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1 INTRODUCTION 1

1 Introduction

What are the fundamental constituents of matter? What are their fundamental interac-
tions? Such questions play a central role in understanding nature. A fascinating description
of the subatomic world is given by the Standard Model (SM) of particle physics [1-3]; the
framework that describes the electromagnetic, weak and strong interactions. Gravity, the
fourth fundamental interaction, is not part of the SM. In this thesis, gravity does not play
any role — it consitutes a separate problem. In general, the SM is a very successful theory,
having passed impressive experimental tests. Key player in experimental particle physics
is currently the Large Hadron Collider (LHC) at CERN, which led to the breakthrough
discovery of the Higgs particle in 2012 [4,5].

Despite the success of the SM, there are phenomena that it cannot explain and we have
indications that it is not complete. We do not know the origin of the SM, which shows very
intriguing patterns and features. In order to understand these patterns, physics beyond
the SM might be required [6,7]. Examples of phenomena that are not incorporated in the
SM, other than gravity, are the matter-antimatter asymmetry in Universe and the dark
matter. The first refers to the observed imbalance between matter and antimatter in the
Universe after the Big Bang, leading to a matter—dominated Universe [8]. The second is a
hypothetical form of matter, which does not interact with electromagnetic forces and for
which the SM does not provide a candidate to explain its properties [9,10].

How can we search for physics beyond the SM? In general, there are two approaches.
We can perform:

e cither direct searches,
where we can try to produce and detect new real particles directly at colliders

e or indirect searches,
where we try to find traces of virtual particles, which are manifestations of quantum
effects, by performing high precision measurements.

Let us now discuss in more detail these two avenues. On the one hand, we can try
to produce particles directly at particle colliders at the “high-energy frontier”. Then, we
can study the decays of these new particles into SM particles with the use of general
purpose detectors. The mass-reach is limited by the energy of the collider. Nowadays, the
most powerful collider is the LHC at CERN, colliding protons at energies up to 13.7 TeV.
Unfortunately, no particles from beyond the SM have been found so far, suggesting that
the particles are too heavy to be produced directly.
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On the other hand, we can also search for New Physics (NP) indirectly through precision
measurements of known decay processes. An essential point in these studies is that we can
probe very high energy scales of NP, much higher than the directly accessible regimes in
particle colliders, thereby moving to the “high precision frontier”. In this case, we utilise
quantum fluctuations, very suppressed processes, and can obtain indirect evidence of new
particles via such quantum effects. The idea is to find and identify processes and observables
which theorists can calculate with high precision and also experimentalists can measure
very precisely. If there are new particles entering, we would find discrepancies between the
measured quantities and the ones calculated in the SM.

Indirect access to NP effects is the main approach we follow in this thesis. The powerful
tool of quantum field theory (QFT) is used in the quest of possible indirect indications of
NP. Working at the “high precision frontier”, the SM offers a particularly interesting sector,
which runs under the terminology of the “Havour sector”. Flavour physics describes the
different interactions between different flavours (i.e. types) of quarks and leptons, which are
the building blocks of matter in the SM. We can obtain very intriguing transitions between
different quark and lepton flavours. In this thesis, we focus on the quark flavour sector.

A particularly promising tool providing reliable tests of the SM flavour dynamics and
searching for signals of NP is given by decays of B mesons. B mesons are bound states of
a bottom anti-quark, which is also known as a “beauty” quark, and a light quark (which
can be either up, down, or strange) or charm quark. In our studies, we present benchmark
B decay processes, which are sensitive to physics from beyond the SM.

We have now reached an interesting era of particle physics, where there is a plethora
of experimental data. A number of puzzling patterns arise in these data sets. This may
indicate that we have finally reached a level of precision where it is possible to reveal such
discrepancies between experimental measurements and theoretical predictions. Unfortu-
nately, the individual precision is not yet high enough to draw definite conclusions. It is
very exciting though that we start to see these puzzles. Moving towards higher precision
in the future, we might eventually be able to establish NP. In this thesis, we will revisit
intriguing cases and also point out new puzzles that had not been observed before.

In general, there are puzzling cases which arise from decays where the observables are
robust with respect to theoretical uncertainties. In this sense, these decays have “simple
dynamics” with respect to strong interactions. The corresponding puzzles are called flavour
anomalies and are associated to a class of decays called semileptonic, which we will introduce
in Chapter 3.! Additionally, observables related to BY — pu~ modes [14,15], which are

'Examples are the ratios R(D), R(D*) [11], and the angular observable P{ [12,13]. The first observable
refers to ratios between the branching fractions of the decays B — D*)¢7 involving taus with respect to
those involving muons or electrons, as we will discuss in Sec. 3.4.3, while P} arises from an analysis of the
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“rare” decays, are in the spotlight, too. We will further explore these observables in the
B, — p*pu~ system in the present thesis in Chapter 8.2

On the other hand, there are further puzzles which also have important implications,
playing a central role in understanding flavour physics, but are related to modes with
much more complicated dynamics due to strong interactions. Calculations in this case are
very difficult and a lot of sophistication is required in the analysis of these decays. These
are called non-leptonic decays, and we will extensively discuss them in this thesis. Prime
examples here are the B} — J/YK° and B? — J/1¢ modes as well as the B — 7K and
BY — DFK* channels. Key role in the anomalies observed in this case plays CP violation.
An overview of all these puzzling cases is given in Fig. 1.

In this thesis, studies of CP violation are a primary focus. The term C stands for the
charge conjugation operator and changes a particle into its antiparticle, while the term P
stands for the parity operator, which leads to space inversion. The violation of the CP
symmetry refers to the non-invariance of the weak interactions with respect to a combined
C and P transformation. It was firstly discovered in 1964 through the observation of the
K; — nt7n~ decay [8]. Today, this phenomenon is also established in B decays and the
charm sector.

CP violation is a topic crucial for our existence. Prime point is the observed baryon
asymmetry in the Universe. Sakharov proposed a set of conditions [16], which must be sat-
isfied in order to have matter and antimatter production at different rates. These conditions
are: baryon number violation, CP violation, as well as conditions where thermodynamic
equilibrium does not hold. Studies of the baryon asymmetry within the SM indicate that
the corresponding CP violation is too small by many orders of magnitude [17], thereby
suggesting new sources of CP violation.

CP violation manifests itself in various ways in B-meson decays. We can categorise the
decays we study as follows:

e the BY — J/Y K2 and B? — J/v¢ decays,
e the BY — DFK® system,

e the B — mK system and

o the rare BY,) — p*pu~ decays.

The first three categories include no leptons in the final state and are challenging due to
strong interactions. In these channels, we perform state-of-the-art studies of CP violation

B® — K*Outpu~ channel.
2These observables are the branching fractions B and the mass eigenstate rate asymmetries Aar,, as

we will discuss in detail in Chapter 8.
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and explore how much space is left for NP. The last category is a simpler case. Although
CP violation in this channel is also interesting, it is not part of our analysis in this thesis.
Instead, we focus on aspects of NP.

B decays offer fascinating strategies to deal with both CP violation and searches for
hints of NP. As a result, the B-meson system receives a lot of attention from both theorists
and experimentalists, having dedicated experiments to explore these decays. LHCb and
Belle II are currently the main players, building on a long history of the exploration of the
flavour sector, but also ATLAS and CMS can make interesting contributions. Concerning
searches of NP in this thesis, we focus on model-independent studies and not constructing
a specific model. Our aim is to find indications of NP, investigating correlations between
observables in various benchmark B decays.

The outline of this thesis is as follows. Firstly, in Chapter 2, we describe the theoretical
framework of the SM. The focus is on the quark flavour sector, both heuristically and in
a more formal way. We introduce the concept of CP violation and discuss the Cabibbo—
Kobayashi-Maskawa mechanism, as well as the unitarity triangle (UT).

Chapter 3 introduces the B-meson system, discussing both charged and neutral B
mesons. We pay special attention to the neutral ones, showing the phenomenon of Bgf
Bg mixing (where ¢ = d, s), which plays an important role in testing the SM. We provide
the theoretical tools we use in the analyses of B decays and discuss the classification of
these decays according to their final states. We set up the formalism for each of these
classes, analysing their dynamics, and discuss interesting aspects, mostly within the SM
framework. An essential topic in our analysis is related to the determination of the apex of
the UT, as we describe in Chapter 3.4.2.

In Chapter 4, we specifically discuss CP violation in B decays, focusing on how CP
asymmetries arise. We classify the various types of CP violation and present interesting
observables. Having the formalism at hand, we utilise benchmark B decays to further
explore the topic both within and beyond the SM.

Moving to Chapter 5, we study applications of the BS—BS mixing phenomenon. Central
role in our studies is played by specific parameters which are associated with the mixing
effects, i.e. decay widths, mass differences and CP-violating mixing phases. Key modes for
exploring these parameters are BY — J/Y K2 and BY — J/1¢, which are considered to
be “golden modes” for analysing CP violation. At the level of precision that we have now
reached, we have to include uncertainties coming from certain decay contributions, which
cannot be calculated reliably from first principles in strong interactions. However, we have
identified ways to take them into account through related control channels. This will result
in a state-of-the-art determination of the mixing parameters. These parameters are then
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further used as key inputs to explore how much room is left for NP in Bg—Bg.

Chapter 6 covers the analysis of the BY — DT K system. These decays allow a theo-
retically clean determination of one of the parameters of the UT, the angle . Considering
experimental data, we observe intriguing patterns related to CP violation, suggesting NP
at the decay amplitude level. The same trend also arises in other modes with similar dy-
namics. We shed more light on this puzzling situation, utilising the experimental data and
performing a theoretical analysis. We propose strategies to explore possible NP effects and
generalise the description of these decays to allow for NP at the decay amplitude level.

In Chapter 7, we discuss B — K decays. The puzzles arising there are a long-standing
issue. We focus on the B — 7K channel, which is the most interesting channel with
respect to CP violation. Exploiting the current data, we explore the correlations between
the CP asymmetries in this mode, which are theoretically very robust regarding theoret-
ical uncertainties. In doing so, we encounter discrete ambiguities. Although difficult to
remove these ambiguities, one solution is finally left, which shows interesting tension with
respect to the corresponding measurement. We propose a strategy which allows an optimal
determination of the parameters that describe the puzzling effects. This strategy can be
applied in the high precision B physics era, eventually answering the question of whether
these decays imply NP.

Last but not least, in Chapter 8, we present the BY — ™ u~ decay, which is a very rare
process in the SM. We expect only 3 out of one billion Bs; mesons produced at the LHC to
decay into the final state pu*p~. After searching for this decay for decades, the LHCb and
CMS collaborations have finally managed to observe the BY — pu*p~ channel in 2012 [18],
representing a key result of the previous LHC running. In this thesis, we utilise this very
interesting decay as a probe of NP. In particular, we focus on minimising the impact of
theoretical uncertainties arising within the SM, and employ new observables of BY — T u~
to explore possible NP contributions. Applying the results of the NP analysis in Bngg
mixing obtained in Chapter 5, we constrain the NP parameter space.

Finally, we note that this thesis covers a broad variety of different processes in flavour
physics. We collect all the main strategies and findings of our analyses in Chapter 9 and

conclude with a brief outlook.
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2 Exploring the Flavour Sector

In this chapter, we set up the stage for exploring the quark flavour sector. We introduce
the SM framework, firstly heuristically and then in a more formal way, and derive the
corresponding Lagrangian. We study the concept of CP violation within the SM and discuss
the Cabibbo-Kobayashi-Maskawa (CKM) mechanism, which is the origin of CP violation.

2.1 The Standard Model in a Nutshell

The SM framework describes the interactions of the elementary particles that we know
today, which are the leptons and the quarks [1-3].*> As we have already mentioned in
Chapter 1, three of the four fundamental forces that act in the universe; the weak, the
electromagnetic and the strong interactions, are incorporated in this framework. The fourth
one, gravity, is not included in the SM. As we will discuss in Sec. 2.1.1, a highlight regarding
the interactions in the SM is that the electromagnetic and weak interactions are “unified”
in an electroweak sector. Thus, the SM compromises two parts, one describing electroweak
interactions and the other referring to strong interactions.

Let us now begin our discussion of the SM first by presenting its main features. An
illustration of the SM is given in Fig. 1. As we know, the fermions, which are the leptons and
quarks, are the building blocks of matter. They arise in three “generations”, which differ in
their mass spectra, with the particles of the first generation being less heavy than those of
the second generation, which are less heavy than those of the third. The forces are mediated
by four vector bosons, thus particles with spin equal to 1, which are: the photon ~ for the
electromagnetic force, the charged W# and the neutral Z boson for the electroweak force,
and the gluon for the strong force. These are all gauge bosons, arising in the framework of
gauge theory, as we will discuss below. In addition, on July 4th, 2012, the discovery of a
scalar boson was announced through the independent measurements of ATLAS and CMS,
which was related to the Brout-Englert-Higgs (BEH) mehcanisms [32,33], completing the
current picture of the SM. This particle was the Higgs boson, with spin equal to 0.

The SM utilises gauge theories to implement local symmetries, with special field trans-
formations at each space-time point to ensure that the theory is gauge invariant, thus
unchanged under transformations. A major problem was to assign masses to particles in
this framework. Explicit mass terms would break the gauge symmetries. In order to avoid
that in a consistent way, spontaneous symmetry breaking was introduced. The concept of

3For a detailed discussion of the SM, we provide here a number of interesting textbooks [19-31].
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Figure 2: The Standard Model of elementary particles.

spontaneous symmetry breaking originates from condensed matter physics. In the SM, it
is implemented in the most minimal and simplistic way, utilising the BEH field. The mech-
anism responsible for mass generation, involving this spontaneous symmetry breaking, is
the BEH mechanism, or simply Higgs mechanism. An important note to add is that these
theories are renormalizable?, thus consistent quantum field theories [34].

Let us say a few more words about the masses of the elementary particles. We emphasize
again that to break the symmetry in the most minimal way, an elementary scalar field has
to be added, which is the BEH field (or simply the Higgs field). The Higgs boson is an
excitation of this field. Through the process of electroweak symmetry breaking, the Higgs
field develops a non-vanishing vacuum expectation value. Due to this non-zero expectation
value, the gauge bosons W and Z become massive and as we will discuss later in the thesis,
leptons and quarks also acquire masses via Yukawa interactions with the same Higgs field.

4Renormalizability is an intrinsic feature of quantum field theory. When calculating quantum correc-
tions, infinities (like loops which diverge) might arise. Applying a renormalizable theory, allows these
infinities to be absorbed by properly redefining the couplings, fields and masses of the theory. Renormal-
izability ensures that divergencies and infinities can be absorbed into a finite number of parameters, thus
obtain a finite result. These technicalities will not be directly addressed in this thesis, however it is an
essential feature of the SM.
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On the other hand, the photons are massless, since the corresponding symmetry, the U(1)
symmetry of quantum electrodynamics, remains unbroken. Gluons, mediating the strong
interactions, also remain massless. Last but not least, the Higgs boson also interacts with

the Higgs field, hence it gains mass itself.

2.1.1 Electroweak Interactions

Let us firstly discuss the electroweak (EW) part of the SM, which provides the unified
description of electromagnetic and weak interactions. Historically, the EW sector preceded
the understanding of strong interactions in the SM. The triumph of the SM, and what makes
it such a beautiful theory, is that for the first time we have a unification of two interactions
that were previously viewed as very different and separate. This unification was suggested
independently by Glashow [35], Salam [36] and Weinberg [1] in the late 1960s, and was a
breakthrough discovery, playing a key role in our understanding of the EW interactions.
For their contributions, all three of them were awarded the Nobel Prize in physics in the
year 1979.

In this unified EW sector, the theory of quantum electrodynamics (QED) describes
the electromagnetic part, which generalises the classical electrodynamics with the Maxwell
equations to the quantum level. At the heart of the unified electroweak theory lies the
notion of gauge symmetry, which we will formally discuss in Sec. 2.2.1. Key role to this
framework is the concept of spontaneous symmetry breaking, manifesting through the Higgs
mechanism.

The electromagnetic and weak interactions, though distinct in their manifestations at
low energies, become indistinguishable at high energies, on the order of 246 GeV, which is
the vacuum expectation value of the Higgs field. This unified theory has been extensively
tested, in particular at LEP and SLC colliders (for an overview, see Ref. [37] and references
therein), and confirmed through experiments conducted at particle accelerators such as the
Large Hadron Collider (LHC), which is currently the “main player”.

The electroweak sector of the SM stands as a testament to the power of theoretical
insight and experimental verification. It showcases the remarkable unity underlying the
fundamental forces of nature. In early 1970s, 't Hooft and Veltman showed that the EW
theory is renormalizable [38], for which they were awarded the Nobel prize in 1999.

2.1.2 Strong Interactions

The second important theoretical framework in the SM is quantum chromodynamics

(QCD). Describing strong interactions between quarks, mediated by the massless gluons,
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QCD operates within the framework of a non-abelian gauge symmetry SU.(3), which is not
spontaneously broken. We note that only quarks can participate in these interactions.

QCD exhibits two regimes: the perturbative regime, related to high energies or short
distances, where perturbation theory can be applied in order to calculate QCD corrections,
and the non-perturbative one, corresponding to low energies, where perturbation theory
cannot be used. Key feature of QCD is asymptotic freedom [39], which implies that the
quarks and gluons have reduced coupling strength at high energies. Asymptotic freedom
results from the self couplings of the gluons in non-abelian gauge theories.

Due to the fact that the coupling ay, describing the strength of the QCD interac-
tions, is small at high energies (perturbative part), these elementary particles behave like
quasi-independent particles. Thus, the feature of asymptotic freedom makes perturbative
calculations of strong interaction effects at small distances possible®. It is important to
recognize the groundbreaking work of D. Gross, F. Wilczek, and D. Politzer, who were
awarded the 2004 Nobel Prize for demonstrating that QCD has the feature of asymptotic
freedom [41-44]. Our knowledge of the complex dynamics regulating strong interactions
within the SM is largely based on their remarkable work.

However, at lower energies/greater distances, where perturbative techniques cannot be
applied, QCD interactions become stronger, with a, value becoming very large, thereby
leading to hadronic bound states. Therefore, quarks and gluons are confined within com-
posite particles known as hadrons. This phenomenon is known as confinement. Confinement
binds quarks and gluons inside hadrons to bind, preventing the particles from being free.
This effect is essential in our studies of meson decays, in particular decays of B meson, since
these processes are non-perturbative and difficult to calculate. Given the complex nature
of confinement and hadronic effects, we explore methodologies and approaches which allow
us to deal with these challenging calculations.

As an epilogue, it is worth mentioning that already in the 1980s researchers started
considering larger gauge groups that would incorporate both QCD and EW sector, aim-
ing towards a Grand Unified Theory (GUT) [45,46], albeit not experimentally confirmed.
Intrinsic feature of this effort is that when attempting to establish a unified framework of
EW and strong interactions, leptoquark particles emerge, which are capable to experience
both interactions. However, so far, there is no convincing theory to describe QCD and EW

SM in a unified manner.

®Here renormalization group techniques [40] can also be used.
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2.2 Theoretical Ingredients of the Standard Model

Having provided a general description of the SM framework, let us now move on to a more

formal description, looking at the theoretical foundation and derive the Lagrangian.

2.2.1 Gauge Group

The SM is based on the gauge group [25,47]:
SU.(3) x SUL(2) x Uy (1), (2.1)

where SU.(3) represents the symmetry of strong interactions described by QCD, while
SUL(2) x Uy (1) describes the electroweak interaction.

SU.(3) is a 3rd order unitary group, representing 3x 3 matrices acting on three-dimensional
vectors. The quantum number of SU.(3) is “colour”, indicated by the subscript “c”. We
note that only the quarks are subject to the effects of QCD since leptons do not interact
via the strong force. Quarks are triplets under SU.(3) (denoted as 3) with the quantum
numbers “red”, “green” and “blue”. Leptons are singlets under SU.(3) and as a result
they are colour neutral. The group SUL(2) includes all two-dimensional complex unitary
matrices with unit determinant®. The quantum number of the SUL(2) group is the weak
isospin and there are two states (£1/2). The left-handed fields are doublets under SU(2)
and the right-handed fields are singlets under SUp(2). In the charged weak interactions
which are mediated by the W¥ bosons, it is only the doublets that participate. Finally, the
Uy (1) group includes all one-dimensional complex unitary matrices”. The quantum number
of Uy (1) is the hypercharge Y and in principle can be any real number. The hypercharge
can be normalised following the Gell-Mann—Nishijima relation [48,49]:

Q=T;+Y, (2.2)

where @ is the electric charge and T3 is the third component of the weak isospin of SUL(2).

As already discussed, the symmetry has to be broken in order to give masses to the
particles. In particular, heavy EW gauge bosons W and Z are required to make the in-
teractions “weak”®. As a result of EW symmetry breaking, the U(1) symmetry of QED
remains exact. The strong interactions, described by the SU.(3) symmetry, also remain
unbroken. Consequently, the photons and the gluons are massless particles in this frame-
work, whereas the W and Z gain masses of 80 GeV and 90 GeV, respectively. Now, the

6Tt is related to the rotation group SO(3), indicating sphere symmetry in 3 dimensions.
"It corresponds to the symmetry of the circle remaining unchanged under rotations in a plane.
8We emphasize that these interactions are not weak because of a small coupling constant but due to the

very heavy gauge bosons.
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SUL(2) x Uy (1) symmetry of electroweak interactions is spontaneously broken by the Higgs
mechanism as follows [1, 50, 51]:

SUL(2) x Uy (1) =2 U(1)qep, (2.3)

where SSB stands for the spontaneous symmetry breaking and U(1)qep denotes the sym-
metry group of QED. We point out again that this symmetry breaking, which is needed to
give masses to particles, is done in the most minimal way, adding a single scalar particle.

Looking at the current experimental information on the Higgs, it is very remarkable that
nature really follows this simplistic way.

2.2.2 Standard Model Lagrangian

We can now encode all the above information in the Lagrangian. Following the conven-
tions of [52,53], we first of all consider the spinor fields v, which account for the fermion
generations and for which

b =Ty, (2.4)
where 7° is one of the Dirac matrices. We write:
10 | 0 o
,YO - ’ 71 - N ) (25)
0-1 —o 0

where 1 is the 2x2 unit matrix and & are the 2x?2 Pauli matrices, which are given in the
Appendix A. The full SM Lagrangian consists of the kinetic term Ly,, the Higgs part L,
and the Yukawa part Lyuawa, and can be written as follows:

['total = Ekin + £¢ + EYukawa- (26)

Let us examine each term separately [54]. We start with the kinetic part and as a first
step, we consider the case of free fields, i.e. without interactions. This is the kinematic
term of the Dirac spinor, with the Dirac equation for a free Dirac field describing fermions.

The Lagrangian governing the dynamics of the spinor fields is given by:

£kin - 21;(8#7/1)1#7 H = 07 17 27 3 y (27)

where we introduce the partial derivative acting on 1.

How do we next include the interaction terms? The interactions for gauge theories are
introduced through the gauge principle, making the symmetry of the SM a local symmetry.
This ensures that the Lagrangian remains invariant under local transformations. To achieve
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this, the partial derivative has to be replaced by the covariant derivative D*. In this

procedure, for each generator of our gauge group we have to introduce a gauge field:
D* = 9" +ig,W+o +ig B'Y +ig,G'T*. (2.8)

Here, we have the three bosons of the electroweak interaction W# with the Pauli matrices
o and the g,, which is the coupling for SUL(2), the single hypercharge boson B with the ¢
coupling for the Uy (1) as well as the eight gluon fields G* with the Gell-Mann matrices T
(which are given in Appendix A), and the g; coupling for SU.(3). We note at this point,
that these gauge bosons are massless. The kinetic part of the Lagrangian is written as:

Liin = i) (D",)1). (2.9)

We can now write the kinetic part of the Lagrangian for quarks and leptons. Here, for
simplicity, we focus only on the ); quarks interaction part. The quarks experience both
the strong and the EW interactions:

i

S9BYY + %gSG”T“)Qi, (2.10)

= 7
Liin = 1Qi7, (0" + §9wWMCT +

where only the last term corresponds to the QCD part, with G* describing the involvement
of the gluons, while the other terms refer to the EW sector.

For the charged weak interaction, where only (); doublets participate, thus for the
interaction between the left-handed quarks, which carry weak isospin —1/2; we obtain:

= 1
‘Cweak = ZQi,left’}/u(aM + iwaMO—)Qi,left

) U
= i(t ), (0" + 59,W"0) N (2.11)

i,left

Considering that W+ = \%(Wl F iW;), and denoting left as L, we can rewrite the above

equation in the form:

- T g _ - 9 3
Eweak = zuiyL’yua"ui,L + zdi7LfyM8“di7L — Eui7L%W udil, — Edi@'yﬂwwum + ... (212)
So far, we have only massless gauge bosons and the gauge symmetry does not allow
explicit mass terms. The symmetry has to be broken in order to introduce mass terms.
Focusing on the weak interactions, we need heavy gauge bosons. A solution to this challenge

of making the bosons heavy can be given through spontaneous symmetry breaking. So, how
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does the EW symmetry breaking work now? In the SM, in the most minimal version, an
elementary scalar field is introduced, the Higgs field ¢, which is an isospin doublet:
+
¢ = qbo : (2.13)
¢
This field is responsible for the spontaneous symmetry breaking through developing a non-
vanishing vacuum expectation value, minimizing the Higgs potential V' (¢) of the SM which

is written as follows:
V(g) = 1*(¢') + A(0'¢)*, (2.14)
where 2 is the mass term and ) is the Higgs self coupling. So, we break the EW symmetry

SUL(2) x Uy (1) in such a way that U(1)qep remains unbroken, as presented in Eq. (2.3).
Therefore, we write the Higgs part of the Lagrangian as

Ly = (Dud) (D"9) — p*(¢7d) — MoT0)?, (2.15)

which includes the kinetic term for the Higgs with the couplings to the Higgs potential and
the gauge bosons.

We move now to the third part of the Lagrangian. The Yukawa sector includes interac-
tions between the Higgs and the fermions involving the Yukawa couplings. These couplings
are allowed and can be added by hand. Since the Higgs couples to SUL(2) doublet and
singlet in a gauge invariant way (hence the Lagrangian does not change under transforma-
tions), the Lyuyawa part of the Lagrangian is written as follows:

—Lvuiawa = Yi1Qir ¢ djr + Y Qi1 ¢ ujr+YiLir ¢ lir+hec., (2.16)

where h.c. stands for hermitian conjugate, the @ and L denote the quarks and leptons,
while the subscripts L and R stand for left and right, respectively. The fermion fields are
three-component vectors, so all three generations are included. The Yg, Y7 and YZZJ are
3x3 Yukawa-matrices, which operate in flavour space producing the quark mixing (thus
the couplings between different families), while b is:

- ¢°

O = 109" = - . (2.17)

2.2.3 Quark Mixing in the Standard Model

Let us now have a closer look into the Yukawa interactions, needed to have fermion masses,
which give rise to interesting phenomena like flavour-changing transitions. These transi-
tions play a very important role for this thesis. We explore how these phenomena occur,
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discussing the links between the Yukawa couplings and the quark mixing. Quark mixing
refers to the interaction between different quark generations in the SM. As we will show,
an essential point is the difference between the mass eigenstates and flavour eigenstates.
We are interested in showing how the quarks obtain their masses from the Yukawa
Lagrangian. Starting from Eq. (2.16), we write the Yukawa Lagrangian for the quarks.
1

We choose ¢° to be 75(1) + h(x)), where v is the vacuum expectation value of the Higgs

potential and h is the physical Higgs field, thus we obtain [54,55]:

+
1 0
o= ) == L . (2.18)
@° V2 v+ h(zx)
Therefore, the mass terms which are derived from this equation after the symmetry breaking
are the following:

_ydj Y _ v . )
—Lonass = Yz’jdi,LEdj,R + Yz'?ui,LEUj,R + h.c. + interaction terms (2.19)
= ci,-’LMZ-dij + @, . Mjuj r + h.c. 4 interaction terms , (2.20)

where the different indices describe different quark flavours 4, j = 1,2, 3 and one has to sum
over these. The matrices M/ (where f = u, d) can be diagonalised by unitary matrices Véc,

VLf in order to obtain proper mass terms:

!
Mdiag

= v/ MVt (2.21)
So far, the fermion fields have been expressed in the interaction basis, therefore d, u are
interaction eigenstates. Due to the fact that the VV matrices are unitary, satisfying V/V/T =

1, and utilising Eq. (2.21), Eq. (2.20) becomes:

—Lonass = di  VIVEMEVIVI, g + 1, VI VEMEVE Vi, 5 (2.22)

J J
- Ji,LVfT(Mg)diangdj, R+ ai,ngT(M;)diagvguj7 . (2.23)

We now rewrite the quark fields as Jg, . =d; LVLd " and d; p = Vid; r (and correspondingly
for the up-type quarks), and obtain

—Linass = CZ;,L(MZ')diagd;,R + a;,L(M;;')diagu;',Ra (2‘24)

where the quark fields are written in their mass eigenstates, thus the primes denote the
quark mass eigenstates.
The Lagrangian for the charged-current interaction in terms of the weak interaction

eigenstates is written as

Lo = iﬂm%w—udm + iJiL%WJr“uZ-L. (2.25)

V2 V2
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If we now rewrite the Lagrangian in terms of the quark mass eigenstates, the quark mixing
arises between generations in the charged-current interaction, since every interaction field

is replaced with a combination of the mass eigenstates:

L= %ﬂéL(VLuVLCIT)ijVMW_“diL T %J;L(VgiT)ijVuWJr“uiLv (2.26)
where (V#Vi),; and (VEV,"),; refer to the Cabibbo-Kobayashi-Maskawa (CKM) matrix
Veku [56,57], which will be discussed in Sec. 2.4. We note that as a convention we choose
the weak and mass eigenstates to be equal for the up-type quarks u; = u;. On the other
hand, the down-type quarks are rotated when going from one basis to the other, thus
d; = Vexudj. We see that within the SM, the analysis for flavour physics actually begins
from a charged-current Lagrangian.

2.3 CP Violation in the SM

In this section, we explore how discrete symmetries, parity and charge conjugation, are
implemented in the SM and focus on the violation of the symmetry called CP through
EW interactions. The operator P stands for parity and is related to space inversion. This
operator flips the sign of the space coordinates, thus for a wavefunction ¥ (¢, z,y,z) we
obtain:

P¢(t7xayvz) = 7/’(757—%—?/,—2)- (227)

Parity conservation suggests that the physical processes act in an identical way once they are
viewed as in a mirror, simply speaking. Experimental data indicate that parity is conserved
in strong and electromagnetic interactions but is violated in weak interactions. This parity
violation in weak interactions was proposed theoretically in 1957 and was shortly after
established by the Wu experiment [58].

The operator C denotes the charge conjugation which changes a particle into its anti-

particle (or vice versa), therefore changing the sign of the charges of the elementary particles:

Cly) = ¥). (2.28)

We note that the space-time coordinates are not changed in this operation. Similarly to
parity, the charge conjugation is conserved in strong and electromagnetic interactions but
is maximally violated in weak interactions.

Therefore, weak interactions maximally violate parity and charge conjugation. Initially,
it was believed that applying both symmetries would lead to invariance of weak interactions
with respect to the combined C and P, thus the CP transformation. However, it came as a
surprise in 1964 through precision measurements by observing the kaon decay Ky — 7wtn~
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[8] that CP is not a good symmetry of weak interaction. CP violation is a very profound
aspect of particle physics, which also plays a key role in our studies. In the SM, we can
actually accommodate CP violation, and below we will see how we can accomplish this.
Last but not least, we note that a third discrete symmetry is that of time reversal, which
is related to the operator T:
T:t— —t. (2.29)

Combining the C, P and T operators, the CPT symmetry is a conjecture and appears to
be a very fundamental symmetry in quantum field theory. Any Lorentz invariant local
field theory must obey the combined CPT symmetry. Simply speaking, giving up on CPT
symmetry for local quantum field theories, one would run into serious problems, as the
whole formulation of theoretical physics would break down. Tests are performed on how
well it holds and so far, no CPT violation has been found. The key point is that if CPT
is conserved, then in case there is CP violation, there should also be T violation, so in this

sense they are really closely linked.

2.3.1 CP Violation in Quark Flavour Physics

We continue with the discussion of the origin of CP violation in the quark sector (for
detailed studies see, e.g., [59-62]). Within the SM, CP violation arises in the complex
Yukawa couplings. Since both the kinetic term of the Lagrangian in the interaction basis
and the Higgs part conserve CP symmetry, our starting point is again the Yukawa sector
and the corresponding Lagrangian reads:

—Lyvukawa = YijUip ¢ Vjr + Yiir ¢ v . (2.30)
Under CP transformation, we obtain:
CP(¢ir ¢ Vjr) = Vjr 0 Yir. (2.31)
As a result, the CP-transformed Yukawa Lagrangian takes the form
_Eﬁcﬁlfkawa =Y Q/_’j,R QN i+ YZ; 1;7;,/: ¢ V5 R (2.32)

We observe that if Y;; = Y}

YR
violation appears in the Yukawa complex couplings.

the Yukawa Lagrangian remains invariant. Therefore, CP

Diagonalising the Yukawa matrices, we arrive again at the Lagrangian in terms of quark
mass eigenstates, as presented in Eq. (2.26). Simplifying the notation regarding the CKM

matrix, we write:

L= i ﬁ’;,L‘/i]fyMW_udi,L + iJ;,LW;VNW+Mui7L' (233)

V2 V2
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Applying a CP operation in Eq. (2.33) provides us with the following expression:

LCF = % d, L ViyaW s, + %u;ﬂ@;%w—“di,b (2.34)

We observe again that if Vj; = the Yukawa Lagrangian remains invariant. So, if Vj; is

real, there is no CP violation. It ]is the complex nature of the CKM matrix that gives rise
to CP violation within the SM.

To summarise, the Yukawa couplings, describing the interactions between the Higgs
field and the fermions, give rise to off-diagonal elements in the matrix between the different
generations. After the diagonalization of the Yukawa matrix, these off-diagonal elements
arise in the charged current couplings described by the CKM matrix, thereby suggesting
that this CKM matrix is the source of CP violation in the quark flavour sector.

So, we already see that we can accommodate CP violation, if the CKM matrix is com-
plex. But can we have physical phases in the CKM matrix? Let us answer this question in

the following Section.”

2.4 CKM Matrix

We have already introduced the CKM matrix in a more formal way, discussing how it
connects the flavour states with the mass eigensates and highlighting the important role
that it plays as a source of CP violation. For instance, in Egs. (2.34) and (2.26), we
see how it enters the Lagrangian via formal arguments. Let us now move on to a more
phenomenological interpretation of this matrix and explore what this implies.

The CKM matrix Vexm = (Vj) [56,57] is a 3x3 unitary matrix for 3 generations:

Vud Vus Vub
Vekm = Vea Ves Vo | (2-35)
Via Vis Vi

which describes the quark mixing effects. It connects the weak interaction eigenstates with
their mass eigenstates. Conventionally, for the up-type quarks, the interaction and the mass

9 Another open issue in theoretical physics is the “strong CP problem” (see for instance Refs. [63,64]).
Simply speaking, the problem is that in principle, there could be CP violation in strong interactions but it
turns out that the phenomenon is very small. So, the question is: Why is CP violation so small in strong
interactions? Proposed solutions include the introduction of pseudoparticles called axions. Readers are
referred to Ref. [65] for further details. However, this issue is not relevant to our studies. Consequently, in
this thesis, we assume that the strong interactions conserve CP symmetry, taking the strong CP problem
aside, without exploring it further.
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Figure 3: Illustration of charged current processes in the SM.

eigenstates are equal while the down-type quarks are being rotated through the following

transformation:
d Vud Vus Vub d,
S = Vea Ves Va s' . (2.36)
b N ‘/td ‘/ts V;tb b/

By construction the CKM matrix is unitary, thus we may write:

Vud Vus Vub u*d cti t;ki 100
VoxuVin = | Vea Ves Vi vEveve = o010 | = ViVeru (2.37)
Via Vis Vi Vo Vi 001

The unitarity ensures that there is no flavour-changing neutral current (FCNC) at the tree
level in the SM [3]. Looking at the structure of the Lagrangian given in Eqs. (2.33) and
(2.34), the transition from a down- to an up-type quark is described by the V4 element,
which characterises the corresponding coupling strength. Similarly, the V.*, element enters
the transition from an up to a down type quark. An illustration of these charged-current
processes and the corresponding CKM matrix elements governing them is given in Fig. 3.

In addition to these transitions, there are also CP-conjugate processes. In the first case,
for the CP-conjugate process an anti-down would transition to anti-up quark, still with the
same CKM element as depicted in the left plot of Fig. 3. In the second case, an anti-up
would transition to anti-down quark, again with the same CKM element as shown in the
right plot of Fig. 3.

We have seen that the complex phases are related to the possibility of CP violation.
Can we actually have complex phases in the CKM matrix? In order to explore whether we
might actually have a complex phase in this matrix and to determine how many physical

parameters we have, we perform a counting of the free parameters.
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2.4.1 Counting the Number of Parameters

In the SM, there are 3 generations, so the CKM matrix is a 3 X 3 unitary matrix. It is useful
though to extend the discussion and assume N fermion generations. The N x N matrix is
characterised by N? complex elements and hence 2N? real parameters. The unity of the
diagonal elements, as given in Eq. (2.37), leads to N normalization constraints and due to
the fact that the off-diagonal elements vanish, there are N2 — N orthogonality relations.
Consequently, the number of constraints in this case is

N +N? - N = N2 (2.38)

We note that we have the freedom to redefine the up- and down-type quark field phases
as follows:

u/ /

= eiEi ui,L’ (239)

’

U; r,
/ ied
d;, =e%d;,, (2.40)
where £ is an arbitrary convention-dependent phase, which cannot be measured. We em-
phasize that if we had physical observables, these phases would have to cancel.

For the up-type quarks, there are NV such quantities and for their down-type counterparts
also N quantities, therefore 2N in total. Concerning the right-handed quark fields, they are
rotated simultaneously in order to maintain the mass terms invariant. In order to ensure the
invariance of the charged-current Lagrangian, we have the following phase transformation
of the CKM matrix elements:

e~¢W) 0 Vid Viis Vi ed) o 0
Vo 0 et o Vea Vis Vi 0 ) 0 | =expli(& — &)V,
0 0 e ]\ Vig Vis Vi 0 0 e

Having though the freedom to make redefinitions of phases as above, we can apply this to
the CKM matrix to eliminate phases and eventually see how many physical parameters we
actually need.

There are 2N phases leading to 2/N—1 phase differences. The number of free parameters
can be determined by subtracting the number of the constraints coming from the unitarity
as well as the number of the phase differences from the total number of the real parameters:

Nfree parameters — 2N2 - N2 — 2N +1

= (N —1)> (2.41)
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These parameters can consist of rotation angles and complex phases.

Since the CKM matrix is a unitary matrix, there are (N? — N)/2 constraints, which
involve the angles that describe the rotations among the N dimensions, which are the Euler
angles that we already mentioned earlier. We find the number of angles by subtracting from
the N2 real parameters the N normalization constraints and the (N? — N)/2 orthogonality

constraints:
1
nangles:NQ_N_g(NZ_N>
1
= §N(N —1). (2.42)

The remaining parameters represent the number of complex phases:

Nphases = Tfree parameters — Tangles
1
=(N—-1)?— 5N(N —1)
1
= S(N-1)(N -2) (2.43)

Therefore, for an N x N unitary matrix, there are N(N —1)/2 Euler angles, which describe
rotations between the N generations, and (N — 1)(N — 2)/2 complex phases.

Specifically, for the case of N = 2 generations, we obtain no complex phase and there
is only one parameter, which is the Cabibbo angle [56]. Here, we could not accommodate
CP violation through the quark-mixing matrix. On the other hand, moving to N = 3
generations, the 3x3 CKM matrix involves three Euler angles (real parameters) and a
single complex phase. This single complex phase allows us to accommodate CP violation.
The question is whether this phase is different from 0 (or 7) or not but in principle, we
may have a CP-violating phase.

Kobayashi and Maskawa were the first who pointed this out in 1973, making a link to
the number of generations and the phenomenon of CP violation [57]. The main conclusion is
that a third generation would be needed in the SM. This is a crucial point for our existence,
as it is one of the requirements for the generation of the baryon asymmetry of the universe,
as proposed by the Sakharov conditions [16], already presented in Sec. 1. So, the counting
of the parameters may look simple but it has profound implications. In 2008, Kobayashi
and Maskawa were rewarded with a Nobel prize for their pioneering work.

Having presented the parameter counting, we discuss how we can parametrize the CKM
matrix. There is freedom of choosing different parametrizations. The one which is typically

used for applications in phenomenological studies is the one advocated by the Particle Data
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Group (PDG) [66]:

8-

C12C13 $12C13 s1ze” "8
_ 61 iS4

Vokm = | —S12C23 — C12523513€"®  C1aCas — S12823€"  So3cis . (2.44)

81 i61:
§12893 — C12C23513€"°"?  —C19893 — S12C23€°"®  Ca3C13

This is the “standard parametrization”, where ¢;; = cos0;; and s;; = sin6;; and 6;; denote
the Euler rotation angles with 7, j being the generation labels. The CKM matrix is expressed
in terms of three Euler angles 65, #13 and 653 and a complex phase d,3, which allows us to
accommodate the CP-violating phenomena in flavour-changing processes in the SM.'0

2.4.2 Hierarchy of the CKM Matrix Elements

Looking at the CKM matrix, an interesting question comes up: what is the magnitude
of the CKM matrix elements? Does this matrix show any underlying patterns? In order
to answer this question, we can measure processes, which are governed by certain CKM
matrix elements, and can use them to determine these CKM factors. This procedure can
be quite involved, as hadronic physics enters as well as nuclear physics in some cases. For
an overview of these measurements, the reader is referred to the PDG Review in Ref. [66],
which provides the state-of-the-art status of these measurements. The data reveal a very
intriguing hierarchy, as illustrated in Fig. 4.

Wolfenstein introduced a parametrization to make this hierarchy explicit [69]. The steps
on how to obtain it and the framework of particularly including higher order corrections
are presented in Ref. [70]. We introduce a set of four new parameters, A\, A, p and 7, and
we need to get back to the PDG parametrization. For this purpose, we use the following

relations:
S19 = |Vis| = A= 0.22, 593 = AN?, 51378 = AN3(p — in). (2.45)

10We note that in the lepton sector, with the neutrino masses, we have a similar matrix, which is the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [67,68]. For three generations, it is written as:

Ve Uel UeZ Ue3 141
Vp | = Uﬂl U,JQ Uﬂg V2|
Vr UTl U‘r2 U’T3 V3

connecting the mass eigenstates (11, 12,r3) to their flavour eigenstates (ve,v,,v;). The components Uy,
are the PMNS matrix elements. However, the hierarchy is very different than the CKM matrix. It does
not have the hierarchy structures of the quarks. Another tricky part is related to the parameter counting.
For instance, in the case of Majorana neutrinos, there may be two more phases in the PMNS matrix. This
is due to the fact that the states are real and hence have less phase freedom. Here, focusing on the quark
sector, we do not further elaborate on the leptonic mixing matrix.
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Figure 4: Illustration of the hierarchy of the CKM matrix elements.

Here )\ is an expansion parameter related to kaon decays, and more specifically from the
class of decays called semi-leptonic (a term that we will discuss in detail in Sec. 3.4). Now,
we only give the order of A in Eq. (2.45). As A is an important parameter, we will elaborate
more on it later in the thesis. The parameter 7 gives rise to an imaginary part, i.e. complex
CKM matrix elements.

We can now perform a Taylor expansion on every element of the CKM matrix in powers
of \. Neglecting terms of O(\?), yields

1—2A2 A AN (p—in)
Vekw = —A 1-132 AN + O\, (2.46)
AN3(1 — p —in) —AN? 1

which reflects the hierarchical structure of the CKM matrix elements in terms of order
of A that we already presented in Fig. 4. As we can see, the transitions between the
same generation are governed by CKM matrix elements of O(1), hence transitions within a
family are strongly favoured. The transitions between the first and second generations are
suppressed by CKM factors of O(107!), thus by one power of A\. The transitions between the
second and third generation are suppressed by O(1072), thus by two powers of A. Finally,
transitions between the first and third generations are even more suppressed, by O(1073),
so by at least three powers of A\. Consequently, it becomes clear that this Taylor expansion
is very useful in phenomenological applications. In terms of the experimental precision we
have nowadays, higher-order terms have to be included in the expansion [70].
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2.4.3 Additional requirements for CP violation

As we have already seen, within the SM, CP violation may arise in the Yukawa sector, as we
could have a complex phase in the CKM matrix. In order to have a non-vanishing phase,
at least three fermion generations are required. However, for observable effects violating
the CP symmetry, further requirements are needed.

Closer studies by Jarlskog [71] have shown that another criterion has to be satisfied,
which is related to the following parameter:

Jop = [S(ViaVigVigVia)l, (0 # g, 7 B). (2.47)

This “Jarlskog parameter” characterizes the strength of CP violation in the SM and is
invariant under phase transformations of the CKM matrix.

In particular, CP violation requires that the Jarlskog parameter is different from 0, thus
Jop # 0. Applying the PDG parametrization, we obtain

2 .
']CP = 812813523612023C13 Sin 513, (248)

and observe that this parameter is proportional to sind;3. Indeed, for d;3 = 0 or 7, Jop
would vanish and we would not have CP violation. In the Wolfenstein parametrization,
neglecting higher-order terms in A\, Jop takes the following form:

Jop = A*X\. (2.49)

So, Jep is proportional to n, which plays the role of the CP-violating weak phase in this case.
The experimental information implies that Jep is O(107°), suggesting that CP violation is
a small effect.

In addition to the non-vanishing Jarlskog parameter, another condition that needs to
be satisfied in order to have CP violating effects is related to the quark masses and is the
following [71,72]:

(mi; —mg) (mi; — my)(mg — my,) (my — m)(my —mg)(mg —mg) x Jop # 0. (2.50)

These mass factors reflect the feature that if any two quarks of the same charge had the
same mass, the CP-violating phase of the CKM matrix vanishes. This would be like the
case with two generations where the phase can be eliminated. We observe that CP violation
is closely linked to the hierarchy of masses and the number of fermion generations. A better
fundamental understanding of the origin of CP violation in the SM suggests a connection
to the hierarchy in the CKM matrix but it is challenging.

We observe that within the SM, CP violation is a small effect and hence, difficult to
measure. It indeed took until 1964 and came as a surprise to reveal CP violation in the



2 EXPLORING THE FLAVOUR SECTOR 25

neutral kaon system, described by an observable ey [73]. This phenomenon was discovered
through the observation of K; — 7wtw~ decays. It is a manifestation of indirect CP
violation, a term that we will discuss in Sec. 4. In 1999, a non-vanishing value of a quantity
called Re(e’/ex) was established [74, 75|, characterising CP violation arising directly at
the decay amplitude level of the neutral kaons. CP violation was also observed in the B
meson system in 2001 by the BaBar and Belle experiments [76,77]. It was established in the
BY — J/9Ks decay. Here we have a large CP asymmetry of about 70%, thus suggesting a
large effect. However, the decay rates are still small at the order of O(10~%), showing again
that observing CP-violating phenomena is indeed difficult. In 2019, CP violation was also
finally established in the neutral charm system, through the measurement of the difference
between the CP asymmetries of D — KTK~ and D° — 777~ channels by the LHCb
Collaboration [78].

2.5 Unitarity Triangles

The unitarity of the CKM matrix, characterised by Eq. (2.37), requires that the rows and
the columns must be orthogonal and normalised. This gives rise to nine relations [79].
Three of them are the normalisation relations, referring to the diagonal elements:

VUdVJd + Vuqujs + VubVJb = 1, (2.51)
VdViig + Vi Vi + ViV = 1, (2.52)
ViaVia + VisVig + Vo Vi = 1. (2.53)

The other six are the orthogonal relations, corresponding to the non-diagonal elements:

VaudVis + VeaVi + VidVi, = 0, (2.54)
VausVip + Ves Vo + VisVig = 0, (2.55)
ViaVip + VeaVay + ViaViy, = 0, (2.56)
VeaVia + VesVias + Va Vi, = 0, (2.57)
VeaVig + VesVis + VaViy, = 0, (2.58)
ViaVia + VisVi + VasViy, = 0. (2.59)

These orthogonality relations have the structure of the sum of three complex numbers
adding up to zero, which can be represented in the complex plane as triangles.

We can now apply the Wolfenstein parametrization and explore the magnitude of the
CKM matrix elements in powers of A, thus check how these triangles would look like [80].
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Figure 5: The two non-squashed triangles of the CKM matrix [80]. The left one represents
the “unitarity triangle” with the apex given by (p,77), as defined in the text, while the right
one is shifted by 6+ and the apex is given by (p,n).

Egs. (2.56) and (2.59) are the only two cases that refer to triangles with all three sides of
the same order of magnitude, thus the only non-squashed triangles. In the remaining four
equations, the three terms in the sum are characterised by different powers of A, thus there
is always one side which is suppressed with respect to the others.

Let us elaborate a bit more on the non-squashed triangle relations:

VudVay + VeaViy + ViaVyy =0, (2.60)

V}qu*d + ‘/ts‘/:s + ‘/tb ’uikb — O (261)

At leading non-vanishing order, the two non-squashed cases agree with each other, thereby
describing the same triangle, which would be the “unitarity triangle”. However, including
higher order terms in the Wolfenstein expansion, a small difference of O(A?) rises between
them. One of these relations is then the “unitarity triangle” in the complex plane:

VudVJb + Vch’g + Vi {Z = 0. (2.62)

C

This is the one that the basis agrees with the real axis. So, one is constructed in a way that
the basis is still aligned with the real axis while the other one is shifted by a tiny dy = —A\2n
angle with respect to the real axis. An illustration is given in Fig. 5, which is presented in
Ref. [80].

Let us introduce the sides and the angles of the “unitarity triangle”, which is again
shown in Fig. 6. One side of the triangle points along the real axis, having unit length by
definition. The other two sides are [81]:

A

A2\ 1| Vi
= * * — 1 _
Ry = [ViaViy/VeaVy| < 5 ) ‘ v,

= V212, (2.63)
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Figure 6: Illustration of a global analysis of the UT in the p — i plane by the CKM
Collaboration [82].

1 | Vid

Ry = |ViaViy /VedVa| = < | o

Vi {1 - %2 (1- 25)] +OM) =V -p2+n2  (264)

which we will discuss in detail in Sec. 3.4.2. The apex is given by (p,7), with

1 1

where p, n and A\ are the Wolfenstein parameters. The three angles of the triangle are

defined as
VidVi } { VchZ} { VudV*b]
a = arg |— , =arg |— <, =arg | ————2 2.66
[ uih) o= ] o= 200

and are convention-independent observables.

We can determine the UT using experimental data for appropriate observables and
convert them, with application of theory and assuming the SM, into contours in the p — 7
plane. If we had only the SM, all these contours should intersect in one point, the apex of
the UT. If we had NP, we should expect discrepancies. An illustration of these contours
and the corresponding UT are illustrated in Fig. 6, where we see a CKM global fit [82].
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For completeness, we briefly mention here where these contours come from. The in-
direct CP violation in the neutral kaon system with the ex parameter can be converted
into a hyperbola in the p — 77 plane (Sec. 3.4.2). The |V,| (and |V|) matrix element,
determined by B decays (Sec. 3.4.1), as well as the parameters Amy and Amg, which are
mass differences related to the phenomenon called neutral B meson mixing (Sec. 3.1), lead
to contours that allow the determination of the sides R, and R;. CP-violating observables
from the B — J/1Kg decay allow the extraction of the sin 23 and hence the 3 angle. Sim-
ilarly, measurements of CP-violating effects in B meson decays are converted into direct
information on the angles o and 7 (Sec. 6), allowing their determination.

A key goal is to overconstrain the UT, adding more and more constraints. When adding
these constraints, validity of the SM is assumed. Should there be NP entering, then we
would expect discrepancies. Looking at the current data, the apex is already impressively
constrained and the picture looks consistent within the uncertainties. However, there is
still a lot of room for improvement. Subtleties already arise which have to be included, and
this will also be important while moving towards higher precision in the future. Currently
we have for certain CKM parameters discrepancies between different determinations, which
play key role in this thesis. Therefore, a careful analysis of the UT is needed and we will
explicitly study the topic in Sec. 3.4.2.

2.6 Summary

In this chapter, we have set the stage for investigating the quark flavour sector. Beginning
with an overview of the SM framework and discussing the corresponding Lagrangian, we
introduced the concept of CP symmetry violation and discussed the CKM mechanism,
which gives rise to CP violation in the SM. An essential point is the intriguing hierarchical
structure characterising the CKM matrix, as determined by experimental measurements.
Associated to the CKM matrix are the corresponding unitarity triangles, which play an
important role in our studies. We have thoroughly introduced the properties of the UT
in this chapter. Discrepancies arise between different determinations for certain CKM
parameters. Therefore, a careful analysis of the UT is needed in order to unravel the
implications of these deviations, which will be presented in Sec. 3.4.2.

With the framework now established, we proceed to investigate the dynamics of the B
meson system in Chapter 3. B decays govern the sector of quark flavour physics, therefore
the main focus of this thesis is the exploration of the topic of CP violation and searches of

NP through benchmark B transitions.
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3 B Meson System

In our studies, we focus on decays of B mesons, which are hadronic bound states of an
anti-b quark and a light quark. The B-meson system includes both charged and neutral B
mesons. The quark content of the different B mesons is given in Table 1. We note that
from the charged mesons, we only use those with the u quark in the present work, while we
do not study the mesons with the ¢ quark, which are less frequently produced at the LHC.

Regarding neutral B mesons, as we will discuss in detail in Sec. 5, an important feature
is BS—BS mixing, where ¢ represent the d and s quarks. Thanks to this phenomenon,
Bg and Bg may transition into each other (so-called flavour-oscillation) before decaying
into a final state f or its CP-conjugate state f, thereby leading to interesting quantum
mechanical phenomena. Decay-time dependent oscillations can give rise to very intriguing
interference effects, also including CP violation. An illustration of neutral B meson mixing
and interference effects is given in Fig. 7.

Key aspect of this thesis is to test the SM through its flavour sector, accommodating
CP violation and searching for physics beyond the SM. In this respect, B mesons are
the main players. B mesons are hadronic states, so there are no free b quark decays.
The quarks are confined inside the hadrons, bound by the exchange of soft gluons. As
we are interested in a clean extraction of electroweak (EW) information on CKM matrix
elements and CP asymmetries, hadronic interactions cause complications. For studies of
CP violation, resolving the hadronic uncertainties are a key part of the analysis.

Decades of research have suggested beautiful strategies, which allow us to control these
uncertainties. Benchmark processes permit us to determine the underlying EW physics even
in a theoretically clean way. The B-meson system is very favourable in this sense. More
specifically, there are two ways to handle these hadronic terms. Firstly, in one strategy, there
are decays where hadronic matrix elements cancel out in the CP asymmetries. Secondly, in
another strategy, there are cases where we can use experimental data in order to determine
the hadronic parameters. In addition, from the point of view of strong interactions, the
B meson is considered to be “heavy”. This leads to certain simplifications, and flavour
symmetries of strong interactions can also be utilised in this case.

Due to all these very interesting features of the B-meson system, big experimental
efforts have been made, also to unveil and explore CP violation. Major “players” in the
beginning were ARGUS at DESY [83-85], as well as CLEO at Cornell [86-88] later, while
the 2000-2010 decade was governed by the eTe™ B factories built at SLAC with the BaBar
experiment [76,89], and at KEK with the Belle detector [77,90]. The phenomenon of B%-B?
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Mesons | Quark content Mesons | Quark content
Bt ub BY db
B~ b BY db
BFf cb BY sb
B; cb B? 3b

Table 1: Quark content of B mesons.

"N\ "\,
f f
B;’/ Bg/

Figure 7: Oscillations between Bg and Bg before decaying into the final state f (left plot)
and the CP-conjugate final state f (right plot). The mixing phenomenon generates inter-

ference effects between different decay processes.

mixing was discovered in 2006 by Tevatron with CDF [91,92] and DO experiments [93,94].
LHC has also a very rich B-physics programme, in particular the LHCb experiment [95],
but also ATLAS [96] and CMS [97] can look at specific B-meson decays. The new feature
offered by the LHC are studies of the B, system, complementing the physics of BaBar and
Belle. Nowadays, it is mostly in the “hands” of LHCb and Belle IT and future upgrades,
to further explore the B system and to offer a window towards the SM. Further exciting
options may arise at the FCC-ee collider (for an overview the reader is referred to Ref. [98]).

3.1 The Phenomenon of Bg—Bg Mixing

Let us have a closer look at BS,BS mixing. This phenomenon describes the fact that
neutral B meson oscillates between its matter and antimatter counterpart before it decays.
Within the SM, the mixing is described by loop diagrams, called box topologies, illustrated
in Fig. 8. Here, we discuss the formalism of the neutral B-meson mixing. For a detailed
review, the reader is referred to Ref. [66] and references therein. We mostly follow Ref. [99]
and the lectures notes presented in Ref. [100].
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Figure 8: Box diagrams contributing to BB in the SM.

3.1.1 Formalism of BS—BS Mixing

Let us assume that we have a Bg—meson state at time t = 0. Here, for simplicity, we refer to
the B state simply as B°. Any differences between B, and By, will be explicitly denoted
by the corresponding quark label. Due to the time evolution, the initial B° state evolves
into the following linear combination:

[B(t)) = a(t) | B°) + b(t) | B) (3.1)

where the states |B?) and |B") have the same mass and a(t), b(t) are time-dependent

coefficients. Introducing B(t) as a state vector:

B(t) = , (32)

1B _pp 4 (D) () (3.3)

dt dt b(t) b(t)
The Hamiltonian H is a 2 X 2 matrix, which can explicitly be written in terms of the mass
matrix M and the decay matrix I' as follows:

l My — 5T Mg — 5T

H=M-1r— , ) (34)
2 May — iTy Myy — iTy

The next step is to solve the Schrodinger equation by calculating the eigenvalues and
the eigenstates. We consider the equation for the determinant:

i i
M_§ —HM12—§F12

, , =0, (3.5)
M3, —51% M — 35—k
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leading to the eigenvalues k:

Ry = M — §F + \/(M:[Q - §F12)(M2*1 - 51_‘;1) (36)

The eigenstates |By) and |By), where H stands for “heavy” and L for “light”, are written
as follows:

|Bu) =p|B°) +q|B?%), (3.7)

|BL) =p|B”) —q|B°), (3.8)

where the p and the ¢ are determined by solving:

M — %F My — %F12 p p
Mg — 505 M —3T q q
Consequently, we obtain the ratio:

My, — LT
4_ 4 21—3217 (3.10)
p Mg — 5T

where we consider |¢/p| = 1, so choosing a convention where C'P |B°) = |B)

3.1.2 Expressions for the Time Evolution

The time-dependent mass eigenstates can be writtten as
|Bu(t)) = e ™ut=at | By (0)) = e 2 (p| BY) + | BY)), (3.11)
BL(t)) = e ™3 BL(0)) = e MR (p | BY) — g | BY)), (3.12)

where the decomposition of the states |BO) and |B°) is:

|B%) = IBH> 1BL)) (3.13)

B°) = 5 (1Bu) = |Bu). (3.14)

Combining the above expressions, we obtaln.

B0 = 55 [e 3| B) - [B) + et | B) — )]
= % <€_imHt—%FHt + €_imLt—%FLt> ‘BO> + 2&}) (6—imHt—%FHt N e_imLt—%FLt> |B0> ‘

(3.15)
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Introducing the functions

gy = % <€—imHt—%FHt + e—imLt_%rLt) , (316)
P % <e—imHt—%FHt _ e—z‘mLt—éFLt> : (3.17)

we can rewrite |B°(t)), and in a similar way |B°(t)), in a more compact way:

[B(1)) = 9.1 [B) + g-(1) | B, (3.18)
B0) = g-(0)  1B) +9:(0) |B”). (3.19)

Denoting the following combination of heavy and light masses as M and the combination
of heavy and light decay rates as I':

M = (my +my)/2, (3.20)
T=Ty+T.)/2 (3.21)

while the difference between heavy and light masses as Am and the difference between light
and heavy decay rates as Al

Am =my —my, (3.22)

Al =T — Ty, (3.23)

the functions g, and g_ are rewritten as follows:

o = %62‘Mt6—1“t/2 <€z‘%Amt o~ YATE | —itamt eiAFt) _ T2 <€mmt/2 %—;mmtﬂ) (3.24)
g = %etheI‘t/Q (ei%Amt o YATE _ —idAm eiAFt) _ T2 <6mmt/2 _261'Amt/2)  (3.25)

In the last equation, for simplicity, we assumed the BY system, where the decay rate differ-

ence is tiny, thus Al'y =~ 0. Due to this, we could choose a phase convention that allowed

us to remove the factor e™*. For the B, system though, the AL, is sizeable.
Consequently, for the simplified case of BY meson, we write:

Amt

gy =e T2 cos ij (3.26)
Amt

g- = e T% jsin ;n : (3.27)
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we finally obtain the expressions for the time evolution of the B® and B%: M

|B°(t)) = e~ Tt/2 (COS % |B%) + isin A;nt % |BO>> ; (3.28)
|B°(t)) = et/ (—i sin Ami g | B) + cos A;nt ‘BO>) : (3.29)

We will utilise these time-dependent vector states later in this thesis to calculate the time-
dependent decay rates and observables.
Having set up the formalism, let us now discuss the parameters which are related to the

mixing phenomenon and which also play important role in our studies.

3.1.3 Mixing Parameters

Associated to the mixing effects are the phases ¢, and ¢, for the B; and the By meson
system, respectively, as well as the mass difference Am, (¢ € {u, s}) and the decay width
difference AT';, which were introduced in Egs. (3.22) and (3.23).

The SM expressions for the mixing phases, originating from box topologies (shown in

Fig. 8), are:
VeaVy ]
SM — 98 = 2ar (—M) = 2tan"! (—) ) 3.30
d 5 g ViVt 1-5 ( )
PM = —26y = —2arg (Vi V;;) = —2X\%7 + O(\Y) (3.31)

We highlight that the ¢5™ phase is related to the 23 UT angle, defined in Sec. 2.5. We also
note that for the ¢%™ phase, the dependence on the apex of the UT is doubly Cabibbo-
suppressed due to the A\? term. These phases are measured through CP violating processes,
which we will discuss in more detail in the next Chapters.

Regarding the mass difference, we have the relation:

Amg = 2| M|, (3.32)
where in the SM the mass element MY, is given as [101]:

2.2
Grmiy

q |SM _
|M12‘ - 127]'2

ma, [VigVaol® So(w¢) 125 B, 3, . (3.33)

Here, G is the Fermi constant, myy is the W mass, mp, is the B, mass, Sp(z) is the Inami-
Lim function [102] describing the top quark mass dependence, 155 is a short-distance QCD

"Tn an analogous way, we would work for the case of the BY system. The only difference is that in the
expressions of g+, we would not be able to set AI' to zero.
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correction factor [103,104], B B, is the renormalisation group invariant bag parameter, and

[B, is the B, decay constant. Since
| M IPM o [Vig Vi, (3.34)

we can rewrite the CKM matrix elements in terms of the UT apex and the experimental
inputs. Using the Wolfenstein parametrisation [69,70], we have for ¢ = d:

ViaVis| = AV v/ (1 = p)2 + 72+ O ('), (3.35)

= AMVa|y/1 =25+ R? (3.36)

= AlValy/1 — 2Ry cosy + B2 + O (\7) . (3.37)

where we have used R? = p® + 7 and p = Ry, cos vy, following the definitions in Sec. 2.5. We
note that |V;qVip|, hence AmSM, depends at leading order on p and 7. On the other hand,
for ¢ = s we have:

VisVio| = [Vaa| [1 - % (1- 2p)] +0 (X%, (3.38)
= |V [1 — %2 (1 — 2Ry cos 7)} +0 (X%, (3.39)

where |V;sVjp|, hence AmEM depends on UT at next-to-leading order in .

All these relations will be very useful in our numerical analysis, allowing us to get
clean SM predictions for the mixing parameters (Sec. 5.4). This is closely linked to the
determination of the UT apex as we will discuss in Sec. 3.4.2. In addition, clean SM results
will help us to explore how much space is still left for NP, as we will present in Chapter 5.

3.2 Weak Decays

Let us now move on to the discussion of the B-meson transitions. As we know, hadrons
decay via the weak interactions. Before discussing specific decays, we firstly introduce the
theoretical tools that we utilise in our analysis and discuss the different categories of the
B-meson decays.

Interactions are represented by Feynman diagrams. These diagrams are powerful tools,
which allow us to have an intuitive description of decay processes by converting them into
mathematical expressions for quantum field theory calculations. Two different topologies
contribute to these decays, allowing us to categorize them into different classes of Feynman
diagrams: “tree” and “penguin” (loop) topologies, as shown in Fig. 9.
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Figure 9: Examples of decay topologies: tree (left), penguin (middle) and box (right).

We mention that there are decays that arise at the tree level at the leading order. On
the other hand, there are transitions, especially those coming from flavour-changing neutral
currents, which in the SM do not arise at the tree level because of the GIM mechanism [3],
but may emerge at the loop level. In addition, there are cases where both trees and
penguins can contribute but the tree contribution is suppressed via a tiny CKM factor,
therefore playing a less important role than the penguins at lowest order. Other examples
are “annihilation” and “exchange” topologies, which are actually types of tree topologies,
as well as “box” topologies. The latter fall under the category of the loop diagrams and
can, for instance, arise along with EW penguins. Fig. 9 provides an illustration of the main
categories we listed here, to give an impression of how these topologies look like.

Classifying according to the final state of the decays, there are three different categories:
the leptonic, the semileptonic and the non-leptonic decays. In the following Sections, we
will explicitly discuss the different dynamics of these decays and illustrate the corresponding
Feynman diagrams. Let us firstly present the way to simplify the weak decays calculations
and then specifically discuss the formalism of the three different decay classes.

3.2.1 Theoretical tools

Starting point of any analysis is to calculate the amplitude of the weak decays of B mesons.
We have to deal with EW interactions, governed by exchanges of W and Z bosons, occuring
at the EW scale, thus corresponding to O(100 GeV), as well as with processes which are
governed by energies of the decaying b quark, which has a mass of about 5 GeV. The various
energy scales characterising the B meson decays suggest that different aspects of QCD are
probed. Therefore, in order to be able to calculate the decay amplitudes at all energy
regimes, it is essential to construct effective field theories.

One can apply an effective field theory picture by integrating out the heavy degrees
of freedom. Low energy-effective Hamiltonians describe the given decays. These effective
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Hamiltonians involve operators and their corresponding coefficients. As we will see in the
following sections, the effective theory is a very powerful tool both in the SM (particularly
for QCD corrections in the category of the non-leptonic decays) and for NP studies. Con-
cerning the latter, effective Hamiltonians provide an efficient way for accounting NP effects
by simply adding new operators into the equation, and allowing short-distance coefficients
of SM operators to take values deviating from the SM.

Consequently, the effective theory approach has two aspects. The first one is to integrate
out the heavy degrees of freedom and to have a description of low-energy processes, allowing
us to look at different quark-level transitions and write the corresponding operators for that.
The second one is to generalise the theory in order to include possible NP contributions. In
the case of extensions of the SM, we examine whether new operators emerge (or not). This
allows us to deal with NP in a model-independent way, thus without specifying a model.
However, if we assume specific NP scenario, one could express the Wilson coefficients in
terms of the parameters of the new theory. Keeping these in mind, we now move on and
discuss in practice how we apply these effective theories, introducing each one of the three

different decay classes separately.

3.3 Leptonic Decays

From the point of view of strong interactions, the simplest class is given by the leptonic
decays. In these channels, only leptons appear in the final state, such as B~ — (v, where
¢ = e, p or 7. The Feynman diagram that describes this process is illustrated!? in Fig. 10.
In the SM, the quarks of the decaying hadron annihilate into a W boson. These decays have
the simplest hadronic structure, since there are no hadrons in the final state. Here, we first
discuss these charged leptonic channels. We also note that there are neutral leptonic decays
of the kind Bg — (T¢~. However, these channels have different dynamics (loop processes)
and we explore them separately. We will explicitly study Bg — ptp~ in Chapter 8.

3.3.1 The Decay Amplitudes and Decay Rates

Applying the Feynman rules, the Feynman diagram contributing in the SM, shown in
Fig. 10, can be converted into a mathematical expression for the transition amplitude.
Thus, we write the amplitude for this decay as follows [99]:

2
AB™ > 9) = = Viafur (1= 0] | 250 | Ot = etz (a0
w

12\We also show the interior gluons in the Feynman diagram.
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Figure 10: Topology for the B-meson leptonic decay in the SM.

where we have two parts: the Dirac spinors for the outgoing leptons, representing the spinor
fields of the fermions as described by the Dirac equation, and the hadronic matrix element,
encoding the physics of strong interactions. Therefore,

Dirac spinors: ey (1 — 35)v,,
hadronic matrix element: (0]ay? (1 — ~5)b| B™).

Furthermore, g, is the gauge coupling of the SUL(2)'3, V,, is the corresponding CKM
matrix element, k is the four-momentum carried by W, My, is the W mass and « and
are Lorentz indices. Due to the fact that k? = M3 < M{,, we can write

1 1 8Gr
- = (R 3.41

TS v = (Va) (34D
“Integrating out” the heavy W boson, Eq. (3.40) is rewritten as:

AB™ = v) = %Vub [@ey* (1 = 75)v,] {O]ava(1 = 75)0|B7), (3.42)

where we used g.57” = Vo. The hadronic matrix element includes all the hadronic physics.

There are no other QCD effects from strong interactions in the final state. The matrix

element can be parametrised as

(Olya (1 = 75)b| B™) = (Olt7a75bl B~) = ifB4a; (3.43)

where fg is the B-meson decay constant, an important input for phenomenological studies
that we will explore further later in our analysis, and g, the four momentum of the decaying
meson. We note that

(Oluyab|B™) =0 (3.44)

13The gauge coupling of the SUL(2) is already introduced in Sec. 2.2.2. Here, to be consistent with the
notation in Ref. [99], we denote it as gs.
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since the B~ meson is a pseudoscalar particle.

Having the transition amplitude available, we can calculate the decay rate I'. The decay
rates describe decay probabilities, and are proportional to the squared decay amplitudes.
In order to derive the decay rates, we have to perform the corresponding phase-space
integration over all components of p, and p, ', denoting the momenta of the lepton and

neutrino, respectively:

’pe d’p,  (2m)" _ 2
b= / (27)32E, (27)32E, 2Ej 0*(ps — pe— o) [A(B™ — (D). (3.45)

The Ey, p terms denote the energy of the particles and the four dimensional delta function
ensures the energy-momentum conservation.

Now, we can also write the expression for the branching ratio, which is defined as:
B(B~™ — (") =1(B™ = (") 18-, (3.46)

where 75- is the lifetime of the B~ meson. In the SM, this quantity, which measures the
probability that a B~ meson decays into the final state £~ 17, takes the following form [105]:

Gt 2 2 m; : 2
B(B™ = (" vg)|sm = —|Vi|"Mp-m <1 - ) fo-TB-- (3.47)
87 ¢ M) P

We note that the mass of the neutrino has been neglected. We highlight the fact that the
branching ratio is proportional to the squared lepton mass, indicating helicity suppression.

What values do we obtain for the branching ratios of the leptonic B decays? Before
answering this question, let us note/summarise here some key points for these transitions.
The leptonic decays of charged B mesons are CKM-suppressed in the SM due to the tiny
value of |V,;| which is proportional to the term A\3. In addition, they are helicity suppressed
since the SM contribution to the decay amplitude is proportional to the square of the mass
of the lepton. The hierarchy of the masses of the electrons, muons and taus is also to be
considered. Due to these reasons, for transitions with muonic and electronic modes, we
obtain very small SM branching ratios, O(1077) and O(1071°), respectively.

More specifically, the decays with muons in the final state have been observed, and for
the B~ — pu~ v, channel the measured branching fraction is [106]:

B(B~ = 17 7,) = (6.46£2.22(stat) £ 1.60(syst)) x 1077 = (6.464+2.74(tot)) x 1077, (3.48)
while for electrons only an upper bound is available [107]:

B(BT — etr,) <9.8x 1077, (3.49)

14We note that in order to derive the decay rates, we apply Dirac algebra relations, summing over the
spins of the leptons in the final state and neglecting the neutrino masses.
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The large mass of the tau makes the helicity suppression ineffective in the B~ — 7v
decays. However, the challenging 7 reconstruction makes this mode difficult to handle
from an experimental point of view. Nevertheless, data for this channel have already been

reported and the corresponding branching fraction is [108]:
B(B™ — 1) = (1.7915:35 (stat) T30 (syst)) x 107*. (3.50)

Considering effects from beyond the SM, NP may lift the helicity suppression, as we will
discuss for neutral leptonic B decays in Sec. 8. Detailed discussions of specific constraints
on NP and SM predictions as well as interpretations in the searches of NP and comparisons
with the SM can be found on Ref. [105].

3.3.2 The Effective Hamiltonian within the SM and beyond

Let us now focus on how the low-energy effective Hamiltonian arises and analyze the pro-
found feature of integrating out the very heavy W boson. We will show in practice how we
make the transition from the full to the effective theory.

Working again with the B~ — (¥ decay, we guide the way towards the theoretical tools
that we apply and which we briefly introduced in the previous Section. The starting point
is the Feynman diagram that describes this process in the “full theory”, which is illustrated
on the left-hand side of Fig. 11. In the “effective theory”, we integrate out the W boson
and the propagator is contracted to a point, illustrated by a blob here. In a more formal
way, we can describe the process by a 4-Fermi operator. As a historical point, we mention
that Fermi did not know where suc operators came from, studying the nuclear § decay in
1933 [109] . However, nowadays, we know that the origin of the charged-current operator
is in the exchange of a W boson, within the SM. Hence we can resolve what it is happening
in this blob, which is illustrated in the diagram on the right-hand side of Fig. 11.

Therefore, at low energy scale we simplify the theory, as certain degrees of freedom can
be integrated out. We highlight again that this is the effective description of a B meson
decay, mediated by the very heavy W boson and this works because the energy release of
the decaying b quark is much smaller than the W mass.

This effective theory description leads to the following effective Hamiltonian in the SM,
which is constructed in such a way that the transition amplitude we presented above can
be calculated through a matrix element of the following Hamiltonian [105]:

4G
Her = TQFqu [Cv, 00 ] +hee. (3.51)

where the four-fermion operator is given by

Oy, = (v Pub) ((, Prve), (3.52)
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Figure 11: Ilustration of going from the “full theory” to an “effective theory”, integrating
out the W boson.

where ¢ = u and we define P, = (1 — 75)/2. Thus, there is only one operator contributing
in the SM.

This concept is very powerful, and even though it might look unnecessarily complicated
for the case of the SM Hamiltonian where only one operator contributes, it becomes very
important in the case where we allow for NP effects. Therefore, if we go beyond the SM
and assume that we have NP entering far above the EW scale, we can integrate out these
heavy NP particles in an analogous way as we integrated out the heavy W boson.

Then we can write the Hamiltonian including NP effects. Here, as an example, we
examine the case of NP contributions on (Pseudo-)Scalar operators. The reason to focus
on new (Pseudo-)Scalar contributions is due to the interesting point that they could in
principle lift the helicity suppression, thereby enhancing the branching ratio. In general
though, the Hamiltonian could have more operators.'>. Therefore, for our specific example
here, following from Eq. (3.51), we obtain

4G
Hog = T;qu [Cy, O, + CLO% + CLOL] +hee. (3.53)

where again ¢ = u and the following four-fermion operators arise:
Og = (gb)(EPrv), (3.54)
Op = (qysb) (LPLvy), (3.55)

which we do not have in the SM. Therefore, the corresponding Wilson coefficients in the
SM take the values Cy, = 1, C§ = 0, C5 = 0. The coefficients C%§, C% allow model-

5Here, for the charged leptonic Hamiltonian in Eq. (3.53), we only show the left-handed current-current
operators and the new (Pseudo-)Scalar ones. However, there could be more, such as the right-handed
operators. Similarly, we can write the Hamiltonian for the neutral neutral leptonic decays, which we will
explicitly show and discuss in Chapter 8, (where the right-handed operators will be denoted as primed).
More details can be found in Ref. [110].
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independent studies of such decays. Moreover, in case of having a specific model, one could
calculate these coefficients and express them in terms of parameters of this model. So, we
have presented a theoretical framework which is very powerful, especially for NP studies,

and which we will use throughout this thesis.

3.3.3 Note: What About Neutral Leptonic B) — £7£~ Decays?

So far, we have discussed the case of charged leptonic decays, which are caused by flavour-
changing charged-current interactions. However, the neutral leptonic decays, rising from
flavour-changing neutral currents, are also very interesting and powerful. The neutral ones
have different dynamics, not arising at the tree level in the SM but only from loop processes,
and are very rare processes. However, they do have similar features. In our studies the rare
leptonic transitions are key players and we discuss them in detail in Chapter 8, highlighting
the points of the helicity suppression and the structure with the B, decay constant, where
all hadronic physics is encoded since, as we have already mentioned, gluons do not couple

to the leptonic final states.

3.4 Semileptonic Decays

In this decay class, both leptons and hadrons appear in the final state. The general structure
is more complicated. Here, both the initial and the final states involve the binding of
hadrons. There are also strong interactions between the initial and final state particles.
Let us consider now semileptonic decays like B — D*/u,, illustrated in Fig. 12, where
we also show gluons, which are responsible for hadronic binding and hadronic effects. Start-
ing from the Feynman diagrams of the b — ¢ case, we write the decay amplitude in a similar

way as in the leptonic case [99]:
2
A(BY = D*vg) = = 2Vylun(1 = 35)0) | 7o | (D [er” (1= 15)b|BY)  (3.56)
8 K2 — M2,
_ GF — +\|= R0
= —= Vo [wry* (1 = 75)v] (DT [E7a (1 — 75)b| By), (3.57)

V2

utilising again that k% ~ M3 < M2,. Taken that (D*|¢y,v5b|BY) = 0, since both D* and
BY are pseudoscalar particles, the transition matrix element can be written as follows [99]:

2 2 2 2
(D Wer B = Fil ) |-+ K)o (T2 22 ) g+ Fe?) (FE 2 ) g

(3.58

where ¢ = p—k. The quantities F(¢?) and Fy(¢?) are form factors of the B — D transitions.

The form factors are non-perturbative objects and, as a result, we cannot calculate them
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Figure 12: Topology for semileptonic B-meson decays in the SM.

in perturbation theory. We notice that in the semileptonic decays, the hadronic matrix
element involves two form factors while in the leptonic case the matrix element depends
only on one decay constant. Therefore, due to these hadronic form factors in the transition
amplitude calculation, the structure of the semileptonic decays is more complicated than
the leptonic case. We note that the following normalisation condition [111] holds, which
can be generalised for all B — P transitions, where P denotes a pseudoscalar meson:

FB=F0) = FE=2(0). (3.59)

This is an important point that we will use for our calculations in the next Chapters.

Having calculated the decay amplitude, we can obtain the expressions for the differential
decay rate, which leads to the full branching ratio once we integrate over ¢*. So, for the
B — D/ly, transition, assuming again the SM, the differential decay rate can be written in
the following form [111-114]:

dl'(B — D(iy) _ G2 |Va> ¢® —m? [(¢* —m2)? 1/2 (m% —m3, — ¢*)? 2 V2
dg? 192m3m3,  (¢?)? q?

[(m} +2¢)(* = (mp = mp)*)(@® = (mp +mp)?) [FEP ()]
+ 3m(m3, — m)? [FF2(¢)]° |, (3.60)

where [V,3| is the CKM matrix element and FP7P(¢?), F£7P(¢*) the form factors for the
B — D transitions parametrising the corresponding quark-current matrix element, as in
Eq. (3.58). We note that a similar expression holds for the B — 7/, modes, where instead
of |Vipl, the |Vip| matrix element enters.

We mention that the expression in Eq. (3.60) is the general one which applies also for the

taus. But since in our studies we are interested in decays only with electrons and muons,
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which are light leptons, we can neglect the lepton masses. Then, we can rewrite the above

equation for the B — P transitions in a more compact way, for m, = 0 [115]:

_ 3
AT(B — Pliy) G|Vl mp /¢ B—P( 2112
_ r o | = B 2 61
dq2 192 71'3 mp mB7 mp [ 1 (q )] ) (3 6 )
where ®(z,y) is the phase-space function, which is defined as:
O(z,y) = V1 — (¢ + 9?1 - (z - y)?]. (3.62)

This decay rate expression is the one we will utilise in Sec. 5.3 and Sec. 6.6. We note that

only the F7"(¢?) form factor survives when we have vanishing lepton masses.

3.4.1 Determining |V,;| and |V,| elements

In our studies, an important point is the determination of the CKM matrix elements, in
particular |V,;| and |V.s|, which are necessary for the extraction of the UT apex, as we will
see in the following Section. Having determined the decay rate of the semileptonic decays,
we discuss how this rate allows us to obtain the CKM elements.

Recalling the differential decay rate expression in Eq. (3.60), it becomes clear that, if
we know the hadronic form factors, we can determine the |V,,| element from the measured
rate. This is actually the method that researchers follow, making use of lattice results'®.
Such determinations of the |V,| element, where for the decay rate measurement, the final
state hadron of the corresponding decay is considered to be a specific meson are called
“exclusive”. This approach can be applied not only to the By — D* transitions which we
examine here as an example, but also to other decay modes coming from the same quark
level transition, for instance B — D*{v or further excited D-meson states.

Consequently, knowing the form factors, one can determine |V,|. However, determining
the form factors is the difficult part. In the 1990s, for the b — ¢ decays, the concept of
heavy quark effective theory (HQET) was developed [116,117], allowing simplifications,
which are applied in the determinations of |V|. The concept of HQET goes beyond the
scope of this thesis and we will not elaborate this framework further. All the form factors
are related to one function, the Isgur-Wise function in the heavy quark limit. This method
works only for b — ¢ case, which is a so-called “heavy to heavy” transition, since charm is
considered to be a heavy quark as well. The form factors are calculated non-perturbatively
and encode all the low-energy hadronic physics information. For their calculations, either
the method of lattice-QCD or the approach of light-cone sum rules (LCSR) is applied. We

16There has been excellent progress in lattice results over the recent years and later in the thesis we will
discuss the form factors in more detail.
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note that lattice-QCD calculations work better at high momentum regions, thus high ¢2,
while LCSR works better at low ¢* regions, so near ¢ = 0 [118].

In an analogous way, we can write the differential decay rate for the b — wfy, tran-
sitions, for instance the B — wfv decays. Knowing the corresponding form factors, we
can determine the CKM matrix element |V,;| from the measured rates. This is again an
exclusive determination since we focus on specific final state meson.!”

In addition to these exclusive determinations, other methods have been developed for ob-
taining the CKM elements. Another approach for obtaining |V,;| and |V;| is the “inclusive
determination”, where the measurement of the decay rate refers to the sum over all possi-
ble final states. We only mention here that concepts like the heavy quark expansions can
be performed and are implemented in the corresponding state-of-the-art calculations [118].

Again, this topic is beyond the scope of the thesis.

The main message of this discussion is that there are different approaches of determining
the CKM matrix elements |V,;| and |V, utilising semileptonic decays: the exclusive and
inclusive determinations. The current experimental values for |V,,;| and |V| using the two
different approaches are the following:

Vi lima = (4.19 £ 0.17) x 1073 [119] , [Viplexar = (3.51 4 0.12) x 1073 [120], (3.63)

Viplimal = (42.16 £0.50) x 1072 [121],  |[Viplexar = (39.10 £ 0.50) x 1073 [120]. (3.64)

Even though these two approaches should yield results that agree with each other, we
observe that tensions arise between the inclusive and exclusive values. More specifically,
the | V| results differ by 3.9 standard deviations and the |V,;| values differ by 4.3 standard
deviations. This is a long-standing issue, and as we will discuss in the following Section,
these deviations have profound impacts on the UT apex extraction as well as in the NP
searches (Chapter 5). They lead to different pictures for the allowed parameter space for
NP in B((JLB(? mixing, making it important to further investigate their origin and eventually
resolve them. So, special care is needed when using the |V,;| and|V,,| matrix elements.

As a final remark, we emphasize again that the semileptonic decays are prime players
for extracting the CKM elements. Another way of determining the CKM elements though
is via the leptonic decays, which we already described in Sec. 3.3. For instance, the decay

of a B~ meson to muon and neutrino, could also be used for such determinations using

1"We note though that contrary to the b — ¢ case, here we have a heavy to light transition. HQET
does not apply in the b — u modes, since it does not seem to work sufficiently when both heavy and light
quarks are involved. In this case, other theoretical tools like lattice QCD have to be used for the theoretical
calculations. We note again that these methodologies are not part of our studies.
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the decays constants as inputs. However, the level of precision in the leptonic modes is not

competitive to the semileptonic ones.

3.4.2 Key Application: UT Apex Determination Through R, and ~

The Unitarity Triangle (UT) plays a central role in our studies. Determinations of the
UT parameters mainly result from global UT analyses [122,123]. However, these analyses
include inputs which could be affected by NP contributions in Bg—Bg mixing. Therefore,
we cannot rely on them in order to obtain the SM predictions. Instead, we have a careful
look at the analyses of the determination of the apex of the UT following our studies in
Refs. [81,124]. The extraction of the UT apex is a key application of the semileptonic de-
cays. Here, we present the impact of the tensions that arise between inclusive and exclusive
determinations of the CKM matrix elements |V,;| and |V|. The knowledge of the UT apex
is needed for SM predictions of the BJ-BY mixing parameters, namely the CP-violating
phases ¢, and the mass difference AM,. As we will see later in our studies, the SM predic-

tions are crucial in order to explore how much space for NP is available.

Following our analysis in Refs. [81,124], we choose to extract the apex of the UT relying
only on two observables, the UT side R, and the angle v, trying to keep possible contam-
ination of input parameters from NP effects to a minimum level®®. Let us discuss in more
detail how we determine the UT apex in this case.

First of all, the R,, defined in Eq. (2.63), depends on the CKM elements |V, and |V
Therefore, knowing |V,;| and |V| from semileptonic decays allows us to fix the R} side of
the UT. More specifically, we can fix a circle in the p — 7 plane with radius R, around the
origin. Using in addition information on 7, we can determine the apex of the UT, since:

p+in= Ry €. (3.65)

As Ry, depends on |V,,| and |V, it is affected by the tensions that arise between the
various theoretical and experimental approaches. We will present the values separately
for the inclusive and the exclusive case below. Trying to better understand the situation
[125—-128], a third possibility is used, where we combine the exclusive |V,;| with the inclusive
|Vap| value, referring to this scenario as hybrid. As a result, in our analysis, we use and
explicitly show our results for the inclusive, exclusive and hybrid cases.

Making use of Eq. (2.63), we have all input parameters available and we calculate the

8Here, we only use tree charged-current processes.
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Determination p n
Inclusive 0.160 4+ 0.025 0.404 4+ 0.022
Exclusive 0.144 4+ 0.022 0.365 £ 0.018

Hybrid 0.134 4+ 0.021 0.338 £0.017

Table 2: Values of the UT apex p and 7 for the inclusive, exclusive and hybrid case.

Ry, side for the three cases, finding;:

Ry ine = 0.434 4+ 0.018 , (3.66)
Ry excl = 0.392 4 0.014 | (3.67)
Ry pybria = 0.364 £ 0.013 . (3.68)

The inclusive differs from the exclusive result by 2.4 standard deviations. The hybrid value
differs from the inclusive by 3.7 and from the exclusive by 1.5 standard deviations.
Regarding the angle ~, we use the numerical value:

Yavg = (68.4 £ 3.3)°, (3.69)

which is an average value coming from determinations on the one hand, from B — DK
decays and on the other hand, from an isospin analysis of B — 77, pm, pp modes. Here, we
only present this value since it is necessary for pinning down the UT apex. However, as this
angle plays an important role in our studies, we will discuss in detail in the following Chap-
ters how we determined it through the different decay processes and what its implications
are in studies of CP violation and NP effects.

Having the numerical values for the angle v and the R, side for the inclusive, exclusive
and hybrid case, we can perform a fit and we finally obtain the coordinates (p, 77) of the UT
apex [81]. We note that the analysis in Ref. [81] was performed in collaboration with K.
De Bruyn, who brought to our attention and utilised the GammaCombo framework [129],
in order to produce the corresponding plots. Following these lines, we obtain results for p
and 7, which are presented in Table 2 for all three cases.

To visualise the results, we provide an illustration of these solutions in Fig. 13 using
the “Mathematica” tool [130]. The green contour represents the -y value, the orange band
shows the R, side and the yellow region indicates the area where v and R, contours overlap.
The contours are shown for 39% confidence level (CL) and 87% CL. The top plot corre-
sponds to the inclusive case, the middle to the exclusive and the bottom plot to the hybrid
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Figure 13: UT apex determination using the angle v and the side R, for the inclusive,
exclusive and hybrid case. The plots show the angle v (green), the side Ry, (orange) and the
overlap region between these two observables (yellow). The hyperbola |ex| (blue contour)

is also illustrated for comparison [81].
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case. The same plot also presents the |e x| hyperbola (blue contour), which we discuss below.

The parameter |ek|

Most of the observables that constrain the UT apex originate from B decays. However, the
lex| observable describes “indirect” CP violation in the neutral kaon system. This is the
observable where CP violation was discovered in 1964. This indirect CP violation comes
from the fact that the mass eigenstates K7, s of the K° system, characterised by the K°—K°
mixing phenomenon, are not CP eigenstates. More specifically, the state K7, is dominated
by the CP-odd eigenstate, but it also has a tiny admixture of the CP-even eigenstate. The
latter may decay into the final 777~ state via CP-conserving interactions. Review on the
topic can be found for instance on Refs. [131-133].

In this thesis we focus on decays of B mesons but not on the kaon system. However,
the |ex| parameter provides interesting insights in our analysis. Therefore, we provide the

formalism, which is needed for the numerical analysis.

Formalism

The SM expression for ek is given by [134]:

2 2 2
N Gemyymi fi

el = S R e B Va0 (Va1 = ) e S(a) = i S(ae )] (370
K

where we note the strong dependence on the |V;| value, since it is proportional to the square
and fourth power of the |V,,| element. Here, we have Gy = 1.1663787 x 10~'* MeV 2 [66],
which is the Fermi constant, my, and my are the W and kaon masses, respectively:

my = (80 377 £12) MeV [66],  my = (497.611 +0.013) MeV [66], (3.71)

the kaon decay constant frx = (155.7 £0.3) MeV [135], the mass difference between the
K2 and K} mass eigenstates Amy = (0.005289 + 0.000010) ps~' [66], and the kaon bag
parameter Bi = 0.7625 & 0.0097 [135]. The parameter s, = 0.94 + 0.02 [136] is a multi-
plicative correction factor coming from long-distance contributions that are not included in

the kaon bag parameter. The functions
S(xy) = So(zy) + So(ze) — 2S0(ze, 74) S(xe, xy) = So(e) — So(xe, T4) (3.72)

are combinations of the Inami—Lim functions (coming from box topologies) given by [102]:

1 9 3 372 Inz;
Solwd) =@ | 3+ {00y T30 w20 —m)] (373)
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T;T 5 1 3 3
S irlj) = — n - Inz;
o(@s, 73) = T— z; {4 =) A= xi)Q] e
.Z'jl'i 1 3 3 3$ix_j
|- — Inz; — 3.74
S s ) M gy O
where z; = [m;(m;)/mw]” with i = ¢,t and 7m;(/m;) is the running mass of quark i in

the MS scheme (a renormalization scheme) evaluated at the scale (m;). For the charm
quark we have m.(m.) = (1.278 £0.013) GeV [135]. For the top quark, for which we
have m; = (172.69 £ 0.30) GeV [66], the pole mass (value observed experimentally) is
converted into m(m;) = (162.19 + 0.30) GeV, using the RunDec tool [137,138]. We
note that for the latter case, we ignore light-quark mass effects and use experimental
data for the mass of Z boson my = (91.1876 4+ 0.0021) GeV [66] and the QCD coupling
as(mz) = 0.1179 4 0.0009 [66]. Last but not least, ni", n; and n,; are correction factors
to S(z;) and S(w., ) [134,139]. The factor nE"v = 0.990 + 0.004 [139] shows the im-
pact of next-to-leading order (NLO) electroweak corrections based on the first calculations
of two-loop electroweak effects on ex. The factor n,; = 0.550 & 0.023 [134] parametrises
the QCD corrections and is known to next-to-leading-logarithmic (NLL) precision. The
N = 0.402 £ 0.005 [134] is also due to QCD corrections and is known to next-next-to-
leading-logarithmic (NNLL) precision.

Numerical Values

Following from Eq. (3.70), the measured value of the CP-violating observable |ex| in the
SM describes a hyperbola in the p — 7 plane:

ek
g A—Bp

(3.75)

We obtain the SM predictions, utilising the inclusive, exclusive and hybrid values of p and
7 given in Table 2. Since |ex|sy depends only on |V,|, the inclusive scenario also covers
the hybrid one. Therefore, the SM values are:

lex|sm = (2.54 £0.22) x 107%  Inclusive/Hybrid, (3.76)

lex|sm = (1.74 £0.15) x 107%  Exclusive. (3.77)

Regarding A and B, the values for the inclusive (thus also hybrid) and exclusive cases are

given as follows:

A=(6944040) x107*, B =(511+£0.35) x 107*  Inclusive/Hybrid,  (3.78)

A=(536+032)x 1073, B=(378+027)x 107>  Exclusive. (3.79)
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Let us now compare these SM predictions with the experimental value [66]
lex| = (2.228 4 0.011) x 1072, (3.80)

We observe that this result differs from the inclusive /hybrid case by 1.4 standard deviations
while it differs from the exclusive case by 3.2 standard deviations. Even though there seems
to be a preference for the inclusive/hybrid case, the uncertainty on the SM value is not
sufficient to draw conclusions.

Fig. 13 shows that the blue contour, indicating the |ex| observable, lies below the yellow
region (overlap area between v and Ry) in the inclusive scenario, while it is completely above
the yellow region in the exclusive case. On the other hand, in the hybrid determination, the
contour lies between those of the inclusive and exclusive cases while overlaps completely
with the yellow solution, giving the most consistent picture of the UT apex within the SM.
This illustrates again the strong dependence on |V|. In the future, it will be interesting to
see how the interplay between |e x| and the UT will evolve and this could help to understand
the tensions between the inclusive and exclusive determinations of |V,;| and |V

3.4.3 Impact of New Physics in Semileptonic Decays

Discussing the impact of NP in semileptonic decays, we generalise the low-energy effective
Hamiltonian to allow for NP effects'? as in Eq. (3.53):

AG
Heg = T;vqb [Cy, O, + CLO% + CHOb] +hec. . (3.81)

Similarly to the leptonic case, there is only one operator contributing in the SM, the Of/L,
indicating that the construction of the effective theories is convenient in the NP searches.

We would like to mention here that an interesting point related to the tau semileptonic
modes is given by the ratios of the branching fractions of the decays with taus with respect
to decays with muons or electrons. We have the ratios R(D) and R(D*) defined as follows:

_ B(B — Drv,)
R(D) = B(B — Dly,)’ (3:82)
R(D") = B(B — D*tv,) (3.83)

B (B — D*KV@) ’
where ¢ = e, u. These ratios are excellent tools to test lepton flavour universality (LFU) in

charged-current processes. The SM predictions are very precise, since there is a minimal

19Tn the most general case, there could be more operators, thus right-handed as well as tensor operators
can also be included. Here, we focus again on the (Pseudo-)Scalar contributions similarly to Eq. (3.53).
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Figure 14: Overview of measurements of the R(D) and R(D*) ratios [11].

dependence on the form factor®® of the B — D®) transitions and they do not depend at all
on the |V,| matrix elements. The corresponding HFLAV predictions are [11]:

R(D)gy = 0.298 = 0.004 (3.84)
R(D*)su = 0.254 + 0.005. (3.85)

These ratios have been measured by BaBar, Belle and LHCb collaborations and the

current world average is given as follows [11]:
R(D) = 0.339 £ 0.026 £ 0.014 (3.86)
R(D*) =0.295 £ 0.010 £ 0.010. (3.87)

We note that a new measurement of these ratios has recently been reported by LHCb [140]:
R(D) = 0.441 £ 0.060 + 0.066 and R(D*) = 0.281 4 0.018 £ 0.024. This has not yet been
included in the current HFLAV overview in Ref. [11].

Comparing the theoretical predictions with the experimental world averages, there are

tensions up to the level of 3.3 0. An overview?! of all the measurements of these ratios as well

2ONeglecting the lepton masses for the semileptonic decays later on, there is only one form factor con-
tributing, while for the taus, due to their heavy mass which cannot be neglected, there are two form factors
entering. Thus, comparing the tau mode (with two form factors) with the muon or electron modes (having
one form factor), in the R(D(*)) ratios the form factors do not fully cancel but they are still considered to
be very robust theoretically.

21 An alternative illustration is provided in Appendix C.
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as the SM predictions are given in Fig. 14. In this thesis, we are not exploring further these
ratios. However, it is a very intriguing topic, and as in NP studies it is usually assumed that
NP enters via the tau leptons, these ratios serve as an excellent probe for physics beyond
the SM. This is due to the fact that semileptonic decays with taus in the final state, can
be sensitive to NP effects due to their large mass. Thus, in the future it will be important
to further study these modes. Last but not least, we mention that B — K®)/¢T¢~ modes
offer also interesting probes for tests of LFU in FCNC processes [141-146].

3.5 Non-leptonic decays

In this category, the final state consists only of hadrons. Therefore, the hadronic sector here
is much more complicated in comparison with the leptonic and the semileptonic decays. The
hadronic effects are very difficult to handle, making these transitions the most challenging
B decays. The process describing the non-leptonic decays is given as follows:

b— q1q2d(s) where q1,q2 € {u,d,c,s}. (3.88)

Regarding the Feynman diagrams of the non-leptonic B decays, there are three different
cases depending on the flavour content of the final state. We observe that in the case the
quarks ¢; and ¢, are not the same and they are either u or ¢, only tree topologies appear.
In the case where the quarks ¢; and ¢y are equal and are either u or ¢, then we have both
tree and penguin diagrams contributing. In the last case, if again the quarks ¢; and ¢
are equal but they are either d or s, only penguin diagrams contribute. Fig. 15(a) depicts
the tree topologies, Fig. 15(b) shows the QCD (gluonic) penguin, while Fig. 15(c) and (d)
illustrate the electroweak (EW) penguins.

The examples in Fig. 15 can also help us to understand better the terminology which is
used regarding the Feynman diagrams. Thus, the tree diagrams include no loops?? whereas
the penguins are the loop topologies, where the W boson reconnects back to the quark line
from which it was emitted. There are two kinds of penguin diagrams, the QCD penguins,
where the gluon is the emitted particle from the loop, and the electroweak penguins, where

the emitted particle from the loop is either a photon or a Z boson.

3.5.1 Operator Product Expansion

Our starting point for the challenging case of non-leptonic B decays is to use again the low
energy effective Hamiltonian H.g¢ framework. The tool we use in order to calculate this
Hamiltonian and deal with effects of strong interactions of QCD is the “Operator Product
Expansion” (OPE) [147-149]. Applying the OPE,

22Tn tree diagrams, the W boson leads to a different quark line than the line that starts out as b quark.
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Figure 15: Topologies for non-leptonic B decays: (a) tree diagrams, (b) QCD penguins, (c)

and (d) EW penguins.

e the exchange of the very heavy W boson can be approximated to a point-like four-

quark interaction and

e the local four-quark operator is interpreted as a four-quark interaction vertex with

the Wilson coefficient being the respective coupling constant.
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As a result, the low-energy effective Hamiltonian takes the schematic form:

Her x G Z C;(1t) x O; + terms suppressed by (1/M3,), (3.89)

where p indicates the renormalization scale, which separates the regimes of low energy from
the high energy regimes [116]. The C;(u) coefficients refer to the short-distance effects and
include all the QCD interactions above the scale u. On the other hand, we have the O;
operators and when calculating the amplitude of a specific decay process, we have to deal
with the hadronic matrix elements. They refer to the long distance effects and include the
low energy contributions below the scale p. The short-distance part is the one that can be
calculated in perturbation theory. However, the long-distance part, referring to the matrix
elements, requires non-perturbative techniques. The situation though is already simplified
compared to the original case, allowing for a systematic framework to calculate and include
higher-order QCD corrections. An illustration of the different energy scales for the B-meson
decays is given in Fig. 16.

In a nutshell, the OPE technique allows us to separate the short-distance part or the
high energy scale part, where we can make perturbative calculations in QCD, from the non-
perturbative part of QCD, which leads to the hadronic binding and which in perturbation
theory we cannot calculate, therefore non-perturbative methods are required.

Writing the low-energy effective Hamiltonian for the non-leptonic decays in a formal

way, we obtain:

Her = —=Ackm Y Cr(i)Qx, (3.90)
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where the transition matrix element is:

(f [Hett] ) ACKMZCk ([1Qk(p)| ). (3.91)

Here, f and i denote the final and initial state, respectively, Acxm is @ CKM factor, C ()
are the Wilson coefficients, which are the perturbative quantities, and the (f|Qx(u)|7)
denote the hadronic matrix elements, which are the non-perturbative objects. We highlight
that the quantity @) is a local operator arising from both QCD and EW interactions while
the coefficients Cy(u) are couplings related to the vertices described by the corresponding
Q-

Taken that non-leptonic B decays may have both tree and penguin topologies, we have

many more operators compared to the leptonic and the semi-leptonic decays:
° Q{T and QZ}: current-current operators
o (%, ), Qt and QQg:  QCD penguin operators
o ()%, Q%, Q5 and Q],: EW penguin operators,

where r € {d, s} and j € {u,c}. The structure of the operators is given in Appendix B.
The effective Hamiltonian takes the following form:

_Gr [Z f ]b{ZCk Q”+ZCk }] , (3.92)

=u,c

and applies to any non-leptonic B decay in the SM.

How did we derive the H.g for the non-leptonic decays?

Let us use as an example the pure tree decay B} — K~DT. Note that in terms of
colour flow, the tree topologies are divided into two categories: colour-allowed and colour-
suppressed ones. In the colour-allowed tree diagrams, the quark and antiquark pair, which
is generated by the W boson, end up in the same meson, while in the colour-suppressed
trees, the quark and antiquark coming from the W end up in different final mesons. An
illustration of these Feynman diagrams is given in Fig. 17, where the left plot corresponds
to the colour-allowed tree topologies, using the B} — K~ DT decay as an example, while
the right plot refers to the colour-suppressed tree topologies as seen in the B — D°x°
decay. It becomes clear that at the leading-order Feynman diagram in the colour-allowed
case, the colour indices of the K~ meson and the BY-D* system run independently from
each other. So, there are two independent colour degrees of freedom in the colour-allowed
case (denoted as « and ), while there is only one in the colour-suppressed (« index).
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do

o
k? 5
— <1 o
— My, Ut
W R"B u
b S, . b 02
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Figure 18: Effective theory picture: Integrating out the W boson leads to the effective
theory with the four quark operator O,. We note that the indices o and [ are colour
indices of the SU(3)¢ group.

Let us continue with exploring the B} — K~ D™ transition. As previously, applying the
Feynman rules, we evaluate the transition amplitude in the SM (using the notation of [99]):

2

D, — g * o gV —

ABY - K D%) = — nguchb (57" (1 — ~5)u] {—/& = ?\42 ] [Ev*(1 — 5)b] . (3.93)
w

Due to the fact that k*/M3, < 1, as we have already seen before, we integrate out the

[ 8G’F >
- = — | —= | 9uu, 3.94

thus we move from the full theory to the effective one, obtaining the four quark operator

heavy W boson:

Os. A depiction of this process, which is now described by the current-current operator
O3 = [8a7u(1 — 5)ua] [Gs7" (1 — 75)bg] , (3.95)

where the @ and § indices denote the colour of the SU(3)¢ gauge group, is given in Fig. 18.
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Figure 19: Impact of factorizable QCD effects, going from the full (left plot) to an effective
theory (right plot).
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Figure 20: Impact of non-factorizable QCD effects, going from the full (left plot) to an
effective theory (right plot).

Therefore, we obtain the following effective Hamiltonian:

Heff - \/— us Cb [Sa’}/#(l 75)Ua] [Cﬁ’}/ (1 - 75)1)5] \/— us bOQOQ (396)

Let us now explore the impact of QCD, due to the exchange of gluons, since so far we
have not included QCD corrections. There are two cases:

e factorizable QCD corrections, depicted in Fig. 19. These effects result in the Wil-
son coefficient 5y acquiring a dependence on the renormalization scale p, therefore

02(/’L> 7£ 17 and

e non-factorizable QCD corrections, depicted in Fig. 20, which lead to the generation

of a second current—current operator O, and the renormalization of the operator O,.
The O; operator is defined as

O1 = [Savu(1 = 75)ug] [e57"(1 = 75)ba] - (3.97)
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Finally, we may write the low-energy effective Hamiltonian in the following form:

Gry,
eff — \/— us Cb

or in a more compact and general way:

_Gr [Z fe ﬂ,{Z(Jk QW}] (3.99)

=u,c

H [C1(1)O1 + Cy(1)O4] (3.98)

This expression is in the form of Eq. (3.92), taking only tree topologies into account (pur-
ple part). The Wilson coefficients () and Cy(p) [150-152] can be calculated through
“matching” between the full and the effective theory. More specifically, the first step is
to calculate the QCD corrections both in the full theory, explicitly considering the W ex-
change, and in the effective theory, where the W boson is integrated out. Then we express
the transition amplitude, as presented in Eq. (3.91), in terms of the Wilson coefficients and
the matrix elements which are now QCD-corrected.

We highlight that the results for the Wilson coefficients Cy (1) contain log(u/My, ) terms
which become large for renormalization scales u in the GeV regime, thus for p = O(my),
which is the scale that governs the hadronic matrix elements of the operators O. So,
what should we do? Utilise the renormalization-group improved perturbation theory. The
transition matrix element (f |Heg|7) cannot depend on the chosen renormalization scale p.

This implies a renormalization group equation:

d
— off| ) = 0. 3.100
e (F e ) (3100)
Its solution can be written in the following form:
C7(#) = U(% My ) - C_;(MW)7 (3.101)

where the initial conditions of C (My) describe the short-distance physics at high-energy
scales. Through Eq. (3.101), the following terms of the Wilson coefficients can be system-
atically summed up:

{log (J\ZV)T (LO), a” {log (MLWHM (NLO), .. . (3.102)

As this goes beyond the scope of our analysis, the reader is referred to Ref. [104] for a
detailed discussion.

Continuing with the expression of the effective Hamiltonian, our final step is to move
forward and allow for penguin topologies to enter. Therefore, having both tree and penguin
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contributions, the operator basis is further enhanced. Recalling the unitarity of the CKM
matrix, we apply the relation:

ViVao + VoV +ViVie =0 (r € {d, s}). (3.103)

The top quark, just like in the case of the W boson, is a heavy degree of freedom. Therefore,
both the W boson and the top quark, which enters through penguins, are integrated out,
as well as the Z bosons. Consequently, we obtain the expression we have already shown in
Eq. (3.92), which we repeat here:

_Gr LZ . jb{ZCk QJ’+ZCA 10 }] (3.104)

=u,c

where the blue part refers to the penguin contributions. We highlight once again that the
effective Hamiltonian is the prime theoretical tool for the analysis of the weak decays and
the neutral meson mixing phenomenon, not only for the B mesons that we are interested
in for this thesis but also for the kaons and the D mesons.

Formalism of Decay Amplitudes

Since we have presented the low-energy effective Hamiltonian, we can also provide the
formalism for the decay amplitudes for both the B — f process, where f denotes the final
state, and the CP-conjugate process B — f. Applying Eq. (3.104), we obtain:

A(B = f) = (f[Henl B)

- [Z r gb{ZCk(uNle” )| B) +ch )(f|Q5( )\B)} , (3.105)
A(B = f) = (f|Hl|B)
- LZ VirV; {ch )(f1Q3 ()| B) +ch (1@ ( )|B>} (3.106)

These are the most general expressions in the SM. We will explicitly make use of these
important relations in our studies of CP violation, as we will discuss in detail in Chapter 4.
3.5.2 The Concept of Factorisation

As we mentioned, the non-leptonic decays are very challenging due to the hadronic effects.
When we want to calculate a transition amplitude specifically for a given decay, we face the
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problem that now we have to calculate matrix elements of four-quark operators®®. These
are very complicated objects. So, how can we handle them?

A very important concept that helps us to deal with such decays with involved dynamics
and derive the non-leptonic B decays amplitudes, is the framework of “factorisation”. More
specifically, the hadronic matrix elements of four-quark operators are factorised /separated
into the product of hadronic matrix elements of quark currents [153]. There are decays like
B — D transitions, that factorisation is really intuitive and is the most obvious strategy.
The main advantage is that the theoretical description of the decay amplitude calculation
gets simplified. In the factorised expressions the decay constant for the decay products
(mesons in the final state) are involved as well as the form factors, which we obtain from
semi-leptonic decays.

We note that factorisation is not a universal feature but is process dependent. The
concept of factorisation plays central role in our analysis. We will explicitly make use of
this tool in Chapters 5 and 6, and further elaborate on the formalism. We already highlight
here that there are decays where factorisation is expected to work very well, as in the case
of “colour-allowed” b — ¢ transitions. Key example in this category is the B — DF K~
decay, which is one of the main transitions we study in this thesis. We will discuss this
channel in Sec. 6.5. On the other hand, in colour-suppressed decays, it is expected not to
work so well. An interesting example in this case, is the B — J/¢Kg decay which we will
discuss in Sec 5.2 and Sec. 5.3.

Factorisation and colour-allowed decays

Let us now see in practice how we may factorise the hadronic matrix elements. For this
purpose, we once again make use of the BY — D* K~ decay, utilising the Feynman diagram
in Fig. 21. We firstly have to calculate the transition amplitude. We encounter the hadronic
matrix elements of the operators O;2. We need to consider the SU(N¢) colour-algebra
relation [99]:

a a 1 1
aplys = 5 (5@5% - N_C(Sozﬁfsv&) (3.107)
1 1 0ap0~s
a0 — = 22800 1
which allows us to write the operator O; as:
1 e o
Or = N_(302 +2 (SaTaﬁuﬁ)V—A (C’YTvébé)va‘ (3.109)

23In the case of semileptonic decays, the matrix elements literally factorise automatically as the gluons
do not “talk” with the lepton antineutrino pair. However, this is not happening in the non-leptonic case
due to the gluon exchanges between the quarks in the final states.
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p+

Figure 21: Feynman diagram for the BS — D* K~ decay within the effective theory.

Here, for completeness, we note that one can straightforwardly show that this is the ex-
pression of Oy by simply plugging Eq. (3.108) into Eq. (3.109):

1 1 1.1
O1=—05+ =2 <§a(5a5u ) <5 ) b(;> - —2— (Ea 008l ) (E 1) 5b5)
1 NC 2 2 N B VoA w VoA 2 NC BYB VoA i VoA
1 B _ 1 , _
=Nt (e s va V( ¢ bva— w (o te )vav( & by )y oy
- Lo+ 0 ! 0 (3.110)
- NC 2 1 NC 2- .

Therefore, rearranging the operator and utilising the colour algebra relation for SU(N¢),
we can rewrite the operator O as in Eq. (3.109). This allows us to obtain the amplitude:

_ G C _
(D ) = SV (4 + Co ) (6D (S alcatady 4|2
V2 Ne
+2C (K™ D*¥|(54 Tgg ug)v-a(ey T bs)v-a| By |- (3.111)
We introduce the important quantity a;:

a = — + CQ ~ 1, (3112)

which is the phenomenological “colour factor” governing the “colour-allowed” decays.

We can now factorise the hadronic matrix elements as follows:
(K~ D*|(Sata)v-a(€sbs)v al By ltact = (K| [5a7u(1 = 75)ua] 0) (D] [e57"(1 — v5)bs] | Bg)
=ifx x FP7PNME) x (M3 — M2), (3.113)

where fx is the kaon decay constant, F° 2)(M2) is a hadronic form factor and (M2 —M?3)

refers to the kinematical factor. Regarding the second term in Eq. (3.111), we notice that
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it vanishes in factorisation:

(K~ D*|(80 Ts up)v-a(ey T bs)v-al Ba) ;..

= (K |(5a Ts ug)v-al0)(D*|(e, T bs)v-al By) = 0, (3.114)

as the mesons are colour-singlets, thereby implying that « = § and v = 0. The T35, T
are traceless and as a result the above term vanishes.

Factorisation and colour-suppressed decays

So far, our working example is the “colour-allowed” tree decay B} — D*K~. Moving to
the case of “colour-suppressed” trees, such as the B — D%7® mode shown in Fig. 17 (right
plot), we can repeat the same steps in the decay amplitude calculation, keeping in mind
that now in Eq. (3.111), instead of the quantity a;, the following combination is introduced:

C
ay = Cy + —= ~ 0.25. (3.115)
Nc
The ay parameter is the “colour-supprression” factor. In this case, there is only one colour
index, running the whole Feynman diagram. A more formal description of the as factor
will be presented in Sec. 5.3.1.

3.5.3 Remarks Concerning the Colour Factors: The pu dependence

The Wilson coefficients depend on the renormalization scale p?f. When calculating the
whole matrix element, the transition amplitude does not depend on p. The factorised
hadronic matrix element in Eq. (3.113) is a p independent quantity. This shows that
factorisation can not be exact. It also indicates that the p dependence should come from
non-factorisable effects. So, the interesting question, studied by Buras in Ref. [154], is to
explore how the phenomenological coefficients depend on p. The a; combination is very
robust with respect to the p dependence while the as is very strongly dependent on the
renormalization scale. From this observation, one can already see that factorisation for
colour-allowed decays are on much better ground than in the colour suppressed decays. A
detailed analysis can be found in Ref. [155].

24Regarding the Wilson coefficients, we note that renormalization scheme dependence arises at the next-
to-leading order. Calculating the overall amplitude, it is the scheme dependence of the matrix element
which ensures that finally this dependence cancels out.
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3.5.4 Developments Beyond Naive Factorisation

We note here that the concept of factorisation has a long history [153,156-160]. Originally,
it simply started as the separation of the hadronic matrix elements of four-quark operators
into the product of hadronic matrix elements of quark currents. This “naive factorisation”
can be justified in weak decays in the large- N limit [156,161-163]. Phenomenologically, it
was a very important concept to deal theoretically with non-leptonic decays. Developments
around 2000 led to the concept of “QCD factorisation” (QCDF) [164,165]. This framework
puts factorisation on a more solid ground for certain decay classes, providing the formalism
to obtain the decay amplitudes in the heavy quark limit.
QCDF applies to B meson decays of the following kind:

B - Ml{Heavy or Light} M2{Light} (3116)

where the meson M o MEh iles up the spectator quark. The corresponding decay

amplitude in QCDF takes the following form:
A(B — M M,)|qepr = (Ms|(2|0)(My|¢1|B) x [1 + non-factorisable corr. + O(Aqep/ms)],

N J/

[naive factorisation] [hard scattering picture] (3.117)

where (; o are bilinear quark currents. In this approach, in addition to naive factorisation,
one can also calculate non-factorisable corrections within a hard scattering picture utilising
the heavy quark limit?>. These non-factorisable effects are determined through perturbation
theory. On top of these, there also other non-factorisable effects of non-parturbative nature
which may arise at Aqgcp/mp, where Aqep denotes the scale parameter of QCD. These
terms appear as power corrections in Aqep/my, giving rise to the main limitations of the
theoretical accuracy.

Closely related to QCDF is the framework of the soft collinear effective theory (SCET)
(166, 167]. SCET is simply speaking an alternative formulation of QCDF, which is very
important in studies in collider physics. For completeness, we mention that further inter-
esting approaches have been developed such as the perturbative hard-scattering technique
(PQCD) for non-leptonic decays [168,169]. These frameworks go beyond the scope of this
thesis, thus we will not further elaborate on them.

3.5.5 Prime Strategy: Ratios with Partner Semileptonic Decays

In addition to determinations of the CKM elements, the semileptonic channels are also
useful in other applications. They are particularly of key importance in the analysis of

25Simply speaking, the hard scattering picture refers to the exchange of high energetic gluons, called
“hard gluons”, in non-factorisable Feynman diagrams, where perturbation theory would still apply.



3 B MESON SYSTEM 65

non-leptonic decays. One of our goals is to determine the colour factors |ay|, |as| from
the data and to have a reference to check how well factorisation works. The calculation
of the non-leptonic decay rates depends on CKM matrix elements and on hadronic form
factors, arising in the factorisation approach. Thus, it becomes important to minimise
their impact. For this purpose, the semileptonic modes can be used in order to create
ratios with the branching fractions of non-leptonic decays [170]. These ratios indeed allow
us to minimise the dependence on both:

o |V,| and |V| matrix elements and
e hadronic form factors,

while determining the colour factors and testing the factorisation hypothesis.

Consequently, we create ratios between the non-leptonic B decays and their partner B
semileptonic transitions. For the non-leptonic channels, we utilise the decay rate I', and
knowing that T' oc |Agaet|?, we consider the expression of the factorised decay amplitude.
Similarly, for the semileptonic modes, we recall the expression of the decay rate in Eq. (3.61).
We point out again that for these determinations we only refer to semileptonic decays that
involve electrons or muons, which are well measured, but not to taonic modes. We will
explicitly use this methodology with the ratios of semileptonic decays and provide the
corresponding formalism in Sec. 5.3 and Sec. 6.6.

3.6 Reserved Threads: Insights on New Physics in the B System

The final topic we introduce to complete our presentation of the B-meson system is the
impact of NP. Searches of possible hints from beyond the SM will be explored and explicitly
discussed in the next Chapters. Here, we briefly present the status of NP searches and
discuss in a heuristic manner how NP effects may enter in the B-meson decays.

One can search for NP particles directly at the high-energy frontier, as done by ATLAS
and CMS at the LHC. So far, no new particles have been found. As an illustration, a plot
by the ATLAS Collaboration [171] is given in Fig. 22, showing limits on masses of NP
particles, arising in a plethora of different NP models. These are mapped out by assuming
specific models — resulting in exclusion limits. Similar plots with bounds for direct NP
searches are also provided by CMS.

In this thesis though, we follow a different approach. As already mentioned in Chapter 1,
we use precision physics and search for indirect signals of NP. We can probe much higher
energy scales than directly at colliders. NP particles, too heavy to be directly produced,
could still leave their footprints on these decays and rare processes. In this case, we would
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Figure 22: Exclusion limits (95% CL) for direct searches of NP with ATLAS [171].

get deviations between the theoretical predictions and the experimental measurements,
thereby indicating the presence of NP.

So, more specifically, we assume that we have very heavy NP entering, far beyond the
EW scale?®. In an effective field theory picture?” the heavy degrees of freedom of NP would
be integrated out. In the low-energy effective Hamiltonian, these NP effects would then

only be manifested through:
i) the Wilson coefficients of SM operators, taking values different from the SM or

ii) new operators, which might arise and which we do not have in the SM. However, no
new particle fields would be present in these operators.

26We assume that NP is very heavy, otherwise we would have seen it
27 As we discussed for the SM how the W, Z bosons and top quarks are integrated out, the same can be

done for NP particles.
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We emphasize that this powerful effective field theory approach is a model-independent
method.

Why do we prefer model-independent searches?

Alternatively, one could utilise models. Such models can also be applied on given flavour
processes and one can calculate everything in terms of parameters of these models. Thus,
one can use processes to specifically constrain parameters of the specific models. How-
ever, this specific model might not be realised in Nature. Therefore, we prefer having a
model-independent analysis and for this we apply effective field theory. We have already
seen earlier in the Chapter that this method is very useful for the description of the B
decays but so far, we had only studied it within the SM. Now, we can go beyond the SM.
We highlight again that as we have not seen any new particles up to the TeV regime?® we

assume very NP.

Consequently, let us summarize how we explore the impact of NP effects in a schematic

way. For NP searches:

e cither we assume a specific model, as it is assumed in the exclusions plots in Fig. 22,
and we study what happens for flavour processes in such models

e or one uses the model-independent effective field theory, noting that it assumes very
heavy NP. Integrating out the heavy degrees of freedom, the NP only manifests
through changes of Wilson coefficient function or/and new operators.? Having the

effective Hamiltonian as a starting point, there are two options for NP to enter [172]:

— In the first case, NP can modify the Wilson coefficients in such a way that they
have two parts; the SM and the NP part, in which also new CP-violating phases
may arise through complex phases:

Cp — CM 4 NP,

— In the second case, new operators could appear. This new operator basis, where
new sources of flavour and CP violation are taken into account (noting that there
can also be operators with more complicated structures or Dirac matrices), takes
the form:

28unless particles are very elusive and have escaped detection, thus having invisible particles of low energy

29In this case, we are left with operators and Wilson coefficients, so we can in a model-independent way
explore NP effects. We mention that in principle, one could also take specific models and work in a similar
way as people do for these direct searches. But this is not the strategy we follow in this thesis.
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New operator — {Q3M, QNP}.

Therefore, the operator basis can be enhanced from the NP. Due to this enhance-
ment, operators which are either not present or strongly suppressed within SM

may eventually play an important role.

In the following Chapters, we will elaborate more on the NP searches studying specific,
benchmark B-meson decays and will propose strategies that will allow us to explore how
much room for NP there is in the different B modes.

3.7 Synopsis

In this chapter we have discussed the B-meson system, which is a prime player in quark
flavour physics. Firstly, focusing on the neutral B mesons, we introduced the important
feature of the BS,BS mixing. Since this phenomenon offers great opportunities to test the
SM, we set up the formalism and explicitly discussed the associated mixing parameters. As
we will see later, the mixing parameters are very useful in our analysis. Obtaining their
SM predictions, we can also utilise them to constrain the parameter space for NP.

Providing an introduction to the weak interactions of quarks and the theoretical tools
we use in the analysis of the decays, we classify the B decays according to their final
state. There are three categories — leptonic, semileptonic and non-leptonic decays — and
we investigate each one of them separately. The starting point is the derivation of the
decay amplitude and the corresponding low-energy effective Hamiltonian, applying effective
theories. Having the transitions amplitudes, we also determined the decay rates, and as a
result the branching ratios, which are important observables in our studies.

The case of the leptonic decays is the simplest one as there are no strong interaction
effects of the final-state particles. We described their dynamics using as an example a
charged leptonic B decay. We pointed out the differences that may arise due to different
leptons in the final state. We highlighted features, like the helicity suppression, that play
an essential role in obtaining SM predictions and constraints on NP through the branching
ratio. Similar strategies can be applied for the neutral leptonic B decays, which we will
present in Chapter 8.

The second category, the semileptonic B transitions, is another interesting class of
decays. We have seen that one of the most important aspects is the determination of the
CKM matrix elements |V,;| and |V,|. We specifically discussed how these quantities can
be extracted with the help of semileptonic decays. Different approaches can be used to
obtain |V,;| and |Vg|, the exclusive and inclusive determinations. The remarkable point
is that tensions arise between these two determinations, which is a long-standing puzzle.
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This requires specific care when making predictions as well as on how to deal with the
corresponding CKM matrix elements. In particular, we emphasized the importance of
not making averages, but carefully examining every case separately. In addition, a third
possibility, which is a hybrid combination of exclusive |V,;| and inclusive |V_| values, is
explored. Hopefully, in the future, with better analysis, this puzzle will be resolved. These
CKM matrix elements enter in a plethora of SM calculations. Here, we focused on utilising
them for determining the apex of the UT.

A key application of the semileptonic B decays is the extraction of the coordinates of
the UT apex, which is a central topic of our analysis. For the SM determination of the UT
in this Chapter, we chose to use only two observables, the angle v and the side Ry, since
they are less prone to be affected by NP effects. The R, side is determined through the
|Vup| and |Vg| matrix elements, thereby the unresolved discrepancies between inclusive and
exclusive determinations play a crucial role. We performed fits using v and R; as inputs
and taking into account all three cases (inclusive, exclusive and hybrid), we extracted the
p and 7 values. Sizeable differences were found between these cases, advocating that it is
important in the future to resolve these deviations. The solutions were also compared with
a constraint coming from the |ex|, which could help to eventually solve this puzzle. In
Chapter 5, we will use this analysis for further exploring NP effects in BY-~B{ mixing.

The last class of decays, the non-leptonic ones, is the most complicated case due to the
presence of the hadronic effects, which are very difficult to handle. We discussed the low-
energy effective Hamiltonians which set the theoretical stage for analysing these decays. We
utilised the OPE which allows the separation of the short-distance from the long-distance
contributions. The short-distance contributions are encoded in perturbatively calculable
Wilson coefficients while the long-distance physics is described by hadronic matrix elements
of four-quark operators. A very important concept for dealing with the hadronic matrix
elements is factorisation. Here, we provided its framework and more technical details will
follow later on, while discussing specific B decays. In addition, we briefly introduced the
method of combining information between non-leptonic and semileptonic decays in order to
simplify the analysis and extract useful information on testing the factorisation hypothesis.
We will present the corresponding formalism in Chapters 5 and 6. The rich phenomenology
of the non-leptonic decays makes them prime candidates for studying CP violation and we
will discuss this in detail in the subsequent Chapter 4.

So far, we have mostly focused on the description of the SM framework, while giving
some information about NP. For completeness, we provided a heuristic description of how
NP contributions can enter in the B decays. Once again, we highlighted that in our analysis
we aim at indirect searches at the high precision frontier. In the next Chapters, we will
explicitly explore NP contributions and obtain constraints for various benchmark processes.
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4 CP Violation in B Meson Decays

CP violation is a central topic in our studies and B-meson decays are the main actors in
exploring this topic. As we have already stated, CP violation in the SM arises from complex
phases in the CKM matrix. In this chapter, we will focus on how CP asymmetries arise
and explore the interesting observables which are offered through benchmark B decays. A
detailed analysis of the topic can be found i.e. in Refs. [99,173-176].

4.1 Direct CP Violation in SM
Let us firstly discuss the type of CP violation that originates directly at the level of the
decay amplitudes. The CP asymmetry is defined as follows:

(B f)~T(B—f) _|AB -~ HP —|AB -~ )P
DB ) +0(B—f) [AB = P+ [AB = fF

As introduced in Chapter 3, the leptonic and semileptonic classes of decays involve only a

-ACP = (4.1)

single weak amplitude in the SM. As a result, dealing with the squared absolute value of
the amplitudes |A(B — f)|? and |A(B — f)|? in Eq. (4.1), these quantities are the same
for the decay and its CP-conjugate. Therefore, the Acp = 0, meaning that these decay
classes do not manifest direct CP violation. On the other hand, the non-leptonic decays
(characterised by strong interactions), having different topologies and with different CKM
factors at play, involve more than one weak amplitude, thus they can generate this type
of CP violation. So, we consider the non-leptonic transitions and discuss the concept of
“direct” CP violation, presenting the formalism in the SM.

Regarding the decay amplitudes, we recall the formalism given in Egs. (3.105) and
(3.106). In order to introduce the same hadronic matrix elements in the decay amplitudes
AB = f) = (f|H!4|B) and A(B — f) = (f|Hes|B), we have to perform CP operations.
Since the strong interactions are invariant under CP transformations and taken that

(CP)i(CcP) =1, (4.2)

we rewrite the decay amplitudes as follows:

=u,c

AB )= 5F LZ vj,«vjz{z(zk WFICP)I(CP)QY (1) (CP)I(CP)|B)
(4.3)

+Zok (fl(CP)I(CP) 2*<u><CP>*<C7>>|B>}
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Due to the relations

(CP)|B) = ecrB)|B), (4.4)

(CP)|f) = ecPD|f), (4.5)
where ¢cp(B) and ¢cp(f) are convention-dependent phases, and

(CP)QI(CP) = QF, (4.6)

(UP)Z(CPV==QL (4.7)

we rewrite the decay amplitude as follows:

A(B — f) = ellbcp(B)=écp(f)]

[ZWT{Z% (F1Q¥ (u B+Z@ ﬂ%ﬂ@}

=u,C

(4.8)

As a result, the hadronic matrix elements here are the same as those entering Eq. (3.105).
However, regarding the CKM elements, still one amplitude has the CKM factors while the
other has the complex conjugate of these factors.

Finally, we can write the amplitudes for the decay and the CP-conjucate case:

A(B = f) = (f[Hlg|B) = e'lPorBI=oce ] [e=i01| A e 4 e7792| A,e™] | (4.9)
A(B = f) = (f|Hes| B) = e+w1|A1|ei51 + e+i‘p2|A2|ei52, (4.10)

where ]A172|ei51v2 are CP-conserving “strong” amplitudes involving the hadronic matrix
elements of the four-quark operators and ¢, » are CP-conserving phases arising from the
hadronic matrix elements, which indicates the important role that hadronic physics plays
here. Thus, we have:

|Ajle = ch x (f1Q1(w)|B), (4.11)

where we repeat that Cj, (1) refers to the perturbative QCD part while the ( f|Q% ()| B) term
encodes the hadronic dynamics of the decay. The phases ¢ 2 are CP-violating weak phases
coming from the CKM elements V. V}}. The term ellécpB)=¢cp(N] contains the convention-
dependent phase factors. These quantities cancel in all physical observables, in particular
in the CP asymmetries. We point out that in the SM, Eqs. (4.9) and (4.10) present the
most general structure of the amplitudes of the weak B — f and B — f decays.
Using the above equations for the decay amplitudes, we obtain:
2| A1 ||As| sin(dy — d2) sin(p; — ¢2)
|A1|2 + 2| Ay||As] cos(d; — d2) cos(p1 — o) + |Aa]?’
which is the “direct” CP asymmetry.

Acp = (4.12)
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Requirements and Applications

Based on Eq. (4.12), we note that one needs at least two decay amplitudes for having direct
CP violation, since a non-vanishing value of Acp is generated through the interference
between the two weak amplitudes.

Consequently, the criteria for having direct CP violation Acp # 0 are:

1) |Ai| # 0 and [A5] # 0,

2) S01_§027£077T7
3) 51—(527&0,71'.

If one looks at specific decays, the difference p; — ¢y is usually related to the CKM
angle v, which is the d;3 phase in the PDG parametrization. When measuring the direct
CP asymmetry, the angle v can be determined. However, the strong amplitudes | A; 5|e?!2
entering Eq. (4.12) suffer from hadronic uncertainties. Therefore, in order to extract 7,
these hadronic uncertainties have to be taken into account. Strategies have been developed
over the years to determine this angle, while handling the hadronic matrix elements. For
this purpose, pure tree B — DK decays play a key role. One can utilise amplitude
relations between these modes to eliminate hadronic matrix elements. Measuring the direct
asymmetries, the angle v can eventually be extracted. Therefore, this is a very useful

application of direct CP violation. We provide more information in Sec. 4.3.

4.2 CP Violation Induced Through Bg—Bg Mixing

Non-vanishing CP violating asymmetries require certain conditions to be met and these
conditions arise from interference between two weak decay amplitudes. However, we can

also obtain interference effects through Bngg mixing in the time-dependent decay rates.

4.2.1 CP Violation in Mixing

CP violation in mixing can be probed by considering flavour specific B-meson decays where
the final states are specific to the B® or B® meson. A prime example is given by semileptonic
decays, where the charge of the lepton determines whether we have initially present B° or
a B® meson. Particularly interesting are decay processes, where we have final states which
can only be reached if the initially present B meson oscillates into a B or vice versa. Then
the asymmetry, assuming B°(0) = B° and B°(0) = B°, takes the following form:

I
I

(t) = X07) —T(B(t) = X¢7) _1—lq/p|*
(t) = X0+) +T(BO(t) — X{~) 1+ |q/p|*

BO
Zo (4.13)
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We observe that this observable can take a non-vanishing value only if®’:

lq/pl # 1. (4.14)

We note that CP violation in BY-BY mixing is very small in the SM, at the order of
O(1071), and strongly experimentally constrained. Experimental measurements of such
“wrong charge” lepton asymmetries have been made (i.e. in Ref. [177]) and upper bounds
have been studied in Ref. [178]. In the following, we will neglect those tiny effects.

We emphasize that for the time-dependence formulae below, we use the assumption:

lg/pl = 1. (4.15)

4.2.2 Time-Dependent CP Asymmetries

Interference effects arise when both Bg and Bg decay into the same final state. An illustra-
tion of these effects was given in Fig. 7. Interference through mixing and the decay signals
another type of CP violation. Let us firstly examine the case where the neutral B mesons
decay into a final state which is a CP-eigenstate, thus Eq. (4.5) reads as follows:

(CPIS) = *lf)- (4.16)

Before defining the time-dependent CP asymmetry, let us introduce some of the key
quantities in our studies, assuming |¢/p| = 1:
R0
—ie() A(Bg = f)

_iew A(B] = f)
A(BY — f)’ €

EE) (4.17)

5}(:1) — gij) —

These observables describe mathematically the interference effects and are convention-
independent with
O, =+ 2arg(VyiVi) — dor(B,), (4.18)

where ¢cp(B,) cancels in the amplitude ratio. In addition, starting again from Egs. (3.16)
and (3.17) while utilising Eqgs. (3.20)-(3.23)3!, we obtain:
1 q q
|g§g)(t)|2 =1 [6_F<L ' + e Tt 4 9 o Tt cos(Amqt)]

o-Tat

= {cosh %qut + cos(Amqt)} (4.19)

30We note that neutral kaons and D mesons also show mixing effects between particles and anti-particles

and we can also have |q¢/p| deviating from 1 in these cases.
31'We note that here we present the formulas for the general case of B,. Thus, we do not simplify things

by assuming only the case of the B, system, where AT; is negligible, as in Egs. (3.26) and (3.27).
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1 q q
g (t) gf)(t)* =1 [e_F(L>t — e Tt g Tet sin(Amqt)]
e~ lat 1
= [Sinh EAth +i Sin(Amqt)} : (4.20)
1 q q
g (t)*giq) t) = 1 [e’F(L e Tt 9Tt sin(Amqt)}
e~ Tat 1
== [sinh §Ath — isin(Amqt)] , (4.21)

Combining the above formulas, the decay rate can be written as follows:
)

DBy (1) = £) = [l 0 + 1 Plg @) - 2Re {Pg g (0 }| Ty, (4:22)
where T'; denotes the “unevolved” decay rate®, calculated from |A[? with the usual phase-
space integration.

Now, we keep in mind that the “untagged” decay rates correspond to the average of the
decay rate of the Bg going into the final state f and the Bg decaying into the same final
state f. Utilising Eq. (4.22), we obtain:

(D(By(t) = f)) =T(BJ(t) = f) + T(By(t) = f)
oc [cosh(AT t/2) — Aar(B, — f)sinh(ALt/2)] e ", (4.23)

where we mention again that AL, is sizeable while AI'y ~ 0. We can now write the
time-dependent CP asymmetry as follows:
D(By(t) = f) —T(By(t) = f)
L(By(t) — f) + L(BI(t) = f)
_ 'A%ilg(Bq — f) cos(Amgt) + AB (B, — f) sin(Amgt)
B cosh(ATt/2) — Aar(B, — f) sinh(AL,t/2) ’

Acp(t)

(4.24)
where we have separated the two types of CP violation. The first one, AJL stands for
the direct CP-violating contributions (already introduced in Sec. 4.1). The second part,

mix refers to the interference between the different decay amplitudes coming from the
mixing and is called mixing-induced CP violation. The sizeable ATy gives access to another
observable, the Aar. Consequently, only in the decay of the B? meson we get access to
the latter observable. So, for the decays of the B} meson, the time-dependent asymmetry

takes the form:

Acp(t) = AS (B, — f) cos(Amgt) + ARX(By — f) sin(Amyt), (4.25)

32 Analogous expressions can be written for the CP-conjugate states.
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since Al'y is equal to 0, thereby the denominator in Eq. (4.24) gets equal to 1.
In terms of the £(@ observable, these CP asymmetries are written as follows:

= = 2
i [ABY = NP = JABY = PP 1- ¢
AGBy =~ N = e T T S e L (4.26)
ABY = N +IABY — NP 14 ]¢"|
. 2Im¢ " 2Reé!”
op(By = f)=——5m AarBi = f) = —— 55 (4.27)
L+ ¢ L+ |67
The three observables satisfy the relation:
dir 2 mix 2 2
(A& (B, — )| + A8 (B, = D] + [Aar(B, = )] =1, (4.28)

consequently, they are not independent from each other.

It becomes clear that the quantity fj(cq) includes all the necessary information to calculate
the asymmetries. Following the definition in Eq. (4.17) and utilising the expressions of the
decay amplitudes in Eqs. (4.9) and (4.10), we calculate 5}(1) as follows:

etivt |A1|6i51 + 6+i902|A2|€i52

e~ 1| Aq|eidr 4 eiez| Ay|eid2

é—/(ﬂ) =7 6—i¢q (429)

where the “F” sign comes from the CP eigenvalue. Let us remind the reader that o1, @
are weak phases, 01,0y strong phases and ¢, = 2arg(V;:Vy,) the BY-B{ mixing phase. As
we have already seen in Egs. (3.30) and (3.31), we have:

where 8 and v are related to the UT angles. We note that:
e~ @cP) = 41 due to Eq. (4.16). (4.31)

We mention that an analogous methodology can be applied for decays where the final
state is not a CP-eigenstate but again both the BS and Bg mesons decay into the same
final state f. Prime example in this case is the B, — DX KT system, which we will study
in detail in Chapter 6.

What do we learn from Eq. (4.29)7

In order to determine the CP asymmetries, we have to calculate the observable in Eq. (4.29).
Still discussing the formalism in the SM framework, in this equation, CP-violating phases
p1 and 9 enter, which come from complex phases in the CKM matrix elements. The
|A1]e®t and | Ay|e?? quantities encode the hadronic matrix elements, suffering from hadronic
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uncertainties. So, examining Eq. (4.29), we observe that if there is only one amplitude, for

instance |A;|, while the other amplitude (i.e., the |A|) vanishes, we obtain:

e+i¢f/2|Mf|€i6f
€7i¢f/2|Mf|ei5f

&) =F e [ } =Fe . (4.32)
Thus, the hadronic matrix element |My|e®s fully cancels in this equation and we are only
left with the difference of the decay phases and the ¢,. No hadronic uncertainties remain.
In this case, the criteria for direct CP violation given in Sec. 4.1 are no longer satisfied, and
as a result AJL vanishes:

AS(B, — f) =0. (4.33)

The mixing-induced CP asymmetry is the only one that survives:
O (B, — f) = £sin(¢, — ¢y) = £sing, (4.34)

where ¢ is the CP-violating weak phase difference that governs the asymmetry. We empha-
mix

size that ALY is free from hadronic uncertainties. Consequently, the time-dependent CP

asymmetry given in Eq. (4.24) takes the following form for AI', = 0:
Acp(t) = £sin ¢ sin(AM,t). (4.35)

The best setting for studying this special case is provided by the B® — J/¢ K g decay, which
we will explicitly discuss in Chapter 5. Another instructive example is the B} — 7ntm—,
which we will discuss below.

Concluding, the main message is that if the decay is dominated by only one CKM
amplitude, all the hadronic contributions would cancel out and the direct CP violation
would vanish. Then, only the mixing induced CP asymmetry is left, which would be a
clean observable.

4.2.3 Application: Extraction of the UT Angle «

Let us discuss an interesting application of the analysis of the CP asymmetries through
the BY — mt7~ decay. This channel is characterised by colour-allowed trees, which give
the leading contributions, but also include penguin corrections. An illustration of the
corresponding topologies is given in Fig. 23. The final state of this channel is a CP-even
eigenstate, thus its CP-eigenvalue is equal to +1.
The decay amplitude is written as [179,180]:
A(BY — 717) = A@ (AL + Al) + AD A+ AP AL (4.36)

pen pen pen
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Figure 23: Colour-allowed tree (left) and penguin (right) topologies for the BY — w7~
decay.

where )\g-d) = VjaV;, are the CKM factors with j € {u, c,t}, the Af, denotes the amplitude
from the “current-current” contributions while the A7 indicate the “penguin” amplitudes.
All three CKM factors are of the same order in A (specifically O(A\*)). In contrast to the
colour-allowed trees, the QCD penguins amplitudes, as loop processes, are suppressed with
respect to the tree, so we expect them to be smaller®®. Using the unitarity relation between
the CKM factors:

ViaVip = —VauaVp — VeaVia,s (4.37)
we can eliminate one factor:
A = _\@ _ \@) (4.38)

thereby simplifying the amplitude equation:
ABY = mtr7) = 2D (A% + AY — AL )+ D (Ac, — ALY (4.39)

pen pen pen pen

Then the term referred as “tree” is:

T =P (AL + Av, — AL, (4.40)
while the “penguin” term is:
P = )\gd) (Af)en - Ai)en) ) (441)

33How small they are is a challenge related to QCD and we will not elaborate more on this topic. We
only mention that using factorisation, it can be estimated that penguins are at the level of 20% of the tree.
34For completeness, we mention that the current-current operators A% include both tree and exchange

contributions.
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As a result, we can rewrite the decay amplitude as [181,182]:

AB »ntr)=T+P (4.42)
= |T|e®" e + | Pe®” (4.43)
= |T|e" (e +re) (4.44)

where we factored out the weak phase v = arg (—V,aV}/VeaVy;), introduced r = |P|/|T|
and used 6 = ¥ — 67 for the strong phases.
The time-dependent CP asymmetry is given by [180, 183]:
D(BY(t) = ntn™) = T(BY(t) — mtr)

Ace(D(Ba = 77 = 5 g0 iy S ) T (B = 7o)

= AJE cos(Amgt) + ABX sin(Amgt) . (4.45)

Let us firstly recall the quantity &, which encodes all the necessary information. Following
Refs. [179,184] and with the amplitude given in Eqs. (4.44) we have:

o A(B® — mr)
d  _ _ —iga 4.46
S ‘ A(B® — ) (4.46)
) —iy 0
_ it {%] , (4.47)
e + ret

where 7 has flipped its sign in A(B° — 7¥7~). Due to the interference between trees and
penguins we could get a direct CP asymmetry. These parameters also enter the mixing-
induced CP asymmetry.

We observe though that if we neglect the penguin contributions, which are loop sup-
pressed®® and assume that the decay is fully dominated by the colour-allowed tree topology,
the situation becomes simpler. Then the ff(r‘i)w_ gets the form:

g(d) — o a2y — _ o—i(¢at27) (448)

rtr—

where the hadronic amplitudes cancel. We note that in the SM ¢4 = 23. Key relation3¢
here is:
Ga+ 27 = 2a, (4.49)

35 As mentioned earlier, a generic estimate suggests that the penguin contributions are up to 20% of the
tree contributions.
36For completeness, we mention that in the most general case, we allow also for NP effects and we have:

$a+2y =0y —2a

Here, we discuss things in the SM, thus we assume that (;Sgp =0.
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which is commonly reported as a measurement of the CKM angle a. Regarding the CP

asymmetries then we obtain:

ir 1 - 57(1'd)7r— ’ mix 21 “ - :
AL = % ~0, AL = #%;“‘2 ~ —sin(20). (4.50)
ata— o

As a result, we write the time-dependent CP asymmetry in the following form
Acp(t)(Bg — ntr™) = —sin(2a) sin(Amgt), (4.51)

which allows the a determination since sin(2a)) can be measured.
However, penguins do contribute. So, it is important to take them into account and the
question is how big these penguin contributions are. Interestingly, using isospin relations,

the penguin corrections can be included. Thus, we write the isospin relations®’ [185, 186]:
V2A(BY = ntn7) = A(BY = n 1) + V2A(BY — 7%7°). (4.52)

This allows the determination of a. A similar relation holds also for the CP-conjugate
modes. We note that this strategy has experimentally been applied to B — 7w and in a
similar way can be applied to B — pm and B — pp and even a combination can be utilised
for obtaining . The latest experimental determination is given as follows [187]

a = (85.271%)°. (4.53)

We emphasize that it is important that we have determined the angle o for one more
reason; this value can also be used in order to obtain +. To do this, we convert this result,

thus the ¢4 + 27 into a v value. Let us discuss this in the coming Section.

4.3 Summary Thread: Different Ways of Determining ~

The CKM angle v plays a major role in our analysis. In order to prepare the setting,
we provide here an overview of different v determinations. We have already presented in
Eq. (3.69) the value which we utilise for the UT apex extraction and which will be used in
our analyses, especially when information relevant to the UT apex is required. Let us now

give more information on how we obtain this result.

3TWe will explicitly discuss the isospin relations of the B — 77 system and the corresponding amplitude
parametrization in Chapter 7.
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Pure Tree B — DTK* Decays
Traditionally, for the determinations of ~, pure level tree decays of the kind B — DK
have been in the focus. Particularly interesting transitions, falling into this category, is
the B — DTK® system. A detailed analysis of these decays is provided in Chapter 6,
as they play central role in our studies for this thesis. However, for completeness, we also
briefly address the topic here. Due to the BSfB_g mixing phenomenon, interference effects
arise between these decay channels, leading to a time-dependent rate asymmetry. The
corresponding observables of this asymmetry allow a theoretically clean determination of
b5 + 7, where ¢, is a B — B mixing phase. As this phase can be determined through the
decay BY — J/1¢¢, even in the presence of NP contributions in B? — B? mixing, we can
actually extract 7. These decays historically are considered to be very robust with respect to
NP but we have now reached the level of precision where we start seeing puzzling patterns.
LHCD reported a surprisingly large value of the angle « of the UT3®, making a convoluted
analysis in the B? — DF K* system [189]. In order to gain a better understanding of this
result, a transparent analysis of the corresponding CP asymmetries has been performed
[115,190]. Paying also special attention to discrete ambiguities, the LHCD picture has been
confirmed. Updating the value of ¢, = (—5t};g)°, including penguin corrections in the
BY — J/1¢ modes [191], the LHCbD result shifts to the value [115,190]:

VB, = (131537)°7, (4.54)

which is in tension with the regime of 70°. This value would require NP contributions
at the decay amplitude level. Even though, so far, we have focused on SM studies, for
completeness here, we give a few details regarding NP searches. In the presence of NP, the
UT angle v enters as an effective angle, so Eq. (4.54) can be written as

Vet = Y + OYnp, (4.55)

where 7 is the CKM value while dynp refers to the NP part. Investigating branching ratios
of individual modes, as discussed in [115,190], puzzling patterns arise also at the branching
ratio level, which one would expect if there is NP entering at the decay amplitude level.
Complementing the analysis with decays with similar dynamics, consistent patterns are
found, making the intriguing situation even more exciting. In Ref. [115,190] a model inde-
pendent strategy has been presented, describing that data can be accommodated with NP

38 A new measurement was recently reported by LHCb [188]. This new result only uses Run IT data and
has not been included in the world average yet, so we will not use it in our analysis. However, it is very
interesting to explore further. We point out, as we will also see in detail in Chapter 6, that the main points
arising from our By — D K studies and the strategies we propose, especially regarding NP studies, still
hold and provide very useful insights.
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contributions at the level of 30% of the SM amplitudes. We note that model-dependent
studies have also been discussed in Refs. [192-194].

Pure Tree B —+ DK Decays
Even though these BY — DFK®* studies are recent developments, the B — DK tree
transitions through various time-independent studies are key modes for v determinations
[195,196]. In the latter case, direct CP violation is utilised while the interference effects
are different from the B? — DF K* system, where mixing-induced CP-violation plays the
central role. The latest average from the LHCb collaboration of v coming from time-
independent analyses of Bt — D®h* and B® — Dh decays only, where h is pion, kaon or
K*,is [197]

VB-pi = (64.9735)° . (4.56)

In principle, this value could also have a NP component. NP would enter differently as there
are topologies, like color-suppressed modes, that do not contribute to the B? — DFK*
system and the sensitivity on v now arises from different interference effects. In such a
simultaneous fit to a variety of B decays, NP effects may be averaged out, thus resulting in
an effective angle that can not be quantified. In order to better understand what happens
in these modes, it would be important to have individual measurements of the different
modes aiming to perform them with highest precision, instead of making averages.

Decays Involving Penguins: B — ©w, pw, pp
The other interesting system which can be used is provided by B — 7w, pm, pp modes
[185,199]. The sensitivity to 7, specifically referring to the B® — 777~ decay, which
we will later use in our analysis of the B — wK system, comes from mixing-induced CP
violation [200]. In this case, we determine « from an isospin analysis, as discussed above,
and we convert its value into v through Eq. (4.48). The ¢, value, which is measured in the
BY — J/¢ K" channel and corrected for contributions from penguin topologies, is given as
follows [191,201]:

ba = (44.4719)° (4.57)

Combining the result for ¢4+ 27 in Eq. (4.53) with the measurement of ¢4 in Eq. (4.57),
we find the value:
Yiso = (72.6733)°, (4.58)

39LHCD Collaboration performs such « measurements using self-tagging charged or neutral decays. For
more details, the reader is referred to Refs. [197,198].
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which could be affected by possible NP at the amplitudes through penguin topologies?C.

Other Useful Modes Including Penguins: B, -+ KTK~, By — ntm~
In addition, we mention that there is another interesting way of extracting the angle =,
proposed in Ref. [202,203]. This strategy utilises the U-spin symmetry and combines the
direct and the mixing-induced CP asymmetries of the By — 777~ modes with the penguin-
dominated B, — K+ K~ decay*! without relying on information from the branching ratios.
The result:

v = (65T11)°, (4.59)

agrees excellently with the + values from the B — DK decays. In our numerical analysis,
and due to the dynamics of the B, — KK~ decay, we will not explore further this value.

Final Average Value of ~v Utilised in our Numerical Analysis

We note that the two 7 determinations in Eqs. (4.56) and (4.58), which have different
origin, are consistent within 1.1 standard deviations. We also see that both approaches
have similar precision. This allows us to average the two results yielding the value that we
already presented in Eq. (3.69). For completeness, we repeat it here:

Yavg = (68.4 £ 3.3)°. (4.60)

However, we highlight that in the future, with improved precision, differences between the
two approaches might become more significant. Then using an averaged value will no longer
be justified, as these deviations might hint NP.

40We mention that the penguins are the preferred avenue for NP. However, in principle, NP could also

enter through the tree topologies.
4ILHCb recently reported the first observation of CP violation in the B, — K+K~ decay, suggesting

significant differences in the direct asymmetries between the B — 77~ and BY — K~ 7T as well as the
BY » K=K and B} — 7~ KT modes.
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4.4 Closing Remarks

CP violation plays a very important role in the B system studies. So far, we have provided
the formalism within the SM framework. The various types of CP violation can be classified
as follows [204]:

e CP violation in decay
This type of CP violation refers to the case where the rate of a B meson decaying
into a final state f is different from the rate of the B (anti-B) decaying into the CP
conjugate final state f. As we had already mentioned, the neutral B mesons are
characterised by the mixing phenomenon while in charged mesons there is no mixing.
Therefore, this case is the only type of CP violation that can occur in both charged

and neutral mesons.

e CP violation in mixing
This type refers only to the neutral B mesons. In the SM, it is very small and experi-
mentally strongly constrained, so in the following these effects will not be considered.

e CP violation coming through the interference provided by BS—Bg mixing
This case again refers only to neutral mesons. It corresponds to cases where both B°
and B° decay into the same final state.

Non-leptonic decays play the key role for studying CP violation in the SM because of
interference effects that arise. We have decays that despite the challenge to calculate the
hadronic matrix elements, allow us to test the SM descripion of CP violation in a very clean
way. There are transitions where these hadronic matrix elements either exactly cancel out
or to a very good approximation. There are two options [205]:

¢ either we use amplitude relations to eliminate the hadronic matrix elements. In
this case, exact relations utilising pure tree decays (i.e. BT — K*D modes) are
distinguished from relations arising from flavour symmetries of strong interactions,
such as B, — nm, nK, KK decays

¢ or in the case of neutral B, mesons, mixing-induced CP violation may arise from
interference effects between mixing and decay. If there is only a single CKM amplitude
dominating the decay, the hadronic matrix elements cancel in the CP asymmetries.
Benchmark decay here is the By — J/¢ Ky channel, which we will study in detail in
the subsequent Chapter.

In the next Chapters, we will utilise benchmark decays that will help us to further
explore the topic not only within the SM but also in searches of NP.
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5 BY— J/YKJ, BY — J/vé: _
Penguins & New Physics in Bg—Bg

Having discussed the concept of CP violation in B mesons and introduced B?S)—B?s) mixing
within the SM, we can now study applications of this phenomena and explore effects of NP.
Key decays for this endeavour are the B — J/¢ Ko and B? — J/1¢ modes. Historically,
these channels have received a lot of attention and are considered to be the “golden modes”
for CP violation in B decays.

A problem that we encounter with these two decays is that the corresponding expressions
include doubly Cabibbo suppressed terms, which are difficult to calculate. Prime quantities
associated with mixing phenemona characterising these channels are the mixing phases ¢4
and ¢,. Therefore, we have to pay special attention in their determination. In order to deal
with the penguin effects in the determination of the mixing phases, we propose a formalism
that employs the SU(3) flavour symmetry and utilises CP violation measurements. This
formalism will be applied to the data leading to the current results for the mixing phases and
the penguin parameters. These results will be combined with information from branching
ratios, allowing us to determine the hadronic parameters. A new strategy is suggested,
which relies on information from semileptonic decays and provides factorisation tests in the
corresponding colour-suppressed decays.

Our next goal is to explore how much space for NP is left through the current available
data. Since the knowledge of the UT apex is needed in our analysis, we will utilise the results
of the UT studies in Sec. 3.4.2, highlighting again the importance of studying separately the
inclusive and exclusive determinations. Considering NP scenarios and performing future
projections, we will discuss the impact of improved precision on key input quantities. This
chapter is based on our work presented on Refs. [81,124,191,201,206,207].

5.1 Setting the Stage

The decays B} — J/¢K2 and B? — J/1¢, caused by b — ¢&cs quark level transitions,
are dominated by colour-suppressed tree diagrams but they also receive contributions from
penguin topologies, which are doubly Cabibbo suppressed. The topologies that characterise
these two systems are illustrated in Fig. 24. We note, here, that the B? — J/¢¢ mode
receives also contributions from exchange and penguin-annihilation topologies but as they

are expected to be small, we neglect them in our analysis.
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Figure 24: Topologies characterising the golden modes: (a) Colour-suppressed tree topology
for BY — J/¢ K2 decay, (b) penguin topology for BY — J/9 K2 decay: doubly Cabibbo
suppressed, (c) colour-suppressed tree topology for BY — J/¢¢ decay and (d) penguin
topology for B — J/¢¢ decay: doubly Cabibbo suppressed.

5.1.1 Decay Amplitudes

Having introduced the Feynman diagrams for the channels we are interested in, we can
write the decay amplitudes for these modes. Firstly, we work with the By — J/¥K2,
which is a decay into a CP eigenstate with eigenvalue —1. Within the SM, we write [208]:

A(BY = JJ KS) = Ao (Afpee + bt ) + Ml + Nl (5.1)
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where Ay refers to the tree contributions while A, describes the penguin topologies with
internal quarks ¢, u,t respectively. We note here, that keeping the notation of Ref. [208],
the primes are used to denote the b — éc§ transitions. The terms Ag, With ¢ standing again
for ¢, u, ¢ quarks are the usual CKM factors Ay =V, Vj: We can eliminate A, 2 using the
unitarity of the CKM matrix and applying the Wolfenstein parametrization [69], we obtain
the following expression for the decay amplitude*® [191,208]:

22 o
A(B] = J/Y Kg) = (1 - 5) A’ [1 + ea'e” e”} : (5.2)
This is a general parametrization of the decay amplitude in the SM. Here, A’ is the hadronic
amplitude while a’e””” denotes the penguin parameter and they can be written with the help

of the tree and the penguin topologies as [191,208]:

A= N4 (A7 + Ay = Al ) (5.3)

. A At
136’ = pen pen y
“c Rb <A(t:;ee + AICJIen - Agen> ’ (5 )

where A = |V|/A?, and R, the UT side.The factor € suppresses the contributions from the
penguin topologies and is written in terms of the Wolfenstein parameter A as [191]:

)\2

65—1—)\2

= 0.05238 £ 0.00035 , (5.5)

where the numerical value is based on the measurement of the Flavour Lattice Averaging
Group (FLAG) of the CKM element |V,s| = 0.2231 £ 0.0007 [209]. Therefore, we see that
the quantity a’e’” enters in a doubly Cabibbo-suppressed way.

Ignoring the time evolution, the “unevolved” transition amplitudes of the neutral B

meson decays into a CP final eigenstate f can be expressed in a compact way as follows
208, 210]:

AB) = f) = Np[L—bpeet™] (5.6)

A(Bg — f) = 77f./\/f [1 — bfeipfe_”] s (57)

42We utilise the relation [99)
VJTVUZJ + Vct"‘/;b + V;;Vvtb =0 (7’ € {d7 8})7

as we already introduced earlier in Chapter 2.
43Here, the amplitude has been written for the Kg final state, neglecting CP violation in the neutral
kaon system.
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where 7y is the CP-eigenvalue of the f final state, N} is a normalisation factor for which

we have the following substitution:

)\2
Ny = (1 - 7) A (5.8)

while b; shows the relative contribution of penguins with respect to tree contributions, ps
is the CP-conserving strong phase while 7 is the weak phase and we have:

bre's — —ed'e . (5.9)

The same holds for the B%-meson counterpart of the B} — J/¢Kg decay, which is the
BY — J/1¢ channel, arising from replacing the down spectator quark by a strange quark.
The difference is that now we have two vector mesons in the final state, therefore there is an
admixture of different CP eigenstates. The system can be described with three polarization
states: the CP-even 0 and || eigenstates and the CP-odd L eigenstates. Therefore, the
system has more complicated dynamics as the hadromic parameters depend on the final
state configuration. The decay amplitude though is completely analogous to Eq. (5.2), so
it is written as [210-212]:
A2 o
A (B = (J/v9) ;)= (1 - 3) A [1 +eae e (5.10)
where f refers to the different configurations {0, ||, L} of the final state of the vector meson.
We note that, in principle, the A’ amplitude and the a;, #; penguin parameters should
be considered for each polarisation state f individually. Applying naive factorisation for
the hadronic matrix elements, the penguin parameters do not depend on the final-state
configuration f [210]. In the remainder of the text, we label the penguin parameters of
this vector-vector decay channel as aj, and 6y,. Here, we focus on polarisation-independent
measurements in the analysis of the current data, following the experimental analyses of
CP violation in these channels. It would be important in the future measurements to have
also a polarisation-dependent analysis.
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5.1.2 The CP Asymmetries in B?, — J/1¢% X System

(s)

The three asymmetries, defined in Sec. 4.2, depend on the penguin parameters by and py,
as well as the Bg—Bg mixing phase ¢, as follows [210]:

2b¢ sin py sin
dir / P v
B, 5.11
Ace(By = f) = 1 —2bg cos ppcosy + b}’ (5.11)
sin ¢, — 2by cos pysin(¢, + ) + b2 sin(¢, + 2
N ABS(B, — f) = Py 201 : g ’; (B4 7) + by sin(g, +27) (5.12)
— fcospfcosy+bf
cos g — 2by cos py cos(¢q +7) + b7 cos(¢g + 2)

B =— 5.13

anAF( q%f) [ 1_2beOSprOS’Y+b? ) ( )

where 7y is the CP eigenvalue of the final state f.

5.1.3 Dictionary for CP Violating Phases

The CP-violating phase ¢, is experimentally accessible through the CP asymmetry arising
from the interference of the BS—BS mixing and the decay processes of B, to the final CP
eigenstate f. It can be written as:

Gg =" + 0y s (5.14)

where ¢§M denotes the SM part which is determined with the UT and ¢qu describes contri-
butions from potential new sources of CP violation lying beyond the SM. However, due to
the presence of the doubly Cabibbo suppressed penguin topologies, the mixing-induced CP
asymmetry allows us to measure an effective phase ngc which is connected to ¢, through:

O = dg + AP (5.15)

where Agzﬁ{; is a hadronic phase shift. This phase shift is a function of the penguin pa-
rameters a and # and it measures the ratio of the penguin over tree contributions. It is
decay-channel specific and it arises from non-perturbative, strong interaction effects. There-
fore, it shows the impact of penguins on the effective mixing phases. If there were only
contributions from tree topologies, we would get A(bg; = 0. Since there are contributions
from the doubly Cabibbo suppressed penguins, the hadronic phase shift Agzﬁf; is of the order
of 0.5° [208,211,213-219)].

Starting from the quantity [211,212]:
sm ¢eff = an (B — f)
V1- (A8 (B, - f)”

= sin (¢, + A¢)), (5.16)




5 BY— JJUKY, BY = J/¢é : PENGUINS & NEW PHYSICS IN B?-BY 92

which allows the determination of the effective mixing phase experimentally, and utilising
Egs. (5.11) and (5.12), we obtain:

—2bj cos py sin 7y + by sin 2y

sin Ag) = =, (5.17)

(1 —2bscos pycosy + b3) \/1 — (Ad(B = 1))

1 — 2by cos py cosy + b% cos 2

cos Agbf; = el Al il = (5.18)

(1 —2bscos pycosy + b3) \/1 — (AdL(B = f))

Here, we have allowed for the penguin effects, i.e. by # 0. These relations yield
2b iny — b?sin 2
tan Ag! = — Al ol ol (5.19)
e 1 — 2bj cos py cosy + b} cos 2y

We highlight that in the case there is no doubly Cabibbo-suppressed penguin contribu-
tions, i.e. by = 0, the expressions of the CP asymmetries would take the simplified form

A =0, npASS =sing, (5.20)

therefore, the ¢, would be determined directly from the mixing-induced CP asymmetry.
However, when allowing for the penguin effects, additional information is needed in order
to correctly interpret the experimental measurements and determine the mixing phase ¢,
distinguishing these phases from the effective ones.

5.1.4 Branching Ratio

An interesting observable to work with, after having determined the decay amplitudes, is the
branching ratio. Working with the B, — J/¢K{ channel, the experimental time-integrated
untagged rate is written as [220]:

1

BB, Ik = 5 [ CB0 > IR

1 [ _

= 5/ [D(BY(t) = J/WKQ) + T(BY(t) — J/YKJ)] dt. (5.21)
0

The “theoretical” branching ratio is defined by the untagged decay rate at a decay time

t = 0 [208]. The conversion relation between the experimental and the theoretical branching

ratio for this channel is written as [221]:

B [ 1—y?
theo ™| 1+ Aar(Bs — J/YKS) ys

B (Bs — J/YKY) B (B, — J/YKS) . (5.22)
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We the determine the observable Aar(Bs — J/¢KY), thus we fix the conversion factor
utilising the effective lifetime [221]:

ot OB T/YKY) dt (5.23)
IR T (B, (t) — J/UKY)) dt |
5. [142Aar(Bs = J/PKQ) yo + o2 (5.24)

T1-2| 1+ Aar(B, — J/UKY) u,

Similar relations can be written for the other B — .J/¢X channels.

5.2 Obtaining the Phases ¢, through B?S) — J /¢ X Decays

To determine the CP-violating phases ¢, and to get the picture from the current data, we
perform a simultaneous analysis, using not only the two decays that we introduced in the
previous Sections but also a number of partner decays that enter in a Cabibbo—favoured
way. Applying SU(3) flavour symmetry of strong interactions, we make use of the following
channels: the B? — J/¢K?2 [211,222] and BY — J/¢7° modes [210,215], which are the
key control channels for the B — J/ K2 decay, as well as BY — J/¢p° [210-212], which
is the main control mode for the B? — J/1¢ decay. Let us describe our strategy in more
detail below.

5.2.1 The Status from the Current Data

First of all, we work with the BY — J/¢K? channel, which is the U-spin** partner of the
BY — J/¢ K2, thus we interchange all strange and down quarks. The SM decay amplitude

can be written as follows [208]:
A(BY = JJYKR) = —AA[1 — aee™] | (5.25)

where the hadronic parameters are defined in analogy to Egs. (5.3) and (5.4):

A=NA (A + A — A;en) , (5.26)
. Av - At
{1 — pen pen

aet =M (Aaee A - A;;e) ‘ (5.27)

Since these are b — dcé quark level transitions, we use unprimed parameters. Again, the

amplitude is a general parametrization within the SM, relying only on the unitarity of the

44The U-spin symmetry is a subgroup of the SU(3) flavour symmetry of strong interactions that relates
down and strange quarks to each other.
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CKM matrix. In Eq. (5.25), ae® enters the decay amplitude in a Cabibbo-allowed way.
Due to the absence of the Cabibbo suppression factor €, the penguin effects are amplified
in these b — deé modes with respect to their b — 5cé counterparts.

The other partner decay of B} — J/Y K¢ is the B — J/¢7", where we replace the
strange spectator quark with a down quark. Neglecting exchange and penguin-annihilation
topologies, the SM decay amplitude takes the form [215]:

V2A(BY — J/yr°) = A [1 — aee"] (5.28)

where A and ae' are defined in a similar way as in Eqs. (5.3) and (5.4). The factor of v/2
is related to the normalization of the 7° wavefunction. We note again the absence of the
factor e.

So far, we have introduced the amplitudes of the partner decays of the BY — J/¢ K3
channel, where we have the pseudoscalar mesons K3 and 7 in the final state. Now, we
move to B — J/1¢ with its partner decay B} — J/1p°, originating from b — dce quark-
level transitions, where we have two vector mesons in the final state. In analogy to the

structure of the decay amplitude in Eq. (5.10), we have:

ABY = [T/ p°)p) = =X A [1 —apee] (5.29)
for a given final state configuration f € {0, ||, L} with
Ap = XA (Ao + A = A ) (5.30)
) u _ At
0y — R pen,f pen,f
aré = 1y p P . (531)
(Atree,f + Apen,f - Af)en,f)

Similar to the B? — J/v¢ decay, an angular analysis of the decay products of the vector
mesons is needed [210].

Taking these five decays into account and using the CP asymmetries, we can perform a
simultaneous analysis and finally determine the mixing phases ¢4 and ¢,, as it is presented
in Ref. [191]. The interplay between these channels follows the scheme illustrated in Fig. 25.
Starting with the BY — J/¢ K} decay, the mixing phase ¢, (not the effective one) is required
in order to determine the A¢y penguin shift from BY — J/¢KS. The A¢y is needed in
order to extract ¢4 from By — J/¢KY. The mixing phase ¢, (again, not the effective one)
is needed as an input to determine the A¢g, penguin shift from BY — J/¢p°, which is then
required in order to get the phase ¢, using the CP asymmetries of the BY — J/1¢ decay.

Due to the SU(3) symmetry, the following relations hold:

a =a, 0 =0, (5.32)
A =A. (5.33)
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BY — JiyK°
B? — JIyK? BY — Jlyn® BY — Jiyp®

Figure 25: Interplay between the B — J1.X modes in the determination of the ¢, phases

and the dependence on the hadronic penguin shifts

However, we should note that the SU(3) flavour symmetry globally works up to corrections
at the 20% level. Therefore, the Eqgs. (5.32) and (5.33) get SU(3)-breaking corrections.
In Eq. (5.32), these corrections can enter only through non-factorisable effects while in
Eq. (5.33) through both factorisable and non-factorisable corrections. This happens because
in the factorisation approximation, in the ratio presented in Eq. (5.26), the hadronic form
factors and the decay constants cancel, while this not the case for the hadronic amplitude
presented in Eq. (5.27).

We emphasize here that Eq. (5.32) does not imply that a and 6 for the vector modes
are the same as for the pseudoscalar modes. Moreover, in factorisation these penguin
parameters would not dependent on the polarization state. From now on, we will denote
the penguin parameters for the vector case as ay and 6y, while for the pseudoscalar, simply
as a and 6.

Using external input on the angle v 4 and combining it with the values of the direct
and mixing-induced CP asymmetries which are shown in Table 3, we perform the combined
analysis of the five B — J/¢X decays. The SU(3) symmetry relations in Eq. (5.32)
indicate that the penguin parameters of the By — J/¢K° B? — J/¢ K2 and BY — J/yn°
decays are equal to one another. Similarly, the penguin parameters of the BY — J/v¢¢ and
BY — J/1p° are equal. Our assumptions are that, due to lack of sensitivity on the current
data, we ignore SU(3)-breaking effects, polarisation-dependent effects as well as exchange

and penguin-annihilation topologies contributions.

45We mention here that in our analysis in Ref. [191] we had used the value of v coming only from B — DK
decays. For the updated results presented at the CKM 2021 conference [201], we used v = (64.9 + 4.5)°
which was the most recent value from B — DK modes reported by the LHCb collaboration [197].
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Decay Channels AdL nAB References
BY = J/YK® —0.28 % 0.42 0.08 £ 0.41 223]
BY — J/¢YK° —0.007 £0.018 0.690 4+ 0.018 [187]
BY — J/ypr® 0.04 % 0.12 0.86 % 0.14 [187]

BY — J/t¢ 0.006 = 0.013 —0.085 £ 0.025 224]
BY — J/¢p° —0.064 £ 0.059 0.66 + 0.15 [225]

Table 3: Values of the direct AYS and mixing-induced A CP Asymmetries of the five
B — J/4X used for the simultaneous fit.

Fit Results for the Penguin Parameters and the Mixing Phases

The solutions of the fit for the vector-pseudoscalar final state are [191]:
a=0131016 9= (173130)° | ¢y = (44.4719)°. (5.34)

These correspond to a hadronic phase shift Agy = (—0.7370) & 1.4)0.
The solutions of the fit for the vector-vector final state are [191]:

ay = 004375057, Oy = (3065,15)", ¢y = (-5.051%)" , (5.35)

and correspond to a hadronic phase shift A¢, = (0.1 £ 0.5)°.

These ¢4 and ¢, mixing phases include corrections from penguin contributions. In order
to see the impact of the penguin topologies we compare the values of ¢; and ¢, coming
from the fit with the corresponding experimental input, thus the effective phases gb’fj S IO
and gbgﬂj e respectively:

O o = (43.6 £ 1.4)°, (5.36)
e = (—41£1.3)°, (5.37)

Consequently, the comparison between Egs. (5.34) and (5.36) as well as Egs. (5.35) and
(5.37) indicates the non-negligible impact of the penguin contributions. Fig. 26 illustrates
the two-dimensional confidence regions of this simultaneous fit of the five B® — J/¥X
decay channels for the penguin parameters and the mixing phases ¢4 and ¢, arising from
the CP asymmetries. The fit is performed using the GammaCombo framework [129], which
as we already mentioned in Sec. 3.4.2 was originally developed by the LHCb collaboration.

Comparing the fit solutions (a,#) and (ay,fy), i,e. the blue areas on the top left and
right panel of Fig. 26, we note that even though the results are compatible, the shape of the
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Figure 26: Simultaneous fit for the penguin parameters a, 6, ay, 6y and mixing phases ¢q4
and ¢, from the CP asymmetries utilising the five B — J/¢X decay channels [191]. The
plots are produced with GammaCombo.

contours (confidence regions) show the different dynamics between the vector—pseudoscalar
and the vector-vector final states. The contours for the CP asymmetries, A% and AL
are added only for illustration.

We also observe, in the lower panel of Fig. 26, that there is a strong correlation between
a and ¢4 for the vector—pseudoscalar final states while the correlation between ay and ¢, is
a lot smaller for the vector—vector final states. As we already mentioned, within the current
precision, there is agreement between the three polarisation states in the BY — J/1¢ decay.
However, in the future upgrade programmes of LHCb and Belle 11, reaching higher precision

and providing improved input measurements, may allow to observe and resolve differences.
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Determining the Available NP Space

Recalling Eq. (5.14), we can now compare the current values of the mixing phases with
the SM predictions and find the possible available space for the NP contributions. Here, in
order to be consistent with the numerical analysis within this section, we present the values
given in Ref. [191] for the inclusive and exclusive case.®

Firstly, for the B system, following the definition of the SM predictions for the mixing
phase ¢, given in (3.31), and utilising the UT apex coordinates, we obtain the SM values.
Then, combining this SM prediction with the fit value of the mixing phase in Eq. (5.35),

we determine the NP phases as follows:

oM = (=249 +0.14)°, P

oM = (=215 £0.11)°, @) = (-2.9£1.6)°, Exclusive. (5.39)

S

(—2.5£1.6)°, Inclusive, (5.38)

We note that the precision on the ¢ result is limited by the experimental fit in Eq. (5.35).
Thus, ¢ is a powerful probe for NP and it will be interesting to see how the picture evolves
in the future. In addition, improvements in the measurements of the CP asymmetries of all
five Bg — J/9¥X channels are also important in order to be able to discover possible NP
in the B, mixing.

Similarly, for the B, system, starting from the SM prediction of ¢4 in Eq. (3.30) and
combining it with the fit solution in Eq. (5.34), we obtain:

M— (52.74+24)°, ¢)F = (-8.342.8)° Inclusive, (5.40)

M — (45.7420)°, ¥ = (~1.342.6)°, Exclusive. (5.41)

The situation for ¢4 is different from the case for ¢,. The precision on @¢5F is limited by
the SM prediction uncertainty. It becomes clear that there is significant difference between
the inclusive and exclusive case, which already indicates the necessity of resolving the
discrepancies between the |V,,| and |V,;| determinations for NP studies utilising the BB

mixing phase.

5.2.2 Improving the data

Our strategy can be exploited in the future high precision era, where significant improve-
ments in uncertainties of the penguin parameters and their impact on the mixing phases
are expected. Studies and analyses regarding the increased luminosity expected from the

46Here, this is sufficient since we are interested in showing the main strategy. In the following Sections,
where we will perform a careful analysis of the NP effects, we will provide the most recent predictions and
explore all three cases, the inclusive, exclusive and hybrid in order to draw our conclusions.
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HL-LHC and Belle II can be found in Refs. [226-228]. Here, in order to show the potential
that our strategy has and how effective it can be, we compare the current precision with
future benchmark scenarios in a simplified way, without taking into account the experimen-
tal challenges of the different decay channels or the time scales that these improvements
would require.

More specifically, we choose two benchmark scenarios [191] and keep the central values of
the current data. First, we divide all the experimental uncertainties by a factor of 2 and then
by a factor of 5. Fig. 27 shows the central values of the penguin parameters and the mixing
phases (denoted by dots) with the associated uncertainties for both the current precision
(blue colour) and the two future scenarios; the red lines show the improved uncertainties
by a factor of 2 while the greens denote the improvement by a factor of 5.

Interestingly, we note that already an improvement of the experimental precision by
a factor of 2 would have a large impact on the determination of the penguin parameters,
allowing to establish non-zero penguin contributions. This demonstrates that the measure-
ments of the CP asymmetries of all five B® — J/¢X decays are equally important.

Controlling the penguin contributions has a large impact on the knowledge of the phases
¢q- What we get from the numerics is that in the future, we can pin down NP with
significance of more than five standard deviations*”. More specifically, regarding the phase
¢s, it becomes clear that it is possible to control penguins with precision that allows to
establish non-zero NP phases ¢F with significance of more than 50. Regarding ¢q though,
NP contributions are limited by the large uncertainties of the SM predictions. Hopefully, in

the future the discrepancies between inclusive and exclusive |V,;| and V| will be resolved.

5.3 Information from the Branching Ratio

Having utilised the information from the CP asymmetries for extracting the penguin param-
eters and mixing phases, we can make use of the measurements of the branching fractions to
study the dynamics of the five B® — J/¢ X decays. The theoretical framework to calculate
decay amplitudes and therefore branching ratios is given by factorisation, which we already
introduced in Chapter 3.

The SM structure for the tree amplitude of a BS meson, where ¢ € {s,d}, decaying
into J/1¢ (vector) and a pseudoscalar P meson can be written in factorisation as follows

4TWe note that for the illustration of ¢Y'F and ¢dNP phases, we chose to work with the value coming from
the exclusive case.
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Figure 27: Penguin parameters and mixing phases for current precision (blue), an improved

precision by a factor of 2 (red) and an improved precision by a factor of 5 (green).
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Here Gy is the Fermi constant, V., and V denote CKM matrix elements, ay is a phe-
nomenological “colour suppression” factor, m/y, is the mass and f;/, the decay constant
of the J/v meson, €y is its polarisation vector, f#_,p is the hadronic B — P form factor,
pp and pp are the four momentum vectors of the B and pseudoscalar mesons, respectively,
and ¢, = pp, — pp, their momentum transfer.

We can generalise the decay amplitude in order to allow for penguin effects as well.
Specifically, for the B — J/¢7° decay, the generalised amplitude can be written as [191]:

Gr .
V2 A(BS — J/ix°) :Evcd o My Fapo i n(M3) (B + Dry) - €1

x (1 —ae®e™) x ay(BY — J/pr°), (5.43)

where ay(BY — J/1¥7°) is a generalisation of the naive colour-suppression factor.
We calculate the CP averaged branching ratio:

G5 2 Myjy Myo 3
2B(By — J/Um°) =75, oo —[VeaVasl* My, [Lop015,n(my)] {‘1’ ( —W)}

mpy, ’ mp,
x (1 —2acosfcosy + a®) x [ax(By — J/wwo)}2 , (5.44)
where 75, is the lifetime of the BY meson, ® is the phase-space function defined in Eq. (3.62)

and the factor 2 on the left-hand side is again related to the 7% wave function. The value
of the decay constant, using the most recent lattice QCD result [230] is:

Frw = (4104 4 1.7) MeV . (5.45)

Regarding the form factors, there are different approaches that can be used in order to
determine their values. Here, we work with the results from the lattice QCD approach.
The values that we obtain using FLAG [209] are the following:

o (m3) = 0371 £ 0.069 , (5.46)
fa i (m3,) = 0.645 £ 0.022,, (5.47)
Fh e (m3y) = 0.470 £ 0.024 . (5.48)

Here we had to extrapolate the results from high ¢? to the low kinematic point of ¢* = m? 1o
For this purpose, we followed the Bourrely—Caprini-Lellouch (BCL) parametrisation [231].
Our goal is to determine the parameter as for the B — J/1) modes. Let us discuss this

parameter and its determination in more detail below.
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5.3.1 The parameter a,

The quantity as is the phenomenological “colour suppression” factor, as already introduced

in Eq. (3.115). In factorisation, it is written as follows:

C
as = Cy + ?2 (5.49)

where C and C5 are the short-distance Wilson coefficients of the current—current operators

O; and Oy, respectively:

O1 = (Cau(1 = 75)q5) (57" (1 = 5)¢a) = (Cads)v-a(bgca)v-a , (5.50)
Oy = (ea7u(1 = 5)d3) (b (1 = ¥5)ca) = (€345)v—-a(baCa)v—a - (5.51)

Naive factorisation predicts [155]:
as =0.21+£0.05 . (5.52)

The factor as depends strongly on the renormalisation scale p (contrary to ay for colour-
allowed mesons) reflecting that factorisation is not expected to work well for such colour-
suppressed decays.

Using the values of form factors in Eqs. (5.46)—(5.48) we can determine the parameter
as, utilising Eq. (5.42) and the penguin parameters a and . Thus, for B — J/¢7°, we

have:
lag(BY — J/m)* x (1 — 2acosf cosy + a?) = 0.145 £ 0.055, (5.53)
22008, 49(BY — J/p7°) = 0.36310.966 (5.54)

In analogy, we obtain for the By — J/¢ K" and B? — J/¥ K2 decays:

lahy(BY — J/WK®)|> x (1 + 2eacosfcosy + €2a?) = 0.0714 & 0.0059 , (5.55)
228 o (BY — J/1K") = 0.26870011 (5.56)

lag(BY — J/WKS)|? x (1 —2acosfcosy + a®) = 0.097 £ 0.013, (5.57)
adE, an(B — J/YKY) = 0.20610.924 (5.58)

to

The numerical results in Eqgs. (5.56) and (5.58) agree surprisingly well with the factorisation
range in Eq. (5.52). The ay result for the decay BY — J/¢7” has larger uncertainties,
which arises from the uncertainty of the corresponding form factor in Eq. (5.46), showing
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Figure 28: The differential branching ratio of B} — 7 (Tv, using the FLAG (purple
contour) and HFLAV (green contour) parametrisations.

the limitations of the lattice calculations. When it comes to lower ¢2, the limited precision
of the lattice calculations gets amplified. We can illustrate this feature by plotting the
differential branching ratio of the B} — 7", semileptonic partner decay for different ¢*
bins, as given in Fig. 28. As we can see, the band is wider in the lower ¢* regions.

Using FLAG parametrisation [209], which was also used in order to calculate the form
factor f7 . in Eq. (5.46), the differential branching ratio of the B} — 7~ (*v, decay in

the limit m, — 0 is written as:

aB [ dl’
d—q2(33 — 7 4ty = T3, d_QQ(Bg — 7T_€+l/g):| : (5.59)
I G% 2,2 3 [r+ 2172
= TB, 2473 Vs " nw Dy [de—m(q )} ) (5.60)

-G% 9 9 |MmBpy, My q ’ + 2\72
= o, | Gy nEw[ @( )} @] o)

2473 2 mg, map,

where ngw = 1.0066 £+ 0.0050 [232] denotes the one-loop electroweak correction factor.
Fig. 28 illustrates the corresponding contour with purple colour. The differential rate was
measured by the BaBar and Belle collaborations. The uncertainties are due to the form
factor parametrisation. This curve is compared to another contour, denoted by green colour
in Fig. 28, which uses the HFLAV parametrisation that combines lattice QCD and light—
cone sum-rule calculations. This leads to the following value of the form factor:

fon(m3,) = 0.487 £0.018, (5.62)
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which agrees much better with the value of the form factor in Eq. (5.48). As we can see,
there is a large discrepancy between the two contours, showing the issues that arise when
using the form factors and illustrating the necessity to minimise the dependence on them

when determining the parameters ao from the data.

5.3.2 Utilising Semileptonic Decays

It is essential to determine the parameters as in a clean way from the data and to obtain
insights into how well factorisation works. In order to do so, it is important to handle
the form factors, which are difficult to calculate, as there are challenges with extrapolating
lattice results and handling the theoretical uncertainties. Therefore, following the strategy
introduced in Sec. 3.5.4, we use semileptonic decays and more specifically, we construct ra-
tios between the branching fractions of the B® — J/1¢X and corresponding partner decays,

which allow us to avoid the form factor dependence.

Let us firstly work with the decay B — J/¢x". Its partner semileptonic decay is
BY — 7 ¢*v, which has the same form factor dependence. Therefore, constructing the
following ratio

" L(By — J/¢n°) B(Byg — J/¢7°)

4= dF/dq2]q2:m3/w (BY — m= () - dB/dq2]q2:m3w (BY — mltyy)

(5.63)

1— N ?

= 37 ( 5 ) (f']w) x (1 —2acosfcosy + a®) x [ax(By — J/@MTO)]2 ,  (5.64)
Rb nEwW

the |V,;| matrix element and the form factors fully cancel, thereby allowing a clean extrac-

tion of |ag(BY — J/17°)|. However, it still requires knowledge of the penguin parameters.

In the above equation, we have used the relation

21N
-

‘ VeaVer + OO, (5.65)

Vub

neglecting the O(\?) corrections.

Regarding the numerical analysis, we use the B — J/¢7° branching ratio, given in
PDG [233]. For the differential branching ratio of B — mfv we use the following experi-
mental average for the ¢* =m7,, bin [187]:

aB

dq? ’q2:[8,10] GeV?

(B — mlv) = (6.44 + 0.43) x 107% GeV 2. (5.66)

This value is an average of the BaBar and Belle measurements, assuming isospin symmetry
in order to combine the experimental data from both BY — 7~ ¢*y, and BT — 7%*v
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channels. Finally, we obtain the following value of the ratio R} [191]:
T = (2.5840.23) x 107% MeV?. (5.67)

Utilising this result with Eq. (5.64), as well as the penguin parameters in Eq. (5.34), we

finally determine the value as as follows:
|as(By — J/¢7°) }2 x (1 — 2acosfcosvy + a?) = (0.0832 £ 0.0079) , (5.68)

lao(BY — J/ym®)| = 0.2751 0655 . (5.69)

This result agrees better with naive factorisation, in Eq. (5.52) [155], than the form-factor
based result in Eq. (5.54), showing the advantages of using our strategy with the semilep-
tonic decays. The central value in Eq. (5.54) is larger, a fact that is related to the dis-
crepancies between FLAG and HFLAV parametrisations (as shown in Fig. 28), while the
uncertainties are also larger, due to the fact that the form factor in Eq. (5.46) has large
uncertainties.

A similar ratio can be constructed for the BY — J/1 K decay. Its semileptonic partner
is the B — K~ ¢*v, channel. Thus, we write

L(BY = J/¢Ks) B(By — J/¢Kg)

AT AP o, (B = K~ ve) — dBJdq?] ooy (BY— K~ (Fup)

RK

(5.70)

However, we cannot determine the rate RX yet. Even though the LHCb collaboration has
given a first measurement of the branching fraction of the B? — K~ (v, channel [234], a
measurement of the differential branching fraction is not available yet. Therefore, the form
factors information is needed and we still use the value of Eq. (5.58).

Last but not least, for the BY — J/1 K" decay, there is no semileptonic partner. As a
result, for this case, the form factor information in the analysis will be required. For the
value of ay we use Eq. (5.56).

We illustrate the correlation of the effective colour-suppression factors of the various
decays with the size a of the penguin parameters in Fig. 29. So, we show the values of
as as functions of a, and the corresponding uncertainty contours, for the B? — J/¢ K9
(green), BY — J/¢7° (brown) and BY — J/¥K° (blue) decay channels. We point out that
comparing with naive factorisation [155] deviations arise at the (30-40)% level. This may
appear to be large. However, we should keep in mind that this is a class of decays where

factorisation is not expected to work well.
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Figure 29: The effective colour-suppression factors in terms of the size a of the penguin

parameters [201].

5.4 Towards NP in Bg—Bg Mixing

Let us now move towards NP and perform careful studies to explore the allowed parameter
space for NP in B,-meson mixing. For this purpose, as we already saw earlier, we have
to compare the SM predictions of the BS—BS mixing parameters with the corresponding
experimental values. This will allow us to constrain possible NP contributions in the neutral
B,-meson mixing.

Our first step is to properly determine the mixing parameters in the SM. We highlight
that these parameters strongly depend on the CKM matrix elements and the determinations
of the UT apex. Recalling the UT analysis in Sec. 3.4.2, we will discuss the impact that the
different experimental inputs (related to CKM factors) have on the NP parameter space.
Here, we will study each one of the inclusive, exclusive and hybrid case separately.

Following the definitions of the SM predictions for the mixing phases ¢, and ¢, given in
Egs. (3.30) and (3.31), respectively, and utilising the UT apex coordinates for the inclusive,
exclusive and hybrid case, we obtain the SM values [81] presented in Table 4.

We also obtain the numerical predictions for the mass difference Am, between the heavy
and light mass eigenstates of the neutral B,-meson system, defined in Eq. (3.32). We use
the values of the masses of the B and B, system [66]:

mp, = 5279.66 + 0.12 MeV, mp, = 5366.92 & 0.10 MeV, (5.71)

where the mass element MY, in the SM is given in Eq. (3.33). Finally, the results for the
mass difference in the SM are shown in Table 5.
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Case SM HSM
Inclusive (51.4 +£2.8)° (—2.30 £0.13)°
Exclusive (46.2 £+ 2.3)° (—2.08 £0.10)°

Hybrid (42.6 £ 2.2)° (—1.93+0.10)°

Table 4: SM predictions for the mixing phases ¢5™ and ¢SM for the inclusive, exclusive and
hybrid case.

Case AmiM AmSM
Inclusive (0.513 £ 0.040) ps~* (17.23 £0.87) ps~*
Exclusive (0.439 £ 0.033) ps~* (14.80 £ 0.76) ps~*

Hybrid (0.510 £ 0.037) ps~ " (17.19 £ 0.87) ps~!

Table 5: SM predictions for the mass differences AmS™M and AmSM for the inclusive, exclu-
sive and hybrid case.

The experimental values for Am, and Amyg are [120,235]:

Amg = (0.5065 =+ 0.0019) ps~* (5.72)

Am, = (17.7656 4 0.0057) ps " . (5.73)

Comparing the SM predictions with the experimental values, we find that the latter are
more precise (one to two orders of magnitude). A combined analysis of lattice and light-cone
sum rules (LQSR) [236] gives similar results. We note that in the exclusive scenario, the
Amg SM prediction differs from the corresponding measured value by 2 standard deviations
while the Amg SM value differs from the experimental one by 3 standard deviations. We
also observe that the central values in the exclusive scenario are smaller than those of the
inclusive and exclusive cases, following the pattern of the value of the |V| CKM matrix

element.

5.4.1 Introducing the NP parameters

Our next goal is to quantify the impact of NP in the neutral B,-meson mixing. In general,
we may write:
M = MEM (1 4 ryein) (5.74)
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Figure 30: Contours on the o4-r, plane. The left panel shows the dependence on the p
parameter while the right one indicates the dependence on the gquP phase.

where we introduce the NP parameters x, and o, while the SM mass MlqéSM is given in
Eq. (3.33). We can now generalise the expression of the mixing parameters in such a way
that we have two parts, the SM and the NP one, following [237]:

Amg = AmM + Am)" = AmM |1+ kee'e| | (5.75)
Gq = O3 + " = SM + arg (1 + K,e™7) (5.76)

The parameter x, describes the size of the NP effects while the o, is a complex phase
accounting for additional CP-violating effects. This is a model independent parametrisation
in the sense that we make no assumptions concerning the NP origin.

Following Eq. (5.75) we obtain the first constraint from the Am, parameter and the &,
in terms of o, can be written as follows [237]:

pa = | Amg/AmM| = \/1 + 2kq cO8 0y + K2, (5.77)

kg = —C0s0, + 4/ p2 —sin® oy (5.78)

An illustration of the contours in the o,-x, plane for different values of p is given in the left
panel of Fig. 30. As an example, we vary the value of p between 1.2 and 0.8. We choose a
step of 0.1 and the upper contour corresponds to p = 1.2 while the lower to p = 0.8.

The second constrain on the NP parameters comes from the ¢,. The parameter «, as a

function of o, is [237]:
tan ¢NF
Kq = % (5.79)

g — NP
sino, — cos o, tan ¢,

for a given value of (quP. We provide the corresponding plot in the right panel of Fig. 30.
in the ok, plane for different ¢} values. As an example, we pick a few values of the
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Case Kd o4 K O

Inclusive || 0.121%002% | (261731)° || 0.0457005 | (312730)°

Exclusive | 0.15670035 | (34742)° | 0.205790% | (347.6%52)°

Hybrid || 0.0314303 | (104229)° | 0.05350035 | (309+32)

Table 6: Values of the NP parameters x,, o, for the B, and By systems in Scenario I for
inclusive, ecxlusive and hybrid case.

NP phase between 0° < o, < 180° and 180° < o, < 360°, corresponding to positive and
negative ngqNP, respectively.

With the help of Egs. (5.75) and (5.76), we explore two different NP scenarios. The first
one, namely Scenario I is the most general case, having the least assumptions. The second
case that we consider, Scenario II, assumes Flavour Universal NP (FUNP). The purpose
of the latter is to explore the impact of additional assumptions on the allowed parameter
space for NP in Bg—Bg mixing.

5.4.2 Exploring NP Scenarios
Scenario I

The first scenario, which as we mentioned is the most general, uses the UT side R}, and the
angle v as inputs for the SM predictions. The only assumption in this case is that there is
no NP in Ry and 7.

Therefore, we utilise the UT apex determination, which does not rely on information
from mixing in order to determine the SM predictions of Am, and ¢,. These predictions
are compared with their measured values and allow us to constrain the NP parameters.
Here, the NP parameter space is determined separately for the By and the B, system, thus
(Ka,04) and (ks,05) are obtained independently from each other. The results, obtained
from GammaCombo, are presented in Table 6.

In order to guide the eye, a simplified version of the k4 and o4 fit is shown in Fig. 31.
Including the constraints from Am, and ¢; we show the plots for the By system for the
inclusive, exclusive and hybrid case. We draw the individual constraints from ¢4 and Amy
and show the central value®® of the x; and o, for all three cases (indicated by black dot).
Similarly, Fig. 32 illustrates the kg and o, correlation. A more sophisticated fit for both
B; and By systems, produced using the GammaCombo tool, is given in Ref. [81]. It shows

48Here, since the allowed regions can be read off from the overlap of the countours from ¢, and Am,,
we do not add the error bands for the x, and o, points in the plot.
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Figure 31: Simplified version of the fit for the NP parameters in the By system for Scenario I.
We show the central values of k, and o4 (denoted as black dot) for the inclusive (top),
exclusive (middle) and hybrid (bottom) case including the constraints from ¢4 and Amy.
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Figure 32: Simplified version of the fit for the NP parameters in the B; system for Scenario I.
We show the central values of ks and o4 (denoted as black dot) for the inclusive (top),
exclusive (middle) and hybrid (bottom) case including the constraints from ¢, and Ams.
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that the conclusions regarding the presence of NP are different for the three cases. In the
inclusive case, the k, is compatible with 0 while x4 is different from 0 at the 2.2 o level.
In the exclusive determination, the x4 deviates from 0 at the 1.9 o level, whereas k4 differs
from zero at the 3.5 o level, suggesting a strong hint of NP. Last but not least, in the hybrid
case, the k4 is compatible with 0 while k4 deviates at the 1.6 o level.

Scenario 11

For the second NP scenario, we have the FUNP case, where we assume that [81]:

(Ka, 0a) = (Ks, 05), (5.80)

thus the NP contributions are equal in the B; and B, system. This is not a Minimal
Flavour Violation scenario, in which there would be no CP-violating NP phase, but it can
be realised in NP models with U(2) symmetry [238,239].

Here, we do not determine the UT apex based on the side R, and the angle v but in-
stead the fit relies on the R, and R; sides. This is a very useful method, in particular when
discrepancies between the various v determinations arise. Therefore, possible NP in v will
not affect the findings. Let us make a small parenthesis here to describe this alternative

way of the UT determination.

Unitarity Triangle Apex through R, and R; side
Recalling the definition in Eq. (2.64), the side R, can be written as [81]:

Vid

Vis

1
Rt:x

[1 — %2 (1— 25)] + 0 (X . (5.81)

The ratio of the CKM matrix elements |Viq| and |Vi| is expressed in terms of the BB
mixing parameters as follows [81]:

Via
Vis

mp, AmSM

=< (5.82)

mp, AmSM’

Here the SU(3)-breaking parameter ¢ is the ratio of bag parameters and decay constants of
the B, and the By systems that can be calculated on the lattice. We obtain [135,240]:

[B.\/ Bp,
=2V "2 19194 0.016. (5.83)

de \/ BBd
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Determination p n
Inclusive 0.180 £+ 0.014 0.395 £+ 0.020
Exclusive 0.163 £+ 0.013 0.357 £ 0.017
Hybrid 0.153 £+ 0.013 0.330 £ 0.016

Table 7: Values of the UT apex p and 7, determined from the R, and R; sides, for the
inclusive, exclusive and hybrid case.

The individual results for the decay constant and bag parameters are [135,240]:
fe,\/ Bs, = (210.6 £ 5.5) MeV | (5.84)
fB.\/ Bp, = (256.1 £5.7) MeV . (5.85)

The advantage of this ratio compared to the individual results is that uncertainties cancel,
making it cleaner. Using the values of the masses of the B, and B, system given in Eq. (5.71)
and the experimental values for Am, and Amy given in Egs. (5.72) and (5.73), we obtain
the ratio of the CKM matrix elements:

Via

v = 0.2063 4 0.0004 4 0.0027 . (5.86)
ts

Here, the first uncertainty corresponds to experimental measurements while the second one
is due to the lattice input.
Therefore, the R, side can be determined.*® However, in this case we have to make the

assumption that we use SM expressions for the mixing parameters Amg and Am.

UT Apex Results through R, and R;

Having determined R;, we can now make a fit to the R, and R; sides and we obtain the
results [81] in Table 7. Comparing these results with the ones that relies on information
from « shown in Table 2, we notice that there is a similar precision for 7 while p is a factor
2 more precise.

Consequently, the extraction of the UT apex coordinates utilising R, and R; is more
precise than the determination through R, and ~, presented in Sec. 3.4.2. On the other
hand, R; requires the SM expressions of Amy and Am, and as a result, possible NP con-

tributions in BS—BS mixing are ignored.

49We mention here that since we will revisit the discussion about the side R, in Chapter 8, we will gather
the corresponding values in Table 17, for completeness.
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Case Kg = Ks = K Og=0s=0
Inclusive O.O57t82832 (2944123)0
Exclusive 0.20310.062 (347.7+74y°

Hybrid 0.04370:04 (326153)°

Table 8: Values of kg = ks = k and 04 = 05 = ¢ in the NP Scenario II for the inclusive,
exclusive and hybrid case.

Obtaining the NP Parameters in Scenario 11

Let us finally define the NP space using the FUNP assumption. An important con-
sequence of this assumption is that in the ratio Amg/Ams, any NP contributions cancel.
Therefore, the R; (defined in Eq. (5.81)) will not receive any contributions from NP at order
A2 Employing the UT apex, coming from R, and R;, we obtain the SM values of Am,
and ¢, without relying on y. These SM predictions are compared with the experimental
counterparts and lead to constraints on x and 0. The GammaCombo fit results [81] are

presented in Table 8.

Comparing Scenario I and Scenario II

Comparing the values from Scenario II with the results from Scenario I, where the UT apex
was relying on R;, and 7, we observe that they are similar to the k4 and o, parameters for
the inclusive, exclusive and hybrid case, indicating that the B, system dominates the fits.

A comparison between the two scenarios allows us to test the FUNP assumption and
explore its impact on the constraints on the parameter space of NP in BJ-BY mixing.
Within uncertainties, the FUNP case interpolates between B, and B, system, with By still
playing the dominant role. So, the FUNP scenario seems to be compatible with Scenario
I for both By and B, which means that we can not rule out FUNP assumption®®. Fig. 33
illustrates the correlation between k4 and x,. The three contours represent the three Ry
solutions (for the inclusive, exclusive and hybrid case) while the black diagonal line denotes
that kg4 = ks, which is used in the FUNP scenario. We observe again that all three solutions
are compatible with the FUNP assumption.

50A comparison between the fit solutions for the By and B, systems coming from GammaCombo is
presented in Ref. [81] and for completeness we add it in Appendix D.
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Figure 33: Comparing the inclusive, exclusive and hybrid scenarios through a combined fit
for kg and k,. The black diagonal line denotes the FUNP scenario, where k4 = ;. The

analysis has been made using GammaCombo fit.

5.4.3 Future Improvements

In the future, it will be important to achieve increased precision on the key input mea-
surements. Let us firstly discuss the case of improvements on the NP parameters s, and
0, Regarding the phases ¢,, it is only the ¢ which is more precisely known than the
corresponding experimental value. On the other hand, the ¢5™ phase is limited by the UT
apex knowledge and particularly the R, side. The AmS5M and AmS™ parameters have large
uncertainties due to non-perturbative terms. As it is difficult to improve these calculations
and it is not easy to predict the associated time-scale, we avoid future estimates. As a
result, we focus on the |V, matrix element, the lattice calculations and the UT apex.

We get a feeling of the future prospects, by making the hypothetical assumption that
each one of the above mentioned input parameters is reduced by 50%. The corresponding
values are presented in Table 9, where we compare the current results (Scenario I) of k,
and o, for the inclusive, exclusive and hybrid case for both the B; and B, systems with
the 50% improved precision on each one of the parameters: |Vy|, lattice and UT apex [81].
We obtain interesting findings, which of course depend on these assumptions.

Regarding the Bs;-meson system, we note that the precision on x4, and o, is limited by the
lattice uncertainty. The impact from improvements on the UT apex seems to be negligible,
especially for the phase ¢,. From the scenarios that we consider, it is the exclusive case
which assumes improvement from lattice that appears to be the most exciting. Such a case,
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Kd 04
Scenario Inclusive Exclusive Hybrid Inclusive Exclusive Hybrid
Current 0.12179055 | 0.15675:03% | 0.031F0057 || (261737)° | (347731)° | (104%355)°
|Veol50% improv. 012175638 | 015670087 | 0.03170.030 || (26173)° | (347731)° | (1047358)°
latticesos mprov. 0.12179058 | 0.15675:069 | 003170950 || (261731)° | (347733)° | (104¥35)°
UT Apexsos improv. || 0-121F0837 | 01567097 | 0.031799% || (261%31)° | (347719)° | (104+23%)°
K/S 0-8
Current 0.045+0098 | 0.20579.96 | 00537004 || (312737)° | (347.6%82)° | (309734)°
|Vabl50% tmprov. 0.045%0045 | 020570925 | 0.053+0944 || (312721)° | (347.6783)° | (309+%)°
latticesor fmprov. 0.04570:%32 | 0.20573.912 | 0.053%0030 || (312%%)° | (347.6%53)° | (309%3))°
UT Apexsoz improv. || 0-04570:035 | 0.20570085 | 0.05370035 || (312F30)° | (347.6752)° | (309%51)°

Table 9: Results for NP parameters x, and o4, assuming a hypothetical scenario of reducing
the uncertainty on the |V,| matrix element, the lattice calculations and the UT apex by

50%. Both By and By systems are studied for the inclusive, exclusive and hybrid case [81].

would suggest NP in B%-BY with a significance of more than 5 standard deviations.

As far as the Bgz-meson system is concerned, the situation is different. We demonstrate
in our studies that, the UT apex plays a limiting factor. We note that it is the inclusive
scenario which assumes improvement on the UT apex the one that stands out. In order
to fully explore the potentials of this system, progress on the UT apex has to be made.
Things are very different from the B,-system where the SM prediction of ¢, is more robust.
Consequently, searches of NP in B%-B? mixing are more promising than in the By-system.
Of course, it is of key importance to manage to constrain NP in both the B; and B, systems
as much as possible.

Another essential point regarding future prospects is related to NP in the angle v. As we
have already mentioned, there are two ways of determining ~ and with the current data, they
are in good agreement with each other. However, these measurements have different origin.
If in the future, there is improved precision on the input quantities of these measurements,
the different + determinations might show significant discrepancies due to NP effects. In
this case, it would no longer be justified to perform an average of the different results, as
we performed here. Therefore, the UT analysis should be revisited. Then, independent
information from additional observables would be necessary to resolve such a situation,
which could also provide exciting new opportunities in NP searches, not only in v but also

in BS—Bg mixing, which is strongly correlated with the UT apex coordinates.
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As we also discussed the case of determining the UT without using ~ information but
the R; side instead, we highlight the issue in this case, which is the SM determination of
the R;. Utilising additional assumptions like the FUNP, we make sure that in ratios like
Amg/Amg , any NP contributions drop out, thus remain SM-like.

5.5 To sum up

In this Chapter we have presented a detailed analysis of the B} — J/¥ K and B? — J/v¢
channels, discussing the state-of-the-art picture of the penguin effects. Special care has
to be taken in the extraction of the mixing phases ¢,. The determination of ¢4 from the
BY — J/¢¥ K" channel and ¢, from the B? — J/1¢ is limited due to penguin effects.

We are entering a phase where hadronic uncertainties have to be included. Therefore,
we have developed a strategy of including these corrections with the help of data. Having
employed SU (3) flavour symmetry, we have made use of the corresponding control channels,
which are the B} — J/¢7", BY — J/Y K2 and BY — J/1p” modes. All these five channels
have been used in a simultaneous fit. Since their mixing-induced asymmetries depend on
¢q, this analysis allows the extraction of the mixing phases and the hadronic parameters,
taking directly the penguin effects into account.

Considering future scenarios, we have highlighted again how essential it is to improve the
precision on Ry, side and eventually resolve the |V,;| and |V;| inclusive-exclusive tensions as
these are limiting factors concerning ¢, determination. Regarding ¢,, it will be important
for polarization-dependent measurements from B? — J/1¢ to become available. As we
have shown in these scenarios that it will be possible to obtain non-zero contributions to ¢,
with more than 5 o, it becomes clear that the penguin uncertainties have to be controlled
and that the five channels we have used can be benchmark channels for CP violation studies.

Moreover, we have utilised information from branching ratios in order to determine
the effective colour suppression factors as. These parameters can be used as reference for
future QCD calculations, thus to help gain insight into the dynamics of the B® — J/¢P
decays. In order to extract the ay factors in a theoretically clean way and to minimise
the dependence on hadronic formn factors, we have introduced ratios of the B® — J/¢P
modes that we are interested in, with their semi-leptonic partner decays. The results are
in the ballpark of theoretical predictions, suffering though from large uncertainties. They
also show the impact of non-factorisable SU(3) breaking effects, where no deviation from
the SU(3) limit has been indicated within the current precision. Therefore, the SU(3)-
based strategy suggested in our analysis works well and it can offer exciting potential for
establishing new sources of CP violation in the future.

Having the SM predictions of the mixing parameters as inputs, we have moved towards



5 BY— JJUKY, BY = J/¢é : PENGUINS & NEW PHYSICS IN B?-BY 118

our main goal, which is to explore the allowed parameter space for NP. We have introduced
the NP parameters s, and o, and have explored two different NP scenarios. In the first
scenario, we have constrained the NP parameters separately for the B, and the B, system
in a model-independent way. We have shown that out of the three cases, it is the exclusive
one for the B, system that gives a strong NP evidence.

In the second scenario, we have assumed Flavour Universal NP, thus NP contributions
are the same in the B, and By system and as a result, NP effects are dropped out in the
Amg/Amg ratio. As we have noted, the B system is the dominant one. Comparing the
three cases for the CKM matrix elements, we have found that in the exclusive one the fit
contours overlap well with those coming from the general NP case for the B, system while
in the inclusive and hybrid case the shapes are different. Thus, the FUNP assumption
might not be realised in the nature, although we can not exclude such kind of NP given
the current uncertainties.

Moving to the high precision era, we have performed future projections for the main
input parameters, thus the CKM matrix elements, the UT apex as well as the lattice
calculations. Interestingly, we have demonstrated that in the B; system the UT apex plays
a limiting factor and progress on the UT apex is required in order to fully explore this
system’s potential. Contrary to By, in the B, system we do not have this issue as the SM
prediction of the phase ¢, is more robust. Therefore, NP searches in the neutral mixing of
B, system are more promising than in the B;. However, constraining NP in both systems
as much as possible is of key importance. Last but not least, essential future prospect is
also related to the UT angle v, because improved precision on the input quantities might
lead to discrepancies between the different v determinations due to NP, which will not allow

anymore an averaged result as it is used here.
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6 The BY — D;FK:I: System

In this Chapter we explore the BY — DT K* system, which is a very interesting example of
non-leptonic decays, offering a powerful probe for testing the SM description of CP violation
[241-243]. In the SM, the channels B — D} K~ and B? — D} K~ with their counterparts
decaying into the CP-conjugate final state D; Kt originate from pure tree topologies caused
by b — ciis and b — #ics quark-level processes, respectively, as shown in Fig. 34(a,b).
Dealing with neutral B? mesons, the phenomenon of B%-BY mixing occurs. Due to B?-
BY mixing, interference effects arise between the B — DK~ and B? — D} K~ decay
processes. Therefore, the BY — DT K system allows a theoretically clean determination
of the phase ¢, +. As the mixing phase ¢, is determined through B? — J/1¢ and similar
modes [191,211,212,220,244], it finally leads to the extraction of .

Historically, these decays were considered very robust with respect to NP contributions.
However, we have now reached the level of precision that allows us to see puzzling patterns.
One of these puzzles, which was also our motivation to further explore the B? — DK~
system, was a surprisingly large v value which was reported by LHCb Collaboration [189]

v = (12800)°. (6.1)

This result is in tension with the regime of 70°, which is given by global analyses of the
UT [122,187,233,245] as illustrated in Fig. 35. Could this value indicate physics beyond
the SM?

In order to answer this question, we complement our analysis with information from
branching ratios. Extracting the individual branching ratios of the B? — DK~ decays
and combining with information from semi-leptonic B decays, we arrive at yet another
tension with SM predictions, which we also obtain in other decays with similar dynamics.

In view of all these puzzles, we need to shed more light on the situation. Therefore,
we develop a model-independent strategy and generalise our analysis of the BY — DFK*
system in order to include NP effects.

The outline of this Chapter is the following: first, we provide the theoretical framework,
having a closer look at CP violation and discussing the ¢ + v determination, while paying
special attention to discrete ambiguities. We determine the individual branching ratios of
the B = Df K~ and B? — D; K decay channels from the experimental data. We convert
them into effective colour factors |a;|, which characterise the colour-allowed tree decays, and
obtain the corresponding SM predictions. We extract the |a;| parameters in the cleanest
possible way with respect to uncertainties from CKM parameters and form factors, utilising



6 THE B® — DFK* SYSTEM 122

> c
b ‘\P’ c b MM\U u
=0 +
Bs Dg Bo K~
s
s s
(a) (b)

Figure 34: Colour-allowed tree topologies for the BY — DT K* system in the SM.
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Figure 35: Tension between the angle v form the global UT analyses (shaded brown area)
and the result from the LHCb Collabration (shaded red area) in Ref. [189].

B semileptonic decays. In view of the puzzles that arise, we propose a model-independent
framework to reveal possible NP effects. We apply our strategy to the data and explore
the space left for NP. We finally summarise our conclusions. The chapter is based on our
studies in Refs. [115,190] and the proceedings contributions [206, 207,246-248].

For completeness, we emphasize that we only focus on the value of v (and related
observables) reported in Ref. [189], which was the available data when our papers discussed
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in this thesis were published. Very recently, the LHCb Collaboration came up with a
new analysis of the BY — DFK® system, reporting a standalone RUN II measurement
corresponding to v = (74 4+ 11)° [188]. By the time the present manuscript was submitted,
this result had not been included in the average of the  values yet. Hence, for the numerical
analysis of this thesis, we will not take it into account. However, this is a very interesting
result, where the large uncertainties still leave a lot of room, and needs to be further
explored. Despite of what the future data will bring, the key points of our proposed
strategies and the main results arising from our studies still hold and provide useful insights,

setting the basis for future explorations of these decays.

6.1 Standard Model Amplitudes

Our starting point is to express the SM amplitude as:
A(B] = Dy K™) = (K™D} [Hea(B, — DfK™)|B)) , (6.2)

where Heg is the low-energy effective Hamiltonian of the system. A similar relation can
also be written for the CP-conjugate case. Following here the notation of Ref. [242], we
denote the CKM factors®! as v, 05, v}, 0F and the hadronic matrix elements as M, M.

The decay amplitude is rewritten as follows:

AB? - DIK™) = G—\/gUSMS, (6.3)

G
A(BY = DFK™) = (—1)tecr ZEo M, (6.4)
V2
where L is the angular momentum of the final state system, which in this case is equal to

0, and ¢cp is a convention dependent CP-phase. This phase arises from performing CP

operations, as was already presented in Eqgs. (4.4) and (4.5). Similarly, for the CP-conjugate

final state:
ABY - D;K") = ﬁUSMS, (6.5)
S S \/§
A(BY = D;K*) = (—1)keiocp Gr v M. (6.6)
V2

Let us recall Sec. 4.2.2, where we introduced the quantities & and ¢ which measure
the strength of the interference effects. Employing the CP transformations in Eqs. (4.4)

51These CKM factors are products of CKM matrix elements.
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and (4.5), we can now write these physical observables for the B? — DFK* system as
follows [242]:

o e A(BY =
M =] o0
= ibs | i A(BO — D;KJr)
b=e [ ¢CPA<BS%D;K+)]' ©.8)

The next step is to implement the formulas of the decay amplitudes in the above expressions.

Therefore, the ¢cp phase gets cancelled by the amplitude ratios and we obtain the simpler

form:
: 1
s = —(=1)LeTiet) : 6.9
§ (=1)% o (6.9)
& = —(=1)Fe @) [ge] . (6.10)

Here, the hadronic parameter z, and the strong phase d, are introduced. The parameter
xs is defined as in Ref. [242]

r, = Rpa,, (6.11)
where Ry is the UT side, while for a,:
1 Ms
M,

The phases ¢cp are cancelled in the ratio of the hadronic matrix elements.

a9 = e ilocp(D)—écp(K) (6.12)

Due to the structure of Egs. (6.9) and (6.10), we utilise the product of the two parameters
and arrive at a theoretically clean relation:

§o X & = PO, (6.13)

s cancels. This relation allows the

where the non-perturbative hadronic parameter x e’
extraction of ¢, + v, once & and &, are determined. So, let us see in the following Section

how we determine them.

6.2 CP Asymmetries

Due to the B%-BY oscillations, and having both neutral mesons decaying into the same final
state f, interference effects arise between B%-B? mixing and the decay processes. These
effects lead to the time-dependent rate asymmetry, which takes the following form for the
BY? — DFK* system [242,243]:

D(BYt) — f)—T(BYt) = f)  C cos(Amyt) + S sin(Amyt)

Acr(t) = L(BY(t) = f)+ T(B(t) = f)  cosh(yst/7p,) + Aar sinh(yst/7s,)

(6.14)
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This asymmetry allows us to probe the corresponding CP-violating effects. Here, f is the
Df K~ final state, the Am, = mg) — m(Ls) describes the mass difference of the By mass

eigenstates, as we already introduced in Eq. (3.22), and vy, is defined as

AT,
ys = 5 = 0.062 % 0.004, (6.15)

where Al'y = Fl(j) — Fg) is the decay width difference, as in Eq. (3.23), and I'y = Tgsl is the
inverse of the average lifetime of the B, system. The numerical value of y, corresponds to the
current experimental average [233]. The coefficients of the oscillatory terms cos(Amgt) and
sin(Amyt) are the observables C and S, respectively, which are now expressed as follows®%:

_JAB! = DIKT)P — JA(B! = DIKT)P? 1— &)
JA(BY = DFE)P+A(BY = DIEO)P - 1+ &

2

with S indicating the mixing induced CP violation. Due to the sizeable differential decay

C

(6.16)

width AL, we get access to a third observable, the Aar:

2
AAI‘ = (m) Reé’s. (618)

We remind the reader that the Aar depends on the other two asymmetries, satisfying the
sum rule:

Agr=1—-C% - 8% - A% =0. (6.19)

As we can see from the above relations, the absolute value of & can be determined from
the measured value of C while information from S and Aar allows the extraction of the
imaginary and real part of &, respectively, through the relations

1-C Aar S
Gl=y1oe  Re& =L g =T (6.20)

fixing &, in the complex plane from the data. Therefore, we can determine & unambiguously
from the measured observables.

We note that analogous relations hold for f, thus the CP-conjugate D7 K+ final state,
where C, S and Aar are replaced by C, S and Aar, respectively. Similarly, we obtain the
following sum rule:

Asr=1-0C" -5 — Axp = 0. (6.21)

52The notation now is in line with Refs. [115,190].
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Observables
C =-0.7340.15 C=+40.734+0.15
S = +0.49+0.21 S =+40.524+0.21
Aar = 4+0.31 £0.32 Aar = +0.39 4 0.32

Table 10: CP-violating B? — DT K* observables corresponding to the LHCb analysis [189).

Again, we extract & from the measured values of the three observables. The observables
corresponding to the LHCb analysis [189] are collected in Table 10, taking the proper sign
conventions into account and having added the statistical and systematic uncertainties in
quadrature. For completeness, we mention that these measured values are consistent with
the sum rules in Eqs. (6.19) and (6.21):

Agr = 0.13 4 0.36, Agg = 0.04 %+ 0.40. (6.22)

6.3 Determining v and Resolving Ambiguities

We already introduced Eq. (6.13), which is one of the relations that play the central role in
our analysis and we described in the previous Section how both &, and &, can be determined
through the asymmetries C, S, Aar and C, S, Aar, respectively. Therefore, Eq. (6.13)
allows the extraction of ¢, + v using only the observables. Since ¢, is already determined
through B? — J/1¢ and similar modes [191,211,212,220,244], we extract the UT angle 7.
We note that due to the multiplicative factor of two, which is associated with this phase,
we obtain a twofold ambiguity, modulo 180°.

The observables Aar and Aar play an important role in the reduction of the number
of the ambiguities. More specifically, if only measurements of C' and S were available, we
would obtain a twofold ambiguity for &, and similarly for &,. Consequently, when applying
Eq. (6.13), we would have a fourfold ambiguity for 2(¢s + =), resulting in an eightfold
ambiguity for ¢s + v, thus for v itself. However, combining the information obtained from
Ss, Ss, Aar, and Aar,, the number of discrete ambiguities can be reduced, as it is pointed
out in Refs. [242,243]. We are then left with a twofold ambiguity, which can further be
resolved. Thus, Aap, and AAFS are crucial to resolve ambiguities.

In the SM framework, due to the fact that Eqgs. (6.9) and (6.10) rely on the structure
of the corresponding decay amplitudes, the following relations hold

L (1+0) C+C=0, (6.23)

i 1-c)

|ES‘ =
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which were assumed by the LHCb Collaboration in their analysis [189]. LHCb performed a
sophisticated fit to their data, taking relevant correlations into account, and obtained the

following picture:
&l =0371000 ¢+ = (126110)°, 0, = (—2F13)°,  [modulo 180°], 6.24
0.09

where we have omitted the solutions modulo 180° and used ¢5 = (—1.7 £ 1.9)° in order to
convert the value of v in Eq. (6.1) into ¢ + 7. Using an updated value of ¢, = (—5t};§)° :
as we already introduced in Eq. (5.35), which is the average of the corresponding measure-
ments and includes corrections from doubly Cabibbo-suppressed penguin topologies, [191]
we obtain
v = (131537)°. (6.25)
This result is in tension with the SM, which suggests a value of v at the regime of 70°. In
view of this puzzling value and as LHCb performed an intricate analysis to obtain their
results, working under the assumption C' + C = 0, it is crucial to transparently understand
the situation. Let us see how we can achieve this.
Applying Eq. (6.23) using the measured value of C, which is given in Table 10, we
obtain:
&) = 2.53T a8, €| = 0.40 4 0.13. (6.26)

Using the following combinations of the observables:

(), = # =0.50£0.15, (S)_= % =0.02£0.15 (6.27)
ZAF + Aar ZAI‘ — Aar

(Aar)y = =0.35+0.23, (Aap). = —=0.04+0.23, (6.28)

2 2
we are able to determine ¢4 + v as well as d, with the help of experimental data, utilising
the following relations [115,190,242,243]:

S
tan(gs +7) = — <J1A>F+>+ = —1.45%078 (6.29)
tan &, = @ili >F‘>+ = 0.047075. (6.30)

The situation is illustrated in Fig. 36. As we can see on the left-hand side plot, the points
where the contours coming from the tangent function and the line corresponding to the
value of (tan ¢, + 7y) intersect, are the ¢5 + v solutions. There is a twofold solution for

¢s + 7y arising from the measured observables:

¢s+v=(—55735)° VvV (12577%)°. (6.31)
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Figure 36: Illustration of the determination of ¢+~ (left) and 0, (right) [115], as described
in the text.

Similarly, on the right-hand side plot in Fig. 36, for the CP-conserving strong phase d5, the
numerical values corresponding to the LHCb measurements give

6, = (182%33)° v (2135)°. (6.32)

Taking the signs of (S); and (Aar)4 into account and using the relations

\/is—_>7+02 = + cos 0, sin(¢p, + ), % = — cos 0s cos(¢s + ), (6.33)
we observe that (¢s+7) ~ —55° and 125° are associated with d5 ~ 180° and 0°, respectively.
Regarding (S)_ and (Aar)_, they are both proportional to sin d,, and this is also reflected
by their small experimental values. The case of 3 ~ 180° would be in huge conflict with
factorization, which predicts ds ~ 0°, as we will discuss in more detail in Subsection 6.5.
Consequently, we can single out the final solution ¢, +~ = (125%72)° with 6, = (2735)°,
thereby excluding the solutions modulo 180°.

Therefore, we find excellent agreement between this transparent picture and the LHCb
analysis. The result in Eq. (6.25), despite its significant uncertainty, is much larger than
the regime of 70°, indicating a discrepancy at the 30 level. Could this tension indicate NP
entering the BY — DT K* system?

This puzzle would require new sources of CP violation. It could not arise from any long
distance effects since the determination of the angle v is theoretically clean. CP-violating
NP effects could, in principle, enter through BS—BS mixing. However, the experimental
value of ¢, which we use in the analysis already includes these effects. Therefore, such
new contributions would only enter directly at the level of the decay amplitude of the
BY — DFK# system. As a result, they would manifest themselves also in the corresponding
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branching ratios. So, in order to answer the above question and shed more light on this
puzzling situation, a closer look at the branching ratios is required. Let us explore all these

quantities in detail in the subsequent Section.

6.4 Theoretical Branching Ratios

Information from branching ratios will complement the CP-violating observables and as we
will describe in the following Sections, they will give rise to a second puzzling situation.
We first determine the individual branching ratios for the different decay channels.

We consider B? and B? decays into the final state DY K~. Due to B%-B? mixing effects,
we have to distinguish between the time-integrated “experimental” branching ratios [220]

1/00 [D(BY(t) = DFK™) +T(B(t) — D K7)] dt, (6.34)

Bex =
P9

and the “theoretical” branching ratios where these effects are switched off, thus for decay

time t = 0,
1 _
Bun = 5 [B(B{ = DK )w + B(B] = DK™ )], (6.35)

where the factor of 1/2 arises from the average of the B? and BY decays. We have to
disentangle the interference effects between the two decay paths arising from B%-B? mixing:

B(B? - DfK )y = |A(B? = DI K™)|* ®py 73, (6.36)

B(B? = DK™ )y, = |A(B? — DY K™) > ®py, 75, . (6.37)
Here ®p), is the phase-space factor defined as

mDS mg

bpy, = d 6.38
Ph 1671'7)13S (mBS’mBS> ’ ( )

where the meson masses mp,, mp, and my enter the phase-space function, which we have

already presented in Eq. (3.62).
The “theoretical” and the “experimental” branching ratios are related to each other as
follows [221]:

1-— y2
By = | —————| Bexp- 6.39
. |:1 + AAFSys:| P ( )

Using the definition of &, in Eq. (6.7), we may write

(
= % (1+ &)%) Bw(BY = DfK™) (6.40)

1

2

(1 +1&]7%) Bun(B — DK™, (6.41)
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allowing us to determine the individual theoretical branching ratios [115,190]:

_ 1
B(B? - DI K )y, =2 (TI«SP) B, (6.42)
2
B(B] = DK™ ) =2 (#”glg) B, = [¢[°B(B] = DK™ ). (6.43)

The B, can be determined from the experimental branching ratio through Eq. (6.39).
Analogous expressions hold for the B? and B decays into the final state D7 K+, replacing
Bexps Bin, Aar, and & through their counterparts Beyp, B, Aar, and £, respectively.
Unfortunately, separate measurements of the experimental branching ratios for these final

states have not yet been reported. However, the following average is available

1 _ 1 o

<Bexp> = 5 (Bexp + Bexp) = 5 sz, (644)

BEP = Beoyp + Bexp = (2.27 £ 0.19) x 1074, 6.45
b p p

where the numerical value in Eq. (6.45) is given in Ref. [233]. In the SM framework, the
following relations hold:

B(B® = DK ) 2 B(B = DI K ) (6.46)
B(B" = DI K )y 2 B(BY = DI K ), (6.47)
B & By, (6.48)

Consequently, assuming SM relations for the amplitudes, as was also done by the LHCb
collaboration [189], we obtain [243]:

e 1—y?
By, = By, = [1 . yS<AM>J (Besp)- (6.49)

Using the numerical values in Egs. (6.15), (6.28) and (6.44), we determine the value of
Bey [115, 190]:
By = (1.10 £ 0.09) x 107* (6.50)

and finally obtain the values of the individual theoretical branching ratios characterising
the B — DFK® system:

B(BY — DK™ )y = (1.94+£0.21) x 107*, (6.51)
B(B? — DK™ )y, = (0.26 £0.12) x 107 (6.52)

These results follow from the current data, through Egs. (6.42), and (6.43) and the |&],
which is extracted from the experimental study of CP violation [115,190]. Here, we assume
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Parameters CP conjugate Values
B B (1.10 £ 0.09) x 1074
B(B! — Df K™ ), B(B® = DI K*), (1.94 + 0.21) x 10~
B(B! = Df K™ ) B(B® = Dy K¥), (0.26 £ 0.12) x 104

Table 11: Theoretical branching ratios characterising the B? — DF K* system, assuming
the SM framework, as discussed in the text [115].

vanishing NP contributions to the corresponding amplitudes. We note that due to our
assumption of the SM, the theoretical branching ratios of these decays are equal to their
CP conjugates. We collect the values for the individual decay channels in Table 11.

We have determined the individual branching ratios of the two decay channels from
the data. For the theoretical SM interpretation, these branching ratios are converted into
quantities |a;|, which are phenomenological colour factors that characterise colour-allowed
tree decays, as we have already introduced in Sec. 3.5.2. Let us discuss below how we obtain

these |a;| factors.

6.5 Factorisation

Due to the impact of strong interactions, it is challenging to calculate the non-leptonic
B-meson decays. The factorisation approach is a particularly useful tool for the calculation
of the decay amplitudes and the branching ratios. As already discussed in Sec. 3.5.2, the
hadronic matrix elements of the corresponding four-quark operators are factorised into the
product of the matrix elements of their quark currents. Factorisation is not a universal
feature of non-leptonic B decays. It is expected to work well in decay transitions that
originate only from colour-allowed tree topologies [153,159,170]. A lot of effort has been
put also in QCDF for these decays [164-166]. Prime examples where factorisation is on
solid ground are the b — ¢ transitions like the B — Df K~ channel, which plays a key
role in our analysis, as well as the decays BY — Dfr~ and B} — D7 K~. Let us now see

factorisation at work.

6.5.1 Introduction to Partner Decays and Branching Ratio Comparison

Let us firstly discuss the B — DK~ and BY — D7~ modes, which are the partner
decays of the B® — DK~ and BY — D} K~ modes, respectively. They originate from
the same quark-level processes while differing only through the spectator quarks. We note

that the Bs modes receive additional contributions from exchange topologies, while their
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Masses Values Masses Values
mp, (5366.88 4+ 0.14) MeV mp, (1869.66 4 0.05) MeV
mp, (5279.64 + 0.12) MeV mg (493.677 + 0.016) MeV
mp, (1968.34 + 0.07) MeV My (139.5704 + 0.0002) MeV

Table 12: Meson masses relevant for our numerical analysis [233]

B, counterparts do not have such contributions. We can determine the branching ratios of
the partner decays and compare them with the results collected in Table 11.

Working with the B — D7 K~ and B? — D} K~ channels, we may determine the
following ratio [115]

2

Tp.k Ep.k

1+

" _ T ma, F(de/de,mK/de)] [B<Bs o DEEJu) o

B ®(mp,/mp,,mg/mg,) | | B(BY — DI K~)

TDdK TDSK TB, MpBy

where the Tp i and T,k amplitudes describe colour-allowed tree topologies, while Ep g

denotes the exchange topologies. The SU(3) flavour symmetry of strong interactions implies
TDSK =~ TDdK- (654)

The SU (3)-breaking corrections only arise from spectator quarks. The current experimental

branching ratio, which is CP-averaged, reads as follows [233]:
B(BY — Dy K~) = (1.86 &+ 0.20) x 10~*. (6.55)

Using the value of B(BY — DjK~) in Table 11, the meson masses in Table 12 and the

average lifetime of the B? meson [233]

75, = (1.527 £ 0.011) ps, (6.56)
we obtain - 5
DR+ 22K — 103 +0.08. (6.57)
Tp,Kx Tp,.k

Similarly, we use the BY — Dfr~ and B? — DK~ decays and determine [115]

2

TKDS EKDS

1
TT('DS *

. (6.58)

2 _ TBaMp, d(mp,/mp,, mz/mg,) ] [B(B? — DK™ )y
®(mp,/ms,, mk/ms,) B(Bg — D}n—)

Tk p, TB, MB,
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where the Txp,, Trp, and Exp, describe the corresponding colour-allowed tree and ex-

change topologies, respectively. Due to the SU(3) flavour symmetry, we have
Tkp, =~ Trp,. (6.59)
The current experimental CP-averaged branching ratio is [233]:
B(BY — D7) = (2.16 £ 0.26) x 107°. (6.60)

Using again the values in Tables 11 and 12 as well as the average lifetime of the BY meson

[233]:

75, = (1.519 £ 0.004) ps, (6.61)
we determine the ratio: - .
KD KD
11+ 2l =1.1140.26. 6.62
Trp, Tk p, ( )

The findings in Egs. (6.57) and (6.62) are consistent with a small impact of the exchange
topologies, which was also found in Refs. [243,249]. We will examine the situation in more
detail in a following Section.

As a next step, we compare the B — DIn~ and B? — Dfrn~ decays , arising from
b — ciid quark-level processes, with the B — DY K~ and BY — D} K~ channels, which
are related through the U-spin symmetry of strong interactions [242,243]. We determine

the ratio
Tpye |’ |+ B T, mas, {‘I)(mDs/mBsamw/mBs)} { B(Bg = Djn”) (6.63)
Tp.x Tpyx T8, mp, | P(mp,/mp,, m./mp,)| | B(BY = D1 ) '

with the colour-allowed tree amplitudes T -, Tp,» and the exchange topologies Ep .. The

values for the experimental branching ratios are the following [233]:
B(BS — Din™) = (252 +£0.13) x 1072, (6.64)
B(B? = DI 17 )exp = (3.00 £ 0.23) x 1073, (6.65)

We can convert the experimental BY — D}r~ branching ratio into the theoretical one,
utilising the relation [221]

B(BY = Dfn ) = (1 — y2) B(BY = DT )exp- (6.66)
Using the values in Tables 11 and 12 with the average B, and By lifetimes, we obtain [115]

EDdTr
TDdﬂ'

TDdﬂ'

1
TDSﬂ' *

= 0.91 + 0.04. (6.67)
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Figure 37: Exchange topologies for (a) the B — D K~ and (b) the B? — K D; decays.

Comparing with Eq. (6.57), the results agree within the uncertainties.

So far, we have found consistent branching ratios with the partner decays and have
already presented the first information on exchange topologies. We can now gain insights
for more decay channels. In the following Secs. 6.5.2 and 6.5.3, we will discuss how we can
determine separately the ratios of the colour-allowed tree amplitudes as well as the terms
rg, defined as

re=|1+E/T|, (6.68)

which include the ratios of exchange over tree topologies.

6.5.2 Theoretical Prediction of a?+*

Let us now focus on the B? — DF K~ decay, which is caused by b — ciis quark-level
transition. This decay receives an additional contribution from an exchange topology which
involves the spectator quark and is not factorisable. An illustration of this topology is
given in Fig. 37a. However, experimental data indicate that these exchange topologies play
a minor role as they contribute to the decay amplitudes at the few-percent level [249].
Within the SM, we may write the amplitude of the B® — D K~ mode as follows:

ASM L = Ce ViV fx FE7P(m3%) (m% —m2) al:k (6.69)
BO—=DIK \/5 us " 0 K Bs D leff »

where Gy is the Fermi constant, V.V, is a factor of CKM matrix elements, fx the kaon
decay constant, and Fy'* 7 (m2) a form factor parametrising the hadronic b — ¢ quark-
current matrix element, as presented in Eq. (3.58). As we have already mentioned, there
is a variety of approaches for calculating the form factors, most notably lattice QCD [209,
250,251]. The parameter

E
arst = ar*" (1 + DSK) (6.70)
TDSK
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describes the deviation from naive factorisation. The parameter a”** characterises the non-
factorisable effects entering the colour-allowed tree amplitude T, gk, while Fp_ g describes
the non-factorisable exchange topologies, which were introduced in Eq. (6.53).

Within the QCD factorisation approach, the a; parameters for colour-allowed B — D7
and B — DK decays, which arise from b — cud, b — cud quark-level transitions, are found
as |a1| &~ 1.07, with uncertainties at the percent level, showing a quasi-universal behaviour
[164]. As we have noted, factorisation is expected to work very well in this decay class.
This is also indicated by the fact that the parameter a; has a stable behaviour under
the QCD renormalization group evolution [154,155], as discussed in Sec. 3.5.3. This is in
contrast to the ay coefficient characterising colour-suppressed decays, where factorisation
is not expected to work well®3.

The current state-of-the-art results within QCD factorisation for the B — Di K™,
BY — D7~ and B? — D}~ decays, which are related to one another through the SU(3)
flavour symmetry of strong interactions, are given as [252,253]:

laP | = 1.0702+3949L (6.71)
laP"™| = 1.07310912 (6.72)
laf* ™| = 1.0727T)01% (6.73)

Here, we observe an essentially negligible difference of the values of their |a;| parameter.
Recently, in Ref. [254], even QED effects have been studied. These effects are small and
fully included within the uncertainties.

We may now obtain the |a;| parameter of B® — Df K~ utilising the BY — DK~

channel, which differs only through the spectator quarks and use:
la?* ¥ = 1.07 £ 0.02, (6.74)

where in view of SU(3)-breaking effects in the spectator quarks, we have doubled the tiny
uncertainty, considering the spread of the SU(3)-related values in Eq. (6.71). Moving on
to the impact of the exchange topologies, we note that in the BY — D} K~ decay this
topology is non-factorizable and we cannot calculate it reliably from first principles. As we

will see next, we use experimental data in order to constrain this contribution.

53Interestingly though, as we have already seen in Chapter 5, for decays of the kind Bg — J/r0,
experimental data give values for ag(Bg — J/y7r%) that are surprisingly consistent with the picture of
naive factorisation [191].
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Constraints on Exchange Topologies

With the help of the |al**| and |a”*¥| values and the form-factor ratio [127]
FPP )
R

= 1.01 4 0.02, (6.75)

we may calculate the ratio of the colour-allowed tree amplitudes [115,190], which enters
the expression in Eq. (6.57):

T FBSHDS 2 2 2 DsK
’ DK | _ { 0___ “”KW {mfs mfs} Y| = 1.03+0.03. (6.76)
Tpux Fy 77 (mi) ) Lm, —mp, | ey

This ratio finally allows us to obtain the result for the parameter [115,190]

E
DK — ‘1 + 22K — 1,00 +0.08, (6.77)

r
E
TDSK

which follows from experimental data. We note that no anomalous behaviour of the ex-
change topology, that could come from large rescattering or other non-factorizable effects,
is indicated. There is consistency with Refs. [243,249].

Similarly, using the values of the |aP?"| and |aP*™

factors [127]

parameters, the ratio of the form

™

FBS—)DS 2
‘0—(7") = 1.01 +0.02, (6.78)

FE )

and the masses in Table 12, we obtain the colour-allowed tree amplitude ratio entering in

Eq. (6.67):
T ~ FBd—>Dd 2 m2 _ mz Dr
Dar| _ | Fo T Tlma) | [, — D, | | 0T g9 4 3, (6.79)
Tpx Fy7 7 (m2) | Lmp, —mp, ] lag*"
This finally leads to the result
Dgm __ EDdﬂ' .
pDam = |1 224 — .92 + 0.05. (6.80)
Dym

Again, there is no anomalous behaviour of the exchange topologies with respect to the
theoretical estimates. The current state-of-the-art results in Egs. (6.77) and (6.80) are
consistent with those obtained in Refs. [243,249].

Another interesting decay which gives us information about the exchange topologies is
the BY — D7~ channel. It arises only from exchange diagrams and it is related to the
exchange contribution in Bg — DI K~ decay through the SU(3) symmetry, replacing the
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pair of dd quarks by s5. Regarding the experimental status, constraints on its branching

ratio have not yet been reported. There is only the following upper bound available [187]:
B(B? = D*¥ 71%)p < 6.1 x 107% (90% C.L.) . (6.81)

Last but not least, we discuss the B’g — D K~ decay, which also originates only from
exchange topologies. It differs from the BY — D} K~ channel only through the down quark
of the BY meson in the initial state. Therefore, through SU(3) symmetry, the following
relations for the amplitudes are obtained:

A(By = D{K™) = VaViy Bp k., (6.82)
A(Bg — D:K_) = ‘/;bV:s (TDSK + EDSK>- (683)

Employing these relations, we may write the following expression:

EleK TBS de |:®(mDs/mBs’ mK/mBs):| Vus g |: B(Bg — D;_K_) (6 84)
TDSK+EDSK B, MB, @(mps/de,mK/de) Vud B(Bg %D;Kf)th ’ ’
Experimentally the following branching ratio is measured [187]:
B(BY — DfK™) = (2.74+0.5) x 107°. (6.85)

Using the values for the CKM elements [233] and the results in Table 11, we finally obtain:

/
EDSK

——=— 1 =(0.08 +0.01. 6.86
Tp.x + Ep, i (6.86)

This result provides direct access to the size of the exchange contribution and agrees ex-
cellently with the picture in Eq. (6.77). Due to the non-factorisable contributions to the
exchange amplitude, as pointed out in [243,249], a large strong phase difference between
the colour-allowed tree amplitudes and the exchange topologies is indicated. This feature is
also supported by data for other modes. The current uncertainties do not allow us to draw
further conclusions. Consequently, the ranges we consider in Eq. (6.77) are conservative

assessments of the impact of the exchange topologies.

6.5.3 Theoretical Prediction of af"*

The amplitude of the decay B? — K+ D;

S )

which is caused by b — ucs processes, can be
expressed in a similar manner as the amplitude of the BY — D} K~ decay (b — ¢ process).
In the SM, we write

ARy gipe = 75 VeV I, F 8 (md,) (m, —m%) at'g, (6.87)
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with the corresponding CKM factors are replaced correspondingly, the D, decay constant
fp,, and the form factor Fy*~*(m? ) which parametrises the hadronic matrix element of

the b — wu transition and the parameter

alDs — gKDs (1 + EKDS) . (6.88)
Tkp,

As in Eq. (6.70), the coefficient a{(D ¢ describes non-factorisable contributions entering the
colour-allowed Tk p, tree amplitude, while the Exp, amplitude arises from non-factorisable
exchange topologies. The exchange topology is illustrated in Fig. 37b.

In this case, even though it is also a colour-allowed channel, there may be significant
non-factorisable effects, as the heavy-quark arguments for QCD factorisation in b — ¢ tree-
level transitions do not apply in this case [164]. Using Eq. (6.74) as guidance, we assume

the following value as a reference point:

KD;
1

afPs| = 1.140.1. (6.89)

Interestingly, the strong phase difference d5 in Eq. (6.24), with a central value close to 0°,

agrees excellently with factorisation, thereby supporting factorisation also in the b — ucs

channel®*.

Constraints on Exchange Topologies

We continue now with the ratios entering in Eq. (6.62), and consider the B} — 7+ D7
decay. Its amplitude takes the same form as Eq. (6.87). Due to the fact that this channel

does not receive any contributions from exchange topologies, we obtain
D, Dy
afef = a7 - (6.90)
Applying the SU(3) flavour symmetry to the spectator quarks, we assume

a3 = lal®

=1.140.1, (6.91)

with the numerical value in Eq. (6.89). We can now write the ratio of the colour-allowed
tree topologies as follows:

T B K ()2 m2 —m2 KDy
‘ k.| _ |\ Eo (mp) { L. f;} Yl =115 +0.19, (6.92)
Tp, Fy = (mi,) | Lmp, —ma ] Jayr™

5We emphasize here again that if factorisation didn’t work, we would expect a much bigger phase
difference ds. This small value of §; though shows that factorisation is supported even in the b — wucs
channel, where in general, it appears to be on less solid ground.
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where we utilise the meson masses in Table 12 and Eq. (6.91). The By — K and By — 7
form factors, describing SU(3)-breaking effects, are calculated with QCD light cone sum
rules in Ref. [255]. Therefore, the ratio of form factors is:

FOBS —K ( 2

)
—==2 1 =1.124+0.11. (6.93)
FF(m3, ) ]

Finally, the ratio in Eq. (6.92) and the numerical result in Eq. (6.62) allow the determination
of the quantity

=0.97 +0.17, (6.94)

FE
rgDS = ‘1—1— KDs

TK D

which folllows from the experimental data. We observe a pattern similar to the constraints
in Egs. (6.77) and (6.80), although with larger uncertainty.

The decay B? — D=7+ is related to the exchange contribution to BY — D; K channel.
The branching ratio has not been measured but only an upper bound is available.

In addition, the BY — D7 K™ is related to the exchange topology of the BY — K+D;
channel, which differs only through the down quark of the initial B} meson. A measurement
of the corresponding branching ratio is not yet available [187]. Using the experimental
results in Table 11 and Eq. (6.85), we write

2

‘ EbsK T, Mp, {@(mDS/mBS,mK/mBS)} Vo Ves B(ég —)D;KJr)
Tkp, + Exp, T8, mp, | P(mp,/mp,,mik/mp,) | |VaVua| |B(B® = K+D;)w |’
(6.95)
where VoV \R
ubVes b 2
= 14+ O(A°)| = 0.089 £ 0.005 6.96
piel = | 2| [+ 00%) , (6.96)

having used the Wolfenstein parameterization with R, denoting the UT side from the origin
to the apex [122]. Therefore, we obtain:

/
EDSK

—— 1 =0.09 +0.02, 6.97
Tkp, + Exp, ( )

which is in excellent agreement with Eq. (6.86). The hadronic matrix elements of the
exchange amplitudes scale with the product of the decay constants. Thus, fp, fp,fx for

our modes, we obtain that E}, ;- ~ Exp,. We finally consider the numerical range
rEPs =1.00 £ 0.08, (6.98)

which is fully consistent with (6.94), although giving a sharper picture. Comparing with

our analysis regarding the Bg — KTD; decay, this range is similar as the one for rEsK in

Eq. (6.77).
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6.6 Information from Semileptonic Decays

Our next step is to extract the |a;| parameters of the B — DF K~ and BY — K*D;
channels from the data in the cleanest possible way. For this purpose, it is important to
minimise the dependence on uncertainties from CKM parameters and hadronic form factors.
In order to achieve this, semileptonic decays provide again a very useful tool [153,164,249].
The experimental results of |a;| can then be compared with the corresponding theoretical
expectations. It is interesting to see whether we will encounter another puzzling situation.

6.6.1 Extracting the Experimental Value of |al*¥|

We can now determine |a;| in a clean way, utilising information from B, semileptonic
decays. We firstly discuss the B® — DF K~ mode. As we already mentioned, it originates
from a b — ¢ transition and its partner semileptonic decay is the BY — Df/ly,. We
introduce the following ratio [153,164,249]:

B(B? — DfK™)w
dB (B — D (1) /dq2|q2:m§{'

RD;»K_ f—

(6.99)

We remind the reader that the differential branching ratio is related to the differential rate

through the average lifetime 75, of the Bs; meson:
dB (BY — D}t i) dr (B? — Dﬂ—ﬂ@)]

= T,

(6.100)

dg? dg?

The B? — D}~y differential rate has recently been measured by the LHCb collaboration
[256]. We apply the Caprini-Lellouch-Neubert (CLN) parametrisation [257] of the relevant
form factor with the following parameters:

|Vap| = (41.4 £1.3) x 1073, (6.101)

G(0) = 1.102 + 0.034, (6.102)

p? = 1.2740.05, (6.103)

resulting from the LHCD analysis [256]. Using Eq. (6.100) with the value of 75, in Eq. (6.56)

to convert the differential rate into the differential branching ratio, we finally obtain

dB (Bg — D;‘—g_ﬁg)
dg?

= (3.97£0.47) x 107% GeV ™2, (6.104)

—a 2
q2*mK

55For completeness and to be consistent with our analysis in [115,190], we mention that we have calculated
the uncertainty neglecting correlations between the parameters. Taking them into account would reduce
the error but for our numerical analysis, we prefer to use the larger uncorrelated error, also in view of the
different form factors parametrizations that can be used.
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We note that in the future, it would be useful if the experimental Collaborations provided
measurements of the differential rates at the relevant ¢? bins. As a result, there would be
no need to use different form factor parametrisations. The numerical values in Table 11
and in Eq. (6.104) yield
Rp+g- =0.05£0.01. (6.105)
Utilising Eqs. (6.36) and (3.62) with (6.100) and (3.61), the ratio Rp+ .- in Eq. (6.99)
can be written as

Ryt = 61 fie|Vas ol [P X b, i (6.106)

where the CKM matrix element |V,;| cancels. We note that for the momentum transfer
q> = m?% the same phase space-functions enter the semileptonic and non-leptonic B decays.
The term Xp_ i includes the following masses and the corresponding form factor ratio:

2
(m, —mbp,)* [FfﬁDS(m%)}
2 Y

[mBS — (mp, + mK)Q][mBS — (mp, —mg)?] F1BSﬁDs (m)

(6.107)

where the relevant meson masses are collected in Table 12. The ratio of hadronic form
factors for ¢ = m?% is close to the normalisation given in Eq. (3.59) and the form-factor

information from lattice QCD studies [209, 250, 251] yields:

[FfﬁDs (3

(mi)

] = 1.00 £0.03. (6.108)

FlBs —Ds

The product of the kaon decay constant fx and the CKM factor |V,,| can be extracted from
data for leptonic K decays, yielding fx|Vis| = (35.09£0.0440.04) MeV [258]. Consequently,
with the numerical value in Eq. (6.105), we determine

laPss| = 0.82 = 0.09. (6.109)

Using the expression in (6.70) with the numerical value of r2* given in Eq. (6.77) to take

the exchange topology contributions into account, we obtain the result
laP*¥| = 0.8240.11, (6.110)

which follows from the data and is very robust with respect to the hadronic form factors in
Eq. (6.108). We observe that the result has a surprisingly small central value. Comparing
it with the corresponding theoretical expectation in Eq. (6.74), it differs at the 2.2 o level.
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6.6.2 Extracting the Experimental Value of |aXP*

We discuss now the B — K+ D7 channel, which originates from a b — u transition. We use
the rate of the theoretical branching ratio of this transition with the differential branching

ratio of its partner semileptonic decay BY — K[ (7,:

B(Bg — D;K+)th
dB (Bg — K+f_ﬂg) /dq2|q2:m%

Ryip- =

= 67 D, |Ves*|at’ |* X e, (6.111)

in analogy to Egs. (6.99) and (6.106). The product of the Dy decay constant fp, and
the CKM factor |V,4| can be determined from leptonic Dy decays measurements, yielding
o Ves| = (250.9 £ 4.0) MeV [258]. The term Xgp, is written as

S

D
FP 78 (md,)

(6.112)

2
FBS—>K m

[m, = (mx +mp,)*[mi, — (mx —mp,)?]

Even though the semileptonic B? — K™/, channel has recently been observed by the
LHCD collaboration and a first measurement of its branching ratio is available [234], the
corresponding differential decay rate for various ¢? bins has not yet been reported.

As a result, in order to be able to determine the ratio Ry - from the data, we apply
the SU(3) flavour symmetry: instead of using the semileptonic B? — K*{i,, we make
use of its partner decay BY — 7¢~,. For this channel, we do have measurements of the
differential rate by the BaBar and Belle collaborations [187,233].

We introduce now the following ratio:

SU(3) B(B? = D; K*)u,

= = 61 fp |Ves|*laf iy

= _ 2 X su(3), 6.113
K+D; dB (BO N 7T+g—9£) /dq2|q2:m2D SU(3) ( )

where in the expression of Xg(3) different phase-space factors enter, in contrast to the

decay ratios considered above e.g., in Eq. (6.112), and we have:
m Mpg 2
X = - 28] P B [
su@) = |1 — p .
@ 7 [q) <m m_D>]3 F1B_> (m%s)
mp’ mpg

mBS
The non-perturbative form factors have been determined with lattice QCD [259,260] and
QCD light-cone sum rule analyses [255,261]. The ratio of form factors can be written as

(6.114)

2 2 ?
FeRmy )[R i) [ EE o () (6.115)
FPr(md,) | PR (md,) | | FP(mb,) |

We assume that the first ratio satisfies the relation in Eq. (3.59) for ¢* = m%s, in view of
the currently large experimental B(B? — D K ™)y, uncertainty, and as a result it is close
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Figure 38: Result of the fit for the BCL parametrization to the averaged ¢2, as given in [11].

to 1. This agrees with the analysis in Ref. [262]. It would be important to have a dedicated
lattice QCD study of this form-factor ratio in the future. The second ratio of form factors
represents the SU(3)-breaking corrections. Using the results for ¢*> = 0 given in Ref. [255]

and neglecting again the ¢> = m3,_ evolution, we have

Fy 7" (m,)

e (6.116)
FPom(md,)

] =1.12+0.12.

If we apply the formalism of Ref. [255] to perform a study of the ¢? evolution and

determine the form factors at ¢* = m3, , we obtain:

FP7R(m3, ) = 0.366 £+ 0.028, (6.117)
FP7™(m3,) = 0.323 £ 0.028, (6.118)
yielding
P )
L~ Pl —1.1340.13 6.119
FP () ’ (0119

As this result is in excellent agreement with Eq. (6.116), the effect of the evolution of ¢* is
negligible within the given errors.
Last but not least, we determine the value of Ry - in Eq. (6.113) using the following

experimental value of the differential semileptonic branching ratio [187]:

dB (B — 't ) [d¢?| o e, = (T.14£0.46) x 107° GeV ™2, (6.120)
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and the theoretical branching ratio for the B® — D; K* decay in Table 11. We note that
the most recent fit for the differential B° — 7+¢~, branching ratio presented by HFLAV®®
is shown in Fig. 38. We obtain

Ry p- = 3.64 £ 1.70. (6.121)
This yields the effective value
laf2e| = 0.77 £ 0.20 (6.122)

utilising Eq. (6.113). Finally, the range for r5”* in Eq. (6.98) yields

>

= 0.77 4+ 0.21. (6.123)

We find again a pattern that favours a central value smaller than the theoretical refer-
ence value given in Eq. (6.89). Even though factorisation may here not work as well as
in the BY — D} K~ decay, this result is another intriguing observation. Comparing with
Eq. (6.110), the uncertainty is now significantly larger. Due to the large current uncertain-
ties, we can again not draw further conclusions.

We stress that it would be very interesting and important to reduce both the theoretical
and the experimental uncertainties. It is also desirable to have in the future a measurement
of the differential decay rate of the B — K¢, channel, therefore to be able to implement
this rate directly into Eq. (6.111). This semileptonic mode would also be very useful for an
analysis of the B? — K+ K~ decay [263].

6.7 Puzzles in the |a;| parameters

When we compare the theoretical predictions with the values arising from the data, both
a7 | and |ag™

show a similar pattern with the experimental central values being much
smaller than the theoretical ones. Let us now see whether we observe similar trends in B,
decays with similar dynamics.

We firstly discuss the decay Bg — DI K, arising from b — cus processes in analogy to
the B — Df K~ channel. There are no exchange topologies in this mode. Utilising again
the information from semileptonic decays, following the same strategy that we presented
above, we introduce the ratio

B(B) — DfK™)
4B (BY — Dy 1) JA¢] s

Rpti- = = 67 f2 | Vis P lay ™ P X pxc, (6.124)

56We mention that in Fig. 28 we had already produced the contour that corresponds to the values of the
differential branching ratio of the BY — 77/~ 7, channel in the HFLAV parametrisation. In that plot we
had made the comparison between the HFLAV and the FLAG parametrisation. Here, we show the plot as
it is presented in Ref. [11].
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which allows us to extract the |al’**| from the data. We define the differential branching
ratio of the BY — DI¢~1, decay at the relevant value of ¢*> = m2%, applying the CLN
parametrisation [257] with the parameters [187]:

newG(1)|Vie| = (42.00 & 1.00) x 1073, (6.125)
p® =1.131 £0.033, (6.126)

and the lifetime 75, in Eq. (6.61). We obtain the value: 57

dB (By — Dt ) [dg?| oz = (3.65 £ 0.23) x 107% GeV ™2, (6.127)
The term Xp, g is written as:
2
(m%, —mp,)” Fy =P (mi)
Xpx = 75 et 5 | =555 | (6.128)
[de - (de + mK) Hde - (de - mK) ] Fl (mK)

The form-factor ratio, in accordance with the normalisation condition (3.59), is:

0 _<mz<>] =1, (6.129)

and with the meson masses in Table 12, we obtain
la?*™| = 0.83 £ 0.05. (6.130)

We may now compare this result with the theoretical value in Eq. (6.71). The central value
is again significantly smaller, showing a discrepancy at the at the 4.8 o level.

The next decay that we study is B} — DJ7~, which is the U-spin partner of the
BY — D K~ channel [242]. We introduce
_ B(Bg — D7)
- dB (Bg — Djé‘z?,g) /dq2‘q2:m$r

Rp+.— = 672 f2|Vial a7 * X p g (6.131)

The experimental differential semileptonic branching ratio for ¢ = m?2 is [187],
dB (BY — DIt 1) /dg?|joeme = (3.80 £ 0.24) x 107 GeV 2, (6.132)

while fr|Vua| = (127.13 £ 0.02) MeV [258] and

2
Xpr = (i, = mip,)” Fo ™o (mi) | (6.133)
T mB, — (mp, +m)?|[my, — (mp, —mg)?] | FPP(m2)

5TWe do not take correlations between the parameters into account, as in Eq. (6.104). Including them,
leads to a smaller uncertainty but we prefer to keep the more conservative uncorrelated uncertainty, fol-
lowing Refs. [115,190].
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The term a? 4 takes the exchange topology into account and we have:
Ep
aPim — P (1 + &) . (6.134)
TDdﬂ'

With these numerical values, we obtain:

laleT| = 0.83 4 0.03. (6.135)
Assuming rp*" = 2% with the numerical value in Eq. (6.77), we find
laPi™| = 0.83 £ 0.07. (6.136)

Comparing this result with the theoretical prediction in Eq. (6.71), we observe again that
the experimental value is much smaller, differing at the 3.3 o level.

We continue with the decay BY — D7~ which differs from the B} — Df7~ channel
only through the spectator quarks. As there is no contribution from exchange topologies
in this mode, we have a cleaner setting. We introduce

B(Bg — D;'_T('_)th

Rp+.- = - = 67 f2|Voua|*|a?*" | X p o 6.137
Dim dB (Bg) N D;‘g_ﬂg) /dq2|q2=mg T fﬂ'| d’ |a1 Ds ( )
and in analogy to the discussion above the term Xp_ . is
2
Xpr = (mip, —mip, )" {FfﬁDs (mi)} (6.138)
T md, = (mp, +me)?l[mE, — (mp, —mz)?] | F7P (m2)

In order to determine the theoretical branching ratio of B — Df7r~, we use Egs. (6.66)
and (6.64), and get:
B(BY — D77 ) = (2,99 £0.23) x 1072, (6.139)

For the differential rate of the semileptonic B — Df¢~, decay, we apply the CLN
parametrisation with the parameters given by the LHCb collaboration in Ref. [256]. We
obtain:

dB (BY — DIt~ 1) /dg?|oeme = (4.12 £ 0.46) x 107° GeV 2, (6.140)

where we used the BY lifetime in Eq. (6.56). We finally arrive at the result:

P

= 0.87 +0.06 , (6.141)

which we compare with the theoretical value in Eq. (6.71). The central value is again too
small, with a discrepancy at the 3.2 ¢ level.
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which is the
Bg — 7Dy channel. It only differs through the spectator quarks and does not receive any

Last but not least, we consider the counterpart decay of B® — K*D;

s 7

contributions from exchange topologies. We introduce

B(BY — 7t D;)

R..p = _ - = 672 [}, |Ves|*laT"* |* Xap, (6.142)
Ps ™ 4B (BO — 7T+€—Vg) /dq2|q2:m%5 ‘ !
with
2
X, = (myp, —m2)? FP7™(m3) (6.143)
iy, = (ma+mp, Y [mi, — (me —mp,)? | FPOT(m3) |

where we have again assumed that the form-factor ratio still satisfies the relation in Eq. (3.59)
for ¢* = m3, , i.e., is close to 1. A dedicated lattice QCD study of this form-factor ratio
would be really useful for future analysis. Using the experimental differential branching
ratio [187]:

dB (B — 't ) [d¢?| oz, = (T.14£0.46) x 107° GeV ™2, (6.144)
we finally determine
laT?*| = 0.78 £ 0.05. (6.145)

This result is consistent with the value in Eq. (6.123), although with significantly smaller
uncertainty. The experimental value differs from the theoretical reference value in Eq. (6.91)
at the 2.9 o level.

Summarising, we had a detailed look at B() decays with similar dynamics. We observed
again a similar pattern, with the parameters following from the data being smaller than

the corresponding theoretical values:

BY — DK~ decay: |ay*"| =0.83+0.05, differs at 4.8 level,
BY — Din decay: |al*"| =0.83+0.07, differs at 3.3¢ level,
B? — Dfn~decay: |al*™| =0.87+0.06, differs at 3.2 level,

7D

By — 77D  decay: |aT”*| = 0.78 £ 0.05, differs at 2.9 ¢ level.

We illustrate and compare the experimental and theoretical SM values of the |a;| parame-
ters for various decay processes in Fig. 39. The left panel shows decays which are caused by
b — cus and b — cud processes. The right panel illustrates decays originating from b — ucs
transitions. We also show in one plot these results for the various |a;| parameters coming
from the experimental data and compare them with the theoretical SM expectations in Ap-
pendix E.1. We note that in Ref. [249], the same pattern was found for B — D7~ and
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|a1| parameters for b — cus(d) modes |a1| parameters for b = ucs modes

Experimental Values Theoretical Values Experimental Values Theoretical Values
.§ B0-DiK™ e ——o] [ 220
T 9Kk +D; b { | o
Q| Bi-DJK~ —e— ol 4.80
S| BY-Din- —— tof 3.30 i
* BY-n*DS ——i ———
o| B-Dfn- p—a— fof 3.20

0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 13 0.5 0.6 0.7 0.8 0.9 1.0 11 12 13

Figure 39: Experimental and theoretical SM values of the |a;| parameters for various decay
processes. The left panel illustrates decays which are caused by b — cus and b — cud

processes while the right panel shows decays originating from b — ucs transitions.

BY — D7 K~ decays with |a;| values smaller than one. It has also recently been discussed
within QCD factorisation also for B — D7~ in Ref. [253].

So far, we have only considered the SM framework. We have identified an intriguing
result for the angle v arising from measurements of CP violation in the BY — DFK=*
system. This picture is complemented by information from the branching ratios, which is
encoded in the parameters a;. We note that the latter puzzle is not related to CP violation.
Before moving on to generalise this description to allow also for contributions coming from
NP in Sec. 6.8, let us still point out some further remarks in the next Section.

6.7.1 Further Remarks
Possible NP Effects in Semileptonic Modes

Recalling Eq. (3.61) for the semileptonic B — P/, decays, we note that we have assumed
the SM for the semileptonic decay amplitude. The corresponding modes may be affected by
physics from beyond the SM [264-267]. It is possible to include NP effects in such decays,
as discussed in Refs. [105,110,268,269]. A popular scenario in the literature suggests that
NP should enter exclusively through couplings to heavy leptons. In the case of 7 leptons,
we remind here the reader about the discussion regarding the ratios R(D) and R(D*) in
Sec. 3.4.3. However, in our analysis we utilise experimental data for semileptonic B
decays having only electrons and muons in the final states. As a result, should NP enter
via taus, our studies would not be affected. In analogy, for determinations of |V,,;| and |Vy|

in Chapter 3, only By decays to ¢ = e, u were used.
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Power Corrections

As we already presented in Fig. 39, the experimental values of |a;| are much smaller than
the theoretical ones for various b — cus(d) and b — ucs modes. Following from this feature,
recent analyses within scenarios for physics beyond the SM have been studied [192-194].
Within the SM, a suppression of the |a;| parameters could arise from universal power-
suppressed corrections of order Agep/my [252]. However, such effects would not explain
the intriguing v value coming from the CP-violating observables of the B? — DT K* decays,
as it would require new sources of CP violation. We note that in Refs. [270,271] NP effects
in non-leptonic B meson tree-level decays are also discussed.

Regarding QCD factorisation, we highlight again that we have puzzles in the |a;|, not
only in the b — c¢ transitions, where factorisation is expected to work excellently, but also in
channels like B — K*D; and B — 7% D7, where this framework is on less solid ground.
Interestingly, in our analysis in the previous Sections, there was no indication of anomalous
enhancement due to the exchange topologies, which could arise from large non-factorisable
effects. The small strong phase s in Eq. (6.24) also supports the factorisation picture.
Anomalously enhanced power corrections are also disfavoured by these observations.

6.8 Pursuing New Physics

In view of these puzzles that we have extensively discussed in the previous Sections, we
generalise our discussion and extend our analysis to include NP effects in B — DFK*.
6.8.1 Generalising the Amplitudes

The decay amplitudes consist of the SM and the NP part:

B
Amplitude = Psy + Pyp = Psy (1 + ﬂ) . (6.146)
Psnt
We generalise the transition amplitudes of the four decays as follows:
A(B2 = D) = A(BY = DY K Jsw [1+ pede™] (6.147)
AB? = DFK™) = A(B? = D K™ )su [L+ pee™] (6.148)
A(B? = D; K%)= A(B? — D; K1)su [1 + ﬁe“?e*ﬂ : (6.149)
A(B! = D;K*) = A(B! = D K*)su [1+ peet™]. (6.150)

Here p and p describe the strength of the NP contributions to b — ciis and b — @cs quark-
level transitions with respect to the corresponding SM amplitudes, respectively, with §, §
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denoting CP-conserving strong phases while ¢, ¢ are CP-violating NP phases®®

. A(B° - DYK- A(BY - DYK—
ﬁ (5 E ( _8 S )NP7 pezée—up J— ( S S )NP’ (6151)
A(B? — DK~ )sum A(BY — Df K~ )su
A(B - D-K+ ABY - DK+
pe 56—230 = ( s s )NP pezée—s—zgo — ( s s )NP (6152)

A(B? — Dy K+)su A(B® — Dy K+)sm
Using these parametrisations of NP effects, we may generalise the expressions of the branch-
ing ratios and the CP asymmetries, which are related to decay amplitudes.

6.8.2 Direct CP Asymmetries

The definitions of the direct CP asymmetries for the B? — DF K* system are:

Adi = |A(B? — Dy K)|> = |A(B) = DI K7)P? (6.153)
[A(B? = Dy K+)[? + [A(B) — Dy K- |
0 + )2 0 |2
g = [ABY = DIKD)I — |A(BY — D KY) (6.154)

|A(BS = DIK-)]? + |A(BY — Dy KH)|*
In the SM framework, these direct asymmetries vanish, as reflected by the following decay
amplitude relations:

[A(B; = DI K™ )su| = |A(BS — D K¥)swl, (6.155)

|A(B) = DFK™)sm| = |A(B! = Dy K1)sul. (6.156)

In contrast to the SM, NP contributions may generate non-vanishing direct CP asymmetries.
Applying the generalised amplitude Eqs. (6.147) and (6.150), in Egs. (6.153)-(6.154), we
obtain

~dir 2 psin d sin @
& = — (6.157)
14+2pcosdcosp+p
Al 2 psin d sin (6.158)

1+2pcosdcosp+ p?

Therefore, provided we have non-vanishing CP-conserving and CP-violating phases, the
direct CP asymmetries do not vanish, in line with the general requirements for direct CP

violation.

8For a detailed analysis of how one defines these NP parameters, the reader is referred to Ref. [115].
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6.8.3 Branching Ratio Observables

We have already introduced the ratios R of theoretical branching ratios with the differential
branching ratios of their corresponding semileptonic decay channels. In the presence of NP,

we use CP-averaged ratios (R) as follows:

B(BO — D+K7)th + B(BO — D7K+)th

Rp.x) = , 6.159
\Ro,x) [AB (BY — Di (=) /dg? + dB(BY — Dy (+vy) [A?] | opms. (6.159)
BY — K*D; BY - K~ Df
(Rkp,) = 5 BB, Jn B(O - Jun : (6.160)
[dB (BY — K+{~1;) /dg? + dB (BY — K—l*v,) /d¢?] | 2—m 2
which take the form:

(Rp, ) = 67° f|Vas*laret * Xp,x [1+2pcosécos g+ p?] (6.161)

(Rgp,) = 67 fp | Vus*|at i’ > X e, [1+2pcosdcosp+ p]. (6.162)

We note here that for vanishing direct CP asymmetries, we have (Rp k) = Rp+ - and

(Rkp,) = Ry+p-- We can introduce the following quantities:

b= <RDS§§>K : (6.163)
67r2f}2(|Vu5|2|a1§ﬁ |2XD5K
R
Hircp.) (6.164)

672 f3, [Ves | ateq [P X kD,
where for the effective values of |a; .| we use the product of the theoretical expectations
in Egs. (6.74) and (6.89), which are obtained within QCD factorisation, and the numerical

KD;

values of r2+% and r£”* in Egs. (6.77) and (6.98), respectively, yielding:

laPsf| = 1.074£0.09,  |alle| =

(6.165)

Regarding the ratios R, we use the experimental values in Egs. (6.105) and (6.121). Finally,
the parameters b and b take the following form:

(B(By = DI K" )m)
B(BY — Dy K-t
(B(By = K*D; )um)
B(B? — K+Do)i
Within the SM, these observables would be equal to 1. However, using the values in
Egs. (6.165), (6.105) and (6.121), these parameters take the values

b

=1+2pcosdcosp+ p°, (6.166)

b =14 2pcosdcosy + p?, (6.167)

b= 0.58 4 0.16, b = 0.50 £+ 0.26. (6.168)

The deviations of the branching ratio observables b and b from the value of 1 reflect the
puzzling picture coming from the |a;| parameters presented in Fig. 39.
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6.8.4 Generalised Expressions for &, and &,

As we noted above, for the CP-violating phenomena in the BY — DT K* system, interfer-
ence effects between B%-B? mixing and decay processes play a key role and are described
by the physical observables & and &. We generalise their expressions to allow for NP

contributions with new sources of CP violation as follows:

145 i6 ,+ip B 1 i6 i
w] C e—gw [ﬂ] | (6.169)

_ ¢SM
S =5 1+ peide=iv 1+ peide=ie

Using the SM expressions in Egs. (6.9) and (6.10), interchanging the NP parameters p, ¢,
¢ and p, 0, @, we write:

» 1 1+ ﬁeige—i-i@
— i(Ps+7) 6.170
gS (& [wseids] 1 + peuse_zso ) ( )
B ) ) 1 10 ,+ip
£, = — e H¢st) [xse“sﬂ % ) (6.171)
1+ peidei?
Introducing a phase Ay, the above relations are rewritten as:
£ = —[&le e OB, (6.172)
£, = —|&,|eT:ei0s+) il (6.173)
where
. _ 5 — . — 5 — . S_ 6 —
fan Ag — psin(p —4) + pS_m(sOﬂ_L ) + pp_sm( 0+ o+ ) | (6.174)
1+ pcos(p —6) 4+ pcos(p +0) + ppcos(d — 0 + @ + )
— . = _ S . 5 — . 5 _ g —
fan AG — psin(g — ) + psin(p + ) + ppsin( +9+9) (6.175)

1+ pcos(p —8) + peos(p +6) + ppcos(d —d + ¢ + @)
In the SM case, the product &, x &, is central for studying CP violation. We rewrite the

generalised product as follows:

B B 1+ pei6€+i<p 1+ ﬁeiSeH@
_ (¢SM ., #SM
§x &= (&1 E) | e T 5eBe | (6.176)
iy |LEpeiet | 14 peetic (6.177)
- 1+ peile=i | |1+ peide=ie |’ '

where again the hadronic parameter z, with its strong phase d, cancels.
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We may then write the first ratio in Eq. (6.177), expressing the NP parameters in terms
of the direct CP asymmetries, using:

1 90 ,+i¢p 1— dir
_tpe e’ e Adlr (6.178)
14+ peew 1+ AZE

where we introduce a phase A®, which is given through:
1—Adr 1142 ) 2 2
cos AD — Ad + 2pcosd cos p + p* cos2p | (6.179)
L+ Al | 14 2pcos(d — ) + p?
1 — Adin [—2pcosdsi 2 sin (—2
sin Ad — Ad peosdsing + p7sin (~29) | (6.180)
1+ AL | 1+2pcos(d— o)+ p?

2pcosdsin p + p? sin 2
1+ 2pcosdcosp + p2cos2p |

and

tan A = — [ (6.181)

In an analogous way, we express the second ratio in Eq. (6.177) in terms of the direct
asymmetries AL and the corresponding counterparts for the phase A® that are related to
p, @ and 4.

We may now rewrite the product &, x &, with the help of the direct CP asymmetries as

B ) dir 1— Adir ) _
fs % 65 _ 612(¢s+’7)\/{1 n :idlr :| |:1 - jdlr :| e*l(A‘I"FA‘D)' (6182)

Moreover, applying Eqgs. (6.172) and (6.173), the product of & x & takes the form
Eo X & = [&] |E] 7047 (HBerAR) (6.183)

where

&) 6] = \

Adw} [1 — Al } : (6.184)

1 + Adlr 1 + Adlr

Comparing Eqs. (6.182) and (6.183)-(6.184), we note that the CP-violating NP phase shifts
satisfy the following sum rule:

AP+ AD = —(Ap+Ap). (6.185)
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We can further simplify the expression of the product of the two physical observables &;
and &,: -
c2 [1-A%] [1 - Al
ExXE = [ = —— | . (6.186)
| | 1+ Adn | |1+ A8y
We note that for vanishing direct CP asymmetries, the squared product in Eq. (6.186) is

equal to 1. However, for non-vanishing direct asymmtries, we obtain

|§><g|2:1+6, (6187)
yielding
€ x & = VT T £ e raveas (6.188)

Using the observable C' in Eq. (6.16) and its CP-conjugate C', we obtain

_ € _
C+C=———">—(1+0C). 6.189
HO= e ) (0159

Regarding the term 1 + |&,|?, we recal the relation of || in terms of the observable C:

»_(1-0)
§FF = e (6.190)
1+ ¢ = (1f0>. (6.191)

Therefore, we obtain the following expression which generalises the relation in Eq. (6.23)
that was assumed by the LHCb collaboration in Ref. [189]:
1 C+C

T _ dir Adir dir \2 ' 192
5 € 1+0) (1 n C’) Acp + Acp + O((Acp)?) (6.192)

Finally, we arrive at the following result [115,190], which is the generalisation of Eq. (6.13)
for the presence of NP:

C+C
(1+C)(14C)

Exf=, 12 {205t TaRAZ] (6.193)

We emphasize that this product is theoretically clean, as in the SM. Making use of the
observables of the time-dependent rate asymmetries of the B? — DT K* system, the cor-
responding product of ¢ and ¢ can still be determined. We notice that now the UT angle
v, due to the CP-violating NP phases, enters with a shift. Consequently, it results in an
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“effective” angle [115,190]

Yot = 7Y + (S’VNP, (6.194)
AD + AD

=+ % (6.195)
A Ap

— - w (6.196)

We highlight here the following regarding the extraction of the v value. When perform-
ing combined fits to the data using various B decays, as discussed for instance in Ref. [197],
NP effects might be averaged out to some extend. Thus, it might yield an effective angle
with NP contributions which cannot transparently be quantified, in contrast to Eq. (6.194).

Instead of these fits, it will be important to look for patterns being in tension with SM
utilising individual v determinations. The main goal then is to perform these analyses with
the highest possible precision. In this respect, the strategy that we follow here, exploring
CP violation in the BY — DFK® system and studying the branching ratios which are
associated to these channels as well as their partner decays, is a prime example.

6.8.5 Correlations of New Physics Parameters

Our next step is to apply our new model-independent formalism to the currently available
measurements [115,190]. Employing the direct CP asymmetry A& and the branching ratio
observable b, we can obtain correlations between the NP parameters. Therefore, we may

determine p as function of the CP-violating phase ¢ with the help of

p=r|[b—142cos? ]+ \/[b —1+2cos?¢]” — [(b —-1)* 4+ (%)] (6.197)
tan ¢
Similar expression hold for the CP-conjugate quantities, allowing the extraction of the NP
parameter p as function of @.
Since we are interested in applying our method to the current experimental data, we
set the strong phases equal to 0°, thus

§=6=0°, (6.198)

in order to be consistent with the LHCb assumption C' = —C'. This implies vanishing direct
CP asymmetries AL and AL as we can see in Eqs. (6.157) and (6.158), in agreement
with the B — DK data within the current uncertainties [233]. Factorisation also favours

the small J, phases, especially for the b — ¢ mode B — D} K~. Therefore, the strong
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Figure 40: Illustration of the NP parameter p as function of the CP-violating phase ¢,
utilising the branching ratio observable b (left panel) and the corresponding analysis for p
and ¢, using the observable b (right panel) [115].

phase difference J, result, which is presented in Eq. (6.24), within the uncertainties would
be fully consistent with this picture.

Let us now assume vanishing strong phases, as in Eq. (6.198) and use the branching
ratio information encoded in the observables b and b. Then the expressions of the NP
parameters p and p in terms of the CP-violating NP phases, presented in Eq. (6.197), take

p= —cos@E/b—sin?p, (6.199)
p = —cosp£/b—sin’p. (6.200)

Using the values of b and b in Eq. (6.168), we illustrate the constraints on NP parameters

the simplified form:

in Fig. 40. The green contour shows the NP parameter p as a function of the phase ¢ for
the central value of the observable b. The blue one represents the corresponding analysis of
p in terms of ¢ for the b central value. In order to include uncertainties, we vary the values
of the observable b and b within the 1 range, leading to the contours in lighter colours.

We may also calculate correlations between the NP parameters in the ¢—¢ plane as well
as at the p—p plane, utilising the time-dependent rates of the B® — DFK*. Looking at
Egs. (6.174) and (6.175) and using the assumption in Eq. (6.198), we obtain

psin g + psin g + ppsin(@ + ¢)

—r _ : (6.201)
1+ pcosp + peos g + ppcos(@ + ¢)

tan Ay =

Now, Eq. (6.196) under the assumption of setting the strong phases equal to 0 in Eq. (6.198)
implies:

Ap =Ap = — yeg = —(61 + 20)°, (6.202)
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where, summarising the picture from analyses of CP violation in tree-level decays of the
kind B — DK [187], v = (70 £ 7)° is the UT value [187,233] and s corresponds to the
result in Eq. (6.25).

Let us stress here a few points regarding the angle v and the Ay phase. As we have
stated before, v is determined with the help of pure tree decays, where large CP violation
has not been observed. As we already work in the case where the strong phases are equal to
0°, the direct CP asymmetries vanish. Therefore, we ensure we do not encounter any issues
with direct CP violation in modes with similar dynamics. In addition, this condition allows
us to be consistent with the LHCb assumption for C' and C. Generalising this analysis and
measuring every decay channel separately is very important. What we would also like to
emphasize regarding the NP phase shift is that it is extracted in a theoretically clean way
from the data. In particular, it does not rely on SM predictions of the & and & observables,
a significant finding which is non-trivial.

Obtaining the NP Constraints

In order to convert the measured observables in constraints on the NP parameter space,
Eq. (6.201) plays a central role. Firstly, utilising again the values of b and b in Eq. (6.168),
we implement the expressions of Egs. (6.199) and (6.200) into Eq. (6.201). As the experi-
mental value of Ay is given in Eq. (6.202), we can determine ¢ as a function of ¢, thereby
fixing contours in the ¢—¢ plane. This is illustrated in the left panel of Fig. 41. Interest-
ingly, at least one of the CP-violating phases has to take a non-trivial value, highlighting
the need for new sources of CP violation.

Finally, having the values of @ and ¢, we may use again p(¢) and p(¢) in Egs. (6.199)
and (6.200), allowing us to obtain the correlations in the p—p plane. Each point is linked
with a specific value of the CP-violating NP phases ¢ and ¢, illustrated in the right panel
of Fig. 41. In order to show this better, we pick, as an example, four random points in
the p—¢ plane, illustrated as square, circle, diamond and star in Fig. 41, and we show

the corresponding values in the p—p plane. The sets of values that we have used are the

following;:
(p, ) = (—0.43,37.0°), (p,¢) = (—0.64,49.6°) (6.203)
(p, ) = (—0.48,40.3°), (p,¢) = (0.58,229.0°) (6.204)
(p,p) = (0.40,146.0°), (p, ) = (1.14,221.0°) (6.205)
(p, ) = (0.36,209.0°), (p,p) = (—0.74,49.2°). (6.206)
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Figure 41: NP parameter correlations for the central values of the current experimental

data in the p—¢ plane (left) and the p—p plane (right), as discussed in the text. We have

indicated four points (square, circle, diamond and star) to illustrate the connection in the
two correlations, and have highlighted the SM point [115].

We note that the SM point, which corresponds to the origin (0,0) in the p—p plane, is

excluded. The points of p and p are bounded to values below two. Last but not least,

the gaps between the contours arise from the algebraic structure of the corresponding

expressions and are in particular related to the fact that the values of b and b are smaller

than 1. We explore how the plots in Fig. 41 change for different values of b and b in

Appendix E.2.
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Figure 42: Impact of uncertainties of the input quantities b, b and Ay in the full p—p plane
(left) and focusing only on the positive values of p and p (right) [115,190].

We emphasize that Fig. 41 shows the NP parameters correlations for the central values
of the current experimental data. The four different colours represent the four different
combinations that we obtain for the product pp in Eq. (6.201). This is due to the different
signs before the square root in the Eqs. (6.199) and (6.200), giving rise to two solutions for
every p and p.

The interesting point following from the p—p plot is that it would be possible for values
as small as in the regime around 0.5 to accommodate the central values of the current
data. Therefore, this would resolve the puzzling patterns in both the measurements of CP
violation as well as in the branching ratios. We would then have NP contributions at he
level of 50% of the SM amplitudes, a feature that we also observe in the NP parameter sets
in Egs. (6.203)—(6.206).

Let us now move on and explore the NP parameters correlations including uncertainties.
Varying each of the input quantities b, b and Ay separately, we illustrate their impact on
the contours in the p—p plane. As it is shown in the left panel of Fig. 42, each one of the
three contours with the pale colours corresponds to one of the input parameters. In the
right panel of Fig. 42, we zoom in to the positive values of p and p. We nicely see now that
we could accommodate the current data with NP contributions at the level of 30% of the
SM amplitudes.

Concluding, we have presented a NP analysis which, in the future, will serve as bench-
mark as the data improve, allowing us to narrow down specific models and scenarios. In
view of this, we mention again that specific NP scenarios which could affect the decays
By — Dym and B — DK were studied with respect to the branching ratios and the
puzzles that are associated with them for these channels in Refs. [192-194]. Another inter-
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esting example of such kind of physics beyond the SM entering the BY — DT K* system is
the one that involves left-handed W' bosons [192]. As we have demonstrated in our analy-
sis, this offers an exciting probe for CP-violating NP phases. These first proposed models
have potential challenges with collider data for direct NP searches and could be interesting
illustrations of possible scenarios.

6.9 Conclusion

The pure tree B? — DT K* decays and their CP conjugates play a key role in testing the
SM. Due to interference effects, CP-violating asymmetries arise, allowing theoretical clean
determinations of the UT angle v within the SM. Performing an analysis of these CP asym-
metries measured by the LHCDb Collaboration, and paying special attention to resolving
ambiguities, we find an intriguing v value, consistent with the LHCb measurement.?® This
result is in tension with the values suggested by the global UT analyses at the 30 level. We
note that these tensions cannot be explained through non-factorisable effects

This intriguing case is complemented by a second puzzle which arises from the analysis
of the branching ratios of the BY — DF K* decays as well as modes with similar dynamics.
More specifically, starting from experimental branching ratios, we determine the individual
theoretical ones. The B?s)fB?S) mixing effects are properly taken into account. Associated
to the branching ratios are the parameters |a;|, where we clearly observe tensions between
theoretical predictions and experimental results. This is not only for the BY — Df K~
decay but also for the B — K*D; channel.

In particular, within QCD factorisation, the SM predictions for the |a;| parameters
suggest a value of 1.07 with uncertainties at the percent level. Concerning the experimental
values, our goal is to minimise the impact of the CKM matrix elements |V| and |V,,;| as well
as the uncertainties of hadronic form factors. In order to achieve that, we have introduced
ratios of the BY — D}K~ and BY — K*D; branching ratios with the differential rates
of semileptonic B — D}¢~, and B? — K} {1, decays, respectively. As a result, we

determine |aP**| and |alP

from the data in a clean way.

For the b — ¢ modes, factorisation is expected to work very well [164]. Examples are
the BY — DIfK~, B — Dfn~ and B? — Dfrn~ channels, which are tree decays and
have dynamics similar to the B — D K~. In these channels, we observe again the same
pattern for the |a;| parameters with the experimental values being small with respect to

%9The new LHCb Run II measurement, which was recently reported in Ref. [188], is interesting and
needs to be further explored. This value has not yet been included in the average of the v measurements,
hence we did not use it in the present numerical analysis. Despite this measurement, the key points of our
strategies still hold.
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QCD factorisation [249,253]. The tensions between theory and experiment in this case
are even up to 4.80. In the case of the b — u transition, like the B — 77D channel,
which has similar dynamics to BY — K+ D, factorisation is on less solid ground. However,
we find a similar pattern with theoretical predictions being larger than the experimental
results. Due to large uncertainties though, we cannot yet draw any further conclusions in
this case.

In view of these intriguing results, we have generalised our analysis and allow for NP
contributions with new sources of CP violation. We have suggested a model-independent
strategy utilising the CP-violating observables. This results in an effective angle v.¢, which
enters the generalised expressions with a CP-violating NP phase shift.

As we know, NP effects with new sources of CP violation can generate direct CP asym-
metries. We highlight that the general formalism we have proposed holds also for non-
vanishing direct CP violation. However, LHCD uses the assumption of C +C = 0, as in the
SM. As a result, our strategy allows us to go beyond this condition. In order to obtain the
full picture, it would be important that the LHCb generalises its analysis correspondingly.

In our numerical analysis, where we explore what the measurements imply for NP, we
also make an assumption to have vanishing CP-conserving phases. This would then be
consistent with LHCb and would correspond to the strict limit in factorisation. Employing
our formalism to the current data, we obtain correlations between the NP parameters of
the b — cus and b — ucs modes. We find strongly correlated NP effects, which could have
large CP-violating phases. Interestingly, we find that we can accommodate the data with
NP contributions as small as 30% of the SM amplitudes.

A summary of our strategy is presented in Fig. 43. Our analysis has three main pillars:

e Focusing on CP Violation: we utilise the CP asymmetries C', S, Aar and their CP

conjugates, which allow the unambiguous determination of ¢ and ¢ from the data.
The gemeralised £ x € product, accounting for NP effects, leads to the theoretically
clean extraction of vy.¢ = v + ynp. The angle yyp, depending on NP parameters, is

determined using information on  from other processes.

e Utilising Branching Ratios: we combine the branching fractions of the non-leptonic

decays with the differential branching fractions of their semi-leptonic partners, which
allow a theoretically clean extraction of the |a;| parameters. Constraining exchange
contributions using control channels, we complement the data with theoretical |a;|

predictions. This allows the determination of the b and b quantities.

e Mapping out the NP Parameter Space: we utilise the three observables Yeg, b and b

and obtain correlations between the NP parameters p(y) and p(¢), allowing us to
explore the available space for NP.
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Figure 43: Tllustration of the strategy to search for NP in the B? — DF K* system [190].

Our formalism can be utilised in future measurements of the B — DFK¥ system,

taking also the semileptonic decays BY — D¢~ 7, and BY — K}{~ 1, into account. It will

be exciting to see how the data will evolve in the future high-precision physics era. Will we
finally be able to establish new sources of CP violation in the BY — DT K* system?
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7 The B — wK System

In this Chapter, we explore another case of non-leptonic decays, the B — 7K transitions.
As already discussed, theory calculations in this category suffer from uncertainties due
to the presence of hadronic matrix elements. In order to handle the associated hadronic
uncertainties, we apply flavour symmetries of strong interactions. These symmetries allow
us to relate the amplitudes of the B — wK decays to those of two other systems: the
B — 7 and the B — KK channels. As a result, the matrix elements can either be
eliminated or determined by experimental data.

The B — 7K system of decays consists of four channels: Bt — 7t K" Bt — 7n0K*,
BY — 7~ K* and Bj — 7°K°. Inconsistencies arise among the branching ratios and the
CP asymmetries of these four channels, resulting in a puzzling situation. This B — 7K
puzzle is a long standing problem (see for instance Refs. [179,186,200,272-277]). Here, we
will revisit this puzzle and try to shed more light on the situation and possible resolutions.

Discussing the topologies of these modes, one would naively assume that the contri-
butions that play the leading role are the tree topologies. However, this is not the case.
These contributions are strongly suppressed because of the tiny CKM matrix element |V,|.
Consequently, these decays are dominated by QCD penguin topologies. In addition, EW
penguins also play an important role.

As an example, we illustrate the Feynman diagrams contributing to the B} — 7°K°
channel in Fig 44. As we can see, for this b — ¢gs transition, we have the colour-suppressed
tree, the gluonic penguin as well as the colour-suppressed and the colour-allowed EW pen-
guins. In our analysis, we will pay special attention to the B} — 7°K?° decay. This is an
important mode since it is the only one that exhibits mixing-induced CP violation, thereby
making it a great candidate for testing the SM.

In view of searches for physics beyond the SM, we highlight that EW penguins offer a
promising path for NP effects to enter [186,278-280], making the B — 7K channels very
promising for NP searches. Considering that NP contributions are related to new sources of
CP violation arising from CP-violating observables, it becomes more clear why BY — m°K?,
with its mixing-induced CP asymmetry, is so important.

In this Chapter, starting from the deviations between the experimental measurements
of the B-factories and the SM predictions, we will present a state-of-the-art analysis. We
will explore the correlations between the CP asymmetries and obtain an updated picture.
We will suggest a new strategy which permits the determination of the parameters that
describe the EW penguin contributions. This new method can be applied to the data
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Figure 44: Feynman diagrams for the BY — 7K decay: (a) colour-suppressed tree, (b)
colour-suppressed EW penguin, (¢) QCD (gluonic) penguin, (d) colour-allowed EW pen-

guin.

allowing us to constrain the parameter space for NP. For this purpose, we will utilise both
charged and neutral B — 7K modes. In the future, this strategy can be fully exploited,
offering insights into the EW penguin sector. This Chapter follows our analysis presented
in Refs. [281-284].
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7.1 Amplitude Parametrization for the B — wK Modes

Let us first express the amplitudes of the four B — nK modes with the help of the
flavour topologies which are relevant to these decays. In the SM we obtain correspondingly
(272,273,285, 286]:

A(BY =7 K7) = ~[(P — 2 PGy) + (T + PGyl (1)

VZA (B - 1K) :(p_éAgW)_(c+pEW), (7.2)

A(B* 7 K% = (P - % o0 )+ A, (7.3)

VBA(BY = xK*) = (P~ 2 PG) + (T + PG + (C Pow) + 4], (74)

where T' describes the colour-allowed trees while C' the colour-suppressed trees, P denotes
the QCD penguins, Pgyw denotes the color-allowed EW penguin whereas pgw the color-
suppressed EW penguin contributions and A stands for annihilation. We notice that the am-
plitudes of BY — 7~ K™ and BT — 7" K" have contributions only from colour-suppressed
EW penguins while the BY — 7°K° and BT — 7K™ amplitudes have additional contri-
butions from colour-allowed EW penguins.

Employing the isospin symmetry of strong interactions, the above amplitudes can be
rewritten as follows, using the parametrization of Ref. [186]:

2 ,
ABYy =7 KT) =P [1 + gaoemcqe“"em’ ree’e re“sewl : (7.5)

V2A(BY — 1°K°%) = —P' [1 —ree 4 {e (1 - §ace ) qee W} 7’66156:| , (7.6)

ABY - 7t K% = - P [1 + peetfee’ — gdceméqe“e“’j et } , (7.7)

V2A(BT —» i’K*) = P [1 + peee — {e T — (1 — gace ) qee ’w} 7“06“50] . (7.8)

Let us introduce all the parameters in these expressions. The normalization factor P’ is

defined as: oA
P = > '
\/E (Pt Pc) I (7 9)

where P’; and P’ are the strong QCD penguin amplitudes with internal ¢ and ¢ quarks
exchanges, respectively, and the primes indicate that we deal with b — 3§ transitions.
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Moreover, € = A\?/(1 — A?) is given in Eq. (5.5), where A = |V,,;| = 0.223140.0007 following
[209], and A = |V,|/A\? = 0.822770 005 given in Ref. [69,70].

In Egs. (7.5)-(7.8), the parameter ge’®e™ describes the EW penguin contributions and
is given by the following expression:

) . p/ p/c

geve = — [ Lew F lpw ) (7.10)
T +C

The ¢ and w are CP-violating and CP-conserving phases, repsectively. In these equations,

we have also the parameters ac and ac, which are related to colour-suppressed EW pen-
guins, and the CP-conserving phases Ac and Ay for the B) and BT decays, respectively,

for which: R
. P.S
&CelAc = % . (711)
Prw + Py
Due to isospin symmetry, the following relation holds:
ac = dc, AC = Acw . (7.12)

We observe that these quantities enter with the parameters ¢ and ¢, which are EW penguin
parameters, playing an important role in our analysis.
Finally, the hadronic parameters entering Eqs. (7.5)-(7.8) are defined as follows:

=)
= (B0 [T€) -
= (325) [P = &
pne’in = (fiR)ljz) :C/ +P(£P_tl ;ZD;‘)} = e — e, (7.16)

where P/ is a QCD penguin amplitude, A’ an annihilation amplitude and 77, C' are the
colour-allowed and the colour-suppressed tree contributions, respectively. Introducing the

normalized amplitudes

T = |V VAT and ¢ = [V Vi|C, (7.17)
we rewrite the hadronic parameters for the QCD penguin and the tree topologies as
) T’/ _ p/ ) T/ C«/
re? = Tt“ and 1. = ; , (7.18)

with ]ADt’u indicating the difference between QCD penguin amplitudes with ¢ and u quarks.
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7.2 Determining the Hadronic Parameters

Let us determine the hadronic parameters we introduced above. The parameters re® and
ree’ are non-perturbative terms, thus difficult to calculate. In order to determine them
we use the B — 7 system, which has been extensively studied in [186]. More specifically,
we utilise the SU(3) symmetry of strong interactions, which relates the B — mK with the
B — 7w system. This allows us to convert the B — mm parameters into the corresponding
B — mK ones.

7.2.1 Information from the B — 7w System

Let us now give the structure of the amplitudes of the B — 7w decays. There are three
modes: the BY — 7t7% B} — 77~ and B} — 77" channel. Their amplitudes receive
contributions from colour-allowed trees (7), colour-suppressed trees (C), penguins (P), ex-
change topologies (£), and penguin-annihilation topologies (P.A). Using the parametriza-
tion given in Refs. [186,275], we have:

V2A(BY = nt7%) = —Te (1 + ze™®)(1 4 Ge ™) (7.19)
ABY = nrt) = =T(e" — de™) (7.20)

A
V2A(BY = 7 = P |1+ ge”ei(A’Q) +g (H%e”eiﬁ)l , (7.21)

where d, x are the hadronic parameters describing the B — 7w decays and #, A are their
strong phases. The factors T and P are expressed as

T =NARYT —Pu+E —PAw) , (7.22)
P=XNA(P,-P.), (7.23)
with P, denoting the difference between penguin topologies with internal ¢ and ¢ quarks and

PA,;, the corresponding difference between penguin-annihilation topologies. The parameter
¢ describes the EW penguin topologies [200,287]

Pew + Pgy
T+C

Via

ub

~3x 1072 (7.24)

<
Il

‘ ~1.3x 1072

where T' = M3 AR,T and C = M*AR,C. However, the EW penguins play a minor role and
their effect on d, 0, z and A is negligible due to the current uncertainties [186]. This picture
could change in the future with more sophisticated analyses. Considering the de? and ze*®,
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we introduce:

1 Pic + PAs
Ry T —Pu+E—PAy’
C+Pun—E+PAu

e . .2

Our next step is to consider the CP asymmetries, as presented in Chapter 4. Reminding

de” = (7.25)

the reader about Eq. (4.25), we specifically write the time-dependent CP asymmetry for
the decay of a B} meson into a final state which is an eigenstate of the CP operator:

D(BY(E) — f) — D(BY(1) - f)
[(By(t) = f) + L(B4(t) = f)

With the expressions of the decay amplitudes, we obtain the direct and mixing induced

Acp(t) = ALy cos(Amgt) + SLpsin(Amgt) . (7.27)

CP asymmetries of the B} — 777~ channel. These asymmetries are expressed in terms of
the parameters in Eq. (7.25), the mixing phase ¢4 in Eq. (4.57) [191,201], which includes
penguin corrections, and the angle v in Eq. (4.60), as

2d sin 6 sin 7y

AnT = 7.28
op 1 —2dcosfcosy+d?’ (7.28)
gront _ d?sin ¢g — 2d cos 0 sin(gg + 7) + sin(pg + 27) (7.29)
o 1 — 2d cos ) cosy + d? ’ '
The experimental values of these asymmetries, available in PDG [66] are
A’é}”+ = 0.31 £ 0.03, Sg;;”* = —0.67 £+ 0.03. (7.30)

This allows us to determine the d and 6 parameters purely from data. We obtain their

values:

d=0.58+0.08, §=(150.6%4.1). (7.31)
Similarly, we write the CP asymmetries of the B} — 7°7° decay in terms of the param-
eters in Eq. (7.26):
—2dzsin(f — A) sinvy
A 7.32
P @24 2dxcos(f — A)cosy + a2’ (7.32)

d? sin ¢g + 2dx cos(0 — A) sin(¢g + 7) + 22 sin(pg + 27)
d? + 2dxz cos(6 — A) cosy + 22 '

w00
Sep = —

(7.33)

The mixing-induced CP asymmetry of this channel is not yet measured. As a result, in
order to extract the values of z and A from the data, we utilise ratios of branching ratios.
The first ratio we use is the following:

JWB+ CD(mW/MBda mﬂ/MBd) B(BJr — 7T+7TO) TBS (7 34)
Mp, ®(mqo/Mp+,my/Mg+) | B(By — nt7n~) ‘

d

RT™ =2
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Mode B[x107°] Mode B[x107°]

BY - 770 | 1.5940.26 | B — 7°K° | 9.940.5
B » wtr~ | 5124019 || B 5> 7tK~ | 19.6+£0.5
BT — ntqY 5.5+ 0.4 BT —» 7TKY | 23.7+0.8
Bt - n'K*+ | 129405

Table 13: Branching ratios of the B — 7w and the B — 7K decays [233]

where @ is the usual phase-space function ®(X,Y) = 1/[1 — (X +Y)?][1 — (X — Y)?] with
the values of the masses following Ref. [66]. The experimental values for the lifetimes are
T+ /Ty = 1.076 £ 0.004 [66,288] and for the branching ratios [66]:

B(BT — ntn%) = (5.54+0.4) x 107°, (7.35)
B(B) — ntr™) = (5.124£0.19) x 107°. (7.36)

We collect all the values of the branching ratios of these decays in Table 13. Consequently,

the experimental value for the ratio RT™ is:

R™™ = 2.00 + 0.16. (7.37)

In terms of the hadronic parameters this ratio is written as

14 2xcos A + 22

R'™ = 7.38
tT 1 —2dcosfcosy + d?’ (7.38)
which leads to the following relation between x and A:
x=—cosA+\/r,RT" —sin® A, (7.39)
where
rr =1 —2dcosfcosy + d°. (7.40)
The second ratio we introduce is the following:
O(m, /M /M B(BY 00
O (myo/Mp,, mpo/Mp,) | B(B) = ntn~)

where B(BY — nt7™) = (5.12 £ 0.19) x 107¢ [66], which is also listed in Table 13. Thus,

the experimental value is
Ryy = 0.621 £0.104 . (7.42)



7 THE B — nK SYSTEM 172

350

150

200
A(%)

OO : | S S S 1 1 1
250

0 50 100

300

Figure 45: Determination of the parameters x and A with the help of the ratios R} and
R . The direct CP asymmetry A’é(;ﬂo resolves the two-fold ambiguity.

We then obtain
d? + 2dx cos(A — 0) cosy + 22

1 —2dcosfcosy + d?

Ry = , (7.43)

which leads to

x = —dcosycos(A — ) £ /r.RET — (1 — cos2(A — 6))d? . (7.44)

The system of Eqs. (7.39) and (7.44) allows us to fix contours in the A-x plane, as
illustrated in Fig. 45. The blue contour corresponds to the ratio R{f while the mangenta
curve to the RY™ ratio. The points where the contours intersect provide the values of x and
A. We observe that there are two points of intersection, resulting in two solutions. This
ambiguity can be resolved by using the measured value of the direct CP asymmetry of the
BY — %70 channel [66]:

T =0.334£0.22, (7.45)

which generates the dotted contour in cyan in Fig. 45 [281]. Finally, we obtain:
2 =1.06+009, A=—(540%12.3). (7.46)

This determination of the hadronic parameters coming from the B — 77w system is
theoretically clean. It only depends on the experimental values of the CP asymmetries, the
angle v and the phase ¢4. There are no assumptions beyond the SM parametrizations. Now,
that we have determined the parameters x, A, d, 6, we continue with the determination of

the B — wK parameters r, § and 7, ..
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7.2.2 Numerical Results for the Hadronic Parameters of the B — wK System

Regarding the parameters r and 9, we use the relation

, —tAsu(3) ,
i _ _6 |:E —19:| 7.47
re e de , (7.47)

where Agy(s) and {gy(3) describe non-factorizable U-spin-breaking corrections. We assume

these non-factorizable effects at the level of 20%:
fSU(g) =1.0=£0.2, ASU(3) = (O + 20)0. (7.48)

We will discuss the parameters d and € in Sec 7.2.1. In addition, we define

T+C }__L

m de (1 —|— .’L’eiA) s (749)

7“”6“S =eR, {

leading to the following expression with the help of the SU(3) flavour symmetry:
reette = rITeNT = g e BSue ) (7.50)

where {5 and Agy ;) parametrize the SU (3)-breaking effects, allowing again for such
effects of up to 20%:

S = L1002, Al = (0£20)°. (7.51)

With the value of € = 0.0535 £ 0.0002 [122] and the hadronic parameters from the B — 77
system determined in Sec 7.2.1, the results following from Eqgs. (7.47) and (7.50) are

re’® = (0.09 = 0.03) ' 4200, (7.52)

ree’® = (0.18 £ 0.04) "M TE2L)", (7.53)

We note that in the analysis of the B — 7K as well as the B — 7m and B — K K modes,
no indication of anomalous large non-factorizable SU(3)-breaking corrections or exchange
and penguin-annihilation topologies contribution has been found [263,281,289].

Information from the B — KK System

Regarding the hadronic parameter p., which is doubly Cabibbo-suppressed, we make use
of the B — KK system [186,290]. More specifically, employing the U-spin symmetry
of strong interactions, we may utilise data from BT — KTK° Following the analysis
presented in [289], we the obtain:

pe=0.03+0.01, 6 =(2.6+4.6)° . (7.54)
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7.3 Electroweak Penguin Parameters q and ¢ in the SM

Let us now focus on the parametrization of the EW penguin parameters ¢ and the CP-

violating phase ¢. Our starting point is Eq. (7.10), which we repeat here for convenience:

o P! Pe
qele = — (W) : (7.55)

We remind the reader that w is the CP-conserving phase. In the SM, in order to calculate
this parameter, we utilise the general expressions of the four-quark operators and recal
the structure of the @y given in Appendix B. Applying then the SU(3) symmetry to the
hadronic matrix elements, and with the help of the Wilson coefficients and the UT triangle
side Ry, we obtain [200,291,292]:

i i — =3 [Cy(p) + Cro(p)
© TR, { Ci(1) + Calp) } & o
- (0.68 + 0.05) R, . (7.57)

The parameter R, describes the SU(3)-breaking corrections and can be written as the ratio
of the following operator matrix elements [200,292]:

_ (7K|Q1 — Qo BY)

= = = , where Q; =
"= K |0y + Qo B) <

(@ - Q). (7.58)

N | —

Regarding its numerical value, we allow for SU(3)-breaking corrections of 30%, following
the analysis in Ref. [293]:
R, =1.00£0.3. (7.59)

Based on expected future progress on lattice calculations [293], a theory benchmark scenario
can be assumed of R, = 1.00 £ 0.05.

Concerning the Wilson coefficients in Eq. (7.56), we note the following: for the )7 and
Qs EW penguin operators, the coefficients C; and Cg, respectively, are tiny, thus they
can be neglected. On the other hand, the coefficients Cy and Cy are sizeable. Hence,
we have connected the corresponding Q9 and )1y penguin operators with the current-
current operators ()7 and @2, which are related to the tree amplitudes [294], applying Fierz
transformations:

,d ,d ,d ,d
Q; Fierz — ;L 5 'ijl() |Fierz = ; . (760)

In the SU(3) limit, the strong phase w vanishes. Performing numerical studies, values
of up to 10° would not have any impact on our analysis. The feature of small values for
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the w phase is model-independent [292]. In our studies, we set w = 0°. Within the SM,
the CP-violating phase ¢ vanishes. Consequently, if ¢ gets a sizeable value, this would be
a signal of NP. Therefore, it is important to test whether there are any deviations from the

SM values and if these deviations indicate NP.

7.4 CP Violation in B — wK Decays

Our next step is to study CP violation. A reliable SM prediction of the mixing-induced
and the direct CP asymmetries is essential in order to search for signs of NP. Therefore,
we will focus on the BY — 7°K channel, which is the only B — 7K mode that exhibits
mixing-induced CP violation. Before examining this channel in more detail and dive into
the analysis of the CP-violating asymmetries, let us briefly present here important aspects
of the other key observables, which are given by the branching ratios of the B — 7K

decays.

Branching Ratios

Regarding the branching fractions, we can determine ratios between the different B — 7K
channels, following Refs. [200, 292, 295]:

B(Bg —>7T_K+) TB+
= .61
R {l’:)’(BJr = 7t KO) | 7o (7.61)
_ _[B(BT = 7°K™)
o= B 2] -
1 [BBY—» 7 KT
=3 lB(Bg — 70K0) (7.63)

With the values of the corresponding branching ratios in Table 13, we can determine the
experimental values of these ratio [281]:

R =0.89£0.04, < = 1.09 £ 0.06, R, =0.99+0.06 . (7.64)

With the help of the hadronic parameters, we can rewrite the above ratios [281]. The

ratio R involves only colour-suppressed EW penguins, described by
ac = ac cos(de + Ac). (7.65)
Expanding in terms of the small r and r. and the tiny p. parameters, we obtain

R=1—2rcosdcosy+ 27 ac qcos ¢ — 2pe cos O cosy + O(rlyy, p2) - (7.66)
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On the other hand, the ratios R. and R, depend on the EW penguin parameters ¢ and ¢.
Expanding again in terms of the small r and r. of the order of ©O(0.1), we obtain

R. =1—2r.cosd.(cosy — qcosg) + O(r?) | (7.67)

R, = 1 —2rccosdc(cosy — geos ¢) + O(rf,) . (7.68)

With the help of the numerics in Eq. (7.64), we get the following interesting relation [281]:
Re— Ry =0+ O(rf,) = 0.10 £ 0.08, (7.69)

which is satisfied by the experimental data at the 1o level.

Let us now discuss the special case with ¢ = 0°, including SM, but also allowing for
NP contributions through values of ¢ that are not SM-like. Neglecting contributions from
colour-suppressed EW penguins, the above ratios are rewritten as follows [186]:

1 — 2rcosd cosy + 12

= 7.70
1+ p2 + 2p.cosycosb, ’ (7.70)

1
R, = 5(1 —2rcosdcosy +717) (7.71)
Ro—14 721y — 2perecos(d. — 6.)(1 — gcosy) — 2(—q + cosy)r. cos b, | (7.72)

1+ p?2 4+ 2p. cosycos b,
where we have introduced:
b=1—2rcosdcosy+r?+ 2r.cosd.(—q + cosvy) + 2rcos(6 — d.)re(—1 + gcos )
+72(1 4 ¢* — 2gcos7) , (7.73)
r,=1—2qcosy + ¢ (7.74)

The tiny parameter p,. is also included, as presented in Ref. [281].

7.4.1 CP Violation in the B} — 7°Kg Decay

Let us now focus on the BY — 7Kg channel, which is a CP-odd eigenstate, and specifically
discuss the CP asymmetries, starting again from the expression of the time-dependent CP
asymmetry. Recalling Eq. (7.27), we have

I'(B(t) — m°Kg) — D(B°(t) — 7°Kg)
[(BO(t) — m°Kg) + ['(B(t) — n°K5)

Acp(t) =

= ATES cos(Amt) + SEES sin(Amt). (7.75)
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The direct CP asymmetry takes the form

Agol® — [Ago|?
ArKs _ Ao : 7.76
or | Ago|? + | Ago|? ( )
where we have used the notation
AOO =A (BO — 7T0Ks) , (777)
/_100 =A (BO — ’/TOI_(5> . (778)

The mixing-induced CP asymmetry, arising from interference between BY-BY mixing and

decay processes of B and BY mesons into the final state 7°Kg, is written as:

2|A00A00’ )
SioKs — 28 — 26,
cP ‘A00|2 + ’AOO‘Q Sln( B ¢ OKS)
2|Ago Ao . -
= — s —arg(AgAy)), 7.79
|A00|2+ |A00|2 lIl(de rg( 00 00)) ( )

where 23 denotes the CP-violating BB mixing phase ¢4. We also introduce the angle
between the decay amplitude Ay and its CP conjugate Ay :

2¢7TOKS = arg(AooASO) = qbgo. (780)

Regarding the angle ¢qg, utilising the parametrizations of the amplitudes, we obtain the

following expression for the SM case corresponding to ¢ = 0° [281]:

tan ool s_go = 2 (%) siny , (7.81)

where

Q =1rcosd —r.cosd, + qr’ — qrrecos(6 — 4,)
— (r2 — 2rr,cos(6 — 6.) +r?) cosy
W =1-2(qr? —r.cosd, +rcosd — qrr. cos(d — 8.)) cosy — 2qr,. cos(.)
+ (r? — 2rrecos(6 — 0.) + %) cos(27y) + ¢*r? . (7.82)
Since ¢gg plays a central role in our analysis, our next step is to discuss how we can
determine this angle.



7 THE B — nK SYSTEM 178

7.4.2 TIsospin Analysis

As we already introduced in the previous Section, we can measure the angle ¢gg through
Eq. (7.79). The calculation of ¢ requires the determination of the decay amplitudes. For
this purpose, we will make use of isospin relations.

Having as a starting point the isospin analysis [285], the B — 7K decays involve a weak
Hamiltonian which has two terms, the Al =0 and Al = 1 components:

Hest = Har=o + Har=1, (7.83)

where the AT = 0 piece leads to a final state with I = 1/2 whereas the Al =1 term leads
to both I = 1/2 and I = 3/2 final states. More specifically, for B — 7K decays, the initial
B meson states have I = 1/2 while the 7K final states are decomposed into both I = 1/2
and [ = 3/2 final states.

A key parameter in these studies is the amplitude As/,, which corresponds to isospin
I = 3/2, and its CP conjugate /_13/2. Applying the isospin relations [272,293], we may write

3430 = V2A(BY — 1°K%) + A(B" — 7 K™), (7.84)
343/, = V2A(BY = 1°K°) + A(B* — 7t K ™), (7.85)
where
3439 = 3| Agjale'®sr2 (7.86)
= (1 + e + (B + BLS)) (7.87)
_ [T’ + é’] (€7 — ge*i#). (7.88)

Here, we have made use of Eq. (7.55) and note that the term |7”+C’| normalizes Eq. (7.135).
This quantity can be expressed with the help of the BT — 777" channel utilising the SU(3)
symmetry. Assuming vanishing strong phase (as a convention), we obtain

T+ O =T 4 C'|e™. (7.89)

The amplitude |7” + C’| can be determined with the help of the SU(3) flavour symmetry

as follows [296]:

- - Vus
|T/ + Cl| - RT+C V

ud

V2|A(BY — 7ta0)] (7.90)

where Rric = |T' 4+ C'|/|T + C| parametrizes SU(3)-breaking effects. The calligraphic
|7 + C| amplitude is determined via the Bt — 777% decay while the |7’ + C’| aplitude
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corresponds to its B — wK counterpart. The numerical value of Ry ¢ (which was used in
the analysis in Ref. [281]) is
Rriye=124+02. (7.91)

Therefore, the amplitude of 3432 can be determined for a given ge'.
Similarly, the amplitude 34 /2 can be written as

3A3/2 = 3|A3/2|6i$3/2 (792)
— [T + C] (e — ge=) | (7.93)
where we observe the relation $3/2 = —¢3/2. We note again that w = 0° while the EW

penguin parameters take the SM values® ¢ = 0.66 and ¢ = 0°. Thus, the value of 343
can also be determined. Finally, we obtain the following numerical values:

3430 = Az = (0.3 —0.8i) - 107, (7.94)

3430 = Ags = (0.34+0.87) - 1073, 7.95
/ /

which, as we have already discussed, represent sides of the isospin triangles in the complex
plane. At this point, we are only interested in the central values, as we will use them for
illustrating the corresponding triangles. In the coming Sections, we will discuss in detail
how we construct the isospin triangles in the complex plane. For this purpose, we will
utilise these values and apply the isospin relations in Eqgs. (7.84)-(7.85).

7.4.3 Isospin Triangles in the Complex Plane - Neutral B Decays

Before we continue our analysis, we adopt a notation for the amplitudes that is analogous
to the one in Eqgs. (7.77)-(7.78) in order to simplify the expressions and write

Ay =AB > KT, A, =AB > rtK"), (7.96)
Ag=A(Bt - 71tK")) Ajy=A(B" =71 K, (7.97)
Apy = A (BT = 7°K™), Apy =A(B” - n'K). (7.98)

An analogous notation can be applied for the branching ratios of the corresponding decay

channels.

60We note that in order to be consistent with our published analysis, for the rest of the Chapter, we will
use the numerics as given in Ref. [281].
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Decay Channel Acp Scp
BY — ntK~ || —0.08240.006 -
BY — 7K 0.00 £0.13 0.58 £0.17
Bt — 1t Kg —0.017 4 0.016 —
Bt — n'K* 0.037 4 0.021 —

Table 14: Direct and mixing induced CP asymmetries for the B — 7K system as presented
in Ref. [281].

We firstly study the case of the decays of the neutral B mesons. We have to determine
the quantities |Ag|, |Aoo| as well as |A_,| and |A_,|. For this purpose, we make use of the
direct CP asymmetries (as already given in Eq. (7.76))

AP AP

A°Ks _ | Ago)? — |Ago|? _
o [ A2+ [Ay 2

e AT KT 7.99
|A00|2—|— |A00|2’ CP ( )

and the branching ratios, which can be expressed as linear combinations of the amplitudes

as follows: 1 1
Boo = 5 [[Ago|* + [Aoo|?] , B, = 2 A+ 1AL ] (7.100)

Solving the above system, we are able to determine the lengths of the decay amplitudes

and their CP-conjugates. We obtain:

| Ago| = \/500(1 - AS;KS), (7.101)
Ae] = /Boa(1 - Agpk™), (7.102)
| Ago| = \/Boo(l + AQ;KS% (7.103)
Ao] = /Boa(L+ Agpi™). (7.104)

The current values of the branching ratios in the B — mK channels are presented in
Table 13 while the measurements of the CP asymmetries are given in Table 14.

Having all the necessary formulae and numerical values, we are now ready to draw isospin
triangles in the complex plane. Visualising things via triangles will help us to determine
the angles ¢gp and eventually, resolve any ambiguities and obtain the final “correct” g
value. Let us explain the methodology below.
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We keep Ag(;KS as a free parameter and substitute the values of the other asymmetries
and branching ratios. This allows us to calculate |Ag| and |Ag| by utilising the 34 /2 and
343/ values determined in Sec 7.4.1. We can then construct the following systems in the

complex x—y plane:
2, .2 2 2 QY 2 _ 2
z” +y* = 2| Ag|%, (x = R[Asz/0])” + (y + S[A3/2])" = [A_]7, (7.105)

a? +y* = 2| Ay, (z — R[A32])* + (v — S[As2])* = |[A_4 ] (7.106)

We get 4 possible combinations between Ay and Agy, hence 4 angles between the two
different solutions.

We can now illustrate the decay amplitudes and angles in the complex plane. The
above systems represent circles, as shown in Appendix F.1. We fistly discuss the system
in Eq. (7.105). Starting with 343/, we draw a line that starts at (0,0) and ends at
(0.3,—0.8), as calculated in Sec 7.4.2. With the middlepoint (0,0), we draw a circle with
radius v/2|Agg|. A second circle is drawn, where the middlepoint is (0.3, —0.8) and the
radius is |[A_,|. The two circles intersect in two points, which fix the Agy. This system of
the two intersecting circles and the corresponding triangles is illustrated in the left panel
of Fig 46. The blue lines denote the Agy (pointing towards the intersecting points), the
orange one is the amplitude Az, and the yellow lines, completing the triangles, denote the
A_, side. Similarly, we obtain the picture for the CP-conjugate case, which is described in
Eq. (7.106). The corresponding circles and triangles are shown in the right panel of Fig. 46,
where the red lines denote the Ay, while the green ones show the A_, sides. We show all
isospin triangles which relate the Ay and A_ to the As/, amplitude as well as those that
relate the Ay and A_ to the 1513/2 in Fig. 47, using the same colours as in Fig. 46.

In this way, we eventually determine ¢gy, which is the angle between Agy and Agy.
Having shown all the amplitude triangles, we provide specifically an illustration of the
angle ¢gy in Fig. 48. The two Ay and Ay sides and the corresponding angle are denoted
in red. The dashed lines represent the CP-conjugate case. As we have already mentioned,
there are four (combinations) orientations of the Agy and Agy amplitudes, therefore four
angles ¢go. We discuss how we utilise this angle in more detail in the following Section.

7.4.4 Correlations Between Mixing Induced and Direct CP Asymmetries

Let us now see how we obtain the mixing-induced CP asymmetry as a function of the direct
CP asymmetry AEOPKS. The generalised expression for the mixing-induced CP violation,

which we have already introduced in Eq. (7.79), is written as [212,293]:

TS — 1 — (A2 sin(6g — o). (7.107)



7 THE B — nK SYSTEM 182

IS
T

IN]
T

o
T

I I I I I I
-4 -2 0 2 4 6

-4 -2 0 2 4

Figure 46: System of the two intersecting circles and the corresponding triangles. The two
solutions for Ay are given in the left panel while the two Ay solutions for the CP-conjugate

case are shown in the right panel.
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Figure 47: Triangles that relate the Ay and A_, to the fixed A3/, amplitude as well as the

triangles for the CP conjugate case.

This relation, which correlates the two CP asymmetries, plays a central role in our analysis.
The direct CP asymmetry can be measured. The value of the angle ¢y has already been
determined as we discussed in the previous Section. As a result, we are able to make a
prediction of the mixing-induced CP asymmetry through Eq. (7.107).

Employing ¢g9, we obtain a four-fold ambiguity for this angle since the triangles can
be flipped around the Az and Ajj axes. The four orientations of the triangles, that we
collectively show in Fig. 47, can be illustrated separately in Fig. 49. The solid triangles
refer to the By — 7K case whereas the dashed one corresponds to its CP conjugate case.
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Figure 48: Illustration of the angle ¢q.

The four angles, hence orientations, are denoted by different colours: (a) green, (b) blue,
(c) grey and (d) orange. Starting from Fig. 49(a), we firstly flip the dashed triangle around
Aj /o and we arrive at the second orientation in Fig. 49(b). Then, flipping the solid triangle
around the Az, axis, we obtain Fig. 49(c). Finally, we flip the dashed triangle around Ag /2
and get the last orientation in Fig. 49(d).

Varying the values of AgOPKS in Eq. (7.107), using the mixing phase ¢4 as input and with
®oo at hand, we calculate the correlation between the direct and the mixing induced CP
asymmetry of the B — 7K decay [186,293]. The four possibilities for the angle ¢go lead
to four branches for Sg;,KS in the Sg;,KS — AgOPKS plane. The corresponding plots for the
central values are presented in Fig. 50, where the colours of the branches are labelled with
the same colour as the four ¢y, angles in Fig. 49. For completeness, these four contours for
the central values are also shown in Appendix F.2.

We finally illustrate the correlations between Sg;KS and AgOPKS, taking the experimental
errors and uncertainties of the parameters Rr;c and R, into account. Fig. 51 provides the
full picture. The colours of the branches still correspond to the colours of the ¢y angles and
matches the description in Fig. 50. We also present the current experimental measurements
for the direct and the mixing-induced CP asymmetries with the associated uncertainties
(black), which are given in Table 14. Moreover, the red vertical band shows the prediction
coming from the sum rule [281], which we will discuss in the next pages.

We note that additional narrow bands are illustrated in Fig. 51 that correspond to future

scenarios. More specifically, we consider the following benchmark case [293]:

Rryc = 1.2240.02, (7.108)

R, =1.00 £ 0.05. (7.109)

In this case, only the expected theory uncertainties are taken into account, based on ex-
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Figure 49: The four ¢g, solutions, as discussed in the text. The Agy and Agy are denoted by
purple, the dashed lines represent the CP conjugate cases and the four angles are denoted

by (a) green, (b) blue, (c) grey and (d) orange.

-1.0r

Figure 50: Plots of the mixing-induced CP asymmetry in terms of the direct CP asymmetry
(central values). The four branches correspond to the four angles ¢go shown in Fig. 49.
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Figure 51: Correlations between Sg;KS and AE;KS taking the uncertainties into account.

The current data for the CP asymmetries (black cross) and the sum rule prediction (red

band) are also shown. The narrow bands correspond to a future scenario.

pected future progress in lattice calculations.

Sum Rules

An interesting test of the SM is given by the sum rule, which is defined with the help of
the branching ratios as follows [297,298]:

o B(BT = 1K) 10 ogs 2B(BY = 7' KT) 7p0

P BB) = K+t)yrge Y B(B) = n-K+) T4

2O KO 23(32 — WOKO)
BBy — 1K)

Afh = AT + A

— A

=0+ O(r(y, p2) - (7.110)

Utilising the current measurements of branching ratios and CP asymmetries, as presented
in Tables 13 and 14, we obtain the experimental value [281]:

A = —0.15 £ 0.14. (7.111)

We are also interested in calculating the SM prediction for the sum rule. For this
purpose, we discuss further the direct asymmetries, rewriting them also in terms of the
hadronic parameters. We obtain the following expression [281]:

_ : 4
AT = A(BY 5 K) = 3T agqsin ¢ — 2rsin d siny + O(T(?C)), (7.112)
where the colour-suppressed EW penguin contribution ag is defined as:

is = acsin(6, + Ac) . (7.113)
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We note that for small phases §. and A, the parameter ag is strongly suppressed. Com-
bining Eqgs. (7.112) and (8.33), and using the values of the hadronic parameters, we can

determine ag and ac through:

3(AZK" 4 2rsin d siny)

a i = 7.114
s gsin 2 , (7114
i qeosp = R — 14 2rcosdcosvy + 2p. cos . cosy ‘ (7.115)
21
Similarly, we express the other direct CP asymmetries [281], yielding:
. 2
ALK = Ad (B - 77 K©) = 2p, sinf, siny — §&5qrc sing 4+ O(r?, p?) ,
Ag(;,KJr = AIL(BY — 7°K™) = 2p. sin 6 siny — 2r sin §[siny — ¢sin ¢]
2
— Jasqresing + 002, p7)
nOKY _ 4dir (R0 070 : : : 4. .
Alp't = Agp(B, — m K7) = 2r.sind.[siny — gsin ¢] + Fasare sin ¢
— 2rsindsiny + O(T(QC)) ) (7.116)

where we have expanded again in terms of the the small r. and the tiny p..
We return now to the calculation of the SM prediction of the sum rule. The sub-leading

terms lead to the following expression [281]:

rsin(de — 0) + pesin(de — 6.)
1 — 27 cosd cosy + 12

Ag& = 2qr. sin(y — ¢). (7.117)
Using the values of the hadronic parameters in Sec. 7.2.2 and the SM values of the EW
penguin parameters ¢ and ¢ in Sec. 7.4.2, we find the SM value:

A sy = —0.009 £ 0.013. (7.118)

Comparing the experimental value in Eq. (7.111) and the SM prediction in Eq. (7.118), we
see that the experimental result for the sum rule is consistent with zero as well as the SM
value within uncertainties.

Last but not least, since we have presented the direct CP asymmetries in terms of the

hadronic parameters, we also discuss the case of vanishing CP violation in the EW penguins,
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thus for ¢ = 0°. In this case, the direct asymmetries can be rewritten as [186,281]:

- —2rsin d sin~y
AT = 7.119
or 1—2rcosdcosy+r2’ ( )

2p.sin B, sin y

ATI’+KO — 7.120
op 14 2p.cosf.cosy + p? ( )
AR _ 2r.sin d.siny — 2p, sin O, sin vy + 2qp.resin(6. — 0.) (7.121)
o R.(14 p2 4 2p. cosycosb,) ’ '
9 i
ALK = AT s = sabn’y [ —rsind + r.(¢rsin(d — d.) + sin 60)] , (7.122)

where we have included the tiny p. parameter as in [281].

7.4.5 Obtaining the Final Single Solution

The different orientations of the isospin triangles have left us with a four-fold ambiguity.

Our goal now is to resolve these ambiguities and determine the correct contour in the
0 Kg 7O Kg

Alp 3=S¢p ° plane.

The first parameter we consider is the strong phase . [293]. Let us describe how we work
with this parameter. We have already provided the expression of the direct CP asymmetry
of the B — 7~ K channel in Eq. (7.119), rewriting it here as

—2rsin § sin
A= —7, (7.123)

Ty

where we simplified it by expressing the denominator in the following form
7, =1—2rcosdcosy +r°. (7.124)

The value of A_, is known. As a result, we can extract the parameter r in terms of 9. We
recall the expression:
T + C|
Te = Tr,
VB

where we employ again the SU(3) flavour symmetry and obtain:

B(B+ Or+) T
RT+C\/ (B = mo) Bi (7.126)

(7.125)

Vu S

=2
: \/_Vud

B(B?l — 7T_K+) T+

Therefore, utilising the expressions for r., A_,, and b in Eq. (7.73), we determine the
quantity R, = 7./b = const in such a way that it depends only on § and .. The values
that correspond to |d.| < 90° can be found on the contours in Fig. 51a while those that refer



7 THE B — nK SYSTEM 188

1.0 P8 = 40F T B
= i Sum rule ' ]
'
H prediction 0 1
08 . 20 . Current SM constraint /
| L]
. : '
X , - B ¥
. of ——] -
] 1
0.6} ' .
. 7 '
groKs ' ¢ [deg] -20p~. 0
' Currentdata . 7 T Tmeall -] -
N [ R ] 1 S
04t : .
0 -40 :
' 1
1
: 1
\.— 1
0.2 8 Sumrule 7 601 1 i
1 1
v | prediction ' i relation
L] 1
: :
00} ‘ 1R ‘ ‘ ‘ 1 -80 N - L ‘ :
02 -0.1 0.0 0.1 0.2 -03 -0.2 -0.1 0.0 0.1 0.2
ATKs AL
(a) (b)

Figure 52: (a) Resolving the discrete ambiguity and pinning down the correct contour in
the Ag(;KS—Sg;KS plane, coming from the isospin relations [300,301]. (b) Illustration of
¢+ in terms of AEOPKS for the correct triangle configuration. The current SM constraint in
Eq. (7.130) is given by the petrol horizontal band.

to |0.| > 90° can be found on the contours in Fig. 51b. The range of J. has been calculated
in Eq. (7.53). This leads to the conclusion that only the upper (green) contour in Fig. 51a
is allowed. This also agrees with the picture associated to the value of r., since the lower
contour of Fig. 5la leads to large values of r., thus allowing again only the upper contour.

The final correct contour is illustrated in Fig. 52a. In addition to the (world-averaged)
current data (black cross), we also show a new Belle II measurement for the CP asym-
mmetries [299] denoted as the orange cross. This measurement agrees better with the
isospin results within uncertainties. This is an interesting development to explore further,
especially once it is included in the current world average.

Another tool that can be used for resolving the ambiguities is the angle ¢4 between the
amplitudes A_, = A(BY — 7~ K*) and A_, = A(BY — 77 K~), defined as [302]:

¢+ = Arg [A_ A" ]. (7.127)

Every triangle configuration is associated with an angle ¢, allowing us to illustrate contours
of ¢4 in terms of the direct CP asymmetry (as shown in Appendix F.3). For ¢ = 0°, we
can write [281]:

—r?sin 2y + rsin(y — §) + rsin(y +6) + Cy
1+ r2cos2y —rcos(y — &) —rcos(y+0)+ By’

tan dl,_go = (7.128)



7 THE B — nK SYSTEM 189

where
4 . o Lo oo oo
By = gqrc[ac — rcosy(ac cosd + agsind) + gqrc(ac + ag)],
4 o o
Cy = 4r7esin y(ac cosd + agsind) . (7.129)

Utilising the hadronic parameters, we can determine the numerical values of By and C4,
and as a result the tan ¢i|,_q., thus the value of ¢ in the SM. We find [281]:

+ = 2rcosdsiny + O(rf,) = (8.7+3.5)° . (7.130)

This additional constraint is illustrated as the petrol horizontal band in Fig. 52b. As shown
in Appendix F.3, following our analysis in [281], the blue and the orange contours from the
triangle analysis are excluded by this constraint. Moreover, there is tension with the grey
contour, which is already eliminated due to the range of d.. Therefore, Fig. 52b shows the
angle ¢ in terms of A’g;KS for the final triangle configuration (green contour). We observe
for this configuration a tension with the SM prediction for ¢ at the 1 o level.

How to Resolve the B — wK Puzzle?

Let us focus on the current world average of the CP asymmetries (black cross in Fig. 52a).
We will not explore the new Belle II measurement further, since it is not included in the
world average yet.®! Since there is a discrepancy between the experimental data and the
constraint following from the triangle construction, as shown in Fig. 52a, we are interested
in examining how this puzzle can be resolved.

One way is through a change in the data. Prime candidate is the branching ratio (due
to the large experimental uncertainty on BY — 7%K?). In Ref. [281], an interesting example
has been illustrated where lowering the branching ratio’s central value (by 2.5 o) and at
the same time moving the central value of the mixing-induced CP asymmetry up (by 2.5 o)
gives a picture consistent with the SM. Hence, it seems challenging to fulfil all constraints
simultaneously in order to achieve agreement with the SM in this case.

On the other hand, this tension might imply effects of NP. As we have already discussed,
a very promising avenue for NP to enter is through the EW penguin sector, which is
characterised by the ¢ and ¢ parameters. The sensitivity to new sources of CP violation is

a key point here.%?

61We note that the new Belle II measurement agrees better with the theoretical solution arising from the

triangles. It will be interesting to monitor how the situation will evolve in the future.
62We also mention here for completeness that there could be NP scenarios with extra Z’' bosons, where

we may have links with anomalies in rare B decays.
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7.5 New Strategy to Determine g and ¢

In the first part of this Chapter, after providing the technical details, we focused on the
determination of correlations between the mixing-induced and the direct CP asymmetry of
the B — 7Kg channel. Comparing the corresponding SM predictions for the CP asymme-
tries coming from Eq. (7.107) and the triangle analysis with the experimental data, tensions
arise. More specifically, in the Ag(;KSng;KS plane in Fig. 52, we see the deviation between
the green contour, reflecting the theory prediction for the CP asymmetries, and the black
cross denoting the data. As a result, revisiting this B — mK puzzle and considering the
picture we obtained from the current data, there could be NP entering in the EW penguin
sector, which is characterised by g and ¢. The importance of these EW penguin parameters
q and ¢ in studying possible NP effects require a careful analysis of their determination.

This brings us to the second part of our analysis. In the following Sections, we present
a new method of determining these EW penguin parameters. So far, we have only worked
with the neutral B — wK decays. Here, our first step is to utilise the charged B — 7K
modes, which exhibit only direct CP violation.

7.5.1 Utilising Charged B — wK Decays
Similar to the case of neutral B — 7K modes, our starting point are the isospin relations:
343/ = V2A(BT — 1K) + A(B* — 7t K?), (7.131)
343/ = V2A(B~ — 1°K~) + A(B~ — 1K), (7.132)
which we may write using a simplified notation for the decay amplitudes as follows:
3430 = V240, + Ay, (7.133)
3430 = V240, + Ay (7.134)

As we have already discussed, with the help of the direct CP asymmetries and the CP-
averaged branching ratios, the isospin relations represent triangles in the complex plane,
assuming a given value of [A3/s| = |A3/2|. In analogy to the case of the neutral B — 7K

modes, we have:
3430 = 3| Azpo|e'®rz = — [T’ + CA”} (e — qe™?), (7.135)

343 = 3|1‘71:>,/2|6i(53/2 = — [T' + CA"} (e77 — qe™). (7.136)



7 THE B — nK SYSTEM 191

The term (e? — ge'®) can be expressed as follows:
(e — qe®) = cosy +isiny — qcos ¢ — igsin ¢
siny — qsinqﬁ)]

7.137
COS7Y — qCoS @ ( )

= (cosy — qcos ) [1 +i (

In a similar way, we can rewrite the term (e=" — ge™%).

To construct the amplitude triangles for the charged B — wK decays, it is useful to
draw them in such a way that the amplitudes |A o] and |A | coincide. We consider two
circles: one with (0,0) as centre and 3|As/s| as a radius and the other one with (|A|,0)
as middlepoint and V24, as a radius. In the example we study here, we consider the

SM values of ¢ and ¢. For a given value |Az/5| = |A3/2|, we have the following system of
equations:
2yt =34yl (o= Aw])® + ot = 240 (7.138)
2yt =34l (o — | Aw])* Tyt = 2140 (7.139)

where the second system stands for the CP-conjugate case. Eq. (7.138) represents two circles
which intersect in two points. These circles are indicated by green colour in Fig. 53a. The
points of intersection guide the construction of the triangles, which is indicated by the blue
solid lines. The full picture is given in Appendix F.4. Similarly, Eq. (7.139) represents two
circles, which are denoted by black. The small black circle is the same as the small green one.
There are again two intersection points and the pink dashed lines show the corresponding
triangles. In Fig. 53b, we zoom in and show one orientation of the isospin triangles of the
charged B — mK decays (where the pink dashed one stands for the CP-conjugate case),
where we see which decay amplitude corresponds to every side of the triangle.

Since the triangles can be flipped around the Aj/, and /_13/2 axes, we have again a
four-fold ambiguity for A¢s/,, which is determined as follows [281]:

Agsjy = d3jn — d3)2. (7.140)
This difference between the phases ¢3/, of the decay amplitude Az, and b3 /2 of the am-
plitude 1213/2 is given by Ag¢sz/s = 2¢3/2, due to the relation q§3/2 = —¢3/2. We also note
that the relative orientation of the triangles, which is the angle between the amplitudes
Ayo=ABT = 7t K% and Ay = A(B~ — 7~ K"), is given by
g = Arg [AgA%] = O(1°). (7.141)
Employing the amplitude parametrization given in Eq. (7.7) and neglecting the colour-
suppressed EW penguin contributions, we obtain

—p?sin2y — pesin(y — 6.) — pesin(y + 6.)

tan ¢, = :
an ¢ 1+ p2cos 2y + pecos(y — 0;) + pecos(y + 6e)

(7.142)
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Figure 53: (a) Constructing the isospin triangles for the charged B — 7K decays, applying
Egs. (7.138)-(7.139). (b) Tllustration of the isospin triangles for the charged BT — 7°K™
and B* — 77 K° modes (solid blue), and for the CP-conjugate case (dashed pink).

7.5.2 Extracting the Parameters g and ¢

Let us now discuss the new strategy we have developed for extracting the EW penguin
parameters, as presented in Ref. [281]. Utilising the phase difference A¢g/o introduced in
Eq. (7.140), we firstly work with the amplitudes Ass.
We recall that for the strong phase w = 0°, we have the condition |Az/s| = |A3/|. Using
the definitions in Eqgs. (7.135)-(7.136), we obtain
M — 653/2*%/2 — e — qe_“b

Multiplying both the numerator and the denominator with the factor (e= — ge™*), we get

$3/2—b3/2 —
eP3/2— 32 1 — gei@) — ge—i(6=) + ¢2 (7.144)
Let us now introduce ,
VN =3, (7.145)
T+C

which again comes from Eq. (7.135). Our next step is to provide the relation between N

and ¢. For this purpose, we make use of the following identities:

%

e = cos(z) + isin(x) (7.146)

sin(x 4+ y) = sinz cosy £ cosxsiny (7.147)

cos(x +y) = cosxcosy F sinxsiny, (7.148)
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and Eq. (7.135) implies

3| As 2]

2

2

—sin®(¢ — ) = [¢ —cos(p —7) ] (7.149)

Hence, taking the square root of this expression, we solve the equation for ¢ and obtain

2

A‘ — sin?(¢ — ) (7.150)

g = cos(d—7) £

\
3| As |

=cos(¢p—7)t | ——" +cos?(p—7)—1, (7.151)
\ (T + C)

where the trigonometric identity sin?(z) + cos?(x) = 1 has been used.
Combining the two expressions

\/N@iw _ \/N |:COS (¢3/2 ; ¢3/2) + jsin (M)] (7152)

and
e —qe™" = cosy — qcos ¢ — i (siny — gsin ), (7.153)

we are able to determine both cos ((ggg/g - gbg/g)/Q) and sin ((qi_>3/2 — ¢3/2)/2), yielding

tan D3/2 — O3/ St qsm¢. (7.154)
2 COS7Y — qCoS @
Then we introduce the useful notation [281]:
G3j2 — G2\
¢ =+VN cos — 5 ) =cosy —qcos o, (7.155)
(b3 — b3\ .
s = +vNsin — 5 | =siny —gsin o. (7.156)
These expressions get the form:
A
¢ = +V'N cos ( (23/2) : (7.157)

s = +v/Nsin ( ¢3/2> (7.158)
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Finally, for obtaining the relation between N and ¢, we write

N =1-2qcos(y—¢)+ ¢ (7.159)
=1 — 2¢cos ¢ cosy — 2¢sin ¢siny + ¢° (7.160)
=1 —2cos(y — ¢)cosy — 2(siny — s)siny + ¢, (7.161)

where we implemented the expressions of ¢ and s in the latter expression. Consequently,

¢* =N +1—2ccosy — 2ssinvy, (7.162)

q=+v/N+1—2ccosy — 2ssinr. (7.163)

So far, we have determined the parameter ¢g. The final step is to also provide a relation
between the phase ¢ and N. As a result, recalling Eqgs. (7.155) and (7.156), we obtain

qCos¢ = cosy — ¢, (7.164)
gsin ¢ = sinvy — s, (7.165)
yielding

tan ¢ = 0O _ siny = s (7.166)

cos¢p cosy—c

Consequently, both the EW penguin parameters ¢ and ¢ can be determined. We collect
the important relations of our strategy in Fig. 54.

( A
Ay = h3n — 433/2’ \/ﬁ =3

N\ J

Figure 54: Important relations for determining the EW penguin parameters ¢ and ¢.
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7.5.3 Constraints on ¢—q Plane Utilising Charged B — wK Decays

As we have already mentioned, concerning the charged B — 7K system, there is a four-fold
ambiguity for the A¢sz/. For every value of A¢sz/s, we solve a quadratic equation which
leads to two contours in the ¢ — ¢ plane, thus eight contours in total.

Similarly to the neutral case, we can eliminate contours by considering
Pot+ = Arg [A0+A3+} ’ (7.167)

which is the angle between the Ay, = A(B* — 7°K*) and Ay, = A(B~ — 7°K~) decay
amplitudes. This angle can be obtained from the triangle construction and depends on ¢.
In addition, we consider the theoretical prediction, as presented in Ref. [281]:

1
tan ¢ = 21 [cos de Siny — <cos 0c — §dc) ¢ sin qﬁ} + O(T’(QC), pe) (7.168)

with the colour-suppressed EW penguin parameter ac which has already been introduced
in Sec 7.4. The theoretical value depends on both ¢ and ¢.

Fig. 55 illustrates the contours coming from the triangle analysis in the ¢ — ¢ plane.
The contours are denoted by purple, green, grey and orange. In addition to the angle
o+, we impose another constraint, which is related to the parameter R, and leads to the
cyan dotted line. We observe that the contours coming from the triangle analysis show
discontinuities around the values of ¢ ~ 1 and ¢ ~ 70°. This is due to the fact that |As|
cannot become arbitrarily small and as a result, the corresponding decay amplitudes cannot
form triangles anymore.

Let us now discuss in more detail the constraint coming from the R., thus the ratio of
the CP-averaged branching fractions of the charged B — wK decays defined in Eq. (7.67).
Utilising the strong phase J. and the parameters 7. and p. and setting [281]:

Ap =12, (7.169)

C

Bgr, = 2r. [cos d.cos ¢ — (1e — pecos(0. — d.)) cos(y — )] (7.170)

Cr. = [1+2pccosB.cosy + p2] [1 — Re] — 2pere cos(be — &)

— 27, cos . cosy + 12, (7.171)

we obtain a relation between ¢ and R, in the following compact way [281]:

(7.172)
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Figure 55: Contours in the ¢ — ¢ plane, arising from the triangle analysis of the charged
B — 7w K decays, where constraints have been imposed as discussed in the text. The contour
R. gives rise to the cyan dotted line [281].

This allows us to convert the measured value of R, using also the numerical values of o,
r. and p., into the cyan dotted contour in the ¢ — ¢ plane in Fig. 55, complementing the
analysis. This contour is in excellent agreement with two of the contours coming from the

triangle construction as well as with the SM values for ¢ and ¢.

7.5.4 Utilizing Mixing-Induced CP Violation in B® — w°Kg Decay

Let us discuss how we can get further information for the ¢ and ¢ determination and obtain
a sharper picture. For this purpose, we work again with the B® — 7°Kjg channel and utilise
the mixing-induced CP asymmetry S’é;KS. This allows us to extract the phase ¢.

With the help of the values of the hadronic parameters and the mixing-induced CP
asymmetry, the following expression can be obtained, which provides another contour in

the g—¢ plane [281]:
—B.++\/B? —4A.D.
- 1
71 , (7.173)

(o

q:
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where

A, = r?(—tan ¢og cos 2¢ — sin 2¢) | (7.174)
B, = 2r.cos d.(tan ¢gg cos ¢ + sin ¢) — %@AC

—(2r% — 2r.r cos(d. — 6))(— tan ¢go cos(y + ¢) — sin(y + ¢)) (7.175)
D. = —tan ¢gg — (21, cos d. — 2r cos d)(tan ¢gg cosy + sin )

+ (r2 + 1% — 2r.rcos(d, — 0))(— tan ¢og cos 2y — sin 2)

W

4
+ —ac qre(— tan ¢gy cos ¢ — sin @) + §q2(d§ + &%)AC

w

(— tan oo cos(y + ¢) — sin(y + ¢))(r2é; — rer(dc cos§ + g sind)) (7.176)

QO W~

+
with

¢y = ac qcosd. + ag qsind, . (7.177)

We can now calculate the value of ¢y using the current measurement of Sg;KS, which

we have presented in Table 14, and implement it in Eqgs. (7.173)-(7.176) in order to convert
the mixing-induced CP asymmetry into another contour in the ¢—¢ plane. We obtain [281]:

doo = (7.7 +£12.1)°. (7.178)

This results in the purple contour illustrated in Fig. 56a, where contributions from colour-
suppressed EW penguin topologies are included. In the same plot, we also show the contours
coming from the isospin analysis that are in agreement with the R. constraint.

7.5.5 Illustrating a Future Scenario

The strategy we presented in Sec. 7.5.4 can be used to illustrate a future application. We

assume a scenario, as given in [281]:
ST = 0.67£0.042, ALKS = —0.07+£0.042, g = (0.9 £ 3.3)°. (7.179)

Including colour-suppressed EW penguin effects, we assume that the uncertainty of
Sg;KS is the same as Ag[;KS. The resulting picture is illustrated in Fig. 56b. The purple
contour shows the constraint coming from SS;KS. The experimental uncertainties are those
given in Eq. (7.179) and are illustrated by the solid purple line. We also take into account
the theoretical uncertainties, which are the SU(3) uncertainties related to the hadronic
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Figure 56: (a) Constraints in the g—¢ plane utilising information from the mixing-induced
0K . . . . .
CP asymmetry SCp . (b) Illustrating a future application of our strategy considering a

scenario for measurement of mixing induced CP asymmetry [281].

parameters which we use in order to determine ¢ in Eq. (7.173). The theoretical uncer-
tainties are denoted by the dashed purple line. We observe that the experimental and the
theoretical precision can be matched, which is very promising for future analyses.

Fig. 56b also shows the four contours (blue, green, orange, gray) coming from the triangle
analysis. We note that the contours which remain after taking into account constraints from
the phase ¢o; and the ratio R, [281].

7.6 Concluding

In this Chapter, we have discussed the B — wK system, which is another interesting
case of non-leptonic decays. As we have emphasized numerous times through this thesis,
in this class of decays, we have to deal with the challenging hadronic matrix elements
entering through the low-energy effective Hamiltonian. This system is dominated by loop
topologies. In addition to the QCD penguin diagrams, EW penguins also play an important
role. Therefore, we had to pay special attention to the EW penguin sector in our studies.
Our first goal was to present a state-of-the-art analysis. Utilising expressions of the
decay amplitudes of the B — 7K channels, we applied a specific parametrization [186],
which introduces hadronic parameters. In order to determine these parameters, we made
use of the powerful tool of the SU(3) flavour symmetry of the strong interactions. This
allowed us to obtain relations between the B — mK decay amplitudes and those of the
B — mm and B — KK systems. Experimental information for the hadronic parameters of

the latter systems are available. Consequently, employing the SU(3) flavour symmetry, we
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converted the hadronic parameters of these systems into their B — wK counterparts and
finally extracted their values.

Our next step was to study CP violation in the B — mK system. The key mode for
these studies is the B} — 7°K? channel, which is the only one that exhibits mixing-induced
CP violation. Therefore, we aimed at obtaining correlations between the corresponding
direct and the mixing-induced CP asymmetries. For this purpose, a central role was played
by an isospin analysis, while keeping the theoretical assumptions as minimal as possible.
[sospin relations between the amplitudes of the neutral B — wK decays allowed us to
represent these amplitudes as triangles in the complex plane. The different orientations of
these triangles result in different contours in the Ag;KSfSQ;KS plane, describing correlations
between the CP asymmetries. These contours can be obtained in a very clean way within the
SM, and we can unambiguously pick the final contour. Comparing it with the experimental
values of the CP asymmetries, we revealed tensions between this final contour, which reflects
the theory SM predictions, and the data.

These tensions could be resolved either via a change in the values of the measured
observables or assuming NP in the EW penguin sector. A recent highlight was a new
Belle IT measurement [299], which shifted towards the direction of the band characterising
the SM correlation. However, the uncertainties of these measurements are unfortunately
still too large to draw any definite conclusions. In addition, the new results for these CP
asymmetries have not yet been included in the corresponding world average. Therefore, we
did not explore the situation in further detail, although it will be very interesting to follow
the future experimental developments.

In the last part of our analysis, we focused on the EW sector since EW penguins could
offer an avenue for effects of new particles to enter the B — mK channels. The puzzling
patterns in the data with respect to the SM could be an indication of NP of this kind.
Consequently, the EW penguin parameters ¢ and ¢ played a key role. We proposed a new
strategy to extract these parameters from the data. Our method exploited both neutral
and charged B — mK channels, employing again isospin relations between their decay
amplitudes. Applying our strategy to the current data, we obtained contours in the ¢—q
plane. In order to get a more complete picture and actually determine ¢ and ¢, we utilised
additional information from the mixing-induced CP asymmetry of the BY — 7Kg decay.

This methodology was also applied to a future benchmark scenario assuming experi-
mental and theoretical progress. We found that the experimental precision can match the
theoretical uncertainties, thereby demonstrating the power of the method. Therefore, im-
plementing our strategy to future data from Belle II as well as the LHCb upgrade(s) will
offer exciting new opportunities - either by confirming again the SM or eventually revealing
NP with new sources of CP violation.
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8 Rare Bg — pTpu~ Decays

Other interesting cases that provide reliable tests of the SM flavour dynamics and work as
powerful probes of NP are the decays mediated by b — s¢T¢~ quark-level transitions. In
this Chapter we mostly focus on one of the decays originating from these processes, which
is the B® — p*p~. This is a purely leptonic mode.

Having already introduced the leptonic decays in Sec. 3.3, we now present the formalism
specifically for the neutral B? meson decaying into the final state u"u~. In an analogous
way, we can approach the BY — u*pu~ mode, which we will also explore in the following
Sections. It is worth noting that the decays of the neutral B?s) meson into the final states
ete™ and 7177 are also interesting. However, so far, they have received less attention, both
theoretically and experimentally. We will not elaborate more on these modes but for the
interested reader, more information can be found in Ref. [303].

The B? — utp~ decay is a flavour-changing neutral current (FCNC) process, thus a
transition involving different quark flavours but of the same electric charge. Within the SM,
these decays are forbidden at the tree level. The leading contributions arise from one-loop
diagrams; the box and penguin topologies, as illustrated in Fig. 57. They are theoretically
very clean as they involve only the By decay constant. In addition, in the SM these decays
are helicity suppressed by a factor (mi /M%), where m,, denotes the mass of the muon and
Mp, the mass of the B; meson [304]. Therefore, these decays are strongly suppressed and
thus very rare. Experiments had been searching the BY — pu*u~ decay for decades [305].
The first observation of this decay was announced by the LHCb and CMS collaborations in
2012, with the result that about three out of one billion BY mesons decay into putp~ [18].
The corresponding plot for the LHC Run I analysis in given in the Appendix G.

Useful and interesting observables are connected to the BY — u*p~ channel and one
of them is the branching ratio. As we have already discussed in previous Chapters, the
phenomenon of the BB mixing leads to time-dependent decay rates. The sizeable decay
width difference Al'y gives access to another interesting observable, the mass-eigenstate
rate asymmetry A} , which is connected to the effective lifetime 7,, [306,307]. Fig. 58
shows the B? — putp~ and B® — ptp~ branching ratio measurements for the combined
results by ATLAS, CMS and LHCb (left plot), and the most recent LHCb data (right plot),
comparing the experimental results with the SM predictions.

This decay offers an excellent path to search for physics beyond the SM, as NP could
have an impact on the FCNC sector. There could be new particles entering the loop

diagrams or might even arise at the tree level. Examples of NP scenarios are Z’' models,
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Figure 57: Feynman diagrams describing the B — u*u~ decay in the SM: box (left) and
penguin (right) topologies.
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Figure 58: Branching fraction measurements for B — p*p~ and B — pu~, combining
the ATLAS, CMS and LHCb 2011-2016 data [14] (left) and the 2021 results by the LHCb
Collaboration [15] (right). The SM point in both plots is denoted by the red cross. The
ellipses are likelihood contours for different confidence levels for every experiment.

leptoquarks and models with extended Higgs sectors (see for instance Refs. [308-312]). A
significant characteristic of the B® — puTu~ decay is that it is sensitive to NP leading to
scalar and pseudoscalar contributions, which are described by complex coefficients S and
P, respectively. In terms of these quantities, the branching ratio is expressed as

B o< fp, my, (IP]*+|SP), (8.1)

where fp, is the decay constant of the By meson. As we mentioned before, this channel is
characterised by helicity suppression in the SM, which is reflected by mi. We note that the
scalar and pseudoscalar operators can lift this helicity suppression and as a result, NP may

enhance or reduce the branching ratio. Thus, as we will discuss in the following Sections,
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e this decay is a probe of NP with new scalar and pseudoscalar contributions and

e NP can be studied by measuring the A%} observable and compared with the SM

predictions. When allowing for NP effects, this observable is fully unconstrained.

A detailed analysis of NP searches in the leptonic modes in a model-independent way is
given in Refs. [303,313].

In the following Sections, we will mainly explore puzzling patterns that are related to
the branching fractions B of the B — p* i~ channel and the A%} observable [14,15]. For
completeness, we mention that on top of these, there are more puzzling cases, which are
called flavour anomalies. An example of such a flavour anomaly is the angular observable
P.. Recently, CMS [13] reported results, coming from the angular analysis of the decay
B® — K*%u* i~ which are in good agreement with the corresponding LHCb measurements
[12], hence confirming the tension in P;. In addition, there is the Ry, observable, which is
the ratio of the branching fractions of the decay B — K®)u+u~ to the decay B — K®ete™.
In the previous years, this ratio was also suggesting tensions with the SM. However, a new
LHCb measurement in December 2022 [144,314] reported values which are compatible with
the SM. The Ry ratio offer tests of lepton flavour universality (LFU) (see Sec. 8.2.5).
Both P} and Ry involve decays mediated by b — s¢T¢~ transitions. The analysis of these
rare semileptonic decays can also offer links to the purely leptonic modes (see for instance
Refs. [145,146,315]). Therefore, flavour anomalies are very interesting but they go beyond
the scope of this thesis, hence we will not study them here.

We also note, even though this is not the topic of this Chapter, that CP violation has
interesting manifestations in these rare decays. For the rare semileptonic decays, Ry
is such an example. For the leptonic Bg — ptp~ modes, it was very recently found in
Ref. [315] that there are very constrained regions in the observable space for searches of
new CP-violating (pseudo)-scalar contributions.

Returning to the central point of our analysis, we remind the reader of the discussions
in Sec. 3.4.2 as well as in Chapter 5 about the discrepancies that arise between the mea-
surements of the CKM matrix elements. These unresolved tensions have an impact on the
UT apex determination and the NP searches in BJ-BY mixing. In addition, they may also
affect other NP searches, such as the BY — p™u~ branching ratio measurements. The
application of these results on the rare leptonic modes is the main topic of this Chapter.

The outline of this Chapter is the following: We firstly set the stage for the B? — utp~
decay, presenting the quantities and observables that play the key role in our studies. We
aim at exploring whether there is room for NP in this case and focus on the branching
ratio which is a probe of NP with new (pseudo)-scalar contributions. Additionally, for
constraining NP, the dependence on the |V,| and |V,;|] CKM matrix elements has to be
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minimised. This can be achieved by introducing the ratio between the branching fraction of
the B? — utp~ channel and the mixing parameter Amy, as pointed out in Refs. [316-318].
Here, we properly take into account NP contributions to BS—BS mixing. Hence, we allow
for possible NP not only in the branching fraction but also in the Amy in this ratio. For this
purpose, we apply our results from the general, model-independent NP analysis presented
in Chapter 5. This allows us to provide an interesting alternative constraint on NP entering
through the (pseudo)-scalar sector. Last but not least, similar strategies can be applied
to the BY — p*u~ decay. However, we have to be careful, because here a different CKM
factor enters. Instead of the |Vis| we have the |Vj4| matrix element, which is a factor of A
smaller in the Wolfenstein parametrization. This means that there is a suppression of A2
in the branching ratio, making this mode even more rear. As a result, this channel has not
been observed yet and only upper bounds of the branching ratio are available. The main
points of this Chapter follow our analysis presented in Refs. [81,124].

8.1 Setting the Theoretical Framework

Our starting point is the effective Hamiltonian which describes the b — s¢™ ¢~ transitions.
Having already introduced the leptonic decays in Sec. 3.3, we now consider the Bg — (0
process and obtain in the SM [104]:

Ge| o
\/§ 2 sin2 ew

where G is the Fermi constant, a = /47 the QED fine structure constant, Oy the weak

Mt — ]mwm%mmth@wA+ha, (8.2

mixing angle, V;;V}, denotes the product of the CKM matrix elements, ny = 1.0113 [319] a
perturbative QCD correction and Yy(x;) the Inami-Lim function describing the top-quark
mass dependence [102].9

Having the low-energy effective Hamiltonian allows us to calculate the transition matrix
element. Within the SM, it is only the matrix element of the axial-vector operator which
contributes to the Hamiltonian, which has the structure Oyp = (by,Prs) @ (v ysp). At
this point, we make a small parenthesis and discuss the structure of the matrix elements,
including also the case of physics beyond the SM. In general, the matrix element for the
BY decays caused by b — s€T{~ processes consists of two parts:

(10| BY) = (¢*07|0510) ® (0]07] BY), (8.3)

where (£t¢7|O%|0) denotes the leptonic matrix element while (0]0%|B%) is the hadronic

matrix element including the non-perturbative strong interaction effects. We emphasize

63The term 7y Yy () describes the short-distance physics.
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Leptonic Part O%

Hadronic Part 0%

Scalar Scalar
Scalar Pseudoscalar
Pseudoscalar Scalar
Pseudoscalar Pseudoscalar
Vector Vector
Vector Axial-Vector

Axial-Vector

Vector

Axial-Vector

Axial-Vector

Tensor

Tensor

205

Scalar (S) | Pseudoscalar (P) | Vector (V) | Axial-Vector (A) | Tensor (T)

1 Vs YV Y5 VYo=Y Vv

Table 15: Possible combinations between the leptonic and the hadronic part.

that gluons do not couple to the leptons, and as a result, we have perfect factorisation.*
Therefore, we obtain the scheme

0=0"g0m, (8.4)

where O% is the leptonic and 0% is the hadronic part. Depending on the possible combi-
nations between the leptonic and the hadronic part, the matrix element can be scalar (S),
pseudoscalar (P), vector (V), axial-vector (A) or tensor (T). Due to Lorentz invariance,
these possible combinations are presented in Table 15.

Let us now write the decay amplitude of the B? — pu~ channel:
A(BY = p 7)) = (" p” [Hea| BY)

_ %Z Cil) x (|04 BY). (8.5)

64In comparison to the non-leptonic decays that we extensively studied in the previous Chapters, here
things are much simpler. This is due to the fact that factorisation arises automatically, since gluons do not
couple to £T¢~, as we have already mentioned in Chapter 3.
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We remind here the reader that C; are the Wilson coefficients, which are obtained within
perturbation theory. They are well defined in the SM and can be affected by NP. The term
(utp~|O;|BY) is the non-perturbative part.

Recalling Eq. (8.3), we observe that concerning the hadronic matrix element part, only
the (0](bg)v—a|BY) term is required. Taking into account that BY is a pseudoscalar meson,
the vector current piece vanishes. Then, in analogy to Eq. (3.43), the matrix element is
simply given by the fp, decay constant. Regarding the leptonic part in Eq. (8.3), it can be
expressed in terms of Dirac spinors and apply Dirac algrebra [320]. Consequently, out of
all the general possible combinations presented in Table 15, those that finally contribute to
the B? — utu~ decay, are the following:

e scalar®pseudoscalar,
e pseudoscalar®pseudoscalar,
e axial-vector®axial-vector,

where we mention again that we consider also structures that are not present in the SM.
We can now present the operators that contribute to the non-perturbative B? matrix

element for the BY — pTu~ channel:

o Os = my(bPrs) ® (fij) s = my(bPrs) @ (fip)
o Op = my(bPgs) @ (fiysps) Op = my(bPps) ® (jiysp)
o O19 = (b7, Prs) @ (" vspe) Olo = (07, Prs) ® (" vsp0),

where my, is the mass of the b quark and

=) P = (A +7) (8.6)

Pr =
L 2 2

Finally, the effective Hamiltonian with the help of these operators can be written as follows
(304,306,311, 312]:

G
Hegr = _\/_ZF_WVQWW [C10010 + C190' + Cs0s + C50s + CpOp + Cp0p] . (8.7)

The only contribution in SM comes from the operator Oy with a real coefficient. Hence,
in the SM we have Cyy = C3}! for which:

C«%\d = —ny Yo(x,) sin ™2 Oy (8.8)
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The numerical value for this coefficient is [311]:
Co' = —4.134 . (8.9)

The coefficients Cf,, Cg) and Cg) in Eq. (8.7) do not contribute in the SM. However,
they can play an important role if there is physics entering from beyond the SM. We note
for completeness that the coefficients Cy and (', are dimensionless while the Cg) and C’I(Jl)
have dimension [GeV] ™.

8.1.1 Observables and Important Quantities

Concerning the decay observables, we start with the branching ratio for the B? — utpu~
decay. The time-integrated branching ratio measured experimentally is [220]:

1

BB~ ') =5 [ OB = ) (5.10)

The theoretical branching fraction of the decay B? — u*u~ at lowest order in the SM takes
the form [311]:

B g, Gemi, sin? Oy 9 § 4m
B(Bs — M+/~L )th - L 8:_/5 ‘Clsév[} |‘/ts tb|2f123’SmBsm;2L 1- mQB“ . (811)

Here, we highlight again the importance of the decay constant, which encodes all the
hadronic physics. It is a non-perturbative parameter and is calculated with lattice QCD.
The values of fp_, reviewed in [135], are presented in Fig. 59. Moreover, the branching ratio
exhibits helicity suppression, which is reflected by the mi factor.

The conversion relation between the thoeretical and the experimental branching ratio,

which we have already discussed in previous Sections and especially in Sec. 6.4, is:

- -y _
BBy — pitp i = o B(By — i ). (8.12)
L+ ysAar,
Here, the second interesting observable arises, which is the A%} . We remind the reader
that we get access to this observable due to the sizeable AT'y. As discussed in [306,311,312],

AL takes the values:
Ar, € [-1,1] (8.13)
ARp. = +1in SM. (8.14)

This observable can be determined from measurements of the B, — p*u~ effective lifetime,
defined as [306,313]:

S HEBAD) = )

= T T B) = o )t (8:.15)



8 RARE B) — i~ DECAYS 208

FIAG2021 fs, [MeV]

our average for Ne=2+1+1

FNAL/MILC 17
HPQCD 17A
ETM 16B
ETM 13E
HPQCD 13

Ne=24+14+1

our average for N;=2+1

H—
Hl—— RBC/UKQCD 14

+— il 1 RBC/UKQCD 14A
H RBC/UKQCD 13A (stat. err. only)
— HPQCD 12
—HH—
—+—

2+1

N¢=
.|,

BRI TN

HPQCD 11A
FNAL/MILC 11
HPQCD 09

our average for N¢=2

Balasubramamian 19
ALPHA 14

ALPHA 13

ETM 13B, 13C

Nf=2

-
L

ALPHA 12A
1 ETM 12B
ETM 11A
ETM 09D

i

210 230 250 270 290

Figure 59: Lattice QCD results for the decay constant for the B meson [135].

The expression of AW in terms of the effective lifetime is the following:

owys Lo 21— (L—wd)7,

(8.16)

We note that there are recent measurements of 7;;, by ATLAS [321], CMS [322] and the
LHCb Collaboration [15], allowing us to derive bounds of A/} . However, the uncertainties
are very large to constrain the observable [315].

For completeness, we also rewrite the conversion relation in terms of 77, and obtain:

BB, > 1w = 2= (L= )2 | BB, - ) (5.17)
Bs
Considering the experimental results, the branching fraction of the B — u*u~ decay
has been measured by the CMS [323], with the most recent update given in Ref. [324],
LHCD [325] and ATLAS [326] collaborations.®
At this point, let us introduce the following quantities which describe the pseudoscalar
and scalar operators, Og) and Og), respectively [313]:

p Co—Cio | M, ( T > (CP_C%) (8.18)

cM 2m,, \'my + my cM

65 As a comment regarding b — s¢¢ anomalies, we note that averages for these results have been performed
by multiple groups [327-329].
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m2 M2 m C . C/
= 14— B ’ SR 1
S M} 2m,, <mb + ms) ( M (8.19)

where we have to pay special attention to the dependence on the mass of the muon m,. We

recall Eq. (8.11), where mi reflects the helicity suppression. The expressions of P and S
suggest that the helicity suppression can be lifted by the C'I(;/) and C’g) coefficients, entering
with a factor 1/m,. These quantities can be defined as:

P = |P|e"P, (8.20)
S =|Ses, (8.21)

where ¢p and ¢g are CP-violating phases. Within the SM, these quantities by definition
take the values

Plsy = 1, (8.22)
Slsm =0, (8.23)

and they will be very useful later on, especially when using the generalised expression of
the branching ratios, allowing for NP contributions.

Last but not least, we present the CP-violating rate asymmetry for the BY — utp~
decay. We emphasize that, so far, the expressions for the rates were helicity summed. Here,
for the discussion of CP violation, it is important to look at decays with specific lepton
helicities. A flavour-tagged analysis would give access to the following CP-violating decay
rate [311]

D(BY(t) — ppy) — D(BAt) — pipy) Cp, cos(Amgt) + S,y sin(Amit)
D(BY(t) = pipy) + T(BYU(t) — pipy)  cosh (£5) + AR sinh (£5)

yst
TB,

(8.24)

with A = L, R denoting the helicity of the ¢t~ pair. The following observables arise:

2|Ps S5 | cos(op — ps)

C)\ =~ Hp R ; (825)
M |P,lfu|2 + |S,Zu|2
P2 |2sin(2pp — oY) — |58 |2sin(2p5 — ¢
SW:| ol SN (20p — ¢57) — |5, sin (205 — ¢5) (8.26)

| Prul? + 155,17 ’
where we have generalised the expressions and allowed for NP. We repeat that ¢p and
ps are CP-violating phases. The phase ¢Y¥ arises from possible CP-violating NP effects
originating from the B%-BY mixing. We note that in the SM, both these CP asymmetries are
zero.% We stress that the observable C;‘“ depends on the muon pair helicity: Cﬁﬂ = —Cpp-

66We mention that 1y = +1 and ng = —1.
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Hence, it is difficult to measure. On the other hand, the observable S,,,,, as well as the A%},
do not depend on the helicity of the muons.

As it is difficult to measure the decays with muon helicities, we now sum over the
helicities. We obtain:

D(BYt) — ptp) —T(BO(t) — utu) S, sin(Amt)

_ = . 2
D(BY() = o) LB = o) cosh(ytfrm) + A sih(ytfr) ~ 0

For completeness, we also write the observable A% in terms of the pseudoscalar and scalar
contributions and finally have [306,311]:

Ap | P3| cos(2¢p — 937) — |55 ,,7 cos(2p5 — ¢F) . (8.28)
| Bul? + 155,17
We emphasize that this observable is fully unconstrained within its physical range [—1, 1]
when allowing for NP. We also stress that in all three observables; Cy,, S, and AN}, the
decay constant fp, cancels, making them theoretically clean. These three observables are

not independent of one another, since they satisfy the relation:
2 2 2
Cop+S,, + AL =1, (8.29)

which we have already applied before, i.e. in Eq. (6.19).

8.2 Searching for New Physics

Let us now move towards searches of NP in the leptonic modes. The B? — p*u~ chan-
nel is sensitive to scalar and pseudoscalar lepton densities, which enter the Og) and Og)
operators. The corresponding Wilson coefficients Cp and Cg are largely unconstrained.
Recalling Eqgs. (8.18) and (8.19), the scalar and pseudoscalar operators can lift the helicity
suppression. Since NP may enhance or reduce the branching ratio, this decay channel is
a sensitive probe of NP with new scalar and pseudoscalar contributions. In principle, NP
could modify the branching ratio of the leptonic modes also through BY-BY mixing.5” How-
ever, NP in BJ-BY mixing is already taken into account through the experimental values
of the mixing parameters.

Following these lines, the branching ratio is a key observable for exploring NP in the

(pseudo)-scalar sector. So, our starting point is the expression of the measured branching

%7In other words, BY-BY mixing could enter and lead to subtleties regarding the measurement of the
experimental branching ratio and the comparison with the SM predictions.
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Parameter Value Parameter Value
/5. 230.3 + 1.3 MeV [135] B, 1.232 £ 0.053 [135, 240]
TB..H 1.624 + 0.009 ps [120] B,/By 1.008 4 0.025 [135,240]
TS, 2.0740.29 ps [325] | 2y, = AT,/T, | 0.128 + 0.007 [120]
T8, 1.520 4 0.005 ps [120] || 2yqa = ATy/Ty | 0.001 £ 0.010 [120]

Table 16: Values for the decay constants, effective lifetimes, bag parameters and width
difference parameters, which are used in the determination of the SM branching ratios of
the B — p*p~ system.

ratio, where we allow for NP contributions. We obtain [81,304]:

_ _ 75, G M, sin® 0 COMVLLV m?
B(-BS — wop ) = b 87T5 u { (1 _ty ;b} fBSMBsm 1 - 4M2
1+ ARE ys )
X ——= + 8.30
(1 15, ) (8:50)
_ 1+ AW s
= BB, =t )M 5 IR (PP ISP - (83

We have already given the expression of the observable AX}. in Eq. (8.28). We collect input
values that are used in the determination of the SM branching ratio of the Bg — utu
decay in Table 16.%®

8.2.1 Constraining New Physics

A key quantity in order to constrain the NP parameter space is given by the ratio between
the measured and the SM branching ratios [306]:

—  B(By—ptus
= BBz uti) (8.32)
B(Bs = ptp)sm
Applying Eq. (8.30), this ratio can be rewritten as
R=|——"—""— + . 8.33
B (1515, (839

68We note that the lifetime of the heavy B, mass eigenstate TB,,H can be expressed in terms of the 7p,
and y, as 75, /(1 — ys)-
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By definition, this quantity is equal to 1 in the SM. Let us firstly simplify the discussion
and show the contour we can derive in the |P|-|S| plane.%’ If y, is not taken into account
in the comparison between theory and experiment, then the expression takes the simple
form:

R=|P;, >+ 1S, (8.34)
which fixes a circle in the |P|-|S]| plane. Combining the SM prediction™ given in Ref. [330]

B(Bs — p 7 )|sm = (3.66 £0.14) x 1077, (8.35)
and the measured value coming given in the analysis in Ref. [329]:
B(B, — ptp~) = (2.857031) x 1079, (8.36)

we determine:
R =0.77970008. (8.37)
This value gives rise to the orange circular band in Fig. 60.
However, this quantity does not allow us to separate the scalar and pseudoscalar contri-
butions. As a result, there could still be a large amount of NP present. How do we resolve
this situation? We use the measurement of the effective lifetime 7° which allows us to

o

5 s int is oi ke ; s
convert 7,, into bounds on A%} . The second constraint is given by AX} , assuming Pj,

S .
and Suu are real:

£~ ) o

(Piu)? + (S5,.)?
This fixes straight lines in the |P|-|S| plane, denoted by the green lines in Fig. 60. Conse-

B NP
AT, = COS O [

quently, knowing R and AZ’}S, we can not only separate the (pseudo)-scalar contributions
but also fully determine |P; | and [S;; |. The recent measurements of the effective lifetime
provided by ATLAS [321], CMS [322] and LHCb [15] are the following:

Toul ATLAS 2023 = (0.99 4 0.45) ps . (8.39)
Thuloms 2022 = (1.83 +0.23) ps (8.40)
7. luHCb 2021 = (2.07 £0.29) ps (8.41)

and give rise to values of A . Unfortunately though, these first experimental constraints
have very large uncertainties. The yielded values of A%} are not even within the range of

—1 < AN, < 1. Hence, it is important to measure it further in the future.

69Tn terms of notation, we simplify the labels in the axes.
"0 At this point, for simplicity, we do not consider the implications arising from the inclusive and exclusive
determinations of the CKM parameters.
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Figure 60: Constraints on |P| and |S| plane.

Summarising, Fig. 60 shows the current constraints in the | P|-|.S| plane, reflected by the
orange circular band, as well as future constraints related to the A%} observable, denoted
by the green straight lines. Consequently, the branching ratio and the A%} complement
each other in identifying and discriminating NP.

Here, we have given a first impression of how we derive the ratio R and the correspond-
ing plot. In order to achieve this, we have simplified the discussion. Hence, we have not
discussed yet how the uncertainties of the relevant CKM matrix elements affect these stud-
ies. Below, we will properly present the impact that the different determinations of these

quantities —inclusive, exclusive and hybrid— have on the NP searches in the leptonic modes.

8.2.2 Minimising the impact of CKM elements in New Physics Searches

Our starting point is again the measured branching ratio, which is given in Eq. (8.30). As
we see, the SM prediction depends on the CKM element |V;4|. Following the Wolfenstein
parametrisation [69,70]:

/\2
Vi = NVl [1= 5 (1= 20)] + 0 () (5.42)

we observe that |V| is determined through the UT apex solution and the CKM element
|Vp|. As a result, the branching ratio is proportional to the square of |V|, thus again

depending on the exclusive and inclusive determinations. It becomes clear that it is impor-



8 RARE BY — u*u~ DECAYS 214

tant to study every case (inclusive, exclusive and hybrid) separately. Unfortunately, this is
usually not done “properly” in the literature.
Consequently, we can obtain the SM predictions of the branching ratio for the inclusive,

exclusive and hybrid case:

B(By — ptp™) = (3.81 £0.11) x 1077, Inclusive, (8.43)
B(Bs — ptp”) = (3.274+0.10) x 1077, Exclusive, (8.44)
B(Bs — ptp”) = (3.804+0.10) x 107 Hybrid. (8.45)

We observe again the variation depending on the CKM parametrization. We note that the
spread between inclusive, hybrid and exclusive case is wider than the uncertainties.
Comparing now our SM predictions with the experimental value of the branching ratio
given in Eq. (8.36), we are able to constrain the parameters |P; | and [S}, |, in the way we
described in Sec. 8.2.1. The numerical values for the ratio R for the inclusive, exclusive and

hybrid case are the following:

R =0.748700%3, Inclusive, (8.46)
R =0.871704%  Exclusive, (8.47)
R =0.75010099, Hybrid. (8.48)

Here, we would like to note that for the numerical analysis and the plots in this Chapter, we
utilise the value of the experimental branching ratio in Eq. (8.36) in order to be consistent
with our published analysis in Ref. [81]. The most recent measured value though includes
also the 2022 CMS measurement reported in Ref. [322]. For completeness, we mention that
the new world average then is B(B, — ptp~) = (3.45 4 0.29) x 1072 [120]. Interestingly,
this value is larger than the exclusive SM prediction in Eq. (8.44) which would give rise to
a value of R larger than 1.
We point out that Eq. (8.33) can also be written as [311]

— 1+ Ys COS(2<)0P — (bls\IP) |P5 |2 + 1 - Ys COS(QSOS — ¢3NP) |Ss |2 (8 49)
- 1 + Ys K 1 + Ys [ ’ :

R

Having the numerical values of the ratios R for inclusive, exclusive and hybrid case, and
utilising the above expression, we derive the |P|-|S| plot. The corresponding band is given
in Fig. 61 (purple) and presented for inclusive, exclusive and hybrid case. We note that
for our studies we assume the scenario where NP phases for the pseudo-scalar and scalar
contributions are zero (or 7), so we have pp = 0 (or 7) and pg = 0 (or 7). The phase ¢\'©
is the usual phase determined through the BY — J/1¢¢ channel, as discussed in Chapter 5.
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Inclusive

Rsy

Exclusive

Rsy

IPI

Figure 61: Constraints in the |P|-|S| plane coming from the ratio R (purple) and the R,
(green), for the inclusive (top), exclusive (middle) and hybrid (bottom) case of the CKM
parameters, as discussed in the text. We assume that ¢p =0 (or 7) and pg = 0 (or 7).
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We obtain the contours, thus the constraints, that correspond to the branching ratio of the

BY — ptu~ decay for all three cases.

Our next goal is to eliminate the dependence on |V,,| when allowing for NP. How can we
achieve this? Key quantity, which can be used in order to minimise the impact of |V;| and
UT apex, as suggested in Refs. [316-318], is the ratio with the B; mass difference Amy:

B(Bs — ptp™)
R, = .
i Amyg
Looking at R, in the SM the CKM factor in Eq. (8.42) cancels in this ratio, as we will
discuss below. However, we have to correct for the possible NP effects entering the BS—BS

(8.50)

mixing. This is now possible following the analysis presented in [81,124].

Let us study the situation in more detail. We refer again to Fig. 61, which illustrates
constraints from the branching ratio of B® — u*p~. Comparing the light purple contours
in these plots, we observe how the NP searches with the branching ratio depend on |V
and the UT apex. In order to minimise this dependence, we utilise the Eq. (8.50), repeating
here that in the SM, the state-of-the-art picture for Am; (as it is already introduced in
Sec. 3.1.3) is [81]

_ s GEmiy 2 A2
Amglsm = 2| My sm = WWBS\V}SWH So(x)n28Bp, f5, - (8.51)

Combining it with the SM expression for the branching ratio we obtain:

3G2m2, si 4 0 CSM 2 m?2
RE}:/I _ TB, My zln w ‘ 10 | _ mi 1—14 2# ] (852)
I —ys dm So(x¢)n28BB, mp,

Interestingly, the CKM elements fully drop out in the SM. Moreover, the decay constant
also cancels out. Here, only the bag parameter survives and takes the value [135,240]:

Bp, = (1.232 4 0.053) . (8.53)

However, the Am, could also be affected by NP contributions. Including NP contribu-
tions, the term Amg can be written, as presented in Sec. 5.4.1, in the following form [81]:

Amg = Amglsu |1+ kg™, (8.54)

where k, and oy denote NP parameters. Consequently, we now allow for NP effects in
both branching ratio B(B, — p*u~) and mass difference Am,. We obtain the generalised
expression for R, as follows [81]:
1+ A ys PP + 1S5,

1+ ys \/1+2/<ascosas+m§ .

R = R5) X (8.55)
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Here, due to the NP parameters ks and os in Rs,, a dependence on the CKM matrix

s
elements is introduced. However, this dependence is much weaker than the one that we
originally had. We highlight again the main advantage of our strategy, which is the fact
that the leading dependence on the CKM factors in Rfﬂ/[, cancels out due to the ratio with
respect to Am.

Having introduced all the formulas, we can now finalise our analysis and determine the

values of R and Ry, Firstly, Eq. (8.52), leads to the numerical result [81]:

RO =(2.224+0.10) x 107" ps, (8.56)
which is similar to the result coming from the analysis presented in Ref. [317]

R = (2.04270053) x 107" ps . (8.57)

Then, Eq. (8.50) combining the experimental measurements of branching ratio in Eq. (8.36)
and the mass difference Amg in Eq. (5.73), we obtain:

R = (1.60 £0.19) x 10717, (8.58)

Comparing the values of RS and R, utilising Eq. (8.55) and the results coming from the
general, model-independent NP fit in Sec. 5.4.2, we obtain extra contours, thus constraints
in the |P|-|S| plane. These contours are denoted in Fig. 61 with green colour, and are
presented for the inclusive, exclusive and hybrid case. Illustrating this alternative constraint
in the | P|-|S| plane, it becomes again clear that the choice of the CKM factor and the apex
of the UT enters now only through NP in B%-BY mixing.

8.2.3 Utilising the B} — ptp~ decay

So far, the considerations regarding NP studies have been presented for the BY — putp~
decay. In principle, they can also be applied to the BY — p™u~ channel. However, as we
already mentioned in the introduction of this Chapter, the matrix element which enters
now is |Vi4| (instead of |Vis|). |Vig| is a factor of A smaller than |V in the Wolfenstein
parametrization, leading to a suppression of A\? in the branching ratio. As a result, this
channel is very rare and has not been observed yet. Only upper limits are provided by the
LHCD [325], ATLAS [326] and CMS [323]. The most stringent result is the following upper
bound [329]:

B(By — ptp™) <0.26 x 1072 (8.59)

In addition, a combined analysis with B® — p*u~, as presented in [328], leads to the
following average value of branching ratio:

B(By — ptp~) = (0.56 £ 0.70) x 1071 (8.60)
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The uncertainty is still too big to draw any conclusions. It will be really interesting though

to measure this decay and compare with the SM.

An interesting point is that we can combine the branching ratio information from both
the B — putp~ and the BY — pTu~ channel. Creating the ratio of these branching
fractions provides a determination of the UT side R;. As we already discussed in Sec. 5.4.2,
utilising the R; and Ry sides, we are able to determine the UT apex without relying on
information from the angle ~. This is important, in particular, when searching for possible
NP effects entering the v measurements.

However, using the sides R, and R; in the extraction of the apex of the UT, has a main
limitation related to the determination of the R;. Following Eq. (5.81), the R; side depends
on the ratio of CKM matrix elements |V;4/Vis|. The processes which are used to determine
R; can also be affected by NP contributions. Exploring this situation in Sec. 5.4.2, we
determined the matrix elements ratio using the Bg,gs mixing parameters. Here, we study
the determination of R; with the help of the rare decays Bg = putu.

Our starting point is to use the SM expressions of the B? — p*u~ branching fractions
given in Egs. (8.11) and (8.12). Analogous relations can be written for the BY — 1~ mode
which allows us to calculate the ratio of these branching fractions. In order to avoid the
|Via/Vis| dependence, we recall the definition of the R; side in Eq. (5.81) and consequently,
rewrite |Viq/Vis| in terms of the R;. As a result, we obtain the following ratio [81]:

2 + \Jm% — 4m? .
BBa= pil) | _ yope [1 X2 } B T iy 1~ v (8.61)
B(Bs = p i) g I'm _4m2fB l—ya

Regarding the values of R;, we use those that we determined from our previous UT analysis
in Sec. 5.4.2. These values correspond to the 77 and p solutions presented in Table 7, thus
arising from the fit to the R, and R; sides of the UT. These R; values are collected now in
Table 17. Concerning the ratio of the decay constants, we use fg,/fp, = 1.209+0.005 [135].
Therefore, using the numerical values of the parameters entering Eq. (8.61), we obtain the
SM ratio of the branching ratios of the leptonic decays for all three cases; inclusive, exclusive
and hybrid. We collect the corresponding results in Table 17. We observe that within the
current precision, the differences between these three cases are negligible.
Comparing now the SM values with the experimental result [328]

B(Bd — /L+,u*)
B(B, — putu~)

=0.019 + 0.024 , (8.62)

where the average branching ratio of the By — p*pu~ in Eq. (8.60) has been used, we find
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B(B; — utu
Case R, 7( d ,u+,u )
B(Bs — ptp~) SM
Inclusive 0.910 £ 0.012 0.0282 £ 0.0019
Exclusive 0.909 4+ 0.012 0.0281 £ 0.0018
Hybrid 0.909 4+ 0.012 0.0281 4+ 0.0017

Table 17: Results for the ratios M for the inclusive, exclusive and hybrid case.
B(Bs—putp~) SM
These ratios are calculated using the R; values for all three cases, which we obtained from

our previous analysis in Sec. 5.4.2, as discussed in the text.

an uncertainty of 125%. This result would then lead to the following value of Rjy:
Ry =0.77£0.48, (8.63)

which has an uncertainty of the factor 40 larger than the values of R; given in Table 17. The
precision on the ratio of branching fractions scales with the precision on R?. This indicates
that more precise measurements of the branching ratios of the rare leptonic decays in the
future will allow us to further explore the NP studies in BJ-B{ mixing.

8.2.4 Future Prospects

It becomes clear from the discussion above that the ratio of the branching fractions of the
BY — utp~ and the BY — ™ decays provides an alternative way to determine the UT
side R;. However, as we have already presented in Sec. 5.4.2, where we obtained R; utilising
Amg and Amg measurements, additional assumptions about flavour universal NP (FUNP)
are required, so that the ratios of By and B, observables still remain SM-like. Thus, it is
not sufficient to allow for a general model-independent strategy for searching for NP.

The current experimental uncertainties though are still very large to allow us to fully
explore this alternative determination of the R; side. In the future, LHCb expects to reduce
the branching fractions uncertainties on the ratios of the leptonic decays. More specifically,
they expect a reduction on the uncertainty on the ratio of branching fractions to 34% by
2025 and to 10% by the end of the HL-LHC era [228]. We can illustrate the potential of the

upgrade programme of the LHCb collaboration. For this purpose, we will now not consider
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the SM values of R; in Table 17. Instead, we will assume the following

R, =0.9324+0.024 Inclusive, (8.64)
R, =0.930 £0.021 Exclusive, (8.65)
R, =0.9304+0.021 Hybrid. (8.66)

These are the SM values of R; calculated from p and 7 given in Table 2, hence the solutions
of the UT apex determined through the side R, and the angle v, as discussed in Sec. 3.4.2.
Therefore, the future prospects for the side R; are [81]:

R, = 0.93 +0.16 (2025) , (8.67)

R; = 0.931 +0.047 (Upgrade II) . (8.68)

The main uncertainties still come from the measurements of the branching fractions while
all the other uncertainties combined contribute only at the level of 1% level, thus they can
be neglected.

Another useful application of the ratios of the branching fractions of the leptonic By
and B, modes is the following quantity [303]:

Pd 2+ Sd 2
s = | Sl (8.69)
Pl + 195

1/2
2 A2 -
75, 1= y3 1+ Adrya VB A7 (fi)Q Vis [P B(Ba = whin) (8.70)

\/ d

B(Bs — utu)
Therefore, presenting it in a compact way:

Vis

Uds o is
Vi

fpe

B(Bs — ptp~)

5 = LY
B(Ba = 1" p )] (8.71)

we observe that it requires knowledge of the side R; via the term |Vis/Vi4|. The main
advantage of using this ratio compared to the individual branching ratios of the leptonic
modes is that common parameters and uncertainties drop out. Within the SM, the quantity

U gz is equal to 1, offering a very powerful test of the SM, as any deviation from 1 would
be a hint of NP.
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8.2.5 Testing Lepton Flavour Universality with Semileptonic b — s¢t£~ Modes

Before closing this Chapter, we make a small parenthesis and present a recent highlight
related to the analysis of the rare semileptonic B decays, which are mediated by b — s¢+{~
transitions. An important feature of the SM is the Lepton Flavour Universality (LFU),
hence the universality of electroweak couplings across different lepton flavours.

A very useful and theoretically clean observable which plays a key role in testing the LFU
is the ratio Ry~ which combines information from the B — K®)y*pu~ and B — K®ete~
channels.” It is defined as follows:

I'B- - K putpu )+ T(BT — Ktptu™)

(Fixc) I'(B- — K-ete")+ (Bt — Ktete )’

(8.72)

In an analogous way, we define Rg~. In the SM, this ratio is equal to 1 with excellent
precision. The data used to indicate values for Ry in the regime of 0.8, hence suggesting
a deviation from the SM at the level of 3 ¢. This would be a hint of electron-muon
universality violation in the SM.

However, in December 2022, new results were reported by the LHCb Collaboration
which were compatible with 1 [144,314]:

(Ri) = 0.949 £ 0.05, for momentum transfer ¢* € [1.1,6.0] GeV. (8.73)

A similar pattern was found for the Rg«. These results seem to agree with LFU, bringing
new perspectives for testing the electron-muon universality. On the other hand, the differ-
ential rates for B — Ku'p~, which are experimentally not updated yet, are still too low
with respect to the SM predictions. Deviations at the level of 3.5 o level have been found in
comparison with the state-of-the-art calculations. This still suggests possible NP through
these decays.

Hence, it is important to search how much space for electron-muon universality violation
is possibly still left for this NP, which is now constrained by (Rg). Ref. [146] indicates that
there is still significant room for violating the electron-muon universality, if there is CP-
violating NP entering. In the future, it would be important to perform experimental studies
focusing on differences in the CP asymmetries between the b — sete™ and b — sutpu~
modes in order to test LF'U.

"'We note that the Ry ., observable is one of the two cases for testing possible violation of LFU. The
second case refers to the ratio R(D*)) which we already presented in Sec. 3.4.3.
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8.3 Summary

In this Chapter, we have discussed the rare leptonic decays Bg — T, which are excellent
probes for searches of NP. We set up the theoretical framework, highlighting again that
this is the simplest class of B decays. Particularly interesting is the sensitivity to non-SM
pseudoscalar and scalar sectors, which may lift the helicity suppression. Useful observables
are the branching ratios and the A .

Throughout this thesis, and especially in Chapters 3 and 5, we have explicitly pointed
out how the discrepancies between the different determinations of the CKM factors have
an impact on both the UT apex determination and the searches of NP in Bg—Bg mixing.
Here, we studied how they affect other interesting NP searches, focusing on the branching
ratio of the BY — p™ ™~ modes.

As a first step, we introduced the ratio between the experimental and the SM branching
fractions of the BY — ™ u~ decay. We determined its value for the inclusive, exclusive and
hybrid CKM determination. We explored how our choice of the CKM input values was
reflected on the |P|-|S| plane. As a result, we obtained constraints on the allowed space
for the pseudoscalar and scalar NP contributions in the leptonic decays, coming from the
branching ratio. Key role in constraining this parameter space plays the AZ’%S observable.
Recent pioneering measurements linked to the effective lifetime of the Bg — ptp~ channel
allow the determination of the AZ"FS. Unfortunately, the uncertainties are currently too
large to draw any conclusion but in the future, it will be important to obtain improved
measurements.

Given that the branching ratio depends on |V|, our next goal was to eliminate its
dependence when allowing for NP. For this purpose, we utilised the ratio of the branching
ratio of the B? — p™u~ mode with respect to the mass difference Amg. In the SM, the
dependence on the CKM factors cancels in this ratio. However, the mixing parameter Am
could in principle be affected by NP. Therefore, we generalised our approach in order to
include possible NP effects to BY~BY mixing. As a result, the NP parameters x, and o,
appeared in the ratio Ry,. Due to these NP parameters, a dependence on CKM matrix
elements entered. However, the dependence on the CKM matrix elements is weaker now.
Making use of our numerical results, coming from our most general analysis for the NP
parameters in Chapter 5, we obtained alternative constraints on the |P|-|S| plane for the
inclusive, exclusive and hybrid case. Therefore, following this strategy, the CKM parameters
and the apex of UT enter only via NP in B%-BY mixing.

So far, this analysis has been performed in the BY — p*p~ channel. In principle, we can
follow the same methodology in By — p*p~. However, here we do not have access to AN},

since Al'y is tiny. This channel has not been observed yet. It will be important in the future
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to have accurate branching ratio data, so to be able to apply the above considerations here
as well. Ratios of the branching fractions of BY — pu*u~ and B? — ™ in the SM are also
interesting players. These ratios provide an alternative determination of the UT side R;.
Current experimental uncertainties related to the branching fractions are unfortunately too
large. However, more precise experimental searches in the future will allow us to further
explore studies of NP in the BJ-BY mixing. Last but not least, we introduced another

interesting quantity U% which is proportional to this ratio as well as to |V;,/|Vi4|. Since

iy
in the SM, this quantity is equal to 1, it can be utilised as a powerful test of the SM by

determining its value and comparing with the SM.
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Our Decays Roadmap - Highlights

Decays with Different Dynamics

CP Violation: also interesting here

~ Highlights
*Branching ratio

R, =B (By = utu~)lAm,
—» minimises leading dependence on
| V.,,| when allowing for New Physics
in the (Pseudo)-Scalar sector

- Al : next interesting observable
but we need better measurements

*Future: CP violation searches with
mixing-induced CP asymmetry

‘B; — utu~ can also offer useful
applications but is not measured yet
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9 Conclusions

As demonstrated throughout this thesis, studies of CP violation and searches of physics
beyond the SM through decays of B mesons are at the core of quark flavour physics. In
order to have a clear picture of the theoretical framework, we have provided a detailed
overview of the SM description of CP violation and discussed the dynamics of the B-meson
system. Working at the high precision frontier, we have explored CP violation and have
been searching for indirect signals of NP through benchmark B decays. Theoretical ap-
proaches, such as effective field theories, are powerful tools in the analysis of these decays,
both within the SM and for accounting NP contributions. Utilising the B transitions and
their observables, we have suggested strategies, which are very promising and have revealed

exciting future prospects. In this Chapter, we summarise the key findings of our studies.

We have emphasized that CP violation manifests itself in different ways. This allows us
to categorise the different decays according to their dynamics. Examining CP violation in
every category from a theoretical perspective, we gained useful insights and presented high-

lights that may also point towards possible hints of NP. Consequently, we have discussed:

e decays which are dominated by tree topologies but also receive important corrections
from penguins, such as the By — J/¥ K2 and B? — J/¢¢$ modes,

e pure tree transitions, like the B — DF K* system and modes with similar dynamics,
e decays that are dominated by penguin topologies, like the B — 7K system,
e rare processes arising from EW penguins and box topologies, i.e. Bg — ot

This outline represents our main research pillars.

The first category refers to the B} — J/YKY and B? — J/1¢ channels, which are
the “golden modes” for analysing CP violation in B decays. Involving neutral Bg mesons,
B&Bg mixing provides interesting interference effects. The mixing phases ¢,, which are
associated to this phenomenon, have played a key role in our analysis. Both B — J/¢ K9
and B? — J/1¢ are colour-suppressed tree modes with penguin contributions, which are
doubly-Cabibbo suppressed. The theoretical precision of the ¢, phases is limited by the
presence of these penguin effects. However, we have reached a level of sophistication, where

hadronic uncertainties from the doubly Cabibbo-suppressed penguin topologies must be
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included for proper interpetation of the data. Since we cannot calculate these contribu-
tions from first principles, we use control channels, more specifically the B} — J/¢r°,
B? — J/¢Y K2 and BY — J/¢p" modes, which do not suffer from this suppression. We
have developed a combined strategy of the original two modes and their control channels,
employing the SU(3) flavour symmetry of strong interactions. This analysis utilises infor-
mation from the mixing-induced CP asymmetries, which depends on the ¢, phases. As a
result, the strategy allows us to determine the mixing phases, properly including the impact
of the penguin effects on the CP asymmetries. In this way, we obtain state-of-the-art values
of these phases.

These mixing phases, in particular ¢4, play an important role, in the analysis of the UT.
In order to put them into context, we have performed a determination of the UT apex that
is considered to be robust with respect to NP. We have chosen to determine it via the angle
v and the side R,, which depends on |V,;| and |V,|. These CKM matrix elements can be
determined through methods utilising inclusive and exclusive semileptonic B-meson decays.
Interestingly, there are deviations between the results arising from these two methods. This
long-standing issue requires special attention. Consequently, we consider separately the
inclusive and exclusive values of these parameters. In addition, we consider another hybrid
case, combining exclusive |V,;| and inclusive |V,| values. We have determined the UT apex
by performing a fit to v and Ry, for all these three cases and have found sizeable differences
between these determinations. A proper treatment, resolving these differences, is essential
in order to identify NP contributions in future.

The UT apex enters the SM prediction for the BS—BS mixing parameters. Comparing
the SM predictions with the experimental values, we explore the remaining space for NP
effects in this phenomena. On the one hand, for the B, system, an impressive precision for
¢, has been obtained. On the other hand, the SM prediction of ¢4 suffers from significant
uncertainties. Introducing NP parameters x, and o, for the size of NP effects and the
phase for additional CP-violating effects, respectively, we have performed fits exploring the
available space for NP in BJ-BY mixing. Making future projections, we have shown that
NP searches in the B; system are more promising than the B, for testing the SM. However,
we are interested in constraining NP as much as possible in both systems. Future prospects
of improvement are also related to the angle v of the UT.

Discussing other perspectives of decays of a B meson into .J/4 (vector) and a P (pseu-
doscalar) meson, the branching ratio of these modes plays also an important role. We
have proposed a method where we have combined this observable from B? — J/¢ K2 and
BY — J/¢r® channels with information from the branching fractions of their semileptonic
partner modes; B? — K~ (*y, and B — 7 (*v,. This method allows the extraction of

the colour-suppression factor |as| in a theoretically clean way. Comparing the resulting
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values with naive factorisation, we have found that they are in the ballpark of theoreti-
cal predictions. This is a surprising finding, suggesting that factorisation in the colour-
suppressed modes works better than naively expected. This also gives us confidence that
non-factorisable SU(3) breaking corrections for the penguin effects should be under control.
When moving to higher precision, this strategy can be used to further explore the impact of
these non-factorisable SU(3) breaking effects, providing valueable insights into the physics

of strong interactions.

The second category we discussed is given by pure tree decays, i.e., the B — DFK*
system. This analysis is of central importance in this thesis. These B — DFK* decays
allow a theoretically clean extraction of the UT angle ~, despite being non-leptonic decays.
This system reveals two puzzling cases, which are connected to each other. The first puzzle
is in CP violation measurements, reflected by the v angle. Comparing the experimentally
measured v value with the one coming from the global UT analyses, deviations arise. Should
this puzzle eventually be confirmed by future data, we would have a “smoking-gun” signal
of CP-violating NP at the amplitude level. If there are NP effects entering at the decay
amplitude, they should also manifest themselves in the branching ratios, which suggests
the second puzzle. The phenomenological colour factor |a;| is the key quantity.

The |a;| factor is determined theoretically using the framework of factorisation. Factori-
sation is expected to work very well for the b — ¢ transitions. Introducing the ratio between
the branching fractions of the non-leptonic B? — D} ¢, decay and its semileptonic partner
BY — D*(y,, we have determined the experimental values of |a;| in a clean way from the
data. We follow the same strategy in other b — ¢ decays with similar dynamics, and extract
the corresponding experimental |a;|. Comparing these |a;| values, we have found intriguing
deviations up to 4.80, with the experimental results being surprisingly small with respect
to the theoretical ones. Interestingly, a similar pattern appears in b — u transitions, such
as BY — D7 K" and similar modes, despite factorisation being on less solid ground in this
case. Here the uncertainties involved are still very large though, so that we cannot yet draw
any further conclusions.

In view of these puzzling patterns, we have allowed for NP and presented a model-
independent strategy in order to include such NP effects with new sources of CP violation.
We have generalised the expressions that provide the extraction of v utilising the CP-
violating observables. Regarding direct CP asymmetries, LHCb asumed that ¢ = —C,
which holds in the SM. However, we have seen that this assumption can be affected by
NP. Hence, we have generalised this relation in a way that it also holds in the presence of
NP effects. Introducing NP parameters, we have applied our strategy to the current data
and obtained correlations between these parameters. NP effects are found to be strongly
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correlated and could have large CP-violating phases. We have shown that NP effects of
moderate size could accommodate the data. It will be exciting to see how the data will
evolve in the future and whether it will be possible to finally establish new sources of CP

violation exploiting our strategy.

The third category refers to decays which are penguin dominated. The main focus
here is on the B — 7K system, which is another non-leptonic system of decays. They
are dominated by QCD penguins but EW penguins, and especially the colour-allowed ones,
play also a prominent role. Hence, we have paid special attention to the EW penguin sector.
For studies of CP violation, the most interesting B — 7K channel is BY — 7Kg, which is
the only mode exhibiting mixing-induced CP violation. Thus, measuring CP violation in
this channel with highest precision is particularly interesting.

I[sospin relations between charged and neutral B — 7K decay amplitudes can be utilised
in order to obtain correlations between the mixing-induced and the direct CP asymmetry
of the B} — 7Kg channel. These correlations set a particularly clean reference in the
SM. Eliminating discrete ambiguities, only one solution finally survives. This solution
following from the isospin analysis turns out to show tension with the measurement. In
order for this puzzle to be resolved, either the experimental data should “move” in order to
become consistent with the SM, or NP effects in the EW penguin sector should be present.
Interestingly, a new Belle IT measurement of the CP asymmetries of this channel has recently
been reported, which moved towards the SM prediction. It will be very interesting to follow
the future experimental developments. Will the long-standing B — 7K puzzle finally be
resolved or will we find NP in the EW penguin sector?

Concerning NP searches in this channel, EW penguins offer an interesting way for ef-
fects of new particles to enter. Introducing parameters ¢ and ¢, which characterise these
penguin topologies, we have proposed a new strategy to extract their values from the data.
Applying this strategy to a future benchmark scenario, we have found that the experimen-
tal precision can match the theoretical predictions. This shows how powerful this method
is. In the future, with data from Belle IT and the LHCb Upgrade(s), this method can offer
useful insights into the EW penguin sector and finally, either confirm the SM or reveal NP
with new sources of CP violation.

The last category focuses on rare decays which are pure loop processes. In this thesis,
we have explored the purely leptonic and very clean Bg — ptp~ system. Our main focus
is on studies of NP. In this respect, we get a nice application of the constraints on NP in
BS—BS mixing.

The first important observable is the branching ratio, which exhibits helicity suppression
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in the SM. Interestingly, this suppression could be lifted by new (pseudo)-scalar contribu-
tions. Thus, NP may enhance or reduce the branching ratio, which depends on |Vi|.
Utilising unitarity relations, this CKM element is determined through |V, and the apex
of the UT. Consequently, NP searches with branching ratios also depend on |V;| and the
UT apex (which plays a minor role entering only via higher order corrections), thereby
yielding again dependence on inclusive and exclusive determinations. In other words, CKM
parameters have an impact on NP studies. In order to determine NP in the (pseudo)-scalar
sector, it is essential to minimise this dependence on the CKM parameters.

For this purpose, key quantity is the ratio between the B — u*pu~ branching ratio and
the mixing parameter Am,. In the SM, the CKM elements drop out. However, we have to
allow for possible NP in B)-BY mixing. Hence, we have included NP effects in Am,, using
our NP results on B&Bg mixing, and generalised the above mentioned ratio. This allows us
to constrain the (pseudo)-scalar parameters. Similar considerations can be applied to the
BY — utp~ mode. However, this channel has not been observed yet and only upper bounds
on the decay rate are currently available. In the future, it will be exciting to measure the
branching fraction of this mode, and to compare with the one from B? — pu~ exploring
the ratio of these two branching ratios.

The second interesting observable for constraining NP is A%} . Recent measurements
of the effective lifetime 77, by ATLAS, CMS and LHCD allow us to convert these values
into bounds on AN . However, unfortunately, the current uncertainties are too large to
draw further conclusions and we need improved measurements in the future. Concerning
the By — p™ 1~ mode, we do not have access to AR}, since Al'y is negligibly small.

In the future, it will be important to focus on the topic of CP violation, which is also
very interesting in these rare leptonic decays but has not received a lot of attention. As
already suggested in the literature, e.g., in Ref. [313], the mixing-induced CP asymmetry
will play a central role in this endeavour. Finally, regarding other rare decays, semileptonic

modes offer also very useful insights, including studies of CP violation.

Concluding, where do we stand now with our exploration of the flavour sector? Through-
out this thesis, we have provided theoretical work that allows us to utilise experimental input
and interpret measurements. This shows that theory and experiment are closely connected.
The studies presented in this thesis are very promising for the future data taking, moving
towards the high-precision frontier. The study of CP violation is particularly interesting,
also in the context of NP. Hence, it is desirable to obtain improved measurements of CP
violation for the channels we have discussed. The arising puzzling patterns could be indirect
indications of NP. Moving towards higher and higher precision, the LHCb Upgrade(s) and
Belle IT are the key players in this quest. Our main goal is to perform the best testing of
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the SM in this sector, bringing the analysis to a higher level of precision, and check whether
these studies will finally allow us to establish new sources of CP violation.

Looking at the broader picture, if deviations from the SM are finally established in the
future, this would be a spectacular result. The next question would be to explore specifically
the underlying NP. In this case, further deviations would be expected to emerge in other
observables and processes, and correlations would allow us to narrow down the underlying
NP framework. Another central point would be: Can we also find directly new particles at
colliders? Would the LHC be sufficient? Are the new particles so elusive that we have not
observed them yet or do we have to move to the high—energy frontier? Such findings would
be very interesting in the context of future collider physics studies, going beyond the LHC.
This would open up a completely new era in particle physics research. Exciting times lie
ahead — we should all stay tuned.
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Appendix

A Pauli and Gell-Mann Matrices

1 2 3]

The Pauli matrices 0 = [o!, 0%, 07| are written as:

1 (o 1) ) (0 z) ) (1 o)
o= , o= , 0° = - (A1)
10 t 0 0 —1

The Gell-Mann matrices L, are given as:

010 0 —i 0 1 0 0
Li={100], La=1]4i 0 0|, Ls=]0 -1 0|, (A.2)
000 00 0 0 0 0
001 00 —i 000
Li={l0oo00]|, Ls=]00 0|, Le=|001]|, (A.3)
100 i 0 0 010
00 0 10 0
1
Ly=100 —i |, Ls=—]|01 0 |. A4
7 1 8\/§ ()

02 0 00 =2
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1) Current-Current Operators

{r = (fajﬁ>VfA(jﬁba)V7A

Q%T = (faja)V—A(jﬁbﬁ)V—A
2) QCD Penguin Operators

Q3 = (Taba)v-a Z(%qlg)va
q/

Q) = (Tabg)v-a Z((Zlgqg)va
q/

Q5 = (Fuba)v—a 3 (@hd)va

q

Qf = (Tabp)v-a > _(Tsqh)v+a

q/

3) Ew Penguin Operators

S P _

Q7 = §(Taba)VfA Z 66’(Q,/BQI5)V+A
ql

3

Qs = 5 (Fabs)v-a > e @sd)via

q

T 3 = ~
Qy = 5(7’aba)va E eq (05q5)v-a
q/

T 3 o ~
Q1o = 5(Tabs)v-a Z eq(Tan)v—a

q

We note that o and § are SU¢(3) indices, ¢ € {u,d, ¢, s,b}, V + A refers to 7v,(1 £v5) and

the e, denote the electrical charges.
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C Puzzles in the Measurements of the
R(D) and R(D™) Ratios
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Figure 62: Measurements of the ratio R(D) (left) and R(D*) (right) [11]. The green band
corresponds to the current world average while the red band to the SM prediction suggesting

the tension between theory and experiment.
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D GammaCombo fits for the kKq—0q

NP parameters
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Figure 63: Comparison between the Scenario I (for the B, and B; system) and Scenario 11
fits for x5, and o,, which parametrise NP contributions in BJ-BY mixing for the inclusive
(left), exclusive (right) and hybrid (bottom) case [124].
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E Additional Illustrations Related to
BY — D;FK:E System

E.1 Plot for the |a;| parameter
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Figure 64: Comparing the |a;| experimental and theoretical SM values for various decay

processes [115], as discussed in Chapter 6.
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E.2 Different Scenarios for ¢, ¢, p, p Correlations in BY — D;FK’i

Changing the central values of b and b observables
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3. Whenb=14and b=1
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Comments

i. When both b and b are equal to 1, thus as in the SM case, we get connected lines in the
(p. p) plot.

ii. When b is 1 and b either greater or smaller than 1, we obtain a vertical “gap” area
around p = 0. The further we move away from 1 (either to bigger or to smaller values), the
bigger the gap area becomes.

iii. On the other hand, when b = 1 and b are either greater or smaller than 1, we get a
horizontal “gap” area around p = 0. Similarly to the previous case, the gap gets bigger if
we move away from 1.

iv. Finally, when neither b nor b is 1, there are no connected lines in the p—p plane and
we have “gaps” along both the p axis and the p axis (just like the plot we obtain for the
current data in Fig. 41).

We also notice in all these cases that the points of 0° and 180° in the p—¢, as well as
the (0,0) points on the p—p plane, are not included. How can we approach the (0,0) point
in the (p, p) plot? In the way we have constructed the plots, we realise that even though p
and p depend on b and b, respectively, the values of p and p are derived from the pairs of

¢ and @, for which we obtain, following Eq. (6.201):
0=tan Ap(1+ pcosp + pcos@ + ppcos (@ + ¢)) — psing — psin @ — ppsin (@ + ¢).

Then, we check what changes in the determination of ¢ and ¢ and the only parameter that
enters in their derivation is the tan(Agp), thus the Ae.
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F Plots for the B — wK System

F.1 Constructing the neutral triangles
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Figure 68: Circles providing the two Agg solutions (intersecting points) in the left panel
and the Ay solutions for the CP-conjugate case in the right panel.
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Figure 69: The drawing of the triangles with the help of the circles.
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0 0 .
F.2 SZSS-AZJSS Correlations
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Figure 70: Correlations between Sg;KS and A’{;;KS for the central values. The four branches

correspond to the four different ¢y angles.
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F.3 The angle ¢4+
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Figure 71: Angle ¢ in terms of the direct asymmetry for every triangle configuration [281].

The petrol horizontal band gives the constraint from the current SM prediction for the ¢4

value in Eq. (7.130).

The red vertical band shows the sum rule prediction. The colours

correspond to the colours of the four ¢y angles, thus (a) includes the green and the blue

band and (b) the grey and the orange. The narrow bands show a future theory scenario.
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F.4 Constructing the charged triangles

(a) (b)

Figure 72: (a) System of Eqgs. (7.138)-(7.139) and the corresponding isospin triangles. (b)
Zooming in to show the triangles for the central values of the charged B — mK decays.

F.5 Determination of the EW parameters q and ¢
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Figure 73: Contours in the ¢-q plane following the triangle analysis for the charged B — 7K
decays, before imposing any constraints [281].
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G CMS and LHCb combined results

for Bg — Tt~
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Figure 74: The signal candidates with a combined fit sharing signal and nuisance parameters

as described in [331].
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Figure 75: Measurements of the branching ratios of B? — u*u~ and B — p*u~, from the
LHCb and CMS collaborations, the combined results as well as the SM predictions [332].
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A Tale of Beauty and Puzzles

Since ancient times, people try to obtain a deeper understanding of the Universe and
unravel its secrets. Questions like “what is nature made of?” or “what are the fundamental
interactions?” are at the heart of this quest. The theory that describes the subatomic world,
giving answers to such questions, is the Standard Model (SM) of particle physics.

The SM classifies the elementary constituents of the matter and explains their interac-
tions. The building blocks of matter are leptons and quarks. There are six types of leptons,
the “electron” and “electron neutrino”, the “muon” and “muon neutrino” as well as the
“tau” and “tau neutrino”. Leptons exist independently. There are also six different types
of quarks, called flavours, the “up” and “down”, “charm” and “strange”, “top” and “bot-
tom”. Each one of these also has an anti-particle associated with it. Contrary to leptons,
quarks bind together and form either triplets, called baryons, or doublets, called mesons,
which are combinations of a quark and an anti-quark.

In addition, the SM describes the forces that govern the interactions. The fundamental
forces which act in the universe are four: the strong, the weak, the electromagnetic and
the gravitational. The SM describes three of them, as gravity is not part of the SM. These
forces are mediated by particles called bosons: the photon 7 for electromagnetism, the W
and Z bosons for the weak force, the gluon for the strong force. In 2012, the breakthrough
discovery of another particle, the Higgs boson, completed the SM picture. The Higgs boson
is responsible for giving mass to particles. A full description of the SM of particle physics
is given in Fig. 1.

The SM is a successful theory, but it is incomplete, as there are still unresolved issues and
phenomena it cannot explain. Looking at the bigger picture, among these challenges, one
of the key questions is: Why does matter dominate over antimatter in our universe? When
trying to understand this baryon asymmetry within the SM framework, the predictions fall
short by many orders of magnitude. What could be missing? CP violation! Let us explore
this term. CP symmetry suggests that the laws of physics should remain unchanged if
particles are swapped with their antiparticles and spatial coordinates are inverted. Violation
of this symmetry indicates that the behaviour of particles and antiparticles differs, pointing
to possible effects of physics beyond the SM.

In general, there are two approaches for searching for New Physics (NP):

e the direct way, where we try to find new particles at colliders at very high energies,

e the indirect way, where we perform calculations of very high precision.
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Figure 1: The Standard Model of particle physics (Image: Daniel Dominguez/CERN) [333].

CP violation is an excellent probe for searching for physics beyond the SM in an indirect
way. This approach allows us to detect signs of new interactions or particles that may
be too heavy to be directly observed at colliders. The most powerful collider is currently
the Large Hadron Collider (LHC), which plays a key role in experimental particle physics.
In order to explore CP violation in the laboratory, B mesons are fantastic tools. More
specifically, B mesons are bound states of an anti-bottom quark and a light quark (up,
down, strange or even charm). So, their decays are important for both testing the SM and
searching for NP.

In this dissertation, I have presented a beautiful tale of beauty and puzzles. What is
beauty? It is just another name for the bottom quark. And what do we mean by the
term “puzzles”? It refers to the deviations that might arise between SM predictions and
experimental data. So, we focus on decays with puzzling patterns where CP violation plays
the key role. One of the main theoretical tools we utilize to explore these phenomena is
quantum field theory (QFT). Simply speaking, QFT provides a theoretical framework for
describing the behaviour and the interactions between subatomic particles, combining the
principles of quantum mechanics and relativity.

B mesons can decay into other particles, referred to as the final state. There are three
types of final states: those consisting only of leptons, those that include both leptons and
mesons, and those made up exclusively of mesons with no leptons. In our analysis, we focus
on the following decays:



Meson | Quark Content | Meson | Quark Content
K+ us Df s
K~ us DS cs
K° ds 7t ud
K° ds T ud
J/Y cc 70 “1—’“%2‘1‘{
0] S8

Table 1: Quark content of various mesons.

BY — J/Y K2 and B? — J/v¢,

BY — DFK=,
e B—1mK,

o BYy = ptu,

where J/¢, K, ¢, D and 7 are mesons while y denotes the “muon” lepton. For completeness,
the quark content of these mesons is shown in Table 1. These processes have very different
and, in some cases, very complicated dynamics, providing us with a broader and thus more
complete picture of our field. They serve as benchmark cases for studying CP violation and
exploring NP, as they are very sensitive to new particles and interactions.

Fortunately, we live in a time where there is a plethora of experimental data. These data
sets of the measured observables can be compared to the corresponding theory predictions.
What do we observe in these cases? Within the studies presented in this thesis, we have
found intriguing discrepancies between the theory and the measurements. It is very exciting
that we have reached a level of precision, where it is possible to reveal such discrepancies.
These puzzling cases suggest that there is room for NP! These first hints are very promising,
especially in view of the future era of B physics, where even higher precision will be achieved.

Our strategy in the study of each one of these decays involves the following steps:

i) We perform theoretical analyses.

ii) We utilise the experimental data.

iii) We compare theory with experiment, resulting in puzzling patterns in these processes.

)
)
)
)

iv) We aim at answering the question: are these puzzles really signals of New Physics?



Each decay studied in this thesis shows very interesting patterns and offers very useful
insights in the exploration of CP violation. It is important to keep improving the measure-
ments of CP violation in these benchmark processes, which highlights the close connection
between theory and experiment. We have proposed methods which can be fully exploited
in the future as we move towards more accurate measurements. These methods allow us
to better understand and interpret the results, which are very promising in the context of
potential NP searches. The upcoming upgrades to the LHCb detector as well as the Belle 11
experiment, leading to more precise measurements, will play a key role in these endeavours.

Our main goal is to test the SM as thoroughly as possible and, by utilizing our analysis,
hopefully identify New Physics and reveal new sources of CP violation. In the bigger
picture, if significant deviations from the SM are finally established in the future, it would
mark a breakthrough result, opening up a completely new era in particle physics studies.
Exciting developments are just around the corner — stay tuned for what’s next!



=

OUR STUDIES IN A NUTSHELL

il ==k =

Interpret Data inpas BEE R AL [
Theoretically ‘ | L

i
e

i |
e v wl

Comparing theoretical predictions i\, . & ’

e pUzzLES €

—

with experimental measurements

Puzzles=discrepancies between theory and experiment

Our final is to answer the question







Een Verhaal van Beauty en de Puzzels

Sinds de oudheid proberen mensen een dieper begrip van het Universum te verkrijgen en
de geheimen ervan te ontrafelen. Vragen zoals “waar is de natuur uit opgebouwd?” of “wat
zijn de fundamentele interacties?” staan centraal in deze zoektocht. De theorie die de sub-
atomaire wereld beschrijft en antwoorden geeft op dergelijke vragen, is het Standaardmodel
(SM) van de deeltjesfysica.

Het SM classificeert de elementaire bestanddelen van materie en legt uit hoe ze inter-
acteren. De bouwstenen van materie zijn leptonen en quarks. Er zijn zes soorten leptonen:
“elektron” en “elektron neutrino”, “muon” en “muon neutrino”, evenals “tau” en “tau neu-
trino”. Leptonen bestaan onafhankelijk van elkaar. Er zijn ook zes verschillende soorten
quarks, genaamd smaken: “up” en “down”, “charm” en “strange”, “top” en “bottom”. Elk
van deze heeft ook een bijbehorend antideeltje. In tegenstelling tot leptonen binden quarks
zich samen en vormen ze ofwel triplets, genaamd baryonen, of doublets, genaamd mesonen,
die combinaties zijn van een quark en een antiquark.

Daarnaast beschrijft het SM de krachten die de interacties tussen de deeltjes bepalen.
De fundamentele krachten die in het universum werkzaam zijn, zijn er vier: de sterke
kernkracht, de zwakke kernkracht, de elektromagnetische kracht en de gravitatiekracht.
Het SM beschrijft er drie van, aangezien zwaartekracht geen onderdeel is van het SM. Deze
krachten worden overgebracht door deeltjes die bosonen worden genoemd: de foton ~+ voor
de elektromagnetisme, de W- en Z-bosonen voor de zwakke kernkracht, en het gluon voor
de sterke kernkracht. In 2012 voltooide de belangrijke ontdekking van een ander deeltje, het
Higgs-boson, het beeld van het SM. Het Higgs-deeltje is verantwoordelijk voor het geven
van massa aan de deeltjes. Een volledige beschrijving van het SM van de deeltjesfysica is
te zien in Fig. 2.

Het SM is een succesvolle theorie, maar het is incompleet, aangezien er nog steeds
onopgeloste problemen en fenomenen zijn die het niet kan verklaren. Als we naar het grotere
geheel kijken, is een van de belangrijke vragen: Waarom domineert materie over antimaterie
in ons universum? Bij pogingen om deze baryonische asymmetrie binnen het kader van het
SM te begrijpen, schieten de voorspellingen tekort met vele ordes van grootte. Wat zou
er kunnen ontbreken? CP-violatie! Laten we deze term verkennen. CP-symmetrie duid
aan dat de natuurwetten onveranderd zouden moeten blijven als deeltjes worden verwisseld
met hun antideeltjes en de ruimtelijke coordinaten worden omgekeerd. Schending van deze
symmetrie duidt erop dat het gedrag van deeltjes en antideeltjes verschilt, wat wijst op

mogelijke effecten van fysica die verder gaan dan het SM.
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Figure 2: Het Standaardmodel van de deeltjesfysica (Afbeelding: Daniel Dominguez,
CERN) [333].

In het algemeen zijn er twee benaderingen om naar Nieuwe Fysica (NP) te zoeken:

e de directe manier, waarbij we proberen nieuwe deeltjes te vinden bij deeltjesversnellers

bij zeer hoge energieén,
e de indirecte manier, waarbij we berekeningen met een zeer hoge precisie uitvoeren.

CP-violatie is een uitstekende manier om te zoeken naar fysica die verder gaat dan het SM op
een indirecte manier. Deze benadering stelt ons in staat om tekenen van nieuwe interacties
of deeltjes te detecteren die mogelijk te zwaar zijn om direct waargenomen te worden bij
deeltjesversnellers. De krachtigste deeltjesversneller is momenteel de Large Hadron Collider
(LHC), die een sleutelrol speelt in de experimentele deeltjesfysica. Om CP-violatie in het
laboratorium te onderzoeken, zijn B-mesonen fantastische hulpmiddelen. In het specifiek
zijn B-mesonen gebonden toestanden van een anti-bottom quark en een licht quark (up,
down, strange of zelfs charm). Hun verval is dus belangrijk zowel voor het testen van het
SM als voor het zoeken naar NP.

In deze dissertatie heb ik een prachtig verhaal gepresenteerd over beauty en de puzzels.
Wat is beauty? Het is gewoon een andere naam voor de bottomquark. En wat bedoelen we
met de term "puzzels”? Het verwijst naar de afwijkingen die kunnen optreden tussen de
voorspellingen van het SM en experimentele gegevens. Daarom richten we ons op verval-
processen met puzzelende patronen waarbij CP-violatie een sleutelrol speelt. Een van de



Meson | Quarkinhoud || Meson | Quarkinhoud
K+ us Df c§
K~ us DS cs
K" ds 7t ud
K" ds T ud
J/Y cc 70 “ﬂf;g
10} S§

Table 2: Quarkinhoud van mesonen.

belangrijkste theoretische hulpmiddelen die we gebruiken om deze fenomenen te verkennen,
is de kwantumveldentheorie (QFT). Eenvoudig gezegd biedt QFT een theoretisch kader
voor het beschrijven van het gedrag en de interacties tussen subatomaire deeltjes, door de
principes van de kwantummechanica en relativiteit te combineren.

B-mesonen kunnen vervallen in andere deeltjes, die de eindtoestand worden genoemd.
Er zijn drie typen eindtoestanden: degene die uitsluitend uit leptonen bestaan, degene die
zowel leptonen als mesonen bevatten, en degene die uitsluitend uit mesonen bestaan zonder

leptonen. In onze analyse richten we ons op de volgende vervalprocessen:
o BY— J/YK% en BY — J/vo,
e BY - DFK*,
e B 1K,
o BYy — ptu,

waarbij J/v, K, ¢, D en m mesonen zijn, terwijl g het “muon” lepton aanduidt. Voor de
volledigheid wordt de quarkinhoud van deze mesonen weergegeven in Table 2. Deze pro-
cessen hebben zeer verschillende en, in sommige gevallen, zeer ingewikkelde dynamica, wat
ons een breder en dus vollediger beeld van ons vakgebied geeft. Ze dienen als benchmarks
voor het bestuderen van CP-violatie en het verkennen van NP, omdat ze zeer gevoelig zijn
voor nieuwe deeltjes en interacties.

Gelukkig leven we in een tijd waarin er een overvloed aan experimentele gegevens
beschikbaar is. Deze gegevenssets van de gemeten observabelen kunnen worden vergeleken
met de bijbehorende theoretische voorspellingen. Wat observeren we in deze gevallen?

Binnen de studies die in dit proefschrift worden gepresenteerd, hebben we intrigerende



discrepanties tussen de theorie en de metingen gevonden. Het is zeer opwindend dat we
een precisieniveau hebben bereikt waarop het mogelijk is om dergelijke discrepanties te
onthullen. Deze puzzelende gevallen suggereren dat er ruimte is voor NP! Deze eerste aan-
wijzingen zijn veelbelovend, vooral met het oog op het toekomstige tijdperk van B-fysica,
waar nog hogere precisie zal worden bereikt.

Onze strategie bij het bestuderen van elk van deze vervallen omvat de volgende stappen:

i) We voeren theoretische analyses uit.
ii) We maken gebruik van de experimentele gegevens.

iii) We vergelijken theorie met experiment, wat leidt tot puzzelende gevallen in deze

processen.

iv) We streven ernaar de vraag te beantwoorden: zijn deze puzzels echt signalen van
Nieuwe Fysica?

Elke verval dat is geanaliseerd in dit proefschrift laat zeer interessante patronen zien
en biedt waardevolle inzichten in de verkenning van CP-violatie. Het is belangrijk om de
metingen van CP-violatie in deze benchmarks voortdurend te verbeteren, wat de nauwe
verbinding tussen theorie en experiment onderstreept. We hebben methoden voorgesteld
die in de toekomst volledig benut kunnen worden zodra nauwkeuriger metingen beschikaar
zijn. Deze methoden stellen ons in staat de resultaten beter te begrijpen en te interpreteren,
wat veelbelovend is in de context van mogelijke zoektochten naar NP. De aankomende
upgrades van de LHCb-detector en het Belle II-experiment, die zullen leiden tot meer
precieze metingen, zullen een sleutelrol spelen in deze inspanningen.

Ons belangrijkste doel is om het SM zo grondig mogelijk te testen en, door gebruik
te maken van onze analyse, hopelijk Nieuwe Fysica te identificeren en nieuwe bronnen van
CP-violatie te onthullen. Op de lange termijn, als er in de toekomst significante afwijkingen
van het SM worden vastgesteld, zou dit een baanbrekend resultaat markeren en een volledig
nieuw tijdperk in de deeltjesfysica openen. Spannende ontwikkelingen liggen in het verschiet
— blijf op de hoogte van wat komen gaat!
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