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Introduction

The two parts of the title and subtitle of my thesis, namely Ageing: radiation hardness
of the LHCb Outer Tracker and The decay of beauty: time-dependent CP violation using
BY — J/4 ¢ decays represent its two main subjects. In this introduction, | will first elaborate
on the radiation hardness of the LHCb Outer Tracker. Next, | will discuss the subject of
time-dependent CP violation in BY — J/v ¢ decays. Finally, | will end the introduction
with a brief chapter overview.

If you read this, there is a slight chance that you are a non-expert in particle physics. Since
the main content of my thesis is quite technical, with this introduction, the summary and
the acknowledgements, | aim to give the non-expert readers an impression of my research
during the past four years. My hope is, naturally, that particle physicists will read these
sections as well and will also find satisfaction in reading the physics chapters.

Ageing: Radiation Hardness of the LHCb Outer Tracker

LHCb is one of the four major experiments at the Large Hadron Collider (LHC) at CERI\H
The Outer Tracker (OT) is a subdetector of the LHCb experiment. It is used to reconstruct
the trajectories of particles through the detector originating from proton-proton collisions.
To detect a traversing particle, the OT uses straw tubes filled with an ionization gas that
act as cathodes with a central anode wire. It consists of three detection stations and each
station comprises 4 detection layers. The OT has a modular design, meaning that it consists
of 432 modules of 128 straw tubes, leading to a total of roughly 55000 straw tubes in the
entire OT. The modules are constructed by glueing the straws to the module panels.

After construction and prior to installation of the modules in the LHCb experiment, lab-
oratory tests proved that outgassing of the glue that was used in the module construction
reduced the performance of the detector modules. In the context of particle detector tech-
nology, effects that gradually reduce detector performance, such as malicious outgassing, are
collectively called ageing effects.

The modules that were installed in the LHCb cavern were subjected to several beneficial
treatments to reduce or prevent ageing effects. In this thesis, | will describe the results of
tests that were performed to monitor the behavior of the OT modules during beam operation.
Whereas this part of my thesis is hardware-oriented, the other part presents the analysis of

LCERN was founded as Conseil Européen pour la Recherche Nucléaire, but is known nowadays as the
European Organization for Nuclear Research.



12 Introduction

proton-proton collisions that contain BY particles and decay into J/v and ¢ particles, which
| will explain below.

The Decay of Beauty: Time-Dependent CP Violation using
BY — J/v¢ ¢ Decays

The main goal of the analysis of BY — .J/1) ¢ decays is to measure a parameter, named the
weak phase ¢. The BY meson is sometimes called a beauty meson, since it consists of one
s quark and one so-called beauty quark, b. As | studied one particular decay mode of these
beauty mesons, | decided to adopt the phrase The Decay of Beauty as the first part of my
title.

The parameter ¢, is a measure of the amount of time-dependent CP violation in the
interference between mixing and decay in BY — J/1 ¢ decays. In the Standard Model
(SM), ¢4 is estimated to be close to zero. New Physics models, however, predict that the
value of ¢, can be enhanced due to so far unknown processes in B? mixing. Therefore, any
significant deviation in ¢, from the SM prediction could be an indication of New Physics.
The LHCb experiment is well suited to measure this parameter and | will present the most
precise measurement of ¢, to date.

Chapter Overview

This thesis consists of six chapters. The first two chapters serve as a general introduction
to the LHCb experiment (Chap. and to parts of its physics program (Chap.. The final
four chapters include my own research.

Chapter 1: CP Violation and Physics of B Mesons

This chapter is theoretically oriented and starts with a brief history of the discovery of CP
violation and the appearance of CP violation in the Standard Model. Next, | will describe
mixing and the decay of B mesons, and a classification of the different types of CP violation.
Finally, more specific to B — .J/1 ¢ decays, | will discuss CP violation in the interference
between decays with and without mixing in b — ¢(¢s) transitions.

Chapter 2: The LHCb Experiment

In the second chapter | will give an overview of the LHCb experiment and its various subde-
tectors. At the end of the chapter, | will discuss the performance of various subdetectors in
relation to B — J/v ¢ decays.

Chapter 3: Operation and Performance of the Outer Tracker

This chapter focuses on the Outer Tracker, which is one of the LHCb subdetectors. | will
discuss the working principle of the OT and its performance and will also introduce the
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concept of hit efficiency. Hit efficiency is used to monitor possible ageing effects in the OT,
which is the subject of the subsequent chapter.

Chapter 4: Radiation Hardness of the Outer Tracker

After a brief introduction, this chapter reproduces an article that was published in Nuclear
Instruments and Methods in Physics Research A. It summarizes the results of methods to
monitor ageing of the OT modules during beam operation.

Chapter 5: B? — J/v ¢ Formalism

The remaining two chapters will cover the measurement of ¢, using B? — J/1 ¢ decays.
This chapter is a continuation of the first chapter and focuses specifically on B? — J /v ¢
decays.

Chapter 6: B? — J/1 ¢ Analysis

The final chapter presents the analysis of B — .J/1 ¢ decays. | will discuss the event
selection and detector effects such as decay-time resolution and angular acceptance. Finally,
after a study of systematic uncertainties, | will present a measurement of ¢, and other
parameters of interest.
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CHAPTER
ONE

CP Violation and Physics of B Mesons

In electroweak interactions, an up-type quark u can change its flavour to a down-type quark
d via the emission of a charged W boson: u — W™ d. In the Standard Model (SM) the
couplings of these interactions are described by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements. Flavour physics is the field of particle physics that studies these flavour
changing interactions. B mesons contain one b or b quark and because of their relatively
high mass and long lifetime, B meson decays are particularly well suited to study flavour
changing interactions and the structure of the CKM mechanism. Some B meson decays are
observed to be not invariant under the combined operation of the charge (C) and parity (P)
operators, i.e. they are CP violating. One of the main subjects of this thesis is the search for
CP violation in a specific type of BY meson decays, namely the decay of a B? meson into a
J /1 meson and a ¢ meson, also indicated as B — J/v ¢ decays. In the SM, CP violation
is expected to be tiny in this decay channel, implying that a positive signal indicates the
presence of physics beyond the SM. In this chapter, a general introduction to CP violation
is given and the physics of neutral B meson decays is discussed.

1.1 History of CP Violation

CP symmetry is the symmetry of the combined operations of P and C, where the charge
operator C inverts the charge of particles, and P is the parity operator which inverts all spatial
coordinates. Processes that are not invariant under the CP operation are called CP-violating
processes. In 1956, Chien-Shiung Wu performed a historical experiment utilizing the decay
of ®Co, which demonstrated that P symmetry was violated in the weak interactions [1].
Contrary to expectations, she found that neutrinos occur in one single helicity state only,
implying maximal P violation.

Experiments with pion decays [2] revealed that the C symmetry is also maximally violated
by the weak interactions. However, no evidence was found that the combined symmetry CP
is violated. Indeed, CP seems to be preserved in strong and electromagnetic interactions
[3]. But in 1964, James Cronin and Val Fitch performed an experiment using neutral kaon
decays [4], in which they observed the (until that time assumed to be) CP-odd K, particles
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decaying to CP-even w7~ final states with a branching fraction of about 0.2%. In other
words, they observed that CP is violated in kaon oscillations, but in contrast to C and P
violation, the magnitude of the CP violation is small. Cronin and Fitch received the Nobel
Prize for their experiment in 1980.

In 1973, Makoto Kobayashi and Toshihide Maskawa postulated that a hypothetical ad-
ditional third quark family could explain the observed small amount of CP violation through
an imaginary phase in their proposed Cabibbo-Kobayashi-Maskawa (CKM) matrix [5, [6]. At
that time, only three quarks were known to exist and a fourth quark had been postulated
to complete the second quark family. This fourth quark was discovered in November 1974
[7, [8]. The bottom quark, the lightest member of the third quark family and predicted
by Kobayashi and Maskawa, was discovered in 1977 at Fermilab [9], for which they were
awarded the 2008 Nobel Price, sharing the price with Yoichiro Nambu. Finally, the top quark
was discovered in 1995, completing the third quark family [10] [11].

CP violation outside of the kaon system was discovered in the first decade of this century
by the so-called B-factories: the BaBar and Belle experiments. Both these experiments found
CP violation in the B meson system [12] [13]. The search for CP violation continued at the
Tevatron at Fermilab, where the DO experiment found evidence of CP violation in the mixing
of B mesons [14]. The Tevatron was shut down in 2011 and currently the LHCb experiment
at CERN plays a leading role in the search for CP violation. In 2012, LHCb reported the
first evidence of CP violation in charmed meson decays [15].

The subject of this thesis is the search for time-dependent CP violation in the interference
between mixing and decay in BY — J/v ¢ decays at LHCb. But in order to explain this type
of CP violation and how to search for it, it is necessary first to explain how CP violation is
incorporated in the SM.

1.2 CP Violation in the Standard Model

CP violation is incorporated in the SM by the CKM matrix, which appears in the description
of the charged current interactions. This matrix arises when diagonalizing the quark mass
terms (also known as the Yukawa terms) in the SM Lagrangian:

71 _
— Lyukawa = M dip dig + M3 ul ulp . (1.1)

Here, (u,d) indicates the quark type, (7, ) stands for the quark generation, (L, R) means
left-handed or right-handed chirality states and I indicates the interaction basis. To obtain
mass terms, the mass matrices are diagonalized via unitary transformations V;, and Vg,
which yields:

—I _
- ['Yukawa = diL MZ d;R + U’ZIL MZ; u§R
—I
= Ay VI VEME VRV dig + i, VT VE M VTV Ul

= dir (Midj)diag djr + Wi, (M}})diag Ujr (1.2)
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where in the second equality unitarity is used (VTV = 1), while the third equality is obtained
by defining

dir = (V) dl, , dirn=(Vi)ijdig
wip = (Vi)iujp  wir=VE)juip (1.3)

By construction, these quark states represent the mass eigenstates. Rewriting the charged
current interaction terms in the Lagrangian leads to

Liinetic = % W, di, + % EfLV“ Wi uf, (1.4)
= % Uir, YW, (Vokm)ij djz + % djr, (Vexm)jj 7" W,f uip
where the CKM matrix is given by
(Voxm)ij = (VEVID g (1.5)

By convention, the interaction and mass eigenstates are chosen to be the same for the up-
type quarks, but are rotated for down-type quarks. This implies, that for the down-type
quarks they differ by a unitary transformation:

UZI = Uy
dl = (Vexm)ijd; . (1.6)

From Eq.[1.4] it follows that the Standard Model Lagrangian is invariant under CP if,
and only if, V;; = V;5. Therefore, a non-vanishing complex phase in the CKM matrix can
generate CP violation in the SM. Kobayashi and Maskawa realized, that the presence of a
third quark family allows for the existence of such an imaginary degree of freedom. This can
be seen from the fact that a general complex nxn CKM matrix has 2n? real parameters. The
unitarity constraints V1V = 1 reduce this number of free parameters by n?. Subsequently,
due to the freedom to choose the phase of the 2n quark fields, 2n — 1 relative phases are
not observable. This leaves 2n? — n? — (2n — 1) = (n — 1)? degrees of freedom.

For a general orthogonal n x n matrix such as the CKM matrix, there are $n(n — 1)
independent rotation (or Euler) angles. Therefore, out of the (n — 1)? original degrees of
freedom, n(n — 1) are Euler angles and the remaining (n — 1)(n — 2) degrees of freedom
are independent complex phases. Indeed, for n = 3, as Kobayashi and Maskawa proposed,
there is one imaginary degree of freedom in the corresponding 3 x 3 CKM matrix, offering

the possibility to describe the observed CP violation.

1.3 Unitarity Triangles

Writing out the quark generation index i,j = {u,c¢,t},{d, s, b}, the CKM elements from
Eq.[I.6] are written in matrix form as follows:

‘/ud Vus Vub
Vekm=| Vea Ves Ve . (1.7)
Viae Vie Vi
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Since the CKM matrix is unitary, six orthogonality and three unitarity relations exist. Two
of the orthogonality equations are particularly interesting in flavour physics, since the corre-
sponding matrix elements appear in decays involving B mesons:

VauaVigy + VeaViy + ViaViy = 0 (B system) (1.8)
VusVap + VesVop +VisVi, = 0 (Bg system) . (1-9)

The orthogonality equations define so-called unitarity triangles in the complex plane.
The sides of these unitarity triangles correspond to the various terms in Eq.[I.8] and Eq.[1.9
and their magnitudes are observables that can be related to the (relative) rate of certain B
meson decays. In addition, the internal angles of the unitarity triangles are invariant under
rephasing of the quark fields and are physical observables. A convenient representation of
the two unitarity triangles associated with Eq.[1.8] and Eq.[I.9]is shown in Fig.[I.I] where a
phase convention is adopted so that one of their sides is on the real axis, and this side is
subsequently normalized to unit length.

The apex of the unitarity triangle for the BY system (UT) is located at
—VuaV.) /VeaV and the interior angles are defined as

ViV, VeaVs, VaaViiy
* arg{ 05 Ml R 7 7 ] R 5 (10

Similarly, for the unitarity triangle in the BY system (UT),), the apex is located at
—Vius Vi /Ves Vi and the interior angles in the UT, are

Vi Vi Ve Vi Vo V.
o = arg {— VtZth }7 Bs = arg [— V,:VC:}’ vs = arg {— VZVIT} . (1.11)
u L0V ts cb¥cs

us

As will be shown in Sec. the angle 3 is related to B?— BY mixing through the appearance
of the CKM element V,, to leading order, and can be measured using B? — J /v ¢ decays.

1.3.1 Wolfenstein Parameterization

As was mentioned before, for three quark families, the CKM matrix can be parameterized
using four real parameters. The Wolfenstein parameterization is inspired by the observation
that |Vop| > |Vas| and |Vep| ~ |Vis|?, and takes the following form [16]:

Vekm = VCKM(O(/\g)) + O(/\4)
1— 42 A AN3(p —in)
= -2 1—3x2 AN? +0(0\Y . (112)
AN (1 —p—in) —AN? 1

The four real parameters are A, p,n and the expansion parameter A\, with A\ ~ 0.225.
To obtain the imaginary contribution to the coupling Vs, which is important in the
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Im

« Re
;oN* oYk
ViaVyn ViV .
V.V V.V VsV
cdVeh cdVeb VAR vEd
VesVy

D

Re

(a) (b)

Figure 1.1: (a) Unitarity triangle in the Bg system, historically known as 'The Unitarity
Triangle’ (UT). (b) Unitarity triangle in the BY system. In both pictures the sides are scaled
so that one of the sides is on the real axis and equal to one. In the SM, the magnitude of
the angle 35 is small, but in this picture it is shown enlarged for the sake of clarity.

B? — J/1 ¢ decay, a higher order expansion of the CKM matrix in ) is needed:

Vekm = Vexm(O(N?))
—%A‘l 0 0
+ TAIN[1 —2(p+in)]  —fXY(1+442) 0
AN (p +in) TAN L = 2(p+in)] —142X\4
Loy (1.13)
From this parameterization it follows that the apex of the UT is located at
VudVi, 2
- 40 = ~(1—-X/2 1.14
VeV (P:m) ~ ( /2)(p,n) (1.14)

which is in the first quadrant as shown in Fig. (a). Similarly, in the case of UTg, the
apex is at
)\2

VsV _ —
- b= (P 7T) = m(ﬂ,n) ; (1.15)

VesV3,
located in the third quadrant as shown in Fig. (b). Using the fact that A ~ 0.225, it
turns out that this figure is not to scale and 3, is actually very small, O(\?).

Using the angles defined in Eq. [I.10]and Eq. it follows that, in the phase convention
implied by the Wolfenstein parameterization (see Eq.[1.12)),

B = arg(—1)+arg(VeaVy) —arg (ViaVyy) = —arg(Via)
v = arg(—1) +arg(VudVy,) — arg(VeaVay,) = arg(Vyy,) = —arg (V)
Bs = arg(—1) +arg(VaVy) —arg(ViViy) = m —arg(Vjy) = m + arg (Vi)
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UT (s angle value (°)
o 911733
B 21.851 030
L |ty
Bs 1.0447 0.046

Table 1.1: Latest results of global fits to the UT ) angles from the CKMfitter Group, as
of the Moriond 2012 conference [17].

This implies that the CKM matrix can be written in the following way:

|Vl |Vus | |Vub|eim
Vekm = —|Veal Ves| [Ves| +ON) . (1.16)
[Viale™  —|Visle®s [V

The Wolfenstein parameterization will be used throughout this thesis, unless explicitly stated
otherwise.

1.3.2 CKM Constraints from Experiments

The CKM mechanism in the SM can be tested experimentally by measuring the lengths of
the sides and the interior angles of the unitarity triangles. The lengths of the sides of the
UT ) yield an indirect determination of the angles in the CKM matrix. Direct measurements
of the angles can be obtained from CP-violating observables in B decays. The combination
of these direct and indirect measurements provides a test of the consistency of the CKM
mechanism.

The current constraints on the location of the apex of the UT and UT; are shown in
Fig. and the resulting UT ;) angles are given in Table Notice that the location of
the apex is defined by only two parameters, P(s) and 7y, while there are various physical
observables that lead to different constraints, as indicated by the different colored regions in
Fig.[I.2] It follows that currently all measurements are consistent with the CKM description
of the weak interactions in the SM. That is, both the apex in the UT and the UT lie within
the uncertainty bounds of all measurements. More accurate measurements are needed to
reveal potential tensions in the CKM mechanism and possible deviations from the Standard
Model.

1.4 Mixing of Neutral B Mesons

Neutral B mesons have the property that they can oscillate to their antiparticle. This process
is called mixing. The flavour eigenstates of the B meson and the B? meson are

bd) . [B%) =lbd) ,

bs) , [BY) =|t3) . (1.17)

|BY)
|B2)
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Figure 1.2: (a) UT constraints. (b) UT; constraints. Both graphs are the latest results (as
of the Moriond 2012 conference) from the CKMfitter Group [17]. Notice that the UTy is
drawn to scale here, unlike the schematic picture in Fig. (b).

For the remainder of this section B will denote any neutral B meson, i.e. either a BdO ora
BY meson.

Since B mesons can oscillate between |B) and |B) states, the time evolution of the linear
combination |B(t)) = a(t) |B) + b(t) |B) can effectively be described by a two-dimensional

Schrédinger equation:
i% (‘;8) -H (Zég) , (1.18)

where the Hamiltonian can be written as

H-M- T ,
2
with the Hermitian matrices M, the so-called mass matrix, and I", the decay matrix. As-
suming CPT invariance, the masses and decay times of B mesons are equal. This implies
that M1y = Mss = M and I'y; = 'y = I'. In addition, for the off-diagonal elements,
responsible for mixing between |B) and |B) eigenstates, My, = M7, and I'y; = I'},, due to
hermiticity [18]. Hence the Hamiltonian can be written as

(1.19)

M-I My — ZT12)
H=( "2 2 . 1.20
(]\/[12 - 517 M -3 ( )

In the off-diagonal elements, Mo is dominated by short-distance (virtual) processes,
whereas I'12 is dominated by real intermediate states (long-distance processes), to which
both the B and the B mesons can decay [19, [20].
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By diagonalizing the Hamiltonian, the solutions to the Schrédinger equation for the mass
eigenstates are found: |By(t)) = e_(imH+FTHt)\BH(0)> and
|BL(t)) = e_(imL+FTLt)|BL(O)> with eigenvalues mpy — £T'y and my, — 5Tz, respectively.
In turn, these time-dependent mass eigenstates are linear combinations of the weak
flavour eigenstates:

|Bu..(t)) = p|B(t)) ¥ q|B(t) - (1.21)

Solving the eigenvalue equation for either A\y = Hy + \/Ha1 H1o with eigenvector (p, —q)
or A\, = Hy — +/Ha1 H12 with eigenvector (p, q) the ratio % is found to be

g _ Hy _ _ M1*2 - %FTZ (1 22)
p V Hio Mz — 3T
Expressing the time-dependent flavour eigenstate in Eq. in terms of mass eigenstates

gives
_ |BL(t)) +[Bu(t))

B(t 1.2
IB(1) > (1.23)
Inserting the time dependence of the mass eigenstates yields
_(imL+i)t|B (0) —(imu+TE )t
e 2 L +e | By (0))
BW) = - | (1.24)
P
Using the definition
gi(t) = S(e Ut g oty (1.25)
it is finally found that
q p—
|B(t)) = g+(t)|B) + ];g—(t)\3> : (1.26)

This equation expresses the time-dependent composition in flavour eigenstates of a state
|B(t)), initially produced as a |B) state.

Using these expressions, the probability to observe a |B) state in a measurement at time
t, provided that the original particle was produced as a | B) state, is given by

(BIB)* =lg+®) (1.27)
while the probability to observe a | B) state at time t that was produced as a |B) state is

2

\(BIB(0)? = ] RO (1.28)

q
p
where

e

gL (D = ;Ft <cosh(A2Ft):&:cos(Amt)> , (1.29)
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and

i

1
Am = myg—mp= 2Re\/(M12 - §I‘12)(M1*2 - ifj‘z) (1.30)

AT

1 1
FL — FH = —4Im\/(]\/[12 - §F12)(Mik2 - 51—‘){2) . (131)

Moreover, it is useful to define the average mass m = meJm and average width I' =
%. By definition Am > 0, but AT can, a-priori, have either sign. LHCb recently
determined the sign of AT to be positive [21] and this will be discussed in more detail in
Sec.b.7.3

Writing the ratio of M2 and I'15 in terms of its magnitude and phase, the convention-
independent phase difference ¢,/ is defined by

Mo ‘A/[H i
= =— |5 |eMr . 1.32
Mo |Tw (132)
Using the definition of the mixing phase
om = arg(Mi2) (1.33)
®ar/r is written as
dnyr = o — arg(—T'12) . (1.34)

In terms of the Hamiltonian matrix elements, Am and AI can then be written as

T 2
Am = 2|My| 1+O<12 )] (1.35)
Mo
T 2
AT = 2|I'ya|cosgur 1+0<‘Mi )] , (1.36)

where |T'12/Mi2| < 1 was used ﬂ
Finally, from Eq.[1.22] % can be written as

|Ma| + §|Trofe’®r/m

1 _emiowm 1.37
‘ | M| + £[Dyple™ @n/r (1.37)
As before, in the limit |T'12/Mj2| < 1, this can be written as
z% = —e~iPM[] — %] : (1.38)
with the so-called flavour-specific CP asymmetry
r .
Qgs ’]\4;122 sin g, (1.39)

IThis follows from experiments that show Am > |AT'| and theoretical calculations that show |T'13| <
Am [22].




24 1.5 Decay of Neutral B Mesons

2
where all terms of order (%) are neglected. The departure of this parameter from zero
12
is a measure of the amount of CP violation in mixing, which is discussed in Sec.[I.7] This
parameter can be measured with flavour-specific B decays. An example of these kind of
decays are semileptonic B decays, hence this parameter is also referred to as the semileptonic
CP asymmetry aq [14].

1.5 Decay of Neutral B Mesons

After production and mixing, neutral B mesons can decay in several hundreds of modes,
with branching fractions in the range O(10~! — 1071%) [23]. The time-dependent decay
amplitudes of flavour eigenstates to a final state f are defined as

Ay =(fIT|B) , A;={f|IT|B) |,

Az=(ITIB) . A7=(fTIB) . (1.40)

with T the transition matrix [24]. The decay rate of a B meson decaying to a final state f
is therefore

Ppop(t) = A ()17 = (FITIB@O) (1.41)
Defining the parameter -
qAs

==—— 1.42

1= A, (1.42)

and using Eq. this is rewritten as
Ppop(t) = [AfPlow (8) + Ap g-()1 (1.43)
The corresponding decay amplitude is
Ap(t) = Ap(0)[g+(8) + Arg-(B)] (1.44)

and is graphically represented in Fig.[I.3] which shows an example where the total ampli-

tude for a B meson decay to a final state, accessible to both B and B, consists of two
contributions: a direct decay, and a decay after mixing. Equation is expanded as

Poop(t) = A7 (lg+(OF + X Plg- (O + 2ReA; g (8) g-(1)]) - (1.45)
From the definition of g4 (¢) it follows that

—Tt
2
Using this and Eq. the decay rate finally becomes

ATt
(—sinh — T isin Amt) . (1.46)

—I't
e t

Tpop(t) = [Af?(1+[M]%) 3

ATt ATt
(cosh —~ = Dy sinh —~ + Cy cos Amt — Sy sin Amt) , (1.47)
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Sy

Apgr(t)

Figure 1.3: The amplitude of a B meson decaying to a final state f consists of two contri-
butions: the direct decay (Ay g+(t)) at the bottom and the decay after mixing (Ay Ay g—(t))
via the upper path.

where [25]

_ 2Re[)\] 1P ~ 2Im[)\f]
Dy = 1+\,\f|f2 » Cp= 1_;,_‘)\;‘2 , Sp= 1+|/\f|’2 . (1.48)

Equivalently, for the other possible combinations of B and B meson decays to a final state
f or f, the decay rates are

2 .
Dpg) = 9] 0Pt S
BT = A )=
(cosh % — 57 sinh % — 67 cos Amt + ?7 sin Amit) (1.49)
2 —T't
D e
a0 = l4f 2| as v S
(cosh % — Dy sinh % — Cy cos Amt + Sy sin Amt) (1.50)
., e T
Ig70) = [A77 A+ X7 —
(cosh % - 57 sinh % + 6? cos Amt — ?y sin Amt) , (1.51)
A—
i _ —_P_f
with )‘f = and
- 2Re[X7} = 17@7\2 = _ 21m[X7]
Fpg Fopgz f g (1.52)

1.6 Measurement of Relative Phases

The overall phase of an amplitude can be written as the combination of a phase that flips
sign under the CP transformation and a phase that is invariant. The former is referred to
as the weak phase ¢yeak, as it originates from weak interactions; the latter typically arises
from strong final state interactions. For processes with only one contributing amplitude,
the phase of this amplitude is not observable. However, when two amplitudes contribute,
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the magnitude of the total amplitude can differ between a process and its CP conjugated
process. This can be shown by writing the total amplitude as A = A; + As, where, without
loss of generality, the phase of A; can be chosen to be zero, and the relative weak and strong
phase difference between A; and A, are indicated by ¢ and 4, respectively:

Az |As| 45 40

Al = |A1‘ s Ail = ‘Alle € . (153)

In that case the total rate equals
AP = [ A1+ Asl? = | A1] + Aol | = | AP+ | As[2+2 | 41| Azl cos(0+) , (1.54)
whereas the CP-conjugated rate is
AP = || A1] + [As]e®e )" = | A1 |2 + |Aa|? + 2| Ay || As| cos(d — ¢) (1.55)
. The CP asymmetry then reads

_ AP - AP _ —2sindsin ¢
AR+ A2 AL/ Ag| 4 | A2l /| ALl + 2cos 0 cos ¢

Acp (1.56)

This shows that there can be an observable non-zero CP asymmetry, provided there is both
a strong and a weak phase difference between the contributing amplitudes.

1.7 Classification of CP Violation

Because Eq.[1.45] has three contributions, there are three ways to break the CP symmetry.
Therefore, the following types of CP violation can be distinguished:

1) CP violation in decay
CP violation in decay occurs when the decay rate of a B meson to a final state f differs
from the rate of a B meson to a final state f. This type of CP violation occurs when

Ay

T 41 . (1.57)

2) CP violation in mixing

CP violation in mixing occurs when the probability to oscillate from a B meson to a B meson
is different from the probability to oscillate from a B to a B meson. For this to happen, it
is required that

[(BIB(t)[* = Igl2 lg- (D) # \%I2 lg-(OF = KBIB@)I® (1.58)
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which follows from Eq. It follows that this requirement is satisfied when |q¢/p| # 1, or,

equivalently when
a_=|1- ’p
q

3) CP violation in interference between decays with and without mixing

There is a third type of CP violation which can occur even if there is neither CP violation
in mixing nor CP violation in decay. This type of CP violation is caused by the interference
between decays with and without mixing and can be observed in decays to a final state that
is accessible to both B and B mesons.

A special case occurs when the final state is a CP eigenstate: CP|fcp) = £|fcp). Then,
by definition, the final state can be reached by a direct decay to the final state B — fcp,
and via mixing and subsequent decay B — B — fcp. The CP asymmetry between a B
meson decaying to a final state fcp and its CP conjugated process is defined as

Ppoyp(t) —T5,,(t)
A = o T, 0 (1.60)

ATt
h 2

2) £0 . (1.59)

a_ cos —a_Dy Sinh% +a;Cycos Amt — aySysin Amt

a4 cosh % — a4 Dysinh % +a_Cycos Amt — a_Sysin Amt’

2
‘ . Note that, as

where a_ was defined in Eq.[L.59, and a, is defined as a;, = <1 + ‘%

opposed to the two previous types of CP violation, this CP asymmetry depends on ¢, because
of the dependence on decay time in B mixing.

The two amplitudes that contribute to the total decay amplitude are the direct decay of a
B meson to the final state and the decay where the B meson first oscillates before decaying,
as indicated in Fig.[I.4] Since now the total decay amplitude is the sum of two amplitudes,
their relative weak phase difference can be determined by comparing the decay process and
its CP conjugate processﬂ This type of CP violation can be observed in BY — J/v ¢ decays,
or more generally, in B? decays via b — cCs transitions.

1.8 CP Violation in Interference between Mixing and O —
c(¢s) Transitions

In B? decays that occur through b — cés transitions to a CP eigenstate, see for exam-
ple Fig.[[.4, CP violation can manifest itself through interference between decays with and
a4y
p Af

without mixing. Here, |)\f| = ) = 1, if one assumes that there is no CP violation in

mixing, i.e. |¢/p| = 1, and that penguin contributions (see Sec.[5.9) can be ignored, i.e.

2In this particular case, the origin of the strong phase difference is the mixing dynamics. For example,
in the simplified case where AT' = 0, from Eq.[1.25} it follows that mixing generates a phase difference of
exactly 90° between g4 (t) and g—(t).
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Figure 1.4: a) An example of a b — c¢(Cs) transition: Feynman diagram of a BS — J/¢ ¢
decay without mixing. b) Feynman diagram of a BY — J /v ¢ decay including mixing.

|As/Af| = 1. This leads to Cy =0, a; = 2 and a_ = 0, causing the decay time-dependent
CP asymmetry from Eq.[1.60| to simplify to

—Ssin Amt

Acp(t) =
ce(t) cosh% —Dfsinh%

(1.61)

In the case of BY — J/1 ¢ decays, an extra complication occurs because the final state
J/y ¢ is an admixture of CP eigenstates with eigenvalues n; = £1. The CP asymmetry

then becomes in 6, sin Ami
—1n sin ¢g sin Am

ACP(t) _ &f s
2

(1.62)

cosh — 1)y €OS ¢, sinh %

In this equation, ¢s = ¢dar —2 d(zs) is the relative weak phase difference, see Sec., where
be(zs) is the phase of the b — c(¢s) transition. The precise derivation of Sy = 1y sin ¢ and
Dy = ny cos ¢s is explained in more detail in Chap. In that chapter, it is also shown that
in the SM, the parameter ¢, is related to the angle 3,: ¢5M = —2 3,, which is expected to
be small. However, the value of ¢ can be enhanced by New Physics (NP) models, indicating
that the BY — J/1 ¢ decay mode is an important probe for New Physics. Before going
into the details of the analysis of B — J/1 ¢ decays in Chap. and Chap.@ it is time to
introduce the LHCb experiment.



CHAPTER
TWO

The LHCb Experiment

The Large Hadron Collider beauty experiment (LHCb) is a dedicated heavy-flavour physics
experiment at the Large Hadron Collider (LHC) at CERN, Geneva. The primary goal of
the experiment is to look for indirect evidence of New Physics (NP) in the heavy-flavour
sector, in particular by studying CP violation and rare decays of beauty and charm hadrons.
First, a description of the LHC itself is given, after which the design of the various LHCb
subdetectors is presented.

2.1 The Large Hadron Collider

The LHC is located in a 27 km long almost circular tunnel about 100 m underground on
average (the deepest point is at 175 m below the surface, the most shallow point at 50 m
below the surface). Before LHC construction, the 3.8 m diameter tunnel accommodated its
predecessor, the LEP collider.

The LHC collides two proton beams or two heavy ion beams, while collisions of pro-
tons with lead ions are also foreseen. LHCb has only taken data in proton-proton collision
mode so far and was switched off during lead-lead collisions due to too high final state flux
in the forward direction. The possibility to collect data in proton-lead collisions is being
investigated.

Protons are injected into the LHC at an energy of 450 GeV, using the pre-accelerators on
the CERN premises. A schematic picture of the accelerator complex is shown in Fig.
The LHC consists of over 1600 superconducting magnets that generate the magnetic field
to keep the accelerated particles in their orbit. These superconducting magnets operate at
a temperature of 1.9K using a cryostat with liquid helium. During the acceleration of the
beams from 450 GeV to the final collision energy of 3.5 TeV, the magnetic field is increased
to approximately 4 T [26].

At four distinct points in the LHC ring, the proton beams collide in caverns that house
the four major LHC experiments: ATLAS, CMS, ALICE and LHCb. ATLAS and CMS
are general purpose detectors and ALICE is designed specifically to study Pb-Pb collisions.
In addition, two smaller dedicated small angle experiments, TOTEM and LHCf complete
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the LHC physics program. TOTEM makes use of collisions in the CMS interaction region
to measure the total proton-proton cross section, while LHCf is located near the ATLAS
detector and performs experiments to calibrate collision processes in large scale cosmic ray
experiments.

During the 2010 and 2011 runs, the proton-proton center-of-mass collision energy was
7 TeV. This is only half the LHC design value, which is a safety precaution after the incident
in one of the LHC magnets on 19 September 2008. In the 2012 run the LHC will be operated
at /s = 8TeV and after upgrading the machine during a technical stop in 2013, LHC is
expected to operate at its design center-of-mass energy of 14 TeV in 2014.

The proton beams are not continuous, but spaced in bunches of about 10! protons each.
At design luminosity the LHC is filled with 2808 bunches, providing a bunch-bunch collision

rate of 40 MHz and a maximum instantaneous luminosity of 1034 cm=2s7!.

During the LHC startup in 2009, initially only two proton bunches collided. This was
gradually increased to 1320 colliding bunches by the end of 2011. In addition, the bunch
spacing was decreased from 75ns in 2010, to 50 ns during the 2011 run and, finally, in a
test run at the end of 2011, to 25ns. The implications of the bunch spacing for the Outer
Tracker subdetector of LHCb is discussed in section B.4.5 Most of the data described in
this thesis is taken with the 50 ns bunch spacing.

2.1.1 LHC Environment at LHCb

Because of their relatively long lifetime, B mesons travel a macroscopic distance in the de-
tector, typically in the order of a centimeter, before decaying into final state particles. In
LHCb, B meson decays are identified by their flight distance, their invariant mass and their
decay into a specific final state. The flight distance is measured by reconstructing the pp
interaction point, called the primary vertex and the point where the B meson decays, called
the secondary vertex. In order to limit combinatoric backgrounds and to avoid incorrect
association between primary and secondary vertices, LHCb is designed to run at an instan-
taneous luminosity in the range of 2 — 5 - 1032 cm 257!, where the number of single pp
interactions per bunch crossing is close to maximal.

In order to limit the instantaneous luminosity at the LHCb interaction point, the LHC
beams are displaced and defocussed. In this way LHCb can operate simultaneously to the
general purpose experiments ALTAS and CMS, but with reduced instantaneous luminosity.
Towards the end of 2011 the luminosity had reached 4 - 1032 cm~2s™!, an optimal value to
maximize event yields while ensuring efficient track reconstruction in high occupancy events.
The average number of visible pp interactions per bunch crossing was 1.5 at the end of 2011.
The total recorded integrated luminosity in 2011 was 1.1fb~?!, as shown in Fig.

LHCb measured the total bb cross section at /s = 7TeV to be 288 + 4 (stat.) +
48 (syst.) ub [27]. This implies a total amount of 3 - 10!! produced bb pairs at the LHCb
interaction point in 2011.
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Figure 2.1: Schematic picture of the CERN accelerator complex. Indicated by blue arrows
are protons that collide in the LHC experiments. They begin their journey in LINAC2 (a
linear accelerator), and are subsequently accelerated in the BOOSTER, the PS, the SPS and
finally in the LHC. Lead ions are indicated by green arrows and are coming from LINAC3
before being injected to the BOOSTER. The four large LHC experiments are also indicated:
ATLAS, CMS, ALICE and LHCb.

2.2 LHCb Requirements

Not only must LHCb be able to select bb events out of a minimum bias rate of 40 MHz, but
in addition, from this large set of events, it must identify specific (and often rare) B-hadron
decays. This requires an efficient trigger, which must be sensitive to many different final
states of interest.

The decay-time resolution must be good enough to resolve the rapid oscillations in the
BY — Eg system. This requires a precise vertex reconstruction. Sufficient momentum reso-
lution (directly related to mass resolution) is required to reduce combinatorial backgrounds.
Both these requirements are of crucial importance in the reconstruction and selection of
BY — J/v ¢ decays.

In addition, to differentiate between different B decay modes, the LHCb experiment
needs the ability to identify particle types in particular decays. For example, in the case of
BY — J/1 ¢ decays, it is important to correctly identify charged kaons and muons, since
the J/v) meson decays to u™pu~ and the ¢ meson decays to K™K ~. The design of the
LHCb subdetectors is discussed below.
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Figure 2.2: LHCb integrated luminosity at 3.5 TeV in 2011. The blue line is the deliv-
ered integrated luminosity, the red line is the recorded integrated luminosity. The average
recording efficiency was 90.8%.

2.3 The LHCb Detector

LHCb is a single-arm spectrometer with an angular coverage of 10-300 mrad in the bending
plane of the dipole magnet and 10-250 mrad in the non-bending plane. This particular choice
of detector geometry is justified by the fact that at high energies both the b and b hadrons
are mainly produced in the same forward or backward cone. A schematic picture of LHCb
is shown in Fig. and an event display showing a selected B? — J/1 ¢ candidate with all
the hits and tracks traversing the detector is shown in Fig.[2.4]

The LHCb subdetectors can be subdivided according to two main functionalities: the
tracking system (VELO, ST, OT and the dipole magnet) which serves to reconstruct charged
particle tracks through the detector and the particle identification system (RICH, ECAL,
HCAL, MUON system).

The LHCb trigger consists of a hardware component (L0) and a software component
(HLT). The subdetectors and the trigger of LHCb are briefly described in this chapter. More
detailed information on the various subsystems can be found in [26].

2.3.1 Beam Pipe

The beam pipe of the LHC in the LHCb experimental region is composed of beryllium, up
to z = 13m. Although beryllium is expensive, toxic and fragile, the main advantage of
beryllium is its large radiation length (little interaction with traversing particles).
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Figure 2.3: Schematic picture of the LHCb detector with all its subdetectors. A right-
handed coordinate system is chosen with the z-axis from left to right along the beam line,
and the y-axis pointing upwards in the vertical plane. The x-axis completes the right-handed
coordinate system.

2.4 Tracking System

Precise vertex and momentum reconstruction are needed to reconstruct BY — J/1 ¢ events,
since these two aspects provide the ingredients for the mass, angular and decay-time dis-
tributions that are used in the trigger, offline selection and the final BY — J/v ¢ decay
analysis.

The tracking system in LHCb consists of a large dipole magnet and the tracking subde-
tectors: the vertex locator (VELO) and the Tracker Turicensis (TT) upstream of the magnet,
and three tracking stations downstream of the magnet. The three downstream tracking sta-
tions consist of the Inner Tracker (IT) stations covering the central region close to the beam
pipe and the Outer Tracker (OT) stations covering the outside region. The TT and IT were
developed in a common project called the Silicon Tracker (ST).
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Figure 2.4: LHCb event display showing all the hits and tracks through the detector in an
event recorded on August 17, 2011, in xz projection (upper) and in yz projection (lower).
The green crosses indicate detector hits in the tracking stations, the red and blue histograms
represent detector energy in the ECAL and HCAL and the orange circles are detected photons
in the RICH. Reconstructed charged particle tracks are drawn in blue (in pink for muon
tracks). The purple zig-zag lines are the trajectories of Cherenkov photons in the RICH.
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2.4.1 LHCb Magnet

To measure the momentum of charged particles, the LHCb spectrometer consists of a warm
dipole magnet with an integrated magnetic field of 4 Tm. The magnet has saddle-shaped
coils in a window-frame yoke with sloping poles outside the LHCb acceptance. The principal
field component is in the vertical direction (y direction). The magnet weighs 1600 tons
and measures 11mx8mx5m. The integrated magnetic field allows to measure particle
momenta up to 200 GeV/c with a resolution between 0.3% and 0.5%. Figure shows a
photograph of the LHCb magnet.

Figure 2.5: The LHCb magnet prior to detector installation, consisting of the window-frame
yoke and saddle-shaped coils. The particles pass through the opening in the center.

2.4.2 VELO

The VELO measures track coordinates close to the interaction region. These measurements
are used to identify primary and displaced secondary vertices, which are a distinctive feature
of b and ¢ hadron decays.

The VELO consists of an array of modules with silicon strip detectors. One VELO module
consists of two sensors which are glued back-to-back: one to measure the azimuthal ¢-
coordinate and one to measure the radial r-coordinate. The r-sensors consist of semicircular
silicon strips, whereas the ¢-sensors contain straight silicon strips. The strips in the inner
and outer region of the ¢-sensor have a different angle with respect to the radial to improve
the pattern recognition capability. In addition, adjacent ¢-sensors have opposite skew in the
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inner and outer regions. A schematic picture of the VELO sensors is shown in Fig.
Two VELO modules (one on each side of the beam pipe) comprise one VELO station. The
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Figure 2.6: Schematic layout of the VELO sensors. An r-sensor is shown on the left. The
¢-sensor on the right shows the silicon strips of two adjacent modules superimposed, to
indicate the different angle with respect to the radial. In addition, the different orientation
of the strips in the inner and outer region is shown.

minimal reconstructable track polar angle is 15 mrad for particles traversing at least three
VELO stations, as shown in Fig.

Two detector planes at the upstream end of the VELO are called the pile-up (PU)
subdetector. The PU consists of r-sensors only, and has a dedicated 40 MHz readout, as
it is used in the Level-0 (LO) trigger. Originally, the PU was designed to veto events with
multiple pp interactions in one bunch crossing. Currently, the PU is used in the LO trigger
to detect beam-gas interactions. These are collisions of protons with gas atoms that are left
in the beam pipe vacuum. The PU distinguishes between beam-gas collisions coming from
LHC beam 1 and LHC beam?2.

The silicon sensors of the VELO are placed at a distance of 8 mm from the interaction
point. Since this distance is smaller than the beam aperture of the LHC beams during
injection, the VELO sensors are retractable over a distance of 30 mm. The sensors are
mounted in a vessel that maintains a secondary vacuum around the sensors. The sensors
are separated from the primary LHC vacuum by a thin aluminum box called the RF-box, to
guarantee ultra-high vacuum and to prevent RF pickup from the LHC beams. The design
of the RF-foil, the top layer in between the beam and the VELO sensors, is such that it
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Figure 2.7: Schematic layout of the VELO modules. This view is a cross section in the
(x,z) plane at y = 0. The two upstream (small z) module pairs are the modules of the
pile-up detector. 15 mrad is the minimal reconstructable track angle for which at least three
VELO stations are crossed. The maximal reconstructable angle is 390 mrad for the same
condition.

minimizes the amount of material traversed by particles and also allows the z-staggered
VELO sensors of a station to overlap in the closed position to obtain full azimuthal coverage
around the beam pipe.

2.4.3 Silicon Tracker (ST)

The ST consists of the Tracker Turicensis (TT) and Inner Tracker (IT), which both use
silicon microstrip detectors. The TT is located upstream of the LHCb magnet, whereas the
IT is placed downstream of the magnet.

Tracker Turicensis (TT)

The TT is approximately 160 cm wide and 130 cm high with an active area of about 8.4 m?2.
Its four detection layers are arranged in two pairs that are separated by 27 cm along the beam
axis. The four layers are constructed in x-u-v-z configuration, with vertically orientated
detection strips in the first and last layer (so-called z orientation), and strips rotated by —5°
(u orientation) and +5° (v orientation) with respect to the vertical in the second and third
layer, respectively. This so-called stereo configuration is also used in the IT stations and the
OT stations which are discussed later. A schematic picture of the TT is shown in Fig.[2.8]
Track candidates formed by the VELO and the tracking stations downstream of the
magnet are confirmed by hits in the TT upstream of the LHCb magnet to reduce the number
of fake track combinations. The TT also serves to measure track parameters of long-lived
particles that decay after the VELO, e.g. K9 and A. In addition, the TT detects slow
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particles that are bent out of the LHCb acceptance before they reach the region downstream
of the magnet.
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Figure 2.8: Schematic picture of TT layer 3, which is the stereo layer in v-configuration.
The various readout sectors are indicated by different shadings.

Inner Tracker (IT)

The IT is located downstream of the dipole magnet and consists of three four-layer tracking
stations. The layers in each IT station are constructed in the same z-u-v-z configuration
as used in the TT. The IT covers the region closest to the beam pipe in the center of
the downstream tracking system with a total active area of approximately 4.0m?2. The
dimensions of the IT are shown in Fig.

The four layers in each station are housed in 4 detector boxes which are separated by
4mm in z and have a 3mm overlap in y to avoid detector gaps and to facilitate detector
alignment.

2.4.4 Outer Tracker (OT)

The OT covers an area of about 5 x 6m?, surrounding the IT. It is a gaseous straw-tube
detector and consists of stand-alone, gas-tight detector modules containing two layers of
straw-tube drift cells. The OT consist of three OT stations, T1, T2 and T3, each of which
consists of four detection layers of OT modules, arranged in the same x-u-v-x configuration
as the IT and TT.

There are two main types of modules in the OT: F-modules which span the entire height of
the OT and S-modules which are installed below and above the IT. There are three different
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Figure 2.9: Schematic picture of an IT x-detection layer in the second IT station.

S-modules types: S1-modules have the same width but are smaller in length compared to
F-modules, while S2-modules are yet shorter and installed only on the OT A-side (positive
LHCb z-coordinate). Finally, S3-modules are half the width of the other OT modules and
installed only on the C-side (negative LHCb x-coordinate). A schematic picture of the OT,
including the position of the various module types, is shown in Fig. The QOuter Tracker
is discussed in greater detail in Chap.[3]

X

Figure 2.10: Schematic picture of the Outer Tracker. The three tracking stations T1, T2
and T3 each accommodate four layers of detector modules in x-u-v-x configuration. The
module type (F, S1, S2, S3) is indicated for modules in the first layer of T1. The supporting
C-frames can move in and out of the detector acceptance for service tasks.
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2.5 Particle ldentification

The particle identification (PID) subdetectors in LHCb are the RICH system, the calorimeter
system and the muon system. These serve to identify charged pions and kaons (RICH),
electrons and photons (ECAL and HCAL) as well as muons (MUON). For the B? — J/v ¢
decay, PID information is used to identify the two muons and the two kaons in the final state.
I