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Abstract

This thesis presents the measurement of decay-time-dependent 𝐶𝑃 violation in the decays
of 𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0 → 𝐽/𝜓𝐾0
S using data collected with the LHCb experiment in 𝑝𝑝

collisions at centre-of-mass energies of 7 TeV and 8TeV, corresponding to a total integrated
luminosity of 3 fb−1. In both considered decay modes, the 𝐾0

S meson is reconstructed from
two charged pions, while the 𝜓(2𝑆) meson is reconstructed from two muons, whereas the
𝐽/𝜓 meson is reconstructed from two electrons. This kind of decays makes it possible to
measure the 𝐶𝑃-violation observables 𝑆 and 𝐶 to be

𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.84 ± 0.10 ± 0.01 ,

𝐶(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = − 0.05 ± 0.10 ± 0.01 ,

𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.83 ± 0.08 ± 0.01 ,

𝐶(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.12 ± 0.07 ± 0.02 ,

where the first uncertainties are statistical and the second are systematic. The results for
both decay modes are compatible with each other and with the previous LHCb measurement
using 𝐵0 → 𝐽/𝜓𝐾0

S decays, where the 𝐽/𝜓 meson is reconstructed from two muons. An
average of all LHCb measurements of 𝐵0 → [𝑐𝑐]𝐾0

S decays, under the assumption, that
higher-order contributions to the decay amplitudes are negligible, results in

𝑆(𝐵0 → [𝑐𝑐]𝐾0
S ) = 0.760 ± 0.034 ,

𝐶(𝐵0 → [𝑐𝑐]𝐾0
S ) = −0.017 ± 0.029 ,

where the uncertainties include statistical and systematic contributions. The presented
measurement enhances the precision of 𝑆 at LHCb by 20% and also improves the world
average.

Kurzfassung

Diese Arbeit stellt die Messung der zerfallszeitabhängigen 𝐶𝑃-Verletzung in den Zerfällen
𝐵0 → 𝜓(2𝑆)𝐾0

S und𝐵0 → 𝐽/𝜓𝐾0
S vor, unter Verwendung vonDaten des LHCb-Experiments,

die in 𝑝𝑝-Kollisionen bei Schwerpunktsenergien von 7TeV und 8TeV aufgenommen wur-
den, was einer integrierten Luminosität von 3 fb−1 entspricht. In den beiden betrachteten
Zerfallskanälen wird das 𝐾0

S -Meson aus zwei geladenen Pionen rekonstruiert, während das
𝜓(2𝑆)-Meson aus zwei Myonen rekonstruiert wird, wohingegen das 𝐽/𝜓 -Meson aus zwei
Elektronen rekonstruiert wird. Diese Art von Zerfällen ermöglicht es die 𝐶𝑃-Verletzungs-
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observablen 𝑆 und 𝐶 sehr präzise zu folgenden Werten

𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.84 ± 0.10 ± 0.01 ,

𝐶(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = − 0.05 ± 0.10 ± 0.01 ,

𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.83 ± 0.08 ± 0.01 ,

𝐶(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.12 ± 0.07 ± 0.02 ,

zu bestimmen. Dabei sind die ersten Unsicherheiten statistisch und die zweiten system-
atisch. Die Ergebnisse beider Zerfallskanäle sind sowohl untereinander kompatibel, als
auch mit dem Ergebnis einer früheren LHCb-Messung in dem Zerfallskanal 𝐵0 → 𝐽/𝜓𝐾0

S ,
bei dem das 𝐽/𝜓 -Meson aus zwei Myonen rekonstruiert wurde. Eine Kombination aller
LHCb-Messungen, die 𝐵0 → [𝑐𝑐]𝐾0

S -Zerfälle betrachtet haben, wird unter der Annahme
ermittelt, dass Beiträge höherer Ordnung zu den Zerfallsamplituden zu vernachlässigen sind.
Das Ergebnis ist

𝑆(𝐵0 → [𝑐𝑐]𝐾0
S ) = 0.760 ± 0.034 ,

𝐶(𝐵0 → [𝑐𝑐]𝐾0
S ) = −0.017 ± 0.029 ,

dabei beinhalten die Unsicherheiten sowohl statistische als auch systematische Beiträge. Die
vorgestellte Messungen verbessert die Präzision auf den Parameter 𝑆 bei LHCb um 20%
und verringert die Unsicherheit des Weltmittelwerts.
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1 Introduction

The Standard Model of particle physics, SM, tries to explain the structure of the universe on
the smallest scale. Although it is well tested and successful, it is still incomplete and cannot
give a comprehensive explanation of the universe. At the origin of the universe, matter
and antimatter must have been produced in equal parts, according to the Big Bang theory.
But today’s universe is matter dominated without any indication of antimatter present. The
theory of Baryogenesis tries to find an explanation for this baryon asymmetry. The physicist
Andrei Sakharov proposed three necessary conditions [1] for the observed asymmetry in
1967; first, the violation of the Baryon number conservation, second, the violation of the 𝐶
and 𝐶𝑃 symmetry, and third the deviation from the thermal equilibrium at some point in the
history of the universe.

Symmetries play a distinctive role in physics and especially in the SM. According to the
theorem by Emmy Noether [2], any continuous symmetry operation infers a conservation
law. Additional to these continuous symmetries, there exist three discrete symmetries in
the SM: parity, 𝑃, charge conjugation, 𝐶, and time-reversal, 𝑇. Nature is supposed to be
invariant under the combination of all three transformations, 𝐶𝑃 𝑇 [2], while a system is
allowed to behave differently under the individual transformations. In 1956 T. D. Lee and
C. N. Yang stated, that the weak interaction violates parity to its maximum [3], which was
experimentally confirmed later by C. S. Wu [4]. During the same period it was discovered,
that 𝐶 parity is violated in the weak interaction as well. In 1964, the violation of the
combination of 𝐶 and 𝑃, 𝐶𝑃, could likewise be confirmed in neutral kaon decays [5] by
Christenson, Cronin, Fitch, and Turlay. The 𝐶𝑃 violation in the neutral 𝐵-meson system had
not been observed until 2001 by the 𝐵 factories, BaBar and Belle, in 𝐵0 → 𝐽/𝜓𝐾0

S decays
[6, 7]. It arises in the SM from a single weak phase introduced in the quark-mixing matrix,
the Cabbibo-Kobayashi-Maskawa, CKM, matrix. This matrix is complex, unitary and the
resulting unitary conditions can be represented as triangles in the complex plane.

As the 𝐶𝑃 operation transforms particles into antiparticles, a violation of this symmetry is
of great interest when considering Baryogenesis. But the observed amount of 𝐶𝑃 violation
described in the SM is not enough to explain the matter-antimatter asymmetry at this point.
Thus, it is vital to search for New Physics beyond the SM and to test the SM itself by
conducting precision measurements; for example by testing the consistency of the unitarity
of the CKM matrix and thereby measuring its properties very precisely. If one was to find
inconsistencies in the CKM matrix, which is a fundamental building block of the SM, it
would hint to New Physics and an incomplete and inconsistent SM.

The Large Hadron Collider beauty, LHCb, experiment, located at the Large Hadron
Collider, LHC, at the European Organization for Nuclear Research, CERN, focuses on
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1 Introduction

precision measurements of 𝐶𝑃-violation observables and searches for (very) rare decays
in the beauty and charm sector. In contrast to the 𝐵 factories, which were operating at
electron-positron colliders, the LHCb experiment uses the very high production rates of 𝑏
and 𝑐 quarks produced in the hadronic environment of the 𝑝𝑝 collider, but also has to manage
the higher track multiplicities in this environment.
The “golden” modes for measuring 𝐶𝑃 violation are 𝑏 → [𝑐𝑐]𝑠 decays, as higher-order

contributions, that could introduce additional strong and weak phases in the considered decay
amplitudes, are expected to be small. This allows to measure sin(2𝛽), which is a parameter
derived from the CKM matrix, very precisely. The parameter 𝛽 can also be identified as one
of the angles of the most prominent CKM triangle. The parameter sin(2𝛽) can be related to
the decay-time-dependent 𝐶𝑃 asymmetry given by difference of the decay-time-dependent
decay widths of a meson produced as a 𝐵0 meson to a 𝐶𝑃-final state and of a meson produced
as a 𝐵0 to the same final state, normalized to the sum of both decay widths. This asymmetry
can be determined by an unbinned maximum-likelihood fit to the decay time of the 𝐵
meson, including the necessary information of the production flavour, which is given by the
flavour tagging and considering the experimental conditions. The LHCb experiment already
measured sin(2𝛽) in 𝐵0 → 𝐽/𝜓𝐾0

S decays to a very high precision using data collected in the
LHC’s run I [8]. To exploit this existing dataset further and to increase the precision even
more on the 𝐶𝑃 observables, it is of interest to consider additional charmonium resonances
and different final states.
In this thesis the measurement of the decay-time-dependent 𝐶𝑃 violation in the decays

𝐵0 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝐽/𝜓𝐾0

S using data collected with the LHCb experiment is
presented. In both considered decay modes, the 𝐾0

S meson is reconstructed from two charged
pions, the 𝐽/𝜓 is reconstructed from two electrons, whereas the 𝜓(2𝑆) is reconstructed
from two muons. This analysis is the first decay-time-dependent measurement at a hadron
collider of the decay 𝐵0 → 𝜓(2𝑆)𝐾0

S and the first that uses electrons in the final state.
The used data was collected during run I of the LHC during the years 2011 and 2012
in 𝑝𝑝 collisions at centre-of-mass energies of 7 TeV and 8TeV, corresponding to a total
integrated luminosity of 3 fb−1. Besides the 𝐶𝑃-violation measurement, an additional study
is performed, where a preliminary and unofficial value for the ratio of branching fractions of
the decays 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝜓(2𝑆)𝐾0

S , ℬ(𝐵0
𝑠 )/ℬ(𝐵0), is determined.

Chapter 2 presents the theoretical basics of the analysis and motivates the measurement.
It is followed by the presentation of the LHCb experiment in Ch. 3, which introduces in
particular the components that are important for the final states reconstructed in this analysis.
In the following chapters, the data preparation for the 𝐵0 → 𝜓(2𝑆)𝐾0

S decay is introduced
in detail, then the preparation in the case of the 𝐵0 → 𝐽/𝜓𝐾0

S channel is briefly outlined in
Sec. 4.4. In Sec. 4.2.1 the preliminary result for the ratio of branching fractions is presented.
It is followed by the introduction of the measurement of the 𝐶𝑃-violation observables in
Sec. 4.5, the determination of the systematic uncertainties in Sec. 4.7, and the combination
of the determined results with a previous LHCb measurement in Sec. 4.8. Finally, the results
are summarised in Ch. 5 and an outlook is given.
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Collaboration
The work presented in this thesis was published in 2017 with two more contact authors,
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R. Aaij et al., Measurement of 𝐶𝑃 violation in 𝐵0 →𝐽/𝜓𝐾0
S and 𝐵0 →𝜓(2𝑆)𝐾0

S decays,
JHEP 11 (2017) 170, DOI: 10.1007/JHEP11(2017)170, arXiv:1709.03944 [hep-ex]

This was only possible to achieve in close collaboration with other members of the LHCb
collaboration, especially with Ramon Niet and Julian Wishahi. Ramon Niet was responsible
for the full preparation of the 𝐵0 → 𝐽/𝜓𝐾0

S dataset. He also implemented the frameworks
for the decay-time-dependent 𝐶𝑃 fit, the evaluation of the systematic uncertainties, and the
combination of the results with the GammaCombo framework [10], which were developed
in close collaboration with and also cross-checked by me. He published the results within
his thesis

R. Niet, Measurement of 𝐶𝑃 Violation in 𝐵0 → [𝑐𝑐]𝐾0
S Transitions at LHCb, Ph. D. thesis,

May 2018, DOI: 10.17877/DE290R-19128

at TU Dortmund University. Besides this, more people helped to make this analysis possible.
Alex Seuthe did the studies on flavour tagging in case of the 𝐵0 → 𝐽/𝜓𝐾0

S decay channel
as part of his master thesis [12], Alex Birnkraut and Frank Meier provided cross-checks
of the implementation of the decay-time-dependent fit, and the kaon-regeneration effects
were prepared with the help of Jeroen van Tilburg and Julian Wishahi. Furthermore, Patrick
Mackowiak supported the studies of the physics backgrounds [13] in the reconstructed mass
distribution of the 𝐵 meson. Moreover, the supervised studies done by bachelor students,
Konrad Mielke [14] and Lukas Nickel [15], as well as by master student Christopher
Hasenberg [16], provided useful contributions on the Bremsstrahlung corrections, the
development of the figure of merit, and on incorrectly associated PVs, respectively.
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2 𝘾𝙋 Violation in the Standard Model

This chapter gives an overview of 𝐶𝑃 violation in the Standard Model of particle physics.
It begins by introducing the general theory of this model in Sec. 2.1, then expands on 𝐶𝑃
violation in Sec. 2.2 and specifically on 𝐶𝑃 violation in the class 𝐵0 → [𝑐𝑐]𝐾0

S decay modes1,
which are essential for this thesis in Sec. 2.2.4. The following sections are based on Refs.
[2], [17], [18].

2.1 Standard Model of Particle Physics
Besides the elementary constituents of matter and antimatter the Standard Model of particle
physics describes also the fundamental interaction between those. It comprises 12 fermions,
which are divided into six quarks and six leptons, as well as their antiparticles2, that have
opposite charge-related quantum numbers. Fermions are elementary particles with a spin of
half-integer 3 and are divided into three generations or families in ascending order of mass.

The quark families contain an up-type and a down-type quark, which are categorized by
their electric charge. The up-type quarks have an electric charge of +2/3 of the elementary
charge, while the down-type quarks have an electric charge of −1/3 of the elementary charge.
Besides the electric charge, quarks also carry the so-called colour charge, which can occur
in six different states, red, green, and blue and in the anticolours. Due to the so-called
confinement quarks cannot propagate freely and occur only in bound states, which are by
construction colourless, as a combination of all three colours or all three anticolours as well
as a combination of an anticolour and a colour sum up to be colourless. These composite
particles are called hadrons and are sub-divided into baryons, which have a half-integer spin,
mesons, which have an integer spin, and into the recently discovered spin-0 tetraquarks [19,
20] and the half-integer-spin pentaquarks [21]. Mesons contain a quark and an antiquark,
while the baryons are made of three quarks. The tetra- and pentaquarks are the four- and
five-quark bound states, respectively.

The first quark family contains the up, 𝑢, and the down quark, 𝑑. The common matter is
mostly made of protons, 𝑢𝑢𝑑, and neutrons, 𝑢𝑑𝑑, which are thus baryons made of quarks
from this first family. The second family contains the charm, 𝑐, and the strange quark, 𝑠, and
the last family contains the top, 𝑡, and beauty quark, 𝑏, also named bottom quark.
1Throughout this thesis the inclusion of charge-conjugate processes is implied, unless otherwise noted. The
notation 𝐵0 refers to a neutral 𝐵 meson containing a 𝑏 and a 𝑑 including the charge- conjugate state as well.

2Antiparticles are symbolized either by a bar over the symbol or by an opposite electric charge at the symbol.
3Throughout the thesis natural units are used, so that the Planck constant, ℏ, and the speed of light, 𝑐, are set
to one, if not stated otherwise.
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2 𝐶𝑃 Violation in the Standard Model

The lepton families contain a negatively charged particle, carrying the negative single
elementary charge, and a neutral, massless, neutrino. The charged particles are the electron,
𝑒, the muon, 𝜇, and the tau, 𝜏, with their corresponding neutrinos, the electron neutrino, 𝜈𝑒,
the muon neutrino, 𝜈𝜇, and the tau neutrino, 𝜈𝜏.
Furthermore the SM describes three of the fundamental forces and its mediators; the

so-called gauge bosons, which have a spin of 1. The mediators of the strong interaction are
eight so-called gluons, 𝑔, and couple to the color charge. They carry different colour charge
configurations. The massive mediators of the weak force are the two charged 𝑊 ± bosons
and the neutral 𝑍 boson and couple to the weak and the hyper charge. The mediator of the
electromagnetic interaction is the massless photon, 𝛾, and it couples to the electric charge.
The strong and the weak interaction have a rather short range of around 1 ⋅ 10−13m [2], while
the electromagnetic interaction has an infinite range. At this point gravity is not included in
the SM.
The Higgs boson, 𝐻0, completes the SM. It was proposed in 1964 by François Englert,

Robert Brout, and Peter Higgs [22–24] and discovered as the last missing piece of the SM
in 2012 at CERN [25]. Through the Brout-Englert-Higgs mechanism, which describes
the interaction with the Higgs field, the gauge bosons obtain their masses. The symmetry
breaking has its origin in the choice of the vacuum expectation value. Through the Yukawa
coupling to the Higgs field the fermions get their masses [26]. According to the Goldstone
theorem the spontaneous breaking of a continuous, global symmetry results in one or more
scalar particles with a spin of 0. With a suitable calibration these so-called Goldstone bosons
can be eliminated and a massive, scalar particle remains, the Higgs boson. The fermions,
the gauge bosons, as well as the Higgs boson are listed in Fig. 2.1.
According to a theorem by the mathematician Emmy Noether [2], conserved quantities,

such as charge or energy, result from continuous symmetries of a physical system. Symmetry
means the invariance of a system under a certain transformation. Additionally to these
continuous symmetries there exist three discrete symmetries in the SM: the 𝑃, 𝐶, and 𝑇 parity.
The parity transformation, 𝑃, changes the sign of all spatial coordinates, which corresponds
to the inversion of the three coordinate axes through the origin, this changes the handedness
of a system’s axes. For example it thus transforms a left-handed into a right-handed fermion.
The weak interaction violates 𝑃 to a maximum, i.e. only left-handed neutrinos and right-
handed antineutrinos exist. The charge conjugation, 𝐶, reverses all charge-related quantum
numbers and in combination with 𝑃 exchanges a particle with its antiparticle. It replaces a
particle by its antiparticle and reverses its momentum and its helicity, which is the sign of the
projection of the spin vector onto the momentum vector. Time reversal, 𝑇, reverses the time
coordinate. The consecutive application of all the operations, 𝐶𝑃 𝑇, needs to be preserved,
otherwise the quantum field theory would not be Lorentz invariant. This invariance of a
system under a combination of all three transformations is captured by the 𝐶𝑃 𝑇 theorem. A
system under the individually transformations, 𝐶, 𝑃, and 𝑇, can behave differently and thus
the symmetry can be violated. The theoretical physicists T. D. Lee and C. N. Yang won the
Nobel price in 1957 for the idea that parity must be violated in the weak interaction [3]. In

6
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Figure 2.1: An overview of the fundamental particles in the Standard Model and their
properties. The fermions, quarks and leptons, appear in three generations. The properties
are taken from Ref. [27]

the year 1956 C. S. Wu could confirm this prediction experimentally [4] . During the same
period it was also discovered that 𝐶 parity is also violated in the weak interaction. In 1964
the violation of the combination of 𝐶 and 𝑃, 𝐶𝑃, could also be confirmed in neutral kaon
decays [5].

Although the SM is a very well tested theory and seems to be consistent with experimental
findings, there are still some open questions for which the SM has no real answers. Until
this point it does not include gravity or it cannot explain why neutrinos in fact are not
massless, and why exactly three different generations exist. Also, the imbalance of matter
and antimatter in the observed universe cannot be explained by the experimentally measured
amount of 𝐶𝑃 violation as of this point. Furthermore the SM only describes around 5% of
the universe’s energy, which are the ordinary matter and energy. Around 24% should be
dark matter and the remaining 71% are an unknown form of energy known as dark energy.

2.2 𝐶𝑃 Violation in the Standard Model

In nature, all fermions, i.e. quarks and leptons, have a different flavour, which is characterized
by the flavour-quantum numbers. These numbers differ for the various fermions. Flavour
physics refers to interactions that distinguish between the different flavours in the SM; these
comprise weak and Yukawa interactions.
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2 𝐶𝑃 Violation in the Standard Model

2.2.1 Quark-Mixing Matrix

The 𝐶𝑃 violation in the SM has its origin in a single phase of the quark-mixing matrix
considering three fermion families. The following section closely follows Refs. [27, 28].
The masses and mixing of the quarks originate from the Yukawa interaction with the

Higgs field. The Lagrangian, ℒ𝑌, can be written as

ℒ𝑌 = −𝒀 𝑑
𝑖𝑗 𝑄𝐼

L𝑖𝜙𝑑𝐼
R𝑖 − 𝒀 𝑢

𝑖𝑗𝑄𝐼
L𝑖𝜖𝜙∗𝑢𝐼

R𝑗 + h.c., (2.1)

when introducing a scalar Higgs field, 𝜙. In equation Eq. (2.1) 𝒀 {𝑢,𝑑} are 3 × 3 complex
matrices, which comprise the Yukawa couplings, 𝑖 and 𝑗 are generation labels and 𝜖 is the
2 × 2 antisymmetric tensor. Furthermore 𝑄𝐼

L denotes the left-handed quark doublets, and
{𝑑, 𝑢}𝐼

R are the right-handed down- and up-type quark singlets in the weak-eigenstate basis.
Due to the spontaneous symmetry breaking and when 𝜙 achieves a vacuum expectation
value of ⟨𝜙⟩ = (0, 𝑣/√2) the quarks, the 𝑊 ± bosons, and 𝑍 bosons obtain their masses.

The Yukawa matrices are non-diagonal in the weak interaction basis and the physical
states can be obtained by diagonalizing 𝒀 𝑞 by four unitary matrices, 𝑽 𝑞

{L,R}, as

𝑴𝑞
diag = 𝑽 𝑞

L 𝒀 𝑞𝑽 𝑞†
R (𝑣/√2) with 𝑞 ∈ {𝑢, 𝑑}. (2.2)

As a direct consequence of this, the quark fields are also transformed into their mass-
eigenstate basis and thus the charged-current interactions couple to the physical states of the
quarks. The mass eigenstates 𝑞 can be obtained by

𝑞{L,R} = 𝑽 𝑞
{L,R}𝑞{L,R} with 𝑞 ∈ {𝑢, 𝑑}. (2.3)

And the couplings are given by

−
𝑔

√2

⎡
⎢
⎢
⎣
(𝑢, 𝑐, 𝑡)L𝛾𝜇𝑊 +

𝜇 𝑽CKM

⎛
⎜
⎜
⎝

𝑑
𝑠
𝑏

⎞
⎟
⎟
⎠L

+ (𝑑, 𝑠, 𝑏)L𝛾𝜇𝑊 −
𝜇 𝑽 †

CKM

⎛
⎜
⎜
⎝

𝑢
𝑐
𝑡

⎞
⎟
⎟
⎠L

⎤
⎥
⎥
⎦

, (2.4)

with the weak charge, 𝑔, and the Cabbibo-Kobayashi-Maskawa matrix, 𝑽CKM, as the trans-
formation matrix. This matrix is a 3 × 3 complex and unitary matrix, 𝑉CKM𝑉 †

CKM = 1,

⎛
⎜
⎜
⎝

𝑑′
𝑠′
𝑏′

⎞
⎟
⎟
⎠L

= 𝑽CKM ⋅
⎛
⎜
⎜
⎝

𝑑
𝑠
𝑏

⎞
⎟
⎟
⎠L

=
⎛
⎜
⎜
⎝

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

⎞
⎟
⎟
⎠

⋅
⎛
⎜
⎜
⎝

𝑑
𝑠
𝑏

⎞
⎟
⎟
⎠L

, (2.5)

and transforms the mass eigenstates of the down-type quarks, 𝑞, into the eigenstates of
the weak interaction, 𝑞′. The squared matrix elements, |𝑉𝑖𝑗|2, represent the transition
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2.2 𝐶𝑃 Violation in the Standard Model

probabilities of a quark 𝑖 into a quark 𝑗. The CKM matrix can be parametrized by nine free
parameters, which can be reduced using the unitarity conditions,

∑𝑖
𝑉𝑖𝑗 𝑉 ∗

𝑖𝑘 = 𝛿𝑗𝑘 and ∑𝑗
𝑉𝑖𝑗 𝑉 ∗

𝑘𝑗 = 𝛿𝑖𝑘, (2.6)

and a redefinition of the quark phases to three real mixing angles and one complex phase. This
complex phase is responsible for 𝐶𝑃 violation in the SM. The standard parametrization uses
three Euler angles, 𝜃{12,23,13}, and a 𝐶𝑃-violating phase, 𝛿13. The trigonometric functions of
these angles are denoted 𝑐𝑖𝑗 = cos (𝜃𝑖𝑗) in case of cosines and in case of sines as 𝑠𝑖𝑗 = sin (𝜃𝑖𝑗),
which leads to the following parametrization:

𝑽CKM =
⎛
⎜
⎜
⎝

𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒−𝑖𝛿13

−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒𝑖𝛿13 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒𝑖𝛿13 𝑠23𝑐13
𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒𝑖𝛿13 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒𝑖𝛿13 𝑐23𝑐13

⎞
⎟
⎟
⎠

. (2.7)

This representation clearly shows a hierarchy of the off-diagonal elements and is an exact
parametrization of the matrix. Another common representation of the CKM matrix is the
Wolfenstein parametrization [29] in which the matrix can be described in the third order of
𝜆 = 0.23 as

𝑽CKM =
⎛
⎜
⎜
⎝

1 − 𝜆2/2 𝜆 𝐴𝜆3(𝜌 − 𝑖𝜂)
−𝜆 1 − 𝜆2/2 𝐴𝜆2

𝐴𝜆3(1 − 𝜌 − 𝑖𝜂) −𝐴𝜆2 1

⎞
⎟
⎟
⎠

+ 𝒪(𝜆4), (2.8)

with

𝜆 = 𝑠12 =
|𝑉𝑢𝑠|

√|𝑉𝑢𝑑|2 + |𝑉𝑢𝑠|2
, 𝐴𝜆2 = 𝑠23 = 𝜆 |

𝑉𝑐𝑏
𝑉𝑢𝑠 | , 𝑉 ∗

𝑢𝑏 = 𝑠13𝑒𝑖𝛿 = 𝐴𝜆3(𝜌 − 𝑖𝜂), (2.9)

where the three real parameters are 𝐴, 𝜆, 𝜌 and the complex phase is identified by 𝜂. In
contrast to the standard parametrization, this is only an approximation. The parameters are
measured to be [30] around:

𝜆 ≈ 0.23, 𝐴 ≈ 0.82, 𝜌 ≈ 0.13, 𝜂 ≈ 0.26. (2.10)

Due to the unitarity of the CKM matrix, nine conditions can be formulated as given in
Eq. (2.6). The six vanishing combinations of the unitarity conditions can be represented
as triangles in the complex (𝜌, 𝜂) plane. The measured uncertainties of the parameters
describing the CKM matrix, can lead to degenerated triangles, but the area of all triangles is
equal to half of the Jarlskog invariant [31], 𝐽, nonetheless. It is a measure of the amount of
𝐶𝑃 violation and that is given by

𝐽 = ±Im(𝑉𝑖𝑗 𝑉𝑘𝑙𝑉
∗

𝑖𝑙 𝑉 ∗
𝑘𝑗) for 𝑖 ≠ 𝑗, 𝑘 ≠ 𝑙. (2.11)

9



2 𝐶𝑃 Violation in the Standard Model

It is determined to be |𝐽 | ≈ 𝜆6𝐴2𝜂 ≈ 3 ⋅ 10−5 in the Wolfenstein parametrization. In this
parametrization it also becomes obvious, that transitions within one quark family are more
likely than between the families, as the absolute values of the diagonal matrix elements are
larger compared to the off-diagonal elements.

One of the most common unitarity triangles results from the following condition

𝑉𝑢𝑑𝑉 ∗
𝑢𝑏 + 𝑉𝑐𝑑𝑉 ∗

𝑐𝑏 + 𝑉𝑡𝑑𝑉 ∗
𝑡𝑏 = 0, (2.12)

which contains matrix elements that are important for 𝑏-meson decays. A more detailed
description of 𝐶𝑃 violation in 𝑏-meson decays follows in Sec. 2.2.4. Normalization of the
unitarity condition, i.e. by dividing each side by the best-known one, here 𝑉𝑐𝑑𝑉 ∗

𝑐𝑏, results in
the triangle seen in Fig. 2.2. Consequently, the determination of the triangle depends on the
sole determination of the free apex. The angles of the unitarity triangle are defined as

γ
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Figure 2.2: The most prominent CKM triangle (see Eq. (2.12)) including constraints
represented by the coloured bands zoomed in the complex (𝜌, 𝜂) plane. The red hashed
region represents the global combination of all measurements and corresponds to 68% CL
as determined by the CKM fitter group [32].

𝛽 ≡ arg(−
𝑉𝑐𝑑𝑉 ∗

𝑐𝑏
𝑉𝑡𝑑𝑉 ∗

𝑡𝑏
) , 𝛼 ≡ arg(−

𝑉𝑡𝑑𝑉 ∗
𝑡𝑏

𝑉𝑢𝑑𝑉 ∗
𝑢𝑏

) , 𝛾 ≡ arg(−
𝑉𝑢𝑑𝑉 ∗

𝑢𝑏
𝑉𝑐𝑑𝑉 ∗

𝑐𝑏
) . (2.13)

Measurement of 𝐶𝑃 violation in 𝑏-meson decays gives direct access to these angles. The over-
constraining of the triangle by various measurements serves to improve the determination
of the CKM elements and to reveal effects of New Physics beyond the SM.

2.2.2 Neutral 𝙗-Meson Decays and Mixing

An important aspect in the measurement of 𝐶𝑃 violation in the sector of 𝑏 mesons is that
neutral mesons can oscillate between particle, 𝑀0, and antiparticle, 𝑀̄0, before they decay
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2.2 𝐶𝑃 Violation in the Standard Model

due to theweak interaction and the flavour-changing charged currents. The flavour eigenstates
|𝐵0⟩ = |𝑏𝑑⟩ and |𝐵0⟩ = |𝑏𝑑⟩ are considered. The following section closely follows Refs.
[18] and [28].
The decay amplitudes of a 𝐵0 meson and its 𝐶𝑃 conjugate, 𝐵0, into a final state, |𝑓⟩, or

its 𝐶𝑃 conjugate, | ̄𝑓 ⟩, are defined by

𝐴𝑓 = ⟨𝑓|𝐻|𝐵0⟩, 𝐴𝑓 = ⟨𝑓|𝐻|𝐵0⟩,

𝐴 ̄𝑓 = ⟨ ̄𝑓 |𝐻|𝐵0⟩, 𝐴 ̄𝑓 = ⟨ ̄𝑓 |𝐻|𝐵0⟩,
(2.14)

where 𝐻 is the Hamiltonian of the weak interaction. There exist two flavour eigenstates
with a specific quark content and there are mass eigenstates, i.e. the eigenstates of the
Hamiltonian, with a specific mass and lifetime. As the mass and flavour eigenstates differ,
the flavour eigenstates are mixed with each other when propagating through space.
The flavour eigenstates, 𝐵0 and 𝐵0, and the final states, 𝑓 and ̄𝑓, are connected via 𝐶𝑃

transformations,

𝐶𝑃|𝐵0⟩ = 𝑒𝑖𝜉𝐵|𝐵0⟩ and 𝐶𝑃|𝐵0⟩ = 𝑒−𝑖𝜉𝐵|𝐵0⟩,

𝐶𝑃|𝑓⟩ = 𝑒𝑖𝜉𝑓| ̄𝑓 ⟩ and 𝐶𝑃| ̄𝑓 ⟩ = 𝑒−𝑖𝜉𝑓|𝑓⟩,
(2.15)

where 𝜉𝐵 and 𝜉𝑓 are arbitrary phases, under the assumption of (𝐶𝑃)2 = 1. In case 𝐶𝑃
symmetry is conserved, 𝐴 ̄𝑓 = 𝑒𝑖(𝜉𝑓−𝜉𝐵)𝐴𝑓 follows, which means that |𝐴 ̄𝑓| = |𝐴𝑓|.

In the SMflavour-changing neutral currents are forbidden at tree level, so that the transition
of a 𝐵0 into a 𝐵0 can be described by loops involving quarks and 𝑊 ± bosons at the lowest
order. The corresponding Feynman diagrams are shown in Fig. 2.3.

u,c,tB0

d

b

W

B0

b

W

u,c,t

d

u,c,t

W WB0

d

b

B0

b

d
u,c,t

Figure 2.3: Feynman diagrams describing the 𝐵0-𝐵0 oscillation at the lowest order. Two
charged currents and two up-type quarks are involved in this process, although it is domi-
nated by a top or an antitop quark, respectively.

The time evolution of an arbitrary linear combination of the flavour eigenstates,

𝑎(𝑡)|𝐵0⟩ + 𝑏(𝑡)|𝐵0⟩, (2.16)

is described by the time-dependent Schrödinger equation in the Wigner-Weisskopf approxi-
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2 𝐶𝑃 Violation in the Standard Model

mation [33, 34]

𝑖 d
d𝑡 (

𝑎(𝑡)
𝑏(𝑡)) = 𝑯 (

𝑎(𝑡)
𝑏(𝑡)) ≡ (𝑴 − 𝑖

2
𝜞) (

𝑎(𝑡)
𝑏(𝑡))

=
(

𝑀11 − 𝑖
2 𝛤11 𝑀12 − 𝑖

2 𝛤12
𝑀21 − 𝑖

2 𝛤21 𝑀22 − 𝑖
2 𝛤22) (

𝑎(𝑡)
𝑏(𝑡)) ,

(2.17)

where the Hamiltonian, 𝑯, is a 2 × 2 non-Hermitian matrix, otherwise the mesons would
just oscillate and not decay. Whereas, 𝑴 and 𝜞 are Hermitian, 𝑴 = 𝑴† and 𝜞 = 𝜞 †.
Due to the invariance of 𝐶𝑃 𝑇 𝐻11 = 𝐻22, thus 𝑀11 = 𝑀22 ≡ 𝑚 and 𝛤11 = 𝛤22 ≡ 𝛤, and
𝑀12 = 𝑀∗

21 as well as 𝛤12 = 𝛤 ∗
21. The flavour-changing transitions 𝐵0 ↔ 𝐵0 are described

by the off-diagonal elements in the Hamiltonian. The matrix element 𝑀12 represents
transitions via dispersive, off-shell, intermediate states, whereas the element 𝛤12 represents
transitions via absorptive, on-shell, intermediate states. The diagonal elements of 𝑴 and
𝜞 are associated with flavour-conserving transitions. Taking into account the introduced
identities, the Hamiltonian simplifies to

𝑯 = (𝑴 − 𝑖
2

𝜞) =
(

𝑚 − 𝑖
2 𝛤 𝑀12 − 𝑖

2 𝛤12
𝑀∗

12 − 𝑖
2 𝛤 ∗

12 𝑚 − 𝑖
2 𝛤 )

. (2.18)

The eigenvalues, 𝜇𝐿 and 𝜇𝐻, of this matrix are calculated via det(𝑯 − 𝜆1) = 0 and are
given by

𝜇𝐻,𝐿 = 𝑚 − 𝑖
2

𝛤 ± √(𝑀∗
12 − 𝑖

2
𝛤 ∗

12) (𝑀12 − 𝑖
2

𝛤12), (2.19)

sorting by imaginary and real part, and with

𝑆 ≡ √(𝑀∗
12 − 𝑖

2
𝛤 ∗

12) (𝑀12 − 𝑖
2

𝛤12), (2.20)

the eigenvalues can also be defined as

𝜇𝐻 ≡ 𝑚𝐻 − 𝑖
2

𝛤𝐻 = 𝑚 + Re(𝑆) − 𝑖
2

(𝛤 + Im(𝑆)) ,

𝜇𝐿 ≡ 𝑚𝐿 − 𝑖
2

𝛤𝐿 = 𝑚 − Re(𝑆) − 𝑖
2

(𝛤 − Im(𝑆)) ,
(2.21)

The mass eigenstates in the 𝐵 system, 𝐵𝐿 and 𝐵𝐻, where 𝐿 stands for light and 𝐻 for
heavy, are given by a linear combination of the flavour eigenstates, due to the non-zero
off-diagonal matrix elements in 𝑯 as

|𝐵𝐻⟩ = 𝑝|𝐵0⟩ − 𝑞|𝐵0⟩,

|𝐵𝐿⟩ = 𝑝|𝐵0⟩ + 𝑞|𝐵0⟩,
(2.22)
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2.2 𝐶𝑃 Violation in the Standard Model

here 𝑞 and 𝑝 are complex coefficients and follow the normalization condition, |𝑞|2 + |𝑝|2 = 1,
and their ratio can be defined using the matrix elements of 𝑯 by

𝑞
𝑝

=
√√√

⎷

𝑀∗
12 − 𝑖

2 𝛤 ∗
12

𝑀12 − 𝑖
2 𝛤12

. (2.23)

The time evolution of an initially, i.e. at 𝑡 = 0, produced 𝐵0 and of an initially produced 𝐵0

are given by

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ −
𝑞
𝑝

𝑔−(𝑡)|𝐵0⟩,

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ −
𝑝
𝑞

𝑔−(𝑡)|𝐵0⟩,
(2.24)

with

𝑔±(𝑡) = 1
2 (𝑒−𝑖𝜇𝐻𝑡 ± 𝑒−𝑖𝜇𝐿𝑡) ,

= 1
2 (𝑒−𝑖𝑚𝐻𝑡𝑒− 1

2 𝛤𝐻𝑡 ± 𝑒−𝑖𝑚𝐿𝑡𝑒− 1
2 𝛤𝐿𝑡

) ,
(2.25)

using Eq. (2.21). Furthermore, using Eq. (2.22) results in the following definitions

|𝐵𝐿⟩ + |𝐵𝐻⟩ = (𝑝|𝐵0⟩ + 𝑞|𝐵0⟩) + (𝑝𝐵0 − 𝑞|𝐵0⟩) = 2𝑝|𝐵0⟩

⇒ |𝐵0⟩ = 1
2𝑝 (|𝐵𝐻⟩ + |𝐵𝐿⟩) ,

|𝐵𝐿⟩ − |𝐵𝐻⟩ = (𝑝|𝐵0⟩ + 𝑞|𝐵0⟩) − (𝑝|𝐵0⟩ + 𝑞|𝐵0⟩) = 2𝑞|𝐵0⟩

⇒ |𝐵0⟩ = 1
2𝑞 (|𝐵𝐿⟩ − |𝐵𝐻⟩) .

(2.26)

The mass difference, Δ𝑚, and the decay-width difference, Δ𝛤, of the mass eigenstates are
given by

Δ𝑚 ≡ 𝑚𝐻 − 𝑚𝐿 = 2 ⋅ Re(𝑆) and Δ𝛤 ≡ 𝛤𝐻 − 𝛤𝐿 = 4 ⋅ Im(𝑆). (2.27)

using the definition from Eq. (2.20). The sign of the mass difference is positive by definition,
while the sign of Δ𝛤 needs to be determined experimentally. Using Eq. (2.36) results in

Δ𝑚 ≈ 2 |𝑀12| , (2.28)
Δ𝛤 ≈ 2 |𝛤12| cos (𝜙), (2.29)

which allows to assume that Δ𝛤 is small. The average mass and decay width are defined as
the arithmetic means as

𝑚 ≡
𝑚𝐻 + 𝑚𝐿

2
and 𝛤 ≡

𝛤𝐻 + 𝛤𝐿
2

. (2.30)
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2 𝐶𝑃 Violation in the Standard Model

Computing the matrix-mixing element 𝑀12 for the neutral 𝑏-meson system, where the
amplitudes are mainly dominated by the short-distance contribution arising from the box
diagrams shown in Fig. 2.3, leads to

𝑀12 = −
𝐺2

𝐹𝑚2
𝑊

12𝜋2 𝑓 2
𝐵𝑞

𝑚𝐵𝑞
𝐵𝐵𝑞

ℱ ∗. (2.31)

Here 𝐺𝐹 is the Fermi constant, 𝑚𝑊 is the mass of the 𝑊 boson; and 𝑓𝐵𝑞
, 𝑚𝐵𝑞

, 𝐵𝐵𝑞
are the

weak decay constant, the mass of the 𝑏 meson and the bag parameter, respectively. The weak
decay constant and the bag parameter describe corrections from non-perturbative QCD. The
function ℱ is defined as

ℱ = 𝜂1𝜆2
𝑐𝑆0(𝑥𝑐) + 𝜂2𝜆𝑡𝑆0(𝑥𝑡) + 2𝜂3𝜆𝑐𝜆𝑡𝑆0(𝑥𝑐, 𝑥𝑡), (2.32)

with combinations of matrix elements, 𝜆𝛼 = 𝑉 ∗
𝛼𝑏𝑉𝛼𝑞, the ratio of masses, 𝑥𝛼 = 𝑚2

𝛼/𝑚2
𝑊, and

perturbative QCD corrections, 𝜂𝑖. If 𝑞 = 𝑑, 𝜆𝑐 and 𝜆𝑡 are of the same order of magnitude as
𝜆3 and if 𝑞 = 𝑠, they both are of the same order of magnitude as 𝜆2. The function 𝑆0 is the
Inami-Lim function [35] and depends on ratios of the quark masses to the 𝑊-boson mass
and shows a clear hierarchy

𝑆0(𝑥𝑡) >> 𝑆0(𝑥𝑐, 𝑥𝑡) > 𝑆0(𝑥𝑐). (2.33)

The top and charm quark enter at a comparable magnitude of around 𝜆3, while the up-quark
loop is suppressed. This simplifies Eq. (2.32) to ℱ ≈ 𝜂2𝜆2

𝑡 𝑆0(𝑥𝑡) and thus Eq. (2.31) to

𝑀12 ≈ −
𝐺2

𝐹𝑚2
𝑊

12𝜋2 𝑓 2
𝐵𝑞

𝑚𝐵𝑞
𝐵𝐵𝑞

𝜂2 (𝑉 ∗
𝑡𝑏𝑉𝑡𝑞)

2 𝑆0 (
𝑚2

𝑡

𝑚2
𝑊 )

. (2.34)

The matrix element 𝛤12 is given by

𝛤12 = ∑
𝑓

⟨𝑓|𝐻|𝐵0
𝑞 ⟩∗⟨𝑓|𝐻| ̄𝐵0

𝑞 ⟩, (2.35)

where 𝑓 denotes the physical states to which 𝑏 mesons can decay. It can be interpreted as
the absorptive part of the box diagrams with intermediate charm or up quarks. As the top
mass is much higher compared to the mass of the 𝐵0

𝑞 meson, neutral 𝑏 mesons cannot decay
into top-flavoured hadrons. Thus, the box diagrams including intermediate top quarks have
a vanishing absorptive part. Resulting from that, the absorptive part of the box diagram
contribution to 𝛤12 is dominated by the mass available in the decays of the neutral 𝑏 mesons,
i.e. 𝑚𝐵0

𝑞
≈ 𝑚𝑏. Considering 𝑀12 ≈ 𝑆0(𝑥𝑡) ≈ 𝑥𝑡 ≈ 𝑚2

𝑡 results in the prediction of

|
𝛤12
𝑀12

| ≈
𝑚2

𝑏

𝑚2
𝑡

≈ 10−3. (2.36)
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2.2 𝐶𝑃 Violation in the Standard Model

This means that 𝐶𝑃 violation in the mixing can be assumed as negligible.
The time evolution of the mass eigenstates can be written shortly using the eigenvalues

like

|𝐵𝐻⟩(𝑡) = 𝑒−𝑖𝜇𝐻𝑡|𝐵𝐻⟩,

|𝐵𝐿⟩(𝑡) = 𝑒−𝑖𝜇𝐿𝑡|𝐵𝐿⟩.
(2.37)

The relevant differential decay rates, i.e. the squared decay amplitudes, are given by

𝛤 (𝐵0(𝑡) → 𝑓) = |⟨𝑓|𝐻|𝐵0⟩|
2 ,

𝛤 (𝐵0(𝑡) → 𝑓) = |⟨𝑓|𝐻|𝐵0⟩|
2

.
(2.38)

Using the previously defined coefficients, 𝑔±(𝑡), in Eq. (2.25) the decay rates can further be
expressed by

𝛤 (𝐵0(𝑡) → 𝑓) = |⟨𝑓|𝐻|𝐵0⟩|
2 = |𝑔+(𝑡)⟨𝑓|𝐻|𝐵0⟩ −

𝑞
𝑝

𝑔−(𝑡)⟨𝑓|𝐻|𝐵0⟩|

2

= |𝐴𝑓|
2 ⋅

|
𝑔+(𝑡) −

𝑞
𝑝

𝐴𝑓

𝐴𝑓
𝑔−(𝑡)

|

2

= |𝐴𝑓|
2 ⋅ |𝑔+(𝑡) − 𝜆𝑓𝑔−(𝑡)|

2

= |𝐴𝑓|
2 ⋅ (|𝑔+(𝑡)|

2 + |𝜆𝑓|
2

|𝑔−(𝑡)|
2 + 2Re [𝜆𝑓𝑔∗

+(𝑡)𝑔−(𝑡)]) ,

(2.39)

with

𝜆𝑓 =
𝑞
𝑝

𝐴𝑓

𝐴𝑓
, (2.40)

for a 𝐵0 meson produced at 𝑡 = 0 to a final state, 𝑓. And analogously for a 𝐵0 meson
produced at 𝑡 = 0 to the same final state, 𝑓, the decay rate is given by

𝛤 (𝐵0(𝑡) → 𝑓) = |⟨𝑓|𝐻|𝐵0⟩|
2

= |𝑔+(𝑡)⟨𝑓|𝐻|𝐵0⟩ −
𝑞
𝑝

𝑔−(𝑡)⟨𝑓|𝐻|𝐵0⟩|

2

= |𝐴𝑓|
2 ⋅ |

𝑝
𝑞 |

2

|𝜆𝑓𝑔+(𝑡) − 𝑔−(𝑡)|
2

= |𝐴𝑓|
2

|
𝑝
𝑞 |

2
⋅ (|𝑔−(𝑡)|

2 + |𝜆𝑓|
2

|𝑔+(𝑡)|
2 + 2Re [𝜆𝑓𝑔+(𝑡)𝑔∗

−(𝑡)]) .

(2.41)

In Eqs. (2.39) and (2.41) for the given decay rates terms proportional to |𝐴𝑓|
2 represent

decays without a flavour change, where an initially produced 𝐵0 or 𝐵0 decays as a 𝐵0 or
𝐵0, respectively. Terms proportional to |𝐴𝑓|

2 |𝑝/𝑞|2 represent decays, where the neutral
meson decays after mixing into the opposite state as the initial state and terms proportional
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2 𝐶𝑃 Violation in the Standard Model

to 𝑔∗
±(𝑡)𝑔∓(𝑡) describe the interference of the direct decay and the decay after mixing. These

decay rates can be written in terms of hyperbolic and trigonometric functions as

𝛤 (𝐵0(𝑡) → 𝑓) = 1
2 |𝐴𝑓|

2 ⋅ 𝑒−𝛤 𝑡 ⋅ (1 + |𝜆𝑓|
2
)

⋅ (cosh(
Δ𝛤
2

𝑡) + 𝐷 sinh(
Δ𝛤
2

𝑡) + 𝐶 cos (Δ𝑚𝑡) − 𝑆 sin (Δ𝑚𝑡)) ,

𝛤 (𝐵0(𝑡) → 𝑓) = 1
2 |𝐴𝑓|

2 ⋅ |
𝑝
𝑞 |

2
⋅ 𝑒−𝛤 𝑡 ⋅ (1 + |𝜆𝑓|

2
)

⋅ (cosh(
Δ𝛤
2

𝑡) + 𝐷 sinh(
Δ𝛤
2

𝑡) − 𝐶 cos (Δ𝑚𝑡) + 𝑆 sin (Δ𝑚𝑡)) .

(2.42)

The so-called 𝐶𝑃 coefficients are defined as

𝐷 =
2Re (|𝜆𝑓|)
1 + |𝜆𝑓|

2 , 𝐶 =
1 − |𝜆𝑓|

2

1 + |𝜆𝑓|
2 , and 𝑆 =

2Im (|𝜆𝑓|)
1 + |𝜆𝑓|

2 , (2.43)

and satisfy 𝐷2 + 𝐶2 + 𝑆2 = 1.

2.2.3 Classification of 𝘾𝙋-violating Effects

In neutral meson systems three types of 𝐶𝑃-violating effects can be distinguished: direct
𝐶𝑃 violation, indirect 𝐶𝑃 violation, and 𝐶𝑃 violation in the direct decay and the decay after
mixing.
Weak and strong phases are the only two types of phases that can enter in the decay

amplitudes. The weak phases originate from the CKM matrix and have opposite sign for 𝐴𝑓
and 𝐴 ̄𝑓. Strong phases occur in scattering processes and have the same sign for 𝐴𝑓 and 𝐴 ̄𝑓.
As the SM is a gauge-invariant theory, only differences of phases have a physical meaning
as absolute phases can be removed by rotations.

Direct 𝘾𝙋 Violation

Direct 𝐶𝑃 violation or 𝐶𝑃 violation in the decaymeans that the decay amplitudes into the final
state, 𝑓, and the 𝐶𝑃-conjugate final state, ̄𝑓, are different for the meson and the antimeson,
respectively. It can occur in charged as well as in neutral decays. In charged decays, where
no mixing can happen, it is the only possible type of 𝐶𝑃 violation. The amplitudes can be
written using weak, 𝑒𝑖𝛿𝑖, and strong phases, 𝑒𝑖𝜙𝑖, like

𝐴𝑓 = ∑
𝑖

𝐴𝑖𝑒𝑖(𝛿𝑖+𝜙𝑖), (2.44)

𝐴 ̄𝑓 = 𝑒2𝑖(𝜉𝑓−𝜉𝐵)
∑

𝑖
𝐴𝑖𝑒𝑖(𝛿𝑖−𝜙𝑖), (2.45)
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2.2 𝐶𝑃 Violation in the Standard Model

with 𝜉{𝑓 ,𝐵} from Eq. (2.15). If 𝑓 is a 𝐶𝑃 eigenstate, then 𝑒2𝑖𝜉𝑓 = ±1 is its 𝐶𝑃 eigenvalue. If
𝐶𝑃 is conserved, the weak phases, 𝜙𝑖, are all equal. Direct 𝐶𝑃 violation is results in

|
𝐴𝑓

𝐴 ̄𝑓 |
=

|
∑𝑖 𝐴𝑖𝑒𝑖(𝛿𝑖+𝜙𝑖)

∑𝑖 𝐴𝑖𝑒𝑖(𝛿𝑖−𝜙𝑖) |
≠ 1. (2.46)

Indirect 𝘾𝙋 Violation

Indirect 𝐶𝑃 violation or 𝐶𝑃 violation in mixing occurs only in neutral mesons and results
from the difference between the mass and the 𝐶𝑃 eigenstates, thus that from Eq. (2.25)
follows

|
𝑞
𝑝| ≠ 1. (2.47)

It can be studied in flavour-specific decays, where the final state can be reached from either
a meson or an antimeson, but not from both, e.g. in semi-leptonic decays, where the meson
only decays into 𝑙+𝑋, while the antimeson decays only into 𝑙−𝑋. Thus an initial meson or
anitimeson can only reach the 𝑙−𝑋 or the 𝑙+𝑋 final state only via mixing, respectively.

𝘾𝙋 Violation in the Interference of Decay and Decay after Mixing

The third class of 𝐶𝑃 violation occurs if the neutral meson and the antimeson decay into a
common final state. It arises from the interference between the direct decay without mixing,
𝐵0 → 𝑓, and the decay including mixing, 𝐵0 ↔ 𝐵0 → 𝑓. It is also evident even if no direct
and indirect 𝐶𝑃 violation is present. The definition from Eq. (2.40) changes if the final state
is a 𝐶𝑃 eigenstate, 𝑓𝐶𝑃, to

𝜆𝑓𝐶𝑃
= 𝜂𝐶𝑃 ⋅

𝑞
𝑝

𝐴𝑓

𝐴𝑓
, (2.48)

with the 𝐶𝑃 eigenvalue, 𝜂𝐶𝑃, of the final state with

𝐶𝑃|𝑓𝐶𝑃⟩ = | ̄𝑓𝐶𝑃⟩ = 𝜂𝐶𝑃|𝑓𝐶𝑃⟩ = ±|𝑓𝐶𝑃⟩. (2.49)

The decay amplitude can be parametrized as 𝐴𝑓 = 𝐴𝑒𝑖(𝛿𝐷+𝜙𝐷) (see Eq. (2.44)). Moreover,
𝐶𝑃 violation in the mixing can be assumed to be negligible (as |𝛤12/𝑀12| ≈ 0, see Eq. (2.36)),
thus the mixing parameter, 𝑞/𝑝 = 𝑒−𝑖𝜙𝑀, can be expressed by one phase. Due to that |𝜆𝑓| = 1,
but the phase difference between the direct decay and the decay after mixing allows for

Im(𝜆𝑓) ≠ 0. (2.50)
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2 𝐶𝑃 Violation in the Standard Model

The decay-time-dependent 𝐶𝑃 asymmetry in the case of the decay to a 𝐶𝑃 eigenstate is given
by

𝒜𝐶𝑃(𝑡) ≡
𝛤 (𝐵0(𝑡) → 𝑓𝐶𝑃) − 𝛤 (𝐵0(𝑡) → 𝑓𝐶𝑃)

𝛤 (𝐵0(𝑡) → 𝑓𝐶𝑃) + 𝛤 (𝐵0(𝑡) → 𝑓𝐶𝑃)

= 𝑆 ⋅ sin (Δ𝑚𝑡) − 𝐶 ⋅ cos (Δ𝑚𝑡)

cosh(
Δ𝛤
2 𝑡) + 𝐷 ⋅ sinh(

Δ𝛤
2 𝑡)

,
(2.51)

when also assuming |𝑞/𝑝| = 1 and where 𝐵0 and 𝐵0 denote the production flavor of the
corresponding meson at 𝑡 = 0. The coefficients 𝑆, 𝐶 and 𝐷 are the previously defined 𝐶𝑃
observables from Eq. (2.43).

2.2.4 𝘾𝙋 Violation in 𝘽𝟬 → [𝙘𝙘]𝙆 𝟬
S Decays

In general Cabibbo-favoured 𝑏 → [𝑐𝑐]𝑠 transitions are called golden modes to measure
decay-time-dependent 𝐶𝑃 violation in the interference of decays with and without mixing. In
this thesis, especially the group of 𝐵0 → [𝑐𝑐]𝐾0

S decays are considered, where [𝑐𝑐] denotes
a charmonium resonance, like the 𝐽/𝜓 or the 𝜓(2𝑆) meson. In such decays higher-order
contributions that could introduce additional strong and weak phases in the decay amplitudes
are expected to be small [36–38] and 𝐶𝑃 violation in the mixing is negligible at the current
experimental precision [39].
In the decays considered in this thesis, 𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0 → 𝐽/𝜓𝐾0
S , the 𝐵0

candidates are reconstructed by combining the charmonium and the 𝐾0
S candidates that

form a common vertex. The charmonium candidates are reconstructed from two muons in
the case of the 𝜓(2𝑆) meson and from two electrons in the case of the 𝐽/𝜓 meson. In both
cases the 𝐾0

S candidates are formed from two oppositely charged pions. The values in the
following section are taken from Ref. [27].

The branching ratios for the decays of 𝐵0 → 𝜓(2𝑆)𝐾0 and of 𝐵0 → 𝐽/𝜓𝐾0 are given by

ℬ(𝐵0 → 𝜓(2𝑆)𝐾0) = (8.73 ± 0.32) ⋅ 10−4,
ℬ(𝐵0 → 𝐽/𝜓𝐾0) = (5.8 ± 0.5) ⋅ 10−4,

(2.52)

and are of the same order of magnitude. The 𝐾0
S meson consists of a down quark and

an antistrange quark, has a mass of (497.611 ± 0.013)MeV/c2, and a considerably long
lifetime of about (89.54 ± 0.04) ps, which means that it has a non-vanishing flight distance
in the detector in the order of 1m. The 𝐵0 → [𝑐𝑐]𝐾0

S decay proceeds via the decay of
the 𝐾0/𝐾0 flavour eigenstates to the 𝐾0

S mass eigenstate with a branching ratio of about
50%. The 𝐾0

S further decays with around 70% to two oppositely charged pions. The 𝐽/𝜓
and 𝜓(2𝑆) meson consist both of a charm quark and an anticharm quark, and have a mass
of (3096.900 ± 0.006)MeV/c2 and (3686.097 ± 0.025)MeV/c2, respectively. They both
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2.2 𝐶𝑃 Violation in the Standard Model

decay almost instantaneously and leave no visible track in the detector. While the 𝐽/𝜓 meson
decays with around 88% via the strong and electromagnetic interaction to hadrons and with
around 6% each to two electrons or two muons [27], the 𝜓(2𝑆) meson decays about 98%
to hadrons and with around 0.8% each to two electrons or to two muons. Taking everything
into account the overall branching ratios for the considered decays into the given final states
are

ℬ(𝐵0 → 𝜓(2𝑆)(→ 𝜇+𝜇−)𝐾0
S (→ 𝜋+𝜋−)) = (1.61 ± 0.20) ⋅ 10−6,

ℬ(𝐵0 → 𝐽/𝜓(→ 𝑒+𝑒−)𝐾0
S (→ 𝜋+𝜋−)) = (18.4 ± 0.7) ⋅ 10−6.

(2.53)

The important decay amplitudes for such decays are

𝐴([𝑐𝑐]𝐾0
S ) = ⟨[𝑐𝑐]𝐾0

S |𝐻|𝐵0⟩,

𝐴([𝑐𝑐]𝐾0
S ) = ⟨[𝑐𝑐]𝐾0

S |𝐻|𝐵0⟩.
(2.54)

As mentioned before the 𝐾0
S is not a flavour eigenstate, but a mass eigenstate of the neutral

kaon system. The two mass eigenstates, 𝐾0
S and 𝐾0

L , can be written as a linear combination
of the flavour eigenstates, 𝐾0 and 𝐾0, as

|𝐾0
S ⟩ = 𝑝𝐾|𝐾0⟩ − 𝑞𝐾|𝐾0⟩,

|𝐾0
L ⟩ = 𝑝𝐾|𝐾0⟩ + 𝑞𝐾|𝐾0⟩,

(2.55)

analogously to the neutral 𝑏-meson system (see Eq. (2.22)). The 𝐾0
L is much heavier than

the 𝐾0
S and has a longer lifetime. For the ratio of the mixing parameters follows

𝑞𝐾
𝑝𝐾

= −
𝑉 ∗

𝑐𝑠𝑉𝑐𝑑
𝑉𝑐𝑠𝑉 ∗

𝑐𝑑
, (2.56)

when neglecting 𝐶𝑃 violation in the mixing. As a 𝐵0 and a 𝐵0 meson can only decay into
the flavour eigenstates 𝐾0 and 𝐾0, respectively, the decay amplitudes change to

𝐴([𝑐𝑐]𝐾0
S ) = ⟨[𝑐𝑐]𝐾0

S |𝐻|𝐵0⟩ = + 1
2𝑝𝐾

⟨[𝑐𝑐]𝐾0|𝐻|𝐵0⟩,

𝐴([𝑐𝑐]𝐾0
S ) = ⟨[𝑐𝑐]𝐾0

S |𝐻|𝐵0⟩ = − 1
2𝑞𝐾

⟨[𝑐𝑐]𝐾0|𝐻|𝐵0⟩.
(2.57)

The dominantly contributing Feynman diagrams are shown in Fig. 2.4. The tree as well as
the penguin diagram with an internal up-type quark loop contribute to the decay amplitudes.
Following Refs. [27, 40] the amplitude can be expressed using the CKM-matrix elements as

𝐴(𝐵0 → [𝑐𝑐]𝐾0
S ) = 𝑉𝑐𝑠𝑉 ∗

𝑐𝑏𝑇𝑐 + 𝑉𝑢𝑠𝑉 ∗
𝑢𝑏𝑃𝑢 + 𝑉𝑐𝑠𝑉 ∗

𝑐𝑏𝑃𝑐 + 𝑉𝑡𝑠𝑉 ∗
𝑡𝑏𝑃𝑡 , (2.58)
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Figure 2.4: Relevant Feynman diagrams of the 𝐵0 → 𝜓(2𝑆)𝐾0
S decay at the lowest order,

here more generalized for the decay including a charmonium state. The (left) dominant,
color-supressed tree diagram and the (right) loop-supressed penguin diagram.

where 𝑇𝑐 represents the strong contribution form the tree diagram, and 𝑃𝑞 with 𝑞 ∈ {𝑢, 𝑐, 𝑡}
represents strong penguin contributions, from the inside up-type quark-loop. All these
contributions are conserved under 𝐶𝑃 transformation. Considering the CKM unitarity
and using the Wolfenstein parametrization up to terms of 𝒪(𝜆2) the amplitudes can be
approximated as

𝐴(𝐵0 → [𝑐𝑐]𝐾0) = (1 − 𝜆2

2 ) 𝒜 (1 + 𝜖𝑎𝑒𝑖𝜃𝑒+𝑖𝛾) ,

𝐴(𝐵0 → [𝑐𝑐]𝐾0) = (1 − 𝜆2

2 ) 𝒜 (1 + 𝜖𝑎𝑒𝑖𝜃𝑒−𝑖𝛾) ,
(2.59)

with
𝒜 = 𝐴𝜆2(𝑇𝑐 + 𝑃𝑐 − 𝑃𝑡), 𝜖 = 𝜆2

1 − 𝜆2 , 𝑎𝑒𝑖𝜃 = 𝑅𝑢 (
𝑃𝑢 − 𝑃𝑡

𝑇𝑐 + 𝑃𝑐 − 𝑃𝑡 ) ,

with the side, 𝑅𝑢 = |𝑉𝑢𝑑𝑉 ∗
𝑢𝑏/𝑉𝑐𝑑𝑉 ∗

𝑐𝑏| of the unitarity triangle. Furthermore, 𝛾 is the only
weak phase and while it changes its sign under 𝐶𝑃 transformation as the difference between
𝐴(𝐵0 → [𝑐𝑐]𝐾0) and 𝐴(𝐵0 → [𝑐𝑐]𝐾0) shows, the sign in front of the strong phase, 𝜃, remains
unchanged.

Taking everything into account, the 𝐵0-𝐵0 mixing, the terms from the kaon system, and
the decay amplitude, the mixing parameter 𝜆𝑓 from Eq. (2.40) can be expressed by

𝜆[𝑐𝑐]𝐾0
S

=
𝑞
𝑝

𝐴([𝑐𝑐]𝐾0
S )

𝐴([𝑐𝑐]𝐾0
S )

= − (
𝑉 ∗

𝑡𝑏𝑉𝑡𝑑
𝑉𝑡𝑏𝑉 ∗

𝑡𝑑
) (

𝑉 ∗
𝑐𝑠𝑉𝑐𝑏

𝑉𝑐𝑠𝑉 ∗
𝑐𝑏

) (
𝑉 ∗

𝑐𝑑𝑉𝑐𝑠

𝑉𝑐𝑑𝑉 ∗
𝑐𝑠 ) ⋅ 1 + 𝜖𝑎𝑒𝑖𝜃𝑒+𝑖𝛾

1 + 𝜖𝑎𝑒𝑖𝜃𝑒−𝑖𝛾

= −𝑒−2𝑖𝛽 ⋅ 1 + 𝜖𝑎𝑒𝑖𝜃𝑒+𝑖𝛾

1 + 𝜖𝑎𝑒𝑖𝜃𝑒−𝑖𝛾 ,

(2.60)

where the first term comes from the 𝐵0-𝐵0 mixing, the second term arises from the ratio
𝐴𝑓/𝐴𝑓, the third from 𝐾0-𝐾0 mixing, and the last one represents the penguin contributions.
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2.2 𝐶𝑃 Violation in the Standard Model

Here, 𝛽 and 𝛾 are angles of the CKM triangle as defined in Eq. (2.13). The relative negative
sign between the amplitudes arises from the fact, that when the scalar 𝐵0 meson decays to a
charmonium resonance of spin 1, when considering the 𝐽/𝜓 or 𝜓(2𝑆) meson, and to a 𝐾0

S
of spin 0, a relative angular momentum between the charmonium and the 𝐾0

S is needed (a
relative 𝑙 = 1 state [18]). And as the 𝐾0

S is reconstructed from two pions, which are both
𝐶𝑃-even, the whole kaon system ends up with a negative 𝐶𝑃 eigenvalue and is 𝐶𝑃-odd.

Neglecting penguin contributions, for 𝜖 = 0, assuming that higher-order contributions are
small, the parameter 𝜆[𝑐𝑐]𝐾0

S
in Eq. (2.60) is only proportional to phase of 2𝛽 and thus the

𝐶𝑃 coefficients simplify to

𝑆([𝑐𝑐]𝐾0
S ) = sin (2𝛽), 𝐶([𝑐𝑐]𝐾0

S ) = 0, and 𝐷([𝑐𝑐]𝐾0
S ) = cos (2𝛽). (2.61)

When considering the vanishing decay-width difference of the mass eigenstates,
Δ𝛤/𝛤 = −0.002 ± 0.010 [39], the decay-time-dependent 𝐶𝑃 asymmetry in the case of the
considered decays in Eq. (2.51) simplifies to

𝒜𝐶𝑃(𝑡) = 𝑆 ⋅ sin (Δ𝑚𝑡) − 𝐶 ⋅ cos (Δ𝑚𝑡), (2.62)

As 𝐶𝑃 violation in the mixing is negligible and 𝐶𝑃 violation in the decay is expected to be
small, the 𝐶𝑃 coefficient 𝑆 can be identified as sin(2𝛽).

As these types of decays are considered the most suitable for measuring 𝐶𝑃 violation in the
interference, 𝐵0 → [𝑐𝑐]𝐾0

S decays have been studied extensively by LHCb, BaBar and Belle
before. While LHCb operates at the LHC in a hadronic environment, the two 𝐵 factories
BaBar and Belle operated at electron-positron colliders. They run at the centre-of-mass
energies of the 𝛶 (4𝑆) bottonium resonance, producing very high rates of 𝐵0𝐵0 pairs. Belle
was operating at KEKB in Tsukuba in Japan and BaBar at PEP-II in Stanford in the US. The
world averages [39] for 𝑆 and 𝐶 obtained in various 𝑏→[𝑐𝑐]𝑠 transitions are

𝑆(𝑏→[𝑐𝑐]𝑠) = 0.699 ± 0.017, 𝐶(𝑏→[𝑐𝑐]𝑠) = −0.005 ± 0.015.

When considering only the specific decay channels of 𝐵0 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝐽/𝜓𝐾0

S ,
the averages [39] are

𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.817 ± 0.056, 𝐶(𝐵0 → 𝜓(2𝑆)𝐾0

S ) = −0.019 ± 0.048,
𝑆(𝐵0 → 𝐽/𝜓𝐾0

S ) = 0.695 ± 0.019, 𝐶(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.000 ± 0.020.

When exclusively looking at single experiments, the Belle and BaBar (see Refs. [41, 42])
collaborations have measured sin(2𝛽) in the 𝐵0 → 𝐽/𝜓𝐾0

S mode to a very high precision and
they measured sin(2𝛽) exclusively in 𝐵0 → 𝜓(2𝑆)𝐾0

S decays as well. The results are

𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ,Belle) = 0.670 ± 0.032,

𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ,BaBar) = 0.657 ± 0.038,

𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ,Belle) = 0.738 ± 0.079 ± 0.036,

𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ,BaBar) = 0.897 ± 0.100 ± 0.036.
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2 𝐶𝑃 Violation in the Standard Model

A measurement of sin(2𝛽) using 𝐵0 → 𝐽/𝜓𝐾0
S decays, where the 𝐽/𝜓 meson was recon-

structed from two muons, by the LHCb collaboration obtained a value of 𝑆 = 0.73±0.04 [8]
using 3 fb−1.

All of the quoted measurements are well in agreement and show no real tensions among
each other and also between the SM prediction of sin(2𝛽) using CKM unitarity and mea-
surements of other CKM-related quantities, which leads to sin(2𝛽) = 0.740 +0.020

−0.025 by the
CKMfitter group [32] and to sin(2𝛽) = 0.724 ± 0.028 by the UTfit collaboration [43].
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3 The LHC and the LHCb Experiment

The Large Hadron Collider is a circular proton-proton, 𝑝𝑝, collider at the European Organ-
istaion for Nuclear Research, CERN, in the vicinity of Geneva. The accelerator is installed
in a tunnel with a circumference of 26.7 km which is located 45 to 175m below ground near
the Swiss-French border. The tunnel was constructed between 1984 and 1989 for the Large
Electron-Positron Collider, LEP. Two transfer tunnels, each around 2.5 km long, connect
the LHC to the CERN accelerator complex.

In the LHC, two proton beams are accelerated in opposite directions to a centre-of-mass
energy of 7 and 8 TeV in the run I of the LHC in the years 2011 and 2012, respectively. The
centre-of-mass energy has been increased since then for run II of the LHC to 13 TeV in the
years 2015 until 2018. The LHC is supplied by protons from an injection chain consisting
of the Linear Accelerator 2, LINAC 2, the Proton Synchrotron Booster, BOOSTER, the
Proton Synchrotron, PS, and the Super Proton Synchrotron, SPS. The protons are produced
by ionising hydrogen atoms, because the remaining nuclei only consist of protons. These
protons are then accelerated by the LINAC 2 to an energy of 50MeV. After that, the
BOOSTER increases the energy to 1.4GeV and sends the protons to the PS, there they are
accelerated to 25GeV. After that they enter the SPS which provides the LHC at the nominal
running conditions proton beams at energies of 450GeV. In the near future LINAC 2 will
be superseded by LINAC 4, which will be 86m long and will be able to take the hydrogen
ions to an energy of 160MeV. In Fig. 3.1 a schematic depiction of the accelerator complex
and a selection of experiments is shown.
The collider has an instant peak luminosity of ℒ = 1034 cm−2s−1, which is the ratio of

the number of detected events, 𝑁, at a given time, 𝑡, and the corresponding cross section, 𝜎,
given as

𝐿 = 1
𝜎
d𝑁
d𝑡

. (3.1)

An integration over time leads to the integrated luminosity

𝐿int = ∫ 𝐿d𝑡. (3.2)

At this design peak luminosity 2808 bunches of protons with a bunch spacing of 25 ns are
stored in each proton beam. Each bunch contains up to 1.15 ⋅ 1011 protons, which leads to a
total beam energy at 7 TeV of 362MJ per beam [44].
The two proton beams are collided at four main points along the accelerator, where the

four big experiments ATLAS (A Toroidal LHC Apparatus) [45], CMS (Compact Muon
Solenoid) [46], ALICE ( A Large Ion Collider Experiment) [47], and LHCb (Large Hadron
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3 The LHC and the LHCb ExperimentCERNfaq
LHC
the guide

50 MeV

1,4 GeV

25 GeV

450 GeV14 TeV

Figure 3.1: The LHC with a selection of experiments and its pre-accelerators is shown.
The protons are produced via ionisation of hydrogen atoms and are then pre–accelerated
by the (pruple) Linear Accelerator 2, LINAC 2, and the (rose) Proton Synchrotron Booster,
BOOSTER, to 1.4GeV before they are filled into the (pink) Proton Synchrotron, PS, and
there they are accelerated to 25GeV. After that they enter the (light blue) Super Proton
Synchrotron, SPS, and finally they are accelerated in the (dark blue) LHC.
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3.1 The LHCb Experiment and Detector

Collider beauty) [48] are located. Besides these experiments there exists a variety of smaller
experiments at CERN, e.g. fixed target experiments in the north area. ATLAS and CMS are
the two high luminosity experiments both aiming at the designed peak luminosity of the
LHC, whereas LHCb aims at ℒ = 2 ⋅ 1032 cm−2s−1. For heavy ion operations, especially
lead ions, ALICE is aiming at a peak luminosity of ℒ = 1027 cm−2s−1.

The two general-purpose detectors, ATLAS and CMS, are build as so-called 4𝜋 detectors,
which surround the interaction points symmetrically. Both experiments are especially
designed for direct searches for New Physics effects. Besides this, they discovered the
Higgs boson in 2012 [25], which was proposed in 1964 and completes the SM. The ALICE
experiment focuses on the physics of strongly interacting matter at high energy densities.
At such extreme densities a phase of matter called quark-gluon plasma forms. For a more
detailed description see Ref. [49].

3.1 The LHCb Experiment and Detector

The Large Hadron Collider beauty, LHCb, experiment is designed to study New Physics
effects through indirect searches, i.e. high precision measurements. The main focus of LHCb
is the measurement of 𝐶𝑃 violation, and of rare and very rare decays in decays of 𝑏 and
𝑐 hadrons. In such modes small deviations from the expectations can point to significant
deviations from the SM and can therefore provide a valuable test of the SM. To be able to
conduct measurements with the desired precision it is necessary to have data with a high
amount of 𝑏 and 𝑐 hadrons provided by the LHC. Furthermore, the detector needs to be
designed to be able to reconstruct such decays including the accompanying decay products,
especially kaons, pions, muons, and electrons. In addition, the knowledge of the decay time
of each reconstructed 𝑏- and 𝑐-hadron candidate is important to measure 𝐶𝑃 violation in the
interference of decay and decay after mixing. For a detailed description see [48].
The production of heavy quarks in 𝑝𝑝 collisions is dominated by the production of a

quark pair via gluon-gluon fusion, i.e. 𝑔𝑔 → 𝑞 ̄𝑞, here 𝑞 ∈ {𝑐, 𝑏}. The high beam energies,
that can be reached at the LHC, can lead to a high momentum asymmetry between the
two gluons, which again leads to a large momentum of the quark pair and this causes a
strong boost along the beam axis. Thus, both quarks have a high probability to be produced
along the beam axis. This can be seen in Fig. 3.2, where simulated data at a centre-of-
mass energy of 7 TeV shows the production angles of 𝑏𝑏 pairs. The red region includes
around 25% of all produced 𝑏𝑏 pairs and represents the geometrical acceptance of the LHCb
detector. The production cross-section of 𝑏𝑏 pairs in the covered pseudorapidity, 𝜂, range
from 2.0 to 5.0 was measured by LHCb to 𝜎(𝑝𝑝 → 𝑏𝑏𝑋) = 72.0 ± 0.3 ± 6.8 µb [51] at a
centre-of-mass energy of 7 TeV. The pseudorapidity is defined using the polar angle, 𝜃, as
𝜂 = − ln (tan (𝜃/2)). The extrapolated 𝑏𝑏 cross-section over the full 𝜂 range was measured to
be 𝜎(𝑝𝑝 → 𝑏𝑏𝑋) = 284 ± 20 ± 49 µb [52] at 7 TeV.
Of a produced 𝑏𝑏 pair each quark hadronises separately and incoherently from the other
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Figure 3.2: The production number of 𝑏𝑏 pairs as a function of (left) the azimuthal angles,
𝜃1 and 𝜃2, and of (right) the corresponding pseudorapidity from simulation at a centre-of-
mass energy of 7 TeV. The (left) red shaded region and the (right) red box represent the
geometrical acceptance of the LHCb detector, which corresponds to around 25% of all
produced 𝑏𝑏 pairs. The (right) yellow box shows the acceptance of the general purpose
detectors, ATLAS and CMS. [50]

in hadron collisions. Nonetheless, it is possible to obtain a probability of the charge of the
produced quark, the so-called flavour tag, 𝑑, from the accompanying particles produced
in the hadronisation or from the fragmentation process of the other quark of the pair (see
Sec. 4.3 for more details). The 𝑏 quarks hadronise predominantly into lighter charged mesons,
i.e. 𝐵+ and 𝐵−, with around 40%, into neutrally charged mesons, i.e. 𝐵0 and 𝐵0 also with
around 40%, and with around 10% into 𝐵0

𝑠 and 𝐵0
𝑠 , and with the last 10% into heavier

mesons and baryons [27].
Due to the production of 𝑏 and 𝑐 quarks predominantly along the beam axis, the LHCb

detector is built as a single-arm forward spectrometer covering an angular range from about
10mrad to 300mrad in the horizontal and to 250mrad in the vertical plane. A schematic view
of the LHCb detector is depicted in Fig. 3.3. Around the interaction point the Vertex Locator,
VELO, is stationed. Further downstream the first Ring Imaging Cherenkov Detector, RICH1,
followed by the Tracker Turicensis, TT, the dipole magnet, and the tracking stations, T1-T3,
followed by the second Ring Imaging Cherenkov Detector, RICH2, are located. The three
tracking stations consist each of an inner silicon tracker, IT, and an outer drift-tube detector,
OT. After those, the first muon station, M1, follows, superseded by the calorimeter system
consisting of a Scintillating Pad Detector, SPD, a Preshower detector, PS, an Electromagnetic
Calorimeter, ECAL, and a Hadronic Calorimeter, HCAL. The detector is completed by
additional muon stations, M2-M5. The detector components can be subdivided in two
categories according to their purpose, first in sub-detectors designed for finding particle
tracks and second in components designed for particle identification, PID. The VELO, the
tracking stations, T1-T3 including the TT, the magnet, as well as the muon chambers belong
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3.1 The LHCb Experiment and Detector

to the tracking system. Although, the latter can be assigned to both categories. The two
RICH detectors, as well as the calorimeter system and also the muon chambers form the
particle identification system. As the detector can be positioned very close to the beam (more

Figure 3.3: Schematic view of the LHCb detector. The beam pipe is located horizontally
along the 𝑧-axis. Around the interaction point the Vertex Locator, VELO, is stationed.
Further downstream the first Ring Imaging Cherenkov Detector, RICH1, followed by the
Tracker Turicensis, TT, the dipole magnet, and the tracking stations, T1-T3, followed by the
second Ring Imaging Cherenkov Detector, RICH2, are located. The three tracking stations
consist each of an inner silicon tracker, IT, and an outer drift-tube detector, OT. After
those, the first muon station, M1, superseded by the calorimeter system consisting of a
Scintillating Pad Detector, SPD, a Preshower detector, PS, an Electromagnetic Calorimeter,
ECAL, and a Hadronic Calorimeter, HCAL. The detector is completed by additional muon
stations, M2-M5. [48]

details in Sec. 3.1.1), equipped with several sensitive and fragile sub-detectors, and due to
the unique position of LHCb in direction of the injection line of the counter clockwise proton
beam, there exist a variety of safety systems for monitoring the LHC’s beam conditions. One
of those is the Beam Conditions Monitor, BCM [53, 54]. The BCM continuously measures
the particle flux at two points symmetrical to the interaction point in the detector and consists
of eight diamond sensors at each of the two points. If it measures a current above a certain
threshold, the BCM is able to initiate a controlled beam dump within two turns of the beam.
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3 The LHC and the LHCb Experiment

3.1.1 Tracking System

Due to its close position to the interaction point in LHCb, the VELO provides precise
measurements of track coordinates, especially of the position of the primary (PVs) and
the distinct secondary vertices (SVs). It consists of silicon modules arranged along the
beam axis. They measure the cylindrical 𝑟 and 𝜙 coordinates. The VELO is schematically
shown in Fig. 3.4. The modules can be positioned radially with a distance of 8mm to the
beam. Due to this very small distance, the BCM is necessary to protect these fragile silicon
detectors. During injection the sensors can be retracted, due to their composition of two
halves. The sensors are built in their own vacuum vessel, which is separated from the beam
vacuum by an RF-foil. The VELO covers the whole LHCb acceptance from 1.6 < 𝜂 < 4.9.
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.

– 16 –

Figure 3.4: Schematic view of the VELO silicon sensors in the (𝑥, 𝑧) plane. And the
closed and open position of the sensors from the front are shown. [48]

The TT upstream of the magnet and the inner part of the tracking stations downstream of
the magnet, IT, form the Silicon Tracker, ST. Both trackers are made of silicon microstrip
sensors. The TT as a planar tracking station covers the whole LHCb acceptance region
and is 150 cm wide and 130 cm high, while the IT covers a 120 cm wide and 40 cm high
cross - shaped region in the inner part of the three tracking stations. Each of this four ST
stations has a (𝑥-𝑢-𝑣-𝑥) arrangement of the four detection layers within, which means in the
first and last layer the strips are arranged vertically and in the two inner layers the strips
are rotated by −5° and +5° around the 𝑧-axis, respectively. The TT station consists of two
halves, one half on each side of the beam pipe. Each of the three IT stations comprises four
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3.1 The LHCb Experiment and Detector

single detector boxes, that are arranged symmetrically around the beam pipe. Each of the
boxes contains the four detection layers, in the (𝑥-𝑢-𝑣-𝑥) design, which leads to a spatial
resolution of about 50 µm.

The OT is a gaseous straw-tube detector [55]. It can detect charged particles and measure
their momenta very precisely with a resolution of about 𝛿𝑝/𝑝 ≈ 0.4%, where 𝑝 is the particle’s
momentum. It is also arranged in three stations with four layers each in the same pattern,
in the (𝑥-𝑢-𝑣-𝑥) design which leads to a spatial resolution of about 200 µm in the OT. The
OT is an array of airtight tubes, which are filled with a mixture of argon (70%), carbon
dioxide (28%) and oxygen (2%). This assures drift times lower than 50 ns. The tubes build
the cathode surface and a wire in the middle acts as the anode. If a charged particle traverses
the tube, it ionizes the gas atoms and the resulting electrons and ions are accelerated by
the electric field that prevails between the tubes and the wire. This causes a cascade of
ionization also called Townsend avalanche, which results in a charge proportional to the
ionization effect when arriving at the wire (see Fig. 3.5).
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Figure 7: (a) Sketch of the various contributions to the measured TDC time [19], as explained
in the text. (b) Picture of a charged particle that traverses a straw.

electronics, tFE. The various contributions to the TDC time are schematically shown in
Fig. 7, and can be expressed as

tTDC = (Tcollision − T FE
clock) + ttof + tdrift + tprop + tFE. (1)

The phase of the clock at the TDC input, T FE
clock, can be adjusted with a shift tFEclock. The

expression for tTDC can be rewritten as

tTDC = (Tcollision − Tclock) + t0 + ttof + tdrift + tprop, (2)

where t0 = tFE − tFEclock. Variations in t0 are discussed in the next section. The difference
tclock = Tcollision − Tclock accounts for variations of the phase of the LHC clock received at
the LHCb experiment control and is kept below 0.5 ns.

The TR-relation is the relation between the measured drift-time and the closest dis-
tance from the particle trajectory to the wire. The TR-relation is calibrated on data by
fitting the distribution of drift-time as a function of the reconstructed distance of closest
approach between the track and the wire, as shown in Fig. 8(a). At the first iteration
the TR-relation obtained from beam tests was used. The line shows the currently used
TR-relation [19], which has the following parameterization:

tdrift(r) = 20.5 ns ·
|r|

R
+ 14.85 ns ·

r2

R2
, (3)
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Figure 1: (a) Module cross section. (b) Arrangement of OT straw-tube modules in layers and
stations.

tubes, and are read out only from the outer module end. The inner region not covered
by the OT, |y| < 10(20) cm for |x| < 59.7(25.6) cm, is instrumented with silicon strip
detectors [1]. One detector layer is built from 14 long and 8 short modules, see Fig. 1(b).
The complete OT detector consists of 168 long and 96 short modules and comprises 53,760
single straw-tube channels.

The detector modules are arranged in three stations. Each station consists of four
module layers, arranged in an x-u-v-x geometry: the modules in the x-layers are oriented
vertically, whereas those in the u and v layers are tilted by +5o and −5o with respect to
the vertical, respectively. This leads to a total of 24 straw layers positioned along the
z-axis.

Each station is split into two halves, retractable on both sides of the beam line. Each
half consists of two independently movable units, known as C-frames, see Fig. 1(b). The
modules are positioned on the C-frames by means of precision dowel pins. The C-frames
also provide routing for all detector services (gas, low and high voltage, water cooling,
data fibres, slow and fast control). The OT C-frames are sustained by a stainless steel
structure (OT bridge), equipped with rails allowing the independent movement of all
twelve C-frames. At the top the C-frames hang on the rails, while at the bottom the

3

Figure 3.5: (Left) Schematic picture of a particle traversing a tube of the OT and (right)
the cross section of a straw-tubes OT module. [48, 55]

The dipole magnet can provide a magnetic field of 4 Tm. It is divided in two identical
trapezodial coils bent at 45° on the two transverse sides, which are placed symmetrically
above and below the beam pipe in an iron yoke. The coils consist each of fifteen pancakes
arranged in five triplets and are made of pure aluminium, Al-99.7, hollow conductors in
an annealed state, with a 25mm diameter bore for water cooling. The polarization of the
magnetic field alternates throughout a run of LHCb, to prevent a systematic influence of
the magnetic field, thus the data can be classified in magnet up, MU, and magnet down,
MD, which should not differ significantly or otherwise would point to a problem during data
taking.
Taking the information from the VELO, the TT, and the tracking stations and including

the curvature of the particles trajectory induced by the dipole magnet into account, the
trajectory can be reconstructed, and the momentum of the particle can be determined.
Depending on where in the tracking sub-detectors a particle is detected, the tracks are

classified differently (see Fig. 3.6). Tracks, that are detected in the VELO and in all other
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3 The LHC and the LHCb Experiment

tracking sub-detector are called long tracks, L, and tracks, which do not show a signature in
the VELO but in all of the other tracking stations are called downstream tracks, D. Other
distinctions are made between tracks, that are only detected in the VELO, VELO tracks, or
only in the tracking stations downstream of the magnet, T tracks, and tracks that are visible
in the VELO and in the TT, upstream tracks. Interesting for this analysis, especially for the
analysis of the 𝐵0 → 𝜓(2𝑆)𝐾0

S channel, are the long and downstream tracks, due to the finite
lifetime and thus, finite flight distance of the 𝐾0

S mesons. They can decay early enough for
their daughter pions to be reconstructed from hits in the VELO and in the following tracking
detectors and are characterised as long track, LL candidates, as both pions are reconstructed
as long track candidates. Due to the long lifetime of the 𝐾0

S meson, it is also possible that
the 𝐾0

S decays outside of the VELO and therefore the tracks are reconstructed from hits
from all tracking detectors but the VELO. Those candidates are characterised as downstream
candidates, DD, because both pions are reconstructed as downstream candidates. Both track
types differ in momentum and vertex resolution of the tracks.

TT

T1 T2 T3

VELO

upstream track

T track

long track

downstream track
VELO track

magnet

PV

Figure 3.6: Schematic view of the different track types at LHCb.

3.1.2 Particle Identification System

The particle identification system is important for LHCb to be able to distinguish between
kaons, pions, protons and electrons. It comprises the two RICH detectors, the calorimeter
system, and the muon system. The upstream detector, RICH1, covers the low momentum
range from 1GeV/c to 60GeV/c, while the downstream detector, RICH2, covers the high
momentum range from 15GeV/c to 100GeV/c. These detectors exploit Cherenkov radiation
of charged particles, which traverse faster through a medium than light in the same medium.
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The velocity of the particles can be determined from the opening angle of the Cherenkov
light cone, via cos (𝜃) = 𝑐′/𝑣 = 1/(𝑛𝛽), with the speed of light in the medium, 𝑐′ = 𝑐/𝑛, and
the refractive index of the medium, 𝑛. The radiators used are aerogel and fluorobutane,
C4F10, for RICH1 and CF4 for RICH2. Both detectors use a combination of spherical and
flat mirrors to reflect the image of the Cherenkov light out of the acceptance. Whereas the
optical layout of RICH1 is vertical, the one of RICH2 is horizontal. To detect Cherenkov
photons Hybrid Photon Detectors, HPDs, are used. These HPDs are surrounded by iron
shields to prevent the magnetic field of the dipole magnet to interfere with the measurement.

The task of the calorimeter system is to determine the PID of electrons, photons, and
hadrons as well as the energies and positions of the particles. The ECAL is responsible
for identifying electrons and photons and the HCAL is designed to identify hadrons, such
as pions and kaons. All calorimeter sub-detectors use scintillating material alternating
with absorption material, i.e. lead or iron, to measure the energy deposition. To suppress
background from charged pions and from neutral pions with high 𝐸T the PS is stationed in
front of the ECAL and the SPD is stationed in front of the PS, respectively. Both sub-systems
are separated by a thin lead layer. The SPD is sensitive to charged particles and allows for a
distinction between electrons and photons, as electrons shower in the SPD and the ECAL,
whereas photons only shower in the ECAL. The ECAL uses scintillator plates alternating
with lead plates, while the HCAL uses iron as absorber material. Thus, a distinction between
electrons and charged hadrons is possible, as the probability that the electrons shower in
lead plates is high and the electrons will then deposit their energy in the ECAL, while the
charged hadrons are able to reach the HCAL.

The muon system provides information for muons with a high transverse momentum
w.r.t. the beam pipe, 𝑝T, and muon identification for the trigger system. It is composed of
five stations, one upstream and four downstream of the calorimeter system. Between each
of the stations M2-M5 are iron absorbers, which are 80 cm in thickness. The transverse
dimensions of all five stations scale with the distance from the interaction point. The muon
system is built of 1380 multi-wire proportional chambers, MWPCs, except for the inner
region of M1, where triple Gas Electron Multiplier, GEM, detectors are used. The MWPCs
allow for a > 95% detection efficiency in a 20 ns window. Each station has an increasing
readout granularity towards the beam axis.

3.2 Recording Data at LHCb

Due to the very high event rate and the large amount of data associated with it, a trigger system
is necessary to be able to record interesting physics data. The trigger system comprises
requirements on particle properties, but is also able to do a full event reconstruction.
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3.2.1 Trigger System

The trigger system comprises two stages: the level 0 trigger, L0, which is implemented in
hardware, and a high level trigger, HLT, implemented in software. It reduces the 40MHz
bunch-crossing rate to 5 kHz that can be written to storage. An overview of the LHCb-trigger
layout in the LHC’s run I can be seen in Fig. 3.7.

40 MHz  
bunch-crossing 

rate

L0 trigger 
1 MHz readout 
high ET/pT signatures 

High level trigger 
offline reconstruction 
mixture of selection algorithms

5 kHz  
to storage

Figure 3.7: Layout of the LHCb-trigger system in run I. The figure is based on Ref. [56].

The bunch-crossing frequency of 40MHz is first reduced by L0 to 1MHz. The L0 works
synchronous to the bunch-crossing rate. It relies only on information from the calorimeter and
muon system due to the fast availability of this information. The L0 can be divided into three
independent triggers, depending on detector components fromwhich the decision is obtained:
L0 calorimeter, L0 muon, and L0 pile-up trigger. The L0 calorimeter comprises specialized
triggers: L0Hadron, L0Electron, and L0Photon, and it depends on information of the
calorimeter system including the PS and SPD. The L0 muon consists of the L0Muon and
L0DiMuon triggers and depends on information from the muon system. It tries to identify
candidates with the highest and second highest 𝑝T and searches for hits, that build a straight
line through the five muon stations and that points back to the interaction point. The L0
pile-up trigger is used for the determination of the luminosity and to veto high pile-up events.

The software trigger reduces the rate provided by the hardware stage of 1MHz further to
5 kHz. It can be divided into two stages. The first stage, HLT1, uses a partial reconstruction
of the event, whereas the second stage, HLT2, performs a complete event reconstruction.
For this event reconstruction the HLT uses data from the VELO, the tracking stations, the
RICH detectors, and the muon stations.
The three stages, L0, HLT1, and HLT2, comprise various so-called trigger lines, which

consist of a sequence of reconstruction algorithms and selection requirements and are
specialized for types of particles or combinations of particles.

Depending on whether the reconstructed signal event is sufficient to trigger a decision by
the system an event is classified as triggered on signal, TOS. If the decision would have been
triggered without the signal event present, the event is classified as triggered independent of
signal, TIS. An event can also be classified as both or none. A more detailed description
can be found in [48].
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3.2.2 Data Processing and Software

The basis of the LHCb software framework is Gaudi [57]. It meets all the requirements of a
physics analysis, such as simulation, trigger, reconstruction, and visualization. A schematic
view of the data flow from the experiment to the data used for analyses as well as the
processing of simulated data can be seen in Fig. 3.8.
For the simulation Gauss [58] operates as a controlling software for the various sub-

programs or generators, which handle the 𝑝𝑝 collisions in the case of Pythia [59, 60], the
decays of heavy particles in the case of EvtGen [61], where radiation processes are simulated
by Photos [62], and the particle interactions in the case of Geant4 [63, 64]. The detector
response is simulated by the LHCb digitization application, Boole [65], which also accounts
for spillover events and LHC background, i.e. particle fluxes from the accelerator tunnel.
After the simulation step, recorded and simulated data follow the same path. First the data
passes Moore [66], the software of the HLT, which is described in more detail in Sec. 3.2.1.
The triggered, raw data has to be transformed from the detector hits to actual tracks and
clusters. This is done by the reconstruction software Brunel [67]. This software builds
so-called proto-particles, which are containers, that include information from the tracking
and PID system. They do not represent actual particles, yet. The output of Brunel are Data
Summary Tape files, DSTs. These are Root [68] files that contain the full event information.
The data is further filtered and analysed by DaVinci [69], which takes the proto-particles
and reconstructs the actual particles. Particles are combined and very loose selections are
applied in this step. This process is also called stripping and is organized like the trigger in
lines according to the decay or particles of interest. DaVinci provides the algorithms and
tools for the physics analyses, e.g. the tool that summarizes all information that is needed to
perform a flavour-tagged analysis (see Sec. 4.3). For a more detailed description see Refs.
[48, 70].

DST 
files

MOORE raw data BOOLE GAUSS

EvtGen

GEANT4

PYTHIABrunel

DaVinci

truth

analysis 
data

Figure 3.8: Data flow at LHCb of (grey) recorded, and (orange) simulated data and the
used software. Figure based on Ref. [70].
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4 Measurement of sin(𝟮𝞫)

The main aim of this measurement is the determination of the 𝐶𝑃 observables 𝑆 and 𝐶
through a fit to the reconstructed decay time of the 𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0 → 𝐽/𝜓𝐾0
S signal

candidates, extracted from data collected in the LHC’s run I with the LHCb experiment.
The parameter 𝑆 can be related to the decay-time-dependent 𝐶𝑃 asymmetry (Eq. (2.62)).
This asymmetry can be determined by an unbinned maximum-likelihood fit to the decay
time of the 𝐵 meson, including the necessary information of the production flavour and
experimental properties. In this analysis the 𝐾0

S meson is reconstructed from two charged
pions in both decay channels, while the 𝜓(2𝑆) is reconstructed through its decay into two
muons and the 𝐽/𝜓 is reconstructed through its decay into two electrons. This represents the
first decay-time-dependent measurement of 𝐶𝑃 violation at a hadron collider in the decay
channel 𝐵0 → 𝜓(2𝑆)𝐾0

S and that uses electrons in the final state.
First, the procedure of the data preparation (Sec. 4.1), the extraction of the signal can-

didates (Sec. 4.2), and the flavour-tagging studies (Sec. 4.3) in the case of the𝐵0 → 𝜓(2𝑆)𝐾0
S

modewill be presented. Further, a first estimation of the branching fraction of𝐵0
𝑠 → 𝜓(2𝑆)𝐾0

S
decays compared to branching fraction of 𝐵0 → 𝜓(2𝑆)𝐾0

S decays is presented in Sec. 4.2.1.
Then a brief overview of the same preparations in case of the 𝐵0 → 𝐽/𝜓𝐾0

S decay channel is
presented in Sec. 4.4. In Sec. 4.5 the model to extract the 𝐶𝑃 observables is presented includ-
ing the consideration of experimental resolution effects. The measurement is completed by a
brief summary of the estimation of the systematic uncertainties (Sec. 4.7), the consideration
of kaon regeneration (Sec. 4.6), and finishing with the presentation of the results and the
combination of the presented results with a previous measurement by LHCb [8] in Sec. 4.8.

4.1 Selection

Due to the huge amount of data it is necessary to develop a suitable selection to suppress as
much background as possible while retaining a satisfying amount of signal candidates. The
prevailing hadronic conditions lead to high track multiplicities, that in turn lead to events
which are dominated by a flat combinatorial background in the invariant mass spectrum
of the 𝐵0 meson. This combinatorial background consists of combinations of particles,
which are incorrectly associated to the reconstructed signal decay. Whereas exclusive
physics backgrounds lead to secondary maxima in the invariant mass spectrum. Both types
of backgrounds need to be suppressed and thus several selection steps are applied. If a
complete reduction is not possible, the backgrounds need to be taken into account by the fit
model.
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The first step consists of a trigger system (see Secs. 3.2.1 and 4.1.2), then a centralised
loose and very general selection, the stripping, is applied to the triggered data (see Secs. 3.2.2
and 4.1.3). The next step is the offline selection (see Sec. 4.1.4) of the remaining candi-
dates to further extract the specific decays. This selection is optimised for the considered
measurement. In this analysis the offline selection consists of a multivariate classifier, i.e. a
Boosted Decision Tree, BDT. A suitable figure of merit for the optimisation of the selection
is developed, which considers the features of the considered decays and the characteristics
of the measurement approach (see Sec. 4.1.4).

After the selection, the fit model for obtaining the signal-candidate weights (see Sec. 4.1.4)
through the sPlot technique [71], is introduced in Sec. 4.1.4. These weights are then used in
the fit to the decay-time distribution to measure the 𝐶𝑃 parameters. Additionally, to suppress
the Λ0

𝑏 → 𝜓(2𝑆)Λ0 background a veto is applied after the selection. After the preceded
selection steps there may still be more than only one primary vertex associated to one 𝐵0

candidate. A special requirement is developed to just obtain one PV per 𝐵0 candidate (see
Sec. 4.1.6). An event can also contain multiple 𝐵0 candidates, although due to the branching
ratios of the analysed channels not more than one candidate is expected per event. Therefore
one of the remaining candidates after all preceding selection steps have been applied is
chosen randomly, as it is assumed that they are all equally likely to be real signal candidates
(see Sec. 4.1.6).

4.1.1 Data Samples, Categories and Observables

The data samples used in this analysis were recorded in 2011 and 2012 and correspond to
an overall integrated luminosity of ℒint = 3 fb−1. In 2011 the centre-of-mass energy of the
𝑝𝑝 collisions was √𝑠 = 7TeV, while in 2012 it was increased to √𝑠 = 8TeV. To consider
the different running conditions in the two years of data taking, the simulated data is based
on the data-taking conditions from the given periods.
The datasets used for evaluating the signal efficiencies of the different selection steps

and for training, testing, and optimizing the BDT have to meet the following requirements
(if not stated otherwise): a 𝐵0 candidate needs to be associated with at least one PV, here
the best PV, which is the PV with the highest impact parameter, IP, significance. In the
case of simulated data it is required that the candidates match generated signal decays, this
requirement will be called truth matching throughout the thesis. The efficiencies for each
selection step quoted in the respective section are calculated with respect to all preceding
selection steps if not stated otherwise.

In the 𝐵0 → 𝜓(2𝑆)𝐾0
S decays the 𝐾0

S is reconstructed through its decay in two oppositely
charged pions and the 𝜓(2𝑆) through its decay into two muons. Due to very different
momentum resolutions, the dataset in the case of the 𝜓(2𝑆) mode is divided according to the
track type of the 𝐾0

S meson (see Sec. 3.1.1). Besides this distinction in track types no further
split in other categories is necessary. In the case of the 𝐽/𝜓 channel, the necessity to split
into Bremsstrahlung categories was also investigated and was not found to be necessary.
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In this analysis two methods are used to reconstruct the decay chain of the 𝐵-meson
candidate and to obtain the considered observables. The first is the OfflineVertexFitter,
OVF. It reconstructs the decay chain using a step-by-step bottom-to-top approach, i.e. starting
with combining the final state particles to intermediate particles and determining the decay
vertices and kinematic properties until the whole decay chain up to the 𝐵-meson candidate
is reconstructed. The second method is the DecayTreeFitter [72], DTF. It reconstructs
the whole decay chain in one single fit and can thus obtain the correct correlations and
uncertainties on the vertex positions, particle momenta, flight distances, decay times, and
invariant masses. The invariant mass of the 𝐵-meson candidates is determined by the DTF
where the masses of the daughter particles are constrained to their PDG [27] values if not
stated otherwise. The decay time and the decay-time error-estimates are also obtained by
the DTF in which the position of the primary vertex is constrained. The observables used in
the first loose selection step are determined by the OVF.

4.1.2 Trigger Selection

Due to the geometry of the detector only around 18% of all produced 𝐵0 → 𝜓(2𝑆)𝐾0
S

decays lie within the acceptance of the detector as depicted in Fig. 3.2. The exact numbers
can be found in Tab. 4.1.

Table 4.1: Geometrical signal efficiencies for the different years of data taking and the
weighted arithmetic mean of these two numbers as the efficiency of run I.

2011 2012 run I

(18.117 ± 0.033) % (18.457 ± 0.032) % (18.339 ± 0.024) %

The decays, that lie within the detector acceptance, go through the online event selection,
which is performed by the trigger system, for more detail on the trigger itself see Ref.
Sec. 3.2.1. At the trigger stage not actual particles are used, as only proto-particles exist.
The trigger stages use just the information of particular detector components which can be
put into conjunction to distinctive particles, such as the information of the muon chambers
or the calorimeter components.
In this analysis the two muons in the final state in the case of the 𝜓(2𝑆) mode can be

exploited due to their clean signature in the detector, as they are expected to also reach
beyond the muon chambers at the end of the detector at the considered energies and thus,
have an expected flight distance of greater than 20m. At the hardware stage a TOS decision
of the LOGlobal trigger line is required. This requirement can be split into various single
decisions based on the considered particle or combination of particles: L0Muon, L0DiMuon,
L0Hadron, L0Electron, and L0Photon. The exact requirements of the hardware stage
are listed in Tab. 4.2. The decisions of the L0Muon and L0DiMuon make up about 99.89%
of the candidates that pass the L0Global line in this analysis. The remaining candidates
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stem from the L0Hadron, whereas the L0Electron and L0Photon do not have a significant
contribution.

In the following software stage a TOS decision of one of the HLT1 lines, HLT1DiMuon-
HighMass or HLT1TrackMuon, and of the HLT2DiMuonDetachedHeavy line is required.
The events are required to contain at least one muon with a transverse momentum 𝑝T(𝜇) >
1.0GeV/c and an impact parameter IP(𝜇) > 100 µm with respect to all PVs in the event,
i.e. the muon should not originate from the PV. Additionally, this impact parameter needs
to be of satisfying quality, that is why the 𝜒2 of the impact parameter of the muon tracks,
𝜒2
IP(𝜇), is required to be greater than 16. Furthermore, the events need to contain two

oppositely charged muons with a combined mass of 𝑚(𝜇+𝜇−) > 2.95GeV, which enables
of the muons to form a 𝜓(2𝑆) meson. The requirement on the distance of closest approach
of the dimuon system, DOCA(𝜇+𝜇−) < 0.2mm, ensures that the muons from a common
vertex. This vertex needs to be of satisfying quality, which is guaranteed by requiring the 𝜒2

of the dimuon vertex fit, 𝜒2
vtx(𝜇+𝜇−), to be smaller than 25. All those requirements ensure

that the selected events contain well reconstructed pseudo-particles, which can be identified
as muons in the reconstruction. A detailed list of the requirements can be found in Tab. 4.3
and 4.4.

Table 4.2: Thresholds of the LOGlobal trigger in run I. The variables are the transverse
momenta, 𝑝T, of the muon, the hadron, the electron, and the photon and the product of the
transverse momenta of the two muons.

2011 2012

𝑝T(𝜇) > 1.48GeV/c > 1.76GeV/c
𝑝T(𝜇1) ⋅ 𝑝T(𝜇2) > (1.296GeV/c)2 > (1.6GeV/c)2

𝑝T(hadron) > 3.5GeV/c > 3.7GeV/c
𝑝T(𝑒) > 2.5GeV/c > 3GeV/c
𝑝T(𝛾) > 2.5GeV/c > 3GeV/c

Due to the production of simulated data the signal efficiency of the trigger requirements is
computed by the number of candidates that pass the trigger stages compared to the number
of reconstructed candidates that pass also the loose general selection (see Sec. 4.1.3) and is
𝜀trig ≈ 64.9%.

4.1.3 Preselection

A very loose and centralized preselection is applied when processing the triggered data, the
so-called Stripping. The requirements on the reconstructed 𝜓(2𝑆) and its daughter particles
are listed in Tab. 4.5 and the ones on the reconstructed 𝐾0

S and its decay products can be
found in Tab. 4.6. The cuts on the properties of the reconstructed 𝐵0 meson are summarised
in Tab. 4.7.
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Table 4.3: Requirements of the used HLT1 lines that trigger on one single track and on
the dimuon system. The variables are the transverse momentum, 𝑝T(𝜇), the momentum,
𝑝(𝜇), the 𝜒2 over the number of degrees of freedom of the muon track fit, 𝜒2

track/ndf(𝜇), the
distance of closest approach in the dimuon system, DOCA(𝜇+𝜇−), the 𝜒2 of the dimuon-
vertex fit, 𝜒2

vtx(𝜇), the invariant dimuon mass, 𝑚(𝜇+𝜇−), the impact parameter, IP(𝜇) and
the 𝜒2 of the impact parameter, 𝜒2

IP(𝜇), of the muon tracks.

Hlt1DiMuonHighMass Hlt1TrackMuon

𝑝T(𝜇) > 0.5GeV/c > 1GeV/c
𝑝(𝜇) > 6GeV/c > 8GeV/c
𝜒2
track/ndf(𝜇) < 4 < 2

DOCA(𝜇+𝜇−) < 0.2mm –
𝜒2
vtx(𝜇+𝜇−) < 25 –

𝑚(𝜇+𝜇−) > 2.7GeV –
IP(𝜇) – > 0.1mm
𝜒2
IP(𝜇) – > 16

Table 4.4: Requirements of the used HLT2 line which bases its decision on the dimuon
system. The variables are the 𝜒2 over the number of degrees of freedom of the dimuon-
track fit, 𝜒2

track/ndf(𝜇
+𝜇−), the 𝜒2 of the dimuon-vertex fit, 𝜒2

vtx(𝜇
+𝜇−), the 𝜒2 of the flight

distance, FD, of the dimuon system, 𝜒2
FD(𝜇+𝜇−), and its mass computed by the OVF,

𝑚(𝜇+𝜇−).

Hlt2DiMuonDetachedHeavy

𝜒2
track/ndf(𝜇+𝜇−) < 5

𝜒2
vtx(𝜇+𝜇−) < 25

𝜒2
FD(𝜇+𝜇−) > 9

𝑚(𝜇+𝜇−) > 2.95GeV/c2
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In the case of the 𝜓(2𝑆) meson it is required that the daughter particles satisfy the muon
hypothesis and that the invariant mass of the dimuon system corresponds to the nominal
mass of the 𝜓(2𝑆) meson. Besides this it is necessary that the two tracks form a common
vertex, that is displaced from the primary vertex. The requirements in the case of the 𝐾0

S
meson are chosen accordingly. The pions should satisfy the pion hypothesis and their mass
should correspond to the nominal mass of the 𝐾0

S meson. The tracks should also form a
common vertex which is significantly displaced from the primary interaction point. It is
also required that the 𝐾0

S meson has a non-vanishing decay time to suppress backgrounds
coming from misidentified decays including the short-lived 𝐾∗0 meson. Furthermore, the
invariant mass of the four final state particles should correspond to the nominal mass of the
𝐵0 meson and the vertex fit should be of good quality.

The requirements in the case of the 𝐾0
S meson and its decay products can differ for the two

track type categories. In Tab. 4.6 the values in parentheses represent requirements on 𝐾0
S

mesons which are reconstructed as long track candidates and the nominal values represent
requirements on 𝐾0

S mesons which are reconstructed as downstream candidates. If just one
value is given the requisite is the same for both track types.

Table 4.5: Stripping requirements on the reconstructed final state of the 𝜓(2𝑆) meson.
The used variables are the difference of the logarithmic likelihood values of the muon and
pion hypotheses, Δ logℒ𝜇𝜋, the mass computed by the OVF, 𝑚(𝜇+𝜇−) compared to the
nominal 𝜓(2𝑆) mass as given in the PDG, 𝑚(𝜓(2𝑆),PDG) [73], the 𝜒2 of the distance of
closest approach between the two tracks, 𝜒2

DOCA(𝜇
+𝜇−), and the 𝜒2 over the number of

degrees of freedom of the 𝜓(2𝑆)-vertex fit, 𝜒2
vtx/ndf(𝜓(2𝑆)).

Δ lnℒ(𝜇𝜋) > 0
|𝑚(𝜇+𝜇−) − 𝑚(𝜓(2𝑆), PDG)| < 60MeV/c2

𝜒2
DOCA(𝜇

+𝜇−) < 30
𝜒2
vtx/ndf(𝜓(2𝑆)) < 16

The signal efficiency of the combined reconstruction and loose centralised pre-selection,
determined as the number of truth-matched candidates with best PV requirements compared
to the number of reconstructed candidates that pass the stripping requirements on simulated
data compared to the number of generated events that lie in the detector’s acceptance, is
𝜀reco,strip ≈ 9.7%.

4.1.4 Multivariate Selection

Multivariate methods are very popular in high energy physics analyses as the size of the
datasets grows significantly and new challenges arise. The following paragraphs are loosely
based on Refs. [74], [75], [76], and [77]. In this analysis a Boosted Decision Tree, BDT, is
used for classification, which is a non-parametric supervised learning method. In this case
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Table 4.6: Stripping requirements on the 𝐾0
S meson and on its decay products. The values

in parentheses represent requirements on 𝐾0
S mesons, which are reconstructed as long

track candidates, and the nominal values represent requirements on 𝐾0
S mesons which are

reconstructed as downstream candidates. If only one value is given, the requisite applies for
both track types. The used variables are the 𝐾0

S momentum, 𝑝(𝐾0
S ), the minimum impact

parameter with respect to any other PV, min 𝜒2
IP w.r.t. any PV, the 𝜒2 of the distance of

closest approach between the two tracks, 𝜒2
DOCA(𝜋

+𝜋−), the mass computed by the OVF,
𝑚(𝜋+𝜋−), compared to the nominal 𝐾0

S mass as given in the PDG, 𝑚(𝐾0
S ,PDG) [73], the

𝜒2 over the number of degrees of freedom of the 𝐾0
S -vertex fit, 𝜒2

vtx/ndf(𝐾
0
S ), and the decay

time significance, 𝑡/𝜎𝑡, w.r.t. the associated best PV of the 𝐾0
S -meson candidate.

𝑃 (𝜋) > 2GeV/c
min 𝜒2

IP w.r.t. any PV (𝜋) > 4 (> 9)
𝜒2
DOCA(𝜋

+𝜋−) < 25
|𝑚(𝜋+𝜋−) − 𝑚(𝐾0

S ,PDG)| < 64MeV/c2 (< 35MeV/c2)
𝜒2
vtx/ndf(𝐾0

S ) < 20
𝑡/𝜎𝑡(𝐾0

S ) > 5

Table 4.7: Stripping requirements on the 𝐵0-meson candidate. The variables are the mass
computed by the OVF, 𝑚(𝜇+𝜇−𝜋+𝜋−), and the 𝜒2 over the number of degrees of freedom
of the 𝐵0-vertex fit, 𝜒2

vtx/ndf(𝐵
0).

𝑚(𝜇+𝜇−𝜋+𝜋−) 5150MeV/c2 < 𝑚(𝜇+𝜇−𝜋+𝜋−) < 5500MeV/c2

𝜒2
vtx/ndf(𝐵0) < 10

“supervised” means that the training of the classifier is based on labeled input data for which
the classification result is already known.

For the training of the BDT, simulated signal data is used as a signal proxy and the upper
mass sideband from data for 𝑚(𝜓(2𝑆)𝐾0

S ) > 5450MeV/c2 is used as a background proxy.
These datasets have to meet the trigger and stripping requirements introduced in Sec. 4.1.2
and Sec. 4.1.3, the candidates with the smallest 𝜒2

IP are chosen, and also the DTFs need to
have converged. Besides this the minimum 𝜒2

IP of the tracks needs to be greater than zero.
The signal efficiency for these prerequisites is (99.94 ± 0.01) %. Additionally, a train-test
split is used split the data in half; one half for training the machine-learning model and one
half for validation.

Boosted Decision Trees consist of a number of binary decision trees [78], where at each
node a requirement greater or smaller than a given threshold for a particular feature is met. A
schematic view of a binary decision tree is shown in figure Fig. 4.1. Each branch represents
the result of this inquiry. The classification rule is then summarised along the path from the
root to the leaves at the end. Boosting implies the idea of taking multiple weak learners,
i.e. hypotheses which perform slightly better than random guessing, and combining them
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B S

SSS

root 
node

xi > c1

xj < c2xj > c2 xj > c3 xj < c3

xk < c4xk > c4

xi < c1

B S

SB

S

Figure 4.1: A schematic view of a binary decision tree. The variables are represented by
𝑥{𝑖,𝑗,𝑘} and the requirements by 𝑐𝑖. In the end the input candidates are divided into two
classes, signal, 𝑆, and background, 𝐵.

into a single strong learner, i.e. into one accurate hypothesis. Thus, the decision is extended
from only one decision tree to several trees which form a forest. As a boosting algorithm
the AdaBoost [75], short for adaptive boosting algorithm, is used, which basically gives
candidates that were misclassified in a decision tree a higher candidate weight in the training
of the following decision tree. The weights are initialized with 𝑤1

𝑖 = 1/𝑁 and the following
tree is trained using a modified dataset, where the weights of misclassified candidates from
the tree before are multiplied by boosting weights, 𝛼𝑖, which are given by

𝛼𝑡
𝑖 = 1−err𝑡𝑖

err𝑡𝑖
, (4.1)

where err𝑡𝑖 is the misclassification rate for the 𝑡th tree, denoted by the superscript. This rate
is defined by

err𝑡𝑖 =
∑𝑖 (𝑤𝑡

𝑖 ∶ ℎ𝑡
𝑖(𝑥𝑖) ≠ 𝑦𝑖)

∑𝑖 𝑤𝑡
𝑖

, (4.2)

where ℎ𝑡
𝑖(𝑥𝑖) is the hypothesis given by the 𝑡th tree for the 𝑖th candidate and input variable

𝑥𝑖 with the true label 𝑦𝑖. The resulting weights

𝑤𝑡+1
𝑖 = 𝑤𝑡

𝑖 ⋅ (𝛼𝑡
𝑖 ∶ ℎ𝑡

𝑖(𝑥𝑖) ≠ 𝑦𝑖) (4.3)

are then re-normalized, so that the sum of weights remains constant. In the end, after all

42



4.1 Selection

trees are trained, the boosted candidate classification is given by

𝑦boosted(𝒙) = 1
𝑁trees

⋅
𝑁trees

∑
𝑖

ln(𝛼𝑖) ⋅ ℎ𝑖(𝒙), (4.4)

where 𝒙 is the tuple of input variables.
In this analysis the BDT should distinguish between signal and background and while

small values for 𝑦boosted(𝒙) indicate background-like candidates, large values represent
signal-like candidates.
This analysis uses the AdaBoostClassifier from the scikit-learn [76] framework. The

BDT comprises 50 estimators and is trained with a learning rate of 1.0. The choice of
input features for the BDT is based on the experience of previous analyses such as the
run I measurement of sin(2𝛽) in the decay channel of 𝐵0 → 𝐽/𝜓𝐾0

S [8]. The BDT features
comprise the symmetrised𝜒2

IP for the tracks, i.e. the logarithm of themaximum andminimum
of the minimum IP 𝜒2 for the muons and the pions, the lifetime significance of the 𝐾0

S
meson, 𝑡/𝜎𝑡(𝐾0

S ), the transverse momenta of the 𝐾0
S and the 𝜓(2𝑆) candidates, as well as

the 𝜒2 over the number of degrees of freedom of the DTF with constraints on the 𝜓(2𝑆)
and 𝐾0

S -meson mass, and with a constraint on the PV, and the 𝜒2 of the 𝐾0
S -vertex fit.

A list of the input features is summarised in Fig. 4.2 ranked by their importance in the
training of the classifier. The feature importance is defined as the Gini Importance or
the Mean Decrease in Impurity and is calculated as the total decreases in impurity of a
node, which is weighted by the probability to reach this node, and then averaged over all
trees. The ranking of the input features according to their importance in the training of
the multivariate classifier is also confirmed by the comparison of the input features for the
signal and background proxy, which are shown in in Fig. 4.3 and Fig. 4.4. The distributions
which show a distinctive difference in their distribution between signal and background are
generally also the ones with a higher importance for the classifier.
The response of the multivariate classifier is shown in Fig. 4.5 for the signal and back-

ground proxy as well as split into train and test sample and the receiver operating character-
istic, ROC, curve. The ROC curve is determined by plotting the true-positive rate against
the false-positive rate at various cut points of the classifier response. The true-positive rate
is identified as the sensitivity, i.e. is the probability of classifying an actual signal candidate
as signal, whereas the false-positive rate represents the fall-out, i.e. the probability of classi-
fying an actual signal candidate as background. The area under the curve, AUC, when using
normalised units, represents the probability that a classifier will rank a randomly chosen
signal candidate higher than a randomly chosen background candidate. An AUC value of
0.5 means random guessing, whereas a value of one represents perfect performance. In
Fig. 4.5 a separation between the signal distribution in blue and the background distribution
can be seen, but no significant difference between the respective training (coloured bars)
and test sample (data points) is visible. This gives confidence, that the classifier shows no
overtraining, i.e. learning the specific characteristics of the training samples. The mean
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Figure 4.2:A list of the input features used in the BDT in case of the 𝐵0 → 𝜓(2𝑆)𝐾0
S mode

ranked by their importance in the training of the classifier, where the 𝑥-axis is arbitrarily
chosen.
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Figure 4.3: The symmetrised 𝜒2
IP for the tracks, i.e. the logarithm of the maximum and

minimum of the minimum IP 𝜒2 for the muons and the pions, for the (blue) signal and
(orange) background proxy used in the training of the multivariate classifier.
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Figure 4.4: Input features of the multivariate classifier related to properties of the daughter
particles, the 𝜓(2𝑆) and the 𝐾0

S meson, as well as to the quality of the DTF with a
constraint on the daughter masses and a constraint on the PV for the (blue) signal and
(orange) background proxy.
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accuracy on the given test dataset around 95%. The accuracy is given by

accuracy(𝑦, ̂𝑦) = 1
𝑛samples

𝑛samples−1

∑
𝑖=0

𝛿 ̂𝑦𝑖,𝑦𝑖
. (4.5)

It is defined from zero, where none of the predicted values, ̂𝑦𝑖, of the 𝑖th sample match
the true value, 𝑦𝑖, to one, where the predictions strictly match the true values. The given
accuracy of 95% is satisfying. In addition, the AUC value equals 0.9885 and is close to 1.
It hints at a well performing classifier.
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Figure 4.5: The (left) response of the multivariate classifier for the (blue) signal and (red)
background proxy for the (coloured bars) train and the (coloured points) test sample and
(right) the corresponding ROC curve.

Figure of Merit

It is essential to develop a suitable figure of merit to find the most appropriate threshold
of the classifier response. The figure of merit, FOM, used in this thesis considers effects
that directly influence the decay-time dependent and flavour-tagged measurement of the 𝐶𝑃
parameter sin(2𝛽) and thus it describes the expected sensitivity on the observable 𝑆. A high
effective signal size, low decay-time error-estimates, and a low mistag probability will lead
to a more precise measurement. As the determination of 𝑆 is also decay-time dependent,
candidates at low decay times around 𝑡′ = 0 ps do not contribute to the measurement as no
interference and thus no effect of 𝐶𝑃 violation can have occurred at this time. These events
are not that valuable as candidates at decay times of around 𝑡′ = 3 ps, when the sin-function
is at its maximum in the 𝐵0 system and the analysis is most sensitive. The used FOM needs
to take all these effects into account and is based on Ref. [79]. It is modified to use signal
candidate weights, 𝑠𝑤, to determine the effective signal size (see Sec. 4.1.4). This aspect is
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developed and implemented in the analysis of the decay of 𝐵0 → 𝐽/𝜓(𝑒+𝑒−)𝐾0
S . The FOM

is defined as

FOM ≡ 𝑄mod =
(∑𝑖 𝑠𝑤𝑖)

2

∑𝑖 𝑠𝑤𝑖
2 𝐷̄mod, (4.6)

where 𝐷̄mod is given by

𝐷̄mod = 1
∑𝑖 𝑠𝑤𝑖

∑
𝑖

(1 − 2𝜔𝑖)2𝑒−(Δ𝑚𝜎(𝑡𝑖))
2

⋅ 𝑋𝑖 ⋅ 𝑠𝑤𝑖
, (4.7)

with 𝑋𝑖 being

𝑋𝑖 =
⎡
⎢
⎢
⎣

sin (Δ𝑚 ⋅ 𝑡𝑖)

1 + 𝑑𝑖(1 − 2𝜔𝑖) ⋅ 𝑆 ⋅ 𝑒−(Δ𝑚𝜎(𝑡𝑖))
2/2 ⋅ sin (Δ𝑚 ⋅ 𝑡𝑖)

⎤
⎥
⎥
⎦

2

. (4.8)

The per-event decay-time resolution is described by 𝜎(𝑡𝑖) and 𝑑𝑖 denotes the tag decision.
For determining the optimal cut point on the classifier output, 𝑆 is fixed to the current world
average of 𝑆 = 0.691 [39]. The FOM can either be calculated completely including all
effects or separately for the different effects as can be seen in detail in Fig. 4.6. The influence
of flavour tagging (see Sec. 4.3) is given by

FOM𝜀𝐷2 ≡ 1
∑𝑖 𝑠𝑤𝑖

∑
𝑖

(1 − 2𝜔𝑖)2 ⋅ 𝑠𝑤𝑖
, (4.9)

and the effect of the decay-time resolution (see Sec. 4.5.1) is

FOM𝜎𝑡
≡ 1

∑𝑖 𝑠𝑤𝑖
∑

𝑖
𝑒−(Δ𝑚𝜎(𝑡𝑙))

2
⋅ 𝑠𝑤𝑖

. (4.10)

The effective signal size, which is comparable to the simple signal significance,

FOMsig = 𝑁S
√𝑁S+𝑁B

,

where 𝑁S is the number of signal candidates and 𝑁B represents the number of background
candidates, is given as

FOM𝑆eff
≡

(∑𝑖 𝑠𝑤𝑖)
2

∑𝑖 𝑠𝑤𝑖
2 . (4.11)

And
FOM𝐵0 ≡ 1

∑𝑖 𝑠𝑤𝑖
∑

𝑖
𝑋𝑖 ⋅ 𝑠𝑤𝑖

(4.12)

represents the sin(2𝛽) term and takes the flavour tagging as well as experimental conditions,
and the value of sin(2𝛽) itself into account. The FOM𝐵0

𝑠
, which can be seen in Fig. 4.6, is

defined as 𝑄mod with 𝑋𝑖 set to 1. The BDT response is scanned and at each cut point of the
BDT classifier the FOM is newly calculated.
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Maximum-Likelihood Method

Due to the unavoidable measurement uncertainties, parameters and their uncertainties should
be estimated as accurately as possible. The following paragraphs are based on Ref. [80].
There may be 𝑛 measurements of the random variable 𝒙, which is either a single variable
or a vector of variables. The underlying probability density function, PDF, 𝒫 (𝒙|𝒂), of the
values 𝑥1, 𝑥2, ..., 𝑥𝑛 should be known, where 𝒂 stands for one or more unknown parameters
on which the PDF is dependent on. The task of the maximum- likelihood method is to obtain
the best estimate, 𝒂̂, of the parameters, 𝒂, from the available data. This method uses the
likelihood function,

𝐿(𝒂|𝒙) = 𝒫 (𝑥1|𝒂) ⋅ 𝒫 (𝑥2|𝒂) ⋅ ⋅ ⋅ 𝒫 (𝑥𝑛|𝒂) =
𝑛

∏
𝑖=1

𝒫 (𝑥𝑖|𝒂), (4.13)

which specifies the probability of obtaining the measured values, 𝒙, for given parameters, 𝒂.
According to the maximum-likelihood principle the best estimate of the parameters, 𝒂, is the
value, 𝒂̂, which makes 𝐿(𝒂) a maximum, i.e. which maximizes the probability of obtaining
the observed set of 𝑥𝑖 values. It is essential, that 𝒫 (𝒙|𝒂) for any given value of 𝒂 needs to
be normalized. Numerically it is simpler to maximize a sum rather than a product, thus the
logarithm of the likelihood function is formed. Furthermore it is more common to solve
minimization than maximization problems, which leads to the following adaptation of the
likelihood function from Eq. (4.13) to

𝐿(𝒂) = −
𝑛

∑
𝑖=1

ln (𝒫 (𝑥𝑖|𝒂)) . (4.14)

In the case of the 𝐵0 → 𝜓(2𝑆)𝐾0
S decay, in the fit to the invariant mass of the 𝐵0 meson,

the maximum-likelihood method is performed simultaneously in different subsets of the
data, here in categories according to the track types of the 𝐾0

S meson. Additionally, the
used PDF comprises the description of different components, here signal and background
and therefore a modification is used, the unbinned, extended maximum-likelihood method.
In this case the likelihood includes the number of candidates, the so-called yield, 𝑁𝑗, for
component 𝑗. As the number of measured candidates itself follows a Poisson distribution, it
is necessary to introduce a factor, which considers this effect. For each category the PDFs
for the individual components are summed, and in the end the product of the PDFs for each
category is built, which leads to the modified likelihood function

𝐿(𝒂|𝒙) = ∏
𝑘

𝑒− ∑𝑗 𝑁𝑘
𝑗

𝑛!

𝑛𝑡

∏
𝑖

∑
𝑗

𝑁𝑘
𝑗 𝒫 𝑘

𝑗 (𝑥𝑘
𝑖 |𝒂𝑘

𝑗 ), (4.15)

where the index 𝑘 ∈ {DD,LL} represents the track types, the index 𝑗 ∈ {sig, bkg, 𝐵0
𝑠 }

specifies the components, here the 𝐵0 → 𝜓(2𝑆)𝐾0
S signal, the combinatorial background,

and the 𝐵0
𝑠 → 𝜓(2𝑆)𝐾0

S background, and 𝑁𝑘
𝑗 describes the expected number of candidates

of component 𝑗 in category 𝑘. For further details on the mass model, see Sec. 4.1.4.
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sPlot Technique and Signal-Candidate Weights

Signal-candidate weights are used in two major steps of this analysis. First, they are deter-
mined to calculate the FOM to find the most suitable requirement on the BDT response.
Second, afterwards they are determined on the selected dataset in order to separate signal
from background candidates as the data can still include background candidates due to
imperfections of the selection. This is done because the PDF used to determine sin(2𝛽)
needs to describe the signal as well as the background component, if the dataset would still
include background candidates. However, the description of background in the decay-time
distribution of the 𝐵0 poses difficulties. Thus, the signal is first extracted from the data
via the sPlot method [71] and the signal-candidate weights are used in the final fit to the
decay-time distribution of the 𝐵0 meson.
This method takes advantage of the fact that the distribution of an observable is known

for the single components and that the individual PDFs differ as much as possible from
each other. A suitable variable is e.g. the invariant mass of the 𝐵0 meson as the signature is
very clear. Here, the signal component is described by a peaking Gaussian-like distribution,
whereas the combinatorial background is a flat distribution. The physics background is well
separated from the signal component (for more details see Sec. 4.1.4). This model is fitted
to the data via an extended maximum-likelihood fit (for the likelihood see Eq. (4.15)). For
every candidate a signal-candidate weight, sWeight, 𝑠𝑤, is determined. They are defined as
follows

𝑠𝑤,𝑙(𝑥𝑖) =
∑𝑁𝑐

𝑗=1 𝑽𝑙𝑗𝒫𝑗(𝑥𝑖)

∑𝑁𝑐
𝑘=1 𝑁𝑘𝒫𝑘(𝑥𝑖)

(4.16)

for 𝐵0 → 𝜓(2𝑆)𝐾0
S signal, combinatorial background, and 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S background

with 𝑙 ∈ {sig, bkg, 𝐵0
𝑠 }, and 𝑁𝑐 = 3 due to the three components. The matrix 𝑽𝑙𝑗 is the

covariance matrix, which is determined by the second derivative of the negative likelihood
function, −𝐿(𝒂).

Model of the Invariant Mass of the 𝘽𝟬 Meson

In order to calculate the signal-candidate weights for computing the FOM and in preparation
of the extraction of the 𝐶𝑃 parameters an unbinned, extended maximum-likelihood fit to the
reconstructed 𝐵0-meson mass is performed. The description contains specific parts for the
single components. The signal component is described by a modified Hypatia PDF [81]:

𝒫 (𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽, 𝑎1, 𝑛1, 𝑎2, 𝑛2) ∝

⎧
⎪
⎨
⎪
⎩

𝐺(𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽) , −𝑎1 < 𝑚−𝜇
𝜎 < 𝑎2

𝐺(𝜇−𝑎1𝜎,𝜇,𝜎,𝜆,𝜁 ,𝛽)
(1−𝑚/(𝑛1𝐻(𝜇−𝑎1𝜎,𝜇,𝜎,𝜆,𝜁 ,𝛽)−𝑎1𝜎))

𝑛1 , −𝑎1 > 𝑚−𝜇
𝜎

𝐺(𝜇−𝑎2𝜎,𝜇,𝜎,𝜆,𝜁 ,𝛽)
(1−𝑚/(𝑛2𝐻(𝜇−𝑎2𝜎,𝜇,𝜎,𝜆,𝜁 ,𝛽)−𝑎2𝜎))

𝑛2 , 𝑎2 < 𝑚−𝜇
𝜎 ,

(4.17)
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with the generalized hyperbolic distribution

𝐺(𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽) = ((𝑚 − 𝜇)2 + 𝐴2
𝜆(𝜁)𝜎2)

1
2 𝜆− 1

4 𝑒𝛽(𝑚−𝜇)𝐾𝜆− 1
2

⎛
⎜
⎜
⎝
𝜁√1 + (

𝑚 − 𝜇
𝐴𝜆(𝜁)𝜎)

2⎞
⎟
⎟
⎠

,

(4.18)
representing the core, with

𝐻(𝑚; 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽) =
𝐺(𝑚, 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽)
𝐺′(𝑚, 𝜇, 𝜎, 𝜆, 𝜁 , 𝛽)

, (4.19)

where 𝐺′ is the derivative of 𝐺, and with

𝐴2
𝜆(𝜁) =

𝜁𝐾𝜆(𝜁)
𝐾𝜆+1(𝜁)

. (4.20)

Here, 𝐾𝜆 are cylindrical harmonics. The Hpyatia function has a hyperbolic core and power-
law tails. When setting the parameter 𝜁 to zero, the core can be described similarly to a
Gaussian distribution by a mean, 𝜇, and a width, 𝜎, while the tails are described by the
parameters 𝑎1, 𝑎2 and 𝑛1, 𝑛2. The parameters, 𝑎𝑖, 𝑛𝑖, are determined by a fit to simulated
data and are fixed in the fit to data. The parameters 𝜁 and 𝛽 are set to zero in all fits to the
reconstructed 𝐵0-meson mass.

The background component can be divided into the description of the physics background,
i.e. 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S , whose signature is very similar to the signal channel, and into the

description of the combinatorial background. While the physics background is also described
by an Hypatia function, where the parameters of the tails are the same as for the signal
component assuming that the shapes do not differ, the combinatorial background is described
by an exponential function. The tail parameters are shared between the signal description
and the description of the 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S component, but the mean is described by the

difference between the 𝐵0
𝑠 -meson and 𝐵0-meson mass, 𝜇𝐵0

𝑠
− 𝜇𝐵0, and is fixed in all fits to

the known mass difference as given by the PDG [27]. The values of all constant and floating
parameters in the mass fit are summarised in Sec. 4.2.

Result of the Scan of the Multivariate-Classifier Response

The scan of the BDT response is done separately for the two track-type categories. The
scans through the classifier response can be found in Fig. 4.6, split for the various parts of
the figure of merit (see Sec. 4.1.4), and separately for track-type categories. It is performed
from −0.05 to 0.15 and in steps of 0.01 in the classifier response. The parameters of the
signal mass model are determined by a scan of the classifier on simulated data. As the
parametrisation should not be dependent on the threshold required of the classifier, the
values of the tail parameters are determined in the fit, where the BDT classifier is required
to be greater than zero and are then fixed for the scan on data. As an example the fits on
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Figure 4.6: Scan through the output of the multivariate classifier split for the two track
types, (left) downstream and (right) long track reconstructed candidates. At each cut point
the overall figure of merit, as well as the figure of merits considering the different effects
on the measurement, are determined.

simulated data and real data to the invariant mass of the 𝐵0 meson are shown in Fig. 4.7 at
BDT classifier > 0.0 split for the two track types. The most suitable cut points are chosen
to be at the maximum of the FOM and are determined to be

classifier response >
{

0.07, for DD candidates,
0.06, for LL candidates.

The combined signal efficiency of the multivariate classifier, again with respect to all
previous selection steps as computed on simulated data, is around 𝜀BDT ≈ 86.2%.

4.1.5 Reduction of Background from 𝞚𝟬
𝙗 → 𝟁(𝟮𝙎)𝞚𝟬 Decays

Various physics backgrounds can influence the mass fit and thus the measurement of sin(2𝛽)
severely, but no peaking structures besides the signal channel are observed in the recon-
structed 𝐵0-mass distribution, except for the component due to the 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S decay

channel. This decay is very similar to the signal decay and is irreducible. Due to the
proximity of the mass of the 𝐵0 and 𝐵0

𝑠 meson, a high probability of also suppressing
signal candidates, when trying to suppress this background follows. Consequently, it is
parametrized in the fit to the reconstructed 𝐵0 mass.

As no further peaking structures are observed and based on the background studies of the
run I analysis of the 𝐵0 → 𝐽/𝜓𝐾0

S decay channel (see Ref. [8]), only one further physics
background is studied, the contribution from Λ0

𝑏 → 𝜓(2𝑆)Λ0 [13]. Its decay topology is also
very similar to the one of the signal channel, as the 𝜓(2𝑆) meson is also reconstructed from
two muons and the Λ0 is reconstructed from its decay into a pion and a proton. The only
distinction in the final state between this background and the signal decay is the exchange of
a pion by a proton.
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Figure 4.7: Invariant mass distribution of the 𝐵0 meson for (left) downstream and (right)
long-track reconstructed candidates and for (top) simulated data and for (bottom) real data
at BDT classifier > 0.0. The data points are shown as black points and the projection of
the complete PDF is shown as a black line. In the bottom plots, the orange dotted line
represents the projection of the component describing the combinatorial background, the
blue dotted line represents the signal component, and the green dotted line represents the
𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S component. The 𝑦-axis is in logarithmic scale.
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4.1 Selection

To reduce this background, the mass of the 𝐾0
S meson is recomputed under the exchange

of the pion with the proton hypothesis, such that one of the pions is misidentified as a proton.
Candidates that lie within a certain window of this recomputed mass are rejected. The
windows are chosen individually for the two track type categories and are

|𝑚(𝜋𝑝) − 𝑚(Λ0,PDG)| >
{

10MeV/c2, for DD candidates,
6MeV/c2, for LL candidates.

The veto of the Λ0
𝑏 → 𝜓(2𝑆)Λ0 background has a signal efficiency computed on top of

the previous requirements of 𝜀veto ≈ 95.2% at a background retention of about 93%. To
compute an estimate of how many Λ0

𝑏 → 𝜓(2𝑆)Λ0 candidates remain after the veto, the total
efficiency of the selection, including the veto is determined on simulated Λ0

𝑏 → 𝜓(2𝑆)Λ0

data to be 1.5 ⋅ 10−4. Including this calculated efficiency, using the measured branching
fractions for Λ0

𝑏 → 𝜓(2𝑆)Λ0 decays [27, 82], and including the number of produced Λ0
𝑏

mesons at LHCb, the number of remaining background candidates is estimated to be around
46 ± 10. This low number suggests that the remaining candidates do not pose a problem to
the measurement.

4.1.6 Incorrectly Associated PVs and Multiple Candidates

Considering the running conditions at LHCb on average more than one 𝑝𝑝 collision can be
visible per bunch crossing leading to more than one primary vertex per event. Hence, each
𝐵0-meson candidate can be combined with more than one PV, leading to multiple (𝐵,PV)
pairs per event. If these combinations pass all selection steps required before, they can lead
to large tails in the decay-time distribution of the 𝐵0-meson candidate and thus can bias
the determination of the decay-time model. It is therefore necessary to study the impact
of incorrectly associated PVs. In the considered dataset that meets all requirements of the
introduced selection steps, around 1.0% are candidates that are possibly associated to the
incorrect PV. If more than one PV exists, then on average 2 PVs are reconstructed in the
considered dataset.
The usual procedure at LHCb to reduce the amount of multiple (𝐵,PV) pairs and in the

end to get unique combinations, is to keep only candidates with the best associated PV,
i.e. the PV with the smallest 𝜒2

IP. The 𝜒2
IP is defined as the difference in 𝜒2 between the PV

fit with and without inclusion of the tracks of the signal daughters. A selection based on
the best PV can however lead to biases in the reconstructed decay time and can further lead
to a bias of the measurement of decay-time-dependent 𝐶𝑃 violation [83]. Thus, a different
approach is developed based on studies in the LHCb analysis of 𝐵0

𝑠 → 𝐽/𝜓𝐾0
S decays [84].

The associated PV is chosen according to the smallest 𝜒2
IP with respect to any other PV in

the event for a given (𝐵,PV) pair.
As the true information is given in simulation, a control variable is developed, which is
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4 Measurement of sin(2𝛽)

defined as
𝑧pull =

𝑧PVassoc. − 𝑧PVtrue
𝜎𝑧PVassoc.

, (4.21)

where 𝑧PVtrue is the true, known 𝑧-position of the PV, 𝑧PVassoc. is the 𝑧-position of the
reconstructed and associated PV, and 𝜎𝑧PVassoc. represents the uncertainty of the determination
of the associated PV. The distribution of this variable for simulated data is shown in Fig. 4.8,
with stripping and trigger requirements applied for a larger and a zoomed in range. The
shape of the distribution close to zero is very Gaussian-like with a width of about 9 and
it is assumed that the Gaussian-core represents (𝐵,PV) pairs with correctly assigned PVs.
Thus, very conservatively those candidates with |𝑧pull| < 30 are defined as candidates with
correctly associated PVs and all other candidates are classified as candidates with incorrectly
associated PVs. This classification results in the decay-time distributions given in Fig. 4.9,
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Figure 4.8: The distribution of the difference of the true PV position compared to the
reconstructed position normalized to the uncertainty of the reconstruction on simulated
data (left) for a wide range from −5000 to 2000 in logarithmic scale and (right) zoomed in
on the range from −40 to 40 in arbitrary units.

where it is obvious, that the incorrectly associated PVs are responsible for the large tails in
the distribution.

The distribution of the developed variable, the smallest 𝜒2
IP with respect to any other PV

in the event for a given (𝐵,PV) pair, on simulated data is shown in Fig. 4.10, again split
according to 𝑧pull from Eq. (4.21) in correctly and incorrectly associated PV candidates.
Based on these distributions a loose cut on the smallest 𝜒2

IP with respect to any other PV
greater than 5 is chosen. The resulting decay-time distributions on simulated data are shown
in Fig. 4.10, where the large tails in the distribution for incorrectly associated PVs at higher
decay times is significantly reduced. Furthermore, fits of the decay-time distribution to
simulated data result in the correct input values of the lifetime of the 𝐵0 meson in the
simulation, after handling of the incorrectly associated PVs, while before the fit results
differed from the input parameters of the simulation significantly. That gives confidence in
the used method.
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Figure 4.9: Decay-time distribution of reconstructed 𝐵0 candidates on simulated data
classified according to the difference of the true PV position compared to the reconstructed
position in (orange) correctly and (blue) incorrectly associated PVs (left) after the applied
preselection requirements and (right) after the applied preselection and the multivariate
selection excluding the requirement on the decay-time distribution in the range of 0 ps to
15 ps for better visualization.
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Figure 4.10: The (left) distribution of the smallest 𝜒2
IP with respect to any other PV in the

event for (orange) correctly and (blue) incorrectly associated PVs on simulated data after
all preselection requirements are applied. And (right) the decay-time distribution of the
reconstructed 𝐵0 candidates on simulated data classified according to the difference of the
true PV position compared to the reconstructed position in (orange) correctly and (blue)
incorrectly associated PVs after the full selection including the requirement on the smallest
𝜒2
IP w.r.t. all other PVs in the event is applied.
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Applying the criterion to suppress incorrectly associated PVs has a signal efficiency of
𝜀wPV ≈ 98.5%. After this approximately 0.17% of candidates are still associated to the
incorrect PV.
Furthermore, not only multiple PVs per event can occur, but also multiple 𝐵0-meson

candidates. For more information see Ref. [83]. After all preceding selection steps, stripping,
trigger, multivariate classifier, and the suppression of incorrectly associated PVs not all of
the candidates are unique ones within an event, more precisely around 0.4% of all candidates
are multiple candidates. As the presence of more than one 𝐵0 candidate within an event is
highly unlikely, a candidate is chosen randomly in the end, as all the candidates that passed
the selection steps before are equally likely to be real signal candidates. After this random
selection the number of candidates in the data sample equals the number of events in the
sample. In the final dataset 10 844 possible 𝐵0 candidates remain. Only the mass fit will be
able to show, how many of these candidates are real signal and how many are background.

4.2 Mass Fit

An unbinned, extended maximum-likelihood fit to the invariant mass distribution is per-
formed to determine signal-candidate weights. These weights are used to statistically subtract
the background in the𝐶𝑃 fit (Sec. 4.5) afterwards. The fit is done in the range of 5200MeV/c2
to 5450MeV/c2. The used model is described in Sec. 4.1.4. Assuming that the shape does
not differ between the 𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0
𝑠 → 𝜓(2𝑆)𝐾0

S , the descriptions share the
parameters describing the tails on both sides. They are extracted from simulation and fixed
in the fit to data. The widths for both components and the mean of the 𝐵0 component are
allowed to vary in the fit, while the mean of the 𝐵0

𝑠 component is defined as the offset from
the 𝐵0 mean by the known 𝐵0

𝑠 − 𝐵0 mass difference. The parameters 𝜁 and 𝛽 are set to
zero in the fit to simulated and to real data. Setting 𝛽 to zero ensures the symmetry of the
hyperbolic core of the Hypatia. The mass fit is done simultaneously in the two track-type
categories and the results are listed in Tab. 4.8 and the fit is shown in Fig. 4.11.

4.2.1 Estimation of the 𝘽𝟬
𝙨 → 𝟁(𝟮𝙎)𝙆 𝟬

S Branching Ratio

An additional study is performed, where a preliminary and unofficial value for the ratio of
branching fractions, ℬ, of the decays 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝜓(2𝑆)𝐾0

S , ℬ(𝐵0
𝑠 )/ℬ(𝐵0),

is determined. The number of measured 𝐵0 or 𝐵0
𝑠 candidates, 𝑛({𝐵0, 𝐵0

𝑠 }) at LHCb is given
as

𝑛{𝐵0,𝐵0
𝑠 } = ℒint ⋅ 2𝑓{𝑑,𝑠} ⋅ 𝜎(𝑏𝑏) ⋅ 𝜖 ⋅ ℬ({𝐵0, 𝐵0

𝑠 }), (4.22)

where ℒint is the integrated luminosity, 𝑓{𝑑,𝑠} the hadronization factor, i.e. the probability
that a 𝑏 quark hadronizes with a 𝑑 or 𝑠 quark, 𝜎(𝑏𝑏) is the cross section for a 𝑏𝑏 pair to be
produced at LHCb for the given running conditions, and 𝜖 is the total efficiency, including
reconstruction and selection steps. It is convenient to measure ratios of branching fractions,
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Figure 4.11: Nominal fit to the Invariant mass distribution of the 𝐵0 meson. The data
points are shown in black and the projection of the fitted PDF is also shown in black. The
orange dashed line represents the projection of the exponential function describing the
combinatorial background component, the blue dashed line shows the signal component,
𝐵0 → 𝜓(2𝑆)𝐾0

S , and the green dashed line the 𝐵0
𝑠 → 𝜓(2𝑆)𝐾0

S component.

Table 4.8: Results of the mass fit to the invariant mass distribution of the 𝐵0 meson in
𝐵0 → 𝜓(2𝑆)𝐾0

S split in track-type categories on run I data.

parameters downstream long track

𝛼1 2.1669 2.5134 const.
𝛼2 3.0886 4.4273 const.
𝑛1 3.8276 3.9685 const.
𝑛2 3.7279 2.5165 const.
𝛽 0.0 0.0 const.
𝜁 0.0 0.0 const.
𝜇 (𝐵0

𝑠 ) − 𝜇 (𝐵0) [MeV/c2] 87.200 87.200 const.
𝜆 −3.5 ± 0.7 −2.4 ± 0.5 floating
𝜎 [MeV/c2] 7.36 ± 0.24 6.6 ± 0.4 floating
𝜇 (𝐵0) [MeV/c2] 5281.00 ± 0.10 5280.40 ± 0.12 floating
𝑛 (𝐵0) 5342 ± 80 2626 ± 55 floating
𝑛 (𝐵0

𝑠 ) 56 ± 17 23 ± 9 floating
𝑎(exp.) [(MeV/c2)−1] −0.000 86 ± 0.000 34 −0.002 56 ± 0.000 54 floating
𝑛(comb. bkg) 2035 ± 59 762 ± 36 floating
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as most of the factors, i.e. uncertainties on the luminosity and the cross section, cancel in
the ratio. Additionally, when assuming that the efficiencies are the same for both considered
decay channels, results in

ℬ(𝐵0
𝑠 )

ℬ(𝐵0)
=

𝑛(𝐵0
𝑠 )

𝑛(𝐵0)
⋅

𝑓𝑑
𝑓𝑠

, ⇒ 𝑛(𝐵0
𝑠 ) =

ℬ(𝐵0
𝑠 )

ℬ(𝐵0)
⋅

𝑓𝑠
𝑓𝑑

⋅ 𝑛(𝐵0). (4.23)

Thus, the yield of the 𝐵0
𝑠 → 𝜓(2𝑆)𝐾0

S decay, 𝑛(𝐵0
𝑠 ), in the mass model with the likelihood

from Eq. (4.15) can be described by the number of 𝐵0 → 𝜓(2𝑆)𝐾0
S candidates, the ratio of

hadronization factors, and the ratio of branching fractions which needs to be determined.
Another fit to the reconstructed 𝐵0-mass distribution is performed, including the modi-
fications to 𝑛(𝐵0

𝑠 ), to be able to measure the ratio of branching fractions directly. This
extended maximum-likelihood fit is done simultaneously for the two track-type categories,
where ℬ(𝐵0

𝑠 )/ℬ(𝐵0) is shared for the categories. Besides this the term 𝑓𝑑/𝑓𝑠 [85] and
the difference between the mean of the 𝐵0

𝑠 and 𝐵0 component [27], 𝜇 (𝐵0
𝑠 ) − 𝜇 (𝐵0), are

Gaussian constrained in the fit and are allowed to vary within their uncertainty. This is done
by including the uncertainties of external and fixed inputs in the fit. A Gaussian PDF

𝒢 (𝑥; 𝜇, 𝜎) = 1
𝜎√2𝜋

𝑒− 1
2 (

𝑥−𝜇
𝜎 )

2

, (4.24)

is used, described by a mean, 𝜇, and a width, 𝜎. Here, the parameter, 𝑥, is the variable to
constrain and the mean and the width are fixed to the parameter’s value and uncertainty,
respectively. The exact values are given in Tab. 4.9. The likelihood is then multiplied by the
Gaussian PDFs. The same technique is later on also used in the 𝐶𝑃 fit Sec. 4.5.

Table 4.9: Constrained parameters in the fit to determine the ratio of branching fractions
of the decays 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝜓(2𝑆)𝐾0

S , ℬ(𝐵0
𝑠 )/ℬ(𝐵0).

parameters values refs.

𝑓𝑑/𝑓𝑠 0.259 ± 0.015 [85]
𝜇 (𝐵0

𝑠 ) − 𝜇 (𝐵0) [MeV/c2] 87.29 ± 0.26 [27]

The ratio of branching fractions is determined to be

ℬ (𝐵0
𝑠 )

ℬ (𝐵0)
= (3.8 ± 0.9) %,

which differs with more than four standard deviations from the null hypothesis, i.e. not
observing the decay channel, and is comparable to the ratio of branching fractions from the
decays 𝐵0

𝑠 → 𝐽/𝜓𝐾0
S and 𝐵0 → 𝐽/𝜓𝐾0

S , which is (4.31 ± 0.17 ± 0.12)% [27].
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4.3 Flavour Tagging
The precise knowledge of the production flavour of each 𝐵0-meson candidate is essential
in a decay-time-dependent analysis of 𝐶𝑃 violation. At LHCb various algorithms were
developed that make use of other tracks and decays besides the signal decay in an event to
infer from those the initial 𝑏 flavour. The tagging algorithms, taggers, are subdivided into
same-side, SS, and opposite-side, OS, taggers. The SS taggers exploit the information of
particles created in the fragmentation process of the signal 𝑏 meson, whereas the OS taggers
use decay products of the other, accompanying 𝑏 hadron that is produced in association
with the signal 𝑏 meson. Besides a decision, tag, 𝑑′

𝑖 ∈ {−1, 0, 1}, for each reconstructed
candidate, each tagging algorithm provides a mistag-probability estimate, mistag probability,
𝜂𝑖 ∈ [0, 0.5], i.e. the probability that this decision is incorrect. The OS tagging decisions are
determined from the charges of muons, OS muon, electrons, OS electron, or kaons, OS kaon;
a weighted average of the charges of all tracks, OS vertex charge; and the decay products of
charm decays possibly originating from the other 𝑏 hadron in the event, OS charm. In the
case of the SS taggers the decisions are based on the charges of pions and protons originating
from the fragmentation process of the signal 𝑏 meson,SS pion and SS proton. The relevant
taggers and how they work is schematically shown in Fig. 4.12. The tagging algorithms
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SV
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b → c 
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Figure 4.12: A schematic overview of the operating principle of the (green shades) flavour-
tagging algorithms at LHCb, including the decay topology of the (blue shades)𝐵0 → [𝑐𝑐]𝐾0

S

decays.

are in general built very similar. They contain a selection of the relevant tagging particles,
e.g. muons or pions, and use multivariate classifiers to determine the mistag probability.
The tagging algorithms are not always able to assign a decision. This allows to define a

tagging efficiency, 𝜀tag, which is the number of candidates with a decision assigned over the
number of all candidates,

𝜀tag =
𝑁tagged

𝑁tagged + 𝑁untagged
. (4.25)
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Besides this, the decisions of the tagging algorithms can sometimes be incorrect, which
defines the true average mistag fraction, mistag, ⟨𝜔⟩, as the number of incorrectly tagged
candidates over all tagged candidates

⟨𝜔⟩ =
𝑁incorrect
𝑁tagged

. (4.26)

The true average mistag is directly connected to the dilution, 𝐷, (see also Sec. 4.1.4) given
by the flavour tagging,

⟨𝐷⟩ = 1 − 2⟨𝜔⟩, (4.27)

which is 1 for perfectly tagged candidates and 0 when the tagging algorithms choose the
decision randomly. When combining the two properties, the tagging efficiency and the
dilution, one can define the effective tagging efficiency, also known as the tagging power, as

𝜀eff = 𝜀tag(1 − 2⟨𝜔⟩)2 = 𝜀tag⟨𝐷2⟩, (4.28)

which represents the statistical reduction factor of a data sample in a tagged analysis and
therefore is the figure of merit, that needs to be maximized when developing tagging
algorithms.
The mistag probability given by the tagging algorithms is the response of multivariate

classifiers, which are trained using datasets of flavour-specific or self-tagging decay channels.
This output is then translated via regression into a probability. The training and test samples
are very likely to differ in the variables important for the flavour tagging compared to the
signal channel, due to different selections and different kinematic properties. Nonetheless,
decay channels that are very similar to the signal channel and that enable to infer the
𝑏-meson flavour are used to determine a calibration function, 𝜔(𝜂), that transforms the
mistag probabilities into the true mistag measured in such a control sample. As a linear
dependence between the mistag-probability estimate of the tagging algorithms and the true
mistag is observed in most LHCb analyses, the aforementioned calibration functions can be
parametrized by

𝜔(𝜂𝑖) = 𝑝0 + 𝑝1(𝜂𝑖 − ⟨𝜂⟩), (4.29)

where ⟨𝜂⟩ is the arithmetic mean of the mistag probabilities, and 𝑝0 and 𝑝1 are the parameters
of the linear function. The introduction of the averagemistag probability allows to decorrelate
the parameters 𝑝0 and 𝑝1. A perfect calibration of a tagging algorithm would result in
𝑝0 = ⟨𝜂⟩ and 𝑝1 = 1.
The output and performance of the tagging algorithms is not necessarily independent

of the initial 𝑏-meson flavour. The selected tagging particles can have different interaction
rates with the detector material and this can lead to different tagging efficiencies and true
mistags for initial 𝐵0 and 𝐵0 mesons. This can be considered in two independent calibration
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functions for 𝐵0 and 𝐵0 mesons

𝜔𝐵0
(𝜂𝑖) = 𝑝𝐵0

0 + 𝑝𝐵0

1 (𝜂𝑖 − ⟨𝜂⟩),

𝜔𝐵0
(𝜂𝑖) = 𝑝𝐵0

0 + 𝑝𝐵0

1 (𝜂𝑖 − ⟨𝜂⟩).
(4.30)

The calibration parameters 𝑝𝐵0

𝑖 and 𝑝𝐵0

𝑖 , here 𝑖 ∈ 0, 1 can be written as

𝑝𝐵0

𝑖 = 𝑝𝑖 +
Δ𝑝𝑖
2

,

𝑝𝐵0

𝑖 = 𝑝𝑖 −
Δ𝑝𝑖
2

.
(4.31)

With these definitions Eq. (4.30) can be written as

𝜔𝐵0
(𝜂𝑖) = 𝑝0 + 𝑝1(𝜂𝑖 − ⟨𝜂⟩) +

Δ𝑝0
2

+
Δ𝑝1

2
(𝜂𝑖 − ⟨𝜂⟩),

𝜔𝐵0
(𝜂𝑖) = 𝑝0 + 𝑝1(𝜂𝑖 − ⟨𝜂⟩) −

Δ𝑝0
2

−
Δ𝑝1

2
(𝜂𝑖 − ⟨𝜂⟩),

(4.32)

with the tagging-asymmetry parameters, Δ𝑝𝑖, and thus for the difference of a 𝐵0 meson
mistag compared to one of a 𝐵0 meson follows

Δ𝜔(𝜂𝑖) = 𝜔𝐵0
(𝜂𝑖) − 𝜔𝐵0

(𝜂𝑖)
= Δ𝑝0 + Δ𝑝1(𝜂𝑖 − ⟨𝜂⟩).

(4.33)

To profit from the performance of the single taggers, the single decisions and mistag
probabilities are combined for each of the two types of tagging algorithms for each 𝑏-meson
candidate, i.e. 𝑑′

OS and 𝑑′
SS, and 𝜂OS and 𝜂SS. The true mistag can be translated into a

probability, that the flavour 𝑑𝑖 is observed given the candidate’s initial flavour 𝑑′

𝑝𝑖(𝑑𝑖|𝑑′) = 𝛿𝑑𝑖,𝑑′(1 − 𝜔(𝜂𝑖)) + 𝛿𝑑𝑖,−𝑑′𝜔(𝜂𝑖),

=
1 − 𝑑′𝑑𝑖

2
+ 𝑑′𝑑𝑖(1 − 2𝜔(𝜂𝑖)),

=
1 + 𝑑′𝑑𝑖(1 − 2𝜔(𝜂𝑖))

2
.

(4.34)

The probabilities, that the candidate is of flavour 𝑑′ given the observed tagging decision 𝑑𝑖,
are given by

𝑝(𝐵0) = ∏
𝑖

(
1 + 𝑑𝑖

2
− 𝑑𝑖(1 − 𝜔(𝜂𝑖))) ,

𝑝(𝐵0) = ∏
𝑖

(
1 − 𝑑𝑖

2
+ 𝑑𝑖(1 − 𝜔(𝜂𝑖))) .

(4.35)
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The combined probabilities that the signal candidate contained a beauty quark or an an-
tibeauty quark at production, are given by

𝑃 (𝐵0) =
max(𝑝(𝐵0), 𝑝(𝐵0))

𝑝(𝐵0) + 𝑝(𝐵0)
, 𝑃 (𝐵0) = 1 − 𝑃 (𝐵0), (4.36)

respectively. If 𝑃 (𝐵0) > 𝑃 (𝐵0) the tag decision is 𝑑 = 1 and the mistag is 𝜔 = 1 − 𝑃 (𝐵0),
otherwise the combined decision is 𝑑 = −1 with 𝜔 = 1 − 𝑃 (𝐵0). Correlations among the
tagging algorithms are not considered, which can lead to an overestimation or an incorrect
estimation of the combined probabilities, and need to be corrected. Thus, the combinations
as well as the single tagging algorithms need to be calibrated.

Including the calibration (see Eq. (4.29)) of the mistag probabilities an improved tagging
power can be obtained when using not only the true average mistag and thus an average
dilution as in Eqs. (4.27) and (4.28), but also the per-event properties including the signal-
candidate weights, 𝑠𝑤,𝑖, obtained from the fit to the invariant mass distribution of the 𝐵0

meson and is given by

𝜀eff =
∑𝑁

𝑖=1 𝑠𝑤,𝑖𝐷2
𝑖

∑𝑁
𝑖=1 𝑠𝑤,𝑖

=
∑𝑁

𝑖=1 𝑠𝑤,𝑖(1 − 2𝜔(𝜂𝑖))2

∑𝑁
𝑖=1 𝑠𝑤,𝑖

, (4.37)

where the sum iterates over all candidates including the untagged candidates with 𝜔 = 0.5
and 𝑑 = 0.

4.3.1 Flavour-Tagging Strategy

In the case of the 𝐵0 → 𝜓(2𝑆)𝐾0
S mode the calibration functions are determined using

the self-tagged decay channel 𝐵+ → 𝐽/𝜓𝐾+ for the OS single taggers as well as their
combination and using the flavour-specific decay channel 𝐵0 → 𝐽/𝜓𝐾∗0 for the SS single
taggers and also for their combination. The 𝐽/𝜓 is reconstructed from two muons for both
calibration channels. The 𝐾∗0 is reconstructed from a charged kaon and charged pion.
As the OS single taggers were developed on 𝐵+ → 𝐽/𝜓𝐾+ data from run I and possible

correlations need to be avoided, the data in this analysis is also split into subsamples as
was done for training, testing, and for the combination of the OS single taggers by the
flavour-tagging working group when developing the tagging algorithms. The data was split
into three independent subsamples according to the event number and the year of data taking.
In this analysis only two of these subsets are used. While one dataset is used to calibrate the
OS single taggers, the other one is used to calibrate the OS combination and to obtain the
performance numbers on the calibration channels. As the SS taggers were not developed on
the considered calibration channels, the whole run I 𝐵0 → 𝐽/𝜓𝐾∗0 sample is divided into
two parts. The SS single taggers are calibrated on one half of the run I 𝐵0 → 𝐽/𝜓𝐾∗0 sample,
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while the SS combination is calibrated and the performance numbers are determined on the
other half of the sample.
The strategy is similar to the strategy of the nominal channel. First, a selection for the

calibration or control modes is developed, which is a simple cut-based selection without
using a multivariate classifier. After that a fit to the invariant mass distribution of the 𝑏-meson
is performed to extract signal candidate weights. Furthermore, the relevant variables for
flavour tagging are reweighted to account for kinematic differences between the signal
channel and the control channels. Subsequently, first the single taggers are calibrated, then
they are combined per side and after that the OS and SS combination are calibrated.

The used datasets were recorded in 2011 and 2012 and correspond to an overall integrated
luminosity of ℒint = 3 fb−1 at centre-of-mass energies of 7 TeV and 8TeV in 2011 and
2012, respectively. For both control modes the invariant mass of the 𝐵0 meson is, if not
stated otherwise, obtained by the OVF, where the mass of the 𝐽/𝜓 candidate is constrained
to the known mass of the 𝐽/𝜓 meson given by the PDG [73].

4.3.2 Selection

There are no specific trigger requirements enforced, but again the charmonium mesons
can be exploited due to the clean signature of the muons in the detector. The output
of the Bu2JpsiKDetached and Bd2JpsiKstarDetached lines is used. The lines are
called detached, because candidates with a decay time below 0.2 ps are removed. The
requirements in the following tables are summarised for the different stripping conditions.
The requirements on the 𝐽/𝜓 meson and its daughters are given in Tab. 4.10 summarised
for both stripping lines. The criteria for the 𝐾+ and 𝐵+ meson are listed in Tab. 4.11 and
Tab. 4.12. The criteria for the 𝐾∗0 and the 𝐵0 meson are given in Tab. 4.13 and Tab. 4.14.

Table 4.10: Stripping requirements on the reconstructed final state of the 𝐽/𝜓 meson
for 𝐵+ → 𝐽/𝜓𝐾+ and 𝐵0 → 𝐽/𝜓𝐾∗0 summarised for both stripping conditions. The used
variables are the difference of the logarithmic likelihood values of the muon and pion
hypotheses, Δ logℒ𝜇𝜋, the transverse momentum of the muons, 𝑝T(𝜇), the mass computed
by the OfflineVertexFitter, 𝑚(𝜇+𝜇−), compared to the nominal 𝐽/𝜓 mass as given by
the PDG, 𝑚(𝐽/𝜓,PDG) [73], the 𝜒2 of the distance of closest approach between the two
tracks, 𝜒2

DOCA(𝜇+𝜇−), and the 𝜒2 over the number of degrees of freedom of the 𝐽/𝜓 vertex
fit, 𝜒2

vtx/ndf(𝐽/𝜓).

Δ logℒ𝜇𝜋 > 0
𝑝T(𝜇) < 0.5GeV/c
|𝑚(𝜇+𝜇−) − 𝑚(𝐽/𝜓, PDG)| < 150MeV/c2

𝜒2
DOCA(𝜇+𝜇−) < 20

𝜒2
vtx/ndf(𝐽/𝜓) < 16
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Table 4.11: Stripping requirements on the 𝐾-meson candidates in the case of the 𝐵+ →
𝐽/𝜓𝐾+ decay channel summarised for both stripping conditions. The used variables are the
difference of the logarithmic likelihood values of the kaon and pion hypotheses, Δ logℒ𝐾𝜋,
the 𝜒2 over the number of degrees of freedom of the 𝐾-track fit, 𝜒2

track/ndf(𝐾), and the
transverse momentum of the kaon, 𝑝T(𝐾).

Δ logℒ𝐾𝜋 > 0
𝜒2
track/ndf(𝐾) < 5

𝑝T(𝐾) > 0.5GeV/c

Table 4.12: Requirements on 𝐵+-meson candidates in the case of the 𝐵+ → 𝐽/𝜓𝐾+ decay
channel applied in the stripping summarised for both stripping conditions. The used
variables are the reconstructed decay time of the 𝐵 meson, 𝑡, the 𝐵+-meson mass computed
by the OfflineVertexFitter, 𝑚(𝜇+𝜇−𝐾), and the 𝜒2 over the number of degrees of
freedom of the 𝐵+-vertex fit, 𝜒2

vtx/ndf(𝐵
+).

𝑡(𝐵+) > 0.2 ps
𝑚(𝜇+𝜇−𝐾) 5150MeV/c2 < 𝑚(𝜇+𝜇−𝐾) < 5450MeV/c2

𝜒2
vtx/ndf(𝐵+) < 10

Table 4.13: Requirements on 𝐾∗0-meson candidates and on its reconstructed final state in
the case of the 𝐵0 → 𝐽/𝜓𝐾∗0 decay channel applied in the stripping summarised for both
stripping conditions. The used variables are the 𝜒2 value of the 𝐾∗0-vertex fit, 𝜒2

vtx(𝐾
∗0),

and the transversemomentum of the𝐾∗0, 𝑝T(𝐾∗0), the𝜒2 of the distance of closest approach
between the two tracks,𝜒2

DOCA(𝐾, 𝜋), the mass computed by the OfflineVertexFitter,
𝑚(𝐾𝜋), compared to the nominal 𝐾∗0 mass as given by the PDG, 𝑚(𝐾∗0,PDG) [73], the
𝜒2 over the number of degrees of freedom of the kaon- and pion-track fit, 𝜒2

track/ndf(𝐾, 𝜋),
respectively, and the difference of the logarithmic likelihood values of the kaon and pion
hypotheses Δ logℒ𝐾𝜋 for the 𝐾.

𝜒2
vtx(𝐾∗0) < 25

𝑝T(𝐾∗0) > 1300MeV/c
𝑚(𝐾𝜋) 826MeV/c2 < 𝑚(𝐾𝜋) < 966MeV/c2

𝜒2
DOCA(𝐾, 𝜋) < 30

𝜒2
track/ndf(𝐾) < 5

𝜒2
track/ndf(𝜋) < 5

Δ logℒ𝐾𝜋(𝐾) > 0
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Table 4.14: Requirements on 𝐵0-meson candidates in the case of the 𝐵0 → 𝐽/𝜓𝐾∗0 decay
channel applied in the stripping summarised for both stripping conditions. The used
variables are the decay time of the 𝐵0 meson, 𝑡, the 𝐵0-meson mass computed by the
OfflineVertexFitter, 𝑚(𝐽/𝜓𝐾𝜋), and the 𝜒2 over the number of degrees of freedom
of 𝐵0-vertex fit, 𝜒2

vtx/ndf(𝐵
0).

𝑡 > 0.2 ps
𝑚(𝐽/𝜓𝐾𝜋) 5150MeV/c2 < 𝑚(𝐽/𝜓𝐾𝜋) < 5450MeV/c2

𝜒2
vtx/ndf(𝐵0) < 20

After the stripping selection a basic cut-based selection follows, which tightens some of
the stripping requirements. Only the relevant, tightened requirements are summarised in
Tab. 4.15 for 𝐵+ → 𝐽/𝜓𝐾+s and in Tab. 4.16 for 𝐵0 → 𝐽/𝜓𝐾∗0.

Table 4.15: Cut-based selection in the case of the 𝐵+ → 𝐽/𝜓𝐾+ calibration channel. The
used variables are the reconstructed 𝐽/𝜓 mass computed by the OfflineVertexFitter,
𝑚(𝜇+𝜇−), and the transverse momentum of the 𝐾 meson, 𝑝T(𝐾).

𝑚(𝜇+𝜇−) 3036MeV/c2 < 𝑚(𝜇+𝜇−) < 3156MeV/c2
𝑝(𝐾) > 1000MeV/c

Table 4.16: Cut-based selection in the case of the 𝐵0 → 𝐽/𝜓𝐾∗0 calibration channel. The
used variables are the reconstructed 𝐽/𝜓 mass computed by the OfflineVertexFitter,
𝑚(𝜇+𝜇−), the minimum impact parameter, with respect to any other PV, for all final state
particles, min 𝜒2

IP w.r.t. any PV ({𝜇, 𝐾, 𝜋}), and the transverse momentum of the pion,
𝑝T(𝜋).

𝑚(𝜇+𝜇−) 3036MeV/c2 < 𝑚(𝜇+𝜇−) < 3156MeV/c2

min 𝜒2
IP w.r.t. any PV (𝜇) > 16

min 𝜒2
IP w.r.t. any PV (𝐾) > 2

min 𝜒2
IP w.r.t. any PV (𝜋) > 2

𝑝T(𝜋) > 500MeV/c

4.3.3 Mass Fits

The invariant mass models for describing the signal and combinatorial background compo-
nent are taken from the nominal model of the signal decay mode. The signal is modelled by
a Hypatia function, whereas the combinatorial background is described by an exponential
function. The tail parameters are taken from the nominal mass fit to the signal-decay channel
and are fixed in the fit of the calibration channels. Due to the large data sets, the fits are
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done separately in years of data taking and magnet polarities, magnet up, MU, and magnet
down, MD. The mass observable used in the fits is computed by the DTF in the case of
the 𝐵+ → 𝐽/𝜓𝐾+ mode, whereas in the case of the 𝐵0 → 𝐽/𝜓𝐾∗0 the mass observable is
obtained by the OVF, as the DTF variables were not present in the datasets for the latter decay
mode. The results can be found in Tab. 4.18 and Tab. 4.19 for 2011 and 2012, respectively.
The parameters that are set constant during the fits are listed in Tab. 4.17. The calculation
of the signal-candidate weights is done separately for the subsamples and in the end they
are combined to one single signal-candidate weight. The corresponding plots of the mass
fits exemplary for the 2012 MU datasets for both control channels can be found in Fig. 4.13.
The number of signal candidates obtained in the fits is 𝑁𝐵+→𝐽/𝜓𝐾+ = 1 231 000 ± 2300 in
the case of the 𝐵+ → 𝐽/𝜓𝐾+ channel and 𝑁𝐵0→𝐽/𝜓𝐾∗0 = 43 100 ± 1900 in the case of the
𝐵0 → 𝐽/𝜓𝐾∗0 mode.

Table 4.17: The constant parameters for the mass fits on calibration channels 𝐵+ → 𝐽/𝜓𝐾+

and 𝐵0 → 𝐽/𝜓𝐾∗0 are fixed to the same values as in the fit to the signal channel
𝐵0 → 𝜓(2𝑆)𝐾0

S .

parameter value

𝛼1 2.5134
𝛼2 4.4273
𝑛1 3.9685
𝑛2 2.5165
𝛽 0.0
𝜁 0.0
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Figure 4.13: Mass fits to the invariant 𝑏 mass of (left) 𝐵+ → 𝐽/𝜓𝐾+ and (right)
𝐵0 → 𝐽/𝜓𝐾∗0 exemplary for the year of data taking of 2012 and magnet-up polarity. The
data points are shown in black as well as the complete fit model. The signal component is
depicted in blue, while the combinatorial-background component is shown in orange.
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Table 4.18: Results of the mass fits for the calibration channels 𝐵+ → 𝐽/𝜓𝐾+ and
𝐵0 → 𝐽/𝜓𝐾∗0 for 2011 split in magnet polarities, magnet up, MU, and magnet down,
MD.

𝐵+ → 𝐽/𝜓𝐾+

MD MU

𝜆 −3.1 ± 0.2 −3.3 ± 0.2
𝜎 [MeV/c2] 11.1 ± 0.1 10.9 ± 0.1
𝜇(𝐵+) [MeV/c2] 5279.10 ± 0.03 5279.10 ± 0.03
𝑛(𝐵+) 225 837 ± 960 158 411 ± 760
𝑛(comb.bkg) 128 470 ± 908 86 429 ± 711
𝑎(exp.) [(MeV/c2)−1] −0.0009 ± 0.0001 −0.0008 ± 0.0001

𝐵0 → 𝐽/𝜓𝐾∗0

MD MU

𝜆 −2.0 ± 0.2 −2.7 ± 0.3
𝜎 [MeV/c2] 12.2 ± 0.5 10.8 ± 0.4
𝜇(𝐵0) [MeV/c2] 5281.40 ± 0.05 5281.70 ± 0.06
𝑛(𝐵0) 77 578 ± 738 55 364 ± 545
𝑛(comb.bkg) 72 610 ± 735 51 048 ± 541
𝑎(exp.) [(MeV/c2)−1] −0.0007 ± 0.0001 −0.0008 ± 0.0002
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Table 4.19: Results of the mass fits for the calibration channels 𝐵+ → 𝐽/𝜓𝐾+ and
𝐵0 → 𝐽/𝜓𝐾∗0 for 2012 split in magnet polarities, magnet up, MU, and magnet down,
MD.

𝐵+ → 𝐽/𝜓𝐾+

MD MU

𝜆 −3.2 ± 0.1 −2.9 ± 0.1
𝜎 [MeV/c2] 10.8 ± 0.1 10.9 ± 0.1
𝜇(𝐵+) [MeV/c2] 5279.10 ± 0.02 5279.10 ± 0.02
𝑛(𝐵+) 432 274 ± 1374 414 865 ± 1384
𝑛(comb.bkg) 319 670 ± 1333 306 533 ± 1345
𝑎(exp.) [(MeV/c2)−1] −0.0007 ± 0.0001 −0.0007 ± 0.0001

𝐵0 → 𝐽/𝜓𝐾∗0

MD MU

𝜆 −2.3 ± 0.2 −1.9 ± 0.1
𝜎 [MeV/c2] 11.4 ± 0.4 12.6 ± 0.5
𝜇(𝐵0) [MeV/c2] 5281.40 ± 0.04 5281.80 ± 0.04
𝑛(𝐵0) 146 500 ± 1151 151 383 ± 1238
𝑛(comb.bkg) 198 220 ± 1174 203 052 ± 1259
𝑎(exp.) [(MeV/c2)−1] −0.0009 ± 0.0001 −0.0011 ± 0.0001
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4.3.4 Reweighting

Considering the kinematic differences of the calibration channels compared to the signal
mode, the selected signal-candidate weights, sWeighting, of the calibration channels are
weighted to correct for these differences. The observables that influence the decision and
response of the tagging algorithms are the pseudorapidity, 𝜂, the angle, 𝜙, the number of
primary vertices in the event, nPV, the number of tracks in the event, nTracks, and the
transverse momentum of the 𝐵0-meson candidate, 𝑝T.
The multidimensional reweighting uses an algorithm including BDTs called Gradient

Boosting Reweighting [86], GBReweighter. The standard and typical way to reweight a
distribution to another one is to split the variable space in bins and then calculate a multiplier
in each bin like

𝑚bin =
𝑤bin, target

𝑤bin, original
, (4.38)

which can then be multiplied per candidate to the original distribution to compensate for the
difference between the original and the target distribution. Here 𝑤bin, target and 𝑤bin, original
are the total weight of candidates in a bin for the target and original distribution, respectively.
This procedure is comparable to a histogram division. The advantage of this approach is
that it is easy to implement and understand, and it works well in one dimension. But when a
reweighting in more than one dimension at a time is needed, this approach can lead to empty
bins due to a low number of candidates. The method of the GBReweighter attempts to find
the optimal binning scheme, i.e. regions or leaves, in the multidimensional variable space
using BDTs with a minimum number of bins. It maximizes the symmetrised 𝜒2

original-target,
i.e. the difference between the original and target distributions normalized to the sum, which
is given by

𝜒2
original-target = ∑

region

(𝑤region, original − 𝑤region, target)2

𝑤region, original + 𝑤region, target
. (4.39)

A high value in 𝜒2
original-target suggests that the difference is more significant than at lower

values and that the original distribution needs to be reweighted. TheGBReweighter algorithm
uses a number of trees, which are trained repeating the following steps many times. First,
build a tree to maximize the 𝜒2

original-target and thus find the most suitable regions, then
compute the predictions,

𝑝region = ln(
𝑤region, original

𝑤region, target ) , (4.40)

for each region and at last, reweight the original distribution per candidate using the computed
predictions as candidate weights

𝑤 =
{

𝑤, if event from target distribution
𝑤 ⋅ 𝑒𝑝region, if event from original distribution.

(4.41)
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Within each tree the predictions are summed up and the final weight is computed as the
product of the contributions of the various trees. Here, the original distributions are the
selected calibration channels containing signal-candidate weights and the target distribution
is the signal-decay channel, also containing signal-candidate weights. The GBReweighter
computes new weights for each candidate of the calibration channels, which is basically the
product of the signal-candidate weights and the predictions of the GBReweighter.

Most of the hyperparameters of the GBReweighter are set to their default values, except for
the maximum depth, which is set to 3, the learning rate, which is set to 0.01, and the number
of estimators, that is set to 500. The hyperparameters are set before the training and define
the architecture of the machine-learning algorithm. The run I dataset of the 𝐵+ → 𝐽/𝜓𝐾+

mode is split into years of data taking and those subsamples are reweighted separately to the
whole run I data set of the signal channel, as the calibration is done for subsamples of the
data (see Sec. 4.3.1). The distributions of the reweighted and not- reweighted distributions
of the control channels and the target distributions of the 𝐵0 → 𝜓(2𝑆)𝐾0

S channel are shown
in Figs. 4.14 and 4.15, exemplary for 2012 in the case of the 𝐵+ → 𝐽/𝜓𝐾+ channel and for
the whole run I data in the case of the 𝐵0 → 𝐽/𝜓𝐾∗0 channel.

4.3.5 Flavour-Tagging Calibration

The flavour-tagging calibration is done with a tool, provided by the LHCb flavour-tagging
working group, the EspressoPerformanceMonitor [87], EPM. The calibration parameters
of the OS and SS combinations are listed in Tab. 4.20. The corresponding plots are shown
in Fig. 4.16. The performances of the combinations are summarised in Tab. 4.21. The OS
combination is performing significantly better (2.7%) than the SS combination (1.1%). All
performance numbers to this point are determined on the reweighted control channels.

Table 4.20: Flavour-tagging calibration parameters of the OS and SS combinations deter-
mined on the respective reweighted calibration samples.

Tagger 𝑝0 𝑝1 Δ𝑝0 Δ𝑝1 𝜂

OS combination 0.372 ± 0.001 0.815 ± 0.011 0.009 ± 0.002 0.022 ± 0.023 0.3387
SS combination 0.439 ± 0.003 0.870 ± 0.051 0.012 ± 0.004 0.054 ± 0.073 0.4343

Table 4.21: Flavour-tagging performances the OS and SS combinations on the respective
reweighted data samples.

Tagger 𝜀tag 𝜀tag⟨𝐷2⟩ = 𝜀tag (1 − 2𝜔)2

OS Combination (29.981 ± 0.063) % (2.727 ± 0.007(stat) ± 0.041(cal)) %
SS Combination (49.880 ± 0.153) % (1.074 ± 0.005(stat) ± 0.075(cal)) %
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Figure 4.14: The (blue) original distributions of the flavour-tagging-related observables in
the case of the sWeighted 𝐵+ → 𝐽/𝜓𝐾+ channel, the (green) sWeighted and reweighted
distributions also for the 𝐵+ → 𝐽/𝜓𝐾+ control channel, and the (red) target distributions in
the case of the sWeighted 𝐵0 → 𝜓(2𝑆)𝐾0

S signal channel are shown exemplary for 2012
data.
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Figure 4.15: The (blue) original distributions of the flavour-tagging-related observables in
the case of the sWeighted 𝐵0 → 𝐽/𝜓𝐾∗0 channel, the (green) sWeighted and reweighted
distributions also for the 𝐵0 → 𝐽/𝜓𝐾∗0 control channel, and the (red) target distributions
in the case of the sWeighted 𝐵0 → 𝜓(2𝑆)𝐾0

S signal channel are shown for run I data.
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Figure 4.16: Flavour-tagging calibration on the (left) reweighted 𝐵+ → 𝐽/𝜓𝐾+ sample
for the OS combination and (right) on the reweighted 𝐵0 → 𝐽/𝜓𝐾∗0 sample for the SS
combination. The light and dark green shaded areas correspond to the 68% and 95%
confidence-level regions of the calibrations function.

4.3.6 Systematic Uncertainties

The systematic uncertainties arising from the flavour-tagging calibration comprise two
different sources of uncertainties. The first type of uncertainties comes from the method of
determining the calibration parameters in the control channels, and the second type results
from using these parameters determined on control channels in the fit to the signal channel.

Calibration Method (Type I)

To determine the systematic uncertainty arising from the calibration method itself, the
calibration parameters are determined on different subsets of the data sample split according
to years of data taking and magnet polarities. The differences of the absolute calibration
values for the different categories. The significances of those differences being compatible
with zero are determined. As all determined significances are all below one standard
deviation, no systematic uncertainty is assigned arising from the calibration method itself.

Portability of the Calibration Parameters (Type II)

A slightly different approach for the SS and OS taggers is used to compute the systematic
uncertainties arising form the portability of the calibration parameters. The calibration pa-
rameters for the SS taggers can only be determined on the 𝐵0 → 𝐽/𝜓𝐾∗0 channel, while the
parameters for the OS taggers can be determined on both control channels. The uncertainties
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on the calibration parameters of the SS combination are evaluated by comparing the param-
eters determined on a sample with and without reweighting of the flavour- tagging-related
observables. The same method is also used for determining the systematic uncertainty on
the parameters of the OS combination. Additionally, the results of the calibration on both
control channels are compared.

When first comparing the results for the calibration of the OS combination on the nominal
reweighted calibration channel, 𝐵+ → 𝐽/𝜓𝐾+, to the calibration on the other reweighted cal-
ibration channel, 𝐵0 → 𝐽/𝜓𝐾∗0, it becomes obvious that the reweighting method is basically
working, as no significant differences are observed and the parameters for both channels are
compatible. Nonetheless systematic uncertainties are assigned very conservatively, when
comparing the results for reweighting and not reweighting for both combinations.

Summary

In the following the calibration parameters for the OS and SS combination are listed with
their statistical and systematic uncertainties for 𝐵0 → 𝜓(2𝑆)𝐾0

S

𝑝OS0 = 0.372 ± 0.001 (stat) ± 0.00005 (syst) ,

𝑝OS1 = 0.815 ± 0.011 (stat) ± 0.005 (syst) ,
⟨𝜂OS⟩ = 0.339 ,
Δ𝑝OS0 = 0.009 ± 0.002 (stat) ± 0.00007 (syst) ,

Δ𝑝OS1 = 0.022 ± 0.023 (stat) ± 0.002 (syst) ,

(4.42)

𝑝SS0 = 0.439 ± 0.003 (stat) ± 0.002 (syst) ,

𝑝SS1 = 0.870 ± 0.051 (stat) ± 0.002 (syst) ,
⟨𝜂SS⟩ = 0.434 ,
Δ𝑝SS0 = 0.012 ± 0.004 (stat) ± 0.001 (syst) ,

Δ𝑝SS1 = 0.054 ± 0.073 (stat) ± 0.012 (syst) .

(4.43)

These calibration parameters are used in the final fit to extract the 𝐶𝑃 parameters (see
Sec. 4.5).

4.3.7 Performance on the Signal Channel

The effective tagging efficiencies for the combination of the OS and SS combination on
the complete signal 𝐵0 → 𝜓(2𝑆)𝐾0

S sample, as well as the influence of individual OS and
SS combinations on the full dataset are listed in Tab. 4.22 as well as the effective tagging
efficiencies determined in the analysis of 𝐵0 → 𝐽/𝜓𝐾0

S [8] for comparison purposes. The
total effective tagging efficiency is slightly higher compared to the one from the LHCb run I
analysis of 𝐵0 → 𝐽/𝜓𝐾0

S decays, where the effective tagging efficiency is 3.02% [8]. The
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S

Table 4.22: Effective tagging efficiencies of the single combinations and of their com-
bination on the complete 𝐵0 → 𝜓(2𝑆)𝐾0

S sample. And the effective tagging efficiencies
determined in the analysis of 𝐵0 → 𝐽/𝜓𝐾0

S [8].

Tagging algorithm 𝜀
𝐵0→𝜓(2𝑆)𝐾0

S
eff 𝜀

𝐵0→𝐽/𝜓𝐾0
S

eff

OS (2.46 ± 0.05) % (2.63 ± 0.04) %
SS (1.07 ± 0.08) % (0.38 ± 0.02) %

total (OS + SS) (3.42 ± 0.09) % (3.02 ± 0.05) %

increase in effective tagging efficiency results from the inclusion of newly developed tagging
algorithms, the OS charm and the SS proton, as well as the usage of an updated SS pion
tagger. The slight decrease in effective tagging efficiency for the OS combination arises
probably due to the portability of the calibration parameters from the control channels to the
signal channel.

4.4 Data Preparation in 𝘽𝟬 → 𝙅/𝟁𝙆 𝟬
S

The in parallel conducted measurement of sin(2𝛽) in 𝐵0 → 𝐽/𝜓𝐾0
S , where the 𝐽/𝜓 meson is

reconstructed from two electrons the has a similar selection and flavour tagging strategy to the
strategy in the analysis of the𝐵0 → 𝜓(2𝑆)𝐾0

S decay. Here, also the full run I dataset of LHCb
is used for the studies. The selection also consists of trigger and stripping requirements, as
well as of a multivariate classifier, where the same FOM from Sec. 4.1.4 is used to determine
the appropriate cut point on the classifier output, and of a veto of the physics background
coming from Λ0

𝑏 → 𝐽/𝜓Λ0 decays, where the 𝐽/𝜓 meson is reconstructed from two electrons.
It is checked, whether the dataset needs to be split according to track-type categories of the
𝐾0

S meson or to the number of reconstructed Bremsstrahlung photons of the electrons. It is
found that no split is necessary. In the case of the 𝐵0 → 𝐽/𝜓𝐾0

S mode no dedicated handling
of incorrectly associated PVs can be performed, as due to technical reasons, the dataset
includes only candidates with the best associated PV, i.e. the PV with the smallest 𝜒2

IP, are
used. Thus, the effect of incorrectly assigned PVs cannot be studied and it is possible, that
this requirement discards potential correctly associated (𝐵, PV) pairs. In the end, if multiple
candidates remain after all previous selection steps, one is chosen randomly.
The stripping selection for this specific decay channel requires a decay time of the

𝐵0-meson candidates to be > 0.2 ps. Furthermore, it requires that the tracks are well
reconstructed and form a common vertex in case of the electrons and the pions, respectively.
The electrons have also PID requirements imposed. Besides this, the reconstructed masses
should be in reasonable ranges.

No specific restrictions on the trigger are required, due to the fact that for such measure-
ments the exact number of single efficiencies is not relevant. The candidates only need to
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pass all three trigger stages.
Nevertheless, the data sample contains about 50M candidates after the trigger and strip-

ping requirements and to be able to handle this huge amount of data, a dedicated pre-selection
is applied, before the training of the multivariate classifier. These requirements comprise
cuts on the quality of the tracks’ vertices, PID and flight distances, as well as some tightening
of the stripping cuts. In total, this pre-selection reduces the number of candidates in the data
sample by 80% to 90%, while preserving around 90% of signal candidates as computed on
the simulated signal sample.

For the multivariate classifier a six-fold k-Folding is used, which means that the BDT is
trained and validated on six folds of the data, where for each fold the training is performed
on five-sixth of the data and the validation is done on the remaining one-sixth of the data.
The number of folds is chosen arbitrarily. For computing the FOM and extracting the
signal-candidate weights the same mass model as for the 𝐵0 → 𝜓(2𝑆)𝐾0

S decay channel is
used, including a Hypatia function for the signal description and one for the 𝐵0

𝑠 background
component, as well as an exponential function to model the combinatorial background.
Furthermore, as no significant PID requirements are used throughout the selection up to
this point, it is checked whether it is necessary to optimize the cut point on the multivariate-
classifier response not only based on the FOM but on the PID variable, i.e. the probability
that the electrons are actually reconstructed as electrons. Thus, a two dimensional scan for
through the FOM an dthe PID variable is conducted. But it is found that it has no impact on
the choice of the cut point.
The veto of the physics background of Λ0

𝑏 → 𝐽/𝜓Λ0 decays is done similarly as in the
analysis of 𝐵0 → 𝜓(2𝑆)𝐾0

S . The mass of the 𝐾0
S meson is recomputed under the exchange of

the pion hypothesis with a proton hypothesis and to improve the signal efficiency, candidates
are only vetoed when the pion candidate, whose mass hypothesis is exchanged, is more
likely to be a proton than a pion according to PID. In the end, the background is estimated
to be below 37 ± 8 candidates.

After this selection chain the signal candidate weights are extracted by an extend-maximum-
likelihood fit to the reconstructed 𝐵0 mass in the range of 5150MeV/c2 to 5600MeV/c2.
The result is shown in Fig. 4.17 and the values of the parameters are listed in Tab. 4.23.

The flavour-tagging strategy is similar to the one of 𝐵0 → 𝜓(2𝑆)𝐾0
S . The calibration

channels are 𝐵+ → 𝐽/𝜓𝐾+ and 𝐵0 → 𝐽/𝜓𝐾∗0, where the 𝐽/𝜓 is also reconstructed from two
electrons. While the OS single taggers and their combination are calibrated on the charged
decay channel, the SS single taggers and their combination are calibrated on the neutral
calibration channel. The selection consists of dedicated stripping and trigger requirements,
of a multivariate classifier, which is trained on simulated data as signal proxy and the upper
mass side band from data as background proxy. Furthermore, to also account for kinematic
differences between the calibration channels and the signal channel, the GBReweigher is
used, before determining the calibration parameters. The calibration plots for the SS and OS
combination are shown in Fig. 4.18, the corresponding parameters are listed in Tab. 4.24.
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Figure 4.17: Nominal fit to the Invariant mass distribution of the 𝐵0 meson. The data
points are shown in black and the projection of the fitted PDF is also shown in black. The
orange dashed line represents the projection of the exponential function describing the
combinatorial background component, the blue dashed line shows the signal component,
𝐵0 → 𝐽/𝜓𝐾0

S , and the green dashed line the 𝐵0 → 𝐽/𝜓𝐾0
S component. The 𝑦-axis is in

logarithmic scale.

Table 4.23: Results of the mass fit to the reconstructed 𝐵0 mass in 𝐵0 → 𝐽/𝜓𝐾0
S on run I

data.

parameter value

𝛼1 0.214 27 const.
𝛼2 0.221 24 const.
𝑛1 2.2720 const.
𝑛2 1.9901 const.
𝛽 0.0 const.
𝜁 0.0 const.
𝜆 −1.05 const.
𝜇(𝐵0

𝑠 ) − 𝜇(𝐵0) [MeV/c2] 87.2 const.
𝜎 57.4 ± 1.2 floating
𝜇(𝐵0) [MeV/c2] 5279.1 ± 0.2 floating
𝑛(𝐵0) 10 629 ± 139 floating
𝑛(𝐵0

𝑠 ) 70 ± 41 floating
𝑛(comb.bkg) 2696 ± 108 floating
𝑎(exp.) [(MeV/c2)−1] −0.001 99 ± 0.000 21 floating
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Figure 4.18: Flavour-tagging calibration on the (left) reweighted 𝐵+ → 𝐽/𝜓𝐾+ sample
for the OS combination and (right) on the reweighted 𝐵0 → 𝐽/𝜓𝐾∗0 sample for the SS
combination. The light and dark green shaded areas correspond to the 68% and 95%
confidence-level regions of the calibrations function, determined for the 𝐵0 → 𝐽/𝜓𝐾0

S

decay channel

Table 4.24: Flavour-tagging calibration parameters of the OS and SS combinations deter-
mined on the respective reweighted calibration samples.

𝑝0 𝑝1 Δ𝑝0 Δ𝑝1 𝜂

OS combination 0.3603 ± 0.0031 0.834 ± 0.029 0.0162 ± 0.0061 −0.024 ± 0.057 0.316
SS combination 0.4213 ± 0.0063 1.29 ± 0.12 0.0026 ± 0.0086 0.04 ± 0.18 0.425
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Determining the systematic uncertainties coming from the calibration method itself and
from the portability of the calibration parameters to the signal channel results in the following
calibration parameters including statistical and systematic uncertainties

𝑝OS0 = 0.360 ± 0.003 (stat) ± 0.0006 (syst) ,

𝑝OS1 = 0.029 ± 0.316 (stat) ± 0.0019 (syst) ,
⟨𝜂OS⟩ = 0.316 ,
Δ𝑝OS0 = 0.016 ± 0.006 (stat) ± 0.0003 (syst) ,

Δ𝑝OS1 = −0.024 ± 0.057 (stat) ± 0.0038 (syst) ,

(4.44)

𝑝SS0 = 1.287 ± 0.121 (stat) ± 0.0150 (syst) ,

𝑝SS1 = 0.421 ± 0.006 (stat) ± 0.0009 (syst) ,
⟨𝜂SS⟩ = 0.425 ,
Δ𝑝SS0 = 0.036 ± 0.175 (stat) ± 0.0157 (syst) ,

Δ𝑝SS1 = 0.003 ± 0.009 (stat) ± 0.0009 (syst) .

(4.45)

The performance evaluated on the signal channel 𝐵0 → 𝐽/𝜓𝐾0
S yields an effective tagging

efficiency of the two different tagging algorithms on the complete data sample; and split for
OS exclusively tagged events, SS exclusively tagged events, and events that are tagged by
both algorithms (overlap); and the combination on the complete data sample as given in
Tab. 4.25.

Table 4.25: Effective tagging efficiency of the single combinations and of their combination
on the complete 𝐵0 → 𝐽/𝜓𝐾0

S sample.

Algorithm 𝜀
𝐵0→𝐽/𝜓𝐾0

S
eff

OS (3.60 ± 0.12) %
SS (2.40 ± 0.28) %

total (OS + SS) (5.93 ± 0.29) %

Here, all three determined effective tagging efficiencies are significantly higher than the
ones determined in the run I analysis of 𝐵0 → 𝐽/𝜓𝐾0

S [8] (see Tab. 4.22). This cannot be
explained only by the inclusion of the newly developed and updated tagging algorithms,
as the difference can also be seen when comparing to the performance determined on the
𝐵0 → 𝜓(2𝑆)𝐾0

S channel (see Tab. 4.22), where the combination also includes the new
tagging algorithms.

The higher tagging performance of the OS taggers in the 𝐵0 → 𝐽/𝜓𝐾0
S channel compared

to the 𝐵0 → 𝜓(2𝑆)𝐾0
S mode is due to the dependence on the considered trigger requirements.
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In the case of the 𝐵0 → 𝐽/𝜓𝐾0
S channel no specific restrictions on the trigger are required,

which leads to a higher fraction of TIS candidates, compared to the 𝐵0 → 𝜓(2𝑆)𝐾0
S mode.

The tagging power of TIS candidates is around three times higher for these candidates than
the one from TOS candidates, because an event, that is triggered independent of the signal,
contains other particles than just the signal candidate and thus the probability to find an
OS 𝑏 hadron is higher than for TOS candidates. The increase in tagging power for the SS
tagging algorithms, comes from the increase in 𝐵0 transverse momentum and the harder
momentum spectrum in the electron mode compared to the 𝐵0 → 𝜓(2𝑆)𝐾0

S mode.

4.5 𝘾𝙋-Asymmetry Fit

The 𝐶𝑃 observables are determined through a simultaneous, unbinned maximum-likelihood
fit to the reconstructed decay-time distribution of the 𝐵0 meson for all 𝐵0 → 𝜓(2𝑆)𝐾0

S and
𝐵0 → 𝐽/𝜓𝐾0

S candidates. The signal-candidate weights are extracted from an unbinned,
extended maximum-likelihood fit to the invariant mass of the 𝐵0 meson. The negative
logarithm of the likelihood is minimized using MINUIT [88], that is implemented in the
RooFit package [89].

4.5.1 𝘾𝙋 Model

The decay-time PDF,

𝒫 (𝑡′, 𝑑′
OS, 𝑑′

SS|𝜎𝑡, 𝜂OS, 𝜂SS) = [𝒫𝐶𝑃 (𝑡, 𝑑′
OS, 𝑑′

SS|𝜂OS, 𝜂SS) ⊗ ℛ (𝑡′ − 𝑡|𝜎𝑡)] ⋅ 𝜖 (𝑡′) ,
(4.46)

describes the measured decay time of the 𝐵0-meson candidates, 𝑡′, and the observed tags,
𝑑′ = (𝑑′

OS, 𝑑′
SS). It depends further on the per-candidate decay-time-uncertainty estimates,

𝜎𝑡, and mistag-probability estimates, 𝜂 = (𝜂OS, 𝜂SS), and thus, it is called conditional. Here,
𝑡 represents the proper decay time of the 𝐵0-meson candidates. Experimental effects like
the decay-time resolution are accounted for by convolving the PDF, that contains the 𝐶𝑃
observables, 𝒫𝐶𝑃, with the function ℛ(𝑡′ − 𝑡|𝜎𝑡) and to consider a decay-time-dependent
reconstruction-efficiency function, 𝜀(𝑡′), which takes distortions coming from reconstruction
and selection into account, the PDF is multiplied by this function. For more information see
Sec. 4.5.1.

In the following paragraph the PDF, which contains the 𝐶𝑃 observables to measure, 𝒫𝐶𝑃,
is derived from Eq. (2.42) and considers additionally the production asymmetry between
𝐵0 and 𝐵0 mesons, 𝐴P. The PDF for the distribution of the true tag, 𝑑 ∈ {−1, +1} for a 𝐵0

and 𝐵0 meson, respectively, and the true decay time, 𝑡, is given by

𝒫 (𝑡, 𝑑) = 𝒩 (𝑡, 𝑑) (1 − 𝑑𝐴P) 𝑒−𝑡/𝜏 ⋅ (𝐻(𝑡) + 𝑑𝑇 (𝑡)) , (4.47)
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with the hyperbolic and trigonometrical terms

𝐻(𝑡) = cosh(
Δ𝛤
2

𝑡) + 𝐷 sinh(
Δ𝛤
2

𝑡),

𝑇 (𝑡) = −𝑆 sin (Δ𝑚𝑡) + 𝐶 cos (Δ𝑚𝑡),
(4.48)

and the normalization factor, 𝒩 (𝑡, 𝑑), chosen that

∑
𝑑

∫
𝑡max

𝑡min
(1 − 𝑑𝐴P) 𝑒−𝑡/𝜏 ⋅ (𝐻(𝑡) + 𝑑𝑇 (𝑡)) d𝑡 = 1. (4.49)

In contrast to the true distribution 𝒫 (𝑡, 𝑑) from Eq. (4.47), the PDF used in the likelihood
fit, 𝒫 (𝑡, 𝑑′), needs to consider observed tags, 𝑑′.

For a single tagger, 𝑖, the probability for observing a specific tag, 𝑑′
𝑖 , given the true flavour,

𝑑, is given by Eq. (4.34), i.e. a correct decision , 𝑑′
𝑖 = 𝑑, is obtained with a probability

of 1 − 𝜔𝑖 and an incorrect decision, 𝑑′
𝑖 ≠ 𝑑, is obtained with a probability of 𝜔𝑖. Besides

this, a tag decision can be assigned with a probability of the tagging efficiency, 𝜀tag,𝑖, and
no decision can be assigned with the probability of 1 − 𝜀tag,𝑖. Thus, when assuming the
different tagging algorithms to be uncorrelated, the probability for observing tags given the
true flavour of multiple taggers, here {OS,SS}, can be described by

𝒫 (𝑑′|𝑑) = ∏
𝑖∈{OS,SS}

𝜀tag,𝑖𝛿|𝑑′
𝑖 |,1 (

1 + 𝑑𝑑′
𝑖 (1 − 2𝜔𝑖)
2 ) + 𝛿𝑑′

𝑖 ,0 (1 − 𝜀tag,𝑖) . (4.50)

The PDF 𝒫 (𝑡, 𝑑′) can now be expressed using Eq. (4.47) by

𝒫 (𝑡, 𝑑′) = ∑
𝑑∈{−1,+1}

𝒫 (𝑑′|𝑑)𝒫 (𝑡, 𝑑) = 𝒫 (𝑑′|𝐵0)𝒫 (𝑡, 𝐵0) + 𝒫 (𝑑′|𝐵0)𝒫 (𝑡, 𝐵0), (4.51)

where again the true tag, 𝑑 ∈ {−1, +1} represents a 𝐵0 and 𝐵0 meson, respectively. Using
the following definitions for the tag decisions

𝛴tag(𝑑′) = 𝒫 (𝑑′|𝐵0
) + 𝒫 (𝑑′|𝐵0

) ,

𝛥tag(𝑑′) = 𝒫 (𝑑′|𝐵0
) − 𝒫 (𝑑′|𝐵0

) ,
(4.52)

the PDF from Eq. (4.47) can now be rewritten considering also the impact of the imperfect
flavour tagging as

𝒫 (𝑡, 𝑑′|𝜂) = 𝒩 (𝑡, 𝑑)𝑒−𝑡/𝜏 ⋅ ([𝛴tag(𝑑′|𝜂) − 𝐴P𝛥tag(𝑑′|𝜂)] 𝐻(𝑡)

+ [𝛥tag(𝑑′|𝜂) − 𝐴P𝛴tag(𝑑′|𝜂)] 𝑇 (𝑡)) . (4.53)
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When assuming that the lifetime difference is negligible, Δ𝛤 = 0, 𝐻(𝑡) = 1 follows and
thus the PDF simplifies to

𝒫𝐶𝑃(𝑡, 𝑑′|𝜂) ∝ 𝑒−𝑡/𝜏 ⋅ ([𝛴tag − 𝐴P𝛥tag] + [𝛥tag − 𝐴P𝛴tag] ⋅ (−𝑆 sin (Δ𝑚𝑡) + 𝐶 cos (Δ𝑚𝑡))) ,
(4.54)

where the functions 𝛴tag and 𝛥tag depend on the tag decisions and also include information
on the true mistag, as it contains the calibration function from Eq. (4.29) via the formula for
multiple tagging algorithms Eq. (4.50).

Decay-Time Resolution

The finite decay-time resolution results from the finite vertex resolution of the LHCb detector.
This can affect the precision of the measurement of the 𝐶𝑃 observables, as it can dilute the
amplitudes of the oscillation terms. But in the case of the 𝐵0-meson system the oscillation
frequency is low and thus the resolution has a minor influence on the measurement in contrast
to the 𝐵0

𝑠 -meson system, where the oscillation frequency is much higher and the resolution
has greater impact.
The resolution function is modelled by three Gaussian functions which describe the

difference between the measured and the actual decay time of the 𝐵0-meson candidates, 𝑡′

and 𝑡, respectively. The widths of two of these Gaussian functions depend linearly on the
per-candidate decay-time-uncertainty estimates and thus vary for each individual candidate,
while the width of the remaining Gaussian function is not dependent on 𝜎𝑡. The means of the
three Gaussian functions are shared. The third Gaussian function describes the decay-time
resolution of the remaining candidates that are associated with an incorrect PV. Consequently,
the resolution model is

ℛ(𝑡′ − 𝑡|𝜎𝑡) = 1
√2𝜋

⎡
⎢
⎢
⎢
⎣

2

∑
𝑖=1

𝑐𝑖
𝑎𝑖 ⋅ 𝜎𝑡 + 𝑏𝑖

⋅ 𝑒
− (𝑡′−𝑡−𝜇)

2

2(𝑎𝑖⋅𝜎𝑡+𝑏𝑖)
2 +

𝑐wPV
𝜎wPV

⋅ 𝑒
− (𝑡′−𝑡−𝜇)

2

2𝜎2
wPV

⎤
⎥
⎥
⎥
⎦

, (4.55)

where 𝑎𝑖 ans 𝑏𝑖 are the parameters of the linear calibration function of the decay-time-
uncertainty estimates, 𝑐{𝑖,wPV} are the fractions of the 𝑖th Gaussian component and of the
component which considers the incorrectly assigned PVs. For these fractions it is valid, that
∑3

𝑖=1 𝑐𝑖 = 1.
To proof the linear relation between the decay-time resolution and the decay-time-

uncertainty estimates for the first two Gaussian components, a minimum 𝜒2-fit to simulated
data is performed. For this the (𝑡′ − 𝑡) distribution is split into 20 equally filled bins in 𝜎𝑡.
The 20 subsets are fitted simultaneously using a modified, discrete version of the introduced
resolution model. The modified model consists of two Gaussian components with a width
for each bin and a third Gaussian component, whose width is shared between all bins. The
determined widths, 𝜎narrow(𝜎𝑡) and 𝜎wide(𝜎𝑡), are shown in Fig. 4.19 and Fig. 4.20 for the
𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0 → 𝐽/𝜓𝐾0
S mode, respectively. The linear dependence can be seen
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in the plots and is thus assumed in the fit. The parameters of the resolution model are
determined on selected, simulated data individually for both decay modes, but shared for
the centre-of-mass energies and fixed in the fit to data. The results are given in Tab. 4.26
for both decay modes, and the corresponding fit projections are shown in Fig. 4.21 and in
Fig. 4.22.
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Figure 4.19: Linear calibration function of the decay-time-uncertainty estimates from
simulated data. Horizontal errorbars represent the widths of the bins, while vertical
errorbars represent the uncertainties of the fit for the (left) narrow and the (right) Gaussian
component of the decay-time resolution model for the 𝐵0 → 𝜓(2𝑆)𝐾0

S mode.
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Figure 4.20: Linear calibration function of the decay-time-uncertainty estimates from
simulated data. Horizontal errorbars represent the widths of the bins, while vertical
errorbars represent the uncertainties of the fit for the (left) narrow and the (right) Gaussian
component of the decay-time resolution model for the 𝐵0 → 𝐽/𝜓𝐾0

S mode.

The effective single Gaussian resolution is 48 fs in the case of the𝐵0 → 𝜓(2𝑆)𝐾0
S and 67 fs

in the case of the 𝐵0 → 𝐽/𝜓𝐾0
S mode, determined for correctly associated 𝐵0 candidates.

Decay-Time Acceptance

The reconstruction method and the various selection steps can lead to decay-time dependent
inefficiencies, the so-called decay-time acceptance. It can cause a deficit in the number of
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Table 4.26: Results of the fit of the resolution parameters on simulated data for the
𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0 → 𝐽/𝜓𝐾0
S mode. Every parameter is allowed to vary in the fit

on data, except for the mean, 𝜇, and 𝑏wide, which are set to zero in the fit to data and in
the fit to simulated data in the case of the 𝐵0 → 𝜓(2𝑆)𝐾0

S . In the case of the 𝐵0 → 𝐽/𝜓𝐾0
S

only the the mean, 𝜇 is set to zero in the fit to data and in the fit to simulated data.

parameters 𝐵0 → 𝜓(2𝑆)𝐾0
S 𝐵0 → 𝐽/𝜓𝐾0

S

𝜇 [ps] 0.0 −2.90 ± 0.29
𝑐wide 0.058 ± 0.006 0.151 ± 0.009
𝑐wPV 0.0039 ± 0.0002 0.0033 ± 0.0007
𝑎narrow 1.162 ± 0.011 0.957 ± 0.022
𝑏narrow [ps] 0.0007 ± 0.0003 0.0090 ± 0.0008
𝑎wide 2.481 ± 0.079 1.363 ± 0.129
𝑏wide [ps] 0.0 0.071 ± 0.005
𝜎𝑏wPV [ps] 10.044 ± 0.363 0.885 ± 0.095
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Figure 4.21: Projection of the decay-time resolution model on simulated data in case of the
𝐵0 → 𝜓(2𝑆)𝐾0

S mode in a (left) small and (right) wide range. The data is represented by
the black points. The (black) complete model comprises a (blue) narrow and a (green) wide
Gaussian component and a (orange) component that considers incorrectly associated PVs.
While the width of the latter component is independent from the decay-time-uncertainty
estimates, the widths of the first two components depends linearly on these estimates.
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Figure 4.22: Projection of the decay-time resolution model on simulated data in case of
the 𝐵0 → 𝐽/𝜓𝐾0

S mode in a (left) small and (right) wide range. The data is represented by
the black points. The (black) complete model comprises a (blue) narrow and a (green) wide
Gaussian component and a (orange) component that considers incorrectly associated PVs.
While the width of the latter component is independent from the decay-time-uncertainty
estimates, the widths of the first two components depends linearly on these estimates.

candidates at low decay times and an excess at higher decay times. The acceptance function
is parametrized using cubic b-splines. The positions of the supporting points, knots, are
determined on simulated data and then fixed in the fit to real data, whereas the parameters
are left floating. The positions of the knots are chosen to be at 0.2, 0.5, 1.0, 5.0, and 15.0 ps
in the case of the 𝐵0 → 𝜓(2𝑆)𝐾0

S mode and to be at 0.2, 1.0, 4.0, and 15.0 ps in the case of
the 𝐵0 → 𝐽/𝜓𝐾0

S mode. The projections of the decay-time fit and the acceptance function to
simulated data are shown in Fig. 4.23.

4.5.2 Strategy of the 𝘾𝙋-Asymmetry Fit

The fit is performed simultaneously in subsets of the data split according to the decay
channel and to the year of data taking, as the tagging-calibration parameters vary between
the two channels, and the production asymmetries vary for both channels and the centre-
of-mass energies. The used observables are the reconstructed decay time of the 𝐵0 meson,
𝑡′, in the range from 0.2 ps to 15 ps, the observed tags, 𝑑′ = (𝑑′

OS, 𝑑′
SS) ∈ {−1, 0, 1}, the

per-candidate decay-time-uncertainty estimates, 𝜎𝑡 ,in the range from 0 ps to 400 ps, and the
mistag-probability estimates, 𝜂 = (𝜂OS, 𝜂SS), in the range from 0 ps to 0.5 ps.

The production asymmetries for both channels and centre-of-mass energies are evaluated
using the recent LHCb measurement [90] depending on the transverse momentum and the
rapidity of the 𝐵0 candidates. The values and uncertainties for the production asymmetries
and the other external inputs in the fit, that describe the 𝐵0 system, the lifetime of the 𝐵0

meson, 𝜏, and the mass difference, Δ𝑚, are given in Tab. 4.27.
To propagate the uncertainties of these external inputs correctly into the determination

of the 𝐶𝑃 observables, the external inputs as well as the tagging-calibration parameters are

85



4 Measurement of sin(2𝛽)

𝑡′ (ps)
5 10 15

C
an
di
da
te
s/

(0
.1
48

ps
)

1

10

102

103

104

Simulation
𝐵0 → 𝜓(2𝑆)𝐾0

S

𝑡′ (ps)
5 10 15

𝜀(
𝑡)

[a
rb
itr
ar
y
sc
al
e]

0

0.2

0.4

0.6

0.8

𝑡′ (ps)
5 10 15

C
an
di
da
te
s/

(0
.1
48

ps
)

1

10

102

103 Simulation
𝐵0 → 𝐽/𝜓𝐾0

S

𝑡′ (ps)
5 10 15

𝜀(
𝑡)

[a
rb
itr
ar
y
sc
al
e]

0

0.2

0.4

0.6

0.8

Figure 4.23: The projections of (left) the decay-time fit and (right) the acceptance function
on simulated data in (top) the case of the 𝐵0 → 𝜓(2𝑆)𝐾0

S mode and in (bottom) the case
of the 𝐵0 → 𝐽/𝜓𝐾0

S mode, where the lifetime of the 𝐵0 mesons is fixed to the value from
simulation(𝜏 = 1.520 ps). The (right) data points are shown as black points and the
projection as a black line. The (left) projection of the acceptance function is also shown
as a black line. The red-dotted area represents the uncertainty of the model coming from
the fit. The black dashed lines are the single components of the b-splines and the vertical
orange-dashed lines represent the position of the knots. [11]
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Table 4.27: External inputs in the decay-time-dependent fit are the production asymmetries,
𝐴P, the mixing frequency, Δ𝑚, and the lifetime of the 𝐵0 meson, 𝜏. The production
asymmetries, 𝐴P, are evaluated individually for both decay modes and for the different
centre-of-mass energies of 7 and 8 TeV. If two uncertainties are given, the first is statistical
and the second systematic. If one uncertainty is given, it includes statistical and systematic
contributions.

Parameter Value and uncertainty Source

𝐴P,7TeV(𝐽/𝜓) −0.0100 ± 0.0084 ± 0.0005 [90]
𝐴P,8TeV(𝐽/𝜓) −0.0077 ± 0.0054 ± 0.0004 [90]
𝐴P,7TeV(𝜓(2𝑆)) −0.0143 ± 0.0077 ± 0.0005 [90]
𝐴P,8TeV(𝜓(2𝑆)) −0.0138 ± 0.0051 ± 0.0003 [90]
Δ𝑚 [ps−1] 0.5065 ± 0.0016 ± 0.0011 [39]
𝜏[ps] 1.520 ± 0.004 [39]

Gaussian constrained (see Sec. 4.2.1) using their statistical experimental uncertainties. The
systematic uncertainties and the uncertainty coming from the assumption of Δ𝛤 = 0 are
considered in the systematic studies. When constraining the tagging-calibration parameters,
also their correlations are taken into account. In addition to this, the parameters of the
decay-time resolution are fixed in the fit.

Due to the constraints on the tagging-calibration parameters, it is possible that the mistag
probabilities for candidates which had an assigned tag before are shifted to larger mistag
values and thus these candidates end up untagged. This leads to a non-smooth likelihood
and thus makes the fit instable. To avoid such an effect, it is necessary to set limits on the
mistag probabilities of the tagger combinations. Therefore, if a candidate is above a certain
threshold it gets a tag of zero and a mistag of 0.5 assigned. The thresholds are determined
by varying the calibration parameters within one standard deviation in the 𝐶𝑃 fit, so that no
candidate will result with a mistag greater than 0.5. The thresholds are

𝜂OS (𝐵0 → 𝜓(2𝑆)𝐾0
S ) ≤ 0.476,

𝜂SS (𝐵0 → 𝜓(2𝑆)𝐾0
S ) ≤ 0.472,

𝜂OS (𝐵0 → 𝐽/𝜓𝐾0
S ) ≤ 0.450,

𝜂SS (𝐵0 → 𝐽/𝜓𝐾0
S ) ≤ 0.468.

In order to not bias the measurement by the analysts, a blinding transformation is
applied on the 𝐶𝑃 observables to measure. The transformation is implemented in the
RooUnblindUniform method from RooFit’s RooBlindTools [89]. This transformation
adds an offset to the fitted results, while the uncertainty of the extracted parameter stays
the same and can be used to tune the analysis. The offset is determined from a uniform
distribution in the range ±𝑠, using a random generator with a known seed. This seed is
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calculated from the blinding string. Choosing the same scale and blinding string in different
measurements of the same physics observables enables to compare the blinded results based
on the uncertainties and the order of magnitude without unblinding them. In this analysis
the range is chosen to be [−2, 2]. The used blinding strings are listed in Tab. 4.28.

Table 4.28: Blinding strings for RooUnblindUniform for the measured 𝐶𝑃 observables,
𝑆 and 𝐶, for both decay modes.

Parameter Blinding string

𝑆 (𝐽/𝜓𝐾0
S ) SJpsieePsi2SKSRunI

𝑆 (𝜓(2S)𝐾0
S ) SJpsieePsi2SKSRunI

𝐶 (𝐽/𝜓𝐾0
S ) CJpsieePsi2SKSRunI

𝐶 (𝜓(2S)𝐾0
S ) CJpsieePsi2SKSRunI

In the end the fit results are validated, by performing the fit on various subsets of the data
and using different implementations of the framework. These studies show no bias from the
nominal fit.

The fit results of the 𝐶𝑃 observables from the fit to the reconstructed decay time of the 𝐵0

meson are

𝑆 (𝜓(2S)𝐾0
S ) = 0.842 ± 0.103,

𝐶 (𝜓(2S)𝐾0
S ) = −0.044 ± 0.096,

𝜌 (𝑆 (𝜓(2S)𝐾0
S ) , 𝐶 (𝜓(2S)𝐾0

S )) = 0.48,
𝑆 (𝐽/𝜓𝐾0

S ) = 0.824 ± 0.076,
𝐶 (𝐽/𝜓𝐾0

S ) = 0.125 ± 0.075,
𝜌 (𝑆 (𝐽/𝜓𝐾0

S ) , 𝐶 (𝐽/𝜓𝐾0
S )) = 0.46,

where 𝜌(𝑆, 𝐶) is the linear statistical correlation coefficient between 𝑆 and 𝐶. To determine
the final results a correction is needed in order to take the 𝐾0-𝐾0 regeneration into account
(see Sec. 4.6) and the systematic uncertainties need to be calculated in Sec. 4.7. The
corresponding plots can be seen in Fig. 4.24.

4.6 Correction for Kaon Regeneration
The results from the fit to the reconstructed decay time of the 𝐵0 meson need to be corrected
for the 𝐶𝑃 violation occurring in 𝐾0-𝐾0 mixing and for the difference in the nuclear cross
sections in material between 𝐾0 and 𝐾0 interactions. The cross section depends on the
momentum of the kaon and on the number of nuclei in the material. A pure 𝐾0

L state
can change into a superposition of 𝐾0

S and 𝐾0
L states when interacting with the detector
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material [91]. This can be evaluated by using the formalism used in Refs. [92–94] to update
the time-evolution of 𝐵 mesons introduced in Eq. (2.24). To determine the corrections on
the 𝐶𝑃 observables,

𝑆 = 𝑆(fit) + Δ𝑆,
𝐶 = 𝐶(fit) + Δ𝐶,

(4.56)

for each candidate the path of the 𝐾0
S meson through the LHCb detector is divided into small

steps. At each step the amplitudes are updated, now including the description of the 𝐾0
L

and 𝐾0
S regeneration, as well as 𝐶𝑃 violation in the kaon system. From this the corrections

can be determined. The inaccurate knowledge of the material budget of the LHCb detector
has the biggest impact on the uncertainty coming from this method. This uncertainty is
estimated to be around 10%. The corrections are determined to be

Δ𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = (−0.18 ± 0.02) %,

Δ𝐶(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = (0.36 ± 0.04) %,

Δ𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ) = (−0.16 ± 0.02) %,

Δ𝐶(𝐵0 → 𝐽/𝜓𝐾0
S ) = (0.32 ± 0.03) %,

(4.57)

as an average over all long track and downstream reconstructed candidates.

4.7 Systematic Uncertainties

Systematic uncertainties can originate from mismodelling the PDFs, from not correctly esti-
mating the experimental uncertainties, or from uncertainties of the external input parameters.
The effects are studied by using pseudoexperiments in which distributions are generated
according to PDFs, where the parameters differ from the parameters used in the nominal fit
model. These generated pseudo-datasets are then fitted again with the nominal model and
the results can be compared to the generation values to test if biases arise for the parameters
of interest. This is done multiple times in order to get a robust evaluation of the model.
The effect of setting the decay-time-width difference to zero in the fit, as well as effects

arising from the constrained parameters from Tab. 4.27 are studied by varying their values
within one standard deviation of their current experimental uncertainties. The impact of the
systematic uncertainties of the flavour-tagging-calibration parameters are studied first by
varying 𝑝0 and 𝛥𝑝0 up and 𝑝1 and 𝛥𝑝1 down by one systematic uncertainty and second the
other way round as previous 𝐶𝑃-violation [8] measurements of LHCb have shown, that the
highest impact on the 𝐶𝑃-violation parameters results from varying 𝑝0 and 𝑝1 in opposite
directions. The impact of the decay-time bias from the resolution model is studied using
pseudoexperiments, where a shift of 3 fs is assumed. In order to evaluate the systematic
uncertainties arising from the linear calibration of the decay-time-uncertainty estimates, the
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4 Measurement of sin(2𝛽)

Table 4.29: Systematic uncertainties for the 𝐶𝑃-violation observables 𝑆 and 𝐶.

𝐵0 → 𝐽/𝜓𝐾0
S 𝐵0 → 𝜓(2𝑆)𝐾0

S
Source 𝜎(𝑆) 𝜎(𝐶) 𝜎(𝑆) 𝜎(𝐶)

Δ𝛤 0.003 0.007 0.007 0.003
Δ𝑚 0.004 0.004 0.004 0.004
Production asymmetry 0.004 0.009 0.007 0.005
Tagging calibration 0.002 0.005 0.005 0.002
Decay-time bias 0.006 0.006 0.006 0.004
𝜎𝑡 scaling 0.003 0.005 0.002 0.002
Decay-time efficiency 0.006 0.004 0.006 0.004

Total 0.011 0.016 0.014 0.010

scale parameters of the linear function are varied within ±30%. The effect coming from the
choice of the model describing the decay-time acceptance is evaluated by using a different
model with more supporting points compared to the nominal fit model. In Tab. 4.29 the
results are summarised separately for the parameters 𝑆 and 𝐶 and for the two decay channels.
To obtain the overall systematic uncertainties, the individual ones are added in quadrature.
The systematic uncertainties are all small compared to the statistical uncertainties, thus the
measurement is still statistically limited and the systematic uncertainties are understood and
well under control.

4.8 Results and Combination

The reconstructed decay-time distributions and the corresponding projections of the fit, as
well as the projections of the decay-time acceptance from data are shown in Fig. 4.24 for both
modes. While the theoretical 𝐶𝑃 asymmetry is defined by the decay-time dependent decay
rates (see Eq. (2.51)), the observed asymmetry is given by the corresponding signal-yield
asymmetries,

𝒜yield =
𝑁𝐵0(𝑡) − 𝑁𝐵0(𝑡)
𝑁𝐵0(𝑡) + 𝑁𝐵0(𝑡)

, (4.58)

where 𝑁𝐵0 is the number of candidates with a combined 𝐵0-tag decision assigned and 𝑁𝐵0

is the number of candidates with a 𝐵0-tag decision assigned. The observed asymmetry
contains by definition the imperfections of the experimental conditions, such as the imperfect
flavour tagging. These effects result in a dilution of the theoretical asymmetry as can be
seen in Eq. (4.54), thus the amplitude of the oscillation is damped and reaches not one.

The signal-yield asymmetries are shown in Fig. 4.25, where the solid black curves are the
projections of the PDF for the combined flavour-tagging decision.
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Figure 4.24: Projections of the decay-time fit to the weighted (left) 𝐵0 → 𝜓(2𝑆)𝐾0
S and

(right) 𝐵0 → 𝐽/𝜓𝐾0
S candidates for run I of the LHCb detector.
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Figure 4.25: Signal-yield asymmetries, (𝑁𝐵0(𝑡)−𝑁𝐵0(𝑡))/(𝑁𝐵0(𝑡)+𝑁𝐵0(𝑡)), as a function of
the reconstructed decay time for (left)𝐵0 → 𝜓(2𝑆)𝐾0

S and (right)𝐵0 → 𝐽/𝜓𝐾0
S decays.Here

𝑁𝑗(𝑡), with 𝑗 ∈ {𝐵0, 𝐵0}, is the number of candidates that have a combined {𝐵0, 𝐵0} tag
decision assigned. The solid curves are the projections of the PDF for the combined
flavor-tagging decision.
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The values of the parameters of the decay-time-acceptance model are listed in Tab. 4.30
for both decay channels.

Table 4.30: Results of the decay-time-acceptance parameters in the nominal decay-time fit
for both channels.

𝐵0 → 𝜓(2𝑆)𝐾0
S 𝐵0 → 𝐽/𝜓𝐾0

S

ℎ0 0.21 ± 0.04 0.015 ± 0.010
ℎ1 0.334 ± 0.034 0.007 ± 0.017
ℎ2 0.70 ± 0.05 0.502 ± 0.032
ℎ3 1 (fixed) 1 (fixed)
ℎ4 0.81 ± 0.15 0.74 ± 0.12
ℎ5 0.53 ± 0.18 0.64 ± 0.18

The results for the 𝐶𝑃 observables are

𝑆 (𝜓(2S)𝐾0
S ) = 0.84 ± 0.10 (stat.) ± 0.01 (syst.) ,

𝐶 (𝜓(2S)𝐾0
S ) = − 0.05 ± 0.10 (stat.) ± 0.01 (syst.) ,

𝜌 (𝑆 (𝜓(2S)𝐾0
S ) , 𝐶 (𝜓(2S)𝐾0

S )) = 0.4814 ,
𝑆 (𝐽/𝜓𝐾0

S ) = 0.83 ± 0.08 (stat.) ± 0.01 (syst.) ,
𝐶 (𝐽/𝜓𝐾0

S ) = 0.12 ± 0.07 (stat.) ± 0.02 (syst.) ,
𝜌 (𝑆 (𝐽/𝜓𝐾0

S ) , 𝐶 (𝐽/𝜓𝐾0
S )) = 0.4565 .

where the values have been corrected for the effect of Kaon regeneration as discussed in
Sec. 4.6.

A combination of the two measurements introduced in this thesis with the previous from
LHCb in the “golden” decay channel of 𝐵0 → 𝐽/𝜓𝐾0

S [8], where the 𝐽/𝜓 is reconstructed
from two muons, and a combination of just the two 𝐽/𝜓 modes are determined using theGam-
maCombo framework. The combinations are performed using two- dimensional likelihood
scans, which are shown in Fig. 4.26, taking into account the correlations between the single
measurements. The quoted uncertainties include statistical and systematic contributions.

The combination of both 𝐽/𝜓 modes leads to

𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.75 ± 0.04,

𝐶(𝐵0 → 𝐽/𝜓𝐾0
S ) = −0.014 ± 0.030,

with a correlation coefficient of 0.42. The combination of the results from all the𝐵0 → [𝑐𝑐]𝐾0
S

decay modes, i.e. 𝐵0 → 𝐽/𝜓𝐾0
S , where the 𝐽/𝜓 is reconstructed either from two muons or
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Figure 4.26: Two-dimensional likelihood scans to obtain the combination of the results
of the 𝐶𝑃 parameters (top) in the case of the 𝐵0 → 𝐽/𝜓𝐾0

S modes, where the 𝐽/𝜓 is re-
constructed either from muons or electrons, and (bottom) in the case of the 𝐵0 → 𝐽/𝜓𝐾0

S

modes and the 𝐵0 → 𝜓(2𝑆)𝐾0
S modes. The confidence level for the inner and outer contour

is 39% and 87%, respectively.

electrons, and 𝐵0 → 𝜓(2𝑆)𝐾0
S , yields

𝑆(𝐵0 → [𝑐𝑐]𝐾0
S ) = 0.760 ± 0.034 ,

𝐶(𝐵0 → [𝑐𝑐]𝐾0
S ) = − 0.017 ± 0.029 ,

with a correlation coefficient of 0.42.
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5 Conclusion and Outlook

During the first run of the Large Hadron Collider, LHC, from 2010 until 2012, the Higgs
boson, the last missing proposed particle of the Standard Model of particle physics, SM, was
discovered. This discovery strengthens the confidence in the theory. It is a very well-tested
theory, but the SM seems to be incomplete, nonetheless, and a few open questions remain.
Up to this point, gravity is the only one of the fundamental forces, which is not described
by the SM. Direct searches could not find a candidate for dark matter, and the asymmetry
between matter and anti-matter in the universe is still not completely understood. To be able
to answer some of these questions, indirect searches for New Physics beyond the SM seem
to be the key, as direct searches for new heavy particles are limited by the available energies
of the particle colliders. Whereas, the higher-order contributions in indirect searches are
sensitive to New Physics effects even at lower energies.

The Large Hadron Collider beauty, LHCb, experiment is designed for precision measure-
ments in decays of 𝐵 and 𝐷 mesons, where the theoretical predictions of the observables
to be measured are very precise. Hence, LHCb offers an excellent test of the SM and
can hint to New Physics. An improved understanding of 𝐶𝑃 violation processes and the
quark-mixing sector could benefit the understanding of the mechanism that results in the
matter and anti-matter asymmetry in the universe. As 𝐶𝑃 violation arises in the SM from the
Cabbibo-Kobayashi-Maskawa, CKM, matrix, probing its characteristics, e.g. the unitarity,
presents an exemplary test of the SM. Predestined modes for measuring 𝐶𝑃 violation are
𝑏→[𝑐𝑐]𝑠 decays, because higher-order contributions, that could introduce additional strong
and weak phases in the considered decay amplitudes, are expected to be small.

This thesis presents the decay-time-dependent measurement of the 𝐶𝑃 parameter sin(2𝛽)
in the decays of 𝐵0 → 𝜓(2𝑆)𝐾0

S and 𝐵0 → 𝐽/𝜓𝐾0
S using data collected by the LHCb ex-

periment at centre-of-mass energies of 7 TeV and 8TeV in 𝑝𝑝 collisions corresponding
to a total integrated luminosity of 3 fb−1. As 𝐶𝑃 violation in the mixing is negligible and
𝐶𝑃 violation in these decays is expected to be small, the 𝐶𝑃 coefficient 𝑆 can be identi-
fied as sin(2𝛽). Here, the 𝜓(2𝑆) meson is reconstructed from two muons, while the 𝐽/𝜓
meson is reconstructed from two electrons. In total 7970 ± 100 𝐵0 → 𝜓(2𝑆)𝐾0

S decays
and 10 630 ± 140 𝐵0 → 𝐽/𝜓𝐾0

S decays are used to determine the 𝐶𝑃 observables via an
unbinned maximum-likelihood fit to the reconstructed decay-time distribution of the 𝐵0
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meson resulting in

𝑆(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.84 ± 0.10 ± 0.01 ,

𝐶(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = − 0.05 ± 0.10 ± 0.01 ,

𝑆(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.83 ± 0.08 ± 0.01 ,

𝐶(𝐵0 → 𝐽/𝜓𝐾0
S ) = 0.12 ± 0.07 ± 0.02 ,

where the first uncertainties are statistical and the second are systematic. The correlation
coefficients between 𝑆 and 𝐶 are 0.48 and 0.46 in the case of the 𝜓(2𝑆) and in the case of the
𝐽/𝜓 mode, respectively. This analysis represents the first decay-time-dependent 𝐶𝑃 violation
measurement in the decay of 𝐵0 → 𝜓(2𝑆)𝐾0

S and in a decay that uses electrons in the final
state at a hadron collider. Considering the single measurements, the results of the electron
and muon mode are compatible with each other and also with the previous measurement by
LHCb using 𝐵0 → 𝐽/𝜓𝐾0

S decays of 𝑆 = 0.73 ± 0.04 and 𝐶 = −0.038 ± 0.032 [8], where
the 𝐽/𝜓 is reconstructed from two muons using also 3 fb−1.

Taking into account only the specific decay channels of 𝐵0 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝐽/𝜓𝐾0

S ,
the averages [39] by the Heavy Flavor Averaging Group are also in agreement to the presented
results in this thesis.
The 𝐵 factories, the Belle and BaBar collaborations, have measured sin(2𝛽) in the

𝐵0 → 𝐽/𝜓𝐾0
S and 𝐵0 → 𝜓(2𝑆)𝐾0

S mode to a very high precision. The results exclusively
obtained in 𝐵0 → 𝜓(2𝑆)𝐾0

S decays are [41, 42]

𝑆Belle(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.738 ± 0.079 ± 0.036 ,

𝐶Belle(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = −0.104 ± 0.055+0.027

−0.047 ,

𝑆BaBar(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.897 ± 0.100 ± 0.036 ,

𝐶BaBar(𝐵0 → 𝜓(2𝑆)𝐾0
S ) = 0.089 ± 0.076 ± 0.0202 ,

where the first uncertainties are statistical and the second are systematic. These values are
in good agreement with the presented results in this thesis and the uncertainties are of the
same order of magnitude.

Besides the single measurements, a combination of the at LHCb considered 𝐵0 → [𝑐𝑐]𝐾0
S

decays is determined to be

𝑆(𝐵0 → [𝑐𝑐]𝐾0
S ) = 0.760 ± 0.034 ,

𝐶(𝐵0 → [𝑐𝑐]𝐾0
S ) = − 0.017 ± 0.029 ,

where the uncertainties include statistical and systematic contributions. The average is
determined under the assumption that higher-order contributions to the decay amplitudes
are negligible. The presented measurement improves the precision of sin(2𝛽) at LHCb by
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20%. Above that, it also improves the world averages [39] for 𝑆 and 𝐶 obtained in various
𝑏→[𝑐𝑐]𝑠 transitions,

𝑆(𝑏→[𝑐𝑐]𝑠) = 0.699 ± 0.017,
𝐶(𝑏→[𝑐𝑐]𝑠) = − 0.005 ± 0.015,

including the results presented in this thesis, where the uncertainties include statistical and
systematic contributions.

Further, this thesis presents the first preliminary and unofficial measurement for the ratio
of branching fractions of the decays 𝐵0

𝑠 → 𝜓(2𝑆)𝐾0
S and 𝐵0 → 𝜓(2𝑆)𝐾0

S , ℬ (𝐵0
𝑠 ) /ℬ (𝐵0).

It is determined to be
ℬ (𝐵0

𝑠 )
ℬ (𝐵0)

= (3.8 ± 0.9) %,

where the uncertainty is only statistical. The result is comparable to the ratio of branching
fractions obtained from the decays 𝐵0

𝑠 → 𝐽/𝜓𝐾0
S and 𝐵0 → 𝐽/𝜓𝐾0

S , which is determined to
be (4.31 ± 0.17 ± 0.12)% [27].
During the run II of the LHC from 2015 until November 2018, the LHCb experiment

collected around 6 fb−1 of integrated luminosity at a centre-of-mass energy of 13 TeV. The
estimated sensitivity on sin(2𝛽) in 𝐵0 → 𝐽/𝜓𝐾0

S decays is 0.018 [95], which is of the same
order of magnitude as the sensitivity on the current world average in all 𝑏 → [𝑐𝑐]𝑠 decays
combined. Using all data from run I and run II will result in the world’s most precise
measurement by a single experiment of the 𝐶𝑃 observable, sin(2𝛽).
In the long shutdown of the LHC, which started at the end of 2018, the LHCb detector

receives a significant upgrade of the detector components and the computing farm, before
restarting in 2020 and running until 2022 for run III of the LHC. The detector needs to be
able to cope with a higher instantaneous luminosity of 𝐿 = 2 ⋅ 1033 cm−2 s−1 and a higher
production rate of 𝑏𝑏-pairs of 106 per second. Due to these running conditions, almost all
sub-detectors will be improved. During the run III the estimated sensitivity on sin(2𝛽) in
the decay channel 𝐵0 → 𝐽/𝜓𝐾0

S is 0.006 [95] using the expected 50 fb−1.
The main competitor of the LHCb experiment will be the Belle II experiment, which is

scheduled to start in 2019 and is expected to collect around 50 ab−1 during its lifetime. Thus,
it is expected to significantly decrease the uncertainty on sin(2𝛽) to 0.010 [96]. Despite the
competition, both physics programs complement each other perfectly, as a control instance
as well as in the realm of 𝐵0

𝑠 → [𝑐𝑐]𝐾0
S decays, where only the LHCb collaboration will

be able to measure higher-order contributions from loop processes, which will have an
increased impact when more data will be available.
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