Alignment with Kalman filter fitted tracks and reconstruction of B^0_s → J/ψϕ decays

This work is part of the research programme of the Foundation for Fundamental Research on Matter (FOM), which is part of the Netherlands Organisation for Scientific Research (NWO).

VRIJE UNIVERSITEIT

Alignment with Kalman filter fitted tracks and reconstruction of B^0_s → J/ψϕ decays

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor aan de Vrije Universiteit Amsterdam, op gezag van de rector magnificus prof.dr. L.M. Bouter, in het openbaar te verdedigen ten overstaan van de promotiecommissie van de faculteit der Exacte Wetenschappen op maandag 11 april 2011 om 13.45 uur in de aula van de universiteit, De Boelelaan 1105

door

Jan Mennis Amoraal

geboren te Johannesburg, Zuid-Afrika promotor: prof.dr. M.H.M. Merk copromotor: dr. W.D. Hulsbergen

Table Of Contents

Introduction 1

1 CP Violation In B^0_s → J/ψϕ 3 1.1 CP Violation In The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . 3 1.2 The Unitary Triangles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.3 Neutral B Mesons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.3.1 Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.3.2 Decay rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.4 CP Violation In B Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 1.4.1 CP violation in decay . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 1.4.2 CP violation in mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.4.3 CP violation in the interference between decays with & without mixing . 12 1.5 B^0_s → J/ψϕ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.6 Enter LHCb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 The LHC b Experiment 19 2.1 The LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.1.1 b production at the LHC . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.2 The LHCb Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.2.1 The LHCb coordinate system . . . . . . . . . . . . . . . . . . . . . . . 22 2.2.2 Luminosity at the LHCb interaction point . . . . . . . . . . . . . . . . . 23 2.3 Tracking Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.3.1 The Vertex Locator (VELO) . . . . . . . . . . . . . . . . . . . . . . . . 24 2.3.2 The Tracker Turicensis (TT) and the Inner Tracker (IT) . . . . . . . . . . 25 2.3.3 The Outer Tracker (OT) . . . . . . . . . . . . . . . . . . . . . . . . . . 26 2.4 Particle Identification Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.4.1 The Ring Imaging Čerenkov Detectors (RICH1 and RICH2) . . . . . . . 28 2.4.2 The Calorimeters (ECAL and HCAL) . . . . . . . . . . . . . . . . . . . 29 2.4.3 The Muon Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 The Outer Tracker Simulation 31 3.1 Detector Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.1.1 The OT module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.1.2 The OT stations, layers and quarters . . . . . . . . . . . . . . . . . . . . 37 3.2 Digitisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.2.1 Radius-to-Time (RT)-relation . . . . . . . . . . . . . . . . . . . . . . . 40 3.2.2 Cell efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.3 Dead-time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.2.4 Spill-over . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 3.2.5 Start of the readout window . . . . . . . . . . . . . . . . . . . . . . . . 45 3.2.6 Noise, cross-talk and double pulse . . . . . . . . . . . . . . . . . . . . . 45 3.3 Estimated Detector Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.3.1 OT deposits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.3.2 Occupancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.3.3 Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.3.4 Drift distance resolution . . . . . . . . . . . . . . . . . . . . . . . . . . 50 3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Alignment Of The LHC b Detector 52 4.1 The Global Or Closed Form Alignment Method . . . . . . . . . . . . . . . . . . 53 4.1.1 Convergence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.1.2 Weak modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.1.3 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 4.2 Global Alignment With Kalman Filter Fitted Tracks . . . . . . . . . . . . . . . . 59 4.2.1 The Kalman filter method global covariance matrix C . . . . . . . . . . 60 4.3 Global Alignment With LHCb Tracks . . . . . . . . . . . . . . . . . . . . . . . 61 4.3.1 The hit residual r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 4.3.2 The partial derivative matrix H = ∂h(⃗x )/∂⃗x . . . . . . . . . . . . . . 62 4.3.3 The partial derivative matrix A = ∂r/∂α . . . . . . . . . . . . . . . . 63 4.3.4 The Jacobian for local-to-global transformations . . . . . . . . . . . . . 66 4.4 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 4.5 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 4.5.1 Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 4.5.2 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.5.3 Track sample and selection . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.5.4 Weak mode: xz -shearing . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.5.5 Convergence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 4.5.6 Residual Δ x mis-alignments . . . . . . . . . . . . . . . . . . . . . . . . 74 4.5.7 Track χ^2 and reconstructed J/ψ mass . . . . . . . . . . . . . . . . . . . 77 4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 Alignment Of The OT With Cosmic Rays 79 5.1 Cosmic Ray Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 5.1.1 OT response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 5.2 Cosmic Ray Tracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 5.2.1 Track finding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 5.2.2 Track fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 5.2.3 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 5.3 OT Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 5.4 Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 5.4.1 C-frame alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 5.4.2 Module alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 5.4.3 Estimating the statistical and systematic errors . . . . . . . . . . . . . . 101 5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6 Effect Of Mis-Alignments On B^0_s → J/ψϕ 105 6.1 The Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 6.2 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 6.3.1 The reconstructed mass of the B^0_s , J/ψ and ϕ . . . . . . . . . . . . . . . 109 6.3.2 The reconstructed B^0_s proper time . . . . . . . . . . . . . . . . . . . . . 112 6.3.3 Resolutions on the transversity angles . . . . . . . . . . . . . . . . . . . 117 6.3.4 Applying a J/ψ mass constraint in the vertex fit . . . . . . . . . . . . . 117 6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Summary 123

Samenvatting 125

Dankbetuigings 127

Bibliography 129

Introduction

Given its unparallelled centre of mass energy the LHC proton-proton collider at CERN is the new testing ground for the Standard Model of elementary particles. The Standard Model is a theoretical framework based on our current understanding of elementary particles and the interactions between them, and has been very successful in not only describing but also in predicting various phenomena observed at collider experiments. One of its successes is the prediction, which followed from the unification of the electromagnetic and weak forces, and subsequent discovery of the existence of mediators of the weak force: the W and Z bosons. Another success, following from the requirements for CP violation, is its prediction of the existence of the bottom and top quarks to give three generations of quarks.

Despite its successes the Standard Model also has flaws. The values for some fundamental parameters remain unexplained and as such the Standard Model cannot provide answers as to the observed mass hierarchy between fermions or why there exist three generations. Moreover, the Standard Model only incorporates three — the electromagnetic, weak and strong — out of the four fundamental forces — the fourth being gravity. Although the predictions of the Standard Model appear to be consistent with experimental observations, it is clear that it does not paint a full picture of Nature. There are voids that become apparent when considering, for example, cosmological observations. The Standard Model does not quantitatively explain the apparent predominance of matter over anti-matter nor provides answers to the observational existence of cold dark matter.

There are however extensions to the Standard Model, so-called New Physics Models, that do provide answers to these mysteries by introducing new e.g. super-symmetric, particles that weakly interact with matter around us. if they exist, these particles will manifest themselves in higher order processes such as loops, e.g., in the oscillations of neutral B^0_s mesons. However, to distinguish between Standard Model processes and New Physics processes requires being able to measure various observables with a relative precision of a few permille up to a few percent.

A case in point is the weak mixing phase ϕ_s = − 2β_s , a key measurement of the LHCb experiment, which can be accessed via B^0_s → J/ψϕ decays. According to the Standard Model this phase is expected to be small, approximately ϕ_s = − 0.04 mrad . However, New Physics contributions may augment this CP violating phase, yielding a larger observable value. For this reason the LHCb experiment has been designed to measure ϕ_s with a precision of 0.024 mrad after one nominal year of data taking. To achieve this sensitivity on ϕ_s requires being able to measure the lifetimes of the neutral B^0_s mesons with a high precision — approximately σ_t = 30 fs — and being able to reconstruct and select interesting events with a high signal purity, which in turn depends on the mass and momentum resolution — approximately δp/p = (3 − 5)h . To achieve these resolutions and consequently sensitivity on ϕ_s requires high precision tracking detectors. Furthermore, to determine charged particle trajectories and observables with a high

Introduction

precision, the positions of the tracking detectors need to be known well within their respective hit resolutions.

To be able to determine the positions of the detectors well within their hit resolutions, a generic track based alignment framework for the LHCb detector, the topic of this thesis, has been developed. The novelty of this framework is that it is the first of its kind to use a Kalman filter track model and fit in the so-called global method of alignment procedure. In this procedure the alignment offsets are determined through a global least squares method, in which not only the hits themselves are considered but also the correlations between the hits. This has the advantage that only a few iterations are required to determine the alignment offsets. Furthermore, the framework uses the same track model and fit as the standard LHCb reconstruction and physics analyses procedures. The obtained alignment offsets are therefore expected to be consistent with the track model and fit procedure used in the reconstruction. Given the design of the LHCb reconstruction procedure, an additional advantage of this alignment framework is the possibility to align all of the LHCb sub-detectors simultaneously or each sub-detector individually at any granularity.

The remainder of this thesis is outlined as follows: Chapter 1 gives a general overview of CP violation in the Standard Model and its observable manifestation, as well as the implications of New Physics, in B^0_s → J/ψϕ decays.

Chapter 2 gives a general overview of the LHC and LHCb experiment followed by Chapter 3 which describes the LHCb Outer Tracker simulation and geometry as implemented within the LHCb software framework.

Chapter 4 describes the alignment framework for the LHCb detector, including the global method of alignment, followed by a Monte Carlo validation study. In this study the effects of multiple scattering on the alignment procedure as well as the resulting effects of the obtained alignment offsets on the reconstruction of J/ψ → μ^+ μ^− decays are investigated.

Chapter 5 describes the alignment of the LHCb Outer Tracker using cosmic ray data that were taken in September 2008. Furthermore, this chapter gives an overview of the LHCb Outer Tracker survey at that time and a comparison between the alignment offsets obtained with the alignment framework and the survey.

Chapter 6 describes a Monte Carlo study in which the effects, and implications for physics observables, of random mis-alignments in the LHCb Vertex Locater and Tracking stations on the reconstruction of B^0_s → J/ψϕ decays are investigated. Furthermore, it is investigated whether the alignment framework can recover these random mis-alignments and the nominal performance of the LHCb experiment with respect to the reconstruction of B^0_s → J/ψϕ decays.

conventions and units:

In this thesis spatial vectors are denoted by bold face letters, e.g. x , and n parameter vectors by an arrow, e.g. ⃗x. Matrices are denoted by capital letters, e.g. A. The units used in this thesis are natural units, which implies that ℏ = c = 1 .

Chapter 1

CP Violation In B^0_s → J/ψϕ

In 1972 Kobayashi and Maskawa [1] demonstrated that CP violation is possible within the framework of electroweak interactions. They recognised that a possible source of CP violation resides in the Lagrangian that describes the interactions of quarks with the Higgs boson, the so-called Yukawa interactions. Starting with the assumption that there are only two quark generations, they showed that CP violation is only possible by introducing new additional fields. In particular, they proceeded to demonstrate that if one were to introduce a third generation of quarks, i.e. two additional quarks, which was a straightforward extension of the electroweak model, that CP violation is possible through the interaction of the quarks with the Higgs particle. It is through this insight that they did not only give a possible phenomenological explanation for CP violation, but also predicted the existence of the bottom b and top quark t.

In what follows an overview of the Kobayashi-Maskawa mechanism of CP violation in the Standard Model and a possible observable manifestation of CP violation, as well as the implications of New Physics, in B^0_s → J/ψϕ decays are presented. For further theoretical and experimental details on CP violation, as well as the derivations of the equations presented in this chapter, see, e.g., [2, 3]. For a detailed discussion on the analysis of B^0_s → J/ψϕ decays at LHCb, see, e.g., [4, 5].

1.1 CP Violation In The Standard Model

In the Standard Model the single source of CP violation resides, after spontaneous symmetry breaking, in the weak charged current interactions, i.e. in the interactions between charged W bosons and quarks [6]. Since W bosons have charge ± 1, they can change the flavour of an up type quark, charge +2 /3, to a down type quark, charge − 1/3. The terms in the Standard Model Lagrangian that describes the weak charged interactions are of the following form:

L_W = g √ 2 ( u_L γ^μ V_{CKM}d_L W^−_μ + d_L γ^μ V^†_{CKM}u_L W^+_μ ) , (1.1)

where u = ( u, c, t ) and d = ( d, s, b) are up-type and down-type multiplets of the up-type and down type quark mass eigenstates, respectively. The (unitary) matrix

V_{CKM} =

V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb}

(1.2)

Chapter 1. CP Violation In B^0_s → J/ψϕ

is the Cabibbo-Kobayashi-Maskawa quark mixing matrix, where the size of the elements V_{ij} gives the relative strengths of the weak charge couplings between different quark flavours. In the Standard Model, this matrix transforms the quark mass eigenstates to the basis of weak eigenstates, which couple to the W bosons. Furthermore, one can show that Eq. 1.1 is invariant under CP when V_{ij} = V^∗_{ij} , i.e. CP is conserved when the matrix V_{CKM} is real. In other words, the presence of CP violation requires that at least for one element V_{ij} ≠ V^∗_{ij} .

Using the unitarity conditions and the fact that one can redefine the relative phases of the quark fields without affecting the observable physics, it can be shown that, in general, an N × N unitary matrix, where N is the number of generations, can be parametrised by

n_{angles} = 1 2 N (N − 1) angles and n_{phases} = 1 2 (N − 1)(N − 2) phases. (1.3)

In the case of two generations - there is a single angle and no complex phases - the quark mixing matrix is given by the familiar Cabibbo mixing matrix and the elements of V_{CKM} are real. In the case of three generations V_{CKM} can be parametrised by three (rotation) angles and a single (complex) phase δ. It is this irreducible complex phase that is the source of CP violation. The “standard” representation of V_{CKM} advocated by the Particle Data Group [7] is

V_{CKM} = c_{12} c_{13} s_{12} c_{13} s_{13} e^{− iδ 13} − s_{12} c_{23} − c_{12} s_{23} s_{13} e^{+ iδ 13} c_{12} c_{23} − s_{12} s_{23} s_{13} e^{+ iδ 13} s_{23} c_{13} s_{12} s_{23} − c_{12} c_{23} s_{13} e^{+ iδ 13} − c_{12} s_{23} − s_{12} c_{23} s_{13} e^{+ iδ 13} c_{23} c_{13}

(1.4)

where c_{ij} and s_{ij} are cos θ_{ij} and sin θ_{ij} , respectively. The angles θ_{ij} are the Euler (rotation) angles and δ_{13} ≡ δ_{KM} is the (irreducible) Kobayashi-Maskawa complex phase.

For CP violation to occur in the weak interactions the following eight conditions need to be satisfied [8]: δ_{KM} ≠ 0 , π and θ_{ij} ≠ 0 , 1 2 π for i ≠ j ∈ { 1, 2, 3}. (1.5)

Furthermore, the masses of all quarks with the same charge are required to be non-degenerate, e.g. for the up-type quarks one requires that m_u ≠ m_c , m_c ≠ m_t and m_t ≠ m_u . If they are degenerate there will be no CP violation, since the quarks are indistinguishable. This yields six additional necessary conditions for CP violation to occur. These 14 conditions for CP violation to occur are succinctly unified in the following phase-convention independent relation [8]:

det C = − 2J (m^2_t − m^2_c )(m^2_c − m^2_u )(m^2_u − m^2_t )(m^2_b − m^2_s )(m^2_s − m^2_d )(m^2_d − m^2_b ) ≠ 0 , (1.6)

where the matrix C is the commutator of the square of the quark mass matrices:

iC ≡ [ m_u m^†_u , m_d m^†_d ] , (1.7)

where m_u and m_d are the mass matrices, originating from the Yukawa couplings, of the up-type and down-type quarks, respectively. The Jacobian J 3∑ m,n =1

ϵ_{ikm} ϵ_{jln} = ℑ [ V_{ij} V_{kl} V^∗_{kj} V^∗_{il} ] for i, j, k, l ∈ { 1, 2, 3} (1.8)

is known as the Jarlskog invariant. It can be shown that this quantity is independent of the phase-

1.2. The Unitary Triangles

convention used to parametrise V_{CKM} and, because of unitarity, independent of the quarks involved [8].

From current experimental observations, and assuming unitarity and three quark generations, the current allowed ranges of the magnitudes of the CKM elements are

|V_{CKM}| =

0.97428 ± 0.00015 0.2253 ± 0.0007 0.00347^{+0 .00016}

− 0.00012

0.2252 ± 0.0007 0.97345^{+0 .00015}

− 0.00016 0.0410

+0 .0011 − 0.0007

0.00862^{+0 .00026}

− 0.00020 0.0403

+0 .0011 − 0.0007 0.999152

+0 .000030 − 0.000045

[7]. (1.9)

From this one observes that V_{CKM} is nearly diagonal and that the size of the off-diagonal elements, which are small, decreases for higher generations. Consequently, generation mixing is generally suppressed - a phenomenon known as Cabibbo suppression. This experimentally apparent hierarchy of the magnitudes of the V_{CKM} elements can be conveniently expressed using the Wolfenstein parametrisation [7, 9].

In the Wolfenstein parametrisation, V_{CKM} is parametrised in terms of three real parameters, λ, A and ρ, and an imaginary parameter, iη. The representation of V_{CKM} in this scheme follows from setting |V_{us} | ≈ 0.23 ≡ λ and expanding V_{CKM} in powers of λ and exploiting the unitarity of V_{CKM} [10, 11]:

V_{CKM} =

1 −^1_2 λ^2 λ Aλ^3 [ρ − iη] − λ 1 −^1_2 λ^2 Aλ^2 Aλ^3 [1 − ρ − iη] − Aλ^2 1

+ O(λ^4 ), (1.10)

where A, ρ and η are of order unity. Experimentally, given the smallness of the off-diagonal elements, the CP violating effect turns out to be small, and from Eq. 1.10 one observes that the CP violating terms are suppressed at the level of λ^3 . For the B^0_s system, the higher order terms of Eq. 1.10 are of particular importance, since they become leading in the B^0_s mixing process:

O(λ^4 ) →

−^1_8 λ^4 0 0 1 2 A^2 λ^5 [1 − 2 (ρ + iη)] −^1_8 λ^4 [ 1 + 4 A^2 ] 0 1 2 Aλ^5 [ρ + iη]^1_2 Aλ^4 [1 − 2 (ρ + iη)] −^1_2 A^2 λ^4

+ O(λ^6 ). (1.11)

Expressing V_{CKM} in terms of the coupling strengths and the angles of the unitarity angles, discussed below, one obtains the following useful form for V_{CKM} in the Wolfenstein scheme:

V_{CKM} =

|V_{ud} | |V_{us} | |V_{ub} | exp[− iγ ] − | V_{cd} | |V_{cs} | |V_{cb} | |V_{td} | exp[− iβ ] − | V_{ts} | exp[+ iβ_s ] |V_{tb} |

+ O(λ^5 ). (1.12)

1.2 The Unitary Triangles

The unitarity of V_{CKM} leads to nine relations among the elements of the matrix. Two of these contain the couplings of the b quark to an up-type quark and, consequently, are relevant to CP violation in the B-system:

V_{ud} V^∗_{ub} + V_{cd} V^∗_{cb} + V_{td} V^∗_{tb} = 0 for the B^0_d system and

V_{us} V^∗_{ub} + V_{cs} V^∗_{cb} + V_{ts} V^∗_{tb} = 0 for the B^0_s system.

(1.13)

Chapter 1. CP Violation In B^0_s → J/ψϕ

neutral B mesons:

|B^0_d ⟩ = |bd⟩ and its anti-particle counterpart |B^0_d ⟩ = |bd⟩, and |B^0_s ⟩ = |bs⟩ and its anti-particle counterpart |B^0_d ⟩ = |bs⟩.

(1.18)

These are the, so-called, flavour eigenstates of the B^0_d and B^0_s , respectively, and according to the CPT theorem the B^0_d (B^0_s ) and its anti-particle counterpart B^0_d (B^0_s ) have the same mass and lifetime. 1.3.1 Mixing From experimental observations [14, 15] it is known that a neutral B meson, besides directly decaying to a final state, oscillates with time into its anti-particle counterpart through the weak interaction. There are two possible ways in which a neutral B meson can oscillate into its antiparticle counterpart, either via some common intermediate final state f or directly, i.e.

B → f → B versus B → B , (1.19)

and vice versa for a neutral B meson. This phenomenon is called mixing and is a consequence of the fact that the flavour eigenstates of the B , produced in quark-level strong interactions, are not equal to the mass eigenstates of the weak interactions. Second order weak interactions allow the B to oscillate into its own anti-particle counterpart as illustrated in Fig. 1.3 for the B^0_s system. s t b

W W

s t b

V^∗_{tb} V_{ts}

V_{ts} V^∗_{tb} s W b

t t

s W b

V^∗_{tb} V_{ts}

V_{ts} V^∗_{tb}

Fig. 1.3: Feynman box diagrams for B^0_s mixing. Similar diagrams can be obtained for the B^0_d system by substituting the d spectator quark for the s spectator quark.

The currently known values for the decay and oscillation parameters of the B^0_d and B^0_s system are listed Tab. 1.2. The third and fourth quantities, Δ m_q and ΔΓ_q , in Tab. 1.2 are the mass difference and decay width difference of the mass eigenstates, respectively. The former gives the rate in which a B oscillates into its anti-particle counterpart. These quantities are discussed below.

B meson M [MeV] τ[ps] Δ m[ps^{− 1} ] ΔΓ[ps^{− 1} ]

B^0_d 5279.50 ± 0.30 1.525 ± 0.009 0.507 ± 0.005 0.005 ± 0.055 at 90% CL B^0_s 5366.3 ± 0.6 1.425 ± 0.041 17.77 ± 0.12 0.062^{+0 .034}

− 0.037

Tab. 1.2: Current experimental values for the mass, lifetime and oscillation frequency for the B^0_d and B^0_s [7]. Concerning ΔΓ d see [16, 17].

1.3. Neutral B Mesons

The mass eigenstates can be expressed as a superposition of the flavour eigenstates and vice versa. Consider a quantum state that is superposition of the flavour eigenstates

|ψ (t)⟩ = ψ_1 (t)|B ⟩ + ψ_2 (t)|B ⟩ (1.20)

of which the time evolution is governed by the Schrödinger equation i d dt |ψ ⟩ = H |ψ ⟩ = ( M − i 2 Γ) |ψ ⟩, (1.21)

where the mass matrix, M , and the decay width matrix, Γ , are 2 × 2 hermitian matrices. The eigenvectors of the Hamiltonian H are the mass eigenstates of the B system and can be expressed as a linear combination of the flavour eigenstates, i.e.

|B_L⟩ = p|B ⟩ + q|B ⟩ and |B_H⟩ = p|B ⟩ − q|B ⟩, (1.22)

where B_L and B_H are the light and heavy mass eigenstates, respectively. The parameters p and q are normalised complex parameters such that |p|^2 + |q|^2 = 1 . The real and imaginary parts of the corresponding complex eigenvalues of the Hamiltonian H correspond to the masses and decay widths of the light and heavy mass eigenstates, respectively. Solving the eigenvalue problem of H one can show that the time evolution of these mass eigenstates is given by

|B_{H,L}(t)⟩ = exp [ − i ( M_{H,L} − 1 2 iΓ_{H,L} ) t ] |B_{H,L}(0)⟩, (1.23)

where M_{H,L} −^1_2 iΓ_{H,L} are the eigenvalues of the Hamiltonian H . Here, the real parameters M_{H,L} and Γ_{H,L} are the masses and decay widths of the light and heavy mass eigenstates, respectively.

The time dependent mass eigenstates, Eq. 1.23, can be transformed back to the flavour eigenstate basis which yields the following wave functions for the physical B mesons which are initially produced as either a B or B

|B_{phys}(t)⟩ = g_+ (t)|B ⟩ + q p g_− (t)|B ⟩ (|B ⟩ at t = 0 ) and

|B_{phys}(t)⟩ = g_+ (t)|B ⟩ + p q g_− (t)|B ⟩ (|B ⟩ at t = 0 ),

(1.24)

where g_± (t) are the oscillation amplitudes and are given by

g_± (t) = 1 2 { exp [ − ( i M_L + 1 2 Γ_L ) t ] ± exp [ − ( i M_H + 1 2 Γ_H ) t ]} . (1.25)

The fraction q/p follows from the eigenvalues of the Hamiltonian H and is given by q p = ± √ M^∗_{12} −^i_2 Γ^∗_{12} M_{12} −^i_2 Γ_{12}

, (1.26)

where M_{12} and Γ_{12} are the off-diagonal elements of M and Γ . The sign of Eq. 1.26 is convention dependent.

Using Eq. 1.24 one can show that the probability to observe a B or B , starting from a state

Chapter 1. CP Violation In B^0_s → J/ψϕ

that is initially either a B or B , at some proper time t is given by:

|⟨B |B_{phys}(t)⟩|^2 = | ⟨B |B_{phys}(t)⟩ |_2 = |g_+ (t)|^2 , | |⟨B |B_{phys}(t)⟩ | |^2 = | | | q p | | | 2 |g_− (t)|^2 and | |⟨B |B_{phys}(t)⟩ | |^2 = | | | p q | | | 2 |g_− (t)|^2 ,

(1.27)

where |g_± (t)|^2 = 1 2 exp [− Γ t] ( cosh 1 2 ΔΓ t ± cos Δ mt ) . (1.28)

Here ΔΓ and Δ m are the decay width difference and mass difference between the heavy and light B^0_s mass eigenstates, respectively:

ΔΓ ≡ Γ_L − Γ_H and Δ m ≡ M_H − M_L , (1.29)

Similarly, the average decay width Γ is defined as Γ ≡ 1 2 [Γ_L + Γ_H ]. (1.30)

Since M_H and M_L are chosen to correspond to the masses of the heavy and light mass eigenstates, respectively, Δ m is by convention positive. On the other hand, the sign of ΔΓ needs to be determined experimentally. 1.3.2 Decay rates Defining the decay amplitude of a neutral B or B meson to some final state f as

A_f = ⟨f |H |B ⟩ and A_f = ⟨f |H |B̄ ⟩, (1.31)

one can show, using Eq. 1.24 and Eq. 1.27, that the time dependent decay rates for the physical B or B meson, e.g. the decay rate of B → f is defined as

Γ_{B → f} = |⟨f |H |B_{phys}⟩|^2 , (1.32)

are given by

Γ_{B → f} (t) = |A_f |^2 ( 1 + |λ_f |^2 ) exp [ − 1 2 Γ t ] × ( cosh 1 2 ΔΓ t − D_f sinh 1 2 ΔΓ + C_f cos Δ mt − S_f sin Δ mt ) and Γ_{B → f} (t) = |A_f |^2 | | | p q | | | 2 ( 1 + |λ_f |^2 ) exp [ − 1 2 Γ t ] × ( cosh 1 2 ΔΓ t − D_f sinh 1 2 ΔΓ − C_f cos Δ mt + S_f sin Δ mt ) ,

(1.33)

where D_f =

2ℜ λ_f 1 + λ_f

, C_f =

1 − | λ_f |^2 1 + |λ_f |^2 and S_f =

2ℑ λ_f 1 + λ_f

. (1.34)

1.4. CP Violation In B Decays

Here, the complex quantity λ_f is the ratio of the amplitude of the decay and the amplitude of the CP conjugated decay defined as

λ_f ≡ q p A_f A_f ( λ_f = 1 λ_f ) . (1.35)

Similar expressions can be obtained for the decay rates of a B or B to a CP conjugated final state f by substituting f for f and λ_f for

λ_f = q p A_f A_f ( λ_f = 1 λ_f ) . (1.36)

Since the coefficients D_f , C_f , S_f contain real and imaginary parts of the amplitude ratio λ_f , they are sensitive to the complex phases of the amplitudes and, consequently, to CP violation.

1.4 CP Violation In B Decays

Since the amplitudes of the processes that describe B decays contain V_{CKM} elements, they can lead to observable CP violating effects. These CP violating effects can be classified as follows:

• CP violation in decay. • CP violation in mixing. • CP violation in the interference between an amplitude without mixing and an amplitude with mixing.

The latter of these apply, e.g., to the decay B^0_s → J/ψϕ , which is similar to the B^0_d golden decay mode B^0_d → J/ψK_s , which was studied extensively at the B -factories. The latter gives access to the angle β, while the former gives access to the β_s . 1.4.1 CP violation in decay Consider the decay B → f and its CP conjugate B → f with amplitudes

A_f = ⟨f |H_d |B ⟩ and A_f = ⟨f |H_d |B ⟩, (1.37)

where H_d is the decay Hamiltonian, and assume that there is more than one possible decay mode to the final state f (f ). In this case the amplitudes can be written as the sum over all possible decay modes k

A_f = N∑ k =1

|A|_k exp [iθ_k ] exp [iδ_k ] and A_f = N∑ k =1

|A|_k exp [− iθ_k ] exp [iδ_k ]. (1.38)

Here θ represents a weak phase, which flips its sign under CP, and δ a corresponding strong phase for the amplitudes, which is invariant under CP.

The CP asymmetry between these decay amplitudes are given by

A_{CP} =

|A_f |^2 − | |A_f | | |^2

|A_f |^2 + | |A_f | |^2 . (1.39)

In the case k = 1 there can not be any observable CP asymmetry, i.e. CP violation, since |A_f | =

Chapter 1. CP Violation In B^0_s → J/ψϕ | |A_f | | = |A_1 |. However, CP violation may occur for k ≥ 2. For example, in the case k = 2 the

numerator of Eq. 1.39 is given by the following interference term

|A_f |^2 − | |A_f | |^2 = − 4 |A|_1 |A|_2 sin Δ θ sin Δ δ, (1.40)

where Δ θ = θ_2 − θ_1 and Δ δ = δ_2 − δ_1 . From this one observes that CP violation is possible if and only if θ_1 ≠ θ_2 and δ_1 ≠ δ_2 . (1.41)

In other words, if there are two amplitudes with a different weak and strong phase, respectively, the probability for the decay B → f is different from the probability for its CP conjugate counterpart, i.e. |A_f | | | |A_f | | | ≠ 1 . (1.42)

This is also referred to as direct CP violation.

An example of an decay with which one can measure direct CP violation, and in particular the angle γ, is B^+ → D^0 K^+ . In this case there is an interference between two tree level processes, where one of the processes is Cabibbo and colour suppressed.

1.4.2 CP violation in mixing

CP violation in mixing occurs when the B to B mixing probability is different from its CP conjugated, i.e. B to B , mixing probability. From Eq. 1.27 one observes that this is the case when | | |q p | | |≠ 1 . (1.43)

In this case the mass eigenstates of the oscillating mesons are not identical to the CP eigenstates, which is the case, e.g., in the neutral Kaon system. In the Standard Model |q/p| is predicted to be approximately equal to one in the B^0_d and B^0_s system, which is consistent with current experimental observations [13].

This type of CP violation can be measured using semi-leptonic B -decays where the asymmetry is given by

a_{sl} =

Γ( B^0 (t) → l^− ν_l X ) − Γ(B^0 (t) → l^+ ν_l X ) Γ( B^0 (t) → l^− ν_l X ) + Γ( B^0 (t) → l^+ ν_l X ) = 1 − | | |^q_p | | |^4 1 + | |q_p | |^4 (1.44)

1.4.3 CP violation in the interference between decays with & without mixing

In the absence of direct CP violation and CP violation in mixing, there is a third possible way for CP violation to occur. The observed CP violating effect in this case is due to the interference of the mixing and decay amplitudes of a B that can either decay directly to a final state f or first oscillate into its anti-particle counter part and then decay to the same final state f , i.e. f is a final state that is common to both B and B . This type of CP violation is described by the phase of the complex parameter λ_f (Eq. 1.35). Even though |λ_f | = 1 , the argument of λ_f may be non-zero. In other words, this type of CP violation arises when there is a relative phase difference between the direct decay amplitude and the oscillating decay amplitude of a B into the final state f, i.e.

1.5. B^0_s → J/ψϕ

arg λ_f + arg λ_f ≠ 0 .

A special case, which applies to B^0_s → J/ψϕ and is discussed in the next section, is the case when the final state f is a CP eigenstate f_{CP}. In this case λ_f is defined as

λ_{f CP} ≡ η_{f CP} q p A_{f CP} A_{f CP}

, (1.45)

where η_{CP} is the CP eigenvalue of the state |f_{CP}⟩, i.e. CP|f_{CP}⟩ = η_{f CP} |f_{CP}⟩.

1.5 B^0_s → J/ψϕ

The decay of a B^0_s to a J/ψ and a ϕ, of which the Feynman diagrams are given in Fig. 1.4, is relatively easy to detect and reconstruct, since the J/ψ and ϕ have clear detectable signatures, i.e. the J/ψ can decay to a di-muon (μ^+ μ^− ) pair and the ϕ to a di-kaon (K^+ K^− ) pair. The fact that this decay has a clear signature makes it experimentally attractive to measure CP violation in the B^0_s system. From a theoretical point of view the decay is also considered an ideal probe for CP violation in the B^0_s system, since the dominant decay contribution is the first order tree level process, see Fig. 1.4a. The contribution from the second order penguin process, see Fig. 1.4b, is suppressed by a factor λ^2 compared to the tree level process. c b

W^+ c

s

s

V_{cs}

V^∗_{cb}

(a)

s u, c,t b

W^+ s g c c V^∗_{qb} V_{qs}

(b) Fig. 1.4: Feynman diagrams for the decay B^0_s → J/ψϕ : (a) the first order tree level process and (b) second order penguin process.

The CP violating effects in B^0_s → J/ψϕ decays are due to the interference between decays that either decay directly to J/ψϕ or first oscillate and then decay to J/ψϕ . According to the CKM mechanism the CP asymmetry, using Eq. 1.26, while ignoring iΓ_{12} and the second order penguin process, is given by, see Fig. 1.3 and Fig. 1.4a:

λ_{J/ψϕ} = η_{J/ψϕ} ( q p ) ( A_{J/ψϕ} A_{J/ψϕ} ) = η_{J/ψϕ} ( V^∗_{tb} V_{ts} V_{tb} V^∗_{ts} ) ( V_{cb} V^∗_{cs} V^∗_{cb} V_{cs} ) = η_{J/ψϕ} exp [i2β_s ], (1.46)

where β_s is the unitary angle defined in Eq. 1.17.

Experimentally, the asymmetry can be determined from the decay rates of B^0_s → J/ψϕ and

Chapter 1. CP Violation In B^0_s → J/ψϕ

B^0_s → J/ψϕ . In this case, assuming |q/p| = 1 , the (time dependent) asymmetry is given by

A_{CP}(t) =

Γ_B 0_{s → J/ψϕ} (t) − Γ_{B 0s → J/ψϕ} (t) Γ_B 0_{s → J/ψϕ} (t) + Γ_{B 0s → J/ψϕ} (t) = η_{J/ψϕ} sin 2β_s sin Δ m_s t cosh^1_2 ΔΓ_s t − η_{J/ψϕ} cos 2β_s sinh^1_2 ΔΓ_s t , (1.47)

which follows directly from the decay rate formulae (Eq. 1.33),

Γ_B 0_{s → J/ψϕ} (t) = | |A_{J/ψϕ} | |^2 exp [ − 1 2 Γ_s t ] × ( cosh 1 2 ΔΓ_s t − η_{J/ψϕ} cos 2β_s sinh 1 2 ΔΓ_s t − η_{J/ψϕ} sin 2β_s sin Δ m_s t )

Γ_{B 0s → J/ψϕ} (t) = | |A_{J/ψϕ} | |^2 exp [ − 1 2 Γ_s t ] × ( cosh 1 2 ΔΓ_s t − η_{J/ψϕ} cos 2β_s sinh 1 2 ΔΓ_s t + η_{J/ψϕ} sin 2β_s sin Δ m_s t ) . (1.48)

Using the Wolfenstein parametrisation and ignoring the ΔΓ_s contribution one can show that

A_{CP}(t) ∝ ℑ λ_{J/ψϕ} sin Δ m_s t ≈ 0.04η_{J/ψϕ} sin Δ m_s t. (1.49)

Though CP violation in the case of B^0_s → J/ψϕ originates from the interference between decays with and without mixing to the same CP eigenstate, the final states are an admixture of a CP even and CP odd part. The decays consists of a spin zero (pseudo-scalar) meson to two spin one (vector) mesons, in which the total angular momentum ⃗J = ⃗L + ⃗S = 0 must be conserved, where ⃗L and ⃗S are the orbital momentum and spin of the final state particles. Consequently, the decay can occur with three possible angular momentum states, namely L = 0 , L = 1 and L = 2 , and the corresponding CP eigenvalues are given by:

η_{J/ψϕ} = ( − 1)^L . (1.50)

Furthermore, the CP eigenstates with CP even eigenvalues, i.e. L = 0 and L = 2 , are associated with the mass eigenstate B_L and the CP eigenstates with CP odd eigenvalues, i.e. L = 1 , are associated with the mass eigenstate B_H .

Since the CP-even and CP-odd eigenstates contribute, at leading order, with opposite signs to the CP asymmetry, the observable CP asymmetry is effectively diluted. Consequently, to observe the CP violating phase one needs to statistically disentangle the CP-even and CP-odd contributions. This can be done by measuring the decay angles of the final state particles, e.g. in the transversity frame [18, 19], from which the polarisation amplitudes associated with the L states follow. The three possible polarisations are the CP-even “longitudinal” A_0 (L = 0) and “transverse parallel” A_‖ (L = 2) , and the CP-odd “transverse perpendicular” A_⊥ (L = 1) .

Using the transversity frame formalism, the differential decay rate of B^0_s → J/ψϕ decays

Chapter 1. CP Violation In B^0_s → J/ψϕ i f_i (cos θ, cos ψ, ϕ ) A_i (t|λ)

1 2 cos^2 ψ [ 1 − sin^2 θ cos^2 ϕ ] |A_0 (t)|^2 = |A_0 (0)|^2 exp [− Γ_s t] × [ cosh^1_2 ΔΓ_s t − cos ϕ_s sinh^1_2 ΔΓ_s t + sin ϕ_s sin Δ m_s t ] 2 sin^2 ψ [ 1 − sin^2 θ sin^2 ϕ ] | A_‖ (t) |_2 = | A_‖ (0) |_2 exp [− Γ_s t] × [ cosh^1_2 ΔΓ_s t − cos ϕ_s sinh^1_2 ΔΓ_s t + sin ϕ_s sin Δ m_s t ] 3 sin^2 ψ sin^2 θ |A_⊥ (t)|^2 = |A_⊥ (0)|^2 exp [− Γ_s t] × [ cosh^1_2 ΔΓ_s t + cos ϕ_s sinh^1_2 ΔΓ_s t − sin ϕ_s sin Δ m_s t ] 4 − sin^2 ψ sin 2θ sin ϕ ℑ ( A^∗_‖ (t)A_⊥ (t) ) = | A_‖ (0) | |A_⊥ (0)| exp [− Γ_s t] × [ sin ( δ_⊥ − δ_‖ ) cos Δ m_s t

− cos ϕ_s cos ( δ_⊥ − δ_‖ ) sin Δ m_s t − sin ϕ_s cos ( δ_⊥ − δ_‖ ) sinh^1_2 ΔΓ_s t ] 5^{1√}_2 sin 2ψ sin^2 θ sin 2ϕ ℜ ( A^∗_‖ (t)A_0 (t) ) = | A_‖ (0) | |A_0 (0)| cos ( δ_‖ − δ_0 ) × exp [− Γ_s t] × [ cosh^1_2 ΔΓ_s t

− cos ϕ_s sinh^1_2 ΔΓ_s + sin ϕ_s sin Δ m_s t ] 6^{1√}_2 sin 2ψ sin 2θ cos ϕ ℑ (A^∗_0 (t)A_⊥ (t)) = |A_0 (0)| |A_⊥ (0)| × exp [− Γ_s t] × [sin(δ_⊥ − δ_0 ) cos Δ m_s t

− cos ϕ_s cos (δ_⊥ − δ_0 ) sin Δ m_s t − sin ϕ_s cos (δ_⊥ − δ_0 ) sinh^1_2 ΔΓ_s t ] Tab. 1.3: The angular dependent functions f i and time dependent amplitude functions Ai of the differential decay rate for B^0_s → J/ψϕ . Here δ0 ,

δ_‖ and δ⊥ are the strong phases of the polarisation amplitudes A0 , A_‖ and A⊥ , respectively. The CP conjugated time dependent amplitude

functions Ai follow from the substitution ϕ s → − ϕ s , i.e. cos ϕ s → cos ϕ s and sin ϕ s → − sin ϕ s . Note that there exist an two-fold

ambiguity in the solutions of these equations, since they are invariant under the following simultaneous substitution [ ϕ s , ΔΓ s , δ_‖ , δ⊥ ] ↔ [ − ϕ s , − ΔΓ s , 2π − δ_‖ , π − δ⊥ ] .

Chapter 1. CP Violation In B^0_s → J/ψϕ

time resolution and momentum resolution for the analyses of B decays. The former is needed to extract the time dependent decay amplitudes of B^0_s → J/ψϕ decays of which the oscillation frequency is given by Δ m_s . The latter is needed to kinematically separate the B -decays from the background.

The physics observables are extracted from B^0_s → J/ψϕ candidate events using multidimensional likelihood fits [24, 25]. The probability distribution functions used in these fits describe the angular distributions of the final decay products, the time dependent decay amplitudes, and the shape of the mass and proper distributions of the signal and background contributions. The input to these fits are the reconstructed B^0_s proper time and mass, and the decay angles, the so-called transversity angles, of the final state particles in the transversity frame. These quantities follow from the momenta of the final state particles, which in turn are determined in a track reconstruction procedure.

Monte Carlo studies have shown that in the case of a perfectly aligned LHCb detector the expected sensitivity to ϕ_s is 0.024 rad with 2 fb^{− 1} at 14 TeV [5, 24, 25]. However, the observed sensitivity to ϕ_s can be diluted by mis-alignments in the LHCb tracking detectors. Misalignments in the VELO will in particular lead to a poor proper time resolution and, similarly, mis-alignments in the T-stations will mainly lead to a poor momentum resolution. In order to achieve the design values for the proper time and momentum resolution the position of the tracking detectors need to be known well within their hit resolution. To this end a track based alignment algorithm using Kalman filter fitted tracks has been developed to simultaneously align all the tracking detectors.

Chapter 2

The LHC b Experiment

The Large Hadron Collider beauty (LHCb) experiment is one of the main four experiments operating at the Large Hadron Collider (LHC) at CERN. The other three experiments are ATLAS, CMS and ALICE. The common goals of these four experiments are to test the Standard Model of elementary particles and to search for New Physics at the unparallelled centre-of-mass energy of the LHC. The LHCb experiment is specifically designed for the precise measurement of beauty and charm hadrons decays, which are expected to be produced copiously at the LHC. The physics goals of the LHCb experiment is to search for new physics in CP violation, e.g. B^0_s → J/ψϕ , and to search for rare decays of beauty and charm hadrons, e.g. B^0_s → μ^+ μ^− .

This chapter gives a brief overview of the LHC, discussed in Sec. 2.1, and the LHCb detector, discussed in Sec. 2.2.

2.1 The LHC

The LHC [26] is a circular proton-proton collider with a circumference of 27 km. Under nominal running conditions, it will be capable of colliding protons at a centre-of-mass energy of √ s = 14 TeV . This is achieved by accelerating two proton beams in opposite directions to an energy of 7 TeV each. To reach this energy, the beams first pass through several pre-accelerators. In the last stage of the pre-acceleration sequence, the beams are accelerated to an energy of 450 GeV in the Super Proton Synchrotron (SPS) and, subsequently, injected into the LHC. Here, the beams are then boosted to their final energy of 7 TeV .

The four experiments are each located at one of the four interaction points, where the proton beams cross and collide under a small angle (150 μrad − 200 μrad) . A schematic overview of the LHC and the locations of the four experiments is shown in Fig. 2.1. The protons in a beam are grouped into bunches. Each beam can accommodate 3564 bunches of protons. However, due to the filling procedure, there can only be 2808 filled bunches, each containing 10^{11} protons, per beam. The time spacing between two consecutive bunch crossings is 25 ns, and therefore corresponds to a maximum instantaneous collision rate of 40 MHz. The collision rate of nonempty bunches, which depends on the filling scheme, is on average approximately 30 MHz. Note that the maximum instantaneous collision rate determines the basic clock frequency for the readout electronics.

The number of interactions for a given bunch crossing follows from Poisson statistics, where the probability P (n, μ ) that a bunch crossing contains n interactions with mean μ, i.e. the aver-

Chapter 2. The LHC b Experiment

Fig. 2.1: Schematic overview of the LHC indicating the locations of the four main LHC experiments.

age number of interactions, is given by

P (n, μ ) = μ^n n! e^{− μ} . (2.1)

The average number of interactions μ is given by μ = σ_{inel} L f , (2.2)

where σ_{inel} is the inelastic cross-section for proton-proton collisions, f the crossing rate for filled bunches and L the luminosity. The latter depends on the number of bunches and the number of particles per bunch, the bunch crossing rate, the crossing angle of the beams and the beam focus. The design luminosity of the LHC is L = 10^{34} cm^{-2} s^{-1} and the estimated inelastic cross-section σ_{inel} for proton-proton collisions at the LHC centre-of-mass energy is 80 mb. Consequently, the average number of inelastic proton-proton collisions is approximately μ = 27 at the LHC design luminosity.

During the start-up of the LHC machine in 2008 a faulty connection between two magnets caused severe damage to a section of the machine and a full year was needed to replace the damaged components. Repairs on the machine were completed by November 2009 and it was decided to operate the machine at moderate energy and luminosity, instead of the design values presented here, to get more experience. Initially, the centre-of-mass energy was √ s = 900 GeV and by December 2009 the world record breaking centre-of-mass of √ s = 2 .36 TeV was attained. By the end of 2010 the attained centre-of-mass energy was √ s = 7 TeV and the instantaneous luminosity at LHCb was about L = 1 .6 × 10^{32} cm^{-2} s^{-1} . The number of bunches in a beam was approximately 400.

2.2. The LHC b Detector

2.1.1 b production at the LHC

The expected cross section for b production at the LHC centre-of-mass energy is σ_{bb} = 500 μb. Therefore, assuming an inelastic cross-section for proton-proton collision of σ_{inel} = 80 mb , one in every 160 proton-proton collisions is expected to yield a bb hadron pair. The main bb production processes [27] that contribute to σ_{bb} are the leading order process of gluon fusion (14.4%) and the next-to-leading order processes of flavour excitation (60.3)% and gluon splitting (25.0%). Production via the leading order process of quark - anti-quark annihilation is negligible (0.20%). Examples of Feynman diagrams for these processes are shown in Fig. 2.2. After a bb pair has been produced, the b and b hadronise independently and incoherently of each other.

In inelastic proton-proton collisions at a centre-of-mass energy of √ s = 14 TeV , B hadrons are expected to be produced uniformly in the rapidity range [− 3, 3] — the so-called rapidity plateau [28]. Kinematically, this implies that the the angular distributions of hadrons with a b or b peak at polar angles θ = 0 and θ = π, as shown in Fig. 2.3a.

g g

b b

(a) q q

b b

(b)

g g

g b b

(c) g g

g b b

(d) Fig. 2.2: Examples of Feynman diagrams for B-production. Two leading-order diagrams are: (a) pair creation through gluon fusion and (b) quark–anti-quark annihilation. Examples of important higher order diagrams are: (c) flavour excitations and (d) gluon splitting.

2.2 The LHC b Detector

The LHCb detector [30, 31, 32] is a single arm spectrometer optimised for the detection of forward b and b production. A side view of the detector is shown in Fig. 2.4. It consists of various sub-detectors which can be categorised into:

• Tracking detectors: Vertex Locator (VELO), Tracker Turicensis^∗ (TT), Inner Tracker (IT) and Outer Tracker (OT).

∗ The Tracker Turicensis was formerly known as the Trigger Tracker. Its original purpose was to assign rough momentum estimates to particles in the trigger.

2.2. The LHC b Detector