xr; ~yr; ~zr) [5]. Theanalytic expressions will be given in section 4.7. The procedure continues by across check on the error induced by the linearization: C=[2(1� C�)] (�x2 +�y2).If the accuracy is not su�cient the process should be iterated rede�ning the startposition (xr; yr; zr). The parameters �r�; �z are thereby calculated using the exacttransformation laws. The iteration can be stopped if the required precision on ~xris reached.4.4 Track resolution near the e� beam location4.4.1 Impact parameter resolutionThe uncertainty in the measurement of the impact parameter with respect to a �xedpoint contains two contributions. One re
ects the intrinsic accuracy of the trackingsystem and the other originates from multiple scattering of charged particles in theCoulomb �eld of nuclei. The latter one is strongly momentum dependent. It ispossible to determine both error contributions separately by studying Bhabha anddimuon events on one side and hadronic events on the other. In case of leptonic Zdecays Z ! e+e�; �+�� the error from multiple scattering is negligible relative tothe intrinsic impact parameter resolution.Intrinsic impact parameter resolutionThe impact parameter resolution can be measured by the distribution of the dis-tance at which tracks of dilepton events miss each other at the beam center. Thetracks from Z ! e+e�; �+�� events are known to come from the same vertex.Therefore this distribution, shown in �g. 4.3, serves as a measure of the impactparameter resolution. The plotted variable is de�ned as a relative distance betweentwo lepton tracks in order to get independent from an external reference position.This has the advantage that it is not necessary to locate precisely the e+e� anni-hilation point, which would introduce an additional uncertainty. From the widthof the distribution a resolution of �r�tk = 32�m was obtained. It was derived byscaling the distribution's width by 1=p2, because both tracks contribute to theuncertainty.Impact parameter error due to multiple scatteringThe de
ection of a charged particle traversing a homogeneous medium can bedescribed by a Gaussian distribution with a width given by [5]:� = 13:6MeVp [MeV] s xX0 : (4.7)64



Figure 4.3: The resolution on the impact parameter. It was derived from thedistribution of the distance at which electrons from Bhabha events miss each otherat the beam center by scaling the distribution's width by 1=p2. The superimposedGaussian �t has a width of 32 �m.x=X0 is the thickness of the scattering medium in units of the radiation length.The value of � is the mean angular de
ection of a relativistic particle carrying unitcharge and incident momentum p.Table 4.1 lists the material that contributes to multiple scattering of chargedparticles in the tracking detectors of L3.Radius [mm] Thickness x=X0 [%]beam tube 55.0 1.1 mm Be 0.32inner silicon layer 61.9 300 �m Si 0.33carbon support tube 71.2 - 74.8 900 �m C 0.96outer silicon layer 77.4 300 �m Si 0.33air 55.0 - 85.5 3 cm air 0.02inner TEC wall 85.5 1.5 mm Be 0.42TEC gas 85.5 - 460 i-C4H10/CO2 0.38TEC wires 85.5 - 460 average 0.11Table 4.1: Material contained in the tracking system.In order to get a �rst estimation of the uncertainty induced by the amount ofmaterial in the tracking system we assume that the extrapolation from the particletrajectory to the interaction point can be approximated by a line connecting thetwo most inner hits. In this approximation equation (4.7) leads to an uncertainty65



in the impact parameter of:(�r�ms)2 =  13:6MeVp [MeV] 1j sin �j3=2!2 24N1Xi=1 � xX0�iR2i + N2�1Xi=N1+1� xX0�iR2N135 : (4.8)All layers of matter, i = 1; : : : ; N2 � 1, in front of the second inner hit contributeto �r�ms. The lever arm for the de
ection angle in the layers in front of the �rstinner hit, i = 1; : : : ; N1, is the respective layer radius Ri. However, the lever armof all layers in between the �rst and second hit, i = N1 + 1; : : : ; N2 � 1, is �xedto RN1 . The radiation thickness of the layers for normally incident particles isdenoted by (x=X0)i. The dependence �r�ms � 1=j sin �j3=2 is caused by the increaseof the lever arm � 1=j sin �j and by the increase of the layer thickness � 1=j sin �j1=2in dependence of the polar angle � of the incident particle.In the optimum case where both SMD r� hits were used in the track �t, mul-tiple scattering in the beam tube, the �rst silicon layer and the carbon supporttube adds up to an uncertainty of 105 �m =(p?=GeVpsin �). This is in agree-ment with the amount of multiple scattering seen in the data. The error frommultiple scattering can be directly obtained from data by studying the transversemomentum dependence of the width of the impact parameter distribution. It isillustrated in �g. 4.4. This method relies on the assumption that the intrinsic er-ror on the impact parameter is independent of the momentum. A two parameter�t was performed assuming that the distribution's width can be described by aquadratic sum of the intrinsic uncertainty �r�tk and the 1=p? momentum dependentuncertainty from multiple scattering �r�ms. In order to ensure a small error �r�tk asample of tracks with azimuth angles � close to 00; 1800 was selected in which theuncertainty resulting from the reference point is minimal (see next section). The�t result was (110� 2)�m=(p?=GeVpsin �).Table 4.2 summarizes the uncertainty in the impact parameter due to multiplescattering for di�erent SMD r� hit pattern situations. The error varies between105 �m =(p?=GeVpsin �) with two SMD r� hits used in the track �t and 152 �m=(p?=GeVpsin �) if no SMD r� hits were available.SMD r� hit pattern �r�ms =(p?=GeVpsin �)inner and outer 105 �minner only 128 �mouter only 149 �mnon 152 �mTable 4.2: Uncertainty from multiple scattering in dependence on the number ofavailable SMD r� hits.
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-0.05

-0.025

0

0.025

0.05

0.075

0.1

0.125

0.15

0 5 10 15 20 25 30

local φ / degrees

(δ
2 da

ta
 -

 δ
2 M

C
)1/

2  / 
m

m

1.0 < p⊥  < 2.0 GeV

-0.05

-0.025

0

0.025

0.05

0.075

0.1

0.125

0.15

0 5 10 15 20 25 30

local φ / degrees

(δ
2 da

ta
 -

 δ
2 M

C
)1/

2  / 
m

m

2.0 < p⊥  < 4.0 GeV

Figure 4.5: The impact parameter resolution correction in dependence of the localazimuth angle �. The di�erence between the width of the impact parameter dis-tribution in data and MC is shown for two momentum regions. Deviations occurat the positions of anode and cathode wires. (The sign of q�2data � �2MC is the signof �2data � �2MC .)
4.4.2 z0 resolutionThe z0 resolution has been studied in hadronic events which were found to becompatible with a single vertex in the r� plane. In this way a sample enriched inlight 
avour events (u,d,s) was obtained. In these events all tracks should have acommon z coordinate. The z0 resolution can be measured by the z residual dis-tribution of the z track coordinates with respect to the mean z event position. Inorder to separate the intrinsic track resolution from the multiple scattering con-tribution only the residuals of high-energetic hadron tracks have been considered.Fits relying on Gaussian functions have been performed to the residual distributionseparately for di�erent z quality categories. If at least one SMD z hit was usedin the track �t a resolution of �ztk = 350�m was found in the data. This can becompared with a resolution of �ztk = 3 mm obtained with the z chamber alone.The SMD is essential for accurate z0 measurements because it delivers precise zmeasurements very close to the interaction point at radial distances of 6 and 8 cm,respectively. The z chamber alone can only provide information about the polarangle � but not about z0 because the z coordinate is measured at only one radiusof about 50 cm. However in combination, both detectors can exploit the big leverarm from 6 cm to 50 cm to give precise predictions for the z0 coordinate.The error from multiple scattering on the z0 coordinate is similar to the oneof the impact parameter. The mean de
ection angles in � and � are the same.However, the lever arm increases more rapidly with 1= sin �. The z0 error frommultiple scattering can be parametrized by � 1=(p?=GeVj sin �j3=2) with the samevalues as in tab. 4.2. 68



4.5 Beam position measurementThe beam position is essential for the b lifetime measurement in its use as anapproximate event origin.4.5.1 Central beam spot positionThe central beam position at the L3 interaction point is determined by �tting acommon vertex to a set of charged tracks passing loose quality criteria, as explainedin section 4.3. Tracks of hadronic events with momenta above 600 MeV and atleast 15 TEC hits were considered to ensure precise position information near theorigin.Usually the beam spot position is varying considerably over time and it is usefulto group the beam positions in short time intervals. In the L3 analysis samples of� 200 hadronic Z decays were constructed corresponding to a mean time intervalof about 16 minutes. These data samples contain typically � 1700 tracks whichwere constrained to a single production vertex. The result of this procedure isthe so-called 200-event vertex. The statistical error in the determination of thecentral beam position was determined to �x = 15 �m in the horizontal directionand �y = 10 �m in the vertical direction. Fig. 4.6 shows the variation of the200-event vertex positions within a �ll for the x and y coordinate, respectively.Large 
uctuations of up to O(100 �m) can be seen. In particular the x position isa�ected by large orbit corrections to the LEP beam.Independent information on the beam spot position can be obtained from thebeam orbit monitors located at z = �4:7 m and z = �64 m on either side ofthe L3 interaction point. The beam orbit monitors (BOM) consist of a set of 4electrodes in which the �eld of the passing electron and positron bunches inducesshort current pulses. These measurements of the beam position in x and y canbe extrapolated to the interaction point. They provide useful cross checks for theestimation of the 200-event vertex. The accuracy of the BOM system in the ydirection reaches that one obtained with the tracking detectors of �y = 10 �m.This is due to the narrow width of the beam shape in y.4.5.2 Beam spot dimensionHow do we measure the beam spot shape? The standard technique uses Bhabhaand dimuon events where the high momentum of the leptons assures a minimumcontribution from multiple scattering errors. The beam spot size is measured byplotting the distance of closest approach to the estimated central beam positionversus the azimuth angle � of the track at the same position. The width of thisdistribution h�r�i for di�erent � bins re
ects directly the dimension of the beamspot folded with the impact parameter resolution. As explained in the previoussection the impact parameter resolution �r�tk can be taken out by measuring the69



Figure 4.6: Time-distribution of the �ll and 200-event vertices in four �lls. Theupper plot shows the value in x and the lower one the value in y. The lines are theaverage �ll vertex values and the dots the 200-event vertices with their errors.distance between two back-to-back tracks at their point of closest approach. Thewidths of the impact parameter distributions were determined using Gaussian �ts.The correlation between h�r�i and � can be parametrized by:h�r�i2 = (�r�tk )2 + h(�xBS)2 sin2 �+ (�yBS)2 cos2 �i : (4.9)�xBS and �yBS are the one standard deviation width and height of the LEP beamshape at the L3 interaction point. A �t to the L3 Bhabha event sample of 1994yielded the dimensions of �xBS = 133�6 �m and �yBS = 22�10 �m. The resolutionon the y dimension of the beam spot is limited by the intrinsic track resolutionthat dominates the total error for �! 00; 1800 due to �r�tk > �yBS .4.6 Track quality selectionTracks ful�lling the following quality cuts were used in the calculation of the bhadron decay length. The selection criteria were designed to remove tracks withbadly measured impact parameters while keeping the e�ciency high.The transverse momentum with respect to the beam axis should be greaterthan 300 MeV in order to restrict the uncertainty due to multiple scattering. At70



least 25 hits should be included in the track �t and the di�erence between theoutermost minus the innermost wire number should exceed 35. In addition at leasttwo of the used hits have to belong to the inner TEC chamber. The track shouldcontain at least one SMD hit from the inner r� ring to ensure a good extrapolationto the interaction point.Tracks from identi�ed decays of K0S and � hadrons were antiselected to reducethe number of downstream secondary vertices. An additional cut on the the impactparameter, to be smaller than 4 mm with respect to the 200-event vertex, wasapplied to remove remaining tracks from longlived hadrons and secondary tracksproduced in interactions in the beam tube or the SMD.Tracks that satisfy the above criteria were used for the calculation of the xyposition of the event vertices. If in addition the track was well measured in thez projection it has been used in the calculation of the three dimensional vertexposition. The track criteria for the z projection were: At least one SMD hit fromthe inner rz ring has to be included in the track �t. The z distance at closestapproach to the interaction point should be smaller than 1.5 cm.4.6.1 Antiselection of tracks from identi�ed K0S and � de-caysIn addition to b hadrons other longlived particles are produced in Z decays. Severalstrange hadrons originating from the fragmentation process or from decays of heavyquarks have decay paths of � 10 cm and are visible in the tracking detector.Particles from those decays cause a systematic uncertainty in the measurement ofthe b hadron decay position. In order to minimize this uncertainty tracks of decaysof strange hadrons were antiselected from the sample used for the b lifetime �t.In particular, K0S and � hadrons decay inside the volume of the tracking detec-tor and are produced frequently in Z decays. A measurement of the L3 Collabora-tion [82] yielded an average multiplicity per Z decay of 1.02 � 0.07 for K0S and of0.37 � 0.04 for � hadrons. K0S and � hadrons are neutral hadrons that have highbranching ratios for two-body decay channels [5]. The selection of this analysisrelies on the �+�� decay of the K0S meson and on the p�� (�p�+) decay of the �(��) baryon. The experimental signature are two tracks of opposite curvature thathave a common vertex downstream of the interaction point. The total momentumvector points in the direction to the interaction point. The following cuts havebeen applied to select K0S and � decays:Tracks have to be well measured in the TEC chamber as well as in the zchamber. A minimum number of 10 hits in TEC chamber and at least one z-measuring wire in the z chamber were required. The momentum transverse to thebeam axis should exceed 150 MeV.From all possible two-track combinations of opposite charge those were selectedthat are geometrical consistent with the so called V 0 form. A powerful rejection of71



background from randomly intersecting tracks was achieved by a cut on the anglebetween the transverse 
ight direction ~d? and the total transverse momentumof the pair ~p? required to be less than 15 mrad. A stronger cut was performedon the minimum hit number in dependence of the transverse 
ight path jd?j. Aminimum number of at least 25 hits for jd?j < 10 cm and 25� 1:3 (jd?j [cm]� 10)hits for jd?j > 10 cm should be distributed over a span of at least 35 wires forjd?j < 10 cm and 35 � 1:3 (jd?j [cm] � 10) wires for jd?j > 10 cm. The radialdistance jd?j was required to be separated from the primary vertex by more than15 standard deviations and to be included in a �ducial volume of a maximumradius of 35 cm.The two-track combinations should show typical kinematic properties ofK0S and� decays. Each track pair was considered as a K0S and a � candidate. In case of aK0S candidate both tracks were assumed to be pions, in case of a � candidate thetrack with the higher momentum was assumed to be the proton (antiproton) andthe other one the pion. Due to the large mass di�erence mp �m� the probabilityof a wrong assignment has been found to be less than 0.6%. The total momentump of a K0S candidate was required to be greater than 200 MeV and that of a �candidate greater than 500 MeV. The masses of the �nal state particles determinethe average fractions of momenta carried by them. The momentum asymmetry,(jp1 � p2j)=(p1 + p2), should be smaller than 0.7 for a K0S candidate and should liebetween 0.5 and 0.8 for a � candidate. The proper decay time t = (m=p) jd?j= sin �,as derived from position and momentum measurements, had to be greater than aminimum fraction of the average decay time, 0.05 �K0S in case of a K0S candidateand 0.10 �� in case of a � candidate.The resolution in the masses of theK0S and � resonances has a linear dependenceon the total momentum p. The widths of 68% acceptance have been �tted by(5 + 760 p=pbeam) MeV for K0S and by (5 + 170 p=pbeam) MeV for � decays. Alltrack pairs that ful�l the preceding cuts and which masses fall into these masswindows have been counted as tracks from decays of longlived hadrons.The described cuts have been found by an iterative procedure in which the signaland background distributions of individual variables were studied while all othercuts have been applied. The invariant mass distribution of �� and p� combina-tions are shown in �g. 4.7. The combinatorial background decreases exponentiallywith increasing mass. In addition p/� misidenti�cation causes ambiguities in theseparation of the K0 and � decays. The small shoulder below the K0 mass inthe �� mass spectrum is produced from � decays interpreted as �� decays. Themirror process of misidenti�ed K0 decays is responsible for the shoulder above the� mass in the p� mass distribution.Within the described cuts the detection e�ciency was 15.3% for selecting a K0Smeson and 8.0% for selecting a � baryon, as estimated from the Monte Carlo. Apurity of 61.6% and 26.6% was obtained for K0S and �, respectively. The valuesof the e�ciency are normalized to the total number of K0S and � decays in theconsidered decay channels. However most of K0S and � hadrons decay outside of72
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the primary e+e� vertex.
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one of the three vertices we considered all associations and selected the most likelycombination by a �2 �t, which included lifetime and kinematical information:�2vertex = nXi=1 24 �r�i (~xj)�r�i !2 +  �zi (~xj)�zi !235+ 3Xk=1 (~x1 � ~xBS)~ek�kBS !2 � 2 nXi=1 lnPl(�i)i = 1; � � � ; n tracks; j = 1; 2; 3 vertices (4.10)k = x; y; z projections; l = 1; 2 b hadron=fragmentation :The �rst two terms contain the sum of quadratic deviations of all track positionsto the respective vertices in r� and z. The parameter �r�i denotes the impactparameter of the track in the bending plane and �zi is the z di�erence, both withrespect to the vertices ~xj (j=1,2,3). The associated errors �r�i and �zi were de�nedas the sum of uncertainties from the track �t and multiple scattering, added inquadrature. If a track did not belong to the z selected sample, the error �zi wasset to in�nity.The primary vertex ~x1 was constrained to be identical to the beam spot position~xBS , within the horizontal beam spot size o f �xBS = 135 �m, the vertical size of�yBS = 25 �m and the longitudinal size of �zBS = 1 cm.The last term in the expression for �2 exploits the high mass and high energy ofb quarks to distinguish b decay from fragmentation tracks. A suitable variable thatcombines the high momentum and small angles of b decay tracks is the rapidity� = 1=2 ln(E + pjj)=(E � pjj), where E stands for the particle energy (assumingpions) and pjj for the momentum parallel to the jet axis. The track con�gurationsin equation (4.11) were weighted with the probability that the measured rapidities�i belong to either the b decay or the fragmentation distributions Pl(�i) (l=1,2).The probability distributions are shown in �g. 4.9. Rapidity distributions in thereconstruction of b decays have �rst been used by the DELPHI Collaboration inthe application to b hadron spectroscopy [84]. By means of equation (4.11) theycan be implemented into a b lifetime measurement because the rapidity containsindependent information on the particle origin that is derived from curvature andangle measurements.The minimum value of �2 was found in two steps. At �rst the vertex coordinateswere estimated for a given track combination. In order to decide which track camefrom which vertex the calculation was repeated for all possible con�gurations andthat one with the minimum value of �2 as de�ned in equation (4.11) was selected.In this selection of the most likely track con�guration the rapidity term was appliedcomplementing the pure position measurements.The �2 problem was simpli�ed by assuming the track measurements were in-dependent from each other. Under this assumption the �2 function formulatedfor three vertex positions splits up into three separate terms for a single vertexposition. The procedure for the calculation of a common vertex of a set of tracksfollowed that one described in section 4.3. The �2 function was assumed to be lin-ear dependent on the vertex coordinates ~xj (j=1,2,3). Small nonlinear terms due75
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Figure 4.9: Rapidity distributions for b decay and fragmentation tracks, respec-tively.to the track curvature and the dependence of the track error on the coordinatesitself have been neglected. This o�ered the possibility of a fast analytic solution fora linear problem. Deviations from linearity were taken into account in an iterativesolution of the linearized �2 function.At �rst the three coordinates (xPV ; yPV ; zPV ) of the primary vertex were calcu-lated. So far only measurements in the tracking system were used for the de�nitionof �2. However, due to the big lever arm, the calorimeters provide precise mea-surements of the b 
ight direction. The direction of the b momentum vector wasbetter de�ned with the calorimeters than the direction of the decay distance wasmeasured in the tracking system. Therefore the 
ight direction, given by the lineconnecting primary and secondary vertex, was �xed to the jet axis, de�ned withthe clusters in the calorimeter. The secondary vertices were constrained on a linestarting from the primary vertex and pointing in the direction of the jet axis. The�2 function for the secondary vertices was expressed by:�2SV = NXi=1(�i + �i r)2| {z }xy fit + NXi=1(
i + �i r)2| {z }z fit (4.11)with the coe�cients of the linear expansion given by:�i = �r�i + (xPV � xr) sin�i � (yPV � yr) cos�i�r�i (4.12)76



�i = cos�J sin �J sin�i � sin�J sin �J cos�i�r�i
i = z0;i + [(xPV � xr) cos�i + (yPV � yr) sin�i] = tan �i � zPV�zi�i = [cos�J sin �J cos�i + sin�J sin �J sin�i] = tan �i � cos �J�zi :Here r is the decay length and �J ; �J are the azimuth and polar angle of the jetaxis, respectively. The impact parameters �r�i are given with respect to a referencepoint (xr; yr). The reference point for z is chosen at zr = 0. The solution for r caneasily be obtained by:(�r)2 =  NXi=1(�2i + �2i )!�1r = �(�r)2  NXi=1(�i �i + 
i �i)! : (4.13)The role of the jet axis as a constraint for the decay length direction can beillustrated for the case that no track belongs to the z selected sample (
i = �i = 0for all i = 1, N). In that limit the solution (4.13) is identical to a two-dimensional�t in which the projection of the decay length in the r� plane is scaled by 1= sin �Jinto a three dimensional value of r.No constraint was imposed on the sign of r. A negative value for r denotesan unphysical situation with the b hadron decay length and momentum pointingin opposite directions. The fraction of b decays with negative values of theirdecay length serves as a measure of the decay path resolution and constitutes animportant cross check. The sign of the decay length is unambiguously de�ned by(4.11) due to the beam spot and rapidity terms that are sensitive to the distinctionof fragmentation and b decay tracks. Chapter 5 shall refer to that sign in itsdescription of the b lifetime �t.The solution (4.13) was calculated for all possible track combinations. In gen-eral the number of track combinations was 3n where n is the number of selectedtracks in the two most energetic jets. A reasonable simpli�cation was to assumethat all tracks at the secondary vertex belong to the same jet which reduced thenumber of combinations to 2n. Apart from that at least one track from each jet wasrequired at the primary vertex and at least three tracks at the secondary vertex toreduce fake vertices of random track crossing.In order to prevent the procedure from poorly-measured tracks and remainingtracks from decays of longlived hadrons, all r� impact parameters �r� and z dif-ferences �z were checked if they were below 1 mm and 3 mm, respectively. If aimpact parameter was greater than 1 mm the track was taken out from the vertexcalculation and if a z di�erence to the estimated vertex was greater than 3 mm,the track was removed from the z selected sample and only the r� impact param-eter was used in a new evaluation of the vertex positions. The �2 minimization77



was repeated up to a maximum of two times. Finally all tracks should satisfy thecriteria for the described quality cuts. Otherwise the event was not considered toallow a unique interpretation as a bb event with three vertices and it was removedfrom the selected sample.The �t results were the three-dimensional coordinates of one primary vertexand two secondary vertices. Only that combination with the minimum �2 valuewas kept for the further analysis. The vertex positions have been calculated in445 k hadronic events in the data sample of the years 1994 and 1995. This eventnumber corresponds to a total e�ciency of 21% relative to the number of selectedhadronic events. The e�ciency was determined by the luminosity fraction with anoperational SMD detector (79%), the angular acceptance fraction (66%) and thefraction of events with a minimum number of selected tracks (40%). A breakdownof the selection steps is given in table 4.3. The e�ciency of 40% to have theminimum number of tracks for the vertex calculation was mainly determined bythe SMD hit requirement. The rejected events had at least one jet with less thanfour quality tracks. Due to the higher multiplicity of bb events the b purity wasslightly increased from 22% to 27%.Selection step Event number E�ciency to previous stepHadronic events in 1994/95 2,141 k 99%SMD detector status 1,692 k 79%Barrel angular range 1,110 k 66%Events with vertex positions 445 k 40%Table 4.3: Event statistics in di�erent stages of the selection.
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Chapter 5Average b hadron lifetimeThis chapter describes the �t procedures used to extract the average lifetime �bfrom the locations of the primary event vertex and the secondary decay vertices asdetermined in chapter 4.
5.1 Principle of measurementLifetime measurements with hadronic b events at LEP already reach a statisticalprecision that is small compared to the systematic uncertainties in modeling heavyquark decays [85{88]. Our main purpose was thus to perform a �t where thevalues of poorly known model parameters were determined from the data itself.The most relevant parameters were the b hadron energy spectrum, the average bdecay multiplicity and the background of longlived mesons.Two variables sensitive to the b lifetime are analyzed here. One is the decaylength, which measures the distance between primary and secondary vertex. Theother is the impact parameter, here de�ned as the impact parameter of thosetracks attached to a secondary vertex in the minimum �2 con�guration. Theadvantage of the impact parameter is that for relativistic b hadrons its mean valueis proportional to �b, whereas the decay length is proportional to (p=m) �b, wherem and p are the rest mass and momentum of the b hadron in the laboratory framerespectively. The average impact parameter of tracks from b decays at LEP istherefore less sensitive to the b hadron momentum and to a precise knowledgeof the b quark fragmentation parameters. In this thesis two lifetime �ts havebeen performed, one to the decay length distribution and the other to the impactparameter distribution. The comparison of both results has been used to measurethe value of the average b hadron energy E = q(m2 + p2).The �b value was obtained from a binned �2 �t to the respective distributions,with the lifetime dependent expected distribution predicted by a Monte Carlosimulation [79, 80]. The lifetime dependence was introduced by reweighting the79



simulated events according to��MC�b �2 e�t1=�be�t1=�MC e�t2=�be�t2=�MC : (5.1)Here t1 and t2 are the proper decay times of the weakly decaying b hadrons injet 1 and 2 and �MC is the lifetime value in the Monte Carlo, 1.55 ps. The oneparameter lifetime �t is based on the assumption that all b hadrons have the samelifetime.In order to allow small discrepancies in the resolution function between data andMonte Carlo additional resolution parameters were introduced. The Monte Carlodistribution was convoluted with two Gaussian functions with a standard deviations1;2 applied to a fraction f1;2 of Monte Carlo events. The resolution correctionparameters have been measured by the shape of the respective distributions on thenegative side.The background of fragmentation tracks attached to the secondary vertices con-stitutes another important source of uncertainty. Monte Carlo studies showed thatthis background fraction is dependent on the average b decay charged multiplicityhnbi 1.Secondary vertices far from the primary event vertex tend to include one or twotracks from decays of longlived strange hadrons, mainly K0s and � decays. In thefollowing hnKi denotes the fraction of K0s and � hadrons produced in Z decays.In order to make the measurement of the b lifetime independent of the describedparameters, the resolution correction parameters f1;2; s1;2, the average b decaymultiplicity hnbi and the fraction of longlived hadrons hnKi were �tted togetherwith �b. A binned �2 �t has been performed to the multiplicity distribution, to theimpact parameter distribution and to the decay length distribution. The expressionfor �2 was de�ned as:�2 = nXi=1 (N idata �N iMC(�b; ~fint; ~fres))2(�N idata)2 + (�N iMC(�b; ~fint; ~fres))2 i = 1; � � � ; n bins ; (5.2)where ~fint = (hnbi; hnKi) and ~fres = (f1; s1; f2; s2) stand for the intrinsic MCparameters and the resolution correction parameters, respectively. N idata; N iMCdenote the entries in the i-th bin of the �tted distribution and �N idata; �N iMC arethe statistical errors.5.2 Monte Carlo simulation of bottom hadronsThe simulation of b hadrons includes two main steps: the production of b hadronsand their subsequent decays.1The de�nition used here includes only the direct decay products pions, kaons, leptons andprotons. Tracks from decays of K0 and �'s are not included.80



5.2.1 Bottom quark fragmentationA reliable model of the quark to hadron transition following the Z ! bb decay is ofprimary importance for identifying bottom hadrons and measuring their lifetime.The description of the �rst stage of the hard gluon radiation of the primordialpartons is based on the JETSET parton shower approach [79]. The parton showerapproach is a QCD calculation where instead of the full matrix-element expressionsonly approximations simplifying the kinematics and the helicity structure are used.The calculation is performed as a summation of leading logarithms and is suitableformulated for a Monte Carlo event simulation: the evolution of the parton showercascade is looked upon as an arbitrary number of branchings of one parton intotwo or more. There is no upper limit on the number of partons. Thus it providesa good description of the multijet structure of hadronic events. The probabilitiesfor parton branchings are described by the Altarelli-Parisi equation [89]. A typicalproperty of heavy quarks in the gluon radiation phase is the suppression of highenergy losses leaving more energy to the leading particle than in light quark jets.An often applied description of the subsequent fragmentation process is thescheme of the string fragmentation (SF), which is also used in this analysis withinthe framework of the JETSET program [79]. The physical picture is that of acolour 
ux tube stretched between qq pairs produced in e+e� collisions. The QCDcon�nement mechanism is implemented by a linear increase of potential energystored in the string if the quarks move apart until the string breaks by the produc-tion of new qq pairs. The string break-ups will proceed until only colourless andon-mass-shell hadrons remain. For the sharing of energy and momentum at eachstep the SF model employs a probability distribution f(z), called fragmentationfunction, wherein z is the fraction of the quark energy retained in the hadron,z = (E + pk)hadron=(E + pk)quark.For the light quarks (u,d,s) the Field-Feynman parametrization [90]f(z) = 1� a+ 3a(1� z)2 (5.3)is commonly used with a = 0:77. In contrast to light-quark hadronization, thefragmentation of heavy quarks is hard because heavy quarks are only softly deac-celerated by taking up light quarks. Hard fragmentation for b and c quarks hasbeen observed in many experiments [5]. An often used parametrization is the oneof Peterson et al. [91]: f(z) = 1z  1� 1z � �2q1� z!�2 : (5.4)Here �q is a free parameter and its value is expected to decrease with increasingquark mass, i.e. �q / 1=m2q.The LEP experiments have measured the mean b hadron energy, scaled by thebeam energy ps=2, and obtained [92]:hxEib = 2Eb�hadronps = 0:702� 0:008 ; (5.5)81



which can be compared with hxEi for c quarks [92]:hxEic = 0:484� 0:008 : (5.6)Other parameters of the hadronic event structure that a�ect the analysis ofthis thesis have been tuned on the values measured by L3. A description of thedetermination of QCD model parameters is given in reference [93].5.2.2 Simulation of b hadron decaysThe production of hadron 
avours within the JETSET Monte Carlo program [79]is monitored by parameters that control the production probability of quark-antiquark pairs qq and diquark pairs qq and their respective 
avour content u :d : s : c � 1 : 1 : 0:3 : 10�11. A reliable description for the production of all hadron
avours, and in particular of b hadron 
avours, has been obtained with these tunedparameters de�ned at the quark level. The production of di�erent b hadron spinstates (B;B�) is based on simple spin counting arguments, namely B : B� � 1 : 3,which is in agreement with present experimental data [94].The simulation of b hadron decays is done in two steps. First, the 
avourcontent of the �nal state is selected and second, the kinematic distribution ofthe �nal state particles in the phase space is generated. For the \main" bottomhadrons, B+ and B0, several branching ratios are already known. These are thesemileptonic branching ratios B(B0 ! D� l ��) = (1:9 � 0:5) % and B(B0 !D�� l ��) = (4:6 � 0:3) % with l = e; � [5], measured at the �(4S) resonance. Acomparison of these values with the inclusive semileptonic branching ratio (seechapter 8) yields the semileptonic D�� production rate B(B0 ! D�� l ��) = (3:9�0:7) %. The L3 experiment has measured the total semileptonic branching ratioB(b ! � X) = (23:1 � 1:5) % [95] from which the branching ratio into � leptonsB(b! � � X) = (1:7� 1:2) % has been derived.In addition branching ratios of a few two-body decays have been measuredrecently. The observed channels, as for instance B0 ! D��+; D��+; D��D+s ,contribute a total branching ratio of � 13% of all b hadron decays [5].The rest of the decay modes (� 64%) is generated using a simple 
avour combi-nation scheme relying on the spectator model. The 
avour content of the �nal stateis made up of the quarks coming from the weak decay of the c quark, the spectatorquark and the qq pairs generated in the same way as in the fragmentation. The�nal state multiplicity is selected according to a distribution that depends on thehadron mass only. The reliability of this multiplicity distribution has been testedby a L3 measurement [96] of the particle multiplicities of identi�ed semileptonicand hadronic b jets. The observed multiplicity di�erences between these jets havebeen attributed to the multiplicity of the W � hadronic current in b decays. The re-sults have been found to be in agreement with the JETSET hadronization model.In particular the mass dependence of the average W � hadronic multiplicity hasbeen veri�ed in comparison with � decays.82



In the second step of the simulation, the kinematic distribution of the �nalstate particles in the phase space, the V-A structure of the charged weak currenthas to be taken into account. In b decays the V-A matrix element is relevant forthe leptonic weak current W � ! l �� and for the hadronic b ! cW � transition.The polarization of the W � emitted in the b ! c transition has been observed bythe measured momentum spectra of charged leptons and neutrinos [20,21]. Thesemeasurements show that the V-A structure of quark matrix elements is retainedin transitions among heavy hadrons. The MC simulation re
ects this particular bdecay property by a distribution of the charm decay product according to the V-Amatrix element.5.2.3 Determination of model parametersThe allowed range of the model parameters in the simulation of heavy quark de-cays has been chosen according to the results of the LEP Electroweak WorkingGroup [17, 92], the Particle Data Group [5], and, in some cases, was directly �t-ted from the L3 data. The number of heavy quark events among all hadronicevents was normalized according to the LEP measurements of Rb and Rc [17]. Thebest estimation of the mean value of the Peterson fragmentation function hxEib,of the average b decay multiplicity hnbi and of the average fraction of longlivedhadrons hnKi has been obtained from �ts to the L3 data. The e�ective charmdecay length has been determined according to the values given by the Parti-cle Data Group and the LEP Electroweak Working Group. The charm lifetimes�(D0); �(D+); �(Ds); �(�c) were taken from the Particle Data Group [5]. The pro-duction of charm hadron species in cc events was described by the values fromthe LEP Electroweak Working Group [92]. For the composition of charm hadronsproduced in b decays the values of the Particle Data Group [5] have been used. Asummary of all parameter ranges is given in table 5.1.The estimation of the average b decay multiplicity hnbi was, to a large extent,independent of the lifetime measurement. The number of tracks at the secondaryvertices was a free parameter in the vertex �t within the constraint of a minimum ofthree tracks. The average multiplicity observed at the secondary vertices followedthe original b decay multiplicity hnbi. The sensitivity to hnbi was optimized by a�t performed as a function of the decay length. The �t result is shown in �g. 5.1.The peak at zero decay length was due to light quark events. The enhancement atpositive decay lengths was caused by b and c events and its magnitude served asa measure of hnbi. The �tted value,hnbi = 4:90� 0:04 ; (5.7)is in agreement with other measurements [97]. The quoted error is the statisticaluncertainty. The correlation with the �b measurement is negligible within a �bvariation of less than 50 fs, a value that is large compared to the �nal uncertaintyof the �b measurement of 20 fs. 83
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Figure 5.1: Average multiplicity of tracks at the secondary vertices as a functionof the decay length. The points represent the 1994 data and the histogram showsthe MC distribution for the �tted b decay multiplicity hnbi = 4:90.
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Parameter Allowed range CommentRb 0.2179 � 0.0012 LEPRc 0.1715 � 0.0056 LEPhxEib 0.710 � 0.004 �ttedhxEic 0.484 � 0.008 LEPhnbi 4.90 � 0.12 �ttedhnKi 1.29 � 0.02 �ttedD0 lifetime (0.415 � 0.004) ps PDGD+ lifetime (1.057 � 0.015) ps PDGDs lifetime (0.467 � 0.017) ps PDG�c lifetime (0.206 � 0.012) ps PDGD+ fraction in cc events 0.233 � 0.028 LEPD0 fraction in cc events 0.102 � 0.037 LEPc baryon fraction in cc events 0.065 � 0.029 LEPB(B0;+ ! D+X) 0.242 � 0.033 PDGB(B0;+ ! DsX) 0.086 � 0.016 PDGB(Bs ! DsX) 0.87 � 0.31 PDGTable 5.1: Table of allowed ranges of the model parameters. The comments\LEP" and \PDG" stand for the proposed ranges of the LEP Electroweak Work-ing Group [17, 92] and the Particle Data Group [5], respectively. The entries aremarked by \�tted" if the parameters were determined by the analysis of this thesis.5.3 Decay length methodA �t of the decay length distribution was performed using the data sample collectedby L3 in the years 1994 and 1995. The �t included 890,506 secondary vertices. Theresult is: �b = (1582� 10) fs : (5.8)The error represents only the statistical uncertainty. The systematic error will beinvestigated later. The �tted range of the background parameters is summarizedin table 5.2. The decay length distribution for the �tted parameters is shown in�g. 5.2. Agreement between data and MC is observed and the positive tail due tob decays is clearly visible.An improvement of the statistical accuracy was achieved by a better separationof bb and background events. The pair-production of b quarks was exploited here.The events were divided into two categories depending upon the value of the decaydistance in the opposite jet. The samples were obtained by requiring the decaydistance in the opposite jet greater or smaller than a certain value, respectively.The cut value was chosen at a decay distance of 2 mm. This separated the re-constructed decays into a b enriched sample of 164,451 vertices and a backgroundenriched sample of 726,055 vertices. Both distributions were �tted simultaneously.85
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Figure 5.2: Decay length distribution of reconstructed secondary vertices. Thepoints represent the data of the years 1994 and 1995 and the histogram shows theMC distribution for the �tted lifetime. The upper row contains the total datasample. The lower row shows two subsamples that pass an anti-b tag (left) and ab tag (right), respectively.
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Background �t parameter Fit resultf1 0.93 � 0.07s1 0.27 � 0.02f2 0.0053 � 0.0008s2 28.3 � 2.6hnKi 1.33 � 0.05Table 5.2: Fit results for the background parameters in the decay length �t. Thewidths s1; s2 of the Gaussian smearing are given in units of the estimated errors.In this way b and non-b events contributing to the same bin of the decay lengthdistribution were accounted for with di�erent statistical weights in the �t.In order to avoid a systematic uncertainty due to the b normalization in bothsubsamples an additional �t parameter fb was introduced. It described the frac-tion of b events in the b enriched subsample. The total number of b events wasconstrained to the MC value as in the previous �t to the single distribution.The combined �t to both subsamples yielded:�b = (1584� 8) fs ;fb = 0:693� 0:003 : (5.9)The respective distributions are shown in �g. 5.2. The �tted value for fb is inagreement with the b fraction in the MC of 0.692 � 0.001. The results for thebackground parameters are the same as in table 5.2.5.4 Impact parameter methodSimilar �ts as described in the previous section have been performed to the averageimpact parameter distribution. The average impact parameter was de�ned as theerror-weighted average of the impact parameters of all tracks per secondary vertex.The reference point for the impact parameters was the estimated primary vertex.The �b �t result obtained from the single-jet impact parameter distribution in the1994/95 data sample is: �b = (1562� 8) fs : (5.10)The error represents the statistical uncertainty. The background parameters arelisted in tab. 5.3. The distribution is visualized in �g. 5.3.The �t was repeated with the same subsamples as de�ned in the previoussection using a cut on the decay length in the opposite jet. As before for thedecay length distribution, the lifetime �b, the normalization fraction fb and thebackground parameters have been �tted. The values are:�b = (1563� 7) fs ;fb = 0:691� 0:003 : (5.11)87



1

10

10 2
10 3
10 4
10 5
10 6

-3 -2 -1 0 1 2 3

L3

1

10

10 2
10 3
10 4
10 5

-2 0 2

anti
b tag

1

10

10 2

10 3

10 4

-2 0 2

b tag

94,95 Data

MC bb

MC non bb

-

-

-

-

impact parameter (mm)

n
u

m
b

er
 o

f 
en

tr
ie

s 
/ 0

.1
 m

m
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Background �t parameter Fit resultf1 0.65 � 0.15s1 0.21 � 0.04f2 0.024 � 0.003s2 7.4 � 0.6hnKi 1.29 � 0.02Table 5.3: Fit results for the background parameters in the impact parameter �t.The widths s1; s2 of the Gaussian smearing are given in units of the estimatederrors.The graphical representations are given in �g. 5.3. The values of the backgroundparameters were found unchanged compared to the ones in table 5.3.5.5 Systematic uncertainties and cross checksThis section explains how the systematic uncertainties of the �b value have beendetermined. It further describes which cross checks have been performed in orderto establish the validity of the lifetime �t.Two classes of systematic uncertainties were considered. The �rst class treatssystematic e�ects inherent to the measurement method. The important uncertain-ties of the detector performance were:1. Uncertainties of the L3 tracking detectors.2. Uncertainties of the LEP beam position.The second class is related to physics assumptions and approximations which a�ectthe lifetime measurement:1. Production of b and c quarks.2. Heavy quark fragmentation.3. Decays of b and c hadrons.These error sources shall now be treated in detail. The general procedure for theerror estimation of �b was the following. A certain parameter in the MC simulationwas changed according to the uncertainty in this parameter. First, the multiplicity�t was repeated and second, the lifetime �t was performed with the MC adjustedto the new hnbi value. The change in the �b result was attributed to a systematicuncertainty of the �b measurement. The errors on the �b value are described in thetext, the errors on the hnbi value are not mentioned in the text but are given intable 5.4. 89



5.5.1 Detector uncertaintiesThe uncertainties of measurements in the L3 tracking detectors concern the e�-ciency of the track reconstruction and the resolution.The agreement between data and Monte Carlo in the average number of qualitytracks per event was better than 0.1 tracks. In particular the angular dependenceof the average number of quality tracks was compared between data and MonteCarlo. Agreement was observed in the azimuthal angular dependence but smalldeviations have been seen in the polar angular dependence. Reweighting the MCsample to the observed track multiplicity resulted in a change of �b by 2 fs for thedecay length method and by 5 fs for the impact parameter method.The uncertainty in the resolution function has been estimated by varying theresolution correction parameters within the errors taking into account their respec-tive correlations. The error on �b was 5 fs for both methods.Systematic e�ects of the TEC calibration were estimated by repeating the life-time �t switching o� the local corrections applied to the track impact parameters.The �t results with and without the correction have been compared in a selectedsubsample. The di�erence of 3 fs in the �b value was counted as the systematicerror from the TEC calibration. In addition the error was considered to includethe uncertainty from local SMD calibration uncertainties which have been foundto be very small [74].The de�nition of the sign of the decay length depended on the jet direction.The resolution on the jet direction was estimated from comparisons between dataand Monte Carlo on a two jet event sample. The maximum discrepancy foundwas 2 mrad. Reweighting the MC events according to the jet direction resolutionyielded a shift in �b of 5 fs.The uncertainty in the knowledge of the beam spot size and position was deter-mined by varying the size of the beam spot within the accuracy of the 200-event-vertex (15 �m in x and 10 �m in y) and introducing a bias of 10 �m in x and 5 �min y for the central beam position. The MC decay length and impact parameterdistributions were reweighted according to the new beam location and uncertainty,yielding a change in the lifetime of 7, respectively 6 fs.The uncertainties from the detector performance add up to a total uncertaintyin �b of 11 fs, for both the decay length and the impact parameter method.5.5.2 Uncertainties from modeling of heavy quarksThe precision of the lifetime measurement was further limited due to heavy-quarkphysics modeling. The dominant contributions arise from the uncertainty in theinclusive description of b decays. Theoretical uncertainties have been estimated bya variation of the model parameters as recommended by the LEP Heavy FlavourElectroweak Group in [17, 92]. 90



The uncertainty in the production fraction Rb of b hadrons in hadronic Z decayswas conservatively estimated from the di�erence between the LEP average [17] andthe SM value. Its e�ect on �b was found to be small, 4 fs. The uncertainty fromRc, varied within the LEP uncertainty [17] was found to be 1 fs.Systematic errors due to b and c fragmentation were determined by varying �band �c in the Peterson fragmentation function [91] according to hxEib = 0.702 �0.008 for b fragmentation and hxEic = 0.484 � 0.008 for c fragmentation [92]. Thevalue of � in the fragmentation function is directly related to the fraction xE of thebeam energy carried by the b or c hadron. Reweighting functions were calculatedwhich parametrize the 1� di�erence to the central xE values according to the Pe-terson fragmentation function. For the b fragmentation the reweighting functionsare shown in �g. 5.4. The uncertainty in �b from b fragmentation was estimatedat 30 fs and 9 fs for the decay length and impact parameter measurement, respec-tively. In case of the decay length measurement the uncertainty of 30 fs dominatedthe total systematic error. The use of the impact parameter measurement enabledan important reduction of the systematic uncertainty.
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An uncertainty in the shape of the b decay multiplicity distribution was takeninto account by replacing the Monte Carlo distribution with a binomial distributionof the same mean and variance as in the Monte Carlo. The b decay multiplicity�t was repeated and shifted hnbi by 0.06 and �b by 4 fs.
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The total error in �b due to modeling of b and c events is 32 fs for the decaylength and 16 fs for the impact parameter measurement. The contributions to thesystematic error in the b lifetime measurement are summarized in table 5.4. Thetable also shows the corresponding systematic errors in the average b multiplicityhnbi. The �nal result on hnbi is:hnbi = 4:90� 0:04� 0:11 ; (5.12)where the �rst error describes the statistical uncertainty and the second error thesystematic uncertainty.Error source ��DLb (fs) �� IPb (fs) �nbDetector Uncertainties 11 11 0.08Quality track multiplicity 2 5 0.04Resolution function 5 5 0.07TEC calibration and SMD alignment 3 3 <0.01Beam spot size and position 7 6 <0.01Jet direction resolution 5 5 <0.01Heavy Quark Physics Modeling 32 16 0.08Rb 4 4 0.02Rc 2 2 0.01b fragmentation 30 9 0.02c fragmentation 2 <1 <0.01b decay multiplicity distribution 4 4 0.06D fraction in c�c events 2 3 <0.01D content in b decays 10 11 0.04D lifetimes 2 3 <0.01Table 5.4: Systematic errors in the measurement of �b. The �rst column shows theerrors for the decay length method, the second for the impact parameter method.The corresponding errors in the b decay multiplicity hnbi are given in the thirdcolumn.
5.5.3 Cross checksThe detector performance has been studied by looking for variations in the mea-sured lifetime between di�erent detector parts. The total data sample was dividedinto four azimuthal and two polar sections of the detector. No systematic depen-dence on the azimuthal angle and the forward/backward region could be inferred.In order to check possible in
uence of the TEC calibration the lifetime has beenmeasured in subsamples of the local angle relative to the TEC wires. The variations93



did not exceed the statistical 
uctuations. The dependence of the �t results on theb decay multiplicity distribution has been cross checked by changing the weightgiven to the entries in the �t according to the measured multiplicity at the sec-ondary vertices. The decay length and impact parameter distributions have beenreweighted by nSV , where nSV was the secondary vertex multiplicity. The changein �b was 5 fs for the decay length and 4 fs for the impact parameter measurement.These changes have been attributed to the di�erent statistical composition of thesamples and no additional error was assigned to �b. A graphical presentation ofthe cross checks results is shown in �g. 5.6.

1

2

3

4

5

6

7

8

9

1.5 1.6

00 < φ < 900

900 < φ < 1800

1800 < φ < 2700

2700 < φ < 3600

cosθ > 0

cosθ < 0

00 < φlocal < 50

50 < φlocal < 100

100 < φlocal < 150

150 < φlocal < 200

200 < φlocal < 250

250 < φlocal < 300

weight x nSV

mean value

1

2

3

4

5

6

7

8

9

1.5 1.6

Decay Length

1.53 1.58 1.63
| | |

1

2

3

4

5

6

7

8

9

1.5 1.6

Impact Parameter

1.53 1.58 1.63
| | |

Figure 5.6: Fitted lifetime values and their statistical errors obtained from thecross checks described in the text. 94



5.6 Combination of decay length and impact pa-rameter resultsThe decay length and impact parameter measurements are within their di�erentsensitivities to the b fragmentation consistent with each other. Both results werecombined by a simultaneous determination of the average lifetime �b and the av-erage b hadron energy hxEib. The combination was performed on the basis that acertain value of hxEib exists for which both lifetime measurements deliver identical�b values.A linear dependence of the �t results �i (i=1,2) on hxEib was assumed: �i =� 0i + ai�hxEib. The values � 0i are the �t results obtained at the LEP value for theb hadron energy of hxEi0b = 0:702. These are � 01 = 1:584 ps for the decay lengthmeasurement and � 02 = 1:563 ps for the impact parameter measurement. Thedi�erence between the hxEib value obtained from this thesis and the LEP value isdenoted by �hxEib = (hxEib � hxEi0b). The coe�cients ai were determined fromthe MC (a1 = �3:750 ps for the decay length measurement and a2 = �1:125 psfor the impact parameter measurement).The �2 function is given by:�2(�b; hxEib) = ( �1 � �b ; �2 � �b )  V11 V12V12 V22 !�1  �1 � �b�2 � �b ! : (5.13)The matrix V in the de�nition of �2 is the covariance matrix of the decay lengthand impact parameter measurement. The diagonal elements V11 and V22 have beenobtained from the total lifetime error from which the uncertainty from hxEib wassubtracted in quadrature. The correlation � = [V12=(V11V22)]1=2 between the impactparameter and the decay length measurement in the remaining uncertainties hasbeen estimated to � = 0:87, where the statistical errors alone were found to becorrelated with � = 0:63 and the systematic errors were fully correlated. Thestatistical correlation is mainly determined by the spread in the fragmentationfunction. The narrower the shape of the fragmentation function is the stronger thestatistical correlation.The �2 �t result is: �b = (1554� 7� 17) fs ;hxEib = 0:710� 0:004 :The situation is illustrated in �g. 5.7. The �rst error of �b is statistical and thesecond error is the systematic uncertainty. The error on hxEib contains both sta-tistical and systematic uncertainties. The result for hxEib is consistent with theLEP estimate [92] derived from lepton energy spectra. This measurement prefersa harder fragmentation with the central value placed at the 1� upper level of theLEP range in hxEib. The uncertainty is signi�cantly improved compared to theprevious LEP estimate. 95
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The contributions to the total systematic error of the b lifetime are similarto those in table 5.4, except the uncertainty due to the b fragmentation, whichis reduced to 5 fs. By the combination of both methods the uncertainty fromfragmentation is no longer the dominant systematic uncertainty. The greatestuncertainty in the value of �b arises from the uncertainty in inclusive branchingratios B ! DX which a�ect the e�ective charm decay length.I summarize again the value of the average b decay multiplicity:hnbi = 4:90� 0:04� 0:11 ; (5.14)with the statistical and systematic uncertainty.
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Chapter 6Bottom hadron identi�cationIt is the aim of this chapter to explain how a Bs 
avour identi�cation at LEPcould be exploited in the best way for a measurement of the lifetime di�erence ofa shortlived and a longlived Bs meson.A certain procedure to enlarge the fraction of Bs mesons in the b sample upto a purity p may have an e�ciency �. Which minimum purity p is necessaryfor a given value of � of this procedure to improve the accuracy of the ��=�measurement relative to the case without this procedure? Under the assumptionthat the uncertainty is dominated by the statistical error the answer is given by�g. 6.1. The line in �g. 6.1 represents the threshold above which the proceduregets e�cient.Which practical tools are known to identify Bs mesons with these requiredproperties? First, a full reconstruction of �nal states of Bs decays is possible.However these exclusive decay channels have very small branching fractions ofthe order 10�4. The �rst observation of the Bs meson and a measurement ofits mass were obtained with fully reconstructed decays such as Bs ! D�s �+ andBs ! J=	� [99]. The total number of reconstructed decays amounts to only ahandful with the full LEP statistics on the Z resonance. Although these samplesare almost free of background their event numbers are much too small to be usedin a measurement of ��=�.A partial reconstruction of Bs mesons can be obtained from semileptonic decaysBs ! D(�;��)s l � in which the Ds meson is fully reconstructed. Samples of typical100 Ds l events are obtained at LEP. However also these event numbers are stillnot competitive for the aim of a measurement of ��=� of Bs mesons.The limitations of the discussed methods arise from the high value of the bquark mass opening many channels for its decay. Only a small branching ratiois taken by a speci�c �nal state con�guration. In order to be free of limitationsarising from exclusive or semiexclusive reconstructed Bs decays a more inclusivemethod is favoured in this thesis. This method makes use of the conservation ofthe electric charge in b decays. In principle, the charge can be measured in each bhadron �nal state and can be related to the initial b 
avour. In this way charged98



Figure 6.1: Lines of equal statistical accuracy in a measurement of ��=� of Bsmesons in the e�ciency - purity plane. Two lines of equal accuracy are shown fortwo values of ��=� = 0:1 and 0.5. The point of 100% Bs e�ciency and 10% Bspurity corresponds to the intrinsic sensitivity without any b 
avour recognition.For e�ciency - purity values above the curve an improvement in the accuracy of��=� is reached. The crosses indicate the regions that are achieved by a full Bsreconstruction, a partial Ds lepton reconstruction and a charge measurement.and neutral b hadrons can be separated from each other. However the price of anincrease in e�ciency is the loss of purity. A maximum Bs purity of 17% can bereached in the limit of a perfect charge measurement.The technical procedure for the 
avour-dependent b lifetime �t is the following.The decay length values (and the impact parameter values, respectively) are sortedinto two distinct distributions depending upon the value of the measured charge atthe secondary vertices. One histogram contains the decay length values compatiblewith a unit charge at the secondary vertices and the other one those with zerocharge. These distributions are �tted simultaneously using as free parameters thelifetimes of neutral and charged b hadrons and �� of Bs mesons. No distinction ismade between the di�erent types of neutral b hadrons, the neutral mesons B0; Bsand the neutral baryon �b.6.1 Charge measurement in inclusive b decaysThe conservation of charge implies that the sum of all charges of b decay particlesis identical to the charge of the mother b hadron. The measurement of this sum of99



charges reduces to a measurement of charge signs because all elementary particleshave charges of -1, 0 or +1 in units of the proton charge. The charge sign isdetermined by the direction of the track curvature relative to the magnetic �eld.It can be measured with almost no uncertainty for particles with typical momentaof hadronic Z events. The uncertainty in the estimation of the b hadron chargearises from ambiguities in deciding whether a track comes from the primary eventvertex or from the secondary decay vertex. A vertex charge Qvertex has been de�nedas the sum of charges Qi of all tracks i = 1; � � � ; NSV at a secondary vertex weightedby the probabilities !i that the tracks are from the secondary vertex:Qvertex = NSVXi=1 Qi !i : (6.1)The probability !i is de�ned as!i = exp(��2i;SV =2)exp(��2i;PV =2) + exp(��2i;SV =2) (6.2)with the �2i contribution of the i-th track taken from equation (4.11) relative tothe primary (PV) or secondary vertex (SV). Similar de�nitions have been alreadyused by the DELPHI, OPAL and SLD Collaborations [100].The b hadron charge can only be measured correctly if all charges of the decayparticles are included in the sum. For that reason two quality samples of trackshave been distinguished. On the one side there were the tracks obeying the criteriaof chapter 4 which were used for the calculation of the primary and secondaryvertex positions. These tracks should contain SMD measurements. However forthe calculation of the vertex charge Qvertex all tracks have been used that satisfythe TEC chamber selection criteria independent of the presence of SMD hits.The distribution of the (real) charge values Qvertex is expected to show a peakat zero for B0 mesons, at +1 for B+ mesons and at �1 for B� mesons. Theuncertainties in the de�nition of the probabilities !i lead to overlapping tails. Thedistributions are shown in the left column of �g. 6.2.The sign of the vertex charge distinguishes between B+ and B�. But it is notdirectly related to our purpose of a separation of charged and neutral B mesons.In consideration of the tails in �g. 6.2 a separation of a unit charge di�erence israther di�cult. Further information from the sign of Qvertex can be derived froman independent knowledge of the 
avour of the b quark contained in the b hadron,namely b or �b. A charged B meson containing a b (�b) quark is a B� (B+) meson,respectively. A variable to measure the b quark 
avour in hadronic b decays is thejet charge [101].
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The jet charge is de�ned as the sum of charges Qi from all tracks i = 1; � � � ; Njetcontained in a jet weighted by the normalized momentum component pi jj parallelto the jet axis: Qjet = NjetPi=1 Qi pi jjNjetPi=1 pi jj : (6.3)The vertex charge was modi�ed by a sign de�ned with the jet charge. It ispositive if the vertex charge and the jet charge have the same sign and negative ifthey have opposite signs:Qvertex ! Qsignedvertex = sign(Qjet)Qvertex : (6.4)The distributions of the Qsignedvertex values with the new sign de�nition are shown inthe right column of �g. 6.2. The B� contribution shows a peak at +1 and the B0contribution at zero.The accuracy of the charge estimation depends on the decay distance. If thedecay distance is smaller than the experimental resolution the track origin is notwell de�ned. The uncertainty of the charge measurement is reduced the greaterthe decay length is. This behaviour is illustrated in �g. 6.3.
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After a decay length of about 3 mm (one average lifetime) the accuracy of thecharge measurement reaches its saturation value. The minimum length of 3 mm issmall compared to the decay distances where the sensitivity to �� of Bs mesonsis greatest, namely in the region of more than �ve average lifetimes, as explainedin section 2.2.3. The decrease in accuracy below 3 mm is therefore not importantfor the measurement of ��. In the lifetime �t the decay length dependence ofthe charge measurement is taken into account by a �t model that relies on a fullMC simulation. The correlations between the decay length and the vertex chargemeasurement are determined from the MC.
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Chapter 7Lifetimes of neutral and chargedb hadrons and �� of Bs mesonsIn this chapter the lifetime information contained in the position of the secondaryvertices is combined with the b 
avour information from the charge measurement.Neutral and charged b hadrons are enriched in two respective decay length (andimpact parameter) distributions. The separation into two categories is done bythe value of the signed vertex charge, de�ned in section 6.1. The decay lengthentries with Qsignedvertex > 0:5 contribute to the B+ enriched histogram, those withQsignedvertex < 0:5 to the B0 enriched histogram.7.1 The free parameters in the �tThe original �t of a single lifetime parameter is extended to a lifetime �t for the spe-ci�c b hadron types. In general there are four b hadron 
avours, B+; B0; Bs and �b,produced in Z decays that have six independent lifetimes. Each neutral B meson,B0 and Bs, consists of two mass eigenstates with two distinct lifetimes. We will fol-low our previous hypothesis (see chapter 2) that the lifetime di�erence of theB0 me-son is negligible and consider �ve lifetime parameters: �(B+); �(B0); �(B1s); �(B2s )and �(�b).Out of these three parameters can be determined by a charge-sensitive decaytime measurement. These are the B+ lifetime �(B+), the average lifetime of neutralb hadrons �(B0) = (�(B1s ) + �(B2s ))=2 = �(�b) and the lifetime di�erence of theBs meson states ��(Bs) = (�(B1s )� �(B2s ))=2. Here it is assumed that the neutralb hadron lifetimes of B0;�b and the average lifetime of the Bs meson are identical.The �t is done in two steps. At �rst the three parameters �(B+); �(B0) and ��(Bs)are derived from a simultaneous �t to the B+ and B0 enriched histograms. In asecond step the LEP results on b hadron lifetimes are included in the �t. The L3�t is constrained to the LEP results for �(B+); �(B0); �(Bs) = (�(B1s ) + �(B2s ))=2and �(�b). In this way all �ve lifetime parameters can be evaluated. Assumptionsabout neutral hadron lifetimes are replaced by measurements.104



7.2 Fit results7.2.1 Three-parameter �tA set of lifetime variables for the three-parameter �t was chosen as:1. the average lifetime �b = f+ �(B+) + f0 �(B0).2. the lifetime ratio r = �(B+)=�(B0).3. the Bs rate di�erence ��=�. It is related to the lifetimes �(B1s ); �(B2s ) via:�(B1;2s ) = �(B0)=(1���=2�).Two normalization parameters are needed to control the fraction of charged toneutral hadrons and the fraction of Bs mesons in the neutral hadron sample forwhich two lifetimes are �tted. The choice of the normalization parameters wasperformed according to the suggestions of the Particle Data Group [5]. The com-position of the b hadron sample was described by the fraction fBs of Bs mesons,the fraction f�b of b baryons and assuming equal production of B0 and B+ mesons,fB0 = fB+ = (1 � fBs � f�b)=2. Measurements of branching ratios of other ex-periments [57] have been used to estimate fBs and f�b from the number of ob-served events in 
avour-speci�c decay channels. In addition an alternative methodhas been applied to determine fBs with the time integrated mixing parameter�LEP = fB0�d + fBs�s. A value for fBs can be extracted from the measured valueof �d at the �(4S) resonance and the relation �s = 0:5 which follows from the lowerlimit on �MBs .The estimates from the LEP oscillation working group [57] were derived froma combination of both methods. The values are:fBs = 0:105+0:016�0:015 ;f�b = 0:106+0:037�0:027 : (7.1)The parameters fBs and f�b were included as �t parameters into the lifetime �tand their values were constrained to the LEP estimates (7.1).Four distributions, namely the B+ and B0 enriched histograms of respective twoquality samples, have been �tted simultaneously by the use of the three lifetime pa-rameters �b; r;��=�, the normalization parameters fb; fBs; f�b and the backgroundparameters f1; s1; f2; s2; hnKi. The quality samples were de�ned in the same wayas in chapter 5 by a cut on the decay length in the opposite jet. The numbers ofvertices contained in the four samples and the distribution of charged and neutralb hadrons are summarized in table 7.1. The parameter of the b fragmentation wasadjusted to the previously measured value of hxEib = 0:710� 0:004.105



Sample 1 2 3 4Total number 319,374 72,224 406,681 92,227MC b purity 17% 69% 17% 69%MC B+ purity 45% 45% 38% 38%Table 7.1: Sample composition of the �tted distributions. The numbers stand for:(1) B+ enriched, anti-b tag; (2) B+ enriched, b tag; (3) B0 enriched, anti-b tagand (4) B0 enriched, b tag.In the following the �t results are presented. All errors quoted in this sectionare statistical only. The systematic uncertainty is investigated in section 7.3 of thischapter.The result of the decay length �t was:�b = (1554� 12) fs ;r = 1:11� 0:07 ;��=� = 0:0+0:31�0:0 ;fb = 0:691� 0:004 ; (7.2)fBs = 0:098� 0:014 ;f�b = 0:092� 0:023 :The decay length distributions are shown in �g. 7.1. The 95% con�dence levellimit on ��=� is ��=� < 0:47 (95%C:L:) : (7.3)The same �t procedure has been applied to the impact parameter distributionsof the respective subsamples. The parameter values found in the impact parameter�t were: �b = (1554� 13) fs ;r = 1:11� 0:08 ;��=� = 0:13+0:31�0:13 ;fb = 0:693� 0:004 ; (7.4)fBs = 0:102� 0:014 ;f�b = 0:094� 0:022 :The �t is shown in �g. 7.2. At 95% con�dence level the value of ��=� is lowerthan: ��=� < 0:59 (95%C:L:) : (7.5)The values of the background parameters are the same as in the previous �tsgiven in table 5.2 and table 5.3. 106
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Fig. 7.3 and �g. 7.4 show examples of di�erent �t parameters in order to illus-trate the sensitivity to the lifetime ratio r and the Bs rate di�erence ��=�. The �tresults of the decay length �t are shown together with r = 0:8; 1:4 and ��=� = 0:8in the high b purity samples of the B+ and B0 enriched distributions. It is visiblethat both parameters r and ��=� can be determined almost independently fromeach other. A change of the parameter r causes changes in the B+ and B0 enricheddistributions of opposite directions. In the case of a change of ��=� these changesgo into the same direction.The magnitude of the changes in the B+ and B0 enriched distributions causedby changes of r is di�erent. The e�ects are stronger in the B+ distribution thanin the B0 distribution. This behaviour has its origin in the di�erent values ofthe composition of the sample from charged and neutral b hadrons. Under theconstraint �b = f+ �(B+)+ f0 �(B0) the changes for the lifetimes �(B+) and �(B0)under a change of r are larger for that lifetime with the smaller value of f , namelyB+. As a result the B+ enriched distribution is more sensitive to the value of rthan the B0 enriched distribution. The dependence of the distributions on r ischaracterized by an other feature: In the limit of large decay length values thenumber of entries for values of r 6= 1 is always greater than for r = 1 independentif r is smaller or greater than one. All distributions are superpositions of a B+and a B0 decay length distribution and the behaviour at large values of the decaylength is always dominated by the long-lived component independent if this is theB+ or the B0 component.The changes in the distributions introduced by di�erent values of ��=� arein agreement with the expectations derived in chapter 2. At small values of thedecay length the �t is not sensitive to ��=�. In this region the superposition of ashort- and a longlived Bs component is identical to a distribution of a Bs mesonwith a single average lifetime. The enrichment of neutral B mesons is visible in�g. 7.4 where the dependence on ��=� is more pronounced in the B0 enricheddistribution as compared to the B+ enriched distribution.7.2.2 LEP constrained �ve-parameter �tThe result of the three-parameter �t for �b and r can be compared with the LEPresult of measurements of individual lifetimes. The lifetimes of B+; B0; Bs and�b hadrons have been measured in exclusive decay channels. The results of theexperiments have been combined by the LEP B Lifetime Working Group [102].The average LEP values are 1:�(B+) = (1670� 40) fs ;�(B0) = (1570� 40) fs ;1Note that di�erent de�nitions of the parameter �(B0) have been applied. In the three-parameter �t �(B0) was the average lifetime of all neutral b hadrons, i.e. of B0; Bs and �b. Incontrast to that, in the �ve-parameter �t �(B0) was used as the lifetime of the B0 meson.109
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Figure 7.4: Dependence of the decay length �t on the rate di�erence ��Bs . Thedecay length distributions of the b-tagged quality sample are shown in the B+enriched part (upper row) and in the B0 enriched part (lower row). The solidcurves represent the MC distributions for the �t parameter ��=� = 0:0, the dashedcurves for the value ��=� = 0:8.
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�(Bs) = (1490� 60) fs ; (7.6)�(�b) = (1220� 50) fs :The �t parameters �b and r are related to the LEP measurements via:�b = (1� fBs � f�b) �(B+) + �(B0)2 + fBs �(Bs) + f�b �(�b) ;r = 12(1 + fBs + f�b) �(B+)12(1� fBs � f�b) �(B0) + fBs �(Bs) + f�b �(�b) : (7.7)The LEP values for �b and r according to eq. (7.1) and (7.6),�b = (1564� 28) fs ;r = 1:12� 0:07 ; (7.8)are in agreement with the values of the three-parameter �t (7.2) and (7.4).It is thus possible to combine the result of the three-parameter �t with thestatistical independent LEP result for �(B+); �(B0); �(Bs) and �(�b). The numberof �t parameters is enlarged by including �(Bs) and �(�b) as new free parametersinto the �t. In this way the systematic uncertainty coming from di�erences in thevalues of neutral b hadron lifetimes is eliminated. In the �ve-parameter �t, thisuncertainty is included in the statistical error.The lifetime variables estimated in the �ve-parameter �t were:1. the B+ lifetime �(B+)2. the B0 lifetime �(B0).3. the average Bs lifetime �(Bs).4. the Bs rate di�erence ��=�.5. the average b baryon lifetime �(�b).Superimposing the constraints (7.1) and (7.6) to the decay length �t the valuesof the lifetimes and normalization fractions were determined as:�(B+) = (1652� 30) fs ;�(B0) = (1548� 30) fs ;�(Bs) = (1481� 55) fs ;��=� = 0:0+0:26�0:0 ;�(�b) = (1233� 47) fs ;fb = 0:692� 0:004 ; (7.9)fBs = 0:100� 0:014 ;f�b = 0:090� 0:020 :112



The upper limit value on ��=� at 95% con�dence level is:��=� < 0:45 (95%C:L:) : (7.10)In case of the impact parameter �t the values were measured as:�(B+) = (1654� 32) fs ;�(B0) = (1552� 32) fs ;�(Bs) = (1485� 56) fs ;��=� = 0:04+0:36�0:04 ;�(�b) = (1219� 49) fs ;fb = 0:694� 0:004 ; (7.11)fBs = 0:103� 0:014 ;f�b = 0:094� 0:022 :The limit value on ��=� at 95% con�dence level is:��=� < 0:56 (95%C:L:) : (7.12)The correlations between the �t variables of the four �ts (7.2), (7.4), (7.9) and(7.11) are listed in the appendix A.7.3 Systematic uncertaintiesSome of the systematic uncertainties are already contained in the statistical error.These are the uncertainties from the fraction of Bs and �b hadrons and from thelifetimes of individual b hadrons. In particular, the �ve-parameter �t is free of anysystematic limitations from these error sources.There are further uncertainties from detector e�ects and heavy quark modelassumptions. These error sources have been already discussed in their e�ect onthe average b lifetime �b in chapter 5. The error analysis has been repeated herein order to estimate the systematic uncertainty of1. �b; r = �(B+)=�(B0) and ��=� in case of the three-parameter �t.2. ��=� in case of the �ve-parameter �t.The result of this error analysis for the parameters �b and r = �(B+)=�(B0)is summarized in table 7.2. The detector and model parameters have been variedby the same amount as in chapter 5 except for the fragmentation parameter. Thetable below shows the uncertainty for hxEib = 0:710 � 0:004 as determined insection 5.6 of this thesis. It has been found that the corresponding errors on ��=�to that of table 7.2 are completely negligible. The total error on ��=� from all113



Error source ��DLb (fs) �rDL �� IPb (fs) �rIPDetector Uncertainties 10 0.016 11 0.017Quality track multiplicity 3 0.007 5 0.010Resolution function 5 0.003 5 0.002TEC calibration and SMD alignment 3 0.012 3 0.011Beam spot size and position 6 0.005 6 0.005Jet direction resolution 4 0.004 5 0.005Heavy Quark Physics Modeling 19 0.026 14 0.026Rb 4 0.001 5 0.002Rc 2 <0.001 2 <0.001b fragmentation 15 0.015 5 0.007c fragmentation 2 0.001 <1 <0.001b decay multiplicity distribution 4 0.006 4 0.006D fraction in c�c events 1 0.004 3 0.004D content in b decays 10 0.019 11 0.022D lifetimes 2 0.002 3 0.002B+=B0 separation 2 0.006 3 0.010Table 7.2: Systematic errors in the measurement of �b and r = �(B+)=�(B0). The�rst two columns show the errors for the decay length method, the last two for theimpact parameter method.these error sources is smaller than 0.05 for both the decay length and the impactparameter measurement. It has therefore no impact on the �nal result for ��=�.The analysis of this chapter is a�ected by an additional systematic uncertaintyarising from the charge measurement. Systematic uncertainties in the measurementof the secondary vertex charge in
uence the number of B+ and B0 hadrons in theB+ and B0 enriched samples. A scale uncertainty in the b hadron composition of5% of the changes introduced by the cut on the vertex charge has been considered.This scale uncertainty concerns the distribution of charged and neutral b hadronsamong the B+ and B0 enriched samples; the total number of charged and neutralb hadrons is controled by the �t parameters fBs and f�b . The errors on the lifetimevariables due to this uncertainty are given in the last line of table 7.2.A cross check on the charge measurement has been performed for the chargedB sample exploiting the forward-backward asymmetry of b quark production inZ decays. The vertex charge of B� mesons measures the 
avour of the b quarkconstituent. The distribution of the cosine of the polar angle of the event thrustaxis with respect to the e� direction signed by the reconstructed vertex charge issensitive to unexpected mis-assignments of the vertex charge. The observed asym-metry in the signed cos �T distribution would be 
attened the less the reliabilityof the vertex charge measurement. The distribution was found to be in agreementwith the expected asymmetry from the lepton measurement [13] and the reliability114



of the vertex charge measurement as estimated from the MC [103].The �nal results for �b and r are:�b = (1554� 12� 22) fs ;r = 1:11� 0:07� 0:03 ; (7.13)as determined in the decay length measurement and�b = (1554� 13� 18) fs ;r = 1:11� 0:08� 0:03 ; (7.14)as determined in the impact parameter measurement. The �rst errors representthe statistical the second the systematic uncertainties.I repeat the results for ��=�. They include all sources of systematic uncer-tainty. In the decay length measurement the value of the 95% C.L. upper limitis: ��=� < 0:45 (95%C:L:) ; (7.15)and in the impact parameter measurement it is:��=� < 0:56 (95%C:L:) : (7.16)I consider it as su�cient to give one digit for the �nal 95% con�dence limiton ��=�. Then both results from the decay length and the impact parametermeasurements are equal. The �nal value for the upper limit on ��=� includingstatistical and systematic uncertainties is:��=� < 0:5 (95%C:L:) : (7.17)7.4 Discussion of the �t results7.4.1 The lifetime ratio �(B+)=�(B0)There exist quantitative predictions for the ratios of individual b hadron lifetimesbased on the Operator Product Expansion formalism [104]. As already mentionedin chapter 2 the quantities of interest are expanded in powers of �QCD=mb in thisformalism. The results show that 1=mb terms do not contribute to bottom lifetimedi�erences. Di�erences of baryon-meson lifetimes start with 1=m2b terms and thoseof meson-meson lifetimes start only with 1=m3b terms. The theoretical predictionsare [104]: �(B+)=�(B0) = 1 + 0:05 fB200 MeV!2 ;�(Bs)=�(B0) = 1�O(0:01) ; (7.18)�(�b)=�(B0) = 0:9� 0:95 :115



The measured ratio of r = 1:11 � 0:08 is consistent with this theoretical pre-dictions and, as already mentioned, is also in agreement with the other LEP mea-surements (7.6).At present, a deviation between experimental result and theoretical predictionis observed for the b baryon lifetime. The measured value of �(�b)=�(B0) = 0:78�0:04 [102] is not compatible with the theoretical estimate of eq. (7.18). Thisdiscrepancy is still an unsolved problem [104]. The measurement of r of this thesiscannot contribute to this discussion since there is no direct sensitivity to the lifetimeof b baryons. The value of �(�b) is only visible in its e�ect on the average lifetime ofneutral b hadrons. However within the uncertainty on r it is not possible to observee�ects of the order of the discrepancies as seen in the other LEP experiments.7.4.2 The upper limit on ��=�The upper limit on ��=� of 0.5 at 95% con�dence level is compatible with theSM expectation. The theoretical upper limit of 95% con�dence level for valuescompatible with the SM is ��=� < 0:4 [62]. The theoretical uncertainty arisesfrom uncertainties in the values of hadronic matrix elements.The result for ��=� of this thesis can be compared with a preliminary result ofthe CDF Collaboration [105] of ��=� < 1:0 at 95% con�dence level. This resultwas obtained from a Ds lepton sample. It has not yet been published. Both resultsagree with each other. The upper limit value that was derived in this thesis is afactor of two better than the CDF value.
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Chapter 8Determination of the jVcbjvalue
8.1 The jVcbjvalueThe value of the jVcbj element of the Cabibbo-Kobayashi-Maskawa matrix can bedetermined from the semileptonic width of b hadrons, as calculated in [34]. Theexperimental value of the semileptonic width is provided by measurements of theaverage b hadron lifetime �b and the semileptonic branching ratio B(B ! Xc l �),�(B ! Xc l �) = B(B ! Xc l �) = �b. The simple expression (2.8) of chapter 2 isrepeated to relate these measurements to the jVcbj value [34]:jVcbj = 0:0408  B(B ! Xc l �)0:105 !1=2 �1:6 ps�b �1=2 : (8.1)In this chapter the jVcbj value will be calculated with the world average values ofthe b lifetime �b and the semileptonic branching ratio B(B ! Xc l �).Typically the semileptonic branching ratio B(B ! Xc l �) with c quarks in the�nal state is not measured directly, but rather the total branching ratio B(B !X l �) with X = Xc + Xu. In order to separate the contributions from b ! cand b ! u transitions it is necessary to have a measurement of jVub = Vcbj . Themeasurement of jVub = Vcbj [41] described in chapter 2 will be used to obtain thesemileptonic branching ratio B(B ! Xc l �). This is a small correction becausejVubjwas measured to be much smaller than jVcbj .8.1.1 Measurement of �bThe measurement of �b described in this thesis is included in the world averageresult that combines measurements of LEP, SLD and CDF as shown in �g. 8.1 [102].The majority of the measurements has been performed on e+e� colliders [85{87]whereas recently a �rst measurement of �b at a proton collider has been reportedby the CDF Collaboration [88] at the Tevatron.117
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Figure 8.1: Combination of the �b measurements of LEP, SLD and CDF. Theaverage value was calculated by the LEP B Lifetime Working Group [102].
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Three methods are commonly used to measure �b. The �rst block in �g. 8.1combines measurements that are based on the impact parameter distribution ofleptons with high momentum and high transverse momentum [85]. The dominantsystematic errors come from uncertainties in the detector performance, as for in-stance uncertainties in the lepton identi�cation. The model dependence concerningthe b production and the semileptonic decay is small. The statistical accuarcy isdetermined by the semileptonic branching ratio of � 10%.The results of �b measurements with a vertex algorithm [87] similar to the oneof this thesis [86] are presented in the second block of �g. 8.1. The b lifetime isderived from the impact parameter or from the decay length distribution. The mainsystematic errors come from the b fragmentation (in case of decay length methods)and from the modeling of hadronic b decays. Currently these measurements ofblock two in �g. 8.1 constitute the most accurate measurements of �b, both fromthe statistical and the systematic accuracy.The third block in �g. 8.1 shows the result of the CDF Collaboration [88] usingJ=	 decays that o�er a competitive way at proton colliders when compared to thee+e� accelerators LEP and SLC. The distribution of production vertices of �+��pairs from J=	 decays is �tted with two free parameters, the b lifetime and thefraction of J=	's that result from the decay of b hadrons. The statistical andsystematic accuracy is of comparable order to that of a single LEP experiment.The combination of all �b measurements has been performed by the LEP BLifetime Working Group [102]. Uncertainties on fragmentation, decay modeling,branching fractions and charm lifetimes are considered as fully correlated amongthe experiments. The world average is:�b = (1:554� 0:013) ps : (8.2)The �nal uncertainty is dominated by fragmentation and decay model e�ects.8.1.2 Measurement of B(B ! Xc l �)Measurements of the semileptonic branching ratio B(B ! X l �) have been per-formed at the �(4S) [106] and at LEP [107]. The experimental situation at LEPand at the �(4S) is di�erent with respect to the b hadron sample composition. Atthe �(4S) only B+ and B0 mesons are produced.Using a double-tagging technique at the �(4S) it is possible to measure thesemileptonic branching ratio over essentially the full lepton momentum range. Thebb event is tagged by requiring a very energetic lepton. The second lepton in theevent is used to analyze the momentum spectrum of the decay. The signal ofprompt b ! l leptons has to be distinguished from cascade leptons of secondarycharm decays b! c! l. Kinematic and charge correlations are used to disentanglethe di�erent contributions. At the �(4S) there is no angular correlation amongprompt b ! l leptons from di�erent B decays whereas leptons from the same Bdecay tend to have back-to-back directions. Leptons of prompt b! l decays have119



opposite signs of electric charge. However if one of the decays proceeds via b! c!l the signs of the lepton charges are equal. Applying this technique the uncertaintiesfrom the shape of the lepton spectrum are extremely small because almost the fullsemileptonic branching fraction is measured. The results of the original ARGUSand the recent CLEO measurements [106] are shown in �g. 8.2. The average of theARGUS and CLEO results is B(B ! X l �) = (10:40� 0:16 (stat)� 0:30 (syst))%.The largest systematic uncertainties are the errors on the tracking and leptonidenti�cation e�ciency.At LEP the kinematic situation is di�erent and other sources of systematicuncertainties are relevant. The LEP measurements [107] are based on studies ofthe momentum and transverse momentum distributions of leptons with respect tothe closest jet. Leptons from b hadron decays are characterized by large momentadue to the hard b fragmentation and by large transverse momenta due to the largeb mass. Events with two leptons are also used to reduce systematic uncertainties.The LEP average, B(B ! X l �) = (11:15�0:05 (stat)�0:19 (syst))%, was derivedfrom a simultaneous �t to all heavy 
avour parameters at LEP. The B(B ! X l �)value depends on Rb = �bb=�had, the average energy fraction hxEib carried by theb hadron, the b 
avour mixing parameter � and the branching ratio B(b! c! l).The dependence on Rb is introduced by the normalization of the number of selectedevents to the total number of hadronic events. The value of hxEib determinesthe shape of the lepton spectra. The latter two parameters are relevant for theseparation of prompt b! l and secondary b! c! l leptons.Fig. 8.2 shows all B(B ! X l �) measurements. A 2� inconsistency betweenthe �(4S) and the LEP value is observed. The discrepancy can be hardly attributedto the di�erent hadron composition. By means of theoretical expectations [108]the measured values can be corrected for the di�erent b hadron composition. Thecorrection is small and of opposite sign as to explain the discrepancy [108]. Atpresent there is no explanation for the discrepancy. This might be a hint forpossible problems in the understanding of the semileptonic decay process. Forthat reason, half of the di�erence between the �(4S) and the LEP value is assignedas a systematic uncertainty that is added to the �nal error used for the evaluationof jVcbj . I will continue with a world average of B(B ! X l �) = (10:96� 0:41) %.The branching ratio with c quarks in the �nal state is related to B(B ! X l �)via: B(B ! Xc l �) = "1 + fufc ����VubVcb ����2 #�1 B(B ! X l �) ; (8.3)where fc and fu are the phase-space factors de�ned in eq. (2.6) for c and u quarks,respectively. Using the values mc = 1:3 � 0:2 GeV, mu = 0:1 � 0:1 GeV andjVub = Vcbj= 0.08 � 0.015 [41] the branching ratio B(B ! Xc l �) was determinedto be: B(B ! Xc l �) = (10:84� 0:41)% : (8.4)120
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Figure 8.2: Combination of the B(B ! X l �) measurements at the �(4S) and atLEP. The average of the LEP results takes into account the correlation with otherb parameters.
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8.1.3 ResultThe application of formula (8.1) yields a value for jVcbj of:jVcbj = ( 42:06� 0:18 (��b)� 0:80 (�B(B ! Xc l �)) )� 10�3 ; (8.5)where the �rst error summarizes the uncertainty from the �b measurement and thesecond that of the B(B ! Xc l �) measurement.The dominant error is that of the uncertainty in the semileptonic branchingratio. The accuracy of the lifetime measurement is at the 1% level whereas therelative discrepancy between the values of the semileptonic branching ratio at the�(4S) and at LEP is much larger than 1%.The size of the theoretical uncertainties in the previous formula has been esti-mated by 5% as suggested in reference [34]. The �nal result is:jVcbj = (42:1� 0:8 (exp)� 2:1 (theo))� 10�3 ; (8.6)where the �rst quoted error is due to the measured results for �b and B(B ! Xc l �)and the second error comes from theoretical uncertainties in the estimation of thesemileptonic width. The measurement uncertainties in the jVcbj determination arealready small compared to the theoretical limitations. The theoretical uncertaintiesare dominated from the uncertainties in the quark masses. Improvements in theknowledge of the heavy quark masses can be expected from future studies of thelepton spectra near the kinematic endpoint. However the accuracy on mb andmb � mc is principally limited. The jVcbj determination from the inclusive widthcomes already close to its intrinsic limitations.Comparing the impact of the three sources of uncertainty, namely ��b, �B(B !Xc l �) and �mb;�(mb �mc), the error from the b lifetime is the smallest one.8.2 Comparison with the jVcbjdetermination fromthe decay B ! D� l ��The principle of the measurement has been described in detail in section 2.1.2.From a study of the q2 distribution in the decay B ! D� l �� many experimentalgroups [37, 38] have derived values of jVcbjF(q2max). Following the procedure inreference [36] a value ofjVcbj = (39:2� 2:3 (exp)� 1:6 (theo))� 10�3 (8.7)has been obtained. The result of [36] was updated by the recent LEP mea-surements [38]. The average value of the experimental results, jVcbjF(q2max) =(35:7 � 2:1) � 10�3, has been calculated assuming that the systematic errors areindependent among the experiments except the error from the b lifetime that iscommon to all measurements. The rest of the systematic error is dominated by122



uncertainties in detector e�ciencies. The jVcbj value (8.7) was determined usingthe theoretical prediction F(q2max) = 0:91� 0:04 [36].The agreement of both results (8.6) and (8.7) from the inclusive and exclusiveapproach con�rms in a quantitative way the validity of the quark mixing hypothesisin b! c transitions. The �nal value when combing them is:jVcbj = (41:0� 1:0 (exp)� 1:4 (theo))� 10�3 : (8.8)Here it has been assumed that the experimental and the theoretical errors are inde-pendent. The reasons for that assumption were given in chapter 2. The accuracy ofthe jVcbj value has improved by almost a factor of two as compared to the ParticleData Group value [5].The determination of jVcbj corresponds to a value of the CKM parameter A inthe Wolfenstein parametrization (2.3) of:A = 0:85� 0:04 : (8.9)
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Chapter 9Lower bound on the value ofjVtd = Vtsj
9.1 Determination of the value of jVtd = VtsjMeasurements of the B0 � B0 oscillation frequency �MB0 and of the decay ratedi�erence ��Bs ofBs mesons constrain the ratio of top quark couplings to down andstrange quarks, jVtd = Vtsj. A relation between jVtd = Vtsj and the measured valuescan be derived from the mass splitting ratio �MB0 =�MBs given in reference [60]and the ratio of the Bs mass to width di�erence ��Bs =�MBs calculated in [62]:����VtdVts ���� = s ��Bs�MBs mBsmB0  fBsfB0 ! s�MB0��Bs : (9.1)In this equation the ratio ��Bs =�MBs , the mass ratio mBs=mB0 and theratio of decay constants fBs=fB0 are numerical factors. The ratio ��Bs =�MBs =(5:6� 2:6)� 10�3 has been calculated within the heavy quark expansion includingnext-to-leading order terms in the 1=mb expansion and leading-logarithmic termsof QCD [62]. A precise error analysis on ��Bs =�MBs has not been investigatedyet but an accuracy of � 10% should be within the reach of the near future [62].The value of the Bs=B0 mass ratio has been measured to be mBs=mB0 = 1:018�0:001 [5]. The ratio of decay constants fBs=fB0 = 1:16� 0:1 has been derived fromlattice-QCD and QCD sum rules calculations [60].Taking these values a relation,����VtdVts ���� = 8:8� 10�2s�MB0��Bs ; (9.2)was obtained. The uncertainty on this relation is not known at present becausethe error on the value of ��Bs =�MBs has not been calculated yet. At any ratethe present experimental uncertainty on �MB0 =��Bs is much larger than thetheoretical uncertainty on the factor in eq. (9.2). In the following I will ne-glect any theoretical uncertainty in eq. (9.2). The results derived from eq. (9.2)124



should be understood as an example to illustrate the impact of a measurement of�MB0 =��Bs .9.1.1 ResultA lower limit on the ratio �MB0 =��Bs has been obtained from the LEP resulton the B0 mass di�erence �MB0 = 0.466 � 0.019 ps�1 [57] and the upper limiton (��=�)Bs < 0:5 from this thesis. Using the value of the average Bs lifetime,�(Bs) = (1:49� 0:06) ps, from the LEP B Lifetime Group [102] the upper limit on��Bs is: ��Bs < 0:3 ps�1 (95%C:L:) : (9.3)These values are equivalent to a lower limit on �MB0 =��Bs of:�MB0��Bs > 1:4 (95%C:L:) : (9.4)By application of formula (9.2) a lower bound on the value of jVtd = Vtsjwas deter-mined as: ����VtdVts ���� > 0:1 (95%C:L:) : (9.5)9.1.2 Upper bound on the value of �MBsThe constant ratio of ��Bs =�MBs [62],��Bs�MBs = 5:6� 10�3 ; (9.6)allows the translation of an upper limit on ��Bs into an upper limit on �MBs .An upper limit value for the oscillation frequency �MBs of Bs mesons was foundto be: �MBs < 60 ps�1 (95%C:L:) : (9.7)It is equivalent to an upper limit value for the often used dimensionless variablexs: xs = �MBs�Bs < 90 (95%C:L:) : (9.8)
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Chapter 10Summary and conclusionsAt �rst the results of this thesis are �tted into the more general context of thedetermination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. Thediscussion is followed by a second part in which the particular outcome of thisthesis is presented in more detail.10.1 Status of the CKM matrix elementsIn this section it is summarized what is known about the magnitudes of CKMmatrix elements. The results of the measurements are discussed with respect totheir consistency with the CKM quark mixing scheme and the conclusions thatcan drawn within this approach.10.1.1 What can we learn from magnitudes?Tests of unitarityThe measurements of magnitudes of CKM matrix elements can be used to checkthe unitarity of the CKM matrix. The sums of absolute squares of rows or columnsshould equal one. The values of the elements of the 2 � 2 Cabibbo matrix are takenfrom the Particle Data Group [5]:jVudj = 0:9736� 0:0010 ; jVusj = 0:2205� 0:0018jVcdj = 0:224� 0:016 ; jVcsj = 1:01� 0:18 : (10.1)The values of elements involving quarks of the third family are given in chapter 2and the value of jVcbjwas calculated in this thesis (chapter 8). The test yields:Pu = jVudj2 + jVusj2 + jVubj2 =(0:9479� 0:0019) + (0:0486� 0:0008) + (0:000011� 0:000004) = 0:9965� 0:0021Pc = jVcdj2 + jVcsj2 + jVcbj2 =(0:050� 0:007) + (1:02� 0:36) + (0:0017� 0:0001) = 1:07� 0:36 : (10.2)126



For the third row, the quantity Pt = jVtdj2 + jVtsj2 + jVtbj2, the test is so far notpossible, since no measurement of jVtbj exists which does not rely already on theassumption of unitarity.The best measured value, Pu = jVudj2 + jVusj2 + jVubj2, shows a deviationfrom one by almost two standard deviations whereas Pc = jVcdj2 + jVcsj2 + jVcbj2is consistent with one within the (much greater) estimated uncertainty. In bothcases the dominant errors come from the diagonal terms jVudj and jVcsj. The valueof jVudj is still under discussion. It is derived from superallowed Fermi transitionsin nuclei. The experiments already reach a relative accuracy of 2� 10�4. Howeverthe estimation of the radiative corrections still has a larger uncertainty and thenumerical results have changed in the last two years (see discussion in [5]). Thevalue of Pu = jVudj2+ jVusj2+ jVubj2 might be a hint for new particles, but it is notyet signi�cant at present. Unfortunately the element jVcsj is the Cabibbo elementwith the smallest relative accuracy and the conclusions from the estimation ofPc = jVcdj2 + jVcsj2 + jVcbj2 are limited.The allowed range of values of the CKM matrix elements at 68% con�dencelevel can be summarized as follows:0B@ 0:9726 to 0:9746 0:219 to 0:222 0:0027 to 0:00390:208 to 0:240 0:83 to 1:19 0:039 to 0:0430:007 to 0:011 0:029 to 0:041 0 to 1 1CA : (10.3)The accuracy in the estimation of the CKM elements decreases the heavier therespective quark. Only very little information exists on CKM elements involvingthe top quark. However the constraints of unitarity connect di�erent elements. Acertain range for one element restricts the range of others. What can we concludefor the top quark elements from the measurements of up and charm quark elementsunder the assumption of unitarity? Using the measurements of the �rst and secondrow in equation (10.3) together with unitarity, and assuming only three families,the 1� ranges on the values of CKM elements are:0B@ 0:9747 to 0:9755 0:220 to 0:223 0:0027 to 0:00390:220 to 0:223 0:9739 to 0:9747 0:039 to 0:0430:006 to 0:012 0:038 to 0:042 0:99908 to0:99922 1CA : (10.4)The ranges given here are di�erent from those in equation (10.3) because of theinclusion of unitarity. Six measurements (of jVudj; jVusj; jVubj; jVcdj; jVcsj; jVcbj) wereused to determine three real parameters, the number of independent rotations.The fact that Pu < 1 has pushed the central values for jVudj and jVusj about onestandard deviation higher than the original input values given in eq. (10.3). Itis remarkable that the range for jVtdj in eq. (10.4) obtained from unitarity is inagreement with the one from the measurement of the B0�B0 oscillation frequencyin eq. (10.3) [58]. However the precision in jVtdj is not yet su�cient to get stringentconstraints on the complex phase in the CKM matrix. Note that only a directmeasurement of jVtdj can be used for an estimation of this phase. Its value cannot127



be derived from the unitarity constraint. The determination of the complex phasein the CKM matrix is the topic of the next section.Constraints for CP violationHow do the measurements of magnitudes of CKM elements constrain the allowedrange in the plane of the Wolfenstein parameters � and �? The parameters � and� are determined by measurements of the values of jVubj and jVtdj . The 1� regionin the (�; �) plane as estimated from the values of eq. (10.3) is shown in �g. 10.1.A considerable improvement in the knowledge of � and � could be obtained froman improved measurement of the matrix element jVtdj .

Figure 10.1: Contours of 1� (inner curve) and 95% (outer curve) con�dence levelfor regions in the (�; �) plane.The present knowledge about the value of jVtdj is provided by measurementsof the B0 � B0 oscillation frequency �MB0 and is limited by intrinsic theoreticaluncertainties. Several experimental proposals have been investigated to overcomethese uncertainties. These proposals favour a measurement of jVtd = Vtsj rather thanof jVtdj because many uncertainties cancel in the ratio. The value of jVtdj can bedirectly obtained from the value of jVtd = Vtsj due to the equalness of jVtsjwith theprecisely known element jVcbj . The upper edge of the range in values of jVtd = Vtsj isexplored by lower limits on the mass di�erence �MBs of Bs mesons and by upperlimits on the branching ratio B(b ! d
). In contrast, the lower edge of the rangein values of jVtd = Vtsj is examined by upper limits on the rate di�erence ��Bs ofBs mesons. The situation is illustrated in �g. 10.2. Among these results the limiton �MBs is already stringent enough to improve the 95% C.L. region in the (�; �)128



plane. The contour of 95% C.L. including the �MBs limit [61] is superimposed onthe 1� contour in �g. 10.1.

Figure 10.2: Limits of 95% con�dence level on the value of jVtd = Vtsj . Thehatched region shows the range of 95% con�dence level as estimated from theB0 � B0 oscillation frequency �MB0 [58]. The upper limits are derived from alimit on the Bs � Bs oscillation frequency �MBs [61] and from a limit on thebranching ratio of Cabibbo suppressed penguin decays b ! d
 [46]. The lowerlimit on the value of jVtd = Vtsj is that one of this thesis.There are also constraints for � and � from CP violation in the neutral kaonsystem. For example, the measured value of the CP violating parameter � con-strains the point (�; �) to lie on a hyperbola for �xed values of the hadronic matrixelements. However the values of these hadronic matrix elements are not preciselyknown. A discussion of the constraints from the CP violating parameters in theK0 �K0 system would go beyond the realm of this thesis. It can be found in ref-erence [60]. The constraints obtained therein are in agreement with the ones fromthe measurement of jVubj and jVtdj and lead to small improvements in the knowledgeabout � and �.10.2 The issue of this thesisThe results of this thesis are twofold. On one side a precision measurement of theaverage b hadron lifetime in Z decays was performed:�b = (1554� 7� 17) fs : (10.5)Together with other measurements [85,87,88,106,107] a value of the CKM matrixelement jVcbj of jVcbj = (41:0� 1:0 (exp)� 1:4 (theo))� 10�3 (10.6)has been obtained from it. 129



On the other side di�erences in the lifetimes of various b hadron species havebeen measured. The ratio of lifetimes of charged to neutral b hadrons in Z decayswas determined as: �(B+)=�(B0) = 1:11� 0:07� 0:03 : (10.7)An upper limit for the rate di�erence among the short- and longlived Bs mesonstate was found as: (��=�)Bs < 0:5 (95%C:L:) : (10.8)From this upper limit on ��Bs a lower limit on the ratio of CKM elements jVtd = Vtsjwas derived as: ����VtdVts ���� > 0:1 (95%C:L:) : (10.9)This limit on the value of jVtd = Vtsj comes close to the frontiers of knowledge in thevalue of the strongly suppressed coupling strength jVtdj , as shown in �g. 10.2.The prime motivation for a precise knowledge of the value of jVtdj lies in itsrelation to the magnitude of CP violation e�ects. The value of jVtdj is one importantingredient for the test of the CKM mechanism of CP violation. Less is knownabout this mechanism although it is a fundamental constituent of the SM and wasformulated 25 years ago. It is for the �rst time that a lower limit on the value ofjVtdj has been obtained that is independent of the theoretical estimate of the B0meson decay constant.The result of this thesis could be a starting point for a series of attempts tomeasure ��Bs in other experiments. The sensitivity to ��Bs could be improved byan increase in size of the analyzed data sample. Large data samples of Bs mesonsexist at present and others will be produced in the near future. A similar analysisas in this thesis could be applied to the other LEP experiments and to future bfactories. The following section gives an introduction into the possibilities at LEP,HERA-B and BABAR.10.2.1 A brief look into the futureThe main purpose of the future b factories like HERA-B and BABAR is a mea-surement of CP violating asymmetries in decays of B0 mesons to CP eigenstates.These measurements can be complemented by measurements of the magnitudesof jVubj and jVtdj . The combination of measurements of the phases and of themagnitudes of CKM matrix elements probes the CKM mechanism of CP viola-tion. A possible scenario of hypothetical measurements with a resolution as itcould be achieved in the year 2000 [109, 110] is shown in �g. 10.3. In particularmeasurements of jVubj and jVtdj can resolve ambiguities in the determination of theWolfenstein parameters � and �. 130



LEPIt would be interesting to continue the program of this thesis by the foundation ofa LEP working group with the aim of an estimation of a combined LEP result on��Bs . The necessary experimental apparatus and analysis techniques exist in allthe four LEP experiments. The inclusive measurements of the average b lifetimewould have to be extended by ��Bs as a new �t parameter. The statistics couldbe enlarged by a factor of seven as compared to this thesis when the full LEPstatistics of the years 1991 to 1995 will be used. The total number of Bs mesonsis of the order 105.HERA-BThe HERA-B experiment at DESY Hamburg [109] will accumulate a large numberof b hadrons from 1999 onwards. In particular, 105 Bs mesons will be collected bythe dilepton-trigger each year of data taking. A precise lifetime information willbe available for the lepton tracks. The value of ��Bs could be inferred from thelepton impact parameter distribution. Precise measurements of the Bs fraction inthe analyzed sample and careful studies of the background distribution have tobe performed. The analysis could be supplemented with a lifetime measurementin the decay channel Bs ! J=	� which is foreseen in the program of HERA-B [109]. The �nal state is a CP eigenstate of dominantly even CP parity [63] andthe lifetime measured here is the lifetime of the shortlived Bs state. The numberof expected events in this channel amounts to 103 per year.BABARThe BABAR experiment at Stanford [110] is designed to study CP violation of B0mesons at the �(4S) resonance. The e+e� collider is also capable to run at the�(5S) resonance in which decays Bs mesons are produced. Per year of data takingat the �(5S) a similar number of Bs mesons as the total number at LEP could beobtained, namely 105. The ��Bs analysis could be performed by an inclusive recon-struction of the b decay positions in all the events at the �(5S) . The backgroundfrom non-b events and from b events other than Bs mesons could be determinedby reference measurements at the �(4S) and in the continuum. The advantage ofa ��Bs measurement at BABAR lies in the possibility of a discrimination between�� e�ects of B0 and Bs mesons by a comparison of the measurements at the�(4S) and at the �(5S) resonance. As in the other experiments a measurement ofthe Bs fraction contained in the analyzed data sample is of major importance forthe quantitative result on ��Bs .
131



Figure 10.3: Contours of hypothetical measurements of CKM magnitudes(jVub = Vcbj= 0.080 � 0.007, jVtd = Vtsj= 0.215 � 0.020) and CKM angles (sin 2� =0:3 � 0:1; sin 2� = 0:60 � 0:06). The point shows the region consistent with all\measurements".
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Appendix ACorrelation of �t variablesThe following matrices contain the correlation parameters between the �t variablesof the three- and �ve-parameter �t described in chapter 7.Three-parameter �t �b r ��=� fb fBs f�b�b 1 0.01 -0.03 -0.22 0.03 0.35r 1 0.04 0.16 0.18 0.08��=� 1 0.07 0.05 0.04fb 1 0.15 0.13fBs 1 0.02f�b 1Table A.1: Correlation coe�cients between the �t variables �b; r =�(B+)=�(B0);��=�; fb; fBs and f�b in the decay length �t.�b r ��=� fb fBs f�b�b 1 -0.08 -0.65 -0.20 0.01 0.27r 1 0.05 0.19 0.22 0.14��=� 1 0.27 -0.13 0.07fb 1 0.08 0.10fBs 1 0.0f�b 1Table A.2: Correlation coe�cients between the �t variables �b; r =�(B+)=�(B0);��=�; fb; fBs and f�b in the impact parameter �t.133



It can be seen that in the decay length measurement all correlation coe�cientsare small. However in the impact parameter measurement, where a non-zero valueof ��=� has been �tted, the correlation between ��=� and the other �t variablesis important. Both �ts, the three- and the �ve-parameter �t show this property.Five-parameter �t�(B+) �(B0) �(Bs) ��=� �(�b) fb fBs f�b�(B+) 1 -0.38 -0.09 0.03 -0.05 0.06 0.06 0.34�(B0) 1 -0.21 0.04 -0.07 0.0 0.07 0.28�(Bs) 1 -0.02 -0.06 -0.05 -0.04 0.07��=� 1 0.02 0.10 0.04 0.10�(�b) 1 -0.07 0.02 0.14fb 1 0.09 0.11fBs 1 -0.03f�b 1Table A.3: Correlation coe�cients between the �t variables�(B+); �(B0); �(Bs);��=�; �(�b); fb; fBs and f�b in the decay length �t.�(B+) �(B0) �(Bs) ��=� �(�b) fb fBs f�b�(B+) 1 -0.16 -0.02 -0.41 -0.07 0.06 0.12 0.21�(B0) 1 -0.01 -0.34 -0.07 0.04 0.0 0.33�(Bs) 1 -0.19 -0.05 0.0 -0.05 0.16��=� 1 0.02 0.23 -0.06 0.11�(�b) 1 -0.11 -0.02 0.07fb 1 -0.02 0.11fBs 1 -0.12f�b 1Table A.4: Correlation coe�cients between the �t variables�(B+); �(B0); �(Bs);��=�; �(�b); fb; fBs and f�b in the impact parameter�t.
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