Uppsala Dissertations from the Faculty of Science and Technology 15

MARIA GUNTHER AXELSSON

Production Asymmetry of Strange Quarks in Electron–Positron Annihilation at LEP

ACTA UNIVERSITATIS UPSALIENSIS UPPSALA 1998

Dissertation for the Degree of Doctor of Technology in High Energy Physics presented at Uppsala University in 1998

ABSTRACT

Gunther Axelsson, M. 1998: Production Asymmetry of Strange Quarks in Electron–Positron Annihilation at LEP. Acta Universitatis Upsaliensis, Uppsala Dissertations from the Faculty of Science and Technology 15. 150 pp. Uppsala. ISBN 91-554-4190-4.

The forward-backward asymmetry in the production of strange quarks in electron-positron annihilation has been measured at a centre-of-mass energy corresponding to the mass of the Z^0 particle. The asymmetry at this energy is highly sensitive to the ratio between the vector and axial-vector couplings of the quark to the Z^0 and to the value of the electroweak mixing angle sin^2 θ_W . Together with the previously measured value of the forward-backward asymmetry of the bottom quark, the measurement provides a test of the important theoretical prediction that the couplings to the Z^0 are universal for all down-type quarks.

The analysis is based on 1.4 million hadronic Z^0 decays recorded in 1994 with the DELPHI detector system at the LEP collider at CERN. The strange quarks are selected using high-momentum charged kaons identified by the Ring Imaging CHerenkov (RICH) detectors. The charged kaon momentum is used to evaluate the probability for an event to belong to one of six possible event classes. Five classes are determined by the flavour of the primary quark (up, down, charm, strange and bottom) and the sixth class contains misidentified particles. The forward-backward asymmetry is determined using a maximumlikelihood method. At the Z^0 pole, the asymmetry is found to be

A^{0,s}FB = 0.105 ± 0.016(stat.) ± 0.006(syst.)

which is the most precise measurement available for the strange quark asymmetry. The result is consistent with the previously measured value of the asymmetry of the bottom quark, and thus with the predicted universality of the down-type quark couplings to the Z^0. The obtained asymmetry corresponds to an electroweak mixing angle sin^2 θ_W = 0.2229 ± 0.0030.

Maria Gunther Axelsson, Department of Radiation Sciences, Uppsala University, Box 535, S-751 21 Uppsala, Sweden.

© Maria Gunther Axelsson 1998

ISSN 1104-2516 ISBN 91-554-4190-4

Distributor: Uppsala University Library, Uppsala, Sweden

To my father Åke Gunther

Contents

1 Introduction 9

2 Theory 11 2.1 Introduction to the Standard Model . . . . . . . . . . . . 11 2.2 Physics of e^+e^− annihilation . . . . . . . . . . . . . . . . . 15 2.3 The forward-backward asymmetry . . . . . . . . . . . . . 19 2.3.1 Definitions . . . . . . . . . . . . . . . . . . . . . . 19 2.3.2 The asymmetry near the Z^0 pole . . . . . . . . . . 20 2.3.3 Radiative corrections . . . . . . . . . . . . . . . . . 23 2.4 From quarks to hadrons . . . . . . . . . . . . . . . . . . . 27 2.5 Measurement of A^{ss̄}_{FB} . . . . . . . . . . . . . . . . . . . . . 30

3 The DELPHI experiment 33 3.1 The LEP collider . . . . . . . . . . . . . . . . . . . . . . . 33 3.2 The DELPHI detector . . . . . . . . . . . . . . . . . . . . 34 3.2.1 Tracking . . . . . . . . . . . . . . . . . . . . . . . . 36 3.2.2 Calorimetry . . . . . . . . . . . . . . . . . . . . . . 41 3.2.3 RICH detectors . . . . . . . . . . . . . . . . . . . . 44 3.2.4 Scintillator counters . . . . . . . . . . . . . . . . . 49 3.2.5 Luminosity detectors . . . . . . . . . . . . . . . . . 50 3.2.6 Trigger . . . . . . . . . . . . . . . . . . . . . . . . 51 3.3 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . 52 3.3.1 Data Acquisition System . . . . . . . . . . . . . . 52 3.3.2 Monitoring . . . . . . . . . . . . . . . . . . . . . . 53 3.3.3 Slow Controls system . . . . . . . . . . . . . . . . 53 3.4 Detector simulation . . . . . . . . . . . . . . . . . . . . . . 53 3.5 Event reconstruction . . . . . . . . . . . . . . . . . . . . . 55 3.6 Hadronic event selection . . . . . . . . . . . . . . . . . . . 58

3.7 Charged hadron identification . . . . . . . . . . . . . . . . 58 3.7.1 Hadron identification in the RICH detectors . . . . 59 3.7.2 Hadron identification in other LEP experiments . . 71

4 Analysis 75 4.1 Event selection . . . . . . . . . . . . . . . . . . . . . . . . 75 4.2 Event classification . . . . . . . . . . . . . . . . . . . . . . 78 4.3 Quark direction . . . . . . . . . . . . . . . . . . . . . . . . 83 4.4 The maximum-likelihood fit method . . . . . . . . . . . . 83 4.5 The class asymmetries A_k . . . . . . . . . . . . . . . . . . 86 4.6 Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . 92 4.6.1 Radiative corrections . . . . . . . . . . . . . . . . . 92 4.6.2 Kaon purity . . . . . . . . . . . . . . . . . . . . . . 93 4.6.3 Interactions of K^+ and K^− with detector material 104 4.6.4 Results of the maximum-likelihood fit . . . . . . . 106 4.7 Systematic uncertainties . . . . . . . . . . . . . . . . . . . 110 4.7.1 Kaon identification . . . . . . . . . . . . . . . . . . 112 4.7.2 Detector effects . . . . . . . . . . . . . . . . . . . . 112 4.7.3 Theoretical uncertainties . . . . . . . . . . . . . . . 113 4.7.4 Fit method . . . . . . . . . . . . . . . . . . . . . . 121 4.7.5 Correlation between systematic uncertainties . . . 125 4.8 Analysis of 1992 data . . . . . . . . . . . . . . . . . . . . 125

5 Results and conclusions 131 5.1 Combined results and the weak mixing angle . . . . . . . 131 5.2 Comparison with other measurements . . . . . . . . . . . 132 5.2.1 Other DELPHI results . . . . . . . . . . . . . . . . 133 5.2.2 OPAL analysis . . . . . . . . . . . . . . . . . . . . 135 5.2.3 SLD analysis . . . . . . . . . . . . . . . . . . . . . 136 5.2.4 Off-peak measurements . . . . . . . . . . . . . . . 137 5.3 Summary and conclusions . . . . . . . . . . . . . . . . . . 137

Acknowledgements 141

References 142

Chapter 1

Introduction

Into something rich and strange. William Shakespeare, The Tempest

The aim of elementary particle physics is to understand the behaviour and the interactions of elementary particles. The present knowledge in the field is formulated in the Standard Model which has proven to be a very powerful theory since its predictions are continuously being confirmed by experimental results. The validity of the model is tested in many ways at particle-physics laboratories around the world.

The Large Electron Positron collider (LEP) at the European particlephysics laboratory CERN near Geneva offers many possibilities of extensive tests of the theory. The analysis presented in this thesis is done using data collected at DELPHI (DEtector with Lepton, Photon and Hadron Identification), one of the four experiments at LEP.

One of the predictions of the Standard Model is that the creation of fermion-antifermion pairs in electron-positron annihilations is asymmetric: there is a larger probability for the fermion to be produced in the forward direction than in the backward direction, where the directions are defined by the electron beam. This so-called forward-backward asymmetry is explained by the fact that the weak force violates parity. The theory also states that the only features of the fermion that affects the asymmetry are its electric charge and weak isospin, and thus all fermions with the same charge and isospin (e.g. all down-type quarks) should have the same asymmetry.

The forward-backward asymmetries of the bottom and charm quarks have been measured to high precision by the LEP experiments. This thesis presents a measurement of the strange quark asymmetry. The analysis relies on the identification of fast hadrons containing strange quarks, which is possible at DELPHI since it is the only LEP experiment with RICH (Ring Imaging CHerenkov) detectors. DELPHI is therefore the experiment best suited for this kind of analysis. The aim of the study is to test the Standard Model prediction that the forward-backward asymmetry, and thus the coupling to the Z^0, is universal for down-type quarks.

In chapter 2, the theoretical background of the analysis is introduced (for a more thorough description, see for example [1, 2, 3]), and the forward-backward asymmetry is discussed in some detail. Chapter 3 presents the experimental setup of DELPHI, with some emphasis on the RICH detectors and the hadron identification. In chapter 4, the extraction of the forward-backward asymmetry of the strange quark with a maximum-likelihood method is described, and in chapter 5, the results are summarised and interpreted, and a comparison with other analyses is done.

Chapter 2

Theory

‘Are you a physicist?’

‘Me?’ said Johnny. ‘I don’t know anything about science!’

‘Marvellous! Ideal qualification!’ said Einstein. ‘What?’

‘Ignorance is very important! It is an absolutely essential step in the learning process!’

Terry Pratchett, Johnny and the Dead

2.1 Introduction to the Standard Model

The Standard Model (SM) is a quantum-field-theoretical description of the elementary particles and the forces acting between them. It includes the strong interaction, electromagnetism and the weak interaction. The fourth fundamental force, gravity, is not included, since no quantum field theory of gravitation has yet been formulated. In the study of elementary-particle interactions, gravity can however be neglected since the gravitational force between individual particles is extremely weak.

In 1964, Gell-Mann [4] and Zweig [5] independently proposed hypothetical fundamental particles of three kinds (flavours): the up (u), down (d) and strange (s) quarks (q) (named by Gell-Mann), to describe the large number of different hadrons that had been observed experimentally. The hadrons were separated into two classes: baryons, containing three quarks (qqq), and mesons, consisting of a quark and an antiquark (qq̄). To deal with problems of apparent violation of the Pauli exclusion principle in certain baryons, Greenberg [6] proposed the concept of colour charge for the quarks, commonly denoted red, green and blue. Hadrons, i.e. baryons and mesons, are postulated to be colourless. In baryons, the three quarks all carry different colour charge (red+green+blue = colourless), while in mesons the colour of the quark is cancelled by the anticolour of the antiquark. In hadrons, the quarks are held together through the exchange of so-called gluons (g_i, i = 1, . . .8). Quarks and gluons are often referred to as partons, and form the basic constituents of hadrons.

Later in the 1960s, Glashow [7], Salam [8] and Weinberg [9] formulated a field theory which combined the electromagnetic interaction, described by the Quantum Electrodynamic (QED) theory, with the weak interaction. The theory is generally called the standard electroweak theory or the GSW model. The theory successfully predicts the existence of three massive vector bosons: the Z^0, the W^+ and W^−, which mediate the weak force. They were detected experimentally in 1983 by the UA1 [10] and UA2 [11] collaborations at the CERN pp̄ collider.

The development of the theory eventually led to the formulation of the Standard Model of particles and forces (gauge group SU(3)_c ⨂ SU(2)_L ⨂ U(1)_Y ). It uses two kinds of fundamental point-like particles: fermions (leptons and quarks) and bosons (Higgs, g_i, γ, W^±, Z^0). The forces are interpreted as an exchange of gauge bosons (g_i, γ, W^±, Z^0) between fermions. The strong interaction is described by Quantum Chromodynamics (QCD) and the electroweak interactions by the GSW model.

The masses of fermions and gauge bosons are attributed to the scalar Higgs boson (H^0) [12], which has not yet been observed experimentally. The Higgs mechanism is responsible for the spontaneous symmetry breaking of SU(2)_L ⨂ U(1)_Y to U(1)_Q, the gauge group of QED. If this is done by the simplest mechanism, the result is three massive vector bosons (W^±, Z^0) and one Higgs scalar. The charged weak current (W^±) is purely associated with SU(2)_L, while the neutral currents from U(1)_Y and SU(2)_L undergo mixing, which produces a massless photon and a massive Z^0 boson. The strength of the mixing is given by the weak mixing angle θ_W , also called the Weinberg angle, which is a free parameter of the theory and has to be determined from experiment. The weak mixing angle can, following the definition introduced by Sirlin [13], be written as sin^2 θ_W = 1 −

M^2_W M^2_Z

, (2.1)

where M_W and M_Z are the masses of the W^± and Z^0. The unbroken interaction strong electroweak gravity gauge bosons g_1 . . . g_8 γ, W^±, Z^0 graviton?

theory QCD GSW general relativity gauge group SU(3) SU(2) ⨂ U(1) ?

masses 0 0, M_W , M_Z 0

charge colour weak isospin, weak hypercharge mass

coupling α_s g, g^′ G

Table 2.1. The fundamental interactions and some of their characteristics.

symmetry SU(3)_c accounts for the gluon field, with eight different colour states. An overview of the gauge bosons and the fundamental forces are found in table 2.1. α_s is the strong coupling constant, and g and g^′ are the electroweak coupling constants, related through g sin θ_W = g^′ cos θ_W = e.

The fundamental fermions (quarks and leptons), the basic constituents of matter, can be separated into three generations of families with left-handed doublets and right-handed singlets (the left- and right-hand-edness, or the chirality, is defined by the chiral operator^1_2 (1∓γ_5), where γ_5 is a product of the Dirac matrices: γ_5 = iγ^0γ^1γ^2γ^3. It is equivalent to the helicity for mass-less fermions). Table 2.2 shows the fermion families and their electroweak quantum numbers: the weak isospin I, its third component I_3 and the weak hypercharge Y . The electric charge of a fermion is given by the Gell-Mann-Nishijima relation

Q = I_3 + Y 2 . In addition, quarks carry colour charge while leptons do not. As a consequence, the strong force only acts on quarks. The number of generations (three) is not determined by the theory but by experimental observations.

Quark flavour is conserved by the strong interaction (QCD) but not in the GSW model since the charged weak current is flavour changing. The quark mass eigenstates are therefore not the same as the weak eigenstates. The weak eigenstates d^′, s^′, b^′ of charge −^1_3 in table 2.2 are related to the mass eigenstates d, s, b through the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [14]. Each element in the matrix represent a cou-

Fundamental fermion families Quantum numbers 1st 2nd 3rd I I_3 Y Q ( ν_e e ) L ( ν_μ μ ) L ( ν_τ τ ) L 1 2 +^1_2 −^1_2 −1 −1 0 −1 e_R μ_R τ_R 0 0 −2 −1 ( u d^′ ) L ( c s^′ ) L ( t b^′ ) L 1 2 +^1_2 −^1_2

+^1_3 +^1_3

+^2_3 −^1_3 u_R c_R t_R 0 0 +^4_3 +^2_3 d_R s_R b_R 0 0 −^2_3 −^1_3

Table 2.2. The quantum numbers of the leptons and the quarks. The quarks, up (u), down (d), charm (c), strange (s), top (t) and bottom (b) also carry colour charge. The leptons are the electron (e), the muon (μ) and the tau (τ ) and the corresponding neutrinos (ν_e, ν_μ, ν_τ ). The quarks d^′, s^′ and b^′ are obtained from the mass eigenstates d, s and b through the CKM matrix (see text).

pling of a quark of charge +^2_3 to a quark of charge −^1_3 . By convention, up-type quarks are left unmixed.

The weak force violates parity (space-inversion symmetry) and has different couplings to fermions of different chirality. As mentioned above, the charged weak current is associated purely with SU(2)_L. The index L refers to left-handed, indicating that only left(right)-handed fermions (antifermions) couple to W^±. The mixing of U(1)_Y and SU(2)_L neutral gauge bosons, which gives rise to the photon and the Z^0 boson, results in different couplings of the Z^0 for left- and right-handed fermions. This is the origin of the forward-backward asymmetry, which will be discussed in more detail below. Right-handed neutrinos (and left-handed antineutrinos) completely decouple from all other fermions in the Standard Model, and have never been observed.

The mediators of the strong force, the gluons, carry colour charge, and thus they interact strongly with each other. Quarks and gluons have never been observed as free particles. This fact is explained by the concept of confinement, which states that quarks are only found in colourless bound states (hadrons). The value of the QCD coupling constant α_s depends on the squared four-momentum transfer Q^2 of the interaction process (this is called the running of α_s). The confinement of the quarks is explained by the sharp increase of α_s for small values of Q^2 (i.e. increasing distance). For Q^2 → ∞, on the other hand, α_s vanishes. The interpretation of this is that quarks can be considered as free or very weakly interacting at small distances (as in hadrons), they achieve so-called asymptotic freedom. The exact behaviour of α_s is often described in terms of the parameter Λ_{QCD}, which has to be determined from experiment.

Since the theoretical formulation of the Standard Model, its predictions have been tested by a large number of experiments. In the first phase of the LEP collider (LEP1, 1989-1995), the electrons and positrons collided at energies very close to the Z^0 mass, and thus acted as a Z^0 factory. Several million Z^0 decays were produced in LEP1, and extensive precision tests of the theory have been performed. Even more aspects can be studied at the present second phase of the collider (LEP2), where the centre-of-mass energy is well above the threshold for W^± pair production.

2.2 Physics of e^+e^− annihilation

The electroweak interaction is studied at LEP through the reaction e^+e^− → ff̄ i.e. electron-positron annihilation producing a fermion-antifermion pair. If the created particles are a quark and an antiquark (so-called hadronic e^+e^− annihilation), the final state particles are formed through a sequence of separate phases, as illustrated in figure 2.1:

1. The formation of a quark-antiquark pair through a virtual gauge boson. This process is described by the GSW model. Real photons can be radiated from the initial e^+e^− state and from the final qq̄ state. These so-called bremsstrahlung effects are described by QED.

2. The radiation of hard gluons from the final-state quarks. This process can be calculated numerically beyond lowest order in α_s using perturbative QCD. Two approaches can be used: the QCD matrix element (ME) calculations (up to second order in α_s), or

Figure 2.1. Schematic illustration of the four phases of a hadronic e^+e^− annihilation: (1) electroweak phase with initial and final state photon radiation, (2) perturbative QCD phase with gluon radiation, (3) non-perturbative fragmentation phase, and (4) decays of final state particles.

Figure 2.2. The lowest order Feynman diagrams for e^+e^− → ff̄

the parton shower (PS) model with a leading logarithm approximation (LLA). ME can only be used for final states with up to four partons.

3. The fragmentation of quarks and gluons into hadrons. No perturbative calculations are possible in this phase, so the description of it must rely on phenomenological fragmentation models, as will be described in section 2.4.

4. The decay of unstable particles produced in the fragmentation of the quarks into final-state leptons, photons and hadrons that can be detected in particle physics experiments.

The first phase, the creation of a fermion-antifermion pair, will be discussed in this section.

The three lowest order Feynman diagrams for e^+e^− → ff̄ when f ≠ e are shown in figure 2.2, corresponding to a virtual photon (γ), a virtual Z^0 and a virtual Higgs boson. For f = e (Bhabha scattering) there are three additional diagrams due to the possibility of both spacelike (s-channel) and time-like (t-channel) exchange of the virtual bosons. Only the processes with f ≠ e will be treated here. The third diagram will only contribute at centre-of-mass energies close to the mass of the Higgs boson, and, due to the smallness of the coupling to e^±, can be neglected even if M_H ∼= M_Z .

Figure 2.3. The geometry of the reaction e^+e^− → ff̄ .

Defining the angle θ as the angle between the directions of the incoming electron and the produced fermion as in figure 2.3, the differential cross section of the process can be written as [15] dσ dΩ = α^2 4s N_f β_f { G_1(s)(1 + cos^2 θ) + β_f G_2(s)2 cos θ + 4μ_f G_3(s) sin^2 θ } , (2.2) where Ω is the solid angle, α is the fine structure constant, s is the squared centre-of-mass energy, N_f is the number of possible colour states of the final fermion (3 for quarks, 1 for leptons), and β_f = √ 1 − 4μ_f , where μ_f = m^2_f /s is the squared reduced mass of the fermion. The functions G_i are given by

G_1 = Q^2_eQ^2_f + 2Q_eQ_f g^e_V g^f_V ReF + [(g^e_V )^2 + (g^e_A)^2][(g^f_V )^2 + (g^f_A)^2β^2_f ]|F |^2 G_2 = 2Q_eQ_f g^e_Ag^f_AReF + 4g^e_V g^e_Ag^f_V g^f_A|F |^2 (2.3) G_3 = Q^2_eQ^2_f + 2Q_eQ_f g^e_V g^f_V ReF + [(g^e_V )^2 + (g^e_A)^2](g^f_V )^2|F |^2.

Q_e and Q_f are the charges of the electron and the fermion, and g^{e(f)}_V and g^{e(f)}_A are the vector and axial-vector couplings of the electron (fermion) to the neutral current. The neutral-current couplings for left-handed and right-handed fermions (also for f = e) are given by

g^f_L = I^f_3 − Q_f sin^2 θ_W g^f_R = −Q_f sin^2 θ_W ,

and g^f_V and g^f_A are obtained from

g^f_V = g^f_L + g^f_R = I^f_3 − 2Q_f sin^2 θ_W g^f_A = g^f_L − g^f_R = I^f_3 .

The function F = ηχ_0(s) is a product of the Z^0 propagator

χ_0(s) = −s s − M^2_Z + iM_ZΓ_Z

, (2.4)

where M_Z and Γ_Z are the mass and the width of Z^0, and the normalisation factor η = 1 (2 sin θ_W cos θ_W )^2

. (2.5)

Close to the Z^0 peak, μ_f is very small, even for b quarks (μ_b ≈ 0.003) and thus the differential cross section can be approximated by dσ dΩ = α^2 4s N_f G_1(s){(1 + cos^2 θ) +

G_2(s) G_1(s) 2 cos θ}. For pure γ exchange (pure QED processes) G_1 = Q^2_eQ^2_f and G_2 = 0, giving dσ dΩ | | | |_{QED} = α^2N_f Q^2_eQ^2_f 4s (1 + cos^2 θ)

which is symmetric in cos θ. Adding Z^0 exchange introduces the strongly energy-dependent asymmetric term [G_2(s)/G_1(s)]2 cos θ, which leads to the forward-backward asymmetry.

2.3 The forward-backward asymmetry

2.3.1 Definitions The forward-backward asymmetry of the process e^+e^− → ff̄ is defined by A^{ff̄}_{FB} ≡ σ^f_F − σ^f_B σ^f_F + σ^f_B where F (B) denotes the forward (backward) region defined by cos θ > 0 (< 0) and with θ defined as in figure 2.3, so that the cross sections σ^f_{F (B)} are given by

σ^f_F = 2π ∫ 1 0 dσ^f dΩ d(cos θ) σ^f_B = 2π ∫ 0 −1 dσ^f dΩ d(cos θ) .

Using equation (2.2), the asymmetry can be written as

A^{ff̄}_{FB}(s) = 3 4 G_2(s) G_1(s) + 2μ_f G_3(s) √ 1 − 4μ_f .

Neglecting the fermion masses (μ_f ≈ 0), this becomes

A^{ff̄}_{FB}(s) = 3 4 G_2(s) G_1(s) , so the differential cross section can be expressed as dσ dΩ (s, θ) = α^2 4s N_f G_1(s){(1 + cos^2 θ) + 8 3 A^{ff̄}_{FB}(s) cos θ}. (2.6)

The differential asymmetry A, or the forward-backward asymmetry at a given angle θ, is given by A(s, θ) = dσ dΩ (s, θ) − dσ dΩ (s, π − θ) dσ dΩ (s, θ) + dσ dΩ (s, π − θ) .

Inserting d^σd_Ω from equation (2.6) gives A(s, θ) = 8 3 A^{ff̄}_{FB}(s) cos θ 1 + cos^2 θ . In figure 2.4, the energy dependence of the asymmetries in the Born approximation is shown. Close to the Z^0 mass, the asymmetry increases rapidly with √ s, while the energy dependence decreases as the Z^0 exchange becomes less dominant.

2.3.2 The asymmetry near the Z^0 pole At the Z^0 pole √ s = M_Z and the propagator χ_0(s) of equation (2.4) becomes purely imaginary. Thus, the terms in equation (2.3) proportional to Reχ_0(s) vanish. This leaves the pure QED terms, proportional to Q^2_eQ^2_f , and the Z^0 exchange terms, proportional to

|χ_0(s = M^2_Z)|^2 =

M^2_Z Γ^2_Z , while the γ-Z^0 interference terms disappear. The QED terms are completely dominated by the Z^0 exchange terms. As a consequence, the

Figure 2.4. Born-level asymmetries as a function of the centre-of-mass energy.

Born level asymmetries at the Z^0 pole can be expressed in terms of the coupling constants of the fundamental fermions to the Z^0 through the relation A^{0,f}_{FB} = A^{ff̄}_{FB}(M^2_Z) = 3 4 Z0sd402855Fo–mdup0eo–mdup199XΩs[]0sd4006071Ω161731yFo9XΩs1yFw(2)9662.713eren∫ 78ψy19500ψ1666ψy75974ψyψFrΓ

eq f

y4ψ2305↼cross↽f20Ωb↼irq↼Λd↼of↽hΩ↼tf1889ψy↼rapidl↼e↽1Ω↽236ψ5e↽18Ωb↽h↼eneq↼A↽7ψFq↼θ↽14ψe↽h4r↼d↽ψFw↼ψ400ψ604697206↽839ψ211050↼d↽ψFw↼ψ4062ψ208038ψy197of↽gΩ↼equation↽y↼A↽3Ω195599ψ570ψyψF174ψyψFr↼Lψ49ψy197of↽gΩ↼eq↽↽ yq(B)rFr())A

L49yy49 eq78ψyyψ2642ψyψFr↼7597205ψFr↼000↽7yyψ49Ω↽gΩ↼eq↽40r2v96197of 2y197of )

9obtainep8d409920y3geΩeΩ72642yFr(10gFq05Fr(60719yy49)gΩ(eq))Fk(g)216840r2198mes 33deΘ(=)1078gyF2y190

0skW

f

0↽645yψFr↼0↽7eG 205299ψ570Ws

kW1601601601601601600▷60▷60▷8010▷220160160160160160160160160160A0fψFBmt↽MMMa40ψ227ψCψ♭4ψ8♯ψ0ψψ72ψstwnψΩ↼W↽98ψΩ↼ff↽Ωψ◁TimesItali8nqM↽t↽ȷ8ψΩ↼ff↽Ωψ◁TimesItali8nff160160

Figure 2.10. illustration of (a) the string fragmentation model and (b) cluster fragmentation mo

Figure 2.11. Schematic illustration of the breaking of a colour string betwa quark and an antiquark.

fragmentation or hadronization, and cannot be treated with ptive calculations since the momentum transfers in the reactions are and thus is large. The description of the process must therefore rely

on phenomenological fragmentation models such as the string model the cluster model.

The string fragmentation model [22] is illustrated in figure 2.10 (a) It is based on the idea that the energy of a parton pair is conin a colour flux tube, or a colour string, which is stretched via the quark to the antiquark, as illustrated in figure 2.11. The corresponds to a potential that grows linearly with the separation of the

which ensures confinement. the potential energy gets enough to create a new qq̄ pair, the string breaks into two smaller whichthencontinuetofragmentindependentlyintheirown censystemsuntilonlyboundhadronstatesremain. Baryare produced through direct production of diquark-antidiquark equivalento the qq̄ proIn the cluster fragmentation model [23] illustrated in figure 2.10 the gluons radiated in the perturbative phase (cf. figure 2.1) are split into qp̄airsthatformcolourlessclusters. Depending on mass of the clusters, they decay into clusters of lower mass or directly

inhadrons. particle momentum distributions are determined from the momenta and decay properties of the parent The fragmentation models are implemented in Monte Carlo evengenerators, which also describe the other phases of, for example, ronic annihilation illustrated in figure 2.1. event [24] is based on the cluster model while the string model used by the program JETSET [25]. At DELPHI, JETSET (v7.3) with the parton shower (PS) model is used for the Monte simThe Monte Carlo event generators contain a number of free eters whose values are adjusted to make the simulated data reproreal data as well as padjustment of the parameters is generator procedure used for the generator tuning and results for the DELPHI tuning of JETSET (versions 7.3 PS, 7.4 PS 7.4 ME) and WIG (5.8 C) are found in [26]. of the tuning parameters of the JETSET PS model will now be described.

The tuning parameters of the parton shower part of JETSET part of perturbative QCD calculations) are QCD (i.e. and whicis the mass scale where the shower evaluation stops and the mentation takes over.

Aeach step in the fragmentation process, the sharing of and momentum is obtained from a probability function f(z), called the

fragmentation function. For u, d and s quarks it is customary to use Lund parameterisation [25]

f(z) = (1 − z)^a z exp ( − bm^2_⊥ z where a and b are tuning parameters. m

is the transverse mass of hadron defined by

m^2= m^2 + p^2_⊥, where p^⊥ is the transverse momentum with respect to the quark tion, and z is given by

z (E + ‖^{hadron} (E + pquark where E is the energy and ‖ is the momentum component parallel to quark direction. Fthe heavier c and b quarks, a harder fragmentation

function, called the Peterson function [27] is commonly used: f(z) 1

(

1 −^1−^ε_{1−}) where q

is a parameter to be determined from experiment. transverse momenta of the hadrons are determined from the transverse momenta of their constituent quarks. The distribution of is gaussian, and its standard deviation, denoted , is used as a tuning

parameter.

The flavours of the generated qp̄airsaredeterminedfromationproportionaltoexp(−m q)thatsuppressesheavyquarkproprobabilityofproductionofdifferentquarkflavoursaregivenbP (uū:P (¯

d: P (ss̄:P (cc̄=γ :γ_d :γ :γ ≈1:1:0.3:_{−11} Themesonproductionisdeterminedbytheflavourofthequarks,and

thecreatedparticlescanbeinanyofthesixlightestmultipletWithLdenotingtheorbitalangularmomentum,SthespinandJ=

L + S the total angular momentum, and using the notation^{2s}L atomic physics, these states are 0 ,^1 . version of JETSET used at DELPHI the individual production proba-

bilities P 2s+1 L_j) for these multiplets are estimated and used as tuning parameters [26The baryon production is ruled by the relative production rate P (qq) P (q) which also is a tuning Measurement of ss̄

showninfigure2.5theforward-backwardasymmetriesofquarksare

sensitivetothevalueoftheweakmixinganglethanthelepton asymmetries,andthusprovideabettermeasurementofHowever, experimentally it can be difficult to tag specific quark final states and to measure their charge.

Heaeventscanbeidentifiedfromsemi-leptonicdecaysof heavyhadrons,givingpromptleptonswithhigh,especially forquarks.longlifetimes andlargemassesofBhadronsgivingdecaproductswithlargeimpactparametersalsogiveausefultagofbevenand c events can be identified with high-momentum D Using

these tags, the LEP experiments have been able to measure the pasymmetries of b and c with high precision [28]:

A^{0FB} = 0.0983 ± 0.0024 A^{0,c}_{FB} = 0.0739 ± 0.0048.

To tag events with primary s quarks is more difficult, since s can be produced during the fragmentation and through decays of heaSince the s quark is relatively light, the event shapes of events are not as characteristic as for heavier quark events. A enriched in s events can however be obtained by selecting events fast hadrons containing s quarks charged kThe RICH tectors (see section 3.2.3) make DELPHI the LEP experiment which best suited to identify fast hadrons. A

st̄hereforebemeasuredThe measurement of A

sp̄rovides the first test of universality of the down-type quark couplings to the , predicted by

the Standard Model (section 2.2). main motivation for this sis is thus to investigate if the down-type quark asymmetries, or more

precisely the asymmetries of the b and s quarks, are equal, as the theory predicts.

The DELPHI experimenAnd if thou doubt me, first to Delphi There ascertain if my report was true

Sophocles, Oedipus the King The DELPHI detector has been in operation at the LEP + e^− lider at CERN since was designed to be a general purpdetector, with special emphasis on powerful particle identification ova large momentum range.

The experiment is described in detail in [29a description its main features will be given. The identification of charged hadrons will be discussed in some detail, since it is of great importance to present The LEP collider

The Large Electron Positron collider (LEP) at CERN is an e^+e^− with a circumference of 26.6 km. first beam was circulating in LEP in July 1989, and in August the same year the first between electrons and positrons were observed. Until October data were taken around the 0 energy × 45.6 GeV = 91.2 In total, about 4 million hadronic 0 decays have been recorded at [30]. 1995 and 1996, LEP was upgraded to its phase, LEP2, with a higher beam energy. Athe end of 1995, operated at 130 GeV, in the summer 1996 the energy was 161 which is equal to the mass of two bosons, and since the autumn

LEP2 is running at energies above the ± threshold. 33

There are four experiments at ALEPH Apparatus for LEP DELPHI with Lepton, Photon and Hadron IdenL3 Letter of intent OPAL Omni Purpose Apparatus for These large detector systems are built around an intersection point of

the electron and positron bexperiments are built and run by collaborations of several hundred physicists from universities laboratories all over the world.

The analysis presented in this thesis is based on data collected DELPHI during phase one of LEP (LEP1), when the cenwas close to the Z energy3.2 DELPHI DELPHI detector is installed in a cavern 100 m below ground levcovers most of the solid angle around the electron-positron inter-

action poinconsists of a cylinder, called the barrel, of about 10 length and 5 m radius, and two endcaps, called the forward regions.

endcaps can be moved to allow access to the subdetectors. layof the barrel and of one endcap is shown in figure The sign is typical for experiments at colliders: to the bpipe there is a set of subdetectors for charged particle track These are surrounded by a superconducting coil which proa highly uniform magnetic field of 1.23 T, parallel to the beam pipe, to

enable measurements of charged particle momenOutside the tracing detectors there are two electromagnetic for detection of electrons and photons and a hadron outermost layer of subdetectors consists of muon chambers for detection

of charged particles penetrating all the detector there are also RICH (Ring Imaging CHerenkov) detectors for identification, scintillation counters for time-of-flight measurements and

small angle luminosity monitors. The RICH detectors are essential for the type of analysis presented in this The standard DELPHI coordinate system has the z-axis along incoming electron direction, the x-axis towards the centre of LEP and

Figure 3.1. Schematic layout of

TrackingResolution detectorr [cm] |z| [cm] θ [deg]σ

rϕ

VD6.3/9.0/10.9 0.009 (28-152)ID jet - ID prop23-28 ≤ - 0.5-1.0 TPC35-111 ≤ OD197-206 ≤35 MUB ≤FCA155-165

FCB 53-195 267-283 - MUF70-460

MUS530-640 - Table 3.1. Geometrical coverage and resolutions of the DELPHI tracking tectors. Numbers in brackets are the values prior to the y-axis upwards. In cylindrical coordinates the angle to the z(the polar angle) is called θ and the coordinates r and ϕ denote radius and the angle (the azimuthal angle) in the xyDELPHI is changing with time. Subdetectors are improved or placed, and new ones are added. This section will describe the setup DELPHI between 1992 and 1994, when the data analysed in this wwere Resolution figures given in this section without specific references taken from [29] and [30ractracking of charged particles is performed by several independentracking devices. The acceptance and the resolution of the tracdetectors are given in table Vertex Detector The innermost detector in the barrel part of DELPHI is a microstrip

vertex detector for measurements of tracks close to the interaction poinIt consists of three coaxial cylindrical layers of silicon strip detectors average radii of 6.3, 9.0 and 10.9 cm. Eaclayer consists of 24 with about 10% overlap in ϕ. Each sector is made of four detectors thebeamdirection. two outer layers are 24 cm long, the innermost layer was increased to 27 cm in 1994, thus covering a pof ≤ θ ≤ ∘

Tracwith polar angles of ∘ ≤ θ ≤ cross all three laySince 1994, the first and the third layers are equipped with sided silicon detectors with orthogonal strips to give coordinates also the z The single-hit resolution for one layer in rϕ is measured to be 7.6 μThe single-hit resolution in z depends on the incidence angle of the tracFor tracks perpendicular to the modules it reaches its lowest value whicis 9 μInner Detector The inner detector consists of a drift chamber with a jet-chamber ometry surrounded by five cylindrical multiwire proportional chamb(MWPC) layers. jet-chamber has 24 azimuthal sectors, each giving up to 24 rϕ points per tracTracwith polar angles in range ≤ 157

cross a volume sensed by at least 10 Each of the five MWPC layers has 192 anode wires parallel to the beam axis and 192 circular cathode strips giving rz information. information from the MWPCs is mainly used for fast triggering, and also resolve left/right ambiguities left by the jet-chambThe single-wire resolutions for the jet-chamber are (after r= 50 μm and = 1.5 mrad, and the two track resolution is ab1 mm. The resolution in z for a MWPC layer is = 0.− 1.mm

depending on θ, for an isolated tracTime Projection Chamber The time projection chamber is the main tracking device of DELPHI. provides measurements of the energy loss (dE/dx), used for of low momentum particles. It has two cylindrical (35 ≤ r ≤ 111 cm) drift volumes of 1.34 m each, separated at θ = 90

by a high-tension plate. The two end-plates are divided into six azimsectors with 192 sense wires and 16 circular pad rows at constant ing. Thus, there can be up to 16 space points per track for radii 40 to 110 cm and polar angles between and . For polar of ≤ θ ≤ , at least three pad rows are crossed.

The single-point resolutions of the TPC are r= 250 μm and r880 μOuter Detector Since the size of the TPC is limited by the inclusion of the RICH tectors (see below) there is an additional tracking detector, the detector, mounted on the barrel RICH to improve the momentum olution (the corresponding device in the forward region is the forwchamber B). The OD does not only improve the momentum by a large factor (> 5 for fast tracks) but also provides fast trigger formation, and, furthermore, improves the track extrapolation the barrel The detector is located between radii of 197 and 206 cm and of 24 4.7 m long azimuthal modules. Each module consists of 145 tubes, operating in the limited streamer mode, in five staggered layOverlap between adjacent modules gives full azimuthal coverage. Three

of the drift-tube layers provide fast z information by relative timing the signals from both The single-point resolution in rϕ is r= 110 μm independent of drift distance, and the resolution in z is = 3.5 Barrel Muon Chambers The outermost subdetector in the barrel part is the barrel muon cham-

bers. It consists of two layers: layer is inserted into the return yokof the magnet after 90 cm of iron and the other one is mounted on outside of the yoke after another 20 cm of iron. The first layer of × planks, each plank containing three staggered drift-chambplanes. Two planes are read out and the third one is a spare. second layer has 4 × 24 overlapping planks, each plank covering half of

the length of a yoke sector, with clearance between them for of cables and pipes. Each plank contains two staggered planes of driftchambers (both planes are read out). All chambers are operated in proportional moThe resolution measured on extrapolated tracks are r= 2 mm = 11 mm [31].

Forward Chamber A (FThe tracking detectors in the forward (endcap) regions are the forwchambers A and B and the forward muon chambThe forward chamber A is mounted on both ends of the TPC |z| ∼ 160 cm. One side consists of three modules with outer radii 103 cm. Each module contains two staggered layers of square tubes operated in the limited streamer mode. The modules are with respect to each other by 120

, thus providing three co(x, u, v) measured twice owing to the staggering. the outer side each module there are cathode strips, rotated by with respect to corresponding anode wires, to improve local pattern The resolutions are measured to be = 290 μm, σ

= 240 μ= 8.5 mrad, and = 24 mrad (averaged over θForward Chamber B (FThe forward chamber B is a drift chamber at a distance of about 275 from the interaction point. In each endcap, it has 12 sense wire separated by cathode plates, rotated in pairs by with respect each other. Thus, each of the three coordinates (x, u, v), parallel those in FCA, are measured by four planes.

The resolutions achieved in the detector are = 150 μm, 3.mrad, and = 4.0/ sin θ Forward Muon Chambers The forward muon chambers are subdivided into two detection in each endcap: one inside the yoke behind ≥ 85 cm of iron and second 30 cm further out behind another 20 cm of iron and the forwscintillators (see below). The planes are about × 9 m

and composed of four quadranA quadrant contains two orthogonal layers of 22 drift chambers, operated in the limited streamer moSurround Muon Chambers The surround muon chambers [32] were installed in 1994 to cover gaps between MUB and MUF at 0.60 < | cos θ| < 0.74 in order provide essentially hermetic muon identification (there are still small regions in ϕ where there is no coverage).

At each endcap there are four stations, on the sides, top and bof DELPHI. A station consists of two modules of ∼ 4 × 1.5 , which

are inclined by about ∘ in order to be orthogonal to tracks from interaction region. The modules contain two staggered layers of tubes, operating in the limited streamer mode, and orthogonal copper

thus providing two coordinates. The intrinsic resolutions about 2.5 cm and 1 cm respectively [33]. to the orientation of MUS, there is no natural rϕ, z or x, y coordinate Tracking pThe global alignment of the tracking chambers at LEP1 is made by events, i.e. mwith a momentum of 45.6 GeV/c. the barrel, the OD is chosen as the reference since its wire positions known to a precision of 30 μm from optical and mechanical surveys, it

has a good time stability and provides a long lever arm with respto the interaction point. Assuming that the two muons form a single track, the position of the VD with respect to the OD can be The ID and TPC can then be aligned from the reference tracks in VD and OD by requiring a fixed momentum of the muons. For alignment in the forward tracking detectors, FCA and FCB, muon tracreconstructed in the TPC are extrapolated to the forward When the full tracking system is aligned, tracks from the ple are again extrapolated through the subdetectors to align z to barrel electromagnetic calorimeter (HPC) and determine the pof the mirrors and drift-tubes in the RICH The 45.6 GeV/c muons from → are also used to the momentum resolution of the tracking For muon tracks the barrel seen by all the barrel detectors (VD, ID, TPC, OD), the tribution of inverse momenta can be fitted to the sum of two The narrower Gaussian has a width σ(1/p) = 0.57 × 10

−(GeV/c−and the wider Gaussian, which has a peak value of about 8% of the peak, has a width of 1.04 × −3

(GeV/c)^{−1}The corresponding distribution for muon tracks in the forward region detected at least in the innermost layer of the VD and in FCB has standard deviation σ(1/p) = 1.31 × 10 −(GeV/c) −.

θ Detectors σ(1/p) [(GeV/c−1

≥ VD+ID+TPC+OD 0.6 × −≥ 42 1.1 × −≥ 1.7 × −≤ VD + FCB 1.3 × 10

−FCB 1.5 × −< FCB 2.7 × 10 −Table 3.2. Momentum measurement resolutions for 45.6 GeV/c muons [30].

In table 3.2, the momentum resolutions for dimuons in different of the detector and with different combinations of tracking detectors shoFor particles at other momenta, the resolutions are estimated bcomparing simulated and reconstructed parameters in a sample of hadronic decays. Figure 3.2 shows the results. As can bseen, the resolutions for a given momentum are essentially constant the barrel region (30

≤ θ ≤ 150 ), but deteriorate in the forward of the In DELPHI there are four electromagnetic calorimeters: HPC, FEMC, the STIC (or the SAT before 1994), and the VSAT, and one

hadronic: HCAL. The STIC, SAT and VSAT are mainly used luminosity measurements and will be described in section 3.2.5. spof the calorimeters are found in table High-density Projection Chamber The high-density projection chamber [34] is the electromagnetic rimeter in the barrel. It is one of the first large-scale applications the time-projection principle to gas sampling calorimetry. The tecnique enables reconstruction of the three-dimensional charge tions produced by electromagnetic showers and by interacting with a high granularity in all coordinates and an acceptable number readout cThe HPC consists of 144 modules arranged in six rings. Eachas an inner radius of 208 cm and an outer radius of 260 cm, and 24 azimuthal moA module is a small TPC with 41 layers of

Figure 3.2. Resolutions of the track coordinates obtained by comparing simulated and reconstructed parameters: (a) momentum resolution as a function the polar angle θ, (b) momentum resolution as a function of the momentum particle tracks in the barrel region, (c) azimuthal angle resolution as a function

of θ, (d) azimuthal angle resolution as a function of the momentum for tracks, (e) polar angle resolution as a function of θ, (f) polar angle as a function of the momentum for barrel tracks [30].

Calorimeter Acceptance Depth Resolution

EE[cm] |z| [cm] [deg] [%, E in GeV]

HPC ≤254 43-137 18 0

4.3 +^{32√E}FEMC 40-227 284-324 8-35 20^03^{1211}

EHCAL bar≤380 43-1376 λ 21 112EHCAL fwd65-460 340-489 11-49

SAT10-36 233-285 2.5-7.7 28 X

0√1.2 11.E +2.3 STIC 6.5-42 218-232 1.7-10.6 27 X 0

15.2 13.5

EVSAT 6-8 770-780 0.3-0.4 24 X

0

5 at 45 GeVTable 3.3. Geometrical coverage and energy resolutions for the different DEL-

PHI calorimeters. The depth of the electromagnetic calorimeters is given in radiation lengths (), and for the hadronic calorimeters it is given in nucleabsorption lengths (λ). The STIC replaced the SAT in 1994.

high density material in the gas volume. The layers are made of lead and servboth as converter material and for providing the drift field. total depth of the calorimeter is 18sin θwhere is the radiation

length. The ionization electrons deposited by electromagnetic showparticles in the gas gaps between the lead walls drifts in the electric towards the end of the module, where they are collected by proportional

counters with a two-dimensional readout. The third spatial coordinate is given by the drift time. A plane of scintillators is inserted into one of the gas gaps at a depth of about 4.5 radiation lengths to provide The relative resolution in the measured energy in the HPC can bparameterized as

σ(E)

= 0.0. where E is given in GeV. The angular resolutions for high energy photons

are ±1.7 mrad in ϕ and ±1.0 mrad in θ.

Forward Electromagnetic Calorimeter (FEMC)

The forward electromagnetic calorimeter is a lead glass calorimeter. It consists of two 5 m diameter disks; one in each endcap of The disks contain 4532 Cherenkov lead glass blocks each with the front faces at |z| = 284 cm, and cover polar angles of 8^∘ < θ < 35145

< θ < 172 ∘ respectively. The blocks are truncated pyramids with a depth of 40 cm, corresponding to 20 radiation lengths, and they arranged to point close to the interaction region. A tilt angle of ∼ is applied in order to avoid particles escaping undetected between blocThe relative resolution in the energy measured in the FEMC can bparameterized σ(E)

E

= 0.03 +

0.12 + 0.11 E with E in GeV.

Hadron Calorimeter (HCAL) The hadron calorimeter is a sampling gas detector installed in the yoke of the DELPHI solenoid. It has a barrel part and two endcaps whictogether cover almost the full solid angle: < θ < 169 . The detector consists of streamer tubes, operating in the limited streamer mode, 18 mm wide slots between 50 mm thick iron plates. There are 20 layers

of tubes and plates in the barrel and 19 layers in each endcap. In barrel, the energy resolution of the HCAL is found to bσ(E)

= 0.21 +

1.12 with E in GeV.

3.2.3 RICH As mentioned, DELPHI was designed to be a detector with powerful

particle identification over a large momentum range. To meet requirements, large-scale ring imaging Cherenkov detectors for idencation of charged hadrons were installed. is the main feature that

distinguishes DELPHI from the other LEP experimenThe RICH technique is based on the Cherenkov when a

charged particle traverses a dielectric medium at a velocity larger than the velocity of light in the medium, it produces a cone of Cherenkov light. The emission angle of the light, θ, is given by

cos θ_C = 1 βn (3.1) where β is the velocity of the particle and n is the refractive index the medium. Since 1 β = √2 2 + 1where m and p are the rest mass and the momentum of the particle, is given by

m = cos^2 θ_C − 1. (3.2) Thus, the Cherenkov angle together with the momentum of the (measured by the tracking detectors) can be used for identification. Fparticles below the Cherenkov threshold there is no emission of light.

This information is also used for identification of particles; so-called idenThe number of emitted Cherenkov photons N with energies in the interval E to E + is given by the relation [19ph

ᾱZ 22 c where α is the electromagnetic fine-structure constant, L is the length of the particle in the medium, and Ze is the charge of the θ

can be expressed as (equation 2

θ_c = 1 − 1n(E)β )^2 where n generally depends on E (chromatic dispersion). this depen-

dence is neglected, the number of detected photons N is given bN = Z sin 2 θ_c with

0 α h̄c

ϵ(E)dE.

ϵ(Eisthephotondetectionefficiency;aproductofthefficienciesthephotontransmissionandofthephotondetector.

From (3.3) and (3.4) it is seen that the number of Cherenkov emitted in a dense medium (large n) is higher than the the number emitted in a thin (gas) medium. Therefore, only a thin layer of a dense medium is needed in a detector, whereas in a gas medium a longer length is required in order to obtain a sufficient number of Cherenkov

Figure 3.3. The Cherenkov angle versus the particle momentum for pions,

kaons and protons for the Barrel RICH liquid and gas photons for particle identification. Fequation (3.1) it can be that the threshold for emission of Cherenkov light is β =

1, which implies that a dense radiator medium will detect slower particles than a thin There are two RICH detectors at DELPHI: the Barrel RICH (BRICH)

and the Forward RICH (FRICH) [35]. They use one liquid (, = 1.2718) and one gaseous (5 12 , n = 1.001941 in BRICH; 4, n = 1.001512 in FRICH) radiator. The gaseous radiator of the Barrel RICH is kept at constant pressure (1030 mbar) and temperature ∘ C) in order to prevent condensation (the boiling point of is 28 and to provide stable operation. In the Forward RICH the temperature

and the pressure of the gaseous radiator are allowed to vary (the bing point of 4 10 is −1.7^∘ C), but their values are carefully monitored.

4 10 is not used in the Barrel RICH since the particle tracks would generate enough Cherenkov photons for particle identification with such

a thin medium (the gas volume traversed by the particle tracks is shorter in the Barrel RICH than in the Forward RICH). Figure 3.3 shows Cherenkov angle versus the particle momentum for the two radiators

Figure 3.4. Longitudinal cross section of a quarter of the Barrel RICH.

in the Barrel RICH. The liquid radiator provides separation of more than 2σ of kaons and pions in the momentum range from 0.8 GeV/c to 3 GeV/c (where σ is the width of the Cherenkov angle distribution), and the gas radiator of the Barrel (Forward) RICH separates kaons and pions between 2.5 (2.7) GeV/c and 20 (22) GeV/c.

The layout of the Barrel RICH is shown in figure 3.4. It is a 3.5 m long cylinder with inner and outer radii of 123 cm and 197 cm respectively. The cylinder is divided into two halves by a central support wall and azimuthally into 24 sectors. Each sector contains a liquid radiator box close to the inner radius with 1 cm of liquid, a photon detector, a gas volume and 6 parabolic mirrors. The mirrors are used to reflect and focus the photons emitted in the gas volume, so the photons produced in both radiators are detected by the same photon detector. The photon detector consists of a drift-tube with a drift gas of 75% CH_4 and 25% C_2H_6, and with Tetrakis-diMethyl-Amino-Ethylene (TMAE) as photo-ionizing agent. The drift-tube acts as a time projection chamber (TPC) with multiwire proportional chambers (MWPCs) for readout at the outer end. The liquid radiator boxes and the photon detectors have fused quartz windows with a transparency close to the transparency of the radiators, and photons with wavelengths in the range 170 to 220 nm (UV photons) are detected with high efficiency. The Barrel RICH has been fully operational since 1992.

Figure 3.5. Left: a sector of the Forward RICH; 1 = liquid radiator containers, 2 = mirrors, and 3 = TPC-unit. Right: schematic view of the TPC-unit [36].

The Forward RICH has a different design because of the geometry of DELPHI. It is installed at 172 cm < |z| < 266 cm and has an inner radius of 45 cm and an outer radius of 125 (180) cm at the face closest to (furthest from) the interaction point. Azimuthally it is divided into 12 sectors. The design of a sector is shown in figure 3.5. It has three liquid radiator containers, one TPC-unit (drift gas: C_2H_6 + TMAE) with two MWPCs, and five spherical mirrors. The drift field in the TPC-unit is divided in two uniform halves (see figure 3.5). In both cases the electric drift field is perpendicular to the external magnetic field, resulting in a Lorentz angle of about 50^∘ with respect to the electric field. The Forward RICH has been fully operational since 1994.

The identification of particles in the RICH detectors relies on the resolution in the Cherenkov angle. This resolution is mainly determined by the uncertainty in the photon conversion point, which depends on errors in the tracking and on the granularity of the detector: the anodewire pitch (2.62 mm), the cathode-strip pitch (4 and 5 mm for Barrel and Forward RICH respectively), and the drift time resolution (10 ns). There is also an uncertainty in the conversion point due to electron diffusion, which varies between 1 and 3 mm, depending on the drift distance. Table 3.4 shows the average precisions for single photoelectrons and for tracks measured in Z^0 → μ^+μ^− events. In order to obtain the best possible resolution in Cherenkov angle, precise knowledge of the positions liquid radiator Barrel Forward Number of photoelectrons per track 14 7 Cherenkov angle [mrad] 666 675 Angular precision per photoelectron [mrad] 13.3 11.4 Angular precision per track [mrad] 5.2 5.0 gas radiator Number of photoelectrons per track 8 8 Cherenkov angle [mrad] 62.3 55.0 Angular precision per photoelectron [mrad] 4.3 2.5 Angular precision per track [mrad] 1.5 1.2

Table 3.4. Number of photoelectrons, Cherenkov angle and precision (in mrad) measured in Z^0 → μ^+μ^− events, for the Barrel and Forward RICH [30].

of the radiators, detectors and mirrors as well as of the refractive indices is crucial. Since direct measurements of these parameters are not sufficient, an off-line alignment based on real data is needed. This alignment is described in detail in [37] together with a thorough descripo(ks)ta i1b(4.3)135Ωb(2.5)p1593950V295100iFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF [mrad] 13.3 11.40en162c p0 an (180) rt51007Vfa982sc111rsionll p2ons5Fy(Sc111n)g(ll)h(p)295Ω6cou11n 6(2.6ger9b(en)o(188)g(ans(T(di-of-([m566)e(cmΩg([ou11o)gp15c.)2(TOF(mirrors974g(an)g(outf)g(di-of-([m566)e(cmΩere)d(is)g16Ωb(oh(and)Ω1.4)gularand)gsFr(s)h(detgicles19b(reh(las)k(ft)g(ta)f(i1zim)o3250is)23sc111rionll)h(p)k6cou11o)gp15579ou11o)gp(on)just510utsv)o56(Γ)87(b)enoiime)g(resolut6Ωb(sv)o5j)f(iolutio8)g(Γ)87retur656y1rsio7ΩVo(e31014eld,)(Numsize51007Va(diviu11o)gp-)236Ωh(3514111ge:(of2to)d(119he)h:(of2tg)d(1227173cmn)fe)h2070Ω2912(i449tio8)g()d(1cul)q(arf(tz)h(angle)g21f)f(aV2(det957(reliliquiic)iΩ(Γgo(ard)h62)f(mmV321-0yFltipliep)i6tu87129.)kΩ4eld,)Fy(TOF(divioto)q(elec5579os1111112200f(the)20ΩbΓ)87543Vn)g9yFr(s)h(-uni)f(i1)799ti183the)236212838Ω2200f()d(1d)p1139ag18Ω1939yF o30tg o30tgΩ5r(320tg54yF2s0the)2362121625vup543Vriquilegs detgi000 a13Ωy1d distance.wledgvamenBarr cmΩV2Ω(amen)samencz=(f(20ti6cm)j(3.4)e92g(ans((precision)h(ph(H990dosc(uncerpj“(HOF(mirrorΩb(radiatoeld,)1014f(w)o(een)f(1(due)gosc(uncΩhe)i(i(180))hlas)k(ft)g(t1007Vła98ngle3sc111rionll)h(p6Ω229iu11oΩ)gp(oe)eFq(¯)774256rrorΩ7v32tld,)173(ar-cap56y1rio7ΩVok(j)pFΩisolut6Ωsed)gdeh(las)k(ft)g(ta)f(iuid)236Ω1(w)o(een)f(10yF25hnc1oΩ)ha3950V299.)V321583a(C1148Ω1147o(v)15v42Ω1129toeld,)z(Z)HOFrand)oto)q(elec5q(ecausewholThe)23ar-cap5s)i(g62)g(elt,)Fy(vided)f(ind)h6esei(and111rionll)h(p6Ω325h(as)y(and)f(FjfaThe)11114FFFFran4114229eh(long)q(e20three)h-wv)o5eΩ)q(arf(1o(uthal(ecand)fk,Fw(+)8hfaTheeaV2(FFFFFF586Ωy17(reh62)f(mmhV321-0yFltipliep)h6tu87129(filiqq(ends)g(figuΩre)f(3.)j(4014eld,)h(reg(distance.)23625FFFF642111111f6y(sCH)ΩgΩno)o(wledgg1)14b(i8712a3f955)p10yF2s)j(3.4761Ω(ans(Herm71ys).)23isoaggp15g(p)8d)g(an)gIn214(reorw)o(FFFFran593485Ωand)mpl)d()236erm71ys).)23tectwhic)oin)g(wireim543Vria11b(11.aor)23LEP)o329e(172f(p)29Numsen295vs).)23isoFp(543V1526i(aewmV31oΩ)ysics(mi87(up5lcripo(ksaryquile2(Fnd111rionll)q(etv)f(anΩ95(as)cou11o)gp15ar)774rut6Ωb(sn)o(t.)jΩ111FF(thek(j)pFhF(th55ard)piΩnd)oto)q(eleresolutionap5f)eFq(¯)774256hFFFFFFFFΩ121as)HPC214(re)pFhFends)gFEMCk(j)pFq(olut6Ωc)aFFhFzw)oseli(theΩ7Ω4936he)hr)q(arf(aor)852572(is)r(=(fi90)1398(e)9Ωhe)23621214is)121ass)r(485ΩV2964HPC2000)702FFFFF)oto)q(elep)q(h(Γareh6)774rutgV295hΩ(aV2(yrand)oto)q(eleedgg1btrip)hΩ1560y(OF.)Ωrrors)932o5s5Fy(LuminV291n)y a liqui7wledgg1btripolut6Ω11oiolul Barr5j

Figure 3.10. The hit-pattern in one drift-tube of the Barrel RICH obtained by superposition of 30 hadronic events. From top to bottom: (a) the anode wire, (b) the cathode strip, and (c) the projection of the reconstructed electron position, versus the arrival time [47].

relating the synchronous anode and cathode signals. The background sources considered by the cleaning algorithm and the cuts applied for the Barrel RICH (the cuts for the Forward RICH are similar) are:

Electronic noise and cross-talk The electronic noise is induced by the LEP facility and by other DELPHI subdetectors, and seen as several simultaneous hits on anode wires and cathode strips. Cross-talk is induced by large charge signals. To remove this background all cases with more than five hits on consecutive channels (anode wires or cathode strips) in the same time bin (1 time bin = 8.518 ns) are rejected.

δ-rays produced by particles crossing the drift-tubes. They are characterized by straight lines formed by their ionization electrons. If more than four hits on consecutive anode wires are seen, where the time intervals between the hits are below a certain limit, the hits are rejected.

Electronic oscillations This noise is induced by large charge signals, and results in consecutive hits on the same channel with time intervals equal to the dead time. Cases with more than four hits on the same channel, where the time difference between consecutive hits does not exceed a certain time limit, are rejected.

After-pulses After-pulses appear just after the dead time interval, and are induced by superposition of the tails of signal pulses and background fluctuations. This background has effectively been reduced by increasing the dead time, with only negligible loss of signal.

Feedback electrons Feedback electrons are created when UV-light emitted during the avalanche development around the anode wire converts into electrons. In the figure they are seen as a cloud of points behind the δ-ray. To remove the feedback electrons, cases where more than two electrons have been reconstructed in the same time bin and for the same anode wire, or where reconstructed electrons have more than three associated cathode strips, are rejected. Feedback electrons seen as separated hits can only be removed if they coincide with δ-rays or a large number of ionization electrons.

Ionization electrons These electrons are produced by charged particles passing through the photon detector, and form accumulations

Figure 3.11. Single-photon Cherenkov angle distribution in data and simulation for the Barrel liquid radiator for particles with momenta larger than 6 GeV/c before (upper line) and after (lower line) cleaning [47].

of reconstructed points. To remove them, all hits in a cylinder with a radius of 5 mm around reconstructed tracks are removed. For ionization electrons from non-reconstructed tracks, clusters with more than three photoelectrons in a sphere with a radius of 10 mm are rejected.

rϕ-clusters The Cherenkov photons are expected to be distributed azimuthally isotropic. Planes perpendicular to reconstructed tracks are divided into cells in rϕ, and an upper limit on the accumulation of photoelectrons in a cell is set. All the electrons in the cell are rejected if the limit is exceeded.

All the described cuts are applied independently to all reconstructed photoelectrons, and the background rejection is done once for all types of background. The result of the cleaning for the Barrel RICH liquid radiator is shown in figure 3.11. The signal-to-background ratio around the saturated Cherenkov angle peak is increased from 0.34 to 1.5 with a loss of signal of 15%. Similar results are obtained for the gas radiator and in the Forward RICH.

The particle identification in the RICH detectors uses both the Cherenkov angle of individual photons and the number of emitted photons. Since the threshold for emission of Cherenkov photons (β =^1_n ) corresponds to different momenta for particles with different masses, particles can be identified even below the threshold (veto identification). For example, over the threshold for kaons (∼ 9 GeV/c for the Barrel RICH gas radiator) and below the proton threshold (∼ 16 GeV/c), protons are identified by the absence of Cherenkov light.

Various physics analyses have very different requirements on particle identification. Consequently, several algorithms have been developed for the particle identification based on the RICH detectors [49]. The main difference is the treatment of the background under the Cherenkov signal. Two different approaches have been developed: a maximumlikelihood method and a clustering algorithm.

Identification with a maximum-likelihood method

The identification algorithm that uses a maximum-likelihood technique [50] includes the background under the Cherenkov signal. The distribution of detected photoelectrons is treated as a sum of the expected Cherenkov signals from one of the five possible particle hypotheses (e, μ, π, K and p) and a flat background, and the background is adjusted to maximize the likelihood probability for the hypothesis.

For each hypothesis h the expectations for the number of photoelectrons N^h and for the Cherenkov angle θ^h_C are known (see section 3.2.3). To associate photoelectrons to a track, any electron from a photon with an emission angle in the interval θ_{min} ≤ θ ≤ θ_{max}, defined by the possible Cherenkov angles for the five particle hypotheses within three standard deviations, are kept. For each associated photoelectron i with the Cherenkov angle θ_i a probability density can be calculated as the sum of a Gaussian signal and a background term:

P^h(θ_i) =

N^h exp{(θ_i − θ^h_C )^2/(2σ^2_i )} √ 2πσ_i + K^h θ_i ∫ θ_{max} θ_{min} θdθ where ∫ P^h(θ)dθ = N^h + K^h, σ_i is the uncertainty of the measured Cherenkov angle θ_i, and K^h (which is to be fitted) is the number of background photoelectrons between θ_{min} and θ_{max}. The density of the background is assumed to be proportional to the angle.

The probability for the particle hypothesis h to produce the set of observed photons with angles θ_1...θ_n is calculated as the product of the probability to see a photon at each angle:

P r^h_a = n∏ i=1 P^h(θ_i)dθ_i and the probability of not seeing any photon elsewhere:

P r^h_b = ∏ [1 − P^h(θ)dθ]. P r^h_b is independent of the location and the number of the photons seen, since the surrounding dθ_i can be made arbitrarily small. The last equation can be rewritten as

log(P r^h_b ) = ∑ log[1 − P^h(θ)dθ] = − ∑ P^h(θ)dθ = − ∫ P^h(θ)dθ = −N^h − K^h which gives P r^h_b = e^{−N h−Kh} . The resulting probability becomes

P r^h = ∫ 1 n! { n∏ i=1 P^h(θ_i)}e^{−N h−Kh} dθ_1...dθ_n = 1 n! (N^h + K^h)^ne^{−N h−Kh} ,

which is the Poisson distribution for n photons when N^h + K^h is expected. The probability P r^h is maximized for the five particle hypotheses with K^h left free, allowing the best hypothesis to be chosen.

A similar likelihood method [51] estimates the Cherenkov angle without constraints on the particle hypotheses. Either the ”signal + background” hypothesis P^{S+B} (θ) or the significance of it with respect to a ”background only” hypothesis P^{S+B} (θ)/P^B(θ) is maximized as a function of the angle to find an unbiased mean Cherenkov angle. In order to include the effects of local problems with the detector, a plane perpendicular to the track is divided into small cells, and the likelihood probability is evaluated for each cell. The total likelihood probability is calculated as the product of the cell probabilities.

A typical application of the latter method is a statistical analysis of a track sample with a mass-squared spectrum, as in figure 3.12. Spectra like this can be used to estimate the particle contents in a sample.

Figure 3.12. Mass squared distribution from the RICH detectors for charged particles with 10 < p < 18 GeV/c. Only particles having track segments before and after the RICH detectors are included [52].

Identification using clustering of photoelectrons

The so-called clustering identification routines [53] use a different approach to the background than the maximum-likelihood methods. Instead of including the background in the model, an attempt is made to distinguish signal and background photoelectrons and give them different weights. The photoelectrons are then grouped into clusters, and the mean Cherenkov angle of the cluster with the highest sum of weights is used for identification.

The first step is to apply a weight to each photoelectron. The value of the weight takes into account that the background level in the RICH detectors depends on the geometrical location of the conversion point and on possible ambiguities with respect to other tracks. Figure 3.13 shows the effect of the weights. The dashed lines are the original Cherenkov angle distributions of single photoelectrons from simulated pions with momenta in the region 0.7-1.5 GeV/c (above 3 GeV/c) measured by the liquid (gas) radiators in the Barrel and Forward RICH. The solid lines are the distributions after the weights have been applied to the photoelectrons. It is clear that the signal-to-background ratio is improved by

Figure 3.13. The distribution of Cherenkov angles of single photoelectrons for simulated pions before (dashed line) and after (solid line) applying weights, for the liquid and gas radiators in Barrel and Forward RICH [53].

the weights.

Clusters are formed for each of the five particle hypotheses (e, μ, π, K and p) by choosing the photoelectron with the smallest distance to the hypothesis in terms of Cherenkov angle, and combining it with other photoelectrons within a window of 2.5 (3.5) standard deviations for the gas (liquid) radiator. The average Cherenkov angle is recalculated every time a new photoelectron is joined to the cluster, giving a new window. When no more photoelectrons can be added to the cluster a new one is formed, and so on. This gives five sets of clusters, each set corresponding to one of the five initial hypotheses. To choose the most likely set, the number of weighted photoelectrons N_w = ∑N i=1 w_i, where w_i is the weight of electron i, is compared. The set which has the highest N_w for the largest cluster is selected.

The next step is to resolve the ambiguities for photoelectrons assigned to more than one track. Only the photoelectrons in the main cluster, i.e. the cluster with the largest N_w, for each track are kept, and thus the ambiguities for photoelectrons that only belong to one main cluster are resolved. If a photoelectron belongs to more than one main cluster, there are two types of ambiguities: gas-liquid ambiguities and gas-gas or liquid-liquid ambiguities. The former type is resolved by the conversion depth in the photon detector. Photons from the liquid radiator are emitted before the photon detector, and converted to photoelectrons near the entrance window, while gas photons are converted on the opposite side of the photon detector. For the latter type of ambiguities a decision is made on the basis of the number of unambiguous photoelectrons in both clusters and the χ^2 contribution of the ambiguous photoelectron to each ring. When the ambiguities are resolved the clustering is redone with new weights for the resolved photoelectrons.

The expected uncertainty per track or ring σ_{ring} depends on the momentum p of the track, the expected uncertainty per photoelectron σ_{photo} and the number of observed photoelectrons N. The dependence is parameterized using simulated data. Deviations from the expected proportionality to √ 1 N , which is the behavior of Poisson distributions, is observed for large values of N for the Forward RICH and for the liquid radiator in the Barrel RICH. This can be explained by tracking errors and by cross-talk between MWPC anode wires [54].

After the clustering, the quality of the reconstructed rings is evaluated. It is determined from the track reconstruction, the status of the RICH detector, the number of clusters, the probability of the particle hypotheses to produce the observed angle and number of photoelectrons (calculated as described above for the probabilities in the maximumlikelihood method), the total number of photoelectrons, the fraction of photoelectrons in the second largest cluster, the observed and expected uncertainties per photoelectron, and the fraction of photoelectrons in the ring. This classification allows for selection of very clean samples.

The mean Cherenkov angle obtained from the described algorithm can be used to identify individual tracks or for statistical measurements. The most commonly used method for track identification is to compare the measured Cherenkov angle θ_{ring} and the expected angle θ_h for particle hypothesis h by calculating the pull δ_h, defined as

δ_h = θ_{ring} − θ_h σ_{ring} , where σ_{ring} is the expected uncertainty of the ring. This is then compared to the pull of other hypotheses h^′. If |δ_h| < 2.5 and |δ_h0| > 1, 2 or 3 (h ≠ h^′) the tag for hypothesis h is set to 1, 2 or 3, referred to as ”loose”, ”standard” and ”tight”. A description of how this method is used to identify pions, kaons and protons is found in [55]. The number of misidentified particles is reduced if tighter cuts on the quality of the tracks than the ones described in section 3.6 are applied. A commonly used selection accepts a track if

• the tracking detectors on both sides of the RICH detector (i.e.

TPC and OD for Barrel RICH; TPC and FCB for Forward RICH) are used in the reconstruction of the track;

• the status of the radiator (gas and/or liquid, depending on the velocity of the track) is acceptable;

• the photon detectors are fully operational;

• for a reconstructed ring, there are at least two good photons in the gas radiator and four (three) in the liquid radiator of the Barrel (Forward) RICH;

• the particle traverses the RICH detector within its operational volume (Barrel RICH: 5 cm < |z_{track}| < 115 cm at the inner radius of the detector; Forward RICH: θ_{track} < 37^∘);

• there are no high voltage trips in the photon detectors close to the track.

Figures 3.14 and 3.15 show the efficiency E and purity P (with the standard DELPHI terminology), defined as

E^Y_X =

Number of X tagged as Y

Total number of X

P^Y_X =

Number of X tagged as Y Total number of particles tagged as Y , for the three particle types, with a ”standard” (|δ_h0| > 2) level of identification and with the quality cuts described above, obtained from Monte Carlo.

The analysis presented in this thesis uses ”standard” kaons identified with this method and with the described track selection.

3.7.2 Hadron identification in other LEP experiments

DELPHI is the only experiment at LEP with RICH detectors. The other experiments use dE/dx information for hadron identification. OPAL measures dE/dx with the best resolution of the LEP experiments. The dE/dx distribution versus momentum for charged particles in hadronic Z^0 decays measured by the OPAL experiment is shown in figure 3.16. Also shown are the distributions for two different momentum regions. The best possible separation of kaons and protons is about 1.5σ [56]. As can be seen in the figure, OPAL does not provide the same separation between charged hadrons as DELPHI for particles in the region 2-20 GeV/c (cf. figures 3.8 and 3.12), especially not for kaons and protons.

Figure 3.14. Efficiency of simulated pions, kaons and protons, tagged with ”standard” level of identification, versus momentum for the Barrel RICH [55].

Figure 3.15. Purity (including misidentification probability) of simulated pions, kaons and protons, tagged with ”standard” level of identification, versus momentum for the Barrel RICH [55].

Figure The fraction of events from each flavour of primary quarks samples with mesons containing s quarks versus the particle momentum highest momentum meson is chosen if there are more than one in the event) as predicted by JETSET PS 7.4 for hadronic decaFigure 4.2. Same as figure 4.1 for baryons containing s quarks.

Particle Multiplicity

K^± 2.39 ± 0.12 K^S 2.013 ± 0.033 ∗0 0.747 ± 0.028ϕ(020) 0.109 ± 0.007

Λ 0.378 ± 0.009 Ξ^−

0.0258 ± 0.0010

Table 4.1. Average multiplicities per hadronic − event at ∼ 91 GeV [19].

For asymmetry measurements, the use of high-momentum charged kaons has some advantages: they are relatively easy to identify at DEL- PHI (with the RICH detectors), the high multiplicity ensures a reasonable size of the data sample, and the charge of the kaon gives direct information about the charge of the original s quark (s quarks give ative kaons and s̄ positive kaons).

In this study, charged kaons identified by the gas radiators of the RICH detectors are used to identify ss̄ events. The clustering algorithm described in section 3.7.1 is applied to reconstruct the Cherenkov rings. momentum region 10 GeV/c < k< 25 GeV/c is chosen to ensure sufficient emission of Cherenkov light in the gas radiator (the lower limit) and to have enough separation between kaons and (the upper limit). (The threshold for emission of Cherenkov light for

kaons is ∼ 8 GeV/c in Barrel RICH and ∼ 9 GeV/c in Forward RICH.) The track selection described in section 3.7.1 is used, and an additional cut is applied in the forward region: since the electric drift field in photon detectors in the Forward RICH is perpendicular to the magnetic

field of the solenoid (see section 3.2.3) the photoelectrons will drift with a Lorentz angle of about ∘ with respect to the electric field. This gives a dead zone close to the outer radius of the detector for half of each of the twelve azimuthal sectors (the drift field of each sector is divided into twuniform halves (cf. figure 3.5), and only one of them has a dead zone).

The full Cherenkov ring can thus not be reconstructed, and a difference in the acceptance for negatively and positively charged pions has been found in these areas [57]. All particles with 0.82 < | cos θ_k| < 0.87 and n×< ϕ^k< n×30 +15^∘, 0 ≤ n ≤ 11, where ϕ^{kaon} is the azimangle of the kaon when entering the gas radiator of the Forward RICH,

are therefore rejected. This cut reduces the Forward RICH sample b∼ 15%. From the 1.4M hadronic Z decays recorded in 1994, 53573 events with kaon candidates identified by the Barrel RICH and with particles identified as kaons by the Forward RICH are found.

4.2 Event classification

Each selected event is given a probability to belong to one of six pevent classes according to the momentum of the kaon candidate (if there

are more than one kaon candidate in an event, the one of highest tum is selected). The classification is based on Monte Carlo results full detector simulation (DELSIM). Five of the classes are determined

by the flavour of the primary quark (s, u, d, c, or b) while class 6 is char-

acterized by the kaon candidate being a misidentified hadron, usually a pion. It was attempted to separate charged kaons containing primary quarks from kaons produced in the chain of fragmentation or in decaof heavier hadrons, or kaons generated during hadronic interaction in

the detector material. The attempt was abandoned since the analysis would then be very Monte Carlo dependent, and since no clear signature of the ”non-primary” kaons was found. Figures 4.3 and 4.4 show the momentum spectrum for the kaons in the selected events, for Barrel and Forward RICH. The corresponding DELSIM Monte Carlo distributions, divided into the six event classes, are superimposed. There is a good agreement between real and simulated data. Table 4.2 shows class composition of the selected event sample integrated over the kaon

momentum spectrum. The composition of class 6 is also shown. The statistical uncertainties of the fractions are According to the standard definition of the purity (i.e. the total fraction of s events the selected sample), the s purity is 38% in the barrel region and 37%

in the forward region. Due to the differences in momentum distribution and class composition, the analysis is done separately for events with kaons identified by the Barrel RICH and by the Forward RICH. The two analyses are hereafter referred to as the barrel analysis and forwanalysis respectively.

As stated, the momentum of the kaon kis used to classify events (the momentum spectrum for s events is harder than for the other

classes, cf. figures 4.3, 4.4, 4.10 and 4.11).

It has been investigated if additional variables could be used to rate the classes in a multivariate space, as was done for the measurement b F̄Band A^{cF̄B}in [43]. Two variables were tested: positive event probability +and the charge flow Q_{flow}. The positive event probabil-

Figure 4.4. Same as 4.3 for kaons identified by the Forward RICH.

EventFraction

classBarrel Forward1. s → K 0.35 0.322. u → K 0.09 0.07

3. d → K 0.09 0.07 4. c → K 0.20 0.17 5. b → K 0.12 0.10 6. misid. 0.15 0.27

Composition of class 6s 0.20 0.20

u0.22 0.22 d0.27 0.27

c 0.16 0.16b 0.15 0.15

Table 4.2. Composition of the data sample from DELSIM Monte Carlo.

ity is described in [58]. It is a parameter designed to identify heavy events, and is chosen in order to separate the b class from the others. is the probability that all tracks with positive impact parameters in event come from the primary interaction vertex (the sign of the parameter is defined from the jet direction. The impact parameter of

a track is positive if the vector from the primary interaction vertex the point of closest approach of the track has a positive projection onto

the jet-axis of the jet the track belongs to). For the light u, d and s quarks P^E has a flat distribution while it is peaked close to zero for c and, especially, b events, as shown in figure 4.5. This is due to the lifetimes and large masses of B hadrons, which give decay products with

large impact parameters.

The charge flow is chosen to distinguish the classes of up-type quarks (class 2 and 4) from the classes of down-type quarks (class 1, 3 and 5), using the charge difference of the quark types. The total charge in a hemisphere should be the same as the charge of the primary quark went into the hemisphere (the hemispheres are separated by a plane ppendicular to the thrust axis, see section 4.3), since charge is conserved.

The total charge in a hemisphere can be approximated by

Q_{hemi} ∑ N_{hemi} (⃗· ⃗κ ∑_{hemi} (⃗i · ⃗^{thr})^κ ,

Figure 4.5. Positive event probability for (a) u, d and s events, (b) c evenand (c) b events [58].

Figure 4.6. Charge flow for class 1 and 4 given by DELSIM Monte where Q

and are the charge and momentum of particle i, ⃗is the unit vector of the thrust axis, and the summation is made over all charged particles in the hemisphere with p > . κ is a parameter between 0 and 1. Both the momentum cut and κ are optimized to give the best separation. The charge flow is then defined Q f= Q k(Q hemi− Q hemi), where Q_{kaon} is the charge of the kaon of highest momentum, and hemisphere 1 is the hemisphere it went into. Figure 4.6 shows the charge flow for class 1 (s → K) and class 4 (c → K) respectively for κ = 0.and p

> 1 A multivariate classification, where the events were classified in the

three-dimensional space spanned by k, P and^{flow} , was invgated. It was found that the classification almost uniquely relied on value of k. The simulation of the correlations between the variables,

which is crucial for the evaluation of the systematic uncertainties, would require the full DELPHI simulation for each choice of hadronization parameters. This would be extremely time consuming, and therefore the multivariate method was abandoned.

DELPHI analyses [57, 59] use the anti-b tag with the + > 0.15 to reduce the fraction of b events in the barrel analysis. This has also been tried in the current analysis and abandoned due to the mentioned difficulty in evaluating the correlation between P^+_E k. Only p kis used to classify the events in the final analysis.

Thus, the event sample for the barrel analysis in this study is larger than in the above papers with, however, a smaller s purity.

4.3 The direction of the primary quark before gluon radiation is from the direction of the thrust definition of the thrust T an event is the maximum of the sum of the projections of the momenT ^|n̂ · p

| |⃗ p the thrust T = îstheaxiswhichmaximisestheproInthisanalysis,thethrustaxisismadetopointintothehemisphere

containingtheidentifiedkaonwiththehighestmomentum. the assumption that a negative (positive) kaon comes from a primary s (s̄quark, the primary s quark direction is estimated as

cos q ≈ −Q_K θ , (4.2)

where q and T are the polar angles of the primary quark and the thrust axis respectively, and Q_K is the charge of the kaon. Figure 4.7 shows the difference in polar angle between the thrust axis and the initial quark direction, as given by DELSIM Monte The effect of this is studied and included in the QCD correction factors (section 4.6.1) and

in the systematic uncertainties. Figures 4.8 and 4.9 show the polar the thrust axis for real data and for DELSIM Monte Carlo data for

the barrel and forward parts of DELPHI.

4.4 maximum-likelihood fit method

Tdetermine sF̄B a maximum-likelihood method is used. tool of a maximum-likelihood fit is the likelihood function L(⃗αwhichisa

Figure 4.7. The difference in polar angle between the thrust axis and primary quark direction from DELSIM Monte Carlo simulations for the (a) and forward (b) parts of

Figure 4.8. The angular distribution of the thrust axis for real data (poinand for DELSIM Monte Carlo simulations (solid line), for events with kidentified by the Barrel RICH in 1994. The Monte Carlo histogram is into the six event classes.

Figure 4.9. Same as figure 4.8 for events with kaons identified by the ForwRICH.

product of probability density functions f(x, ⃗α), L(⃗α) = N_{data}∏ if(x^i , ⃗α), ovallN_{data} datapoints(eventsinthisvectorx_i conmeasured quantities used to describe the event i, and ⃗α is a vector values of ⃗whichmaximiseL(⃗αgivethebdescriptionoftheMaximising L(⃗α) is equivalent to the log-likelihood function L(⃗α), given by

L(⃗α) = − ln(L(⃗α)) = ∑ i=1 ln f(, ⃗α). values of f(x, ⃗αcanbeverysmall,andthustheadvantageofthe

log-likelihoodfunctionisthatasumoversmallnumbersisnumerically easiertohandlethanaproduct.

Intheanalysis,theprobabilitydensityfunctionisgivenbyaoverthesixeventclassesf(x

, ⃗α) = f(K , θ, A^{ss}) ∑_k P (p^i)F (p^i, θ , A ). (4.4) p^i_K is the momentum of the kaon and is the polar angle of the quark (defined by equation (4.2)) of event i, P_k(p^i_K) is the probability that event i belongs to class k, A_k is the asymmetry of class k, and F (p^i_K, θ_i, A_k) is the normalised probability function F (K , i , k ) 1

2

(1 + k (K )k 8 3 cos θ_i

1 + cos

2 θ_i ). (p i ) is a charge correlation coefficient for class k defined as

c_k =

N(q_k → K^−) + N(q̄_k → K) − N(q →_+ ) − N(q̄_k → K^−) N(q_k → K) + N(q̄ → K ) where q is the primary quark flavour for class k, and N(q → ) is the number of events where a negative kaon with momentum p_K from the primary quark q . The probability factors P_k and the charge correlation coefficients c_k are evaluated in bins of ln K DELSIM Monte Carlo simulations. For simplicity the values of c_k are parameterized as straight lines, c_k = a_k + b_k ln p_K. Figures 4.10 - 4.13 show the probability factors and the charge correlation coefficients for the event classes in the barrel and forward The charge correlation of class 6 events is included in the background asymmetry (see below).

4.5 The class asymmetries A_k

The asymmetry of class 1, A^{ss}_{FB}, is the free parameter of the maximumlikelihooThe asymmetries of the other classes are fixed at their previously measured values or at the values predicted by the Standard Model. The asymmetry of class 6, bgFB , hereafter called the background asymmetryis estimated from the DELSIM Monte Carlo simulations.

a total number of events bgr in the class out of which n^q_{bgr} from quark q, the asymmetry is calculated bgFB

=^q q^{bgr}n_{bgq} qq_{FB}sum is over all the quark flavours, and

θ = 8 1 n_{bgr} n_{bg}icos(θ )1 + cos

2(θ^i_T ) ,

Figur4.10.The probability factors the sample fractions) as a function the momentum of the kaon for the six event classes given by DELSIM MonCarlo simulations for the barrel part of DELPHI.

Figuras4.12fortheforwardpartofDELPHI.

isthepolarangleofthethrustaxisofeventi,isafactor

whictakesintoaccounttheangulardependenceoftheasymmetryarechargecorrelationfactors,definedn

q bgr(−n bgr(+)bgwherebgr(±arethenumberofeventswhereanegative(−)orpositiv(+)particleoriginatesfromaprimaryqquark,oranoppositelycparticleoriginatesfromaprimaryantiquark qA

qq the asymmetry of quark qassumptions 0= 0and 0= 0= 0used,where 0FB and 0aretakentobethehigh precision comLEPresultsfrom[2800.± 0.00.0739 ± 0.0048These pole asymmetries are transformed into peak asymmetries by folding all the radiative radiative corrections described in section background asymmetries for the Barrel and Forward RICH to bbg(2.± 2.8) · −Forward: bg= (3.± 3.6) · −4

with zero. uncertainties are due to the in 0and in the QCD corrections, and to limited statistics in

the Monte Carlo has been investigated if the bacasymmetry is dependent on the polar angle or the momentum of misidentified particle, but the dependences found are negligible within

the uncertainties and do not affect the measured value of sthe maximum-likelihood fit, the above-mentioned peak asymme-

tries for b and c quarks derived from [28] are used as and cFor asymmetries of u and d quarks, the Standard Model predictions 0,u =_{0,c} and 0,d

= 0,b are applied, and the peak asymmetries uand

FB obtained with the appropriate radiative The constraint, 0= 0, is not optimal since there might be new physics

(undiscovparticles or other deviations from the Standard Moinfluencing 0FB but not 0,dTdeal with this problem, the value of A

0has been varied in the interval 0± 10σ, where σ is the uncertaintinthemeasurementof0,keeping0Similarlyinputvalueof0FB

hasbeenvariedintheinterval0± 10σσ is the uncertainty in the measurement of 04.6 Corrections

Radiative observed asymmetries at LEP are the peak asymmetries A qis the pole asymmetries 0, asymmetries for pure change at s = that are of interest. peak asymmetries are trans-

lated into the pole asymmetries by applying a number of corrections described in section • energy correction, which translates the results from the energy

s = 91.26 GeV to s = , using the predicted dependence given by the Standard Model. the pole, slope of the asymmetry is to good approximation independent the value of the asymmetry as discussed in section 2.3.3.

• corrections, which correct for initial and final state radiation that shifts the effective centre-of-mass energy and direction of the outgoing • correction due to γ exchange and γin• corrections, which take into account the difference in quark direction and the reconstructed thrust is due to QCD gluon emission, hadronization and decays and madepon the details of the experimental reconstruction of thrust The first three corrections are calculated using ZFITTER, as in [28], and the results are given in table 4.3. The QCD corrections are

calculated using the DELSIM Monte Carlo simulations following [57and [21]. For each quark flavour q the QC= ii_q cos θ

T

1+cos^2)icos T

1+cos

T

Flavour

s = ZQEDγ,γ0 (δj d,-0.0013+0.0040 -0.0004+0.0023-0.0034+0.0104 -0.0009+0.0061 -0.0034+0.0103 -0.0009+0.0060-0.0013+0.0040 -0.0003+0.0024Table 4.3. Radiative corrections calculated with ZFITTER as in [28].FlavourQCD correction factorBarrel Forward−0.± 0.0007−0.0013 ± 0.0003−0.0037 ± 0.0001−0.0005 ± 0.0004d−0.0038 ± 0.0011−0.0001 ± 0.0002

−0.0032 ± 0.0008−0.00001 ± 0.0002−0.0025 ± 0.00100.0003 ± 0.0002Table QCD correction factors that account for the error introduced by the thrust axis as an estimator of the original quark direction. uncare due to limited Monte Carlo is calculated, where θ

and are the polar angles of the primary quark and the thrust axis in event i, and is the total number of q eventhrust axis is made to point into the same hemisphere as the quark. results for the barrel and forward analyses are found The pole asymmetry 0of quark q is obtained from the peak asymmetry q0= A^q+^{QC}) (δ(δA

the corrections in table a similar way, input asymmetries of the d, c and b quarks used in the likelihood are obtained from the measured pole asymmetries as

qFB 0(δj+ QCq . Kaon puritThe measured asymmetry will depend on the purity of the kaon ple. kaon identification method was described in section 3.7.1. The kaonsamplecontainsafractionofotherparticles(mainlypi-

wronglyidentifiedaskaons(”classSincetheseparticlesdoanyinformationaboutthedirectionofanoriginalsquark,itimportantforthemeasurementofsthecontaminationofother

inthekaonsampleisreproducedcorrectlybythetheDEL- SIMMonteCarlothisisnotthecase,theresultshaveto beThe general behaviour of the particle identification in real and simulated data can be studied by comparing the Cherenkov angle, the uncertainty per ring and the number of photoquantities are shown in figures 4.14 and 4.15 for particles

with momenta larger than 3 GeV/c (i.e. wabove the threshold Cherenkolight emission for pions) seen by the gas radiators in the Barrel RICH and the Forward RICH respectively (the analysis presented in this thesis only make use of the information from the gas radiators excludes the liquid radiators). The points display the real data and the

solid lines the DELSIM Monte Carlo mean Cherenkov gle is different for the Barrel and the Forward RICH since the refractive

indices of their gas radiators are different 1βn As can be seen, there is a good agreement between data and Monte Carlo results for the Cherenkov angle and the uncertainty per ring is a slight ence for the number of observed photoelectrons, but this difference is as crucial for the particle identification. purity of the kaon and the efficiency of the identification method should nevertheless be

studied in more The purity of the kaon sample is given bK

h = μ, , , (4.7) where is the probability that particle h is identified as , after called the kaon identification efficiency of particle h following standard DELPHI terminologythe total number of h Since the misidentified particles are mainly pions, and are important parameters in equation (4.7). order to compare E

E for real data and DELSIM Monte Carlo events, samples of kand pions identified by other means than the RICH detectors are used.

Kaon identification The efficiency of the kaon identification E can be studied with a of kaons obtained from reconstructed decays of ϕThe

FigurComparison of data (poifts) and DELSIM Mofte Carlo tions (solid line) for charged particles with p > 3 GeV/c measured by the radiator if the Barrel RICH if s994. (a) is the meaf Cherenkov angle, (b) the uncertaifty per ring, and (c) is the fumber of photoelectrons. first corresponding to zero photoelectrons, is not ifteresting to the preseft and is therefore omitted.

Figurefficienciesforpionsfromdecaysindata(poifandDELSIMMofteCarloevents(solidline)asafunctionoftheparticle momenfor the barrel (a) and forward (b) parts of DELPHI in 1994. The regions Ωsw the kaon coftamination in the Mofte Carlo sample.

outside the VD • ifvariaft mass of the π hypothesis Ωsuld be in the ifterv0.35 GeV/c < M π< 0.65 GeV/c^2 (if order to remove Λ deca• the probability that a decays withif the fitted distance Ωsuld

be between 0.02 and A sample of 4607 pion candidates from decays with momenta if region 10 GeV/c ≤ ≤ 25 GeV/c and with hits in the OD is The purity of the pion sample (obtained from the DELSIM Mofte events) is more thaf 97%, and the kaon coftamination is 1.6 ± 0.1 The efficiencies , defined Number of π ideftified as K by the RICH detector

Total fumber of π for data and Mofte Carlo pion candidates are Ωswn in figure 4.18 efficiency in real data is higher thaf the Mofte Carlo efficiency.

Ifoverthespectrum,aratioδ()

E^{π,data}

K

π,M) B =1.24±0.is found (the fiex B refers to the Barrel part of DELPHI). The certainty is due to limited Ωtatistics both in the real data and in MofCarlo sample. kaon coftamination if the final Mofte sample the sample of particles from reconstructed vertices are ideftified as kaons by the RICH detectors) is also sswn in the ure. coftamination is 18.6 ± 1.7 % which, compared with cofif the total sample of less than two perceft, implies the RICH detectors are good at finding the true kaons. It is reasonable

to exclude these kaons in the calculation of π . the tion that the fraction of kaons is equal in real and simulated data, same ratio of data to Mofte Carlo efficiencies is obtained with a slightly

larger uncertainty (0.108 instead of 0.105) due to the uncertainty if the coftamination fraction.

If the forward region, the pion candidates are required to have in the FCB ifstead of if the OD, and 1160 pion candidates are The pion purity if the sample is above 92% and the kaon cof5.5 ± 0.3 order to decrease the kaon coftamination, an on the probability () of the fit to the secondary vertex used: (2

) > 0.1. cut decreases the sample to 930 pions, a coftamination of kaons of 4.9 ± 0.3 %. ratio of data to MofCarlo efficiencies (figure 4.18 (b)) is found to bδ(π

= 1.16 ± 0.18the correction for the kaon coftamination explained above uncertainty ifcreases from 0.177 to Above ∼ 5 GeV/c the RICH detectors do not muons from pions, and as a consequence a muon sample can be to determine . The ideftification of muons by the muon chambis described in [30]. It is based on the ability of muons to travel distances through matter without being absorbed.

There are three levels of muon idef”loose”, and ”tight”. Accepting all three levels and requiring the tracks to havhits in the OD, to hit at least 30 wires in the TPC and to have an energy

FigurcoftaminationversusreductionofthemuonsampleDELSIMMofteCarloevents,barrelpartofDELPHI)forthediffereftlevelsof muonideftification(”loose”,”standard”and”tight”),andtwodiffereftdE

− < 2.5σ (empty symbols) and 0 − ) < 2.5(filled symbols).

loss per unit of length close to the pion hypothesis (

dx

)_π| < 2.5σwhere σ is the uncertainty of measurement), 11410 muons found if the momentum region 10 GeV/c ≤ ≤ 25 GeV/c for 1994.

The expected kaon coftamination if the sample is 4.15 ± 0.09 %. order to reduce it, a tighter cut can be of shsuld be larger thaf that of kaons in this momentum region, the 0 ≤

− dx )< 2.5σ gives a purer sample. kaon coftamination also reduced by more restrictive requirements on the muon ideffigure 4.19, the kaon coftamination and the sample reduction for

differeft levels of muon ideftification are Ωsempty symbare the results for dE

(

dE ) < 2.5σ and the filled ones for 0 2.5σ. tighter cut decreases the kaon cofconsiderably. also seems reasonable to exclude the ”loose” muons

from the ”standard” muons can be kept, swever, the gain in purity if they are excluded is less importaft than the loss Ωtatistics.