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1 Introduction

The study of fundamental physics is about understanding what everything is made of, and
how this interacts with each other. It is driven by curiosity, whereas applications of this new
knowledge are possibly being developed later. Currently, we have a precise understanding of
fundamental processes of matter directly around us. It is shaped by quarks that are bound
together in baryons by the strong force and form nuclei. Electromagnetism combines nuclei
with electrons to form atoms, and the weak force allows for radioactive decay. However,
when we use our knowledge of the “small” to explain observations of the “very big” —
at the scale of nebulae, galaxies and beyond — it quickly turns out that our knowledge
is insu�cient. In fact, we only understand about 5% of the total energy content of the
observable universe. In order to answer more fundamental questions such as “Why is the
universe the way it is today?” or “How is it possible that we exist at all?”, understanding
the phenomena at these larger scales is important. Modern fundamental physics research
is about shedding light on these questions. In particular, high-energy physicists try to
understand large scale cosmological observations by making high-precision, systematic
measurements of the interactions of fundamental particles.

The last century has seen large progress in understanding the fundamental building
blocks of nature, starting from the discovery of the electron by Thompson in 1897. Further
experimental progress has been made with the discovery of quarks in 1968 in deep-inelastic-
scattering experiments at the Stanford Linear Accelerator Center (SLAC), and theoretical
progress with the complete formulation of the Standard Model (SM) of particle physics
shortly after. The most recently discovered particles that the SM predicted are the top
quark in 1995 at the Large Electron Positron collider (LEP), the tau neutrino in 2000 at
the Tevatron collider and the Higgs boson in 2012 at the Large Hadron Collider (LHC)
completing the last piece of the SM.1 The SM describes the known particle interactions —
electromagnetic, weak- and strong nuclear forces — except gravity, which is too weak to
have any e�ect at the level of individual particle interactions, when probed at energies
far below the Planck scale Mpl ¥ 1019 GeV. Its predictions for physical processes have
been experimentally tested to high precision in various ways during the past decades, and

1In the late 19th century physicists generally believed that fundamental physics was almost fully
understood. Obviously, this turned out not to be the case.
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the measurements have been in agreement with the SM.2 For an impressive overview, see
Ref. [2, 3].

Nevertheless, open issues remain for which the SM has no answer. For instance,
observations of galaxy rotation speeds, gravitational lensing and the power spectrum of the
cosmic microwave background indicate the existence of matter that couples gravitationally,
so-called dark matter [4]. It appears to be about a factor 5 more abundant in the
universe than the normal baryonic matter, although we have never managed to observe
it directly. Ongoing e�orts include searches for its production in collider experiments,
through scattering of cosmic dark matter particles in experiments such as LUX and
XENON1T, and in searches for gamma rays from dark matter pair annihilation in the
universe [5]. Another fundamental open question is why there is any matter in today’s
universe at all. Known physics processes that convert energy to matter, create an equal
amount of antimatter. The same is believed to have happened during the big bang. In the
present day, however, all objects we see are made of matter. How this came about is not
clear, since matter and antimatter would annihilate already in the early universe, resulting
in only a sea of radiation and leave no matter to form any stars or planets. What is the
reason for the matter dominance? Could it be that antimatter populates di�erent regions
of the universe? In that case, we would expect to observe gamma rays from annihilation
processes at the boundaries of these “antimatter pockets”, since even the vacuum of space
is not completely empty. In addition, similar to high-energetic cosmic rays consisting of
matter particles, we would expect to find cosmic radiation of antiparticles originating from
these regions, which have not been observed [6]. Finally, could it be that gravity has an
opposite e�ect on antimatter, and is thus “pushed out” of the universe? This idea is being
tested at CERN [7], but so far there are no indications to believe that this is the case.
The most likely explanation for a matter-dominated universe is the existence of a process
that is di�erent for matter and antimatter, which eventually results in an excess of matter
in the early universe (see Sec. 1.2.1). Such processes exist within the SM and are called C-
and CP violating. Can the SM perhaps explain the matter dominance that we observe in
the universe?

The amount of matter excess can be described by the di�erence of baryon-antibaryon
densities, divided by the amount of radiation in the cosmic microwave background (CMB),

÷ ©
nB ≠ n

B

n“

¥ (6.1 ± 0.3) ◊ 10≠10, (1.0.1)

where the amount of radiation in the CMB depends on matter-antimatter annihilation
processes which occurred when the universe was still in thermal equilibrium. The baryon
asymmetry [2] is inferred from the abundance of light elements like 3He and 7Li in big-bang
nucleosynthesis. More recent determinations are obtained from the CMB, by measuring
the e�ect that the baryon density has had on the acoustic peaks of the CMB spectrum,
when the universe was still in thermal equilibrium [8]. Both methods are in agreement.

2This ignores the measurements of an anomalous magnetic moment of the muon and lepton universality
tests (in ratios of ·≠ to µ≠ and µ≠ to e≠ processes) which are currently at 3-4 standard deviations away
from their predictions [1], as well as the proton radius puzzle in muonic atoms.
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In 1987 Cecilia Jarlskog proposed an invariant parameter to quantify the amount of
CP violation in the SM [9]. It is written as

J = det[Mup 2
ij

, Mdown 2
ij
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= (m2
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where Mup
ij

and Mdown
ij

are the up- and down quark mass matrices, mx are the individual
physical quark masses and V–i are CKM elements that will be introduced in Sect. 1.1.2.
This Jarlskog invariant is independent of any phase convention, and is zero if there is no
CP violation. In order to construct a dimensionless measure of the amount of CP violation
in the SM, the energy density (or equivalently, temperature) of the universe at the time
that quark masses became non-zero (due to the Higgs mechanism), T & 100 GeV is used
(see Sect. 1.2.1), to find an asymmetry parameter:

J

(100 GeV)12 ¥ 10≠20, (1.0.3)

which appears to be at least 10 orders of magnitude smaller than the asymmetry in
Eq. 1.0.1. This implies that there is not enough CP violation in the SM to explain the
matter-antimatter asymmetry in the universe.

Beyond the Standard Model
Extending the SM with additional particles and/or forces allows to introduce additional
sources of CP violation, as well as candidates for dark matter. Searching for these new
particles at colliders can be done in two ways. Firstly, direct production of new particles
can occur when the collision energy is larger than the mass of the new particle. This
process is limited by the centre-of-mass energy of the collider, which is 13 TeV for the
proton-proton collisions at the LHC. For pair production, the centre-of-mass energy must
be at least twice the mass. For associated production with e.g. a top quark it can be
less. However, for proton colliders such as the LHC one has to take into account the
fraction of energy of the actual colliding parton inside the proton. This suppresses the
direct production rate of high-mass particles.

Secondly, indirect detection can be done by precisely measuring a known SM process.
New particles and forces can contribute to such a process and cause a deviation with
respect to the SM predictions. This is how the existence of the charm quark was inferred
from kaon decays in 1970, and how the process of B-mixing indicated in 1987 that the top
quark must be heavy, before its discovery. Processes that are particularly sensitive to new
contributions are particle transitions that occur through quantum loop diagrams in the SM.
New particles that couple to the on-shell states may contribute in the virtual loop, without
having to be created directly. This can a�ect the total probability, angular distributions or
phase of the process. The size of their e�ect on a process is determined by their coupling
to the SM particles, and is suppressed by the di�erence between their mass and the energy
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transfer in the system. The sensitivity of indirectly measuring e�ects from new particles is
thus still limited by their mass, but a sensitivity to masses of O(10 ≠ 1000 TeV) can be
reached using such measurements, depending on the process and the physics model. Any
hint of physics beyond the SM at O(10 TeV) is likely to be accessible for direct detection
in a future collider such as the future circular collider (FCC).

This work
The goal of this research is to make precision measurements of processes that are predicted
in the SM with high accuracy. The studied process is CP violation in mixing in the B0

and B0
s

systems, which involves the sensitive quantum loops described above. The SM
predictions of the relevant parameters, ad

sl and as

sl, are practically equal to zero. Any
measured deviation from zero hints at new contributions, which may a�ect the amount of
CP violation in the early universe.

The large amounts of B0 and B0
s

mesons required for these measurements are produced
by the LHC, a 27-km-circumference proton synchrotron at CERN, in the years 2011 and
2012. The data are collected by the LHCb detector, where the b stands for the b quark.
The main challenge in measuring ad

sl and as

sl is to understand the detection e�ciency
di�erences between matter and antimatter particles with high precision. Before discussing
the analysis details, however, a short review of the SM and the concept of CP violation is
presented.

1.1 The Standard Model
In the following section, the basic concepts and nomenclature of the SM and CP violation
in the quark sector are introduced. These concepts underlie certain decisions that are
made in the following chapters, and allow for easy reference. Throughout this thesis,
natural units where c = ~ = 1 are used.

1.1.1 Fundamentals
In the SM particles are represented by excitations of associated fields in 4-dimensional
space-time. The fundamental matter particles in the SM are fermions; spin-1/2 fields that
are further subdivided into quarks and leptons. Quarks come in six flavours, up (u), down
(d), strange (s), charm (c), beauty (b) and top (t), increasing in mass. Leptons also come
in six flavours, electron (e), muon (µ), tau (·≠), and three corresponding neutrinos, ‹e, ‹µ

and ‹· .
Symmetries play a fundamental role in the SM. They are linked to conservation laws by

Noether’s theorem. Continuous external and internal symmetries are discussed here, while
discrete symmetries are discussed in Sec. 1.1.2. The observation that any physical process
on a field, e.g. an electromagnetic interaction on an electron, must be invariant under a
time translation leads to energy conservation. The invariance of these processes under
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spatial translations results in conservation of momentum. Free relativistic spin-1/2 fields
that obey energy and momentum conservation are described by the Dirac Lagrangian
density

L = Â(i“µˆµ ≠ m)Â, (1.1.1)

where the fermion fields are represented by so-called spinors, Â, the “µ are the gamma
matrices, ˆµ is the partial derivative, and µ runs over space and time indices. The equations
of motion of the fields are obtained from the Euler-Lagrange equations using the Dirac
Lagrangian density. These equations allows particle solutions for both positive or negative
energy (or travelling forwards and backwards in time), introducing the concept of a particle
with negative energy being equal to an antiparticle with positive energy. For every fermion
described above an antiparticle is introduced, indicated by an overhead bar.

Interactions are introduced by requiring that the Lagrangian density is locally invariant
under a continuous internal symmetry called a gauge symmetry. Electromagnetism is
obtained by enforcing a local U(1) symmetry on the fields. This means that the Lagrangian
density has to be invariant under local phase shifts of the fermion fields. To maintain
invariance the partial derivative is replaced by the covariant derivative in the Dirac
Lagrangian density:

ˆµ æ Dµ © (ˆµ + ieaµ). (1.1.2)

This introduces a spin-1 gauge field aµ with a coupling to the fermion fields, and a dimen-
sionless coupling constant e describing the strength of the interaction. The infinitesimal
generator of this U(1) group is called weak hypercharge or YW , and its eigenvalues are
conserved quantum numbers of the fermion. The aµ field itself, also called a vector boson
field (or force carrier), is described by the Proca Lagrangian density for spin-1 fields,

L = ≠
1

16fi
(ˆµa‹

≠ ˆ‹aµ)(ˆµa‹ ≠ ˆ‹aµ) + 1
8fi

m2aflafl, (1.1.3)

where m = 0 for the photon.
In 1957, observations using decays of 60Co atoms demonstrated that the weak interaction

only acts on particles with negative, or left-handed, chirality [10].3 In analogy to spin, the
weak isospin T is introduced. For right-handed particles, T = 0 by construction and each
fermion is considered to be a weak isospin singlet. For left-handed particles, T = 1/2, and
up- and down-type fermions within one generation are considered to be the same particle
under the weak interaction, with only a di�erent value for the third component of the
weak isospin, T3. For antiparticles the right-handed fields form weak isospin doublets, and
the left-handed fields form weak isospin singlets. In other words, the left-handed fermions
(right-handed antifermions) are grouped into weak isospin doublets, e.g. ÂL = (uL, dL)T ,
and the weak interaction originates from the SU(2) rotational symmetry in these isospin
doublets. The Lie group SU(2) has three infinitesimal generators — represented by the
three Pauli matrices, · 1,2,3 — and requiring local gauge invariance introduces three fields,

3In terms of the field theory operators, this means that the operator coupling between the SM fermions
and the (charged) weak force carriers is of the form “µ(1 ≠ “5) or (V ≠ A) (“vector minus axial vector”).
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b1,2,3
µ

. The covariant derivative for the weak interaction is of the form

ˆµ æ Dµ © ˆµ + ig·̨ · b̨µ, (1.1.4)

where g is the dimensionless coupling constant of the weak interaction. The o�-diagonal
Pauli matrices cause a transformation between up- and down-type fermions, resulting in
flavour-changing processes. In fact, linear combinations of ·1 and ·2 form ·+ and ·≠, which
purely transform up-type to down-type, and vice-versa. The fields associated with ·± are
the W ± boson fields or charged currents. ·3 is diagonal and thus flavour-preserving.

The weak interaction is similar to the electromagnetic force, only its range is found
to be very short, indicating that the corresponding force carriers are heavy. This poses a
problem, since the mass term (i.e. a term with the field squared) for a gauge boson in
the Lagrangian density (Eq. 1.1.3) breaks gauge invariance. The solution [11, 12] is to
introduce a complex scalar field which is a weak isospin doublet,

„ = 1
Ô

2

A
„1 + i„2

„3 + i„4

B

. (1.1.5)

The Lagrangian density of the scalar field is described by the Klein-Gordon equation with
a potential,

L = (Dµ„)†(Dµ„) ≠ V („), (1.1.6)

and couples to the gauge fields (aµ, b1,2,3
µ

) through the covariant derivative. The potential
takes the shape V („) = µ2„†„ + ⁄(„†„)2, which is similar to a ’Mexican hat’ (see Fig. 1.1)
for µ2 < 0. At high energies — in the early universe — any value for „ where the potential
is significantly smaller than the temperature is equally likely, and averages out to zero
due to the symmetry in V („). However, at lower energies the potential forces the „

fields to go into the lowest energy configuration in the ’rim of the hat’, also called the
vacuum expectation value (VEV). This means that one of the fields must be non-zero;
and „1 = „2 = „4 = 0 and „3 = v + h are chosen, where v is a constant (describing the
’horizontal’ distance from the central peak to the lower rim of the hat) and h describes the
fluctuations of the field around the VEV. The degrees of freedom that are lost in the „ field,
„1,2,4, re-appear as mass terms for the vector bosons (W ±, Z0) in the Lagrangian density
due to the covariant derivative [13–15]. In other words, at high energies the electroweak
Lagrangian is gauge symmetric, and is “spontaneously” broken at lower energies to form
massive gauge fields. In addition, an additional scalar field h is introduced to the theory,
with a mass term of its own, 3- and 4-point self-couplings, and couplings to the vector
bosons proportional to the newly created mass terms. This is called the Brout-Englert-
Higgs mechanism of spontaneous symmetry breaking, and was applied to electroweak
(EW) theory by Weinberg and Salam. Together with Glashow they were awarded the
1979 Nobel prize in physics for their work on the EW interaction. The scalar field h is
called the Higgs field, and the discovery of the Higgs boson at the LHC in 2012 [16,17]
completed the SM and resulted in the Nobel prize in physics for Englert and Higgs in
2013. One of the four vector bosons is the massless photon field. In order to ensure that
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11.4. BREAKING A GLOBAL SYMMETRY 179

11.4.2 µ2 < 0

V(  )Φ

When µ2 < 0 there is not a single vacuum located at
�

0
0

�
, but an infinite number of vacua that satisfy:

�
�2

1 + �2
2 =

�
�µ2

�
= v

From the infinite number we choose �0 as �1 = v and
�2 = 0. To see what particles are present in this model,
the behaviour of the Lagrangian is studied under small
oscillations around the vacuum.

Looking at the symmetry we would use a �ei�. When
looking at perturbations around this minimum it is nat-
ural to define the shifted fields � and �, with: � = �1 �v
and � = �2, which means that the (perturbations around
the) vacuum are described by (see section 11.5.2):

�0 =
1�
2
(� + v + i�)

η

ξφ2

φ1
[2] [1]

circle of vacua

Using �2 = ��� = 1
2 [(v + �)2 + �2] and µ2 = ��v2 we can rewrite the Lagrangian in

terms of the shifted fields.

Kinetic term: Lkin(�, �) =
1

2
�µ(� + v � i�)�µ(� + v + i�)

=
1

2
(�µ�)2 +

1

2
(�µ�)

2 , since �µv = 0.

Potential term: V(�, �) = µ2�2 + ��4

= �1

2
�v2[(v + �)2 + �2] +

1

4
�[(v + �)2 + �2]2

= �1

4
�v4 + �v2�2 + �v�3 +

1

4
��4 +

1

4
��4 + �v��2 +

1

2
��2�2

Neglecting the constant and higher order terms, the full Lagrangian can be written as:

L(�, �) =
1

2
(�µ�)2 � (�v2)�2

� �� �
massive scalar particle �

+
1

2
(�µ�)

2 + 0 · �2

� �� �
massless scalar particle �

+ higher order terms

We can identify this as a massive � particle and a massless � particle:

m� =
�

2�v2 =
�

�2µ2 > 0 and m� = 0

h

φ

φ
3

4

| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
|

v− v

Figure 1.1: Potential V („) of the scalar Higgs field in Eq. 1.1.6, visualized in the „3, „4 plane. In
the broken phase, the field theory is described from the minimum of the potential at the VEV,
|„3| = v. Perturbations around this minimum are described by the Higgs field h.

one of the four vector bosons remains massless after spontaneous symmetry breaking, the
weak hypercharge of the Higgs field has to be Y = +1. In addition, a linear combination
of the aµ and b3

µ
fields is made, parametrized by the weak mixing angle ◊W ,

Aµ = aµ cos(◊W ) + b3
µ

sin(◊W )
Zµ = ≠aµ sin(◊W ) + b3

µ
cos(◊W ) (1.1.7)

The coupling of a fermion to Aµ, the massless photon field, is Q = T3 + YW /2 and also
known as the classical charge. The Aµ and Zµ fields, together with the W ±

µ
fields, are the

force carriers of the EW interaction.

The strong force is responsible for binding the quarks together in hadrons: baryons (three
quarks or three antiquarks) such as the proton (uud), neutron (udd) or »0

b
(udb), and

mesons (one quark and one antiquark) such as the b mesons B0 (b̄d), B+ (b̄u) and B0
s

(b̄s),
the d mesons D≠ (c̄d) and D≠

s
(c̄s), kaons K+ (s̄u) and pions fi+ (ud̄). The strong force is

described by introducing a colour-charge quantum number, which comes in three variants,
“red”, “green” and “blue”, and by requiring that the Lagrangian density is invariant under
a local rotation in this colour space corresponding to elements of the group SU(3). Only
quarks have a non-zero colour charge and couple to the strong force. There are eight
infinitesimal generators of SU(3), represented by the eight Gell-mann matrices, and thus
eight fields called gluons. These gluons are all massless and di�er only from each other by
the colour charges they carry. The SM content is summarized in Fig. 1.2.

The probability of a quantum process to occur is calculated with perturbation theory.
The calculations are represented by Feynman diagrams, and adding more vertices to the
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Figure 1.2: Overview of the fermions, force carrying bosons and Higgs boson in the SM. Values
shown are the PDG best known values of 2008 [2]. Credit: Wikipedia.

diagram corresponds to calculating higher order perturbations of the process. Unlike
in the electroweak interaction, the strong coupling strength, –s, is larger than one in
the case of low-energy processes. Therefore, perturbation theory can only be applied
in QCD for the calculation of high-energy parts of a diagram. Alternatively, certain
approximations and models allow to make numerical statements about the soft, bound
QCD part (see Sec.1.2.6), although this is usually the limiting factor on the precision
of SM calculations. In calculations involving B mesons, an approximation can be made
using the fact that one quark constituent is much heavier than the other. This is called
heavy quark e�ective theory (HQET), and allows for more precise theoretical calculations.
Inputs from measurements allow to constrain the validity of these approximations and
models, while direct numerical calculations are attempted using e.g. lattice QCD.

1.1.2 The quark sector

Not only mass terms of vector bosons break gauge symmetry: also the mÂÂ term in the
Dirac Lagrangian density (Eq. 1.1.1) is not gauge invariant under the weak interaction. In
order to insert mass terms for the fermions, the same Higgs field is used that gives mass
to the weak vector bosons by introducing couplings of fermions to the Higgs field by hand.
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These are called the Yukawa couplings,

≠ LYukawa = Yij Â
L,i

„ ÂR,j + hermitian conjugates (h.c.), (1.1.8)

where ÂL,i is a vector of the left weak-isospin doublets, with one component for each
flavour generation i,4

ÂL,i =
A

qup
L,i

qdown
L,i

B

=
A

uL

dL

B

,

A
cL

sL

B

,

A
tL

bL

B

. (1.1.9)

The „ is the complex scalar Higgs field (Eq. 1.1.5) that demotes the left-handed isospin
doublets to singlet terms. The right-handed fields ÂR,j are the weak-isospin singlets and
Yij is a complex 3-by-3 matrix in flavour space. After spontaneous symmetry breaking,

„ =
A

0
v

B

and the Lagrangian becomes

≠ LYukawa = Mup
ij

qup
L,i

qup
R,j

+ Mdown
ij

qdown
L,i

qdown
R,j

+ h.c., (1.1.10)

where the Mij = vÔ
2Yij matrices represent the mass terms for the quarks. For leptons,

similar Yukawa couplings are introduced. The matrices Mij are allowed to have o�-diagonal
components that mix flavour generations. This would mean that the current fields are not
in a Hamiltonian eigenstate, and thus the quarks in this basis do not have a well-defined
mass and lifetime. Diagonalization of Mij occurs in general through a transformation with
two unitary matrices Mdiag

ij
= VLMijV

†
R

. Inserting V †
L

VL = V †
R

VR = 1 on both sides of Mij

in Eq. 1.1.10, the corresponding rotation of the quark fields in the Hamiltonian eigenstate
basis is

qH,up/down
L/R,i

= (V up/down
L/R

)ij qup/down
L/R,j

. (1.1.11)

The Yukawa Lagrangian now contains well-defined mass terms, but the quark fields have to
be expressed in the same basis throughout the whole Lagrangian. This is relevant for the
coupling of the left-handed quarks with the W ± bosons through the covariant derivative
in the Dirac Lagrangian, which contains terms like

qup
L,i

“µ W ≠
µ

qdown
L,j

+ qdown
L,i

“µ W +
µ

qup
L,j

= qH,up
L,i

(VCKM)ij “µ W ≠
µ

qH,down
L,j

+ qH,down
L,i

(VCKM)†
ij

“µ W +
µ

qH,up
L,j

, (1.1.12)

where VCKM = V up
L

V down†
L

is called the Cabibbo-Kobayashi-Maskawa matrix, and describes
the relative coupling of the W ± bosons to a specific up-type quark and a specific down-type
quark5.

The CKM matrix is a complex 3-by-3 matrix, constrained by unitarity. In general such
a matrix can be described by n2 = 9 degrees of freedom, of which 1

2n(n ≠ 1) = 3 Euler
angles and 9 ≠ 3 = 6 phases. Since VCKM only appears in combinations with quarks like

4For convenience the colour index is omitted here.
5By convention the up-type flavour and Hamiltonian eigenstates are chosen to be equal, and the

down-type quarks are rotated
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Eq. 1.1.12, choices of the relative quark phases can compensate for 2n ≠ 1 = 5 phases
in VCKM. This leaves one free phase in VCKM, usually called ”CP . Note that for less than
three flavour generations, there is no complex phase (which means that there would be
no CP violation in the SM). The CKM description and the prediction of CP violation
was attributed the Nobel prize in physics in 2008. The CKM matrix is often given in the
Wolfenstein parametrization,

VCKM =

Q

cca

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

ddb ¥

Q

cca

1 ≠
1
2⁄2 ⁄ A⁄3(fl ≠ i÷)

≠⁄ 1 ≠
1
2⁄2 A⁄2

A⁄3(1 ≠ fl ≠ i÷) ≠A⁄2 1

R

ddb , (1.1.13)

which is written here up to O(⁄3), where ⁄ ¥ 0.23. The flavour structure is remarkable:
diagonal elements representing transition probabilities within one flavour generation
are close to one, while o�-diagonal elements are suppressed. A proper explanation for
this structure is lacking, but inspires models beyond the SM with additional (broken)
symmetries. The unitarity condition V †

CKMVCKM = 1) is tested by measuring processes
involving these CKM elements and combinations of them, and has been a major goal of
flavour physics for many years. Any deviation from unitarity would indicate contributions
from a new generation, or from non-SM processes that are not flavour invariant.

In analogy, the lepton sector has a similar matrix originating from the Yukawa couplings,
called UPMNS. By convention the down-type leptons (e≠, µ≠, ·≠) have identical mass- and
flavour eigenstates, while the up-types (‹e, ‹µ, ‹· ) are rotated into their mass eigenstates
(‹1, ‹2, ‹3). Besides a completely di�erent matrix structure, the phenomenology is also
di�erent in the lepton sector. A quark is defined, and mostly identified, as a Hamiltonian
eigenstate in which it will partake in strong interactions. Only when the weak interaction
is involved, a down-type quark is regarded as a superposition of all down-type quark
flavour eigenstates. In contrast, a neutrino only partakes in the weak interaction and is
identified by its flavour eigenstate. In addition, neutrinos are not bound by QCD and
can travel large distances coherently in their superposition of Hamiltonian eigenstates
due to their small mass di�erences. The resulting neutrino flavour oscillations prove the
existence of neutrino mass di�erences, and its discovery was awarded the Nobel prize in
Physics in 2015. Such phenomenology will not be observable in the quark sector, but
it is mentioned because it may originate from the same principle of Yukawa couplings,
although the couplings are very small.

Apart from its success in predicting processes in nature, the SM requires inputs for
many fundamental parameters. All in all, the degrees of freedom in the SM are the 12
fermion masses, the coupling strengths to the 3 gauge groups, 2 ◊ 4 parameters for VCKM

and UPMNS and the Higgs mass and VEV. Including ◊QCD, which describes the size of
CP violation in strong interactions,6 there are 26 free parameters in the SM that require
experimental determination.7

6◊QCD has been constrained to be < 10≠10 using neutron electric dipole moment measurements [2, 18],
indicating a fine-tuning problem in the contributing diagrams known as the strong CP problem.

7This is assuming that neutrinos only have a Dirac mass. If they are Majorana (i.e. neutrinos are their
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1.2 CP violation
This section is focused on the discrete symmetry transformations that are probed when
measuring CP violation. The parity operator P flips spatial directions: on a scalar field it
implies P„(x, t) = „(≠x, t). For Dirac spinors the transformed fields are required to obey
the Dirac equation, resulting in PÂ(x, t) = ei„“0Â(≠x, t) (and PÂ(x, t) = e≠i„Â(≠x, t)“0).
The phase „ is arbitrary. As this transformation flips the spatial direction of a particle,
also its helicity is inverted, which in the massless limit equals the chirality or handedness.
The weak interaction only couples to the left-handed particles (right-handed antiparticles),
and thus maximally violates parity.

The charge operator C transforms a particle to its antiparticle wave function, which
has opposite electrical charge, while leaving the helicity unchanged. On a scalar field
the operation is defined as C„(x, t) = „†(x, t), which is also defined for neutral particles.
Requiring that fermions also obey the Dirac equation after C transformation results in
CÂ(x, t) = i“2“0Â

T (x, t) (and CÂ(x, t) = iÂT (x, t)“2“0). Again, the weak interaction
maximally violates charge operation symmetry, since the helicity does not flip sign under
C.

The combined CP operation on a fermion takes the form CPÂ(x, t) = iei„“2“0Âú(≠x, t),
which takes a fermion state to the antifermion state with opposite helicity, and intuitively
seems to leave the weak interaction invariant. The transformation of a Yukawa-like term
in the Lagrangian transforms into CP (Â1„Â2) = Â2„

†Â1. Applying this to Eq. 1.1.8, the
result is that the Yukawa Lagrangian is invariant under the CP operation if Yij = Y ú

ij
,

or in other words, if the complex phase ”CP in VCKM is zero. If this phase is non-zero,
violation of CP symmetry in the weak sector may occur.

1.2.1 Sakharov conditions
In the introduction we discussed that there was not enough CP violation in the universe to
explain the size of the observed baryon asymmetry. In fact, more than just the occurrence
of CP violation is needed. In 1967 Sakharov noted three conditions required to produce a
net baryon asymmetry in the universe, later to be known as the Sakharov conditions: [20]

• baryon number violation
• thermal non-equilibrium
• C and CP violation

Consider the following toy model [21]. In order to create a net baryon number from a
state with no net baryons, a process must exist that violates baryon number,

X æ Y + B, (1.2.1)

own antiparticle) there are additional degrees of freedom. Extensions to the SM that try to understand
the unnatural small size of neutrino masses, such as a “seesaw mechanism” [19], require a Majorana mass.
Whether this is the case is actively being researched in e.g. neutrino-less double beta decay experiments
such as GERDA.

11
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where X and Y are particles without baryon number, while B is a particle with non-zero
baryon number. If there is enough energy in the system and the particles are continuously
in contact with each other, one can assume that the reverse process (Y + B æ X) happens
at the same rate. Thermal non-equilibrium ensures this not to be the case, and suppresses
the reverse process by a Boltzmann factor ≥ e≠MX/T , where MX is the mass of X. The
violation of C implies that a process creating a net amount of baryons has a di�erent
probability than the charge-conjugate process, which creates antibaryons,

P (X æ Y + B) ”= P (X æ Y + B). (1.2.2)

The violation of CP then ensures that a left-handed process creating a net amount of
baryons is not balanced by the right-handed equivalent creating antibaryons, which would
still leave the total (left- plus right-handed) baryon number invariant:

P (XL æ YL + BL) ”= P (XR æ Y R + BR). (1.2.3)

Finally, CPT symmetry makes sure that the total probability of all processes equals the
sum of probabilities of all antiparticle equivalent processes. Therefore, a second competing
process to which X (X) can decay, say X æ Y + Z (and X æ Y + Z) must exist, where
Z has a di�erent baryon number than B, in order to end up with a non-zero net baryon
number.8 One source of C and CP violation is provided by the EW interaction as discussed
in the previous section. The CP violation in the quark sector, in particular in neutral B

mixing, is the main subject of this dissertation.
Baryon number violation is allowed by the SM as well, as is seen in quantum processes

known as triangle anomalies [21]. These anomalies violate (left-handed) baryon number B

and lepton number L individually but conserve (B ≠ L). These processes are associated
with transitions between an infinite number of vacua at finite temperature that have
di�erent baryon numbers, and are called sphalerons. In the early universe, at temperatures
larger than the EW symmetry breaking scale (T & 100 GeV) they are thought to have
been abundant. In various models beyond the SM, other processes such as leptoquark
interactions can occur that would also violate baryon (and lepton) number.

Thermal non-equilibrium can occur if the expansion of the universe occurs faster than
the typical interaction rate of the processes described above. As such, a period of inflation
would be a good candidate. However, there are various reasons to believe that a net
baryon excess has to be created after inflation [22], one of which is that the universe should
be basically empty after a period of exponential expansion. Two of the most popular
alternative explanations exist in the literature: leptogenesis and electroweak baryogenesis.
In leptogenesis models, a lepton asymmetry is created in the very early universe due to the
decay of heavy right-handed neutrinos. This eventually turns into a baryon asymmetry at
lower energies due to sphaleron processes. In contrast, EW baryogenesis can potentially
occur within the SM. In EW baryogenesis, the baryon asymmetry is created around the

8Compare this to the equal lifetimes of B+ and B≠ mesons, even though some CP -conjugate partial
widths di�er, e.g. �(B+

æ fi0K+) ”= �(B≠
æ fi0K≠).
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EW scale, through the EW-symmetry-breaking bubble wall. If the EW phase transition
is of first-order, bubbles with the broken phase inside will appear and expand in a sea
of the unbroken phase as the universe cools down. It is at the border of these quickly
expanding bubbles that thermal non-equilibrium may occur. The process is roughly
described as follows [21,23]. Scattering of quarks on the domain wall leads to MijÂLÂ

R

Yukawa interactions and therefore have a non-zero reflection coe�cient, while Â
L

and
ÂR penetrate the wall unimpeded. This creates an excess of ÂL + ÂR over Â

L
+ ÂR, just

outside the bubble. In addition, CP violation would ensure a dominance of ÂL over Â
R

outside the wall. This is illustrated by Fig. 1.3. Weak sphaleron processes turn this CP

asymmetry into a net baryon asymmetry just outside the bubble. The expansion of the
bubble wall then causes baryons to quickly di�use through the wall. Inside, the sphaleron
processes are suppressed due to the larger VEV, and the baryon asymmetry is “frozen”.
The validity of this mechanism strongly depends on the existence of expanding bubbles,
which occurs only in a first-order phase transition. Whether the EW phase transition is
indeed of first order has to be determined by measuring the Higgs self-coupling parameters
in the future. If this is the case, the process of electroweak baryogenesis can be embedded
within the SM, assuming a modified Higgs potential, and given that there are additional
sources of CP violation.

In order to measure the amount of CP violation, three types can be distinguished:
direct CP violation, CP violation in mixing, and CP violation in the interference between
mixing and decay.

1.2.2 Direct CP violation
Measuring CP violation e�ectively means performing a measurement that is sensitive to
the complex phases of amplitudes of a process. Consider as an example a process consisting

ψL

ψL

ψR

ψR

UnbrokenBroken

�
CP:  

ψL > ψR 

Figure 1.3: Illustration of the scattering of fermions on the expanding bubble wall, adapted
from [21].
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of a single Feynman diagram, such as B+
æ fi0µ+‹µ. There is a weak phase associated to

the CKM element Vub (Eq. 1.1.13), but since the probability of the process is proportional
to the absolute square of Vub, this phase does not a�ect the decay rate. In order to be
sensitive to the CP -violating phase, one requires two diagrams of the same process P æ f

that will interfere, with a relative phase di�erence between the two,

A1 = |A1|e
iÏ1 ,

A2 = |A2|e
iÏ2 ,

|A|
2 = |A1 + A2|

2 = |A1|
2 + |A2|

2 + |A1||A2|(ei(Ï1≠Ï2) + ei(Ï2≠Ï1))
= |A1|

2 + |A2|
2 + 2|A1||A2| cos(�Ï), (1.2.4)

where A is an amplitude and �Ï = (Ï1 ≠ Ï2). The phase Ïi consists of the CP -conserving,
or strong phase ”i and the CP -violating, or weak phase „i: Ïi = („i + ”i). Now consider
the CP -conjugate process (i.e. „ æ ≠„ and ” æ ”),

|A|
2 = |A1 + A2|

2 = |A1|
2 + |A2|

2 + 2|A1||A2| cos(�” + �„)
|A|

2 = |A1 + A2|
2 = |A1|

2 + |A2|
2 + 2|A1||A2| cos(�” ≠ �„). (1.2.5)

Notice that without a di�erent CP -conserving phase, i.e., �” = 0, we would not be able to
observe a di�erence in decay rates between CP -conjugate processes due to the symmetric
nature of the cosine. This CP -conserving phase is due to the strong interaction.

The amount of CP violation in a process can be expressed as the asymmetry in the
decay rates,

A = �(P æ f) ≠ �(P æ f)
�(P æ f) + �(P æ f)

(1.2.6)

where �(P æ f) is the CP -conjugate process of �(P æ f).
An intuitive process where two diagrams with a relative weak phase di�erence contribute,

is a decay into a final state containing a same-flavour quark-antiquark pair. This indicates
a contribution from a loop diagram called a “penguin diagram”, as is the case in the decay
B+

æ fi0K+, see Fig. 1.4. This type of CP violation is called direct CP violation or Adir
CP

,

u u

b u

W

s

u

B

K

+

+
+

Vub
*

Vus

fi0

u u

b

u

W
s

u

B K
+ ++

t

g

Vtb ts
* V

fi0

Figure 1.4: The main (left) tree and (right) penguin diagrams of the decay B+
æ K+fi0. The

interference between the two diagrams results in an observable amount of direct CP violation.
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and has been measured to be 0.040 ± 0.021 for this specific decay [3]. In terms of the
decay amplitudes and phases (Eq. 1.2.4), this quantity is equal to

Adir
CP

= ≠2|A1||A2| sin(�”) sin(�„)
|A1|2 + |A2|2 + 2|A1||A2| cos(�”) cos(�„) . (1.2.7)

In this example, the weak phases involved originate from arg(V ú
ub

Vus) in the tree diagram,
and arg(V ú

tb
Vts) in the penguin diagram, and a non-trivial strong phase di�erence can be

expected.

1.2.3 Neutral-meson mixing
Neutral mesons such as the B0 can change into their CP conjugate, B0, a phenomenon
known as mixing. The mixing process provides a mean to observe CP violation. It can be
described in a model-independent way with a few parameters, which will be related to SM
predictions later on. In this subsection the B0 will be used for simplicity, but everything
applies equally to the B0

s
system.

There are various bases in which to express the B0–B0 system. The first is the
production or flavour eigenstate basis, (|B0

Í, |B0
Í). Production via the strong interaction

creates the mesons in a well-defined quark flavour content. For generality, consider the
arbitrary superposition Â(t) = a(t)|B0

Í + b(t)|B0
Í. In the space spanned by (|B0

Í, |B0
Í),

the state vector is Â(t) =
A

a(t)
b(t)

B

. The time evolution of this state is governed by the

Hamiltonian operator Ĥ according to the Schrödinger equation,

i
d

dt
Â = ĤÂ æ Â(t) = e≠iEtÂ(0). (1.2.8)

The e�ective Hamiltonian that will be used consists of two parts. The first is the
self-energy of the system, which is Hermitian in order to have real eigenvalues, while the
second part is non-Hermitian and is responsible for the weak decay. Without mixing this
looks look like

Ĥ = M̂ ≠
i

2 �̂ =
A

MB0 0
0 M

B0

B

≠
i

2

A
�B0 0
0 �

B0

B

. (1.2.9)

Consider the time evolution of the B0–B0 system while allowing for mixing. In general,
this means introducing o�-diagonal terms to the Hamiltonian, as

Ĥ =
A

M11 M12

M21 M22

B

≠
i

2

A
�11 �12

�21 �22

B

, (1.2.10)

where M11 = M22 and �11 = �22 due to CPT invariance, and M21 = Mú
12, �21 = �ú

12 and
M11, �11 œ R. In order to describe the complete B0–B0 time evolution, the Hamiltonian
matrix should actually be expressed in the basis of B0, B0 plus all the contributing final
states to which both can decay. This can be approximated to Eq. 1.2.10 with Hermitian M̂

and �̂ by assuming that the overall time dependence of the B0 and B0 states is exponential.
This is known as the Wigner-Weisskopf approximation [24].
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The B0–B0 oscillations are, to first order, due to the o�-shell weak box diagram shown
in Fig. 1.5, and contribute to M (ú)

12 . The contribution of �(ú)
12 is attributed to decays to

which both B0 and B0 can decay, e.g. CP eigenstates like J/Â„ and D+D≠. This is most
easily visualized if the state is expressed in CP eigenstate basis,9

A
|Beven

Í

|Bodd
Í

B

= 1
Ô

2

A
|B0

Í + |B0
Í

|B0
Í ≠ |B0

Í

B

(1.2.11)

Decays to CP -even final states are only accessible from the |Beven
Í state, and are more

abundant due to the large branching ratio of the CP -even B æ D+D≠ decays. Hence, the
CP -even component has a larger decay width. After some time evolution of the system,
re-expressing the state in the flavour basis results e�ectively in some net fraction of B0

created when initially starting with a B0 state.
In order to properly define a mass and lifetime, Â is expressed in terms of the Hamil-

tonian eigenstates. These are the states in which the system propagates freely. The
eigenvalues of the Hamiltonian (Eq. 1.2.10) correspond to

⁄± = M11 ≠
i

2�11 ± F ; F =
Û

(M12 ≠
i

2�12)(Mú
12 ≠

i

2�ú
12), (1.2.12)

Interpreting these eigenvalues in terms of a mass and decay width,

mH ≠
i

2�H = (M11 ≠ ŸF ) ≠
i

2(�11 ≠ 2⁄F ),

mL ≠
i

2�L = (M11 + ŸF ) ≠
i

2(�11 + 2⁄F ), (1.2.13)

where the subscripts H and L stand for the two Hamiltonian eigenstates, the so-called
“B-heavy” and “B-light”. Two observables that will be used are the mass and decay width

9We choose the convention CP |B0
Í = +|B0

Í.
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Figure 1.5: The dominant Feynman diagrams of B0
≠ B0 oscillations. The corresponding

amplitude is parametrized by Eq. 1.2.26.
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di�erence of the two Hamiltonian eigenstates: [25, 26]

�m © (mH ≠ mL) = 2Ÿ(F ) ¥ 2|M12|

A

1 ≠
|�12|

2 sin2 „12

8|M12|2

B

¥ 2|M12|

�� © (�L ≠ �H) = 4⁄(F ) ¥ 2|�12| cos „12

A

1 + |�12|
2 sin2 „12

8|M12|2

B

¥ 2|�12| cos „12,

(1.2.14)

where a first-order Taylor expansion for |�12|
|M12| π 1 is done, which holds for both B systems,

and where the following notations are used,

M12 = |M12|e
i„M

�12 = |�12|e
i„�

„12 = arg
A

≠
M12

�12

B

= fi + „M ≠ „�. (1.2.15)

The mass di�erence �m is also known as the mixing frequency, and is in the order of
inverse picoseconds. The decay width di�erence �� is mostly driven by the branching
ratio of the CP -even B0

æ D+D≠ and B0
s

æ D+
s

D≠
s

decays, and is much smaller than
�m in both B systems. Due to Cabibbo suppression of the B0

æ D+D≠ decay, ��d is
small and terms linear in ��d can be safely ignored. The experimental and SM values for
m12 (�m) and �12 (��) are discussed in Sec.1.2.6.

The Hamiltonian eigenstates are expressed in terms of the original flavour eigenstates
as follows10.

A
|BHÍ

|BLÍ

B

=
A

p|B0
Í ≠ q|B0

Í

p|B0
Í + q|B0

Í

B

æ

A
|B0

Í

|B0
Í

B

=
Q

a
1
2p

(|BHÍ + |BLÍ)
1
2q

(|BLÍ ≠ |BHÍ)

R

b (1.2.16)

Comparing Eq. 1.2.16 to Eq. 1.2.11 it is clear that the Hamiltonian eigenstates are
equal to the CP eigenstates if

--- q

p

--- = 1. The ratio of q/p can be expressed in terms of the
mass and decay widths by finding the eigenvectors,

Ĥ

A
p

q

B

= ⁄±

A
p

q

B

æ
q

p
= ±

ı̂ıÙMú
12 ≠

i

2�ú
12

M12 ≠
i

2�12
, (1.2.17)

where the positive value is chosen such that mH > mL.

1.2.4 Time evolution
The amount of CP violation in the mixing process is expressed as the asymmetry in the
probabilities of the B0 and B0 flavour eigenstates to turn into each other. For the time
evolution of a flavour eigenstate, the eigenstates (Eq. 1.2.16) are substituted twice into
the solution of the Schrödinger equation (Eq. 1.2.8),

10It is known from experiment that the heavy eigenstate is mostly CP -odd (fully if |q/p| = 1).
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|B0(t)Í = 1
2p

C

e≠i(mH≠ i
2 �H)t

|BH(0)Í +e≠i(mL≠ i
2 �L)t

|BL(0)Í
D

= 1
2p

C

e≠i(mH≠ i
2 �H)t(p|B0

Í ≠ q|B0
Í) +e≠i(mL≠ i

2 �L)t(p|B0
Í + q|B0

Í)
D

|B0(t)Í = 1
2q

C

e≠i(mL≠ i
2 �L)t

|BL(0)Í ≠e≠i(mH≠ i
2 �H)t

|BH(0)Í
D

= 1
2q

C

e≠i(mL≠ i
2 �L)t(p|B0

Í + q|B0
Í) ≠e≠i(mH≠ i

2 �H)t(p|B0
Í ≠ q|B0

Í)
D

. (1.2.18)

Using the following definitions,

g+(t) ©
1
2

A

e≠i(mH≠ i
2 �H)t + e≠i(mL≠ i

2 �L)t
B

= 1
2e≠iMte≠ 1

2 �t

A

e≠i
1
2 �mte+ 1

4 ��t + e+i
1
2 �mte≠ 1

4 ��t

B

,

g≠(t) ©
1
2

A

e≠i(mH≠ i
2 �H)t

≠ e≠i(mL≠ i
2 �L)t

B

= 1
2e≠iMte≠ 1

2 �t

A

e≠i
1
2 �mte+ 1

4 ��t
≠ e+i

1
2 �mte≠ 1

4 ��t

B

,

(1.2.19)

where the average mass and decay width of the mass eigenstates are defined as

M = MH + ML

2 ; � = �L + �H

2 , (1.2.20)

the time evolution of either state can be compactly written as

|B0(t)Í = g+(t)|B0
Í ≠

A
q

p

B

g≠(t)|B0
Í,

|B0(t)Í = ≠

A
p

q

B

g≠(t)|B0
Í + g+(t)|B0

Í. (1.2.21)

The probability of observing a B0 (B0) state at a certain time, when starting from a B0

(B0) state, is then

|ÈB0
|B0(t)Í|2 = |g+(t)|2 = e≠�t

2

A

cosh(1
2��t) + cos(�mt)

B

|ÈB0
|B0(t)Í|2 = |g+(t)|2 = e≠�t

2

A

cosh(1
2��t) + cos(�mt)

B

|ÈB0
|B0(t)Í|2 =

-----
q

p

-----

2

|g≠(t)|2 =
-----
q

p

-----

2
e≠�t

2

A

cosh(1
2��t) ≠ cos(�mt)

B

|ÈB0
|B0(t)Í|2 =

-----
p

q

-----

2

|g≠(t)|2 =
-----
p

q

-----

2
e≠�t

2

A

cosh(1
2��t) ≠ cos(�mt)

B

(1.2.22)

These probabilities oscillate with a frequency �m, which is due to the weak box diagrams
(Eq. 1.2.14). They decay according to the average B0 lifetime 1

� . The “turn-on” e�ect of
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the cosh term is small due to a small value of ��, and the cosh term can be ignored in
the B0 system, and is small in the B0

s
system.

In fact, the phenomenology in the other neutral meson systems, K0 and D0, is quite
di�erent due to di�erent values of �m and ��. The survival probabilities of Eq. 1.2.22
for all four neutral meson systems are shown in Fig. 1.6. From Eq. 1.2.22 it can be seen
that the transition probability P (B0

æ B0) does not equal the CP conjugate probability
P (B0

æ B0) when
---p

q

--- ”= 1, or in other words, when the Hamiltonian eigenstates do not
equal the CP eigenstates. This is called CP violation in mixing, and is quantified as

asl © Amix
CP

= P (B0
æ B0)(t) ≠ P (B0

æ B0)(t)
P (B0 æ B0)(t) + P (B0 æ B0)(t)

=

---p

q

---
2

≠

--- q

p

---
2

---p

q

---
2

+
--- q

p

---
2 ¥ 2

A

1 ≠

-----
q

p

-----

B

, (1.2.23)

where in the last step the approximation
--- q

p

--- ¥ 1 or small CP violation is used, which is
expected in both B0 systems. Observe that there is no time dependence in the amount of
CP violation in mixing itself, just as was the case for CP violation in decay (Eq. 1.2.6).
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Figure 1.6: Survival probabilities of the four neutral meson systems, using Eq. 1.2.22 and the
values of �, �m and �� of the respective systems.
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Going one step further by filling in Eq. 1.2.17 and 1.2.15,

asl ¥
|�12|

|M12|
sin(„12) ¥

��
�m

tan(„12), (1.2.24)

where a first-order Taylor expansion with |�12|
|M12| π 1 is made, and Eq. 1.2.14 is used. To

disentangle a decay to a B0 from a decay to a B0, a flavour-specific (fs) final state is
chosen in order to measure CP violation in mixing. In other words, a decay is chosen for
which f ”= f and B0

”æ f , B0
”æ f cannot occur without mixing. This is the case for the

semileptonic (sl) decays used in this thesis.
The observable in Eq. 1.2.24 is in principle sensitive to e�ects from direct CP violation,

but in semileptonic decays there is no penguin diagram to interfere with the tree diagram.
Therefore, asl is purely sensitive to CP violation in mixing.

1.2.5 CP violation in interference
There is a third type of CP violation to briefly touch upon, since it will be relevant in
Chapter 6. This is called CP violation in the interference between mixing and decay. The
two diagrams involved are decays of the type B0

æ f and B0
æ B0

æ f , i.e. interference
between either mixing or not, before decaying to a final state which is accessible to both
B0 and B0. One can construct a CP asymmetry that is sensitive to the CP violation in
interference as e.g.

Aint
CP

(t) =
P (B0

(æB0) æ f)(t) ≠ P (B0
(æB0) æ f)(t)

P (B0
(æB0) æ f)(t) + P (B0(æB0) æ f̄)(t)

. (1.2.25)

A candidate decay mode is B0
s

æ D≠
s

K+. A special case is a decay to a CP eigenstate,
where f = f , such as e.g. the decay B0

s
æ J/Â „. In the B0 system the amount of CP

violation in interference is found to be sizeable [27], although for the B0
s

system it is found
to be compatible with zero [28]. There is a rich and decay-time dependent phenomenology
in this type of CP violation, which is beyond the scope of this thesis.

1.2.6 Standard Model expectations and beyond
A connection between the e�ective model-independent mixing formalism and the standard
model can be made. The amplitude M12 — also called the dispersive part of the mixing
process — is computed from the box diagram (Fig. 1.5), and results in the following
expression [29].

M12 = G2
F

MB0

12fi2 M2
W

(VtbV
ú

t(d,s))2 ÷̂B S0(m2
t
/M2

W
) f 2

B0B, (1.2.26)

where GF is the Fermi constant, MW , MB0 and mt are the masses of the W ± boson, B0

meson and top quark, and Vij are the CKM elements at the vertices. The Inami-Lim
function S0 represents the contribution of the propagators in the box and is a function of
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the ratio of the propagator quark masses over the W ± mass [30], while ÷̂B represents the
short-distance QCD leading-order (LO) and next-to-leading-order (NLO) corrections [31].
The dominant contribution to M12 is the box diagram with a top quark in the loop,
due to the combination of CKM factors and the Inami-Lim function. The long-distance
QCD e�ects are parametrized by the B0 decay constant fB0 and the bag parameter B.
These hadronic parameters are constrained from experimental input or calculated using
lattice QCD, and have a relatively large uncertainty. The absolute size of |M12| can
be experimentally determined by measuring the mixing frequency �m using decays like
B0

æ D≠fi+. To summarize the current theoretical and experimental status [2, 26],

�mtheo
s

= (18.3 ± 2.7 ) ps≠1, �mtheo
d

= (0.528 ± 0.078 ) ps≠1,

�mexp
s

= (17.757 ± 0.021) ps≠1, �mexp
d

= (0.5064 ± 0.0019) ps≠1. (1.2.27)

The current experimental precision is much higher than the theoretical prediction. This
makes it hard to interpret whether |M12| contains contributions from new physics, if the
e�ect does not significantly exceed the uncertainty on the hadronic parameters.

The calculation of the amplitude �12 — also called the absorptive part of the mixing
process — is much more involved than the calculation of M12 since all on-shell CP

eigenstates have to be considered. In the B0
s

system it is dominated by the Cabibbo-
favoured b æ ccs tree diagram but subleading contributions are non-negligible. In the
B0 system there is no clear leading contribution due to CKM suppression of Vcd. The
calculation involves a technique called heavy-quark expansion (HQE) which makes use of
the fact that the b quark is much heavier than the other quarks in the system. On the
other hand, |�12| can be reasonably well predicted from the largest experimentally known
branching ratios to CP final states such as B0

s
æ D+

s
D≠

s
. In addition, measurements of

CP violation in interference like B0
s

æ J/Â „ are sensitive to ��s. To summarize [2,26,32],

��s

�s

-----
theo

= (0.133 ± 0.032), |��d|

�d

-----
theo

= (0.0040 ± 0.0009),

��s

�s

-----
exp

= (0.124 ± 0.011), |��d|

�d

-----
exp

= (0.003 ± 0.015 ), (1.2.28)

The total decay widths of B0 and B0
s

are roughly the same, 1/�exp
s

= (1.510 ± 0.005) ps
and 1/�exp

d
= (1.520 ± 0.004) ps [2]. One can see that in both systems, the ratio ��/�m

is about O(0.01), justifying the earlier approximations assuming |�12|
|M12| π 1. New physics

in �s

12 would originate from e�ects in not-yet detected decays to CP final states as e.g.
B0

s
æ ·+·≠, for which the branching ratios are expected to be small. In addition, there is

not much room for new physics in ��s when comparing the theoretical and experimental
errors. Hence possible new physics in the B0

s
mixing process are mainly expected to

originate from M s

12. In the B0 system, new physics contributions may originate from both
�d

12 and Md

12.
In the prediction of the ratio M12/�12, as is the case for the asl observables (Eq. 1.2.24)

one expects cancellations in the hadronic parameters, resulting in a more precise SM
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prediction. Recent e�orts of calculating the asl parameters for both neutral B systems in
the SM result in [26,29]

ad

sl = (≠4.7 ± 0.6) ◊ 10≠4,

as

sl = ( 2.2 ± 0.3) ◊ 10≠5. (1.2.29)

Note that the central values of these asymmetries are at the subpermille level, with an
O(10%) relative uncertainty.

Theoretically the B-mixing transitions are interesting because they are neutral
and flavour changing, |�B| = 2. Such processes do not occur at tree-level in the SM since
the weak current is charged. However, many extensions of the SM include flavour-changing
neutral currents (FCNC) at tree level, which could drastically a�ect the amplitude
and phase of the mixing process. Popular examples are models that include Z Õ and
W Õ particles, as e.g. models with dynamical EW symmetry breaking like topcolour
or top-seesaw models, little Higgs models where the Higgs boson itself results from a
higher broken symmetry, and even models that aim to unify gravity with the SM like
Kaluza-Klein models or Stueckelberg extensions in string theory. For a comprehensive
overview see Ref. [33]. Other examples are theories that involve leptoquarks. In addition,
potential contributions from new particles in the quantum loops will a�ect the total
amplitude and phase, and will be particularly visible due to the absence of a dominant
tree diagram for this process. A typical example comes from supersymmetry (SUSY),
where the W ± bosons are replaced by charginos (‰̃±

1,2) and the top quark by a stop quark
(t̃). These new processes might a�ect ad

sl and as

sl through a modification of |�m|, |��|

(mostly in the B0 system) and „12.

1.2.7 History of CP violation in mixing
CP violation was first observed in the neutral kaon system, with the Cronin-Fitch ex-
periment in 1964 [34]. Under CP symmetry the Hamiltonian eigenstate K0

L (K-long) is
fully CP odd and has to decay to three pions, while the K0

S (K-short) is CP even and
can thus decay to two pions. The large di�erence in available phase space is responsible
for a large di�erence in lifetime of the Hamiltonian eigenstates. In the B systems, ��
is small with respect to �m and the Hamiltonian eigenstates are labelled by their mass
instead. The Cronin-Fitch experiment was set up in such a way that kaons produced
from a target travelled ≥ 300 K0

S lifetimes before a decay would be detected. Hence, all
observed decays were expected to originate from K0

L . Decays of K0
L æ fi+fi≠ were indeed

observed, owing to CP asymmetry in mixing of the neutral kaon system. This has later
been confirmed with high accuracy by subsequent experiments like KLOE (INFN-LNF)
and NA48 (CERN) to be ‘K = (2.22 ± 0.01) ◊ 10≠3, or

--- q

p

---
K0 = 1≠‘K

1+‘K
= 0.99557 ± 0.00002.

Precision studies of CP violation in rare kaon decays are currently done by experiments
like KLOE-2 and NA62.
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The amount of CP violation in D mesons is expected to be extremely small in the SM,
due to CKM suppression in combination with small Inami-Lim factors [30], leading to a
highly suppressed mixing rate. The relatively large e�ect that contributions from new
physics could have, makes the charm sector well suited to search for new physics. However,
no significant CP violation in the charm sector has yet been observed [3]. Measurements in
charm physics were made by CLEO (Cornell University) starting from 1979, as well as the
fixed-target experiments E791 and FOCUS (Fermilab). The first evidence of mixing in the
charm sector was found relatively recently in 2007 by the BaBar [35] (SLAC), Belle [36]
(KEK) and CDF [37] (Fermilab) collaborations. The experiments BES-III (IHEP Beijing)
and the LHCb experiment, which was the first single experiment to measure charm mixing
with 5 standard deviations (‡) significance, continue to measure the precision of these
results to a level of below 10≠3 with data sets containing hundreds of millions of charm
mesons. Furthermore, a dedicated charm experiment called PANDA at the FAIR facility
in Darmstadt is currently under construction.

Mixing in the B0 system was first observed by the ARGUS collaboration (DESY) in
1987 by searching for same-sign dimuons [38], and soon after confirmed by CLEO [39].
A same-sign dimuon final state may occur when one of the two B mesons produced
in the �(4S) resonance changes flavour, and both undergo a semileptonic decay. The
somewhat heavier B0

s
meson was first produced in large amounts at the Tevatron, colliding

protons and antiprotons with a centre-of-mass energy up to 1.8 TeV at Fermilab. The first
observation of mixing in the B0

s
system was made by the CDF collaboration in 2006 [40].

Mixing turned out to be most prominent in the B systems (see also Fig. 1.6). Combined
with the option to use HQET for precise theoretical predictions (Sec. 1.2.6), measuring
CP violation in mixing of the B0 and B0

s
systems is a promising path towards finding

new physics. Before LHCb, measurements of ad

sl had been performed at the B-factories,
Belle [41] and BaBar [42], as well as D0 at the Tevatron [43]. Measurements of as

sl had
only been done by D0 [44]. The averaged experimental values in August 2013 — before
the first LHCb publication on asl— were

ad

sl = (≠0.30 ± 0.30)%
as

sl = (≠0.12 ± 0.76)%. (1.2.30)

All measurements of ad

sl and as

sl made at that time are summarized in Fig. 1.7, and all
results are seen to be consistent with the SM expectations, within errors. In addition to
measuring ad

sl and as

sl individually, the D0 collaboration measured the di�erence in the
rate of same-sign dimuons in 2011 [45],

Aµµ = N(µ+µ+) ≠ N(µ≠µ≠)
N(µ+µ+) + N(µ≠µ≠) = Xad

sl + Y as

sl, (1.2.31)

similar to the method used by the ARGUS collaboration. Here, X and Y are the respective
contributions to Aµµ due to CP violation in mixing of B0 and B0

s
mesons. A deviation

from the SM prediction of 3.9‡ was observed, leading to debates in the particle physics
community. In this measurement, same-sign muons can originate from mixed B0 mesons
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and B0
s

mesons, as well as from other decays. In order to disentangle these contributions,
the distance of closest approach of the muon to the primary collision vertex is used, also
called impact parameter (IP). Due to the fast mixing frequency �ms, 50% of B0

s
mesons

are expected to have changed flavour when demanding any appreciable muon IP, while the
fraction of mixed B0 mesons still increases with the muon IP requirement. The sample
was split up into bins of muon IP, and the relative amount of mixed B0

s
over B0 in each

bin was determined from simulation. A correlated value for ad

sl and as

sl was obtained in
this way, highlighted by the yellow ellipse in Fig. 1.7.

It was later realized that other CP -violating e�ects can also contribute to a same-sign
dimuon asymmetry [46]. These were not taken into account in the 2011 result. In an update
from the D0 collaboration in 2013 using the full data set, a value for the contribution
from CP violation in interference of B0 mesons is taken into account, using the theoretical
prediction of ��d/�d = (0.42 ± 0.08) ◊ 10≠2. This resulted in ad

sl = (≠0.62 ± 0.42)% and
as

sl = (≠0.86 ± 0.74)% with a correlation of fl = ≠0.79. The deviation from the SM
prediction reduced to 3.4‡ [47]. When allowing for new physics in ad

sl, as

sl and ��d/�d

by floating all three parameters in the fit independently, a deviation of 3‡ with the SM
prediction remains.
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Figure 1.7: Overview of ad

sl and as

sl measurements in August 2013, before the LHCb results. The
black points represent separate measurements of ad

sl or as

sl, and the 2011 D0 dimuon measurement
is shown in the yellow ellipse. The green bands indicate the averages of measurements, excluding
the D0 dimuon result.
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In 2013, LHCb published a first measurement of as

sl using 1.0 fb≠1 of data [48], and
BaBar published a new measurement of ad

sl in 2014 [49]. The new averages in September
2014, excluding the D0 dimuon result, are

ad

sl = (≠0.05 ± 0.24)%
as

sl = (≠0.48 ± 0.48)%, (1.2.32)

and the B mixing landscape is summarized in Fig. 1.8. The picture that Fig. 1.8 sketches,
allows a deviation from the SM prediction [50]. More measurements are needed to determine
if there are contributions of new physics to CP violation in mixing in the neutral B systems.
Measuring ad

sl and as

sl using the full 3.0 fb≠1 data set of LHCb collected in run 1 of the
LHC is the main focus of this thesis.

1.2.8 Measuring ad
sl and as

sl

In order to precisely measure CP violation in mixing in the neutral B systems (Eq. 1.2.23),
one needs

 [%]d
sla

3− 2− 1− 0 1

 [%
]

s sla

4−

3−

2−

1−

0

1 Standard Model

Xνµ(*)DD0  
νl*DBaBar 

llBaBar 
llBelle 

µµ
D0 

X
ν

µ s
D

D
0 

 
X

ν
µ s

D 
-1

LH
C

b 
1f

b

Figure 1.8: Overview of ad

sl and as

sl measurements in September 2014, including the 1.0 fb≠1

LHCb result on as

sl, but before the full run 1 LHCb results discussed in this thesis. The black
points represent separate measurements of ad

sl or as

sl, and the 2013 D0 dimuon measurement,
where ��d is fixed to the SM value, is shown in the yellow ellipse. The green bands indicate the
averages of measurements, excluding the D0 dimuon result.
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1. to produce and detect large amounts of B mesons,
2. to determine the flavour eigenstate at both production and the decay of the B meson,
3. to measure the decay time of the B meson to observe the time-dependent phe-

nomenology of the mixing process.11

A good candidate of a flavour-specific channel with a high branching fraction are Cabibbo-
favoured semileptonic decays,

B0
æ D≠(æ K+fi≠fi≠)µ+‹µ ; B0

æ D+(æ K≠fi+fi+)µ≠‹µ

B0
s

æ D≠
s

(æ K≠K+fi≠)µ+‹µ ; B0
s

æ D+
s

(æ K+K≠fi+)µ≠‹µ . (1.2.33)

The B0 decay is shown in Fig. 1.9. The charge of the muon and D meson identify the
flavour eigenstate of the B meson at the time of decay. As a comparison their branching
fractions are large compared to the hadronic decay modes [2],

B(B0
s

æ D≠
s

fi+) = (3.0 ± 0.23) ◊ 10≠3

B(B0
s

æ D≠
s

l+‹lX) = (8.1 ± 1.3) ◊ 10≠2

B(B0
æ D≠fi+) = (2.52 ± 0.13) ◊ 10≠3

B(B0
æ D≠l+‹lX) = (9.2 ± 0.8) ◊ 10≠2, (1.2.34)

and benefit from a high muon detection e�ciency. The downside of semileptonic decays is
that the neutrino is not detected. This prevents the full reconstruction of the B0 mass
peak used to discriminate against background. As a result the events are reconstructed
inclusively, allowing for any number of additional particles X at the B vertex. In other
words, there are contributions from other B decays to similar final states in our selected
sample of events. These will be discussed in more detail in Chapters 4 and 5.

To determine the flavour of the B meson at production a method known as “tagging”
is employed, in which the charge of the b quark at production is determined by studying
the rest of the collision event [51]. The measured observable can then be written as

Ameas, tagged
CP

= N(B0
æ B0

æ f)(t) ≠ N(B0
æ B0

æ f)(t)
N(B0 æ B0 æ f)(t) + N(B0 æ B0 æ f)(t)

, (1.2.35)

11Although asl is independent of time, the time dependence will become useful as we will see shortly.

dd

b c

W

B
0

+

Vcb
*

D
−

µ≠

‹µ

Figure 1.9: Feynman diagram of the semileptonic decay B0
æ D≠µ+‹µ.
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In an ideal measurement there are no detector e�ects, i.e. the asymmetry in observed yields
N matches the theoretical asymmetry of transition probabilities P , or Ameas, tagged

CP
= Amix

CP

(Eq.1.2.23).
Due to the backgrounds in pp collisions, as well as incomplete reconstruction and mixing

e�ects, the e�ective tagging e�ciency is about 5% such that the statistical uncertainty
would increase by a factor 1/

Ô
‘ =

Ô
20. Instead, the B0 and B0 initial states are added,

Ameas
CP

(t) = N(f, t) ≠ N(f, t)
N(f, t) + N(f, t)

(1.2.36)

= N(B0
æ f, t) + N(B0

æ B0
æ f, t) ≠ N(B0

æ f, t) ≠ N(B0
æ B0

æ f, t)
N(B0 æ f, t) + N(B0 æ B0 æ f, t) + N(B0 æ f, t) + N(B0 æ B0 æ f, t)

,

where f and f respectively represent the final states of the B0 and B0 decays as given
in Eq. 1.2.33. This measured, untagged asymmetry Ameas

CP
has contributions from the

(unwanted) decays without oscillation B0
æ f and B0

æ f . Including those probabilities
from Eq. 1.2.22, and using cosh(1

2��t) ¥ 1 for simplicity, we find

Ameas
CP

(t) ¥

1
1 + cos(�mt)

2
+

---p

q

---
21

1 ≠ cos(�mt)
2

≠

1
1 + cos(�mt)

2
≠

--- q

p

---
21

1 ≠ cos(�mt)
2

1
1 + cos(�mt)

2
+

---p

q

---
21

1 ≠ cos(�mt)
2

+
1
1 + cos(�mt)

2
+

--- q

p

---
21

1 ≠ cos(�mt)
2

¥
(1 + asl)

1
1 ≠ cos(�mt)

2
≠ (1 ≠ asl)

1
1 ≠ cos(�mt)

2

2(1 + cos(�mt)) + (1 + asl)
1
1 ≠ cos(�mt)

2
+ (1 ≠ asl)

1
1 ≠ cos(�mt)

2

= asl

2 ≠
asl

2 cos(�mt), (1.2.37)

where in the first step the approximation |q/p|
2

¥ (1 ≠ asl) and |p/q|
2

¥ (1 + asl) are made,
by using Eq. 1.2.23 and Eq. 1.2.24 and keeping only terms linear in asl. By summing up
all initial states, the sensitivity of the measured asymmetry to asl is reduced by a factor 2
compared to Eq. 1.2.35, but it does not su�er from the tagging e�ciency. In addition, the
measured asymmetry now has a time-dependent behaviour on asl, and Ameas

CP
(t = 0) = 0.

Imperfections in these measurements come from a possible di�erence in detection
e�ciency of the final state f with respect to f , i.e. when ‘(f) ”= ‘(f). In addition, in the
pp collision events at the LHC there is no a-priori reason that there should be an equal
amount of B0 and B0 mesons produced: NP (B0) ”= NP (B0). This has to be taken into
account in order to connect the observed asymmetry to asl. The observed yields N are
now connected to the decay probabilities P as such,

N(B0
æ f) = NP (B0)‘(f)P (B0

æ f) ; N(B0
æ f) = NP (B0)‘(f)P (B0

æ f)
N(B0

æ f) = NP (B0)‘(f)P (B0
æ f) ; N(B0

æ f) = NP (B0)‘(f)P (B0
æ f).
(1.2.38)

At this point it is useful to define the detection asymmetry,

Adet = ‘(f) ≠ ‘(f)
‘(f) + ‘(f)

, (1.2.39)
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as well as the production asymmetry,

AP = NP (B0) ≠ NP (B0)
NP (B0) + NP (B0)

, (1.2.40)

such that we can write

‘(f) = È‘Í(1 + Adet) ; ‘(f) = È‘Í(1 ≠ Adet),
NP (B0) = ÈNP Í(1 + AP ) ; NP (B0) = ÈNP Í(1 ≠ AP ), (1.2.41)

where È‘Í = 1
2(‘(f) + ‘(f)) and ÈNP Í = 1

2(NP (B0) + NP (B0)) are constants that will drop
out of the fraction in the asymmetry. Deriving an expression for Ameas

CP
starting from

Eq. 1.2.35 using the above relations between N and P (Eq. 1.2.38), we obtain

Ameas
CP

(t) ¥
4Adet + 4AP cos(�mt) + 2asl ≠ 2asl cos(�mt)

4 ≠ 2asl(AP ≠ Adet) ≠ 2asl(Adet ≠ AP ) cos(�mt)

¥ Adet + asl

2 +
3

AP ≠
asl

2

4
cos(�mt), (1.2.42)

where products of asl, AP and Adet are dropped as they are expected to be small. The time-
dependent asymmetry in the observed B0 and B0 yields oscillates as a cosine with frequency
�m, amplitude

1
AP ≠

asl
2

2
and o�set

1
Adet + asl

2

2
. Note that besides the parameter of

interest, asl, there are two unknowns: Adet and AP . The detection asymmetry is the sum
of all possible asymmetric detection e�ects as e.g. acceptance, material, trigger selection,
tracking, and particle identification. In order to make a competitive measurement these
corrections will have to be determined to at least the same permille-level precision as
Ameas

CP
, which is done with a variety of calibration samples. A thorough understanding

of these e�ects is the most challenging aspect of measuring ad

sl and as

sl. The production
asymmetry can be determined simultaneously to asl by comparing the amplitude and the
o�set of Eq. 1.2.42. This is achieved using a decay-time-dependent fit. The treatment of
background contributions, along with the full details on the ad

sl analysis will be discussed
in Chapter 4.

In the B0
s

system the analysis strategy can be simplified due to the large value of the
mixing frequency �ms with respect to the lifetime of the B0

s
meson, allowing to perform a

time-integrated analysis, i.e. measure the total yields N(f) and N(f) and integrate the
probabilities in Eq. 1.2.22 over time. The integrated e�ect of the production asymmetry is
diluted to a negligible level, although the detection asymmetry still has to be determined.
The time integration for the B0

s
system is further described in Appendix A. The observed

yields have to be corrected for the background contributions from other B decays due to
the inclusive reconstruction. Some backgrounds can contribute to the asymmetry due to a
non-zero production asymmetry or a CP asymmetry, e.g. B≠

æ D≠
s

µ+X decays. These
backgrounds will bias the measurement of as

sl either in the positive or negative direction,
depending on the particle and decay channel. In summary, the relation between Ameas

CP
and

as

sl is as follows,
Ameas

CP
= (1 ≠ fbkg)as

sl
2 + fbkgAbkg + Adet, (1.2.43)
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where fbkg is the total background fraction, and fbkgAbkg is the total e�ect of the background
asymmetry on the measurement. The measurement of as

sl will be described in Sec. 5.
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