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AbstractIn a sample of 2470K hadronic Z0 decays registered by DELPHI during the years 1994 and 1995,an estimated signal of 127:9�9:7 inclusive B0s ! �`+ decays are reconstructed. The B0s lifetime ismeasured, �B0s = �1:40+0:31�0:27 (stat)� 0:08 (syst)� ps; and exclusion regions for the time dependentB0sB0s mixing frequency is found:�ms =2 h0:9 ps�1 : : : 1:8 ps�1i [ h2:2 ps�1 : : : 3:3 ps�1i [ h8:0 ps�1 : : : 9:0 ps�1i (95% C. L.):The sensitivity of the analysis is �ms < 1:5 ps�1, de�ned as the point where the exclusionprobability drop below 50%.
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Chapter 1Introduction and thesis outlineElementary Particle Physics up to an energy scale of about 100 GeV is well understood as aquantum �eld theory known as the Standard Model of Elementary Particles in which matter,represented as fermion �elds, interact through gauge bosons. Fermions are spin- 12 particles obeyingFermi-statistics, the quarks and leptons, see �gure 1.1. The gauge bosons are spin-1 particleshaving Bose-Einstein-statistics, see �gure 1.2, that are associated with the generators of internalgauge symmetries. The uni�cation of the electromagnetic and weak nuclear interactions into asingle electro-weak interaction described by the SU(2)W 
 U(1)Y symmetry is one of the majortriumphs of the Standard Model of Elementary Particles ([1], [2], [3]).12 0�ee-neutrino< 15 � 10�6 12 �1eelectron0:000511 12 � 13ddown0:005{0:015 12 + 23uup0:002{0:00812 0���-neutrino< 0:00017 12 �1�muon0:10566 12 � 13sstrange0:1{0:3 12 + 23ccharm1:0{1:612 0��� -neutrino< 0:024 12 �1�tau1:777 12 � 13bbottom4:1{4:5 12 + 23ttop180 � 12Legend: spin chargesymbolnamemass (GeVc2 )Figure 1.1: Periodic Table of the Fermions. Any similarity to the Periodic Table of the Elementsis purely intentional: Particles listed in one column share physical properties while particle masseswithin one row increase (with one notable exception) from left to right.The photon, 0 | mediator of the electromagnetic interactions, is massless as required bylocal gauge invariance. On the other hand, the W� and Z0 bosons that mediate the weak nu-clear interactions are observed [4] to have masses of (80:41�0:10) GeV and (91:187�0:007) GeV,1



2 Introduction and thesis outline1 0ggluon01 0photon01 0Z091:19� 0:01 1 �1W�88:33� 0:17 1 +1W+88:33� 0:15Figure 1.2: Gauge bosons of elementary particle physics. The gluon mediate the strong nuclear in-teraction associated with the SU(3)C gauge symmetry. The photon (mediating the electromagneticinteraction) and the Z0 and W� (responsible for the weak nuclear interaction) are all remnantsof the spontaneously broken SU(2)W 
 U(1)Y gauge symmetryrespectively [5]. As massive gauge bosons are indeed incompatible with a naive local gauge sym-metry, one concludes that the underlying SU(2)W
U(1)Y symmetry must be broken. The Higgsmechanism introduces spontaneous symmetry breaking by means of a complex scalar SU(2)Wdoublet �eld, the Higgs �eld, which acquires a non-zero vacuum expectation value. In this pro-cess, W� and Z0 become massive while 0 remains massless. This happens at the cost of only twoarbitrary parameters: the vacuum expectation value of the Higgs �eld and the ratio of the W�and the Z0 masses, and the theory retains the appealing properties of a local gauge theory. As anadded bonus, it is possible to have the same spontaneous symmetry breaking generate mass termsfor the leptons and quarks. The Yukawa couplings between the Higgs �eld and the fermions arehowever completely arbitrary. With 3 fermion generations, this arbitrariness gives 13 or 20 newparameters, depending on whether the neutrinos are massive or not.Focusing on the quark sector, diagonalization of the up- and down-type mass matrices yields 6arbitrary quark masses and 4 parameters (3 rotation angles and 1 phase) describing how up- anddown-type quarks mix in the charged current coupling to theW�. In general, with ng generations,the quark mixing is described by an unconstrained complex ng � ng matrix, commonly namedafter Cabibbo [6], Kobayashi and Maskawa [7]. In the Standard Model, the CKM-matrix shouldbe unitary, and testing this unitarity is thus a test of the Standard Model itself. One part of theCKM-matrix that is particularly poorly known is the couplings of charged currents involving a 3rdgeneration quark with the W�, as described by the 3rd row and column. These parameters areaccessible through the study of b-hadron physics: The couplings of the b quark itself to the c- andu quark are directly measurable in b-decays; the couplings of the t quark are accessible becausevirtual t quarks turn up as quantum corrections in �B = 2 (b$ b) transitions.The coupling Vtq (q = d; s) between the W� and the tq charged current determines the size ofthe B0q mass splitting �mq , which is experimentally manifest in the B0qB0q mixing. As �md, theB0d mass splitting, is already well measured (see references in section 2.3), experimental interestturns to �ms. The motivation for measuring �ms is partially to extract Vts directly, partially toextract ���VtdVts ���2 � �md�ms with minimal hadronic uncertainties.The main object of this thesis is the study of time dependent charge correlations in B0s decays,searching for time dependent B0sB0s mixing with oscillation frequency �ms. From measurements



3of integrated mixing, the B0s mass splitting is known to be sizeable, and several existing analysesreport lower limits on �ms; see section section 4.1 for references. However, the region of the �msparameter open to exploration is currently limited by experimental statistics. Combining as manydecay channels as possible from all available experiments is necessary to get the best obtainablelimit, and possibly discover time dependent B0sB0s mixing. The ambition of the present analysisis to contribute to the available statistics of B0s decays through the inclusion of another decaychannel: B0s mesons partially reconstructed in the inclusive �`+ �nal state. The work is basedon data collected by the DELPHI experiment at LEP, CERN during the 1994 and 1995 runs,representing the larger part of the hadronic Z0 statistics, and registered with fully operationalparticle identi�cation and three dimensional vertexing capabilities. As the study of time dependentmixing already involves decay time reconstruction, only a little additional work is required tomeasure the B0s lifetime and to study the possible decay width splitting of the B0s states.The present thesis is outlined as follows: Chapter 2 tries to bridge the gap between funda-mental parameters of the Standard Model and certain observables in the neutral B meson system.Chapter 3 gives a brief overview of the experimental setup: the DELPHI detector at LEP. Theselection of B0s events decaying into the �`+ �nal state is treated in chapter 4 and the extrac-tion of physical parameters from decay observations is described in chapter 5. Finally, chapter 6concludes and compares the results to analyses of complementary decay channels.



4 Introduction and thesis outline



Chapter 2From Standard Model parametersto b-physics observablesThe focus of this chapter is not the Standard Model as such, but the Cabibbo-Kobayashi-Maskawamatrix and how its parameters relate to experimental observables in neutral B mesons.2.1 The origin of the Cabibbo-Kobayashi-Maskawa matrixin the Standard ModelIn the Standard Model [1] [2] [3], the fermions acquire mass through the coupling to some Higgs�eld. The important constraint when specifying this interaction is that the Lagrangian is invariantunder the gauge group. In the minimal model, the Higgs SU(2) doublet � �+�0 � couples theleft-handed quark doublets to the up-type right-handed quarks while its charge conjugate �eld� �0��� � = i�2� �+�0 �� couples the left-handed quark doublets to the down-type quarks in asimilar fashion:L(q;H) = Yij �uiL; diL�� �+�0 �ujR + Y 0ij �uiL; diL�� �0��� � djR + h:c: (2.1)Within the theory, the Yukawa-couplings Yij and Yij are completely arbitrary complex matricesof dimension ng , the number of fermion generations.In the process of spontaneous symmetry breaking process, the Higgs �eld acquires a �nitevacuum expectation value. Three degrees of freedom are \eaten" by the gauge bosons as theybecome massive, while one real component remains as the Higgs particle. De�ning h�0i � v andchanging variables �0 ! v + �0, the Higgs doublet is then written as � 0v + �0 �. Inserting thisin equation 2.1, quark mass terms are generated and quark couplings to the Higgs particle areseen to be proportional to the quark masses:MijuiLujR(1 + 1v�0) +M 0ijdiLdjR(1 + 1v �0) + h:c: (2.2)As M � vY and M0 � vY0 are general complex matrices, two sets of two unitary matrices areneeded to diagonalize them: M = ULy0@ mu 0 00 mc 00 0 mt 1AUR (2.3)5



6 From Standard Model parameters to b-physics observablesM0 = U0Ly0@ md 0 00 ms 00 0 mb 1AU0R (2.4)Hence, the original quark �elds do not represent the massive or \physical" quarks. Changing basisto mass-eigenstates means that the hadronic charged current is no longer avor-diagonal:J+� = uiL�diL = u0kL�d0jLULkiU0Lyij : (2.5)In the context of the Standard Model, this de�nes the Cabibbo-Kobayashi-Maskawa matrix [6] [7]VCKM � ULU0Ly. On the other hand, it is possible to give a purely phenomenological de�nitionof the CKM-matrix as the contributions of di�erent up- and down-type quark-combinations to thecharged hadronic current. Within the Standard Model VCKM is necessarily unitary because ULand U0L are unitary.2.2 Parameterizations and unitarity conditions on VCKMIn general, a ng � ng unitary matrix is described by n2g parameters; ng � (ng � 1)=2 O(3) rotationangles and ng � (ng + 1)=2 phases. However, 2ng � 1 phases are unobservable because they canbe absorbed in a suitable re-phasing of the quark �elds, and the number of observable phases is(ng � 1)(ng � 2)=2. Having observable phases is a requirement to have CP-violation, consequentlythere must exist at least ng = 3 generations in order to explain CP-violation in the StandardModel.For some unknown reason, the CKM-matrix has an interesting hierarchical structure: Theelements that describe couplings within one generation are of order unity, the 1st to 2nd generationcouplings are almost an order of magnitude smaller, the 2nd to 3rd generation elements are yetanother order of magnitude smaller, and �nally the 1st to 3rd generation couplings are once againan order of magnitude smaller:VCKM = 0BB@ VudVcdVtd VusVcsVts VubVcbVtb 1CCA :Various [8] [9] numerological schemes for the Yukawa-couplings have been proposed to explain thispattern, giving one motivation among others to measure each component as accurately as possible.De�ning �ij as the angle of rotation in the i�j-plane and writing sij � sin �ij and cij � cos �ijthe particular parameterization advocated by [4] is recognized as a product of three familiarrotation matrices and a phase matrix together with its conjugate: 1 0 00 c23 s230 �s23 c23 !0@ c13 0 s13e�i�130 1 0�s13ei�13 0 c13 1A c12 s12 0�s12 c12 00 0 1 !=0@ c12c13 c13s12 s13e�i�13�s12c23 � c12s23s13ei�13 c12c23 � s12s23s13ei�13 s23c13s12s23 � c12c23s13ei�13 �c12s23 � s12c23s13ei�13 c13c23 1A : (2.6)Numerous other parameterizations are of course also possible. For original work, see [10], [11] andfurther references in [4]. Series-expanding equation 2.6 using the rotation angles as parametersand keeping the dominant terms, a popular approximation of the CKM-matrix due to Wolfenstein[12] is obtained: VCKM ' 0@ 1� 12�2 � A�3(�� i�)�� 1� 12�2 A�2A�3(1� �� i�) �A�2 1 1A : (2.7)



2.3 Phenomenology of B0{B0 mixing 7The coupling hierarchy mentioned above can be expressed as the degree of � ' sin �c, the param-eters A and j� + i�j are of order unity and the argument of �+ i� is related to the CP-violatingphase.The unitarity-conditions on the CKM-matrix can be written down taking the scalar productof one row or column with the complex conjugate of another:V �ijVjk = �ik: (2.8)Of particular interest is the combination of the 1st (d quark) with the 3rd (b quark) column. Thiscondition involves the smallest and most poorly known matrix elements:V �udVub + V �cdVcb + V �tdVtb = 0: (2.9)Normalizing the second term to one and invoking the Wolfenstein-parameterization, this is written:(�+ i�) + (�1) + (1� �� i�) = 0:This 3-term complex equation can be visualized as a triangle in the �{i� plane, see �gure 2.1.
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Figure 2.1: The Wolfenstein parameterization and the �{i� plane unitarity triangle. The StandardModel predicts that the CKM-matrix is unitary, resulting in a closed triangle. The side lengthsand angles are individually measurable, and over-constraining the triangle provides a test of theStandard Model.The angles �, � and  of the �{i� unitarity triangle are expected to be accessible throughmeasurements of CP-violating amplitudes measured at the upcoming b-physics experiments [13]at DESY [14], KEK [15] and SLAC [16].The j� + i�j-side is essentially ��� Vub�Vcb ��� and is measured in charm-less b-decays at ARGUS andCLEO, see [17].The �nal triangle side j1��� i�j = j Vtd�Vcb j is accessible through the 2nd order weak interactionswith virtual t quarks as found in B0{B0 mixing.2.3 Phenomenology of B0{B0 mixingThe description of B0{B0 mixing is formally identical to the classical description of the K0{K0system [18] [19]. However, when it comes to observable quantities the experimental features of



8 From Standard Model parameters to b-physics observablesthe two systems di�er grossly. Recall that KS and KL have dramatically di�erent lifetimes andthat the hitherto only observations of CP non-conservation have been done in the decay of neutralkaons [20]. In the B0 meson system, the lifetime di�erence between the two mass-eigenstates isyet to be observed, and the task of measuring CP-violation in the b quark sector is left to futurespecialized experiments. On the other hand, the B0 meson mass di�erence is large compared tothe total width, and the corresponding mixing, that is the �B = 2 transitions, has been observed.A general, time dependent, neutral B meson state can be written in terms of the avor eigen-states jB0i (bq) and jB0i (bq): jB(t)i = B0(t)jB0i+B0(t)jB0i:In this subspace, the Hamiltonian operator H takes the form of a 2 � 2 non-Hermitian matrix.Separating the Hermitian and anti-Hermitian parts, M = 12 �H+Hy� and � = i �H�Hy�, theScr�odinger equation reads: i @@t � B0(t)B0(t) � = �M� i2��� B0(t)B0(t) � : (2.10)The optical theorem relates the anti-Hermitian (dispersive) part of the transition matrix to thetotal width for decay into �nal states containing real (on-shell) particles. � thus represents forwardscattering through on-shell intermediate states. Consequently, M describes scattering throughvirtual intermediate states.From CPT-invariance, the on-diagonal elements satisfy m � M11 = M22 and � � �11 = �22.By de�nition, the o�-diagonal matrix elements ful�ll M21 = M�12 and �21 = ��12. CP-invariancewould imply M21 =M12 (real) and �21 = �12 (real), because the avor eigenstates transform intoeach other under CP: CPjB0i = jB0i and CPjB0i = jB0i.De�ning the parameters�m = +2 � Res�M12 � i2�12��M�12 � i2��12��� = �4 � Ims�M12 � i2�12��M�12 � i2��12�� = sM�12 � i2��12M12 � i2�12 ;the Hamiltonian can be diagonalized and the following eigenvalues and eigenvectors are found:m� 12�m� i2 ��� 12���1p1 + j�j2 �jB0i � �jB0i� :Ignoring the e�ect of CP-violation is equivalent to setting � � 1. Doing so, the mass-eigenstatesabove will be CP-eigenstates as well, with eigenvalues +1 and �1.The time-dependent probabilities of no mixing and mixing are found to bePB0!B0 (t) = 14��1�(��2� )2�e��t �e+ 12��t + e� 12��t + 2 cos�mt� (2.11)PB0!B0(t) = 14��1�(��2� )2�e��t �e+ 12��t + e� 12��t � 2 cos�mt� : (2.12)The total (or time integrated) mixing is quanti�ed by the parameter �, de�ned as the probabilityof a �B = 2 transition taking place:� = N(B! B)N(B! B) +N(B! B) :



2.4 B0{B0 mixing in the Standard Model 9Integrating the time dependent probabilities, the total mixing probability can be related to theoscillation frequency x = �m� and the width di�erence:� = ���2� �2 + x22(1 + x2) ;which is frequently quoted omitting the ��-dependence [21].In the B0d-system, mixing is measured in time integrated measurements at the �(4S) resonance[22] [23] as well as in time dependent measurements at e+e� ! Z0 ! bb [24] [25] [26] [27] [28] andin pp-collisions [29]. The combined world average for the integrated mixing parameter using bothkinds of measurements is [5]: �d = 0:172� 0:010:The mixing in the B0s-systemmixing xs is expected to be larger than the B0d-mixing, simply becausethe t quark couples stronger to the s quark than to the d quark. Combining available experimen-tal information on CKM-matrix parameters with the Standard Model unitarity constraint, xs isexpected to be of the order 15 [30]. The integrated mixing �d measured on a pure B0d-sample canbe compared to the average mixing �B = fd�d+ fs�s seen in the B0d, B0s admixture found at highenergies [5]: �B = 0:118� 0:005Using fd = (39:7+1:8�2:2)% and fs = (10:5+1:8�1:7)% [5], the integrated B0s mixing �s is found to be closeto saturation at 50%: �s = 0:473� 0:108(The quoted error is calculated using naive error propagation, not taking correlations into account.)The saturation of the total mixing indicates that time dependent measurements are necessary toaccess higher values of xs.2.4 B0{B0 mixing in the Standard ModelIn the Standard Model, �B = 2 transitions between a neutral meson and the anti meson arepossible by means of second order weak interactions. The mechanism at quark-level is shown in�gure 2.2, exposing the qq annihilation channel and the double W� exchange channel.Due to the large t quark mass, �mq is completely dominated by the tt-diagrams. The mixingamplitude has been evaluated including QCD corrections (for references, see [21]):�mq = G2F6�2 jVtq j2 jVtbj2M2WmBqBBqf2Bq�BF � m2tM2W� (2.13)BBq : Non-perturbative bag factorfBq : B-decay constant�B: QCD-correctionsF (x): Top-mass dependenceHence, the mass di�erences of neutral B-systems probe directly the CKM-couplings of the t quarkto the u and s quarks. However, the hadronic factors BBqfBq are known only from QCD latticecalculations and represent the main theoretical uncertainty relating �mq to Vtq . Reference [17]quotes: fBd = (180� 50) MeVBBd = 1:0� 0:2qBB0sfB0s = (210� 50) MeV
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�B

0q b W� u; c; t qb B0qW�u; c; tq
�B

0q b W�u; c; t qb B0qW� u; c; tqFigure 2.2: Contributions to B0-mixing: W -exchange (top) and qq annihilation (bottom) diagrams.The dispersive part of the transition matrix, related to ��q, only involves on-shell intermediatestates and is dominated by the c quark contribution. The non-dispersive part, which determines�mq, is dominated by virtual t quarks, due to its high mass.To reduce these theoretical uncertainties, it thus seems favorable to study the ratio�md�ms = ����VtdVts ����2 BBdf2BdBB0sf2B0s ;as the uncertainty on the ratio of the hadronic factors is smaller than the uncertainty on eachfactor ([31], as quoted by [30]):fB0spBB0sfBdpBBd = 1:17� 0:06(Computational)� 0:12(Model)Recalling that only on-shell intermediate states contribute to �, one concludes that ��q isinsensitive to the t quark. Instead, uu or cc states dominate, as determined by the relevantCKM-matrix elements. In particular, the width di�erence in the B0s-system is related to Vcs:��s � Bf2B jVcbj2jVcsj2;which is not too heavily CKM-suppressed. This represents a second route to handle the hadronicuncertainties that prevent extracting information about Vtd from �md measurements. The theo-retical prediction [32] of the B0s width di�erence,��s� = 0:16+0:11�0:09;indicates that the width di�erence could be experimentally accessible.2.5 B0s=B0d lifetime splitting.Using the optical theorem, the total decay width of a hadron Hb is given by the matrix elementof the transition operator T [33]: �Bq = 1mBq ImhBq jTjBqi



2.5 B0s=B0d lifetime splitting. 11The transition operator is non-local,T = i Z d4xTLe�(x)Le� (0):The interaction Le�(x) is derived from the full electroweak Lagrangian by integrating out the Wdegrees of freedom, and it contains local 4-fermion operators.The heaviness of the b quark allowsanother Operator Product Expansion and the matrix element of T can be series-expanded with1=mb as parameter. Keeping only the �rst term (the mb ! 1 limit) gives the spectator modelprediction that all b-hadrons have equal lifetime [34].The corrections to the spectator model can be grouped in 3 terms:�Bq = �spec +��qkin +��qmag +��qWA� ��qkin: time dilatation correction due to the movement of the b quark inside the hadron.� ��qmag: Chromo-magnetic interaction due to the spin of the b quark.� ��qWA: Weak annihilation diagrams.A possible width di�erence between B0d and B0s can only come from SU(3)avor-breaking of thealready small correction terms. These terms have been evaluated in [32] and the upper bound isgiven as: �����B0s�Bd � 1���� < 1%:
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Chapter 3The DELPHI experiment at LEP
DELPHI (Detector with Lepton, Photon and Hadron Identi�cation) is a general purpose detectorinstalled at the LEP (Large Electron Positron) e+e�-collider at CERN. It provides 4� chargedparticle detection and identi�cation, electromagnetic and hadronic calorimetry, and muon identi-�cation. The general layout of the detector is shown in �gure 3.1. DELPHI's main distinctionsamong the 4 LEP experiments are the use of RICH (Ring Imaging Cherenkov) detectors for chargedparticle identi�cation, and its high granularity HPC (High density Projection Chamber) lead/gassampling electromagnetic calorimeter capable of separating  from �0 up to 25 GeV. A summaryof LEP1 (Z0 peak) data taking years is shown in table 3.1 The design, construction and operationof the complete DELPHI experiment are described in two papers: [35] and [36]. References topublished work concerning various subdetector systems are given below when appropriate.Year Hadronic Z0's (�103) O�-peak (%) RICH operation Upgrades1989 17 23:5 No RICH1990 155 19:4 No RICH1991 327 15:6 No RICH 3 VD layers1992 751 0 Barrel only1993 998 24:3 Barrel only1994 1484 0 Fully operational VD z-layers1995 986 23:9 Mostly operational Extended IDTable 3.1: LEP1 data taking periods at DELPHI. The numbers of hadronic Z0 decays logged bythe DELPHI detector are shown in the second column, the fraction of events collected during Z0lineshape scans are shown in the third column. In total, the barrel and forward RICHes were fullyoperational for 54% and 52% of the events respectively.The present analysis requires high e�ciency charged track detection, high precision vertexresolution, charged particle identi�cation separating ��=K�, electron and muon identi�cationcapabilities, and �nally e�cient electromagnetic energy reconstruction. The detector subsystemsproviding these capabilities are presented below, together with a brief description of the relevantreconstruction software. In particular, the vertex detector requirement con�nes the analysis to theDELPHI barrel region. For this reason, the forward tracking chambers, calorimeters and muonchambers are not described. By the same argument of relevance, the barrel hadron calorimeter isalso omitted from the description below. 13
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Figure 3.1: Layout of the DELPHI detector at LEP [37]. Only one endcap is shown, in the retractedposition that allows detector access during shut down periods. The vertex detector (hardly visibleon this �gure) is about 22 cm diameter, while the total length and diameter of the complete detectorexceed 10 m.3.1 Track reconstructionThe barrel charged particle spectrometer consists of various tracking detectors placed inside a5:2 m diameter and 7:4 m long superconducting solenoid providing a uniform 1:23 T axial magnetic�eld. The tracking system is highly modularized as up to 5 subdetectors can contribute to thereconstruction of a single charged track.The DELPHI coordinate system is de�ned as a right-handed system with the origin at thecenter of the detector close to the interaction point, the z-axis pointing along the direction of thebeam and the x-axis in the horizontal plane. In the barrel region, detector description and trackreconstruction frequently employ cylindrical coordinates with polar and azimuthal angles (�; �).3.1.1 Central tracking subdetectorsVertex DetectorThe VD (Vertex Detector) [38] [39] consists of 3 cylindrical layers of silicon microstrip detectorsarranged in 24 partially overlapping sectors at radii 6:3 cm, 9:0 cm and 10:9 cm. The full polarangle coverage is 44� � � � 139�, as determined by the length of the outmost layer. Each cylinderprovides R� coordinate measurement with a readout pitch of 50 �m. In addition, the cylinders at6:3 cm and 10:9 cm are double sided to provide z measurements as well.The VD has been aligned [40] using charged tracks and exploiting the overlap of adjacent



3.1 Track reconstruction 15sectors. The alignment procedure parameterizes and takes into account complicated geometricaldistortions like sag and torsion, resulting in an alignment precision at the level of 5 �m. Theaverage single hit precision is 7:6 �m in the R� direction and ranging from 9 �m to 30 �m in thez direction, depending on track incidence angle.Inner DetectorThe ID (Inner Detector) [41] is really two subdetectors: The inner part is a 24-sector times24 wire jet-chamber providing R� measurements between 12 cm and 23 cm radius. The outerpart consists of 5 cylindrical trigger layers with a coarse R�-resolution that also helps resolvingleft/right ambiguities in the jet-chambers.Up to and including 1994, the trigger layer used MWPCs (Multi-wire Proportional Chambers)with cathode readout providing z coordinate information as well. As part of the LEP-2 upgrade,a longer ID was installed before the 1995 data taking period. The newer detector uses 5 layers ofstraw tubes replacing the MWPCs, and no longer provides z information.The R� track element resolution of the jet-chamber is 50 �m for the older detector, improvingto 40 �m after the upgrade. The angular coverage improves from 23� � � � 157� to 15� � � �165�.Time Projection ChamberThe TPC (Time Projection Chamber) [42] is the main tracking subdetector of DELPHI. Beingdivided in 6 sectors, its hexagonal geometry approximates a hollow cylinder of 2 � 1:5 m lengthand 1:2 m radius surrounding the ID (Inner Detector). The central plane at z = 0 is held at highnegative voltage to provide a uniform axial drift �eld of 187 V/cm, which corresponds to a driftvelocity of 7 cm/�s. The drift gas is 80% Ar 20% CH4 at 1 atm and 29�C.At each end plane, circular pads rows are read out to provide up to 16 3-dimensional spacepoints for tracks inside a polar angle of 39� � � � 141�. The sector walls contribute dead zonesmaking up 4% of the subdetector R� area. The geometric resolution for tracks is limited bydistortions to 150 �m in R� and 600 �m in z.Outer DetectorThe OD (Outer Detector) [43] consists of 5 cylinders of drift chambers at a radius of 197 cm to206 cm covering a polar angle of 42� � � � 138�. Three of the detector cylinders are capable ofproviding z information using signal timing at the two detector ends. The single hit precision is110 �m in R� and 3:5 cm in z.3.1.2 O�ine track reconstruction and global alignmentThe o�ine reconstruction program DELANA [44] respects the modularity of the DELPHI centraltracking system [45] in the sense that a number of software modules representing individual sub-detectors perform local pattern recognition and track �t. At the global level, the track elementsoutput from the local modules are merged to track candidates. After resolving ambiguities in thecombination of track elements, only successfully reconstructed tracks are retained. The �nal stepconsists of associating VD hits and �nally re�tting the track parameters.Traditionally, track merging consisted of extrapolating TPC track elements inwards and out-wards through the other subdetectors to build up strings of track elements. The weakness of thisprocedure is that tracks crossing a TPC sector wall or hitting the central plane at � = 90� are notseen by the TPC and will not be reconstructed even though they might be well measured by othersubdetectors. To remedy this, an improved version of the DELANA track search was introduced.The new approach reconstructs tracks that were not recognized in the TPC or were split in twoshort track elements due to a TPC sector wall.The global alignment of the various subdetectors is crucial to obtain the best possible trackingprecision. Starting with optical and mechanical survey data, the global alignment procedure relies



16 The DELPHI experiment at LEPon muon pairs from Z0 ! �+�� decays. Assuming perfectly collinear e+e� beams, the two tracksof a muon pair will form a single helix. In practice, the minor beam acollinearity of LEP gives akink at the interaction point which is corrected for in the alignment procedure.The initial reference is the OD, whose wire position is known from surveying to a precision of30 �m. Taking advantage of the large lever arm, the VD is aligned with respect to the OD usingmuon pairs. Interpolating reference tracks between the VD and the OD trough the ID, the TPCand the RICH, the position of all the barrel tracking detectors are measured.The �nal charged track momentum precision in the barrel region is reported as [35]�p=p = 0:15% � p=GeV3.2 Hadron identi�cation3.2.1 Track ionization measurement of the TPCThe speci�c ionization dE=dx of charged tracks crossing the TPC is measured by sense wires atthe end planes, just above the pad rows that provide geometric space points. The ionization of asingle track is sampled with up to 192 wires. This number decreases as tracks below � � 39� andabove � � 141� leave the TPC through the end planes.Ionization clusters are associated to reconstructed tracks using the wire number and time ofarrival. To handle the long upper tail of the Landau-distribution, the largest 20% of the samplesare excluded, calculating the 80% truncated mean. Comparing with the calibrated expectationfor dE=dx versus particle momentum and mass, K and � with momentum above 2 GeV/c can bedistinguished at the 1� level, see �gure 3.2As the sense wire does not resolve the R�-direction, the ionizations of close tracks cannot bedisentangled if the z-direction di�erence is less than 2 cm. This somewhat reduces the usefulnessof the dE=dx measurements for particle identi�cation in hadronic jets.3.2.2 Cherenkov radiation and the RICHWhen relativistic particles traverse an optically dense medium (refraction index n > 1), photonsare emitted at an angle depending on n and the particle velocity � [4]:cos �C = 1n� : (3.1)The threshold for light emission is the local speed of light 1=n, and the Cherenkov radiation is theelectromagnetic equivalent of supersonic shock waves. The number of photons emitted in a givenpart of the spectrum for a given path length is proportional to sin2 �C.The DELPHI BRICH (Barrel Ring Imaging Cherenkov detector) [46] is situated between theTPC and the OD. Figure 3.3 illustrates the principle of operation.Tracks �rst cross the liquid radiator (C6F14 with n = 1:2718 enclosed in UV-transparentquartz), giving on average 12 photons per track. By proximity focusing, the photons are projectedin a ring around the track in the photon detector.Outside the photon detector, the tracks traverse the gas radiator (C5F12, n = 1:00194). Thephotons emitted here are reected by spherical mirrors and focused onto the photon detector. Onaverage, 8 photons are emitted per track.The photon detector is a time projection chamber with UV-transparent quartz windows. Thedrift gas contain 0:1% TMAE photosensitive gas that converts UV-photons to photoelectrons.The photoelectrons (and the electrons created by track ionization) drift towards the end of thechamber, where they are detected by a multi wire proportional chamber. Using the drift time, the3-dimensional coordinate of the photo conversion is reconstructed.In principle, DELPHI RICH particle identi�cation is done looking for rings of converted pho-tons. After rejecting clusters that are most probably due to track ionization or detector noise,



3.2 Hadron identi�cation 17

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

10
-1

1 10

PSfrag replacements Track momentum p (GeV=c)
Speci�cioniza
tiondE=dx(M
IPSunits)

�� K� p�

Figure 3.2: Particle identi�cation capabilities of the TPC dE=dx measurement. The shaded bandsindicate minimal �1� errors on dE=dx for a truncated mean of 192 sense wires. In hadronicjets, tracks are often so close in space that it is not possible to separate charge clusters of di�erenttracks, resulting in fewer than 192 measurements per track.photoelectron candidates are assigned to close charged tracks. The radiation point is estimatedusing the track extrapolation through the RICH and eventually the single photon Cherenkov angleis calculated.Having associated photons to charged tracks and reconstructed the individual Cherenkov an-gles, three di�erent approaches to particle identi�cation [47] have been used in the analysis ofDELPHI data. All three methods use the number of reconstructed photons as well as theirCherenkov angles:� HADSIGN Fitting a at background level, the likelihood of each mass hypothesis (�, K, p) iscalculated using the expected Cherenkov angle and expected number of photons.� RINGSCAN The likelihood ratio of the signal+background hypothesis versus the backgroundhypothesis is maximized with respect to a continuously varying Cherenkov angle.� RIBMEAN Photons close in �C are clustered and the mean Cherenkov angle is computed usingthe reconstruction errors and some quality weight.For analyses that require good e�ciency instead of maximum background rejection, the HADSIGNapproach has proven useful. Expected Cherenkov angles with typical errors as can be reconstructedusing the RIBMEAN method is shown in �gure 3.4.
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Figure 3.3: DELPHI RICH principle of operation [37]. A single photon detector is used with bothradiators. By proximity focus, Cherenkov photons emitted in the liquid radiator end up on a ringin the photon detector. Gas radiator photons are reected and focused by spherical mirrors.3.3 Electromagnetic calorimetryThe HPC (High density Projection Chamber) [48] is a lead/gas sampling electromagnetic calorime-ter of 208 cm inner radius and 260 cm outer radius. The lead conversion material constitutes18:= sin � radiation lengths. The ionization charge created by electromagnetic showers is driftedin the z-direction and detected by MWPCs at the end planes, exploiting parallel ~E and ~B �eldsto minimize transverse dispersion. The resulting granularity is 2 mrad� 20 mrad in the � and R�directions. The energy precision can be parameterized as�E=E = 0:043� 0:32=pE(GeV)3.4 Lepton Identi�cation3.4.1 Electron identi�cationSeveral DELPHI subdetectors can contribute to identifying electrons. The most obvious indicationis a charged track pointing to an electromagnetic shower in the HPC. Secondly, as the electrons areultra-relativistic, the speci�c ionization measured by the TPC and the Cherenkov angle measuredby the RICH are expected to be saturated at the high-velocity limit. Finally, tracks radiating
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Figure 3.4: Expected Cherenkov angles in the Barrel RICH. The shaded bands indicate typical�1� errors on the measured Cherenkov angle, extrapolating from the Cherenkov angle error atsaturation, measured in Z0 ! �+�0 events [36]. In multihadronic events, the errors will generallybe larger.hard photons as found by the secondary interactions reconstruction program ELEPHANT [49] arestrong electron candidates. The di�erent pieces of information are combined using neural networktechniques [50] to provide an optimal discriminant.3.4.2 Muon identi�cationThe solenoid ux return yoke acts as a muon �lter stopping most hadrons from reaching the MUB(MUon chambers, Barrel). Muon candidate tracks are extrapolated through the non-constantmagnetic �eld of the yoke looking for matching hits in the muon chambers. After dealing withambiguous hit assignments, a discrete muon tag variable is computed [51]. The \loose" tag hasa (94:8 � 0:1)%-e�ciency for 45 GeV muons coming from Z0 ! �+��, and a misidenti�cationprobability of (1:5� 0:1)% evaluated on � ! 3��� -events.3.5 Trigger subsystemThe two lowest levels of the DELPHI trigger system [52] [53], T1 and T2, operate synchronouslyto the bunch crossings, while the two higher levels, T3 and T4, are implemented as asynchronoussoftware triggers. In the normal 4+4 bunch operation mode of LEP, there is 11�s between bunchcrossings. T1 is available 3:5�s after the bunch crossing, and T2 takes 39�s to decide. The eventread-out triggered by a T2 yes decision takes 3ms on average. The total dead-time introduced bytriggers is 3%.The input to T1 is supplied by fast tracking detectors (ID trigger layer, OD, FCA and FCB),



20 The DELPHI experiment at LEPand by scintillators in the barrel and in the forward region (TOF, HPC scintillators and HOF) andby barrel muon chambers (MUB). At the T2 level, this information is supplemented by informationfrom detectors that take longer to read out: TPC, HPC and MUB. The purpose of the softwaretriggers T3 and T4 is to reduce the data logging rate. T3 use logic similar to T2 but with moredetailed information, and T4 is in fact a special version of the DELPHI reconstruction programDELANA [44].The charged track trigger is based on track elements from TPC, FCA/FCB, ID, OD andTOF, and is the only component of importance for triggering hadronic Z0 decays. Overlappingacceptance of di�erent trigger components allows evaluation of the e�ciency. Due to the largecharge track multiplicity of hadronic Z0 decays, [36] claims that the trigger e�ciency is hardlydistinguishable from 1.3.6 Data owThe physics data ow in the DELPHI experiment is sketched in �gure 3.5. Following a positive
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Figure 3.5: Physics data ow in DELPHI. Ovals represent programs, rectangles represent dataand black dots represent processing. As detector calibration and alignment improve with time, 2{3DELANA reprocessings of the data from each year have been necessary to reach the optimum dataanalysis quality.trigger decision, the detector data collected by the distributed front end system is assembledinto a global event structure and logged on the main raw data stream in the ZEBRA [54] format.DELANA [44], the o�ine reconstruction program, combines information from the geometrical andcalibration databases [55] based on the CARGO [56] system with the raw detector data. DELANAperforms pattern recognition and reconstructs charged tracks, calorimeter energy deposits, hitsin the muon chambers and RICH photoelectrons. The reconstructed events are written to DataSummary Tapes (DST) [57]. Foreseeing the need for detector studies, realignment, and moreelaborate particle identi�cation software, without having to go back to the raw data, the DSTscontain information at a rather detailed level: single detector track elements, details on calorimeterclusters and individual RICH photoelectrons. For this reason the complete DST data sets are quitebulky and normally not used for physics analyses.Mainly due to the complexity of the DELPHI detector system, it has proven necessary tomaintain a second stage of centrally managed analysis programs. DSTANA is a collection ofcomputer codes that do detector realignment and response correction, HPC calibration, V 0 andsecondary interaction reconstruction and RICH particle identi�cation 3.2.2. The output format



3.6 Data ow 21of DSTANA is derived from the DELPHI full DST format but tailored to speci�c analysis needs:ShortDST [58] is the preferred format for analyses of hadronic �nal states. The LongDST formatcontains the full DST information in addition to the ShortDST banks and is used for detectorstudies and leptonic �nal states analyses. Various MiniDST formats are even more abbreviatedthan ShortDST and contain only information needed for a few speci�c physics analyses.Monte Carlo simulated events are analyzed similarly to data. The di�erent kinds of Z �nalstates are generated by various event generators. For the present work, Z ! qq events aregenerated by JETSET [59]. The generated particles are tracked through the detector, simulatingdetector response using the full simulation program DELSIM [60], producing simulation raw datawith simulation truth information added. The simulated events are reconstructed using the sameDELANA analysis program as with real data, producing events in the DST format. The associationbetween generated and reconstructed tracks is performed looking for matching track direction,charge and momentum. Finally, the simulated events are run through DSTANA. In addition tothe reconstruction tasks performed on data, the simulated events receive resolution and e�ciencycorrections to optimize the Monte Carlo versus data correspondence.
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Chapter 4Inclusive B0s ! �`+ reconstruction4.1 Rationale for analyzing the B0s ! �`+ channelMost analyses involving B0s1 mesons at LEP are based on the semileptonic decay B0s ! D�s `+�`,`+ meaning e+ or �+., with D�s completely reconstructed. This has been studied by OPAL [26],ALEPH [61] and DELPHI [62]. (The �gures of merit as quoted below are taken from the DELPHIpublication.) In addition, inclusive hadronic decays (B0s ! D�s �+X) [63] [64] and even exclusivehadronic modes [65] have been used. From a resolution point of view, completely reconstructeddecay channels are very desirable. They do, however, su�er from tiny branching fractions. Theonly measured all-charged mode so far [5], Br(B0s ! J= (1S)�) = (9:3� 3:3)� 10�4, is not evenuseful for mixing analyses as this �nal state does not contain information about the B0s decayavor.Requiring a lepton with a high transverse momentum reduces background from Z0 ! cc andb! c! l, typically to a level of 10% in semileptonic analyses. The rather large opening angle ofthe decay products also gives a good handle on the ight length reconstruction. A drawback ofthe semileptonic mode is that the unobserved neutrino carries away an unknown fraction of the B0senergy. This energy is of course necessary to reconstruct the B0s decay time. The problem is notas severe as it might seem. The b-fragmentation function is rather peaked. The average fractionof the beam energy carried by the b-hadron is [66]hxEi = 0:716� 0:0006(stat)� 0:007(syst);with the maximum of the distribution at about 0:85. Truncating the lower tail at xcutE = 0:44,the relative spread of the b hadron energy is down at 18%, calculated from the di�erential crosssection given in the previous reference. Using the e+e� beam constraint, it is possible to improvethe energy resolution further.In existing LEP analyses, the secondary charm meson is normally completely reconstructed,one notable exception being the D+s ! �`+�` channel. In analyses with a fully reconstructed D+s ,cutting on the invariant mass allows for good background suppression. These analyses operateat a typical combinatorial background of fBkg = (33 � 5)% (��+ mode). The contaminationfrom B0d mass reection, caused by a pion misidenti�ed as kaon, is also low. A typical numberis fre=fB0s = (6:9� 2:3)% for the K�0K+ mode. However, the all-charged decay branching ratiofor D+s is quite small, see table 4.1, and most analyses require additional subresonances like � orK�0 in the �nal state to reduce background. The DELPHI analysis cited above observes 138� 14all-charged signal events on 1991{1994 data.The low all-charged branching ration of the D�s motivates the use of inclusive �nal statescorrelated to a high transverse momentum lepton. A particularly feasible class of inclusive decaysis D�s ! �h�X0, its branching ratio is Br(D�s ! �+ anything) = (18+15�10)% [5]. The unidenti�edparticle h�, in most cases a pion, carries the charge of the D�s and is thus of opposite charge to the1Charge conjucate states are always implied 23



24 Inclusive B0s ! �`+ reconstructionD+s �nal state Branching ratio (%)K+K��+ 4:4� 1:2K+K��+�+�� 0:83� 0:33�+�+�� 1:0� 0:4�+�+�+���� 0:69� 0:30K+�+�� 1:0� 0:4Table 4.1: All-charged decay modes of the D+s meson as listed in the 1998 Review of ParticlePhysics [5], see which for information on subresonance �nal states.lepton. The h�-track may or may not be reconstructed, but if observed, it will improve ight lengthresolution as well as energy resolution. The unobserved decay fragments X0 can be any totallyneutral combination of photons and charged as well as neutral pions and kaons, as permitted by theD�s invariant mass. The narrow width of the � allows for combinatorial background suppression,but the background cannot be expected to be as low as in the all-charged decay modes: There isno D�s invariant mass that can distinguish D�s ! ���X0 from D� ! ���X0 and D0 ! �X0. Asigni�cant level of B+, B0 background will of course dilute B0s measurements, and the uncertaintyof this level will give an important contribution to the systematic errors. As several �nal stateparticles remain unobserved, the energy resolution will also su�er. To summarize, it can beexpected that the inclusive B0s ! �h�`+ analysis will give a sizeable number of events, at theexpense of larger background and worse resolution than analyses of completely reconstructed D+s�nal states. Nevertheless, the severeness of these problems cannot be known unless a completeanalysis is done.4.2 Experimental data and Monte Carlo simulation.The analysis is done on data collected during the years 1994 and 1995, a total of 2470K hadronicZ0 decays, see table 3.1. Using the standard value [5] for Rb = (21:69� 0:12)%, this correspondsto 1072K b quarks. The datasets from the years 1991{1993 data are not used; the �nal improvedDELANA [44] reprocessings were only available from the beginning of 1998 and the di�erences indetector setup require a completely separate treatment of the older data.All Monte Carlo simulated events are generated by JETSET [59] and passed through DEL-SIM [60], the full detector simulation program. For background description, the standard DELPHIZ0 ! qq Monte Carlo is used, the number of events corresponds to twice the data statistics. Tostudy signal e�ciency and resolution, a sample of simulated signal events is obtained, partiallyfrom the standard DELPHI Z0 ! bb simulations, and partially from a dedicated sample, selectingB0s decaying with a lepton and a � in the �nal state. The number of simulated signal events ex-ceeds 20 times the signal expected in data. All simulated events are subject to the same selectioncuts and reconstruction procedure as data.4.3 Event selectionPairs of tracks with opposite charges are considered as candidates for coming from a �! K+K�-decay. Minimum cuts on the track momentum pK� as well as the combined momentum pK+K�are applied to suppress combinatorial background. These cuts are determined using the procedureoutlined in section 4.4.1:pK+K� � 3:0 GeV/c (4.1)pK� � pK+K�2 � q(p2K+K� +m2crit)(m2crit � 4m2K�)2mcrit (4.2)



4.4 Cut optimization 25mcrit = 1:04 GeV/cIn order to further reduce combinatorial background from �+��-pairs, the combined hadronidenti�cation capabilities of the RICH and the speci�c ionization measurements of the TPC areused. In this analysis, tags from the HADSIGN package (see section 3.2.2) are used in the followingway: A candidate pair is kept only if none of the tracks are identi�ed as a pion, and at least oneof the tracks is tagged as a kaon with the very loose tag.Lepton candidates are subject to cuts on momentum p` and transverse momentum pout? :p` � 3:0 GeV/c (4.3)pout? � 1:0 GeV/c (4.4)The procedure used to optimize these cuts is exposed in section 4.4.2. Muon candidates areconsidered if their muon tag (see section 3.4.2) is loose or better. For electron candidates, aneural network (section 3.4.1) output above 0:7 is required. Electron candidates that are taggedas coming from photon conversion ( ! e+e�) are discarded.As the hypothesised � ! K+K� is supposed to come from a D+s ! �X+ decay, there isalways at least one more charged track coming from the Ds decay vertex. Looking at tracks withcharge opposite to the identi�ed lepton, the track with the highest momentum projected alongthe � ! K+K� direction is associated to the � ! K+K� pair. As these tracks will be usedfor D+s ! �(K+K�)h+X0 pseudotrack reconstruction, it is required that they all come from acommon vertex. The momentum distribution of associated tracks is shown in �gure 4.1. A lowermomentum cut of 0:4 GeV/c is imposed by the DELPHI tracking acceptance. Thus, the �rst binof the histogram in �gure 4.1 represents events with no associated hadron. The overall e�ciencyfor associating a charged hadron in data is (88:7 � 1:1)%, compared to (88:2 � 0:8)% for MonteCarlo simulated events. In the sample of simulated signal events, (94:9�0:3)% of the reconstructedevents have an associated hadron and according to the simulation truth information, (81:1�0:6)%of the associations are correct.4.4 Cut optimizationIn order to get the best possible measurement from the available data, the kinematical cuts of theanalysis have to be optimized. A few general viewpoints on cut optimization are presented in ap-pendix B. It is argued that cuts should be chosen to maximize the number of signal events dividedby the square root of the total number of events, because ratio is related to the statistical signi�-cance of the sample. Naming the number of signal and background events S and B, respectively,this is equivalent to optimizing S2S+B . The procedure used to choose the optimum kinematic cutsfor the � candidate momentum and the lepton momentum and transverse momentum is shownin detail below. The cut on the reconstructed energy is optimized using a similar procedure, itstreatment is postponed until section 4.5.2.4.4.1 Kinematic cuts on the �! K+K� candidatesThe combinatorial background to the � is dominated by low-momentum fragmentation tracks.Thus, introducing a lower cut on the momentum of the � ! K+K� candidate will reduce thebackground. Such a cut is even more important as the �'s from B0s decays peak at a highermomentum than �'s coming from fragmentation. Thus, only B-decay �'s are counted as signal.The background is modelled by combinatorial K+K�-pairs having an invariant mass less than1:15 GeV/c2. The momentum distributions and the corresponding cut optimization are plotted in�gure 4.2. Maximizing signal signi�cance gives a lower momentum cut of pK+K� > 3:0 GeV/c.Given the �! K+K�-candidate momentum and invariant mass, the smallest possible momen-tum carried by the softest kaon can be computed using 4-momentum conservation and assuming
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Figure 4.1: Momentum spectrum of opposite charge associated track. The �rst bin(0 : : : 0:4 GeV/c) represents events where no association could be made. The full Monte Carlohistogram (open) is normalized to the number of events in data. The signal histograms (shaded)are evaluated on a dedicated Monte Carlo sample and normalized to the number of signal eventsexpected in data.collinear kaons: pminK = pK+K�2 � q(m2K+K� � 4m2K)(p2K+K� +m2K+K�)2mK+K� (4.5)For a �xed mK+K� , requiring the K� momentum to be above pminK will only a�ect � ! K+K�-candidates with an invariant above the given mK+K� . Choosing mK+K� somewhat above thenominal m� + �� gives a minimum K� momentum cut that damps the upper sideband of the� ! K+K�-candidate invariant mass spectrum. Substituting the lower � momentum cut forpK+K� gives a �xed cut. Alternatively, keeping pK+K� gives a running cut for the minimum K�momentum. Figure 4.3 shows the resulting e�ect on the K+K�-pair invariant mass spectrum.Evidently, this cut does not improve signal-to-background conditions. Rather, it is included tomake sure that the kinematics of the events in the sidebands are similar to the combinatorial eventsunder the � peak. This is important because the sideband events will be used in the likelihood �tto parameterize the combinatorial background.
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Figure 4.2: Kaon pair momentum distribution and cut optimization. The background distribu-tion is evaluated on combinatorial charged track combinations in qq Monte Carlo while the signaldistribution comes from true B ! �M events in a dedicated Monte Carlo sample, normalized tothe full Monte Carlo statistics. The inset shows the signal signi�cance S2S+B as a function of theminimum momentum cut. A broad peaks around 3 GeV/c is observed.4.4.2 Kinematic cuts on the lepton candidatesThe hard fragmentation of the b quark [49] means that a b meson carries a relatively high momen-tum which is subsequently shared among its decay products. The semileptonic decay is 3-bodyand the momentum of the direct lepton will be relatively high. Further down the decay chain,the initial energy will be shared among more tracks, and the cascade leptons produced in c mesondecays will have a notably lower momentum.The scale of energy available in semileptonic b meson decays is determined by the large b-cquark mass di�erence. The B0s mass is measured [4] to be 5:396 GeV/c2 whereas the c mesonsand resonances range from 1:968 GeV/c2 (Ds) to 2:5 GeV/c2 (D��). This energy scale determinesthe magnitude of the direct lepton transverse momentum, computed with respect to its containingjet's axis. The transverse momentum of fragmentation tracks is at a scale set by the fragmentationprocess. The transverse momentum of cascade decay tracks is low as well, as the kinetic energyreleased in c quark decays is small and shared among several tracks.The lepton transverse momentum pout? is computed by projecting the lepton momentum into thetransverse plane of its jet. The lepton is not included when the direction of the jet is determined.The lepton candidate momentum distributions for signal and background events are shown in



28 Inclusive B0s ! �`+ reconstruction

0

100

200

300

400

500

1 1.1 1.2 1.3 1.4 1.5

PSfrag replacements

No cutFixed cutRunning cut

Kaon pair invariant mass mK+K� ( GeV/c2)

Events(0:01G
eV/c2 )�1

Figure 4.3: Invariant mass mK+K� distributions after minimum K� momentum cuts. The his-tograms show the distributions of qq Monte Carlo events after applying the various pK+K� cutdescribed in the text.�gure 4.4. Figure 4.5 shows the corresponding distributions of the lepton candidate transversemomentum. The lepton candidate momentum and transverse momentum are strongly correlated.Optimizing the cuts in one variable at the time would thus require iteration to obtain the globalmaximum. It is more convenient to optimize these two cuts simultaneously. A contour plot of thesignal signi�cance S2S+B as a function of the cut values is shown in �gure 4.6.To be conservative, the cuts shown in equation 4.3 are a bit looser than what seems to be themaximum in �gure 4.6.4.5 Decay time reconstructionTo measure the decay time in the rest frame of B0s, it is necessary to measure the ight length inthe laboratory frame as well as the B0s energy:t = l� = lmB0spB0s (4.6)The ight length resolution is of course determined by the resolution of the vertex detector whereasthe energy resolution is limited by physics: In all semileptonic decays the neutrino carries awayan unknown fraction of the total energy.
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Figure 4.4: Lepton candidate momentum distributions. The background distribution is evaluatedon qq simulations using events where the lepton candidate (fake or true) does not come from a B.The signal distribution is taken from a dedicated sample of semileptonic b decays, normalized tothe statistics of the full simulation.The two following subsections describe how the ight length and the B0s meson energy aremeasured.4.5.1 Geometric reconstructionA complete geometric reconstruction of the b ! c ! (uds) decay chain means that the c mesondecay vertex as well as its ight direction is needed. Figure 4.7 sketches the principle of thegeometric event reconstruction.In events where the associated hadron h� is reconstructed, the K+K�h� tracks are combined ina full three dimensional vertex �t. The �2-probability of the vertex �t is required to be above 10�10.This very modest cut is a compromise between suppressing random combination of backgroundtracks and keeping as many well measured signal events as possible. For the same reason, the3 tracks are only required to have at least one associated vertex detector hit in total. The �2-probability distributions of data events and simulated events are shown in �gure 4.8. The inset of�gure 4.8 shows the di�erence between the reconstructed and the true D+s -decay vertex projectedalong the D+s ight direction. The distribution is well �tted by a sum of two Gaussian distributionsof negligible means and variances �1 = 244�m and �2 = 767�m, accounting for 52:7% and 47:3%of the sample, respectively.
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Figure 4.5: Lepton candidate transverse momentum distribution. The background distribution isevaluated on qq simulations using events where the lepton candidate (fake or true) does not comefrom a B. The signal distribution is taken from a dedicated sample of semileptonic b decays,normalized to the statistics of the full simulation.Using the re-�tted momenta of the tracks, a D+s pseudotrack is reconstructed and combinedwith the identi�ed lepton to form the B0s decay vertex. The lepton is required to have at leastone associated vertex detector hit, and the �2-probability of the B0s decay vertex �t is againrequired to be above 10�10. Figures 4.9 and 4.10 show the �2-probability and longitudinal ightlength resolution of reconstructed B0s-vertices. The vertex resolution is �tted with a sum of twoGaussians. The narrow one has a mean �1 = (10:6� 4:7)�m and variance �1 = 174�m (72% ofthe sample), and the parameters of the broad Gaussian are �2 = (60:7�22:1)�m and �2 = 589�m(28% of the sample). The means of the �tted distributions not being zero is a signal of a possiblebias towards too long ight lengths. However, on the available statistics of Monte Carlo simulatedevents, the observed e�ect is only signi�cant at the level of 2� and is corrected for in the �nalanalysis. Comparing the inset of �gure 4.8 and �gure 4.10 shows that the B0s-decay vertex isreconstructed with a better resolution than the D+s -vertex, and a larger fraction of the events iscontained in the narrow Gaussian. This is attributed to the larger opening angle of semileptonicB-decaysProjecting the spatial di�erence between the reconstructed D+s and B0s vertices onto the direc-tion of the partially reconstructed D+s momentum gives an estimate of the D+s meson ight length.The observed distribution is shown in �gure 4.11 together with the expectations from Monte Carlosimulations. The comparison between data and simulated events is satisfactory. The signal D+s
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Figure 4.7: Schematic picture of B0s decay reconstruction. Charged tracks are shown as solid lines,reconstructed vertices as shaded ellipses and indirectly reconstructed particles (pseudotracks) areshown as dashed lines. The neutrino (dotted line) escapes undetected.Axis Narrow Gaussianvariance (�m) Narrow Gaussianfraction Typical Beam Spotsize (�m)x 34:2 57:1% 100y 10:2 98:9% 10z 54:0 31:4% 1000r 18:7 53:3% -Table 4.2: Primary vertex resolution components. Each projection shown in �gure 4.14 is �ttedwith a sum of two Gaussians.and Monte Carlo simulations are distorted in more or less the same way.Using simulated events, the primary vertex resolution projected along the coordinate axes aswell as along the B0s ight direction is shown in �gures 4.14 a-d. The resolution along the y-axisis seen to be dominated by the small y-size of the LEP beam spot [68] whereas the x- and z-direction vertex precision get a sizeable contribution from the attached tracks. Comparing 4.14dwith �gure 4.10, one concludes that the ight length uncertainty will be totally dominated by thesecondary vertex resolution.Projecting the three dimensional distance between the �tted primary and secondary verticesonto the reconstructed B0s meson ight direction gives the distribution of ight lengths shown in�gure 4.154.5.2 Energy reconstructionThe energy of semileptonically decaying B0s is shared between the identi�ed lepton, the undetectedneutrino and the recoiling hadronic system. In principle, the neutrino energy can be reconstructedusing the beam constraint. Energy hermeticity is however a weak point of the DELPHI detector,and the possibility of having another neutrino in the opposite hemisphere further degrades the
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Figure 4.8: K+K�h+ vertex probability of �t. Data events are selected as described in section 4.3,the �rst bin shows the di�erence when applying the �2-probability cut. The histograms of simulatedevents passing the same cuts as data are normalized to correspond to the number of data events aftercut. The signal histograms are normalized to the number of signal events expected in data. Shownas an inset is the longitudinal (ight direction) resolution of the D+s decay vertex, as evaluated ona dedicated signal simulation sample.B0s energy resolution. Having reconstructed all the B0s decay products except the neutrino, onemight combine this with the information about the ight direction from the decay vertex recon-struction. The B0s energy and momentum represent 4 unmeasured quantities. Energy-momentumconservation, the mass of the neutrino, the mass of B0s and the ight direction give 4 constraints.In principle, this gives a zero-constraint system that could be solved to yield the B0s energy andmomentum. Multiple di�culties do however make this impractical:� Any undetected decay products would add to the recoiling \neutrino" system, giving itnon-zero mass.� The ight direction resolution from the geometric decay vertex reconstruction is poor.� The zero-constraint system is second order and may give none, one or two solutions. Hence,one would have to specify ad-hoc procedures for choosing between two solutions and forwhat to do in the case of no solutions.The approach chosen in the present analysis is to improve the beam constraint energy usinghemisphere masses (see below) followed by a correction depending on the visible B0s decay energy.
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Figure 4.10: B0s-decay vertex longitudinal resolution, evaluated on a dedicated signal simulationsample using the same selection criteria as data (section 4.3). The �tted function is a sum of twoGaussians, the narrow one has a variance of �l = 174�m and accounts for 72% of the sample.Employing the beam energy-momentum constraint turns out to be a successful way of deter-mining the B0s energy in semileptonic decays. Dividing the event in two hemispheres using thethrust axis, energy-momentum conservation gives:(E1; ~p1) + (E2; ~p2) = (ps;~0) (4.7)Rearranging and squaring give m22 = s� 2psE1 +m21 (4.8)The hemisphere energy can then be written:E1 = 12ps+ m21 �m222ps (4.9)Of course, the true hemisphere masses cannot be known as some energy and momentum isalways carried by invisible neutrinos. However, using the visible hemisphere mass of both hemi-spheres, there is a tendency that the underestimation of m1 is canceled by an underestimationof m2. Subtracting the visible energy in the signal hemisphere gives an estimate of the neutrinoenergy. Alternatively, subtracting the visible fragmentation energy from the estimated hemisphereenergy gives an estimate of the B0s energy, ÊhemB0s . The distribution of the reconstructed decay en-ergy ÊrecB0s is shown in �gure 4.18a, and �gure 4.18b shows the hemisphere based B0s energy estimate
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Figure 4.11: D�s meson candidate ight length, measured as the distance between the reconstructedB0s and D0s decay vertices. The excess of positive ight length events is attributed to the charmlifetime.ÊhemB0s . Comparing these two estimates with the simulation truth energy EtrueB0s , the resolution plotsin �gure 4.19 are obtained.Noting that uctuations of ÊhemB0s and ÊrecB0s are only weakly correlated through the hemispheremass, the two estimators can be successfully combined allowing for a correction term:ÊB0s = ÊhemB0s + a+ b � ÊrecB0s (4.10)The parameterization constants a and b are determined using the least squares method on theMonte Carlo simulated signal sample:a = (�6:65� 0:22) GeV/cb = 0:165� 0:008;with a correlation coe�cient of �0:965. This is essentially the same as �tting a straight line tothe pro�le plot of the deviation of the hemisphere estimator versus reconstructed decay energy, asshown in �gure 4.20. The distribution of the corrected B0s energy estimator is shown in �gure 4.21a.Figures 4.21b and 4.21c show the resulting absolute and relative resolutions of the estimator.Table 4.3 compares the mean of the energy distributions on data and Monte Carlo simulations.The errors shown are approximated using the RMS of the distribution and the number of eventsin the histograms.



4.6 Production charge tag 37FUNCTION PVFIT(available_tracks)* Initial impact parameter cutDO I=1,NTRACKcompute_impact_parameters_wrt_beamspotIF (IMP(I).GT.0.25.OR.IMZ(I).GT.5.0) THENUSE_TRACK(I)=.FALSE.ENDIFENDDO* Preliminary vertex fitCALL beamspot_constrained_vertex_fit* Second impact parameter cutDO I=1,NTRACKcompute_impact_parameters_wrt_fitted_vertexIF (IMP(I).GT.0.05.OR.IMZ(I).GT.1.0) THENUSE_TRACK(I)=.FALSE.ENDIFENDDO* Iterate until good fitDO WHILE tracks_leftI=find_track_with_largest_chi2_contributionIF (CHI2(I).LT.5.0) RETURN good_vertexUSE_TRACK(I)=.FALSE.CALL beamspot_constrained_vertex_fitENDDORETURN bad_vertexENDFigure 4.12: Simpli�ed pseudo code for primary vertex �t. Pseudo code is not a listing of compilableFORTRAN code but uses simpli�ed programming constructs (upper case words) as a terse languagefor algorithm description.Quantity Data average ( GeV) Monte Carlo average ( GeV)hED+s i 11:5� 0:3 11:1� 0:2hED�(�)s i 13:5� 0:3 13:0� 0:2hÊrecB0s i 23:3� 0:3 22:7� 0:2hÊhemB0s i 33:6� 0:3 33:4� 0:2hÊB0si 30:8� 0:3 30:5� 0:2Table 4.3: Comparison of data and simulated energy distributions.4.6 Production charge tagAs b quarks are always produced in bb pairs, a b quark fragmenting to a B0s will be accompanied bya b quark in the opposite hemisphere. Unfortunately, requiring an unambiguously reconstructedcharged b-hadron for tagging would ruin statistics completely. To improve the situation, severalevent observables correlated with the charge of the initial b quark are combined to provide anoptimal tag. Observables from the tagging hemisphere give most of the information, but it shouldbe noted that fragmentation tracks in the signal hemisphere contribute too. A summary of theobservables are shown in table 4.4 and the distribution of each tag is shown in �gure 4.22Charged tracks not used in the B0s reconstruction are available for the charge tagging algorithm.For observables that summarize the charge of several tracks, a momentum weighted algorithm is
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Figure 4.13: Primary vertex �t probability. The simulated histogram is normalized to the numberof events found in data. As the �2 of the �t is used to reject outliers in the primary vertexreconstruction algorithm, the distribution of the �t probability cannot be expected to be at. Theinset shows the distribution of the number of tracks assigned to the primary vertex.used [25]: Qjet = Pjet qip0:6iPjet p0:6i (4.11)For single-track observables, the observable taken is the track rapidity with respect to the thrustaxis multiplied with its charge. Identi�ed lepton is an exception: In this case, the product of thecharge and the transverse momentum is used as the observable.The 12 observables xi are combined using a linear Fisher discriminant [69] [70]:f =Xi aixi (4.12)The coe�cients ai are determined using the means and covariances of the observables:ai =Xj �hxixjib + hxixjib��1 �hxjib � hxjib� (4.13)The subscripts b and b mean that the averages the h� � �i are taken over events with the tagginghemisphere containing the corresponding quark. The sign given in equation 4.13 implies that the
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Figure 4.14: Primary vertex resolution, projected along each coordinate axis as well as alongthe B0s ight direction. The y-direction resolution is dominated by the small vertical size of theLEP beamspot. The �tted functions are sums of two Gaussians, the �t results are summarized intable 4.2
sign of the Fisher discriminant is expected to be the same as the sign of the b quark in the tagginghemisphere.In order to control the over�tting problem, the Monte Carlo simulated signal sample is splitin two parts. One half is used to determine the coe�cients, the other to evaluate the performanceof the discriminant.Due to the inclusive nature of the present analysis, some B0s decay products might be missed inthe reconstruction and then contribute to the tag observables. If this happens, the tag performancemight depend on whether the B0s has mixed or not. Thus, it is necessary to study the chargecorrelation, i.e. the product of the Fisher discriminant and the charge of the identi�ed lepton. Forevents with no B0s mixing, a value less than 0 is expected, and a value greater than 0 is expectedfor events where the B0s meson mix before it decays. A summary of the tagging performance isgiven in table 4.5. The distribution of the charge tag and of the charge correlation is shown in�gure 4.23
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Figure 4.15: B0s meson candidate ight length, reconstructed as the three dimensional distancebetween the primary vertex and the B0s decay vertex projected onto the direction of the reconstructeddecay tracks.4.7 A non-linear multidimensional discriminant for back-ground suppressionThe purpose of using a multidimensional discriminant is to enhance the signal to backgroundseparation. The idea is to combine a few features of the events into a single variable that discrim-inates between signal and background. To be speci�c, suppose the n observables xi, i = 1 : : : nare distributed according to p(x1 : : : xn) in the signal and q(xi : : : xn) in the background. Usingthese distributions, a discriminating statistic can be built using the likelihood ratio [71] p(x1:::xn)q(x1:::xn)(or log p(x1:::xn)q(x1:::xn) ). When cutting in the discriminant to suppress background, the likelihood ra-tio is optimal in the following sense: For a given signal e�ciency, the background acceptance isminimal and vice versa. Alternatively, p(x1 : : : xn) and q(x1 : : : xn) can be included in the fulllikelihood function of the analysis. Conceptually, this looks like using a per-event signal fraction.In the present analysis, there is no way of having a priori knowledge of the multidimensional dis-tributions p and q, they can only be sampled using Monte Carlo simulations. With more than 2observables, the number of simulated events needed makes mapping out the full multidimensionalspace a forbidding task. Instead, the correlations between observables are discarded and a dis-criminant X is built from the one dimensional distributions of pi(xi) and qi(xi): X = Qi pi(xi)qi(xi) .Carefully selecting observables xi with minimal correlations, this gives an approximation of the
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Figure 4.16: Reconstructed D�(�)s energy distributions. Panel (a) shows the reconstructed chargedtrack energy, panel (b) shows charged+neutral energy. The algorithm for associating neutral elec-tromagnetic clusters is described in section 4.5.2.Hemisphere Mnemonic name E�ciency (%) Purity (%)Recon-structionhemisphere All tracks samejch 89:8� 0:5 62:4� 0:8PV-tracks samepch 85:7� 0:6 61:4� 0:8Identi�ed proton samepst 16:6� 0:6 54:2� 2:0Identi�ed kaon samekst 27:5� 0:7 71:3� 1:4Both Thrust axis polar angle oppocth 100 54:2� 0:8Tagginghemisphere All tracks oppojch 100 65:4� 0:8PV-tracks oppopch 98:5� 0:2 57:6� 0:8SV-tracks opposch 92:3� 0:4 57:7� 0:8Identi�ed proton oppopst 47:2� 0:8 58:3� 1:2Identi�ed kaon oppokst 60:5� 0:8 60:1� 1:0Identi�ed lepton oppolpt 29:8� 0:7 60:3� 1:4Identi�ed lambda oppolam 4:1� 0:3 52:2� 4:0Table 4.4: Charge tag variablesfull likelihood ratio. However, the quasi likelihoods Qi pi(xi) and Qi qi(xi) cannot be directlyincluded in the likelihood analysis, as this would not give a true likelihood function. This problemis circumvented by studying the quasi likelihood ratio X and using its distributions on signal andbackground, P (X) and Q(X), in the full likelihood.The following variables are selected for the purpose of building the discriminant:� The transverse momentum of the identi�ed lepton
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4.7 A non-linear multidimensional discriminant for background suppression 43

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50
0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50

PSfrag replacements
(a)

Reconstructed energy ÊrecB0s (GeV)
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Figure 4.22: Charge tag variables. The meaning of the mnemonic labels are explained in table 4.4,for a legend of the symbols used see �gure 4.23. Each histogram shows the distribution found indata compared to simulated events, as well as the asymmetry of each tag variable depending onthe production avor of the b quark.
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Figure 4.23: Charge tag and charge correlation distribution. Panel (a) shows the charge tag whichby construction positively correlated to the charge of the b quark opposite to the reconstructed B0s.Panel (b) shows the charge correlation, that is the product of the charge tag and the charge of thelepton candidate. The charge correlation is positive for mixed events and negative for unmixedevents.
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Chapter 5Statistical analysis: Extractingparameters and setting limits.5.1 Likelihood function compositionThe starting point for building the analysis' likelihood function is the theoretical decay timedistribution for unmixed and mixed signal events:p(t; �;��;�m) = 1� (���)24� e�t=� �e+��t + e���t � 2 cos�mt� (5.1)In order to extract physical parameters from the measured decay times and charge correla-tions, accurate descriptions of the sample composition as well as the expected distribution of eachbackground constituent are needed. For the purpose of building the likelihood function, the eventsample is classi�ed according to the following criteria:� True �-events versus combinatorial background� True leptons versus hadrons misidenti�ed to be leptons� B-decay lepton candidates versus lepton candidates from fragmentation and non-bb-events� Leptons from semileptonic b-decays versus leptons produced in b! cc! `� and b! � ! `+cascade decays.� The avor of the b-hadron (B0, B+, B0s, �b)Building the likelihood-description in full detail, allowing all possible combinations of true or fake,direct or cascade, � or combinatorial etc, would require a large number of fractions to describe thesignal composition and a large number of likelihood functions to describe the expected distributionof each event class. To obtain a simple organization of the possible combinations, a hierarchicalclassi�cation is needed. The hierarchy used for this purpose is sketched in �gure 5.1.In addition to the classi�cation based on the physical contents of the selected sample, theevents are split into two parts based on each event's expected resolution: The �t error on theb-hadron ight length projected along the ight direction, �l, and the combined �2-probability ofthe primary and secondary vertex �ts, p�2 , are computed. Events that satisfy�l � 300�m (5.2)andp�2 > 2% (5.3)51
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5.1 Likelihood function composition 535.1.1 True �! K+K� and combinatorial backgroundUsing the measured momenta of the � ! K+K� candidate tracks and assuming K� masses(0:4937 GeV), the invariant mass of the pair is calculated. The resulting spectrum is shown in�gure 5.2. This invariant mass spectrum is �tted using the Breit-Wigner distribution for the �
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Figure 5.2: � candidate invariant mass. The signal peak is described using a Breit-Wigner functionwhereas the combinatorial background is parameterized with an empirical function (equation 5.5).For �t results, see table 5.1peak and a 3-parameter empirical function for the background spectrum:f(m; : : :) = n� ��=2�(m�m�)2 + (��=2)2 + n6�(m� 2mK�)a � e�b(m�2mK� )c (5.5)The � signal area is de�ned using the result of the �t: �! K+K� candidates having an invariantmass in the interval m� � �� are kept. Using the integral [72] of the background descriptionfunction, the number of combinatorial background events in the � signal area is estimated:Z x0 ta � e�btcdt = 1c � b a+1c � (a+ 1c ; bxc) (5.6)The �t result for the \good" and \bad" resolution samples is shown in table 5.1The motivation for selecting true � versus combinatorial background as the �rst classi�cationcriterion is that events outside the � signal area (the sidebands or wings) will be used to describethe distribution of the combinatorial background under the � peak. Keeping the top level \good"and \bad" separation in mind, the likelihood is written:Lfgood;badg = Ypeak �f�p� + f 6�p6��� Ywing p6� (5.7)



54 Statistical analysis: Extracting parameters and setting limits.Sample Peaknormalization m�( GeV/c2) ��( GeV/c2) Eventswithin cuts fcom(%)\good" 179:0� 21:5 1:019� 0:001 0:0067� 0:0011 180 33:6� 3:5\bad" 195:7� 30:2 1:020� 0:001 0:0063� 0:0016 317 48:4� 2:8all 381:4� 37:2 1:020� 0:001 0:0068� 0:0009 497 44:8� 2:2Table 5.1: � invariant mass spectrum �t resultsIgnoring the possibility that the charge correlation distribution could be time dependent, p 6�(t; c) =T 6�(t) � C 6�(c) is a simple product of the decay time distribution T 6� and the charge correlationdistribution C 6�. A single Gaussian is used to �t the charge correlation and a combination oftwo Gaussians and two smeared exponential decay distributions is used to describe the decaytime. A single set of resolution parameters is used to describe \good" as well as \bad" events butthe fractions described by each resolution are left as independent in the two resolution classes.Projections of the distributions with the �tted functions are shown in �gure 5.5.The use of sideband events to describe the distribution of combinatorial background in equa-tion 5.7 is just a formal way of performing background subtraction. It is thus essential to controlthat the sideband events and the combinatorial background under the peak have the same distri-butions. The idea of using same sign K� pairs for checking is rejected because such events areproduced by di�erent physics processes than for opposite sign K�-pairs. Instead, the sidebandevents are divided in bins of di�erent invariant mass and the parameters describing the chargecorrelation and apparent lifetime are checked in each bin. The evolutions of these parameters areshown in �gure 5.3, and no systematic trends are observed.5.1.2 Light (udsc) quark and fake lepton eventsThe next level of classi�cation in �gure 5.1 is with respect to the origin of the lepton candidate.p� = fudscpudsc + ffakepfake + fsignalpsignal (5.8)Neither the distribution nor the fraction of events with lepton candidates not coming from a bquark decay chain (udsc-events) and of events with hadrons incorrectly identi�ed as leptons (fakeevents) can be determined from the data alone. The compositions are evaluated on qq Monte Carloevents applying the same cuts as on data, see table 5.2. The time and charge distribution areSample fudsc(%) ffake(%)\good" 16:0� 2:0 2:3� 0:8\bad" 17:6� 1:9 2:7� 0:8Table 5.2: Estimated background contributions to � signalparameterized using functions resembling the ones used to describe the combinatorial background.A sum of two Gaussians of zero mean is �t to the udsc-class decay time distribution, and thefake-distribution is �t with a single smeared exponential. In each class, the charge correlationdistribution is �t with a Gaussian. One single set of functions is used to describe \good" and\bad" events. Plots of the distributions observed on simulated events and the �tted functions areshown in �gure 5.55.1.3 Cascade and direct semileptonic b quark decaysAfter splitting o� the combinatorial �, light quark events and fake leptons, what remains of thelikelihood function is the part that depends explicitly on the physical parameters. Leptons from



5.1 Likelihood function composition 55
-2

-1.5
-1

-0.5
0

0.5
1

1.5
2

1 1.1 1.2 1.3 1.4 1.5

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

1 1.1 1.2 1.3 1.4 1.5

PSfrag replacements

(a)
Kaon pair invariant mass mK+K� ( GeV/c2)Chargecorrela

tion
(b)

Kaon pair invariant mass mK+K� ( GeV/c2)Apparentlifeti
me(ps)

Figure 5.3: Charge correlation and apparent lifetime for combinatorial background. Panel (a)shows the mean (dot) and variance (vertical error bar) of the charge correlation variable. Panel(b) is generated �tting the decay time distribution with two Gaussians and one smeared exponential,leaving the apparent lifetime free to vary from bin to bin.semileptonic decays (b ! `+), wrong sign cascade decays (b ! c ! `�) and right sign cascadedecays (b ! cc ! `+ and b ! �+ ! `+) are all treated as signal but with di�erent resolutionfunctions: psignal = Xi2resolutions Xj2avors fifjRij 
 pj(t; c; x; �j ;�mj ;��j) (5.9)In principle, the 
-symbol denotes convolution in two dimensions: time and charge. Fortunately,the second convolution is just a sum over the �1 (unmixed) and +1 (mixed) possibilities. In addi-tion, the charge and time resolution functions are assumed to factorize, i.e. the charge resolutionis assumed to be independent of the decay time and vice versa. Naming the true decay time andtrue decay mixing ~t and ~c respectively, the convolution is written:pijobs(t; c) = Z 10 d~t X~c=f�1;+1gRijt (tj~t)Rijc (cj~c)pjtrue(~t; ~c; �;��;�m) (5.10)The signal fractions denoted fi and fj are computed using reconstruction e�ciencies fromMonte Carlo simulations combined with updated branching fractions from [4]. The fractions ofdirect lepton and cascade lepton events are shown in table 5.3. The contributions of the di�erentb-hadron species to the direct lepton sample are shown in table 5.4. Using the numbers quoted intables 5.1, 5.2, 5.3 and 5.4, the selected signal of B0s ! �`+ decays is estimated to be 127:9� 9:7(binomial error).Using simple error propagation on equation 4.6, two contributions to the decay time error are



56 Statistical analysis: Extracting parameters and setting limits.Sample b! `+(%) b!cc�! `+(%) b! c! `�(%)\good" 90:6� 8:5 3:7� 0:6 5:6� 0:9\bad" 87:2� 7:8 5:6� 0:8 7:3� 1:1total 89:1� 5:9 4:5� 0:5 6:4� 0:7Table 5.3: Lepton sourcesSample B0 B+ B0s �b\good" 18:1� 5:7 12:0� 3:8 69:8� 19:0 0:1� 0:1\bad" 19:0� 5:5 21:4� 6:1 57:6� 21:2 2:0� 2:4total 18:5� 4:0 16:1� 3:4 64:4� 14:4 1:0� 1:1Table 5.4: Contributions from the di�erent b-hadron speciesfound (� means geometric sum):�t = @t@l �l � @t@p�p = mp �l � t�pp (5.11)This motivates the following parameterization of the decay time resolution: The measurementerror as well as a possible measurement bias are allowed to depend on the true time:�(~t) = u+ v~t (5.12)�(~t) =pr2 + s2~t2 (5.13)Inserting �(~t) and �(~t) in a standard Gaussian, the time dependent resolution function is obtained:Rt(tj~t; : : :) = 1p2��(~t)e� 12� t��(~t)�(~t) �2 (5.14)For a �xed true decay time ~t, Rt is normalized to 1, just as probability density functions shouldbe: Z +1�1 Rt(tj~t)dt = 1In order to have an accurate description of the time measurement resolution including the tails, asum of two resolution functions like equation 5.14 is used. For convenience, the function S(t�~t; ~t =R(t; ~t) is �tted to a two dimensional histogram of the measurement error t�~t versus the true time ~tfor Monte Carlo signal events. The resulting resolution functions for the \good" and \bad" signalsamples are shown in �gure 5.4. The parameters describing the central Gaussian of the resolutionin each class are summarized as follows:\good": �t = 0:115 ps� 0:079 � t (75% of sample)\bad": �t = 0:287 ps� 0:108 � t (83% of sample)The charge correlation is parameterized for each signal class using a single Gaussian �tted tothe simulated charge correlation distributions for unmixed and mixed events. Projections of themultidimensional distribution together with the �tted likelihood function appear in �gure 5.55.2 Measuring the B0s lifetime �B0sTo measure the lifetime of the B0s meson, the charge correlation information is ignored and the lifetime di�erence is �xed at ��s = 0. The parameters describing the background distributions are
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Figure 5.4: Contour plot of time resolution functions. The simulated time is shown on the hori-zontal axis and the measurement error on the vertical axis. Panel (a) shows the resolution of the\good" sample and the lower Panel (b) the \bad" sample.allowed to vary freely in the �t. Thus, the statistical error on the �tted value �B0s = (1:393+0:310�0:272) psincludes systematic errors coming from the shape of the background distribution. The contribu-tions to the systematic errors from various other sources are evaluated explicitly by changing eachparameter and observing the shift in the �tted lifetime:� The lifetime of each of the other b-hadron species is varied within its experimental error([4]).� The fraction of signal events is displaced according to the error on fs ([4]).� The level of the combinatorial background is changed within the error on the �tted value(�gure 5.2).Comparing the average estimated B0s energy in data with Monte Carlo simulations (�gure 4.21,table 4.3) indicates that the B0s meson energy is controllable at the level of30:8 GeV� 30:5 GeV30:5 GeV = 1:0%:This is translated directly into a 1:0% systematic error on the �tted lifetime.To check for a possible bias, the �tting procedure is applied to a pure B0s signal sample generatedwith a lifetime of �B0s = 1:6 ps. The corresponding �tted lifetime is (1:591� 0:028) ps, indicatinga systematic shift of �shift = (�0:009� 0:028) ps: (5.15)This shift is subtracted from the �tted value and its uncertainty is included as a systematic error1.1For consistency, this correction done even when the systematic shift is smaller than its uncertainty



58 Statistical analysis: Extracting parameters and setting limits.All the contributions to the systematic error on the B0s lifetime are listed in table 5.5. Summingthe contributions in quadrature and applying the correction from equation 5.15, the lifetime ofthe B0s meson measured in the �`+ channel is:�B0s = �1:40+0:31�0:27 (stat)� 0:08 (syst)� ps; (5.16)Parameter Central value Variation Contribution�B0 1:56 ps �0:06 ps 0:020 ps�B+ 1:62 ps �0:06 ps 0:017 ps��b 1:14 ps �0:08 ps 0:002 psfB0s � Br(B0s ! D�s `+�`X) 0:016 �0:0043+0:038 0:052 psf� 0:539 �10% 0:049 psResolution { �10% 0:017 pshEi { �1:0% 0:014 ps�shift { { 0:028 psTotal 0:084 psTable 5.5: Contributions to the systematic error on �B0s5.3 An upper limit on the decay width splitting ��sTo extract an upper limit on the width di�erence between the wide and narrow B0s-states, �B0s iskept at its maximum likelihood value while scanning the parameter ��s=�s of equation 5.1. Theresulting log-likelihood function shown in �gure 5.6 has a broad minimum at the border of thephysical region, ��s=�s = 0. Using � lnL = � 12 (1:96)2, as conventional for a 95% C.L., an upperlimit on the relative width di�erence is found:��s=�s =� 0:91 (95% C.L.): (5.17)As this hardly constrains ��s at all, the contributions from systematic errors to this limit are notconsidered.5.4 Excluded regions for the mass di�erence �msKeeping all other parameters �xed, � lnL can be studied as a function of �ms, see �gure 5.7.However, the classical likelihood ratio method for extracting con�dence intervals has several com-plications when applied to the analysis of �ms. Firstly, the statistical distribution is far fromGaussian, so the standard value of � lnL = � 12 (1:96)2 cannot be used to extract the 95% con�-dence limit. Instead, one would have to perform Monte Carlo simulations to compute the correct� lnL. Secondly, including systematic errors in the quoted limit is at best cumbersome; it wouldprobably involve another series of Monte Carlo simulations. And �nally, there is no prescriptionon how to account for common systematics when combining the results from several analyses andexperiments.The amplitude method [73] was invented to overcome the problems mentioned above. Themethod proceeds by introducing an arbitrary oscillation amplitude through the substitutioncos�mt 7! A cos�mtin equation 5.1. For a given value of �ms, the amplitude A is �tted, measuring the Fouriercomponent A of the mixing at the frequency �ms, with some measurement error �A. If the true



5.4 Excluded regions for the mass di�erence �ms 59frequency of the time dependent mixing is far away from �ms, the expectation value of A is 0. Onthe other hand, if the selected data sample indeed has a mixing frequency of �ms, the expectationvalue of A is 1. Thus, excluding A = 1 at a given con�dence level is equivalent to excluding amixing frequency of �ms.For an alternative interpretation of the amplitude method, consider the convolution of theoscillatory term in equation 5.1 with a �nite width resolution function as the oscillation frequencygrows without limit: lim�m!1 Z 10 d~tR(t; ~t) � e�~t=� cos�m~t:For �xed t, this is recognized as the complex Fourier transform of the resolution, which shouldvanish as �m!1 for any physical function. From this, it is concluded that setting the oscillationamplitude A = 0 is equivalent to evaluating the likelihood function at �m ! 1, which again isequivalent to time independent (instantaneous) mixing. On the other hand, unity amplitude isequivalent to the physical situation of having oscillations at the given frequency. All other valuesof A are unphysical. In this respect, the amplitude method is a continuation of the likelihoodfunction into an unphysical region.According to [73], the contributions to the systematic error on the amplitude have to take intoaccount the correlation between the �tted amplitude and its error:�systA = �A+ (1�A)��A�A (5.18)The following four sources of systematic errors were considered:� The level of combinatorial background has an uncertainty of 10%, coming from the �t to theK+K� invariant mass spectrum.� The uncertainty on the fraction of B0s-events in the signal is changed according to [74]:fB0s � Br(B0s ! D�s `+�`X) = (1:60+0:43�0:38)%� The time resolution parameters �l and �p of the signal were simultaneously changed by�10%� The mean and width describing the resolution of the charge correlation tag were changed tothe e�ect of a �3% change in the total tag e�ciency.Figure 5.8 shows the �tted amplitude A as a function of the mass di�erence parameter �ms.The 95% upper limit on the amplitude, computed as A+1:645��A, is found below the shaded band.The shaded band shows the upper limit when including systematic errors. Regions of �ms wherethe upper limit on the amplitude is below 1 is excluded. Using that the expectation of A vanishesfor �ms hypotheses far away from the true value, 50% of an ensemble of equal experiments willexclude amplitudes above 1:645�A as indicated with a dashed line. Thus, the point where 1:645�Areaches 1 is a measure of the sensitivity of the experiment. For the present analysis, the sensitivityreach �ms < 1:5 ps�1. The amplitude method gives several excluded regions for �ms:�ms =2 h0:9 ps�1 : : : 1:8 ps�1i [ h2:2 ps�1 : : : 3:3 ps�1i [ h8:0 ps�1 : : : 9:0 ps�1i (95% C. L.);of which the �rst two are con�rmed by the likelihood scan (�gure 5.7). For the third region, acorresponding decrease in the likelihood function is seen, but not below the canonical � 12 (1:96)2 =1:92 level. This is hardly surprising, as the simple likelihood method is sensitive to the likelihoodratio at A = 1 and A = 0 for a given �ms, while the amplitude method in principle compares thelikelihood at A = 1 to the maximum likelihood when leaving A free.
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Figure 5.5: Decay time and charge correlation distributions with �tted likelihood functions. Panels(a) and (b) show the distributions of sideband events, used to describe combinatorial backgroundunder the � peak. Panels (c) and (d) show the distributions of udsc and fake lepton events addedas found in qq simulation. Panels (e) and (f) show the distributions of signal events.
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Chapter 6Discussion and conclusions6.1 Comparison to other analysesThe measurement of the B0s-lifetime and the limit on �ms found in the present work can becompared to limits obtained from B0s-decays reconstructed in other decay channels, see �gures 6.1and 6.2. Comparing the errors of the lifetime �t, one can conclude that the e�ective number ofevents in the �`� analysis is about one half the e�ective number of events in the D�s `+ analysis.
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Figure 6.1: B0s lifetime measured by the DELPHI experiment. For each reconstruction channel,the systematic errors are quoted �rst, then systematic errors; for the combined measurement,only the total error is quoted. The combined result was prepared for the HEP'97-conference [64](appendix A) and contains a previous version of the present analysis.65
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Figure 6.2: Limits on �ms from the DELPHI experiment. The sensitivity of each channel is shownas a dashed line and the excluded regions as solid bars. The analysis of exclusive �nal states (B0s(excl)) [65] is not yet �nalized, and only the expected sensitivity is shown. The combined resultwas prepared for the HEP'97-conference [64] (appendix A) and contains a previous version of thepresent analysis.6.2 Statistical correlation to D�s `+ analysisThe task of combining B0s mixing analyses of di�erent subchannels and experiments is undertakenby the LEP B Oscillations Working Group1 [74]. The combination procedure takes into accountstatistical as well as systematic correlations between analyses [75].From the inclusive nature of the present analysis, it is clear that there are common events withDELPHI's D+s `� analysis [64], giving a statistical correlation between the analyses. A properevaluation should use event lists to check the actual overlap between the selections of the twoanalyses. Unfortunately, such event lists are not available at this point. However, to get anindication of the correlation, the fractions of common signal events are considered. These arefound in the D�s ! ��� and D�s ! �`� subchannels, which together account for (46:3� 3:6)% ofthe signal events in the D�s `+ analysis. The fraction of overlap signal events in the inclusive �`+analysis is found using a sample of simulated signal events. Of the events that pass the selectioncuts, (23:0� 0:7)% belong to the D�s ! ��� mode and (23:4� 0:8)% belong to the D�s ! �`�mode. As the inclusive analysis does not utilize any lepton identi�cation cuts, it is probablyconservative to assume that all D�s ! �`� events are selected by the exclusive analysis. On theother hand, the non-linear discriminant discussed in 4.7 gives an enhanced statistical weight toevents from the D�s ! ��� mode | these events are responsible for the peak at the nominal D�sinvariant mass seen in �gure 4.24f. The enhanced weight might lead to a higher than expected1The name of the group is misleading, as representatives from the CDF (Fermilab) and SLD (SLAC) participateas well.



6.3 Impact of using a detailed likelihood function 67correlation through the D�s ! ��� channel.6.3 Impact of using a detailed likelihood functionThe likelihood description used to extract the �ms exclusion regions has a number of features notrequired for a bare minimum analysis:� The multidimensional discriminant described in section 4.7 is supposed to increase the ef-fective signal to background ratio, acting like a per-event signal fraction.� The output of the Fisher discriminant constructed for the production charge tag is includedas a continuous observable.� The selected events are separated in two classes depending on the goodness of the vertex �tand the expected ight length resolution.Stripping o� these extra features and adding them back one by one, their importance for the sensi-tivity of the �ms analysis is clearly exposed in �gure 6.3: The point of 50% exclusion probabilitymoves from 0:6 ps�1 to 1:5 ps�1, and would reach 2:4 ps�1 with only 10% increased statistics. At�ms = 2:4 ps�1 the amplitude error decreases by a factor 1=1:5, which is equivalent to a twofoldincrease in statistics. A particularly striking aspect is that the e�ect of splitting the sample intwo resolution classes increases progressively towards higher oscillation frequencies, compared tothe impact of the two other likelihood-enhancements. This reects the fact that the analysis isresolution limited at large �ms.
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68 Discussion and conclusions6.4 ConclusionsInclusive B0s ! �`+ decays in the DELPHI detector are reconstructed to study the B0s lifetime,mixing and decay width splitting.The B0s lifetime is measured to be�B0s = �1:40+0:31�0:27 (stat)� 0:08 (syst)� ps;compatible with the current world average [5] �B0s = (1:54 � 0:07) ps, as well as to theoreticalpredictions that �B0s=�B0d = 1:00� 0:01.Using elaborate statistical methods, the sensitivity for time dependent B0sB0s mixing reaches�ms < 1:5 ps�1. No signal of time dependent mixing is seen, and the exclusion regions for �mslisted in section 5.4 are compatible with the combined limit of �ms > 10:2 ps�1 95% CL..Analyzing data from the years 1991{1993 could theoretically double the available statistics,and should be included in the analysis. A twofold increase in statistics could push the mixingsensitivity up to �ms < 3:0 ps�1. However, as neither RICH particle identi�cation nor the VD zinformation are available in these datasets, the background as well as the resolution are expectedto be worse than in the 1994{1995 data.



Appendix AContribution to the HEP 97ConferenceThe article included in this appendix is written by the DELPHI B lifetimes/oscillation team.Section 5 and �gures 10, 11 and 15 represent work done by the present author.

69



70 Contribution to the HEP 97 Conference



71HEP'97 #457 DELPHI 97-75 CONF 61Submitted to Pa 9 20 July, 1997Pl 5Search for B0s � B0s oscillations andmeasurement of the B0s lifetimePreliminaryDELPHI CollaborationP. Billoir1, A. Borgland2, G. Borisov3, M. Canepa4, P. Checchia5, G. Eigen2,O. Kouznetsov6, X. Moreau1, F. Parodi4, E. Piotto5, P. Privitera7, O. R�hne8,P. Roudeau9 and A. Stocchi91 LPNHE, Paris, France2 Bergen University, Norway3 CEA, Saclay, France4 Genova University, Italy5 Padova University, Italy6 Dubna, JINR, Russian Federation7 Roma II University, Italy8 Oslo University, Norway9 LAL, Orsay, FranceAbstractThis note presents a new limit on the mass di�erence of the physical B0s states whichpartially updates the result given in a previous publication, which is appended inthe Addendum. In the previous publication three analyses were performed usingevents containing a lepton emitted at large transverse momentum, pt, relative toits jet axis `� Qhem:, ` � ` and Ds`. Among these three analyses only the Ds` hasbeen updated and two new analyses are presented : Dsh and �`. Combining thesemeasurements the limit turns out to be:�ms > 8:5 ps�1 at 95% C.L.The exclusion probability for this limit is 50%.With the three samples, Ds`, Dsh and �`, the lifetime of the B0s meson has beenmeasured : �B0s = (1:46� 0:11) psPaper submitted to the HEP'97 ConferenceJerusalem, August 19-26



72 Contribution to the HEP 97 Conference1 IntroductionIn the Standard Model, B0s � B0s mixing is a direct consequence of second order weakinteractions. Starting with a B0s meson produced at time t=0, the probability, P, toobserve a B0s or a B0s decaying at the proper time t can be written, neglecting e�ectsfrom CP violation and a possible di�erence between the lifetimes of the heavy and lighteigenstates :Punmix:(mix:)B0s = P(B0s ! B0s(B0s)) = 12�B0s e� t�B0s [1� cos(�mst)] (1)Three important quantities have to be considered in this analysis:� the determination of the sign of the b quark at production time (production tag)� the determination of the sign of the b quark inside the B meson at decay time (decaytag)� the measurement of the B decay proper time.In the previous publication [1] three analyses were performed using events containing alepton emitted at large pt relative to its jet axis 1. In two of them (` �Qhem: and ` � `)the proper time was measured using an inclusive vertex algorithm to reconstruct the de-cay distance and the energy of the candidate B hadron. In the ` � Qhem: analysis the\production tag" was obtained from the value of the hemisphere charge measured in thehemisphere opposite to the lepton and the lepton charge was used to de�ne the \decaytag". The `� ` analysis used events with two high pt leptons, identi�ed in opposite hemi-spheres, and it was not possible to separate the notions of \decay" and \production" tags.In the third analysis, (Ds`) �Qhem:, the identi�ed lepton was accompanied, in the samehemisphere, by an exclusively reconstructed Ds. The \production tag" was obtained fromthe value of the hemisphere charge measured using both hemispheres.This note presents an update of the (Ds`) analysis using 94-95 data and correspondingto 2.2M hadronic Z0 decays The improvements with respect to the previous analysis comefrom :� the use of the data reprocessed with an improved tracking algorithm,� the use of a new algorithm to de�ne the \production tag".The previous analysis of the data registered between 1991 and 1993 is included using thenew tagging procedure.Two other analyses are also presented : Dsh and �` analyses. The Dsh analysis is similarto the Ds` one but instead of the lepton it uses a charged hadron. It provides largerstatistics but the B0s purity of the sample is poorer. The �` analysis is more inclusive andconsiders events where a high transverse momentum lepton is accompanied, in the samehemisphere, by a � meson. These two new analyses use the data from 94-95 and bene�tfrom the new algorithm to de�ne the \production tag".For the combined limit on �ms the (` � Qhem:) and (` � `) analyses are also included (these analyses have not been updated and their description is given in the addendum.)1In addendum, this paper which is about to be published as CERN-PPE, is appended2



732 The new algorithm for the tagging at the produc-tion timeThe signature of the initial production of a b(b) quark in the jet containing the B0s or B0scandidate was determined using a combination of di�erent variables sensitive to the initialquark state. For each individual variable Xi, the probability density functions fb(Xi)(fb(Xi)) for b (b) quarks were built and the ratio Ri = fb(Xi)=fb(Xi) was computed. Thecombined tagging variable was de�ned as:xtag = 1 �R1 +R ; where R =YRi: (2)The variable xtag varies between -1 and 1. High values of xtag correspond to a highprobability that a given hemisphere contained a b quark in the initial state. If some ofthe variables Xi are not de�ned for a given event, the corresponding ratios Ri are setto 1, corresponding to equal probabilities for the initial state to be b or b. De�nition(2) of xtag provides an optimal separation between b and b initial states if the individualdiscriminating variables Xi are independent.A set of 9 discriminating variables was selected for this analysis. The event was dividedinto 2 hemispheres by the plane perpendicular to the direction of the B0s candidate. Oneset (3 variables) was determined in the hemisphere which contains the B0s meson, theother set (5 variables) in the hemisphere opposite to the B0s meson, and 1 variable wascommon to both hemispheres.All reconstructed charged tracks were used in the opposite hemisphere, and the fol-lowing variables were de�ned:� the mean jet charge which is de�ned as :Qhem = Pni=1 qi(~pi � ~es)�Pni=1(~pi � ~es)� (3)where qi and ~pi are the charge and the momentum of particle i, ~es is the unit vectoralong the thrust axis, and �=0.6;� the weighted sum of charges of particles identi�ed as kaon candidates:Qk = P qi(~pi � ~es)�;� the sum of the charges of tracks having signi�cant impact parameters with respectto the primary event vertex;� the sum of the charges of the tracks compatible with the primary event vertex;� the transverse momentummultiplied by the charge of the identi�ed lepton candidatewith highest momentum.Only tracks not included in the B0s candidate decay products were used to de�ne thevariables in the same hemisphere 2. They were:2In case of Ds` analysis all the B0s decay products are identi�ed and removed, for more inclusiveanalyses this is possible only in a partial way 3



74 Contribution to the HEP 97 Conference� the mean jet charge, computed using (3) with ~es directed along the reconstructedmomentum of the B0s candidate;� the rapidity with respect to the direction of the thrust axis multiplied by the chargeof the identi�ed kaon candidate with the highest momentum having a trajectorycompatible with the primary vertex,� the momentum of any reconstructed �0 candidate multiplied by the charge of theproton from its decay.The last variable, common to both hemispheres, was the polar angle of the direction ofthe thrust axis.2.1 Measurement of �tag in events with an exclusively recon-structed D�This section presents a measurement of the purity of the tagging at production time, �tag,using the real data.It has been obtained from the analysis of the B0d�B0d mixing in events with an exclusivelyreconstructed D��. The D�� candidates were selected by reconstructing the decay chainD�+ ! D0�+ followed by D0 ! K��+ or D0 ! K��+�0. The selection criteria relymainly on the small mass di�erence between D�+ and D0 mesons [2]. The measurementof the B0d � B0d mixing is performed by correlating a) the sign of the D�� charge, whichtags the B avour at the time of decay (since D�� in these events are mainly producedfrom B0d and D�+ from B0d), with b) the global tagging variable, xefo, in the hemisphereopposite to the D��. If the B0 meson decaying into a D�� has oscillated, the D�� chargeand the variable xefo of the hemisphere opposite to the D�� should be of unlike sign; ifit has not oscillated, they should be of like sign. The mass di�erence �md between thetwo physical B0d states is obtained from the study of the D0 decay distance distribution ofunlike and like sign events. Details of the analysis can be found in [2]. The amplitude ofthe time dependent oscillation is sensitive to the probability of correctly tagging eventsas unmixed and mixed B0d. A �t was performed �xing the mass di�erence �md to theworld average [3], and leaving �tag as a free parameter. The �t was repeated for di�erentminimum values of the global tagging variable xefo. Results are reported in Table 1,together with the predictions from the Monte Carlo simulation. The fraction of eventsfevents remaining after the cut on the tagging variable is also reported.The tagging e�ciency estimated with the D�� sample is consistent within its errorwith the expectations from the Monte Carlo simulation.The selected sample of exclusively reconstructed D�� still contains a signi�cant fractionof events originating from charm and light avour quarks. In order to study the taggingvariable distribution, the b-tag probability for all tracks of the event was required to besmaller than 10�3 [4]. The fraction of non-b events in the remaining sample is estimatedto be 5%. The distribution of the product between the D�� charge and the taggingvariable xefo in the hemisphere opposite to the D�� is shown in Figure 1, together withthe expectations from the Monte Carlo. Another check was performed by selecting eventswith an exclusively reconstructed D�� accompanied by a lepton of opposite charge. Thissample is highly enriched in B0d, but has a limited statistics. However, it allows thestudy of the tagging variable xefs in the same hemisphere as the D��-lepton candidate.4



75Data Simulation�tag fevents �tag feventsjxefoj > 0: 0:68 � 0:02 1. 0:69 1.jxefoj > 0:1 0:69 � 0:02 0.88 0:71 0.89jxefoj > 0:2 0:71 � 0:02 0.77 0:736 0.78Table 1: Values of �tag obtained from the analysis of exclusively reconstructed D�� for dif-ferent cuts on the tagging variable xefo. Also reported is the fraction of events remainingafter the cut. Expectations from the simulation are also given.The distribution of the product between the D�� charge and the tagging variable, xefs,is shown in Figure 2, together with the expectations from the Monte Carlo. A goodagreement is observed.3 The new (Ds�`�) analysisB0s meson candidates 3 were selected using an exclusively reconstructed Ds meson corre-lated with a lepton of opposite charge emitted in the same hemisphere:B0s �! Ds+`��X:Ds mesons were identi�ed in six non-leptonic and two semileptonic decay modes:Ds+ �! ��+ � �! K+K�;Ds+ �! K?0K+ K?0 �! K��+;Ds+ �! K0SK+ K0S �! �+��;Ds+ �! K?0K?+ K?0 �! K��+; K?+ �! K0S�+;Ds+ �! ��+�0 � �! K+K�;Ds+ �! ��+���+ � �! K+K�;Ds+ �! �e+�e � �! K+K�;Ds+ �! ��+�� � �! K+K�:The selection criteria used for the �rst four hadronic modes and the two semileptonicmodes were already presented in [1],[5]. In the following, the description of the selectioncriteria of the two new channels is given together with those of K?0K?+ which was signi-�cately changed with respect to the one described in [1].Ds+ �! K�0K�+Ds+ candidates were selected by reconstructing K�0 �! K��+ and K�+ �! K0s�+.K0s candidates were reconstructed in the mode K0s �! �+�� by combining all pairs ofoppositely charged tracks and applying the \tight" selection criteria described in [6]. The3Unless explicitely stated otherwise, charge conjugate states are always implied.5



76 Contribution to the HEP 97 ConferenceK0s was then combined with two charged tracks of the same sign, and a third track ofopposite charge. If more than one Ds+ candidate could be reconstructed by the same fourtracks (by swapping the two pion candidates for example) the Ds+ candidate minimizingthe squared mass di�erence (M(K��+) �MPDG(K�0))2 + (M(K0s�+) �MPDG(K�+))2was chosen. If more than one candidate passed the selection criteria only one was kept.Its selection was based on the lepton transverse momentum and the Ds+ momentum.The three charged tracks were then tested for geometrical compatibility with a singlevertex by requiring that the �2 of the Ds vertex was smaller then 40. To improve on thevertex position resolution two of the three tracks were required to have at least one VDhit.To reduce the combinatorial background the following kinematical selection criteriawere also applied:�p(�+K�0) > 1:0 GeV=c�p(�+K�+) > 1:75 GeV=c�p(K�) > 1:5 GeV=c�p(K0s ) > 1:0 GeV=c�p(K�0) > 3:5 GeV=c�p(K�+) > 4:0 GeV=c�p(Ds+) > 10 GeV=c�jM(K��+)�MPDG( �K�0)j < 70 MeV=c2�jM(K0s�+)�MPDG(K�+)j < 95 MeV=c2Ds �! ����The � was reconstructed in the decay mode � �! K+K� by taking all possible pairsof oppositely charged tracks requiring that the invariant mass was within 14 MeV=c2of MPDG(�). Neither kaon candidate should be tagged by the RICH as pions (\loose"selection) [6]. Three tracks, each compatible with the pion hypothesis as given by thecombined RICH and dE/dX measurements, were then added to the � candidate to makea Ds+. Three of the �ve tracks were required to have at least one VD hit and two of thethree pion candidates were required to have a momentum above 1.25 GeV/c. If more thanone candidate passed the selection criteria only one was kept. In addition the followingselection criteria were made to reduce the combinatorial background:�p(K) > 1:75 GeV=c�p(�) > 0:7 GeV=c�p(�) > 4:0 GeV=c�p(Ds+) > 9 GeV=cD+s �! ���0The � was reconstructed in the mode � �! K+K� by taking all possible pairs of oppo-sitely charged tracks requiring that the invariant mass was within 11MeV=c2 ofMPDG(�).Neither kaon candidate should be tagged by the RICH as pion (\loose" selection) [6]. Athird track, compatible with the pion hypothesis as given by the RICH, and a recon-structed �0 were then added to the � candidate. If more than one candidate passed theselection criteria only one was kept. �0 candidates were obtained in two di�erent ways.6



77All  pairs in the same hemisphere as the � candidate and whose invariant mass waswithin 20 MeV=c2 of the nominal �0 mass were re�tted with the nominal �0 mass as aconstraint. The probability of the �t was required to be larger than 1%. Because of thesmall opening angle high momentum �0s are seen as one cluster in the DELPHI electro-magnetic calorimeter HPC. These overlapping photon pairs are tagged by the DELPHIelectron and photon reconstruction program ELEPHANT [7], and were used as �0s inthis analysis. The three charged tracks were tested for geometrical compatibility witha single vertex, and �2(D+s ) < 60 was required. To improve the vertex resolution allthree charged tracks were required to have at least one VD hit. In addition the followingselection criteria were made to reduce the combinatorial background:�p(K) > 1:25 GeV=c�p(�+) > 0:6 GeV=c�p(�0) > 3:5 GeV=c�p(�) > 2:5 GeV=c�p(Ds+) > 7 GeV=cIn all non-leptonic modes, the measured position of the Ds+ decay vertex, the Ds+ momen-tum, and their measurement errors, were used to reconstruct a Ds+ particle. A candidateB0s decay vertex was obtained by intercepting this particle with a \loosely" identi�edlepton [6] (electron or muon) of opposite charge in the same hemisphere (as for hadronidenti�cation, leptons were also classi�ed as \tight", \standard" and \loose"). The leptonwas required to have a high momentum (p > 3 GeV=c) and high transverse momentum(poutt > 1:2 GeV=c) to suppress fake leptons and cascade decays (b ! c ! `+) of non-strange B hadrons; the lepton track had also to be associated to at least one hit in theVD. In addition, the following kinematic cuts were applied:� 3:0 < M(Ds�; `�) < 5:5 GeV=c2,� p(Ds�; `�) > 14 GeV=c,� �2(B0s vertex) < 20.In the Ds+ mass region, a clear excess of \right-sign" combinations (Ds�`�) over \wrong-sign" combinations (Ds�; `�) was observed in each channel. Figure 4 and 5 show thesignals obtained with 94-95 data. The mass distribution for non-leptonic decays was �ttedusing two Gaussian distributions of equal widths to account for the Ds and D+ signals andan exponential for the combinatorial background. The D+ mass was �xed to the nominalvalue of 1:869 GeV=c2 [8]. For Ds semileptonic decay modes, the K+K� invariant massdistribution for \right sign" events was �tted with a Breit{Wigner distribution to accountfor the signal, and a polynomial function to describe the combinatorial background.Table 2 gives the measured number of events (background subtracted) in the Ds+signal and the ratio between the numbers of combinatorial background events and thetotal. 7



78 Contribution to the HEP 97 ConferenceDs decay modes Estimated signal 91-93 data Estimated signal 94-95 dataDs �! ��+ 15 � 5 (40 � 8%) 45 � 9 (40 � 13%)Ds �! K?0K+ 13 � 5 (36 � 9%) 35 � 9 (47 � 13%)Ds �! K0SK+ 18 � 6 (38 � 13%) 17 � 5 (23� 5%)Ds �! K?0K?+ - 19 � 5 (20� 9%)Ds+ �! ��+�0 - 19 � 6 (43 � 11%)Ds+ �! ��+���+ - 11 � 5 (37 � 15%)Ds �! �`+� 19 � 9 (38 � 12%) 42 � 11 (21 � 7%)Table 2: Numbers of Ds signal events and ratios between the numbers of combinatorialbackground events and the total (in parentheses) for di�erent Ds decay channels. Thelevel of the combinatorial background was evaluated using a mass interval of �2� (�1�)centred on the measured Ds (�) mass.3.1 Results from the (Ds�`�) analysisThe time resolution for the fraction of events in which Ds mesons are expected to comefrom Bs semileptonic decays is summarized in Table 3 for the di�erent Ds decay modescorresponding to the 94-95 data analysisDs decay First Gaussian First Gaussian (�1) Second Gaussian (�2)channel fraction (%) resolution (ps) resolution (ps)K0SK+ (94-95) 68 q(0:1552 + 0:0712 t2) 3.6�1other non-leptonic (94-95) 83 q(0:1082 + 0:0742 t2) 2.9�1�`+� (94-95) 76 q(0:1282 + 0:0692 t2) 3.6�1Table 3: (Ds�`� analysis) : time resolution for di�erent Ds decay modes parametrizedusing the sum of two Gaussian distributions. The width of the narrower Gaussian dependson the generated proper time. The width of the other distribution has been taken to beproportional to the width of the narrower one.The �tting procedures are explained in the previous publication [1].The average tagging purity of the xtag variable, calculated on MC for true Bs0 ! D+s `��Xdecays, was 74:2� 0:3%. In the �tting procedure the information of the tagging purity isused on an event by event basis, using the distribution of the discriminating variable xtag(Figure 6). In this case the tagging purity of the xtag variable, calculated on MC for trueB0s ! D+s `��X decays, is equivalent to 78:0 � 0:3%.The Ds` events selected in the 91-93 data ( see Figure 3 and Table 2) were also included.For this set of data the new procedure of tagging at the production time was also imple-mented. In this case the average tagging purity of the xtag variable, obtained from thesimulation, was 71:8 � 1:1%, which correspond to a tagging purity on an event by event8



79basis of 75:7 � 1:1%The plot of the variation of the oscillation amplitude A as a function of �ms combiningthe two sets of data ( 91-93 and 94-95) is shown in (Figure 7). Considering only statisticaluncertainties, the lower limit on �ms is :�ms > 8:4 ps�1 at 95% C.L.: (4)The exclusion probability for this limit is 47%. The expected limit at 50% exclusionprobability corresponds to �ms > 8:1 ps�1.3.2 Study of systematic uncertaintiesSystematic uncertainties were evaluated by varying the parameters which were kept con-stant in the �t according to their measured or expected errors.� Systematics from the tagging purity.The studies done in Sec. 2.1 show that using the tagging variables in the oppositehemisphere and asking jxefoj > 0:, the agreement between the real and simulateddata on the tagging purity is �tag(DATA)� �tag(MC) = -0.01 � 0.02. It was alsoshown that there is a good agreement between the real data and the simulateddistributions for the tagging purities on the opposite and the same hemisphere.This test makes con�dent on the use of the tagging purity on the event by eventbasis. The evaluation of systematics coming from the control of the tagging puritywas done in the following way. The functions which give the tagging probabilitiesversus the discriminating variable for b and b were modi�ed to obtain a variationon the averaged value of the tagging purity of �3:0%. This variation was done bykeeping the functions �xed for the values -1,0,1 of the discriminating variable.� Systematics from the background level.fbkg: was varied according to the statistical uncertainty of the �tted combinatorialbackground fractions present in the di�erent Ds or K+K� mass distributions.� Systematics from the B0s purity.fBs is the fraction of events in which Ds mesons are expected to come fromBs semileptonic decays. fDsD is the expected fraction of cascade decays B !D(?)Ds(?)+X followed by the semileptonic decay D(?) ! `��X which gives right-sign Ds�`� pairs. After the selection cuts, the relative fractions are fDsD=fBs =0:106� 0:020 for non-leptonic Ds decays and fDs D=fBs = 0:102� 0:022 for semilep-tonic decays, where the errors take into account both the statistical error fromsimulation and the errors on measured branching ratios. The errors on these twofractions were taken to evaluate the systematics.� Systematics from the resolution on the B decay proper time.The systematic error coming from uncertainties on the resolution functions wasevaluated by varying by 10% the two parameters describing the quadratic timedependence of the narrower Gaussian (see Table 3). A variation of 10% of theresolution for background events was also considered.Including these systematic uncertainties does not change the excluded �ms regionssigni�cantly. 9



80 Contribution to the HEP 97 Conference4 The new (Ds�h�) analysisThis approach is similar to the (Ds�`�) analysis but, instead of the lepton, it uses acharged hadron. It provides larger statistics but su�ers from an ambiguity in the choiceof the hadron and from a lower B0s purity. This approach was already used to measure theB0s lifetime and several details of the analysis are given in [5]. In the present measurementonly data from 94-95 were used and the Ds was selected in the following decay modes:Ds+ �! ��+ � �! K+K�;Ds+ �! K?0K+ K?0 �! K��+;Ds+ �! K0SK+ K0S �! �+��;Ds+ �! K?0K?+ K?0 �! K��+; K?+ �! K0S�+;The selection criteria for the �rst two channels was already given in [1],[5]. The selec-tion of for the two new modes is explained in the following.The common feature for the last two Ds decay modes is the presence of a K0S which wassearched for using the standard DELPHI procedure [6]. For the Ds ! K0SK+ decay modethe momentum of the K0S was requested to be above 4 GeV=c. The momentum of theK+ should be greater than 3.5 GeV=c and it should be identi�ed at least as a "standard"kaon [6]. For the Ds ! K?0K?+ decay mode no explicit cuts on the momenta of pseu-doscalar mesons were imposed but the momenta of the vector mesons K?0 and K?+ wererequested to be larger than 5.5 GeV=c. The invariant mass of the vector meson candidateshad to be within � 40 MeV=c2 of their nominal mass values. It was also requested atleast "standard" indenti�cation for the charged kaon from K?0 decay. In the Ds decaychannels, all particles which were not explicitly identi�ed as protons, kaons or leptons,were classi�ed as pions. The Ds decay length had to be positive and the �2{probabilityof the �tted Ds vertex larger than 10�4.The selection of the hadron accompanying the Ds candidate is based on an impact pa-rameter technique. A sample of tracks coming predominantely from B hadron decays ispreselected using both the impact parameter with respect to the primary vertex and tothe Ds vertex. The hadron was then searched for amongst the preselected tracks in theevent requiring that its charge is opposite to that of the Ds and that it has the highestmomentum among the candidates opposite in charge to the Ds. Details of the preselectionas well as of the hadron selection are given in [5].Figure 8 shows the Ds+ signals after the accompanying hadron selection, for the fourdecay modes. The mass distribution for non-leptonic decays was �tted using two Gaussiandistributions of equal widths to account for the Ds and D+ signals and an exponentialfor the combinatorial background. The D+ mass was �xed to the nominal value of 1:869GeV=c2 [8]. Table 4 gives the measured number of events (background subtracted) in theDs+ signal and the ratio between the numbers of combinatorial background events andthe total. 10



81Ds decay modes Estimated signal in 94-95 dataDs �! ��+ 341 � 30 (0:459 � 0:027%)Ds �! K?0K+ 185 � 22 (0:508 � 0:034%)Ds �! K0SK+ 70 � 14 (0:489 � 0:06%)Ds �! K?0K?+ 61 � 17 (0:592 � 0:063%)Table 4: (Ds�h�) analysis : numbers of Ds signal events and ratios between the numbersof combinatorial background events and the total (in parentheses) for di�erent Ds decaychannels. The level of the combinatorial background was evaluated using a mass intervalof �2�.4.1 Results from the (Ds�h�) analysisThe procedure to evaluate the sample composition is explained in details in [5]. Followingthis procedure the sample composition is:� fraction of B0s with a Ds : fB0s = 40:1� 3:6 %� fraction of B0s with two Ds : fDs;Ds = 16:4 � 1:7 %� fraction of non-B0s with one Ds : fDs;D = 7:4� 0:8 %� fraction of non-B0s with two D : fBs = 36:2 � 3:9 %The time resolution for the fraction of B0s decaying into one Ds is summarized in Table5 for di�erent Ds decay modes corresponding to the 94-95 data analysis.Ds decay First Gaussian First Gaussian (�1) Second Gaussian (�2)Channel fraction (%) resolution (ps) resolution (ps)K0SK+ (94-95) 50 q(0:1772 + 0:1682 t2) 3.2�1other non-leptonic (94-95) 60 q(0:1382 + 0:0862 t2) 3.8�1Table 5: (Ds�h�) analysis : time resolution for di�erent Ds decay modes parametrizedusing the sum of two Gaussian distributions. The width of the narrower Gaussian dependson the generated proper time. The width of the other distribution has been taken to beproportional to the width of the narrower one.The average tagging purity of the xtag variable, calculated on MC for true Bs0 !D+s h�X decays, was 71:4 � 0:4%. In the �tting procedure the information of the taggingpurity is used on an event by event basis, using the distribution of the discriminatingvariable xtag. In this case the tagging purity of the xtag variable is equivalent to 74:0�0:3%.The plot of the variation of the oscillation amplitude A as a function of �ms is shown in(Figure 9). Considering only statistical uncertainties, the lower limit on �ms is :�ms > 2:0 ps�1 at 95% C.L.: (5)11



82 Contribution to the HEP 97 ConferenceThe exclusion probability for this limit is 36%. The expected limit at 50% exclusionprobability corresponds to �ms > 1:2 ps�1.4.2 Study of systematic uncertaintiesSystematic uncertainties were evaluated by varying the parameters which were kept con-stant in the �t according to their measured or expected errors.� Systematics from the tagging purity.The followed procedure is described in Sec. 3.2. The tagging purities for the othercategories were used on average and �xed at the values found in the simulation. Aconservative variation of � 3 % on the expected tagging purity for the signal wasconsidered to evaluated the systematics.� Systematics from the background level.fbkg: was varied according to the statistical uncertainty of the �tted combinatorialbackground fractions present in the di�erent Ds mass distributions.� Systematics from the B0s purity.The B0s purity was varied according to the value given in Sec 4.1 : fB0s = 40:1� 3:6%. This error is mainly coming from the error on the B0s production on jets and onthe measured branching ratios for the di�erent processes contributing to the �nalsample.� Systematics from the expected resolution on the B decay proper time.The procedure is described in Sec. 3.2Including the systematics uncertainties the lower limit on �ms is:�ms > 1:9 ps�1 at 95% C.L.:5 The (�`�) analysisThis analysis is more inclusive and concerns events where a high poutt lepton is accom-panied by a � meson in the same jet. The selection of a high poutt lepton enriches thesample in direct semileptonic decays and the presence of the � increases its B0s purity.This approach was already used to measure the B0s lifetime and details of the analysis aredescribed in [5]. In the present measurement only data from 94-95 were used. The invari-ant mass distribution for K+K� is shown in Figure 10. A signal of 557 � 49 � mesons hasbeen �tted using a Breit-Wigner distribution. The mass, m� = 1:0198 � 0:0003 GeV/c2,and the width, � = 5:7 � 0:6 MeV, are in agreement with the simulation predictions.Within �1� there are 406 � 36 events and the combinatorial background amounts tofcomb = 0:399 � 0:035.The reconstructed tracks with opposite charged of the identi�ed lepton were consideredas candidates for an extra Ds decay hadron. The track with the highest momentum, pro-jected along the � direction was selected. A Ds pseudotrack was then reconstructed usingthe kaon pair and the hadron candidate and used to form a common vertex (the candidate12



83B0s vertex) with the identi�ed lepton. The mass of the K+K�h system combination wasrequired to be lower than the Ds mass and once the lepton had been attached, to notexceed the Bs mass. Finally to improve the momentum and the direction resolutions forthe B candidate, the electromagnetic energy was added to the K+K�h system until themass of the system exceeded 2.5 GeV/c2. After this procedure the signal yielded to 429 �52 � candidates �tted with a Breit-Wigner distribution. Within one gamma there are 319� 52 events and the fraction of the combinatorial background was fcomb = 0:420 � 0:0505.1 Results from the (�`�) analysisThe sample composition is calculated following the procedure explained in [5]. Inside the� signal the proportion of semileptonic B0s decays is found to be : fB0s = 0.42 � 0.07.The time resolution for these events has been parametrized using a narrow and two widerGaussians. The narrow Gaussian contains 45 % of the signal and its time dependentwidth is described by q(0:1352 + 0:0542 t2)The plot of the variation of the oscillation amplitude A as a function of �ms is shownin (Figure 11). Considering only statistical uncertainties, the lower limit on �ms is :�ms > 2:0 ps�1 at 95% C.L.: (6)The exclusion probability for this limit is 37%. The expected limit at 50% exclusionprobability corresponds to �ms > 1:0 ps�1.5.2 Study of systematic uncertainties� Systematics from the tagging purity.The followed procedure is described in Sec. 3.2. The tagging purities for the othercategories were used in average and �xed to the values found in the simulation. Aconservative variation of � 3 % on the expected tagging purity for the signal wasconsidered to evaluate the systematics.� Systematics from the background level.fbkg: was varied according to the statistical uncertainty of the �tted combinatorialbackground fractions present in the di�erent Ds mass distributions.� Systematics from the B0s purity.The B0s purity was varied according to the value given in Sec 5.1 : fB0s = 0:42�0:07.This error is mainly coming from the error on the B0s production on jets and onthe measured branching ratios for the di�erent processes contributing to the �nalsample.� Systematics from the resolution on the B decay proper time.The procedure is described in Sec. 3.2Including the systematics uncertainties the lower limit on �ms is:�ms > 1:9 ps�1 at 95% C.L.:13



84 Contribution to the HEP 97 Conference6 Combined limit on �msResults presented in the previous sections have been combined and previous analysisfrom `�Qhem: and `� ` channels have been included [1], taking into account correlationsbetween the events samples and between systematic uncertainties a�ecting the di�erentamplitude measurements, according to the procedure de�ned by the LEP Working Groupon the B Oscillations [3]. The resulting amplitude distribution is shown in Figure 12 andcorresponds to the limit: �ms > 8:5 ps�1 at 95% C.L. (7)The exclusion probability for this limit is 50%, so the combined limit corresponds to thecombined sensitivity.7 Updated measurement of the B0s lifetimeThe B0s lifetime measurement has been updated, with respect to the previous analysis [5],using three selected events samples presented in this paper. In each analysis the B0s life-time and the proper time distribution for the background have been �tted simultaneouslyusing events in the signal region (�2� [�1�] from the D+s [�] mass peak) and events fromcombinatorial background samples (\side{bands" events in D�s h� and �`� analyses and\side{bands" and \wrong sign" events in (D�s `�) analysis). Results are summarized inTable 6 and the di�erent sources of systematics are given.In each analysis the �tting method has been checked on pure B0s simulated eventsgenerated with a lifetime of 1:6 ps:�B0s (D�s `�)MC = 1:601 � 0:025 �shift = +0:001 � 0:025 ps�B0s (D�s h�)MC = 1:630 � 0:050 �shift = +0:030 � 0:050 ps�B0s (�`�)MC = 1:667 � 0:041 �shift = +0:067 � 0:041 psThe di�erence (�shift) between the generated and the �tted lifetimes was interpreted asa possible remaining bias due to limitations of the model used in the �t or to uniformityin acceptance induced by selection cuts. The measured lifetimes have been correctedfor these di�erences and the statistical error on �shift has been added to the systematicuncertainties. The corrected B0s lifetime measurements for the three analyses turn out tobe : �B0s (D�s `�) = 1:44+0:16�0:14(stat:)� 0:05(syst:) ps�B0s(D�s h�) = 1:52+0:23�0:22(stat:)� 0:12(syst:) ps�B0s (�`�) = 1:33+0:25�0:23(stat:)� 0:10(syst:) psThe results of the lifetime �ts for the three samples are shown in Figure 13, Figure 14and Figure 15.In a previous publication [5] a measurement of the B0s meson lifetime was obtained usingan inclusive D+s sample.To combine this measurement with those presented in this notestatistical correlations have been taken into account as well as the common systematic14



85(from branching ratios and lifetimes). The full covariance matrix was calculated and thecombined B0s meson lifetime was found to be:�B0s = (1:46� 0:11) ps
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(D�s `�) analysis�B0s 1:44+0:16�0:14(stat:)� 0:05(syst:) psfcomb, fDsD, frif +0:040 � 0:040�B+, �B0d , ��b +0:005 � 0:005t resolution +0:010 � 0:010Syst. tot +0:040 � 0:040D�s h� analysis�B0s 1:55+0:23�0:22(stat:)� 0:11(syst:) psfcomb, fcharm, fB(not s) +0:098 � 0:099�B+ +0:016 � 0:017�Bd +0:015 � 0:015��b +0:008 � 0:008t resolution +0:030 � 0:030Syst. tot +0:011 � 0:011�`� analysis�B0s 1:40+0:26�0:24(stat:)� 0:09(syst:) psSample composition +0:057 � 0:057�B+ +0:016 � 0:016�Bd +0:017 � 0:017��b +0:004 � 0:004t resolution param. +0:046 � 0:046Energy estimation +0:049 � 0:049Syst. tot +0:09� 0:09Table 6: Results on Bs lifetime
17
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Figure 6: (Ds�`�) analysis:Distributions of the tagging variable xtag for b and �b initial states. They have been cal-culated using a dedicated simulated sample of events of the type B0s ! D+s `��X. Theparametrization used in the amplitude �t is superimposed.23
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Figure 7: (Ds�`�) analysis on 91-95 data:Variation of the oscillation amplitude A as a function of �ms. The lower continuousline corresponds to A+1:645�A where �A includes statistical uncertainties only, while theshaded area shows the contribution from systematics. The dashed-dotted line correspondsto the sensitivity curve. The lines at A=0 and A=1 are also given
24
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Figure 9: (Ds�h�) analysis on 94-95 data:Variation of the oscillation amplitude A as a function of �ms. The lower continuousline corresponds to A + 1:645�A where �A includes statistical uncertainties only, whilethe shaded area corresponds to the contribution from systematics. The dashed-dotted lineshows the sensitivity curve. The lines at A=0 and A=1 are also given.
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Figure 10: (�`�) analysis on 94-95 data:The plots show the invariant K+K� mass distributions for � candidates accompanied bya lepton of opposite electric charge, identi�ed in the same hemisphere, and with poutt above1.0 GeV=c. The curve shows the �t described in the text.27
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Figure 11: (�`�) analysis on 94-95 data :Variation of the oscillation amplitude A as a function of �ms. The lower continuousline corresponds to A+1:645�A where �A includes statistical uncertainties only, while theshaded area shows the contribution from systematics. The dashed-dotted line correspondsto the sensitivity curve. The lines at A=0 and A=1 are also given
28



99

-3

-2

-1

0

1

2

3

0 2 4 6 8 10 12 14

∆ms

A
m

pl
it

ud
e

DELPHI  preliminary

Figure 12: Combination of the three analyses described in this paper and including previousinclusive analyses described in [1] :Variation of the oscillation amplitude A as a function of �ms. The lower continousline corresponds to A+ 1:645�A where �A statistical uncertainties only, while the shadedarea corresponds to the contribution from systematics. The dashed-dotted line shows thesensitivity curve. The lines at A=0 and A=1 are also given.
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Figure 15: (�`�) analysis on 94-95 data:the upper plot shows the �tted proper time distribution for events in the signal mass region.The solid line shows the result of the maximum likelihood �t. The points with error barsrepresent the data. 32



Appendix BGeneral remarks on cutoptimization and parameterestimationWhen trying to discover particles or resonances in the presence of an irreducible background, thekinematic cuts are usually chosen so they maximize some ratio of signal S to background B, likeone of r1 = SBr2 = SpBr3 = SpS +BAll these three measures have the desirable property that their optimum is invariant when scalingS and B with a common factor. This means that the cuts will not have to be re-optimized whenthe luminosity of the experiment increase. Furthermore, it can be argued that r3 = SpS+B is theratio of the number of signal events and the expected uctuation of the number of events, and itis often identi�ed as the statistical signi�cance of the sample. Roughly speaking, optimizing thecuts with respect to statistical signi�cance is equivalent to selecting the set of cuts that maximizesthe probability of making a discovery. A detailed analysis [76] of statistical signi�cance involvingthe theory of hypothesis testing and likelihood methods is not included here.Consider the measurement of some cross section � in the presence of a background. The ex-pected number of signal events s is given by the detector e�ciency � and the experiment luminosityL, and the level of background b is of course proportional to the luminosity:s = ��Lb = �LThe probability of observing n events is given by the Poisson distributionp(n;�) = e���nn!� = s+ b = (�� + �) � L:The maximum likelihood estimator �̂ of the cross section is found by di�erentiating with respectto � and �nding the root. �̂ = n� �L�L (B.1)103



104 General remarks on cut optimization and parameter estimationUsing the well known mean hni = � and variance h(n� �)2i = � of the Poisson distribution, �̂ isshown to be unbiased, and its variance can be found:h�̂i = hni � �L�L = �� �L�L = � (B.2)h(�̂ � �)2i = *�n� ��L �2+ = �(�L)2 = �� + ��2L (B.3)Assuming that the signal e�ciency � = �� and the background level � = �� are both functionsof some cut parameter �, this parameter should be chosen such that �2� given by equation B.3 isminimal. This is equivalent to maximizing sps+bContrary to simple event counting experiments, it is not immediately clear how to optimizekinematic cuts in the general case when some measured distribution is used for parameter estima-tion involving the maximum likelihood method. The reason is that it is not clear which part of thebackground deteriorates the statistical signi�cance of the signal the most. To illustrate this, con-sider the following series of Monte Carlo experiments: Signal and background decays are generatedin known fractions. In each experiment, the signal lifetime is �tted using the maximum likelihoodestimate, assuming the background lifetime to be known. Repeating the experiment, the uncer-tainty of the lifetime �t can be evaluated as the variance of the �tted values. For a background-freeexperiment with n signal events, the measurement variance is known from elementary statisticsto be �� = �pn: (B.4)With reference to equation B.4, the statistical signi�cance of a sample with background can beconveniently described in terms of the e�ective number of events ne� :ne� = � ��� �2 (B.5)In �gure B.1 it is clearly seen that a long-lived background is much more harmful than the short-lived one.Having shown that di�erent kinds of background have very di�erent impact on the uncertaintyof a parameter estimation, it is still not evident that this will a�ect the procedure for optimizingthe cuts. To elaborate, consider an experiment trying to measure the lifetime �S of a signal S inthe presence of two classes of background B1 and B2 of lifetimes �B1 << �B2 ' �S. Furthermore,consider two cut variables c1 and c2 that mainly a�ects B1 and B2, respectively. It is not hard toimagine a distribution of signal and background that would allow a simultaneous change of the cutsin c1 and c2 leaving S and B1 + B2 unchanged. Naively trying to optimize SpS+B = SpS+B1+B2 ,one would not realize that cutting hard in the variable that a�ects the long-lived background whileleaving the short-lived background untouched, would give the most accurate lifetime measurement.The upshot of this reasoning is that cut optimization needs more consideration than justplotting SpS+B versus the cut variable and look for a maximum. If the background B is composite,the di�erent classes will a�ect the measurement di�erently. On the other hand, making a precisede�nition of statistical signi�cance and subsequently optimizing with respect to this measure mightbe too intricate. Because of �nite statistics of the Monte Carlo simulations, the distributions ofthe variables in question will only be approximately known. Hence, a mathematically correctbut complicated procedure cannot be justi�ed. A reasonable compromise between simplicity andaccuracy might be to consider only the part B0 of the background that is a�ected by a given cutand optimize with respect to SpS+B0 .
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Appendix CUnbiased ight length estimationAfter doing the primary and secondary vertex reconstruction, the full three dimensional ightpath is available. It is expected that just taking the length of the measured path produces a biastowards longer path lengths: Take x = (x; y; z) as the true ight path and �x = (�x; �y; �z) asthe measurement error. Assume that the error �x = (�x; �y; �z) is Gaussian with zero mean anda covariance matrix of h�x�xi =W�1. Now, the mean measured ight length will be:hli = Z d3�xjx+ �xj jWj 12(2�) 32 e� 12 �xTW�x = jxj+ hj�xji+ 2hx � �xi (C.1)The second term is positive while the third term is zero:hli = jxj+ hj�xji > jxj: (C.2)Alternatively, consider the geometrical argument of �gure C.1. Measurements falling outsidethe dashed arc give a result longer than the true length. One is easily convinced that measuringa longer length is more probable than measuring a shorter length.
PSfrag replacements ~x �~x~x+ �~x

Figure C.1: Geometrical bias of ight length estimation. The larger part of the error ellipse(shaded) falls outside the circular arc (dashed), indicating that the absolute value is a biasedestimator of the ight lengthA more important reason for not using the length of the three dimensional ight path directlyis that the measurement accuracy can be quite di�erent in the x, y and z directions. Withl =px2 + y2 + z2; (C.3)107



108 Unbiased ight length estimationsimple error propagation gives �2l = �xl �x�2 + �yl �y�2 + �zl �z�2 (C.4)Clearly, the error will be dominated by the coordinate that is measured with the poorest accuracy.To improve this, the ight path is projected onto the direction of the reconstructed momentum.



Appendix DOn the determination andinterpretation of 1� errorsThe classical statistics or frequentist viewpoint and the Bayesian viewpoint o�er two alternativedescriptions of uncertainty in a measurement process. Frequently, concepts such as 1� error and95% con�dence level are used without specifying which viewpoint they refer to. In two prominentexamples, Gaussian and Poissonian statistics, the frequentist and the Bayesian viewpoint happento give identical numbers. In the general case, this is not true.Frequentist 1� errorsThe concept of sampling is at the heart of the frequentist viewpoint. Any measurement processcan be repeated, at least in principle. Each time a given experiment is performed, the outcome~x of the experiment is sampled from a virtual population of possible outcomes. Repeating theexperiment, the outcomes will be distributed according to some probability density function (pdf):f(~x; ~p) with parameters ~p. A statistic is a function si(~x) of a single experimental outcome. Anestimator p̂i(x) = si(~x) is a statistic that is constructed to estimate a parameter of the pdf. Beinga function of the experimental outcome, the estimator itself is distributed according to some pdf.Any useful estimator should have a correct mean: hp̂ii = pi. The frequentist 1� errors on anestimator p̂ should be de�ned such that the interval hp̂� �� : : : p̂+ �+i contains the true value inerf( 1p2 ) = 68% of future experiments. In practice, the maximum likelihood method is often used toderive estimators. Furthermore, 1� errors are calculated by moving the estimated parameter untilthere is a given required relative change in the likelihood function from the maximum likelihood.For the Gaussian case, this required likelihood ratio is:L(p̂� �)L(p̂) = e� 12 (D.1)Using the more familiar �2(p) = �2 logL(p), this is expressed as��2 = �2(p̂� �) � �2(p̂) = 1.Bayesian 1� errorsIn Bayesian statistics, the parameters of the pdf are treated as statistical variables and the pa-rameterized pdf f(~x; ~p) is promoted to a conditional pdf. f(~xj~p). This motivates the use of Bayes'theorem: p(~x; ~p) = f(~xj~p) � q(~p) = g(~pj~x) � r(~x) (D.2)109



110 On the determination and interpretation of 1� errorsDoing the experiment means measuring ~x. Having determined ~x, equation D.2 can be solved todetermine the conditional pdf for ~p: g(~pj~x) = f(~xj~p)q(~p)r(~x) (D.3)In this expression r(~x) is just a number that can be found using the normalization condition ong(~pj~x): g(~pj~x) = f(~xj~p)q(~p)R f(~xj~p)q(~p)dp (D.4)In this context, q(~p) represents any previous knowledge we might have about ~p, being previousmeasurements or theoretical predictions. The Bayesian de�nition of 1� errors is the shortestinterval hp̂� �� : : : p̂+ �+i such that the following equation is satis�ed:Z p̂+�+p̂��� g(pj~x)dp = erf( 1p2) = 68% (D.5)Note that for a few but prominent cases, the frequentist requirement on the 1� error can bewritten as an integral of a form identical to equation D.5 and the numerical values will be identical.Practical error determinationHaving found the set of parameters that maximizes the log likelihood function, a crude estimatefor the �t error on each parameter is evaluated using the second derivative of the log likelihoodfunction at the maximum: �2p = �� @2L@p2 ����max��1 (D.6)This expression is exact in the Gaussian case and generally, by the central limit theorem, it con-verges to the correct value as the sample size increases. However, for �nite statistics lifetimemeasurements, the log likelihood function is not even symmetric and equation D.6 is clearly notapplicable. Conventionally, the statistical error on a �tted lifetime is quoted using what [77] callsthe \Improved Error". To evaluate the \Improved Error", the maximum of the log likelihoodfunction is studied as a function of �B0s . The asymmetric errors are de�ned by the equationlogLmax(�̂B0s � ��� ) = logLmax(�̂B0s + �+� ) = logLmax(�̂B0s )� 12 (D.7)or simply � logL = � 12 . Lmax(�̂B0s ) means that for each value of �B0s , likelihood function ismaximized with respect to the remaining parameters. This way of de�ning the error interval is ingeneral inconsistent with the Frequentist as well as with the Bayesian approach. The \ImprovedError" is used because it is more economical to calculate than either of the two dogmatic methods.To get the Bayesian 1� errors, one would have to integrate numerically Lmax(�̂B0s ) whereas theFrequentist approach would require Monte Carlo simulation of a large number of experiments,evaluating the maximum likelihood estimate for the lifetime for each experiment.
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