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Introduction

Our knowledge about the most basic building blocks of the Universe and their
interactions is summarised in a single theory: the Standard Model of elementary par-
ticle physics [1}, 12 [3]). It provides a successful description for three out of the four
identified fundamental forces in Nature: the strong, weak, and electromagnetic
interaction. But although the experimental data and the corresponding Standard
Model predictions have so far been remarkably consistent, the Standard Model is
not considered to be a complete theory of particle physics. There are several argu-
ments for posing this conjecture. First of all, the fourth fundamental force, gravity,
is not included in this framework{E]l Secondly, the Standard Model cannot explain
the origin or nature of experimentally firmly established observations like neutrino
masses [5]], the matter—antimatter asymmetry of our Universe [[6], or dark matter [7]]
and dark energy [8]]. Likewise, there are a number of puzzling theoretical questions
to which the Standard Model does not provide a satisfactory answer. Examples
include the hierarchy problem [9], the strong CP problem [L0], and the family
and flavour structures of the Standard Model. The associated experimental results
need to be taken at face-value within the Standard Model paradigm. Because of
these shortcomings, the Standard Model is commonly interpreted as a low-energy
effective description of a more complete, but unknown, theory of particle physics.
Observing phenomena like new fundamental particles, new types of interactions,
or modified Standard Model couplings, which all go under the general name of new
physics, would provide insights into the properties of this more complete theory.
To help solve some of the above raised problems by searching for further exper-
imental evidence of new physics, high energy particle accelerators are built. The
latest and most powerful accelerator taking up this task is the Large Hadron Col-
lider (LHC). It operated at centre-of-mass energies of 7 and 8 TeV in 2010-2011
and 2012, respectively, and is expected to reach 13 TeV later this year (2015). The
data collected during its first three years of operation, between 2010 and 2012, has
already resulted in many interesting new measurements. Undoubtedly the most
significant highlight is the discovery of a Higgs-like particle by the Atlas [11]] and

[2]A successful description of gravity on macroscopic length scales is provided by Einstein’s General
Relativity [4]. But physicists have not yet succeeded to incorporate it into the quantum mechanical
framework of the Standard Model.



1. INTRODUCTION

CMS [12] collaborations in July 2012. Further measurements, performed with all
data collected during the first run period of the LHC, indicate that its properties
match that of the Standard Model Higgs boson, thereby completing the Standard
Model theory. But with exception of the Higgs particle, all direct searches for new,
heavy fundamental particles, commonly referred to as the high energy frontier, have
so far been unsuccessful [13]. Instead, the results of these searches constrain the
parameter space of many new physics models.

Complementary to the direct searches is the high precision frontier. Although
mostly associated with the flavour sector of the Standard Model, this strategy ap-
plies equally well to the high precision measurements of the Higgs properties,
among others. It focuses on indirectly probing the energy scales at which new
physics manifests itself, and which can well be out of reach for the direct produc-
tion at currently available particle accelerators. Observables like cross-sections,
branching ratios and asymmetry parameters can be affected by new physics contri-
butions appearing as modified couplings or new degrees of freedom in virtual loop
interactions. Instead of resonance searches based on global event properties, indi-
rect detection methods therefore study the properties of well-known decay chan-
nels and compare those to their Standard Model predictions.

One of the main LHC highlights in the high precision frontier is the first obser-
vation of the rare decay B — p* i~ and the discovery of its partner mode B® — p*p~
by the LHCb and CMS collaborations [14]. The branching fractions of these two de-
cay modes put stringent constraints on many new physics models based on weak
scale supersymmetry [15]]. It is therefore important to have accurate predictions
for the Standard Model values. We contributed to this effort by pointing out that
there are subtleties involved in comparing the experimentally measured branching
fractions, which are time-integrated quantities, with their decay-time-independent
theoretical counterparts [16]. The non-zero decay width difference of the BY me-
son system introduces a non-trivial correction factor between both branching ratio
concepts. Due to the nature of the Standard Model interaction, this factor is maxi-
mal for the B — p*p~ decay [17], and can thus have a large impact on new physics
searches. Because of this caveat, both papers received a lot of attention in the com-
munity, and are highly cited. Taking into account the differences between both
branching ratio definitions, the Standard Model calculations are consistent with
the measured B? — y*u~ and B® — p* ™ branching fractions.

Another important cornerstone of flavour physics, complementing the rare de-
cay measurements, is the study of flavour-changing processes. These weak tran-
sitions can violate the Charge—Parity (CP) symmetry between particles and an-
tiparticles, which among others, is a necessary condition to explain the matter—
antimatter asymmetry of our Universe [18]. CP violation was first discovered in
1964 with the observation of long-lived neutral kaons decaying into two pions
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[19]]. This observation came as a big surprise, as it could not be explained with
the existing theories describing the three quark types that were known at the time.
Kobayashi and Maskawa, building on previous work by Cabibbo [20], succeeded
in 1973 to explain the origin of CP violation in the Standard Model by introduc-
ing the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [21]]. For this
matrix to acquire a non-trivial complex phase, and thus introduce differences in
the weak transitions of particles and antiparticles, at least three quark families
are required. This led them to postulate the existence of three more quark types:
the charm, bottom and top. Weak transitions involving bottom quarks, which can
be studies in B meson decays, can result in much larger asymmetries than the 1072
effects observed in the kaon system. The B meson systems therefore form an impor-
tant testing ground for the Standard Model and the CKM mechanism. Although
B°-B° mixing was already observed by the Argus collaboration [22]] in 1987, the
exploration of the B meson systems really picked up momentum with the start
of the B-factories BaBar and Belle in 1999 at the PEP-II and KEK-B asymmetric
e*te™ accelerators, respectively. These e"e™ accelerators primarily operated at the
Y(4S) resonance, which, being slightly above the B’B° threshold in energy, pre-
dominantly decays into entangled pairs of either B* B~ or B’B® mesons. The most
notable achievement of the B-factories is the discovery of CP violation outside the
kaon system. This was first established with the measurement of time-dependent
CP-violation in the decay B® — J/ip K. The measured CP asymmetry allows for a
high-precision determination of the complex phase ¢; associated with the interfer-
ence between B-B? mixing and the decay into the J/i K{ final state [23,24], which
in the Standard Model is related to the angle  of the Unitarity Triangle. With
this and other measurements the B factories had a majority share in establishing a
precise and consistent picture of the flavour sector of the Standard Model over the
past decade [25} 26].

Due to the rapid B?-BY oscillations, which could not be resolved by the B-
factories, the study of the B meson system was left to the CDF and D@ experi-
ments at the Tevatron proton-antiproton accelerator. One of the flagship analyses
of their B physics programme was the study of the decay BY — J/ip ¢ [27,128]], which
forms the BY meson equivalent of the B® — J/ip K decay as it is the most sensitive
probe to measure the complex phase ¢ associated with the BY-B? mixing process.
The results obtained by CDF and D@ for ¢, suggested a large deviation from the
Standard Model prediction. Given this exciting situation, it was up to the LHCb
experiment at the LHC to sharpen the emerging picture and either confirm or re-
ject the hints seen by the Tevatron experiments. After three years of operation,
LHCDb has significantly reduced the uncertainty on ¢ [29}[30], and turned it into
yet another parameter that is consistent with its Standard Model prediction. But
although not confirming the promising hints seen by the Tevatron experiments,

3



1. INTRODUCTION

LHCD has also provided new hope for finding signs of new physics. Particularly
exciting at the time of writing are the results on the angular parameters describ-
ing the B® — K*u*y~ decay [31]], and the so-called R ratio of the B* — K*u*yu~ to
B* — K*e*e™ branching fractions [32]], which both show tension with respect to the
Standard Model calculations. Global fits including these results, which use the op-
erator product expansion framework introduced in Section[3.2|below, suggest that
a solution with new physics modifying the Wilson coefficient Cy is preferred over
the Standard Model with 3.7¢ [33]. It will be interesting to see whether these devi-
ations survive the coming years, or if they can be explained by not-yet-understood
Standard Model effects.

The above discussion leads to the main conclusion that the deviations from the
Standard Model will be small or hard to find. Further improvements, both from
the experimental and from the theoretical side, are thus necessary to successfully
claim future new physics observations. This, in turn, means that we need to have a
careful look at the theoretical assumptions linking the experiment measurements
with the Standard Model parameters, because the currently used approximations
will no longer remain sufficient. This observation is particularly relevant for the
determination of the phases ¢; and ¢, from the mixing-induced CP asymmetries
in the B’ — J/p KO and BY — J/ip ¢ channel, respectively. In order to achieve a pre-
cision on the B-B mixing phase ¢4 and ¢; of below the degree level, as is the
goal of the LHCDb upgrade [34] and Belle II [35] programmes, controlling higher-
order hadronic corrections to the CP observables becomes mandatory [36, 37} 38].
The decay amplitudes of both decay modes consist of a leading-order contribution
from the tree topology, but in addition also get corrections from suppressed pen-
guin topologies. The presence of these loop diagrams affects the relation between
the measured CP asymmetries and the complex phases ¢; and ¢ by introducing
an additional shift [39] A¢, and A¢;, respectively, which has so far been ignored.
These shifts can potentially be as large as one degree, thus exceeding the foreseen
experimental precision. Controlling them is therefore mandatory in order to differ-
entiate possible new physics effects from higher order Standard Model corrections.

Although theoretical estimates for these shifts are available [40] [41]], it is, in
view of the non-perturbative long-distance QCD contributions to these correc-
tions, difficult to calculate them directly within the quantum field theory frame-
work. In this thesis, we therefore follow an alternative approach, and rely on the
SU(3) flavour symmetry of QCD to relate the penguin contributions in the decay
amplitudes of B® — J/p KO and B? — J/ip ¢ to those of similar decay modes in which
they are no longer suppressed [36},[37]]. This symmetry argument allows us to con-
strain the shifts directly from experimentally accessible observables like branching

(bl This is colloquial terminology and implicitly assumes the standard parametrisation of the CKM
matrix, introduced in Section It will nonetheless be used throughout this thesis.
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Figure 1.1: Illustration of the relation between the tree [Left] and penguin [Right]
topologies of the B — J/ip K2 and B? — J/ip K decays. Further details are provided
in Chapter

ratios and CP asymmetries, where the latter quantities play the dominant role in
constraining the penguin effects.

The research reported in this thesis is a shared project between theoretical and
experimental particle physics. On the theoretical side, we explore the potential of
the SU(3)r symmetry based method, while the experimental half of the research
focuses on the measurement of the decay channel B? — J/p K0, using data collected
by the LHCb experiment.

In the phenomenological study, we analyse the currently available information
on the penguin shifts A¢,; and A¢y, provide a roadmap for future measurements,
and illustrate the potential of this method for the LHCb upgrade and Belle II era.
Current constraints on A¢, can be obtained by performing a global analysis of the
decay modes B® — JapK?, B — JibK?, B* — JipK*, BY — Jibmct and B® — Japn®,
while information on A, is available from measurements of the B — J/ip p° and
BY — J/p K*® decays. Further details on the method, its underlying assumptions
and the obtained results can be found in Chapter |5} which is based on work pub-
lished in Ref. [42].

For the BY — J/ip K? channel, the most promising candidate in the long run is
the BY — J/pK? decay [36]. It is related to the B — J/ipK? decay by interchang-
ing all s and d quarks with one another, i.e. via the U-spin subgroup of SU(3)g,
and leads to a one-to-one relation between all decay topologies of both modes, as
illustrated in Fig. Because of this feature, the use of the B — J/ K mode
will ultimately lead to the most precise determination of the penguin shift A¢,, as
U-spin-breaking corrections associated with this method can easily be taken into
account. Experimentally, however, the situation is more challenging. Although the
contributions from the penguin topologies are enhanced compared to those origi-
nating from the tree topology, the tree amplitude itself is suppressed. As a result,

5



1. INTRODUCTION

experimental information on the BY — J/iy K¢ mode was at the start of this four-
year research project limited to a first measurement of the branching ratio by the
CDF collaboration [43]]. The experimental half of this thesis therefore focuses on
the experimental study of the BY — J/iy KO decay, performed by the author for the
LHCDb collaboration using the data collected between 2010 and 2012 [44} [45) 46].
This culminated in a first measurement of the B? — J/ip K CP asymmetry param-
eters [46]], with the details on the selection, modelling and study of the systematic
effects reported in Chapter[7] The uncertainties associated with this measurement
are, however, still too large to successfully execute the SU(3)r symmetry based
procedure outline above. But the results nonetheless demonstrate LHCb’s capabil-
ities for exploring the BY meson system and for further sharpening the picture of
the Standard Model flavour sector in the years to come.

Brief Outline of this Thesis

The outline of this thesis is as follows. Chapter [2]introduces the Standard Model
framework and the CKM matrix. Chapter[3|discusses non-leptonic B-meson decays
and the challenges we face to control the hadronic uncertainties affecting their de-
cay amplitudes. Chapterthen focuses on B-B mixing, its associated observables,
and the consequences for the branching ratio, the decay time distributions, and the
CP asymmetry parameters. Chapter |5 describes the above introduced method to
control the penguin contributions affecting the determination of the B—B mixing
phases ¢4 and ¢, from the mixing-induced CP asymmetries in B’ — Jip KO and
BY — JAb ¢, respectively. Chapter@makes the transition towards the experimental
part of the thesis by discussing the detector requirements for a successful analysis
of the B? — J/ip K mode, and illustrates how these are met by the LHCb detec-
tor. Chapter [7| then provides all the details on the experimental analyses of the
BY? — J/p K decay, focusing on the first measurement of the CP asymmetry param-
eters.

The numerical results presented in thesis are based on the latest theory calcula-
tions, experimental measurements, averages and compilations that were available
on April 1st, 2015.



The Standard Model Framework

The Standard Model of elementary particle physics [1}, (2} [3] provides a successful
description of the strong, weak, and electromagnetic interaction between the fun-
damental particles making up our Universe. This Chapter offers a compact, but
basic introduction to the Standard Model, where the focus lies on its flavour sector
and the origin of CP violation. Further reading on these topics can be found in
many textbooks and lecture notes; notably Ref. [47] for a general introduction to
particle physics, and Refs. [48}[49][50] and [51},52} 53] for dedicated discussions on
CP violation and strategies for measuring it through the decays of weak mesons.

2.1 Quark Flavour Mixing

The Standard Model

The quantum mechanical framework in which the Standard Model is formulated
is that of a relativistic quantum field theory, where the particles are represented as
fundamental fields. Two types of fields are identified: fermionic fields and bosonic
fields. The building blocks of matter originate from fermionic fields, whereas the
fields mediating the interactions between the particles are bosonic in nature. The
fields are further characterised by the charges they carry. The charge associated
with the strong interaction is referred to as colour, and can be either red, green or
blue. Elementary fermionic fields that carry a non-trivial colour charge are called
quarks, those without are referred to as leptons. The electric charge, related to the
electromagnetic interaction, can be used to further separate the quarks into up-type
quarks with charge +2/3 ¢, and down-type quarks with charge —1/3e¢, as well as di-
vide the leptons into electrically neutral neutrinos and charged leptons with charge
—1le. The elementary fermions group together into families, each consisting of an
up-type quark, a down-type quark, a neutrino and a charged lepton. The Standard
Model has three families, which, as discussed below, is a necessary requirement
for having CP violation. Thus a total of six quark flavours can be identified. They
are, in order of increasing mass, the up (1), down (d), strange (s), charm (c), bottom
(b) and top (t) quark. Similarly, the leptons consist of the electron (e), muon (u)
and tau (7) and their associated neutrinos. In addition, each particle also has a

7



2. THE STANDARD MODEL FRAMEWORK

corresponding antiparticle with the same mass, but opposite quantum numbers.

The dynamics of the fundamental fermionic fields are described by a Lagrangi-
an L. Requiring that this Lagrangian is invariant under a continuous group of
local symmetry, or gauge, transformations naturally leads to the introduction of
additional bosonic fields. Known as gauge fields, these new quantities describe the
interactions between the fermions and thus form the representations of the funda-
mental forces. To describe the strong, weak and electromagnetic interactions, the
Standard Model uses the symmetry group

The SU(3)c gauge group describes conservation of colour charge. It arranges
the quarks into colour triplets, whereas the colour neutral leptons form a singlet
under SU(3)¢ transformations. SU(3)¢ has eight generators, called gluons, which
act as force carriers of the strong interaction. The resulting theory of quarks and
gluons is known as Quantum Chromodynamics (QCD). A special property of QCD is
colour confinement. It postulates that quarks and antiquarks must form colourless
bound states, referred to as hadrons, through the process of hadronisation. The
combination of three quarks forms a baryon, whereas a quark-antiquark pair is
called a meson. Of special interest for this thesis are the pseudo-scalar B mesons,
which are composed of a light quark g € {u,d,s} and a b antiquark.

The remaining gauge group SU(2); xU(1)y, where L stands for left and Y refers
to hypercharge, describes the electroweak interactions. Its four generators mix to
form the W* and Z bosons, associated with the weak interaction, as well as the
photon (y), mediating electromagnetism.

Experimentally it has been well established [54] [55] that the weak interaction
breaks parity symmetry, and does so maximally. This property is incorporated
in the field theory description of the Standard Model by letting the weak gauge
bosons couple only to the left-handed component of a fermion field. Consequently,
the left-handed fields form doublets, whereas the right-handed fields remain sin-
glets. For the quark fields, these doublets are generically referred as Q; ;, where
the index i is used to distinguish between the three fermion families, and are given

by
ur cr tL
(dL)' (SL)' (bL)' (22

The corresponding singlet quark fields are labelled as ug ; and dg ;. Similar quan-
tities can be defined for the lepton sector. The left- and right-handed components
of the fermion fields can be obtained using the projection operators

1 1
PL=§(1—7/5), PR=5(1+7/5)7 (2.3)

where y; is the special product of Dirac matrices.
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2.1. Quark Flavour Mixing

Spontaneous Symmetry Breaking

The formulation of the Standard Model as a gauge invariant theory prevents the in-
clusion of explicit mass terms in its Lagrangian. An additional mechanism is thus
required to generate the masses of the Standard Model particles, and in particular
explain the heavy mass of the W* and Z bosons. One elegant way to accomplish
this, first proposed by Brout and Englert [56] and Higgs [57]], is through sponta-
neous symmetry breaking by means of a new complex scalar field. This Higgs field
is charged under the SU(2); xU(1)y gauge group, has four degrees of freedom, and

takes the form
H+
H E( HO ) . (2.4)

By construction, the kinetic and potential terms describing the dynamics of this
new field H are invariant under the symmetry group and can thus be added
to the Standard Model Lagrangian without jeopardising its gauge properties. The
Higgs potential is, however, chosen in such a way that its minimum, represent-
ing the lowest energy state, i.e. the vacuum, breaks the electroweak symmetry. In
the standard parametrisation, the non-zero vacuum expectation value of the Higgs
field is given by

(H):[ i ] (2.5)
V2

Upon expansion around this minimum, three massless excitations, one for each
broken symmetry (direction), appear [58],[59)]. When identifying these three Nambu-
Goldstone bosons with the longitudinal degrees of freedom of the W* and Z bosons,
the latter particles effectively acquire a mass term, proportional to the Higgs vac-
uum expectation value. The fourth symmetry direction, corresponding to the sub-
group U(1)qg associated with electromagnetism, remains unbroken. The photon
therefore stays massless.

The lowest energy excitation of the Higgs field above its ground state is
known as the Higgs boson, and essentially captures the fourth remaining degree
of freedom of the original H field. The observation of a Higgs-like particle by
the Atlas [11] and CMS [12]] collaborations in July 2012, 48 years after its origi-
nal invention, experimentally proved the existence of this Higgs field, and thus
confirms the above described Higgs mechanism. But it remains an ongoing exper-
imental challenge to determine whether or not this new particle is the Standard
Model Higgs boson.

Yukawa Couplings

The inclusion of a Higgs sector to the Standard Model Lagrangian does not yet
introduce masses for the quarks and leptons. The required interactions with the

9



2. THE STANDARD MODEL FRAMEWORK

Higgs field, known as the Yukawa couplings, thus need to be added by hand to the
theory. For the quark sector, which is most relevant to the discussion here, these
take the form

Lukawa = ZY;J' (QuiiooH"Jug ) + ZY‘? (Qui-H)dgj+he,  (2.6)
i,j ij

where o, is one of the Pauli matrices. The coupling constants Y,’ and Y;] are
arbitrary complex numbers, making these terms in general not invariant under
CP transformations.

Upon expanding around the electroweak vacuum (2.5), the Lagrangian (2.6)
reduces to the form

ij— ij5—
Lomass = ) _mgupiugj+ ) m)dpdej+hec., (2.7)
7 1]

where m = vY/V2.

In view of this result it is convenient to introduce a mass eigenbasis, which
arises upon diagonalising the matrices m, and md@ In Eq. one then recog-
nises the familiar expressions for a mass term, which were previously not permit-
ted as they break gauge invariance, but now appear as a consequence of sponta-
neous symmetry breaking through the Higgs mechanism. The new mass basis is
related to the flavour or interaction eigenbasis used in the Lagrangian by the
unitary transformations

up; = ZUﬁij”L,j' Li= ZULd,ijdL,j’
i j
UR; = ZUE,U”R,]" Ri= ZU;iide,j, (2.8)
i j
diag(m,,, m,, m;) = UZeruU?z , diag(my, ms, my) = UierdUdR .

Due to the structure of the SU(2); generators, this change of basis does not affect
neutral current interactions like

ayfa, - u'yful. (2.9)

As such, the Standard Model does not allow for flavour changing neutral currents
(FCNC) at tree level, a feature known as the GIM-mechanism [60]]. This mechanism
is named after Glashow, Iliopoulos and Maiani who predicted the existence of the

[21To ensure that the obtained diagonal elements, which represent the quark masses, are real and
positive definite, we actually diagonalise the combination mm* = ULdiag?'(m)Uz, where U is a unitary

matrix . Upon inserting UEUR =1, using a second unitary matrix Uy, we then get diag(m) = U{m Up.

10



2.2. The CKM Matrix

charm quark in order to explain the absence of s <> d transitions at tree level. At
loop level, FCNCs are permitted, and are, for example, responsible for neutral
mesons mixing, discussed in Chapter
The change of basis (2.8), however, does modify the charged current interaction
of the weak force
B W A vhe, - S wray (URUF) yrap +he, (2.10)

V2 Va2 it

The Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [20}, [21]]

" Vud Vus Vub
Ve = U% UL =l Vo Vs Ve |, (2.11)
th VtS th

introduced by Eq. (2.10), is non-diagonal and therefore gives rise to tree level
flavour changing charged currents between the different quark generations. It con-
tains information from the original Yukawa couplings in Eq. and is the source
of CP violation in the quark sector of the Standard Model.

Although the discussion regarding the Yukawa couplings has been focused on
the quark sector, the same arguments also apply to the lepton sector. The equiv-
alent lepton mixing matrix is known as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [61), (62} [63], and describes the mixing between the different neu-
trino flavours.

2.2 The CKM Matrix

Let us have a more detailed look at the CKM matrix, starting with its general struc-
ture.

The CKM matrix is an n X n complex matrix, where n counts the number of
families and equals three in the Standard Model. Being the product of two unitary
matrices, i.e. Eq. (2.11), it is itself unitary and thus described by n? free parameters.
Allowing for general redefinitions of the 2n quark fields as

qj —>exp(id;)qj,  Vix —explid;) Virexp(—idy), (2.12)
eliminates up to 2n — 1 of these parameters, leaving only an overall quark phase

that has no physical meaning. The CKM matrix is thus described by

(n—-1)° :%n(n—l)+%(n—l)(n—2) (2.13)

— —_—
Free parameters  Euler angles  Complex phases

free parameters, of which (3) are Euler angles and the remaining ones are complex
phases.

11



2. THE STANDARD MODEL FRAMEWORK

In the Standard Model the CKM matrix can thus be described by three angles
(012,023,013) and one complex phase (613), with the standard parametrisation [64]
given by

1 0 0 C13 0 513€_i613 C12  S12 0
VCKM = 0 Cr3  S23 0 ' 1 0 —S12 C12 0 y (214:)
0 —S33 (23 —51361513 0 C13 0 0 1

where c¢;; and s;; are short-hand notations for cos ;; and sin 6;;, respectively.

Experimentally, a strong hierarchy in the sizes of the different CKM elements
has been observed, resulting in the relation s;3 < sp3 < 51, < 1. It is therefore
more convenient to adopt the Wolfenstein parametrisation [65} [66] in terms of the
four parameters A, A, p and 5, which are related to the four standard angles as

s;= A, s;3=AAE, si3e70B = A3 (p—in). (2.15)

+0.00068
8 0

One can then make an expansion in powers of A = 0.22548 157 [25], resulting,

to leading order, in

1-42 A AX3(p—in)
Vekum = -A -1a? AA? +0O(1Y). (2.16)
AV (1-p-in) -AA? 1

This shows that transitions within the same quark family proceed at order unity,
while mixing between the generations is always suppressed.

For some of the expressions below also next-to-leading order terms in A are
required. Up to O(A%), these additional terms are

—gAt 0 0
AZIAS(%—p—iq) —§A4$1+4A2) 10 . (2.17)
FAN(p+in)  APAY(5-p—in) -3A%A

Having a complex phase in the CKM matrix, i.e. 013 # 0 or § # 0, is a necessary
condition to obtain observable CP-violating effects. But it is, however, not suffi-
cient. In case any two quarks with the same charge also had the same mass, the
quark phase rotations could be used to eliminate the CP-violating phase.
One must therefore also have that

(m? = m2)(m? —m2)(m? = m2)(m? = m?)(m? - m3)(m? —m3) x Jep 20.  (2.18)
Here
Jep = |Im(ViaVigVigViy)| (i %], a=p) (2.19)

12
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is the Jarlskog parameter [67]], which quantifies the amount of CP violation in the
Standard Model. It is invariant under rotations (2.12) of the quark phases and
takes the form

Jep = 512813823€12623¢13 50013 = A°A%r. (2.20)
The condition (2.18) thus intertwines (the origin of) CP violation in the Standard

Model with the hierarchy of the quark masses, neither of which can presently be
explained.

2.3 The Unitarity Triangle

The unitarity of the CKM matrix leads to six orthogonality conditions that can be
visualised as triangles in the complex plane. All six triangles have the same area,
given by
1 1
S=-AA% == 2.21
3 n=7Jcr (2.21)
to lowest order in A. But of special interest is the unitarity condition

VaVar + Vea Vi +Via Vi, =0, (2.22)

which leads to a triangle with sides of equal power in A, of which one side, at least
up to O(A%), coincides with the real axis. The condition is therefore divided
by V_,V/, such that one side has unit size. The resulting triangle, shown in Fig.
is known in the literature as the Unitarity Triangle (UT). The sides and angles of
this triangle are physical observables that can be probed directly by experiments.
The non-unit sides are given by

ViaVab V., V5

Rp= || =02 +?, Rz | = (=92 + 72, (2.23)
Vchch Vchch
where [66]]
5=o(1- 122 i=nf1-1 2)
p_p(l 2/\), 11_17(1 2A , (2.24)

are, up to O(A%), the coordinates of the apex of this triangle. The angles of the
Unitarity Triangle are defined as

* * ‘7*
td " tb cd " cb ud " ub
= arg|——td b | =arg|——cd b ) = arg|——ud ub 2.25
¢ arg( ud ;b) /3 arg( td t*b) Y arg( ic:;l c*b) ( )

and satisfy the relation a + f + ¥ = m. To leading order, the angles § and y are
directly associated with the complex phase of the CKM elements V;; and V,,;, re-
spectively.

Measurements of the sides and angles of the Unitarity Triangle can be used to
over-constrain the position of its apex (g,7), and thus test the consistency of the
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2. THE STANDARD MODEL FRAMEWORK

Zm

1 Re

Figure 2.1: The Unitarity Triangle of CKM matrix, corresponding to the orthogo-
nality relation (2.22).

1= Summer14
SM fit

Figure 2.2: Global fits of the Unitarity Triangle performed by the CKMfitter [25]
[Left] and UTfit [26] [Right] groups.

CKM paradigm with the experimental data. Global fits of the Unitarity Triangle
and its parameters are performed by the CKMfitter [25] and UTfit [26] groups,
whose latest fits are given in Fig. These global fits seek to establish whether
the Standard Model CKM matrix provides a complete picture of CP violation in
the quark sector, or if there are also other sources present. Such sources would
reveal themselves as inconsistencies between the different input measurements,
and could ultimately prevent the global fits from finding a unique solution for
the UT apex. The current fits show an overall consistent picture, although slight
tensions between different input quantities certainly exist.

Two important examples should be mentioned. The first one is a long-standing
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2.3. The Unitarity Triangle

discrepancy between the inclusive and exclusive determinations of the CKM ele-
ments |V,,,| and |V,,| from semileptonic B meson decays. Together these quantities
have a large impact on the value of the parameter Rj, which forms one of the sides
of the UT triangle. For |V,;| the individual averages are [64]

(4.41+0.21)x1073 Inclusive
Vasl = S | (2.26)
(3.28+0.29)x 10 Exclusive,
which differ from each other by 3.2 ¢, while for |V,;| they are [64]]
(42.2+0.7)x 1073 Inclusive
[Vep| = 73 . (2.27)
(39.5+£0.8)x10 Exclusive,

and differ from each other by 2.50. Combined with the parameter A, these results
lead to

0.452+0.023 Inclusive
= (2.28)

®710.359+0.033 Exclusive.

The inclusive determinations of |V,;| and |V,,| exploit the properties of the total
semileptonic decay rate. The theoretical input needed to determine the CKM fac-
tors from the experimental measurements is calculated in the Heavy Quark Expan-
sion [68,169]], in which the decay amplitude I'(B — X(.,,,)/"v;) is expanded in powers
of 1/my, 70,71, [72]]. The exclusive determinations of |V,;| and |V,|, on the other
hand, are based on measurements of the differential decay rates of B — nl*v; and
B — D™I*vy, transitions, respectively. In the analysis of these modes, input from
lattice calculations is required to disentangle the CKM elements from the hadronic
physics involved in the decays. From a theoretical point of view, the inclusive cal-
culations are better under control than their exclusive counterparts, while from
the experimental point of view the roles are reversed. Improved understanding of
the lattice calculations can hopefully settle this issue in the near future. A recent
update on the B — 1 form factors by the MILC collaboration [73] at least points
in the right direction. For a more detailed discussion on the discrepancy between
the inclusive and exclusive determinations of |V,;| and |V,;| the reader is referred
to the Particle Data Group’s review on this topic [64].

Secondly, the latest UT fits show a 1.60 tension [25] between the direct mea-
surement of sin(2p) from B’ — J/p KQ and the Standard Model prediction of this
quantity, which follows from the relation [51]]

sin2f = 2Ry siny(1 —Rycosy)

. 2.29
(Rpsiny)? + (1 —Rycosy)? ( )

Given the relatively large value of the UT angle y, the Standard Model value for 8
is mainly determined by the side R;. Experimental input on R}, is provided by the
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Imt (p,n)
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Figure 2.3: The CKM triangles introducing the complex phase associated with Vi,.
Top: Corresponding to the orthogonality relation (2.31), and explaining the nota-
tion 6y; Bottom: Corresponding to the orthogonality relation (2.32), and explain-
ing the notation f;.

above discussed in- and exclusive semileptonic B meson decays, and the branching
ratio measurement of B* — t*v,;, which provides complementary information on
|V,5]- The tension between the measurement of sin(23) and the B* — t*v, branch-
ing ratio is softened when including the latest sin(2) measurement from the LHCb
collaboration [74]

sin(2B) = 0.731 +0.035 (stat.) + 0.020 (syst.) (2.30)

in the UT fits, and by the inclusion of higher order corrections to the measurement
of sin(2p). Controlling these corrections forms the main topic of this thesis.

At higher orders in A also the CKM element V;; obtains a complex phase. This
phase appears either as a slight rotation of the basis of the second non-squashed
triangle, which arises from the condition

Vlj:d th + VI:SVtS + V,:b th = 0; (231)
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2.3. The Unitarity Triangle

or as the equivalent “B” angle in the squashed triangle arising from the condition

Vi Vi + Ve Vi + ViV, = 0. (2.32)

us " ub csVch

Both options are illustrated in Fig. When derived from the first condition, this
phase is referred to as 0y because of its connection, explained by Fig. with the
UT angle y. The second option leads to the more common notation f;. The phase
is formally defined as

v,V
oy =ps = arg(— Vts Vib ) =-A?y, (2.33)
s Vep

and can be measured with processes involving BY-BY mixing.
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The Theory of Non-Leptonic Decays

The B — J/ip X decays, where X is a light pseudo-scalar or vector meson, play a
dominant role in this thesis. The decay amplitude of these weak transitions can
be split into two parts: the time-independent transition amplitude, and the decay
time evolution of the initial state. The latter is described in detail in Chapter
while methods to deal with the time-independent amplitudes are discussed here.
The focus in this Chapter lies on the non-leptonic B meson decays, of which the
B — J/ip X modes are an example.

Calculations of non-leptonic transition amplitudes are limited by our under-
standing of the hadronisation dynamics and other low-energy QCD physics in-
volved in these processes. This Chapter therefore introduces some basic concepts
that are commonly used to simplify the phenomenological description of these de-
cays. Specifically, it discusses the use of low-energy effective Hamiltonians, the
framework of the operator product expansion (OPE), the concept of factorisation,
and the (approximate) flavour symmetry of QC@ Combined, these tools allow
us to related the hadronic effects in different decay modes to one another. In some
cases the (nuisance) parameters describing the hadronisation dynamics can there-
fore be factored out completely, while in others they may be constrained directly
using experimentally available data.

3.1 Classification of Non-Leptonic B Decays

Before providing further technical details regarding the above listed theoretical
tools, it is useful to introduce a classification for the non-leptonic B meson decays
[52] 53]. Ignoring interactions between the b antiquark and the light spectator
quark, which together make up the B meson, these decays proceed via a b — 414,43
quark-level transition, with q; € {d,s}. This transition can proceed via two main
types of decay topologies: the tree diagram, and the penguin diagram, which are
both illustrated in Fig. Depending on the flavour of the quarks g, and g3, three
classes of non-leptonic B meson decays can now be identified. If g, and g3 differ in

[alFor a more detailed discussion on these topics, the readers is referred to Refs. [75} [76], among
others.
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Figure 3.1: Illustration of colour-allowed [Left] and colour-suppressed [Right] tree
[Top] and penguin [Bottom] topologies affecting the non-leptonic B meson decays.

quark flavour, like for the decays B’ — D~K* and BY — D; rc*, only tree topologies
can contribute to the amplitude. If g, = g3 € {d, s}, like for the decay BY — ¢ ¢, only
penguin topologies can contribute to the amplitude. And finally, if g, = g3 € {u, ¢},
like for the B — J/ip X decays, both tree and penguin topologies contribute to the
amplitude. The structure of the low-energy effective Hamiltonian depends on the
topologies that contribute, and thus differs for the three decay classes.

The tree and penguin topologies can be split further into two subclasses: the
colour-allowed and colour-suppressed topologies, also illustrated in Fig. In the
amplitudes associated with colour-allowed topologies, the colour can be summed
over individually for the two final state mesons, while for colour-suppressed am-
plitudes the colour flow between the final state mesons is correlated, leading to a
single colour sum in the transition amplitude. Because of this restriction on the
colour flow, the amplitudes associated with the colour-suppressed topologies are
proportional to 1/N¢, with N¢ the number of colours, while the colour-allowed
amplitudes do not have such a suppression factor. Examples of decays with only
colour-allowed tree topologies are B — D~K* and B® — D~r*, while decays like
B® — K%/ and B — 7°D° have only colour-suppressed tree topologies, and
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decays like B* — D°K* and B* — D°n* have both colour-allowed and colour-
suppressed tree topologies.

Lastly, the penguin topologies can also be split depending on whether the radi-
ated vector boson is a gluon or a photon/Z, leading to yet another division in the
topologies: the gluonic and the electroweak penguins.

3.2 Operator Product Expansion

The OPE Framework

In B meson decays, two vastly different energy scales are encountered: On the one
hand, the typical energy scale E of the decay is well approximated by the mass of
the b quark m;, = 4.18+0.03 GeV/c? [64]. On the other hand, weak decays are medi-
ated by the heavy W boson, which has a mass my = 80.385+0.015GeV/c? [64]. As
E is much smaller than myy, the exchanged W boson must be highly virtual. Con-
sequently, to a decaying meson, this intermediate particle is not resolvable. Weak
transitions through tree topologies therefore effectively proceed via a point inter-
action, similar to the explanation for nuclear g decay provided by Fermi in 1933
[77]. This description of B meson decays using a four-point contact interaction is
an example of a low-energy effective theory. The formal framework in which we
formulate the low-energy effective transitions of B meson decays, including those
proceeding via different decay topologies, is the operator product expansion [78].
In the OPE framework, all degrees of freedom associated with energy scales
larger than E ~ my, i.e. the W and Z bosons as well as the top quark, are removed
from the full (Standard Model) theory to form a low-energy effective Hamiltonian
Hegr. This Hamiltonian is expanded in a basis of local, mass dimension six oper-
ators O; [79]. Higher dimensional operators are suppressed by additional powers
of 1/myy, and therefore neglected in the above expansion. The operators differ in
their flavour and colour structures, and can be loosely associated with the tree,
gluonic penguin and electroweak penguin topologies, as made explicit below. In
terms of these operators, the low-energy effective Hamiltonian is decomposed as

Heogs = \/_ Mvp,q,Zco, (3.1)

where V4 are the relevant CKM matrix elements and

‘/_gEW

SmW

Gy = (3.2)

is the Fermi constant, which can be expressed in terms of W mass and the elec-
troweak coupling constant. The factors C; are referred to as the Wilson coefficients,
and represent the coupling constants of the effective theory.
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The OPE is a powerful tool for computing weak decay processes. Using the
effective Hamiltonian (3.1), the amplitude for the transition of a B meson into some
final state f takes the form

(fIHelB) = AN Zc XF10;(u)IB), (3.3)

where both C; and O; depend on the QCD renormalisation scale p. This expansion
separates the amplitude calculation into two distinct parts, describing different en-
ergy regimes. The Wilson coefficients describe the short-distance physics, associ-
ated with energies above the scale y, while the hadronic matrix elements (f|O;(u)|B)
describe the long-distance QCD effects associated with energies below the scale U.
In this sense, the scale y, which for B meson decays is typically chosen to be 1,
doubles as a factorisation scale. As the physical process itself cannot depend on
p, it must drop out of the final result, implying that the dependencies inside C;
and O; must cancel each other. It is therefore a matter of choice what physics are
exactly accounted for by C; and what by (f|0;(u)|B).

The Wilson coefficients capture the contributions from the high energy physics,
including the high-energy QCD effects. Due to asymptotic freedom of QCD, the
Wilson coefficients can be calculated using a perturbative expansion in the strong
coupling constant a,(p) for energies u down to hadronic scales O(1GeV), and can
thus be determined to any desired level of precision.

The formal procedure for calculating the Wilson coefficients [80] is referred to
as matching of the full theory onto the effective theory. It is rather technical and
the exact details, see Ref. [75] for a more in-depth introduction, go beyond the
scope of this thesis. Let us nonetheless sketch the different steps involved. First,
a perturbative calculation of the weak transition is performed with the full theory,
including all dynamical degrees of freedom. The resulting transition amplitude
is expressed in terms of the tree-level currents, i.e. without explicitly evaluating
the long-distance dynamics that are to be represented by the hadronic matrix ele-
ments. As a second step, the same calculation is repeated for the effective theory.
The treatment of the obtained results is more involved compared to the calculation
in the full theory as it requires additional corrections and manipulations, which go
under the names of operator renormalisation and operator mixing. The outcome is
again expressed in terms of the tree-level currents. By comparing the expressions
for the transition amplitude in the full and effective theory, the Wilson coefficients
can now straightforwardly be extracted.

The obtained expressions contain logarithms of the form log m%,,/yz, which be-
come large when p <« m‘zN In such a situation, which is the case for the default
working point of the OPE approach, the perturbative expansion no longer con-
verges. To avoid this problem, the Wilson coefficients are therefore calculated at
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Figure 3.2: Illustration for the weak transition pg — p’q’ in the full [Left] and
low-energy effective [Right] theory, in which the W propagator is replaced by a
four-point contact interaction.

the energy scale y = myy and run down to the desired working point, in our case
u = my, using the renormalisation group equations. This has the effect of summing
the log terms to all orders in the perturbative expansion, and leads to so-called
renormalisation group improved perturbation theory.

The hadronic matrix elements describe the energy regime below the renormal-
isation scale y, in which the strong coupling constant cannot be treated perturba-
tively. Consequently, they contain the non-perturbative physics of the decay pro-
cess, whose determination poses a major challenge for the study of weak decays.
Insights can be obtained with approaches like factorisation, as is discussed in Sec-
tion[3.3|below, but the emerging picture is still far from satisfactory. The hadronic
matrix elements therefore constitute the most important source of uncertainty@
on the theoretical calculation of observables associated with weak decays.

A Basic Example

Let us illustrate the features of the operator product expansion using the very ba-
sic example of a pg — p’q’ transition process. Consider therefore the weak decay
process shown on the left-hand side of Fig. Using Greek letter to explicitly
show the SU(3)c colour indices, the Hamiltonian associated with this interaction
is given by

2
g * - =/ 7
H = 2V Vo A (Gapa)v-al@pppv-a (3.4)

where

(@p)via = qyu(1 £ys)p (3.5)

[bJCertain exceptions apply: For a small list of (semi)leptonic decays, like BY — u* ™, the hadronic
matrix elements can be related to perturbative quantities and/or decay constants. In these decays, the
problem of long-distance QCD can therefore (almost) completely be avoided.

[IThe Einstein summation convention is implied.
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Figure 3.3: Leading order QCD corrections to the weak transition pg — p’q’.

gives the vector-axial-vector structure of the weak interaction in terms of the pro-
jection operators introduced in Eq. (2.3, and is a consequence of the fact that the
W boson only couples to the left-handed component of the quark fields. In terms
of the momentum transfer k ~ E, the W propagator takes the form

Hyv k<m nv 2

AV () = [ KK RN & Lol ). (3.6
2 2 g 2 2 2
k2 —myy My My W

Upon expanding in powers of k2/m3,, the Hamiltonian becomes

2
H= SV VP lv-n T v +0(A';—5v) . (3.7)
The first term in this expansion is independent of the momentum transfer k, and
therefore insensitive to the presence of the intermediate W boson. It represents
a four-point contact interaction, as illustrated on the right-hand side of Fig.
When considered to all orders in kz/m%,v, the expansion is completely equiv-
alent to the formulation in Eq. (3.4). The truncation of the series after the leading
term yields a low-energy effective Hamiltonian, valid for E < myy. In this limit, the
W boson is said to have been integrated out, which refers to the formal procedure
for removing it from the generating functional by integrating over its field in the
absence of source terms [76]. Comparing the truncated Hamiltonian in Eq.
with the low-energy effective Hamiltonian in Eq. (3.1)), allows us to identify the
product of quark currents with the operator

O3 = (GaPalv-aldspsIv-a (3.8)

which in this example has an effective coupling coefficient C, = 1.
When also including the leading order QCD corrections illustrated in Fig.
the above Hamiltonian becomes insufficient to describe the low-energy dynamics
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of the weak transition pq — p’q’. The virtual QCD corrections do not all have
the same colour structure as the operator O,. In particular, the amplitudes asso-
ciated with the middle and right-most diagram are proportional to the product of
colour charges T;ﬂ T)fé. They can be related to the leading order amplitude using
the SU(N¢) colour-algebra relation

1 :
T, T% = 5[5aaaﬁy - (3.9)

6&/36;/5
aB yo 4

Nc

where N¢ is the number of colours, i.e. three in the Standard Model. The second
term on the right-hand side has the colour structure of the operator O,, and thus
leads to 1/N¢ corrections to the coefficient C,. The first term, on the other hand,
gives rise to a new operator

O1 = (Gapp)v-alGspalv-a, (3.10)

which has the same flavour structure as O,, but a different colour structure. To
also describe QCD corrections to the tree-level pqg — p’q’ transition, the original
Hamiltonian (3.7) thus needs to be extended to
GF
HeffZ $qu p,q,(ClOl +C202) . (311)
As the QCD effects are higher order corrections, C; < C,, while C;, remains of
O(1).

The AB =1 Effective Hamiltonian

QCD corrections to the leading-order diagrams result in operator pairs, which are

related in flavour structure but differ in colour structure. A combination of op-

erators is thus required to successfully describe the individual decay topologies

identified above. Let us therefore provide a short overview of the operators rele-

vant for the non-leptonic B meson decays. The effective Hamiltonian describing

these hadronic decays via Standard Model transitions with |AB| = 1[@] is given by
[Z6]

G 2 ' 10

F * J

M=% 1 Vi| L Cutuoj+)_Gutwoutu|ehe. G2
1 =3

j=u,c k=

where r € {d,s}. In this expression the unitarity of the CKM matrix has been used
to rewrite the term
ViV ==V Vo, = VeV, (3.13)

[dlThe parameter AB = #b — #b counts the difference in number of b and b quarks between the initial
and final state.
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3. TuHe THEORY OF NON-LEPTONIC DECAYS

The current—current operators are given by

Of = (Fajp)v-aligba)v-a, O =(Faja)v-aljsbplv-a; (3.14)

the operators associated with QCD penguin topologies with internal top quark are

O3 = (Taba)v-a Z(%%)V—A , Oy = (Tabp)v-a Z(qﬁqa)V—A , (3.15)
q 9

Os = (Fabalv-a ) (@sdp)ven  Os=(Fabplv-n ) (@pdalveia,  (3.16)
q q

where g € {u,d, s, c}; and the equivalent electroweak penguin operators are

3 . 3 _
O7 = 5 (Faba)v-a ;%(Qﬁ%)wm Os = 5 (Fabp)v-a ;eq(Qﬁqa>V+Ar (3.17)

3 _ 3 _
Oy = S (Faba)v-a ;ffq(%%)v-m O10 = 5 (Tabp)v-a ;eq(qﬁqa)V—A; (3.18)

where e, represents the electric charge of the quark g. In addition, the neutral
B meson systems also have a |AB| = 2 operator, which is given in Eq. and
further discussed in the accompanying paragraph.

At the renormalisation scale y = my, the sizes of the Wilson coefficients associ-
ated with the two current—current operators are C; = O(107!) and C, = O(1). C; is
suppressed compared to C, because the operator O requires additional gluon ex-
change to alter the colour flow of the transition. Compared to C; and C,, the QCD
penguin coefficients are suppressed by an additional factor ag(my;)/4m, and thus
are suppressed by an additional factor aggp(my)/4m, and therefore even smaller
than C5 .

In view of the discussion in Chapter |5|on the presence of penguin topologies,
it is useful to stress that in the above OPE only the W, Z and top quark degrees
of freedom have been integrated out. That means that penguin diagrams with
internal top quark propagators are represented explicitly by local operators, i.e.
Qs3,..10, but diagrams with internal up and charm quark propagators are implicitly
still present in the effective theory. These diagrams appear as next-to-leading order
corrections to the matrix elements calculated from the current—-current operators
(81} 182,183

3.3 Factorisation

Introduction

The OPE factorises a weak decay amplitude into Wilson coefficients and matrix
elements, where the former quantities describe the high energy physics and are
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3.3. Factorisation

therefore perturbatively calculable. The direct determination of the latter quan-
tities, which capture the non-perturbative long-distance physics, is, however, ex-
tremely difficult, if not impossible [84]. But the calculation would simplify if the
matrix elements can be decomposed into more elementary building blocks. The
factorisation approach [85} 8687, [88]] assumes such a decomposition is indeed pos-
sible for non-leptonic decays. It postulates that the transition amplitude of a decay
B — M{M,;, where M; =|g,p) and M, =739;), can be written as the product of a
B — M, form factor fBE;—>M1 and a decay constant fy,. That is

(M1 M3|0i|B) ~ (Mal(q392)v-al0XM1l(310)v-alB) ~ fgo ap, f, - (3.19)

The decay constant fp parametrises the transition between the vacuum and a me-
son P, and is consequently a property of the meson, independent of the decay
mode. For a pseudo-scalar meson P with momentum p, and quark content |7q’) it
is formally defined as [89]

(0l(@q")v-alP(p)) = =(0lay, 54 IP(p)) = =i fppy - (3.20)

The equivalent expression for a vector meson V with polarisation vector €, and
quark content |§g’) is given by [89]

(049" )v-alV (p,€)) = O0lqyuq' IV (p,€)) = fymye,. (3.21)

The form factors f,_ p, and flf)ﬁp,, on the other hand, parametrise the transition
P — P’ of a pseudo-scalar P with momentum p, into a second pseudo-scalar P’
with momentum pj,. They are defined through the matrix element

2 _ 2

(P'(p)lgyua|P(p)) = [(p +p )y %qﬂ}fﬁwwz)
2 _ 2
+[%qy]f&p,<q2), (3.22)
where g, = p, —p;,. As for the decay constants, a similar expression also exists for
pseudo-scalar to vector transitions [89].

Both the decay constants and the form factors differ depending on the mesons
involved, but are otherwise assumed to be independent of the complete decay
chain. This means that once they have been calculated or measured individually,
they can be used together to make predictions for related decay channels. To this
end, the relevant quantities have been calculated using many different approaches,
including heavy quark expansion [90], QCD factorisation [91]], soft collinear effec-
tive theory (SCET) [92], perturbative QCD [93], etc.
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It can be explicitly shown [89] that the matrix element (M;M,|0;|B) factorises
in the 1/N¢ expansion of the decay amplitude. But beyond this limiting case
it should be stressed that the factorisation approach is an assumption, and only
under certain conditions leads to a good approximation for the non-perturbative
hadronic matrix element. The intuitive picture supporting the factorisation as-
sumption is the following: The B meson consist of a heavy b quark and a light(er)
spectator quark. As described by the relevant operator of the effective low-energy
Hamiltonian, the b quark decays into three lighter quarks qlqzqﬂ The differ-
ence in invariant mass between the b quark and the three decay products is carried
away by the quarks in the form of kinetic energy. Assume now that the two light-
est quarks g, and 43, which acquire the highest velocity, pair up to form a colour-
singlet object M, and the slower third quark §; combines with the spectator quark
to form the second meson M;. In this scenario, the difference in velocity between
both systems allows them to spatially separate themselves from each other before
hadronisation occurs. As a consequence, long-distance QCD effects are expected
to be negligible in this scenario, i.e. soft and hard QCD interactions between the
two final-state mesons can be ignored.

Regardless of whether the conditions to realise the above sketched situation are
met, the factorisation is never perfect and non-factorisable contributions must also
appear. The most straightforward argument for the presence of non-factorisable
contributions is related to the renormalisation scale y. As discussed in Section
physical processes cannot depend on this scale. The renormalisation scale
dependence in the Wilson coefficients must therefore be cancelled by the matrix
elements. The decay constants and form factors are, however, by construction in-
dependent of y and thus cannot perform this task. Non-factorisable effects must
therefore also contribute to the transition amplitude to accomplish the cancella-
tion. These enter, for example, through the presence of additional gluon exchanges
like those in the middle and right-most diagram of Fig.

Applicability of the Factorisation Approach

To identify the non-leptonic decay modes for which factorisation works well, a
closer look at the properties of the mesons M; and M, is necessary. Based on the
strong hierarchy between the six quark masses, the top, bottom and charm quark
are considered heavy, while the strange, down and up quark are light. Likewise
the mesons can be split into two categories: heavy mesons and light mesons. Heavy
mesons consist of one bottom or charm (anti)quark and one light quark, while
light mesons consist of only up, down or strange valence quarks. The reader is

[e] A5 far as the discussion here is concerned, the spectator quark is only involved in the hadronisation
of the final state, but does not participate in the interaction itself.
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referred to Ref. [91] for more rigorous definitions of these concepts. In the litera-
ture, quarkonia, like the J/i, are not included in this classification. Decay modes
containing quarkonia in the final state are therefore not covered by the following
discussion. With this in mind, the non-leptonic B meson decays can now be split
into three categories.

The case where M; is heavy and M, light, like in the decay Bg — Dy ", most
closely fits the intuitive picture for factorisation sketched above. The large veloc-
ity of the light quarks making up the M, meson allows them to separate from the
heavy, slow moving ¢ quark before the onset of the hadronisation process, and the
small amount of kinetic energy carried by the ¢ quark ensures that it can easily pair
up with the spectator quark into a colour-singlet final state. It is therefore expected
that factorisation forms a good approximation to describe this type of decays, or,
said differently, that the non-factorisable corrections to the hadronic matrix ele-
ments are small [94]. This statement has also been put on a more rigorous footing
within the QCD factorisation [95],[91]] and SCET [96]] approaches.

If M; and M, are both light mesons, like in the decay B® — wtyw~, the two
quarks forming the M, meson will still be separated from the remaining two quarks
before hadronisation takes place, but the third quark is now also fast moving. This
complicates the hadronisation process of the M; meson, and usually requires ad-
ditional gluon exchanges to dissipate the third quark’s excess in kinetic energy.
Consequently, the non-factorisable corrections to the hadronic matrix elements are
larger compared to the previous case. Attempts have nonetheless been made to de-
scribe this class of decays within the factorisation approach [97],[98].

Finally, if M, is a heavy meson, like in the decay B} — K*D*, M, is neither
fast nor small, and the above made arguments do not apply. The factorisation
approach therefore offers a poor description of the hadronic matrix element, and
large non-factorisable corrections are necessary to match the resulting theory cal-
culation with the experimental data. It turns out that this statement also applies
to decays containing quarkonia in the final state, like B — J/iy K. The hadronic
matrix elements for this class of decay channels thus need to be estimated using
different methods. Alternatively, the phenomenological analysis of the experimen-
tal data needs to be set up in such a way that information on the absolute amplitude
of the decay, and thus an explicit calculation of the hadronic matrix elements, is
not needed. A crucial ingredient in this last approach is the flavour symmetry of
QCD, which is discussed below. A further illustration of this method is provided
in Chapter|[5}
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3.4 Flavour Symmetries

For decay channels that cannot be described satisfactorily within the factorisation
approximation, like the B — JAip X decays that play a central role in this thesis,
alternative methods need to be explored to obtain insights into the hadronic long-
distance physics contributing to their decay amplitudes. The method adopted in
this thesis takes advantage of the approximate flavour symmetries of QCD to relate
hadronic quantities of different decay channels to one another. These symmetries
are a consequence of the light masses of the u, d and s quarks compared to the
typical hadronisation scale Aqcp.
To illustrate the origin of these symmetries, consider the QCD Lagrangian for
N flavours of massless quarks
L=i ZQL,]'V”DML,]' +i Z%,;’V”DMR,]' - iFﬁVF“’” , (3.23)
] ]

where D), is the standard covariant derivative of SU(3)c, and Fy,, is the gluon field
strength tensor. This Lagrangian is invariant under a global SU(N); x SU(N)g
transformation, referred to as chiral symmetr in which the left- and right-handed
quarks are allowed to transform independently as

qgr —Lqr, gr — Rqg, (3.24)

and where L and R are unitary matrices.

This chiral symmetry is spontaneously broken by the quark condensate, whose
formation is analogous to Cooper pairing of electrons [100] in a superconducting
magnet. It is energetically favourable for quarks and antiquarks to pair up into
bound states. The vacuum therefore gets filled with a sea of such pairs, and thus
acquires a non-zero expectation value

(017910) = (0Igrgr + grqrl0) = 0. (3.25)

This leads to the relation .
(014%q110y = v, (3.26)

where the indices j and k are flavour indices, labelling the different quark types.
The chiral symmetry (3.24) transforms the vacuum expectation value as

v = (0lghatlo) - (0l@GrRY (Lqp)10) = v (LRT)Y (3.27)

But because the expectation value cannot depend on the chosen representation of
the quarks, the only allowed solution is L = R, and the chiral symmetry is broken

(flsee, for example, Ref. [99] for an introduction to the topic.
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to a single SU(N) symmetry: the diagonal subgroup SU(N)y. When discussed in
the context of the three light quarks, this unbroken symmetry is referred to as the
SU(3)g flavour symmetry of QCD [101],[102]].

Besides the SU(3)g symmetry relation m, = my; = my; — 0 between the three
lightest quarks, also the relations m, = my;, m; = m; and m,, = m; can be consid-
ered on an individual basis. This leads to the SU(2) flavour symmetries known
as isospin, U-spin and V-spin, respectively, which are subgroups of the SU(3)r
flavour symmetry.

In the Standard Model, the chiral symmetry is broken by the non-zero masses
of the quarks, and in particular the large mass difference between the s quark on
the one hand, and the u and d quarks on the other. The size of typical SU(3)-
breaking corrections is estimated by the ratio (m; —my)/Aqcp = 42% [64] or the
quantity fx/fr — 1~ 19% [25]], with other dedicated studies also putting estimates
in the order of 20-30% [103],[104]. Consequently, quantifying the impact of SU(3)-
symmetry-breaking effects forms a crucial aspect of the symmetry-based method
that is explored in Chapter[5} As an example, a discussion on the U-spin-breaking
effects in B — J/ip X decays is given in Ref. [105].

The SU(3)g flavour symmetry provides a powerful tool to relate the hadronic
matrix elements of certain B meson decays to one another, and thereby avoid
the need for an explicit theoretical calculation of these quantities. To further
elaborate on this statement, consider the diagrammatic approach introduced in
Ref. [106]], which allows us to decompose any transition amplitude into contribu-
tions from at most six different decay topologies. These are: the colour-allowed
tree (T), colour-suppressed tree (C), penguin (P), annihilation (A), exchange (E)
and penguin-annihilation (PA) diagrams. Illustrations of the tree and penguin dia-
grams are given in Fig.[3.1} while examples of annihilation, exchange and penguin-
annihilation topologies are given later on in Fig. The SU(3)p symmetry then
allows us to relate the individual topologies, or specifically the hadronic matrix
elements they represent, between different decay modes.

The wide range of applications of the SU(3)r symmetry can be divided into two
main groups, depending on whether or not the decay channels being compared
proceed via the same weak transition and thus share the same CKM matrix ele-
ments. If the decay modes have all CKM matrix elements in common, the SU(3)g
symmetry can be used to derive interesting amplitude relations. For example, the
transition amplitudes of the decays B — D™ nc*, B — 7°D? and B* — D rt* can
be decomposed as [94]

AB 5D n*)=T+E, V2AB°->n°D%=C-E, AB"—-D’n")=T+C,
(3.28)
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leading to the isospin relation
A(B° - D t*) + V2A(B® — D°=°%) = A(B* — Dx*). (3.29)

A similar decomposition of the B® — nt*7~, B — n'%® and B* — n*n® decays

leads to the isospin relation [107]]
AB® - ) + V2A(B° - 7'7°) = V2A(BT — nn0). (3.30)

This relation allow us to control the penguin contributions in these modes and
thereby determine the UT angle a from a time-dependent analysis of the B® — 7t 7
decay [107,[108].

The second class of SU(3)r symmetry applications aims to related the hadronic
matrix elements of decays proceeding via different weak transitions, which hence
do not share all CKM matrix elements involved. Consider, for example, two decay
modes B — f and B — f’, which can be decomposed in terms of the contributing
topologies as

AB— f)=Vexm(C+P),  AB— f)= Vieu(C' +P'), (3.31)

where Vg represents the relevant CKM matrix elements. In the SU(3)r symme-
try limit we identify
c=cC’, pP=r, (3.32)

and can thus use information on B — f to say something about the hadronic
physics involved in the decay B — f’, or, alternatively, compare information from
both modes to say something on SU(3)-symmetry breaking. In case there exists
a one-to-one relation between all the decay topologies of the decay channels be-
ing compared, the theoretical uncertainty associated with this method is minimal
and only arises from possible SU(3)-breaking effects due to the non-zero masses
of the light quarks. If, on the other hand, one of the decay channels has addi-
tional decay topologies which do not have a counterpart in the other modes, ad-
ditional assumptions still need to be made. In case these additional contributions
come from annihilation, exchange or penguin-annihilation topologies, which are
dynamically suppressed, they can at leading order be ignored. Examples where
the SU(3)g flavour symmetry method needs to be extended with further dynam-
ical assumptions include the relations between B® — J/ipK? and B® — J/p7°, and
between B? — J/ip ¢ and B? — J/ip K*0, discussed in Chapter

In the second class of SU(3)r symmetry applications, the U-spin subgroup
plays an important role. It can relate the hadronic matrix elements of a large num-
ber of B® and B? meson decays, and therefore provides a powerful tool to control
higher order corrections to key observables accessible through some of these B’
and BY meson decays [36,[109}[37,T10]. An important example are the B® — J/ip K2
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and B? — J/ip K2 decay channels, whose decay topologies are related by interchang-
ing all down and strange quarks. In addition, there exists a one-to-one correspon-
dence between these diagrams. As a consequence, no further assumptions besides
the U-spin symmetry are thus needed to identify the hadronic matrix elements of
both modes, and the relation is therefore theoretically well under control. Gen-
eral estimates put the U-spin-breaking corrections at the 20% level, but the actual
size of these corrections strongly depends on the parameter in question and can in
fact be much smaller. In the factorisation approach, the matrix elements of these
two decays can be written in terms of decay constants and B; ; — K form factors.
Comparing the numerical results on these quantities, discussed in Section[5.3.1} in-
deed gives results that are compatible with the general estimates. However, when
considering certain ratios of matrix elements, the relevant form factors and decay
constants can cancel. In such cases the leading order U-spin-breaking effects van-
ish, leaving only higher-order corrections from non-factorisable effects, which are
expected to be much smaller. An example of such a quantity is the ratio between
the penguin and tree amplitudes, studied in Chapter 5]
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Observables of the B Meson System

4.1 The Neutral B Meson System

4.1.1 The Flavour and Mass Eigenbases

Chapterintroduced the B(q) meson as the strongly bound ground state composed
of a light quark g € {d,s} and an b antiquark. Together with its antiparticle Eg it
forms the flavour eigenbasis in which its strong and electromagnetic interactions
are described. The decay of these unstable particles is governed by the weak in-
teraction, which, as discussed in Chapter [2} has a different eigenbasis. As a con-
sequence of the non-trivial relation between both eigenbases, the neutral B and B
flavour eigenstates can oscillate into one another. The process of neutral meson
mixing is not unique to the Bg systems. The discussion that will follow, although
focused towards B and B? mesons, applies equally well to the K® and D° systems.
However, due to the different characteristics governing these systems, not all ob-
servables are as relevant for the latter two systems as they are for the B® and B?
mesons.

The most general quantum mechanical state [i(t)) describing this system at
time t is therefore given by

|ll’(t)>:a(t)|B>+b(t)|E>+Zci(t)|ﬁ> (4.1)

i

where the sum includes all possible final states |f;) of the B and B mesons, and
(ilj) = 9;;. The time evolution of this state is governed by the Schrédinger equation

d
2 1p(6) = Hamlp(t)), (4.2)
where Hgy is the Standard Model Hamiltonian. The hermiticity of Hgyy implies

that the transition probabilities between the |B), |B) and |f;) states are conserved
and that [(t)) forms a closed system, i.e.

la()? +[b(1)]? + Zlc (4.3)
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Direct transitions between the decay products |f;) are thus also possible and make
Eq. difficult to solve in its most general form. Further simplifications there-
fore need to be made.

When starting from the initial condition

la(0) +1b(0)> =1, Vi:c;(0)=0, (4.4)

and aiming for an effective description of the B-B mixing process, the interactions
between the final states |f;) can be ignored [111} [112]]. This strategy is known as
the Wigner—Weisskopf approximation and leads to a time evolution of the B meson
system that is described by the effective Schrodinger equation

d . . " 1 . .
i) = Helfon = (Mg, wan=( 0 ). @)

where M and I are the mass and decay matrices into which the interactions with
the final states |f;) have been absorbed. These 2 x 2 matrices are Hermitian, thus
constraining M;, = M3, and I}, = I[};. Their combination, however, is not, and
|1ﬁ(t)) therefore no longer forms a closed system; particles leak out as the B mesons
decay. CPT invariance, i.e. [Hgy, CP7 | = 0, ensures that the masses and lifetimes
of the B and B flavour eigenstates are equal. Therefore, M;; = M,, = M, and
[11 =13, =1 The effective Hamiltonian

Hy Hyp ):( My-3T, My -3T, (4.6)

Hff:( . "
¢ Hy;  Hj Mi, -5, Mo—35h

thus has six remaining degrees of freedom, which are discussed in depth below.
The off-diagonal elements M, and I3, are responsible for the mixing between B
and B mesons.

To solve the time evolution of the B and B flavour eigenstates, the matrix (4.6)
needs to be diagonalised. Its eigenvalues are

H M7 ’F*
/\i:HOile a, EJ 21 \/ 12 12 (47)
Hi, M12—-r1z

where it should be noted that with the above definition the unphysical sign of a@]
remains ambiguous. The corresponding mass eigenstates of the B meson system,
expressed in terms of the flavour eigenstates, are then given as

|By) =

(1B alB)), (4.8)

1
V1 +a?

[a]In the literature the notation a = q/p is also commonly used.

36



4.1. The Neutral B Meson System

and the mass and decay width of these physical particles are

m

Re[A,] = M, + Re [(M12 - %Flz)a] , (4.9)

I+

I, =-2Tm[A,]= FoiIm[(Mn—%l"lz)a]. (4.10)

The latter two expressions are used to construct the experimentally measurable
representations of the degrees of freedom in H.g. Let us now define these six
mixing parameters one by one. The mean mass of the two mass eigenstates is given
by

mp=——"= = M,, (4.11)

and corresponds to the mass of both flavour eigenstates. The mass difference be-
tween |B, ) and |B_) is defined as the positive-definite quantity

Am=|m,-m_|=2 >0. (4.12)

Rel (w512}

Due to the sign ambiguity in «, this definition does not specify which of the two
eigenstates is to be identified as the heavier one; that mapping remains a convention-
dependent choice. The observable Am itself is, however, independent of the sign
of a. To trace the mapping’s arbitrariness in the time-dependent decay equations
that follow, we introduce the index k € {0,1} and identify Am = e!™ (m, —m_).
Similarly, the mean decay width of the two mass eigenstates is given by

IrL+I_
2

r= =Ty, (4.13)

and corresponds to the decay width of both flavour eigenstates. The decay width
difference between |B, ) and |B_) is represented by the signed quantity

AT = ¢ (T, ~T.) = -4 Tm [(M12 - %1"12)0(] , (4.14)

where we have introduced a second index I € {0,1} to trace the two possible defi-
nitions of AI'. The sign of AI' needs to be determined experimentally. Often it is
convenient to replace the above two decay width parameters with

T

1
y:E’ f; (415)

where the latter is referred to as the mean B lifetime. Finally, the two complex
phases in H.¢ are parametrised as

hq=arg(Myz) =10+ Epo + &g = & (4.16)
¢ =arg(-Mp/T,), (4.17)
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q u,c,t b

Figure 4.1: The Standard Model box diagrams representing the leading real and
virtual contributions to the Bg—g(q) mixing process.

where the ¢; are convention-dependent phases associated with the CP transforma-
tion of the state j, i.e.
CP|B) = ¢'“8|B), (4.18)

and added to cancel similar phases hidden inside M.

For completeness, it is convenient to already highlight the two convention-
dependent choices we will make for the remainder of this thesis: Firstly, we iden-
tify

|B.)=1[Bu),  |B-)=IBr), (4.19)

which in combination with Eq. (4.12) fully specifies the sign of @. Secondly we
define

AT =T; -Ty. (4.20)

This fixes our two free indices: k=0and [ = 1.

4.1.2 The Standard Model Mixing Parameters

Standard Model predictions for the mixing parameters characterising the neutral
B meson systems are available from the literature. They are based on detailed
calculations of the individual matrix elements M;, and I,, which represent re-
spectively the virtual and real part the FCNC transitions between B and B mesons.
In the Standard Model these transitions are GIM-suppressed and can only pro-
ceed via loop processes, with the dominant contribution originating from the box
diagrams shown in Fig.

The Dispersive Part M,

The matrix element M, is responsible for the virtual, or dispersive, transitions
between B(q) and Bg mesons, which proceed through off-shell W-boson and up-
type quark exchanges. The contribution originating from a transition with internal
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quarks i and j is proportional to x;x;, where x; = mlz/m%,\,@ Due to the strong

hierarchy in quark masses, this implies that M, is dominated by the pure top
quark diagrams, and contributions involving up or charm quarks can be neglected.
In the OPE framework, the effective Hamiltonian describing the transitions be-
tween Bg and Bg mesons can be parametrised as [113]]
2,2
Gemiy

HoR? = W(V;bth)chBﬂ(yb)OABﬂ(yb) +hc., (4.21)

where O*¥=2(y,,) is the four-quark operator

O (py) = (baqa)v-a(bpap)v-a, (4.22)

C*%=2(jp) the associated Wilson coefficient, and py, is the factorisation scale, taken
to be my,.

The non-perturbative long-distance physics is contained in the hadronic matrix
element

"(632 +&q=&p-7)

= _ 8 .
<B2|OAB_2|B2> = §m1233B82(”‘b)f323 X e (4.23)

where & are the convention-dependent CP phases already introduced in Eq. (4.18)),
and fBg is the Bg meson decay constant defined in Eq. (3.20). The parameter [114]

R <§0|0A3:2|B0>
Byo() = —§ 55 (4.24)
3" s}

is historically referred to as the bag parameter and represents the deviation from
the factorisation limit. Within the factorisation approach

_ 8
0{HAB=2|R0 _ 2 2
(BJIO*1BY)| . = 3Mefs (4.25)

and 332( Hp) would thus be one. Like the decay constant, it is obtained from lattice
gauge theory calculations, which model the relevant hadronic matrix elements di-
rectly on the lattice. The latest lattice averages compiled by the CKMfitter grou
are [25]

fgo =187.2+4.7 MeV Bgo =1.290+0.041, (4.26)

0 =225.6+5.5 Me Bpo = 1.320 +0.034, :
50 = 225.6 £ 5.5 MeV Bgo =1.320+0.034 (4.27)
fpo/ fpo = 1.205+0.008 Bpo/Bpo =1.023£0.019, (4.28)

[PIThe matrix element calculations of M, and Ty, are performed in the MS scheme. The quantity
m; thus corresponds to the MS mass 7i;.

[<]To be consistent with other results presented in this thesis, which rely more heavily on the inputs
and results provided by the CKMfitter group, their averages are preferred over those from the FLAG
group.
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4. OBSERVABLES OF THE B MESON SYSTEM

while a more detailed comparison between the different lattice results is offered by
the Flavour Lattice Averaging Group (FLAG) [114].
The perturbative, short-distance physics is contained in the Wilson coefficient

C*(up) = AiB(pp)So(xr), (4.29)
where , s s
4x, - 11 3x7 1

Solxy) = LKt T 2Xi 08 (4.30)

4(1 - x;)? 2(1 —x;)3
is the Inami-Lim function [115]. The leading and next-to-leading QCD corrections
to So(x;) are encapsulated in the factor #g(py) [113]. It is possible to transfer the
renormalisation dependence of the QCD correction factor to the bag parameter,
ﬁB(yb)BBg(yb) = WBBB(,," making both parameters independent of the scale y;. This
leads to 5 = 0.55+0.01 [113].
From the relation
(BoIHAE|1BY) = 2mBgM;q2, (4.31)

where the factor 2m32 is related to the normalisation of states, it then follows that

2.2
wq _ Gpfy
127 152

(Ego+Eg=Ep—r)

* i <
mBg(thvtq)2’7350(xt)333f328 xe , (4.32)
and thus that

M = 2arg (Vi v, ) =28, M =2arg(ViV,) =25, (4.33)

where the latter equalities only hold for the standard parametrisation of the CKM
matrix. These phases are colloquially referred to as the B’~B° and BY-B? mixing
phases, respectively; a notation that is also adopted in this thesis.

The Absorptive Part I,

The matrix element I3, is responsible for the real, or absorptive, transitions be-
tween Bg and Eg mesons, which proceed through on-shell, intermediate states. As
the top quark is far too heavy to be on-shell, I}, only receives contributions from
transitions associated with the charm or up quark diagrams in Fig. It can thus
schematically be decomposed as

r?=- [(v;b Ve P TE + 2V, Vi Vi, Vi T + (Vi Vi) Ti ] (4.34)

As there are many hadronic final states accessible from both B(q) and Eg, the cal-

culation of the individual terms l"f‘é’ is potentially cumbersome. But instead of
explicitly summing over all these exclusive state one typically relies on the

[dlan example of such a calculation is given in Ref. [116]
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4.1. The Neutral B Meson System

quark—hadron duality [117] 118] to obtain l"l“zb from an inclusive approach that only
considers the intermediate on-shell quark configurations. The most commonly
used inclusive approach is known as the Heavy Quark Expansion [68),[69].

The presence of long-lived intermediate states normally prevents a direct, per-
turbative calculation of Ff‘é’ . In B mesons, however, the heavy mass of the b quark
introduces an additional short-distance — compared to the hadronic scales in-
volved — scale 1/m;, and leads to large — compared to Agcp — energy transfers
into the intermediate states. Because it is thus required that the two quarks inside
the meson with characteristic size 1/Aqcp find each other within a distance 1/m,
B-B mixing through real intermediate states effectively also is a local AB = 2 pro-
cess. For the calculation of Fl“é’, the OPE introduced in Section to provide an
effective description of all B meson decays is therefore expanded in powers of 1/m,
and used to construct a new set of local AB = 2 operators.

For one specific choice of operator basi@ the individual terms 1“1“2}’ can at lead-
ing order be parametrised in terms of two effective operators [119]:

G2m? _ _ 1
ab _ F''b ab ;01 AB=2| R0 ab ;0| AB=2| R0
T% = Sty [G(BJI0*2|B)) - G (B3I IBq)]+O(m—b). (4.35)

The first operator is also present in the standard OPE framework, and its hadronic
matrix element was already defined in Eq. (4.23). The second effective four-quark
operator

0§52 = (Do (1 + ¥5)q4)(bp(1 + ¥5)45), (4.36)

represents scalar-type interactions and its hadronic matrix element is defined as

4 2 p4d
m B )
_ 5 "'gY/BoTs i(Epo+Eg—Ep—T0)
BO OAB:Z BO = I Nt BN X e Bg 1 ) 4.37
(B4lOs™"1B, 3(mb+mq)2 { )

where BZ is its corresponding bag parameter.

The prefactors G* and ng are functions of the original OPE parameters. Their
description can be found in Ref. [119], but is not required for the remainder of the
discussion here.

Standard Model Predictions

The relative magnitudes of the off-diagonal matrix elements MIZ and ng can be
estimated from their parametric expressions in Eqgs. (4.32) and (4.35), respectively.

[elThe operator basis for the heavy quark expansion is not unique. As was pointed out in Ref. [119],
the choice of parametrisation can have a large impact on the theoretical precision that can be reached
with the calculation. The choice made here was not used to obtain the most precise answer on I', that
is available in the literature, but it is more transparent for the current discussion.
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4. OBSERVABLES OF THE B MESON SYSTEM

Based on the mass dependence only, one readily obtains

r m? m?
2o L :0[-5 <1, (4.38)
M5 myySo(xy) my
and more precise calculations yield [119]
ré rs
—2 = (52.77153)x 1074, 12 =(51.9£9.8)x 107", (4.39)
M7, My,

Thus |I7,/M1,| is a valid expansion parameter in the Standard Model.
Expanding the mixing parameter « gives
2
)] , (4.40)

and shows that to leading order a only depends on the phase of Mfz. In addition,
a deviation of |a| from unity would imply ¢ # 0 and thus a difference between the
BY — BY) and B) — B{ mixing processes, referred to as CP violation in mixing. It can
be experimentally probed using flavour specific decays. These are decay modes for
which f # f and only the transitions B) — f and B} — f are allowed, i.e. the com-

I,

My,

I

1-—
My,

2

_ e g reg=tym) [ 1

sin(ﬁ+0(

plementary channels Bg — f and Eg — f are forbidden, as illustrated by Fig. A
typical example of such a decay are the semileptonic modes B(q)(t) — XI*v. Through
the semileptonic asymmetry

a_ F(Ezg(t) — XI77)-T(B)(t) = XI*v) _1-laf! (4.41)
LT T(BY(t) - XI77) + T(BY(t) — XI+v)  1+lal*’

defined in terms of the decay rates I'(BJ(t) — XI*v) introduced in Eq. be-
low, these modes provide experimental access to |a|, and thus probe CP violation
in Bg—gg mixing. For the direct application of Eq. (4.41), it is necessary to differ-
entiate between initially produced Bg and Eg mesons, which is an experimental
disadvantage. At the B-factories, the entanglement between the B® and B® mesons
is therefore exploited to express “Zl as a wrong charge asymmetry

N+t N~

== (4.42)
Nt +N—

asl

This asymmetry compares the number of positive and negative same-sign lepton
pairs in a data sample where both B® mesons decayed semileptonically. These
dilepton events can only occur when one of the two B mesons first oscillated be-
fore decaying. At hadron colliders, where the produced B and B? mesons are not
entangled, agl can be related to the difference in event yield between the XI*v and
X1~ v final states [120], up to higher order corrections.
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Eg X
Decay
Bg > Xty

Figure 4.2: Illustration of the allowed and forbidden transitions for the flavour
specific decay Bg(t) — XI*v.

Inserting Eq. (4.40) gives

I
My,

I

My,

9 _
a5 =

2
) , (4.43)

sincf)+(9(

and shows that “Zl is expected to be tiny in the Standard Model. Its Standard Model
prediction as well as the latest experimental measurements are listed in Table [4.1]
Current data is consistent with the assumption |a| = 1, which will be used through-
out this thesis.

The expansion in Eq. (4.40) also leads to

2
Am =2|M,| +0( RIFS ) (4.44)
M,
- I P
AT :2|F12|cosq5+(9( —1 . (4.45)
M,

The latest Standard Model predictions and experimental averages for the six free
parameters describing the B® and B) meson system are summarised in Table
In addition, the S-wave contribution to the decay B? — J/iy KYK~ has been used
to unambiguously determine the sign of Al and rule out the discrete ambiguity
¢s — ¢s+ 1 and y; — —y; [124]. Finally, it can be noted that current data is consis-
tent with the assumption AI; = 0, which will be used throughout this thesis.

[flOur calculation based on Eq. and uses inputs from [25}64].

[g]Although analytic expressions for the BS lifetimes are — amongst others — available in Ref. [123],
they depend heavily on the adopted parametrisations. Typically only the ratios, where these effects
cancel, are therefore evaluated numerically.
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Table 4.1: Standard Model predictions and current experimental averages for the
six free parameters describing the B and B? meson system.

Par. SM Prediction ‘ Ref. ‘ Experimental Average ‘ Ref. ‘
Migo — 5279.58 +0.17 MeV/c? | [64]
Amy 0.557+ 0.069 ps~! [f] 0.510 +0.003 ps! [121]

I — 1 0.6579+0.0017 ps~! [121]

AT;/T; | (42 +0.8) x1073 | [122] 0.001 +0.010 [121]

da (50.4 =+ 18 - [25] | (43.0 +1.5) ° [121]

ba —(43 +1.4) ° [122] —

a’ —(41 +0.6) x107* | [122] | —(1.5 +1.7) x107° | [121]

g0 — 5366.77 +0.24 MeV/c? | [64]

Am 169 +1.2 ps! [f] 17.757 +0.021 ps~! [121]

I, — lg] 0.6628+0.0019 ps~! [121]

AT, 0.087+0.021 ps™! | [122] 0.0806+0.0060 ps~! [121]

b —(2.092+092) © [25] | —(0.9 +2.1) ° [121]

¢ (0.22 +0.06) ° [122] —

a, (1.9 +0.3) x107° | [122] | —(7.5 =+4.1) x107% | [121]
| T/T, | 1.001+0.002 | [123] | 0.9926+0.0039 | |
4.2 Time-Dependent Decay Rate
4.2.1 Time Evolution
The time-dependent decay rate of a given mode B — f is defined as

1
B0~ f) = 5, | 40 KAMBONE, (4.46

where Id(Df is the phase-space integral associated with the final state f. Because
the flavour eigenstates of neutral B mesons are coupled through mixing, the de-
cay time distribution of the B — f transitions does not necessarily follow a single

exponential function. Instead, the mixing processes introduce oscillating terms in
the time-dependent squared matrix element [125]. The time dependence of this

element can be derived as follows:

The time evolution of the mass eigenstates is given by

|B.(t)) = e7*+'|B,(0)).

(4.47)

In the flavour eigenbasis, obtained through the inverse of Eq. (4.8)), these equations
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take the form

B(t) = g.(t)IB)+ag (1)|B), (4.48)

_ 1 _
B()) =— 8- ()|B)+ &:.(t)[B), (4.49)
where the functions g, (f) are defined as

(e*i’\“ ie*i’u) ) (4.50)

| =

g:(t) =
The time evolution of the decay amplitude |(f|H|B(t))|? is therefore given by

KFIHIBOM = [FIHIB)® x (1 (D17 + 1A £1%|g-(£)]
+2Re[As gi(t) g (1)]), (4.51)

where the convention-independen quantity As is defined as

(fIMIB)
Ar=a . 4.52
S =By (52
A similar expression exists for |( f|H|B(t))|*. Inserting the products
—I't r
|g4_,(t)|2 = eT (cosh(%t) +cos (Amt)) , (4.53)
Tt
(g (t)=-r sinh(gt)+ isin(Amt)|, (4.54)
2 ~—— 2 ——
einl eink

where the convention-dependent indices k = 0 and I = 1 are explicitly kept, into

(hlThe convention-dependent phases affecting a, {(f|H|B) and (f|H|B) explicitly cancel in this ratio.
In addition, this parameter is invariant under redefinitions of the quark fields, which potentially shift
complex phases between & and the decay amplitudes {f|H|B) and (f|H|B).
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Eq. (4.51) then yields

2
[(FIHIB()))? = #l(ﬂ?ﬂB)P e‘rt[cosh(%t)+vy4ﬂ sinh(%t)

—eiml
+A‘é‘1§cos(Amt)+ ré‘léxsm(Amt)}, (4.55)
~——
etk
1+|A¢ [ |(f1H|B)? AT AT
2 _ f Tt ab ; il
|(f|H|B N = > e e [cosh( > t)+v.AArsmh( > t)
_eiml
— A4 cos (Amt) — Amix sin(Amt)] : (4.56)
——
eintk

The above two equations give the time-dependent rates for respectively an initially
pure B and pure B meson to decay into a final state f. Note that even when the
transition B — f is not allowed, T'(B(t) — f) can be non-zero because oscillated B
mesons can decay via the allowed path B — f. Egs. (4.55) and (4.56) introduce the
three decay specific CP observables@]

2Re[Af] —[As? 2Im([Af]

. 1 .
A= — 00 pdie T gmix T )0 4.57
ST T rA P AP (4.57)

which are discussed below.

4.2.2 CP Asymmetry Parameters

The time-dependent decay rates Egs. and provide experimental ac-
cess to the B meson mixing parameters and the decay specific CP asymmetry pa-
rameters. Their measurements proceed along two main strategies, depending on
whether or not an attempt is made to identify the initial flavour of the B mesons.

When it is not possible, or desirable, to tag the B meson’s flavour, Egs.
and (4.56) can be combined, under the assumption |a| = 1, to form the untagged
decay mtéj? [126]127]

t)— f))=T(B(t) = f)+T(B(t) - f), (4.58)

ocert[cosh(%t)+AAr sinh(%t)] (4.59)

[iIThese three observables parametrise the (time-dependent) CP asymmetry of the B — f decay. We
will refer to them as the CP asymmetry parameters, CP asymmetries or CP observables interchangeably.

UlFor the discussion here, experimental effects like the production asymmetry are ignored and it is
assumed that B and B mesons are produced in equal numbers.
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in which the oscillation terms, proportional to cos(Amt) and sin(Amt), cancel. This
quantity is sensitive to the B meson mixing parameters I' and Al', and in case the
latter is non-zero, to the CP observable Axr. Eq. can also be expressed in
terms of the heavy and light mass eigenstates

(L(B(t) = f)) = T(Bu(t) = f) +T(BL(t) = f), (4.60)
which allows us to identify Axr with the mass eigenstate rate asymmetry

I'(By — f)-T(BL — f)
I(By— f)+T(By — f)’

Apr = (4.61)

When flavour tagging information is available, Eqs. (4.55) and ( can be
used to construct the time-dependent CP asymmetry

acp(t)fii ) ~I8 ): ), (4.62)

which in our conventions yields

.Adll§ cos (Amt) + .Amli" sin (Amt)

< cosh(T )+.,4Arsmh(7 )
For CP eigenstates f with eigenvalue 7; such that
CPIf)=n5lf). (4.64)

the parameter A‘é quantifies the difference in decay probabilities between the
transition B — f and its CP conjugate process B — f. The parameter can therefore
be identified with the time-integrated direct CP asymmetry

gir _ T(B— f)-T(B— f)
LTTB-f)+T(B>f)

(4.65)

Let us now quantify the conditions for measurable direct CP violation in a decay
B — f. Assuming unitarity of the CKM matrix, i.e. using relations like Eq. ,
the most general expression for the B — f and B — f transition amplitudes can be
written as

(fIHIB) = (1A1le"1e 01 +|Aple™2e¥02) (4.66)
(fIH|B) = qfe’i53(|A1|ei51 ey |A2|eiéze*i¢2) . (4.67)

(k]In the literature the notations A‘él; =Cy and Amlx —S§ are also commonly used.
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0
Bq

Figure 4.3: Illustration of the possible transitions in the decay of a Bg meson into
a CP eigenstate f. The interference between the red and blue decay paths leads to
mixing-induced CP violation.

Here ¢; is the CP invariant strong phase associated with the amplitude A;, while
¢; is the associated weak phase, which contrary to 6; does flip sign under a CP
transformation. The amplitudes A; and A, can be related to the operator product
expansion (3.1). As an example, A; could represent the contributions from the tree
topologies, and A, those from the penguin topologies. Using Eqs. (4.66) and (4.67),
the time-integrated CP asymmetry takes the form

dir 2|A;[|A,[sin(01 — (<P1 )

AT = . 4.68
CP = T4, P+ 21A, [ As|cos(d; — 55)cos(@1 — o) + [AS? (4.68)

From this expression it becomes clear that A‘éig is non-zero only when three con-
ditions are met: the transition B — f gets contributions from at least two decay
amplitudes A; and A,, and these amplitudes have a non-zero relative weak and
strong phase difference, i.e. ¢1 # ¢, and o1 = 9;.

For final states f that are accessible to both the B and B meson, Am”‘ arises from
interference between the decay and mixing processes, referred to as mzxmg—induced
CP violation, and illustrated in Fig. For the gold-plated modes B® — J/i K< and
B? — JAb ¢, which give access to the UT angles 8 and ¢, respectively, this is the
dominant source of CP violation.

Finally, from the definitions in Eq. it follows that the three CP observ-
ables are not independent, but instead must satisfy the relation

|AAr|? + AT 4 AR = 1 (4.69)

The theoretical calculation of the CP observables, which by default requires in-
formation on the full amplitudes (f|H|B) and {f|H|B), simplifies significantly when
there is only a single amplitude contributing to the B — f decay. From the above
discussion it immediately follows that the direct CP violation must vanish. But
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in addition, also the CP conserving hadronic contributions to {f|H|B) and {f|H|B)
cancel in their ratio. Consequently, the parameter A in Eq. (4.52) reduces to

A= —pe”i(Pnt29p) (4.70)

where ¢y represents the phase associated with the mixing process, i.e. ¢, in

Eq. (4.40), and ¢p the phase associated with the decay process, i.e. ¢1 in Egs. (4.66)
and (4.67). The mixing-induced CP violation is then given by

ABP = nysin(¢py + 2¢p), (4.71)

from which the phase (¢ +2¢p) can be determined. It should be stressed that
this phase is independent of the chosen parametrisation for the CKM matrix, and
any convention-dependent phases, like, for example, the CP phases &, drop out
in the combination (¢y; + 2¢p). In the standard parametrisation, also adopted in
this thesis, ¢p = 0 and the the phase determined from the mixing-induced CP
asymmetry is therefore associated with the mixing phase ¢y = ¢, with q € {d, s}.
In the decays B® — J/ip KO and BY — J/ip ¢ the contributions from penguin topo-
logies are strongly suppressed, and this approximation is therefore applied to de-
termine the B)—B{ mixing phases ¢4 and ¢; from the mixing-induced CP asymme-
try. But in view of the future experimental precisions that can be obtained in these
decays, this approximation is no longer sufficient, as is discussed in Chapter 5]

4.2.3 Effective Lifetimes

The non-zero value of the decay width difference AT} in the B? system allows us to
obtain information on the mass eigenstate rate asymmetry Aar. When the yields
of the studied event sample do not yet allow for a detailed CP analysis of a decay
mode B) — f, its effective lifetime can provide early access to Axp. This tool is
theoretically defined as the time expectation value of the untagge decay rate
Eq. [128]:

et Jo t(T(By(t) > f))dt

== . (4.72)
F [ TBy() - f)ydt
In terms of the physics observables, Tj;ff is parametrised as
g0 [1+2 z
T;f‘f: B?z [ + AAF%‘”’s , (473)
1-v; 1+ -AAF Ys

('Whenever information from both the Bg — f and the Eg — f decay paths is needed to determine
an observable, as is the case for CP asymmetries or untagged branching ratios, the notations B; and B;
are used instead of BY and BY.
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where y; is the normalised decay width difference defined in Eq. (4.15). Its current
experimental value, based on the averages listed in Table is

s = 0.0608 +0.0045. (4.74)

Due to its dependence on Axr, 7 is potentially sensitive to the mixing phase ¢;.
Effective lifetimes can therefore be used as a tool to constrain Al and ¢ [128] that
is complementary to the standard CP analyses. In addition, a mode’s effective life-
time can also be used to translate between the time-integrated and instantaneous
branching ratio definitions, as is discussed in the Section [4.3]

Single Exponential Fit

The effective B — f lifetime is in practice obtained by fitting a single exponen-
tial function to the decay channel’s untagged decay rate. As its time evolution is
in general described by two exponential functions, corresponding to the two mass
eigenstates with different lifetimes, the single exponential fit is an approximation.
For the experimentally allowed range of v;, given in Eq. (4.74), the difference with
the formal definition turns out to be small, i.e. of the order of 0.1%. Let us nonethe-
less provide further details regarding this subtle difference. This summarises the
work originally presented in the appendix of Ref. [L6].

Let the true Probability Density Function (PDF) describing the untagged decay
rate in the presence of an experimental acceptance function Acc(t) be defined as

Acc(t)([(Bs(t) = f))

rue(t) = —= . 4.75
Fruelt) Jo” Acc(t)(T(By(t) — f))dt 4.75)
The equivalent PDF for the single exponential is
Acc(t) e/t
Jeie(t; T6e) = ¥ (4.76)

Jo_ Acc(t)yet/mde”

where 7y, is the fitted lifetime. Its fit value is obtained by extremising a likelihood
function, for which there are three common methods: the log-likelihood, the least
squares and the modified least squares. Assuming that the above PDFs represent
the number of experimentally measured events in an infinitesimal decay time bin
dt, the likelihood functions for the above three methods are then given by

10g£(rﬁt)=j0 frrue(t)log [ fee(£; 760 d 1, (4.77)
o) . 2
X2(Tﬁt):J;) [ﬁr“e(?_(tfi(t’)rﬁt)] dt. (4.78)
V/fit\b it
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For the log-likelihood fit, this setup corresponds to performing an unbinned fit. To
perform a modified least squares fit, which uses the data instead of the fit function
as a weight, fg(t) in the denominator of the x? integrand should be replaced by
ftrue(t)

The fitted lifetime 7g; resulting from respectively maximising the log-likelihood
or minimising the x? functions is then given implicitly by the formula

fooote’t/TﬁtAcc(t)dt ﬁ;}otg t; Tge ) Acc(t) dt

_ , (4.79)
jo e~/ Acc(t)dt jo (t; Tge)Acc(t)dt
where
(T(Bs(t) = f)) : Maximum Likelihood,
g(t;tae) = {(T(By(t) — f))? et/ : Least Squares, (4.80)
(T(By(t) — f))~te 2/t . Modified Least Squares.

If, for the sake of argument, (I'(Bs(t) — f)) is taken to be a single exponential
function, then the solution for g, will match the definition of T/‘iff in Eq. (4.72),
regardless of the chosen fit method. If, instead, (I'(Bs(t) — f)) has contributions
from two exponential functions, this will in general no longer be true. Only in the
absence of acceptance effects, i.e. Acc(t) = 1, will the maximum likelihood fit for
¢ correspond to the effective lifetime, as was originally presented in Ref. [129].
For neither of the two least square fit methods could such a limit be found.

The origin of difference between 75, and ¢ can be understood as follows: An
acceptance function affecting the small decay times will remove a larger fraction of
the short-lived component compared to its long-lived counterpart. This favours the
latter component, and drives tg; to be larger than Tj}ff. For an acceptance function
affecting the large decay times the situation is reversed. In general, the result from
the single exponential fit thus needs to be corrected to obtain an unbiased estimate
of t¢f. The required correction factor depends on the shape of the acceptance
function and is thus analysis specific. It can be obtained from toy studies. Note
that for the currently allowed range of y; this bias is a sub-leading effect.

4.3 Branching Ratios

The sizeable decay width difference of the BY system introduces an important sub-
tlety in relating an experimental branching ratio measurement with its theoreti-
cal prediction. Let us address this effect below, following the work presented in
Ref. [16].

The branching ratio of the B — f channel represents the relative fraction of B
mesons that decays into the final state f. But what this statement does not specify
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is how the B meson decay time evolution should be handled. In experiments, the
branching ratio is commonly determined from a measurement of the B — f event
yield in a selected data sample, thereby ignoring information about the decay times
of these particles. When identifying the time-dependent decay rate Eq. with
the number of B — f decays in the time window [t,t + dt] as [130]

1 dN(B(t) - f)

I'(B(t)—> f)= NBT' (4.81)

it becomes transparent that the experimentally measured branching fraction cor-
responds to the time-integrated quantity [130]]

B(By = flexp = %L (T(B,(t) > f))dt, (4.82)
TBg 1+./4A[~y _
:T[ 1-72 q](F(Bgﬁf)”(Bgﬁf)), (4.83)

where Eq. was used to obtain the second formula. This definition gives the
average of the heavy and light mass eigenstate branching ratios.

From a theoretical perspective, however, decay rates are customarily computed
in the flavour eigenbasis as CP-averaged quantities. This leads to the following
branching ratio definition:

Tro
B(By = flineo = 5 (T t)—>f)>)t:0, (4.84)
Tnpo
:%( 0 F)+T(BY = f)), (4.85)

which is unaffected by Bg—gg mixing. The advantage of this definition over the
time-integrated version is that it allows a straightforward comparison [36} [131]]
between the B*, B® and B? branching ratios by means of the SU(3)g flavour sym-
metry of QCD, as is discussed in Section
The dictionar to convert between the two branching ratio definitions is
given by
B(Bq - f)theo _
B (Bq - f )exp
This shows that if [y = I} and thus AI' =y =0, as is the case in the B? system
to good approximation, then the two definitions Eqs. (4.82) and (4.84) are equiva-
lent. For the B? system this is, however, not the case and care must thus be taken
when comparing experimental results of B! branching ratios with their theoretical
predictions.

1 +AAfyq

.2
=9 ] (4.86)

(mlEqs. (&82), [@84) and (@36) can be generalised to apply to B transitions into two vector mesons,
such as BY — J/ ¢. These polarisation-dependent equations are given in Ref. [16].
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Figure 4.4: Illustration of the conversion factor in Eq. (4.86) as a function of y;
for various values of the CP observable Axr. As reference, the latest experimental
average of y; is also shown.

For the BY branching ratios, the size of the conversion factor in Eq. de-
pends on the value of y; and on the decay specific CP parameter Axr, as illustrated
in Fig. For the current experimental value of y;, given in Eq. (4.74), differences
between the two branching ratio definitions can be as large as 6.5%. Calculat-
ing the exact value of this conversion factor for each decay mode requires addi-
tional information on the parameter Axr. Where possible, this information can
be provided from theoretical considerations. For example, in flavour-specific de-
cay modes, like BY — D;7t*, Axr is necessarily zero and the conversion factor thus
reduces to (1 —y?). For a general BY — f decay, however, the theoretical value of
Ar is often not (precisely) known as it depends on non-perturbative hadronic pa-
rameters which are difficult to calculate theoretically or constrain experimentally.
Examples of decay modes where the Standard Model value of A,r is available are
listed in Table In these cases the hadronic parameters have been obtained or
eliminated by relying on the SU(3)r flavour symmetry of QCD.

The conversion factor plays a crucial role in the search for signs of beyond
the Standard Model physics with the decay channel B — u*u~ [17], as many mod-
els of weak supersymmetry predict deviations from its Standard Model branching
fraction [15]. In the Standard Model, the difference between the time-integrated
branching fraction and its theoretical equivalent is maximal for this decay, and it
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can thus fake a new physics signal when not properly taken into account. Because
the observables of the B! — u*p~ decay in general depend on the helicity of the
final state muons, this statement about the value of the conversion factor is a non-
trivial result. The decay amplitude of the BY — u*u~ decay gets contributions from
the yf u; and pj py helicity states, which are related to each other via a CP transfor-
mation. Therefore, also the quantity Af, defined in Eq. , differs for the left-
and right-handed helicity states. In the B — u*yu~ decay it is, however, observed
that these quantities obey the relation [17]]

ApAR =AgA; =1. (4.87)
As a consequence, the CP observables Axr and Arcnli)" turn out to be helicity inde-
pendent. For the Standard Model it then follows that Axr = 1, meaning that the
BY — u*u~ decay only receives contributions from the heavy mass eigenstate. This
leads to the maximal value (1 —y;) for the conversion factor.

As a side remark to the above discussion, it is interesting to note that for new
physics searches in BY — p*p~ the branching fraction measurement can be com-
plemented with information from the CP parameter Aar. Because even if the
BY — u*y~ branching fraction is compatible with its Standard Model prediction,
Apr can still reveal signs of new physics [17),[137]. Experimentally, the parameter
Ajar can be determined from a measurement of the BY — u*p~ effective lifetime.
Such a measurement, although challenging, should be possible at the end of the
LHCDb upgrade programme.

The main downside of using explicit estimates for A, to determine the con-
version factor is that the result relies heavily on external theoretical input
and its assumptions. Therefore, ideally the conversion factor should be obtained
directly from experiment. This can be done using a measurement of the effective
lifetime. The underlying reason for this, is that 7¢f provides access to the product
of Axr and y, that is also appearing in Eq. (4.86). Substituting the effective lifetime

into the dictionary Eq. (4.86) gives

B(By = f)iheo _ N

Table[4.2]also lists the conversion factors derived using the available measurements
of T}’ff. These results are in good agreement with the ones obtained using Eq. (4.86).
Although less precise, they do not rely on any theoretical assumptions, which are
necessary to estimate Axr.
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4.4 Experimental Considerations

The order in which the experimental observables of the B meson systems have been
presented in this chapter is driven by their theoretical derivation and its prereq-
uisites. Central in the theoretical discussion are the results on the time evolution
of the neutral B mesons, given in Egs. and (4.56). It is from these master
formulae that afterwards the CP parameters, effective lifetime and branching ratio
can be defined.

The order in which they can be experimentally measured is, however, quite
different. As more and more data is collected by an experiment, its analysis of a
decay channel B — f classically goes as follows: When the collected yields in the
B — f decays is still very limited, the analysis focuses on a (first) observation of this
mode. Such an analysis rarely includes the B meson decay time as one of its ob-
servables. As the collected data sample increases, the analysis shifts to a measure-
ment of the B — f time-integrated branching ratio. Only once this measurement
is firmly established, does the analysis continue with the time-dependent studies
of the B — f mode. Such studies require more data than is strictly necessary to ob-
serve the decay because of experimental complications like more complicated fit
models, acceptance effects or dilution due to decay time resolution. At this stage
the (effective) lifetime associated with the B — f mode can be measured. Finally,
for a full CP analysis, also information on flavour tagging is required. Due to the
intrinsic inefficiencies of these algorithms and the resulting dilution of the oscil-
lation amplitudes, these analyses require even more data to be collected and are
therefore considered to be the final stage in the study of the B — f decay.
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Table 4.2: Conversion factors between the time-integrated branching ratio definition Eq. (4.82) and the theoretical branch-
ing ratio definition Eq. (4.84) for selected decay modes. The mass eigenstate rate asymmetry Axr has been calculated using
the methods and inputs described in the listed references. They are in most cases not stated explicitly.

7 Mode B(B - f) Eq. (4.86) ﬂmm 7 Eq. (4.88) 7
BY > utu | (2.8 £0.7 )x1074 1 (SM, exact) 0.9392+0.0045 — —
mw - JYfo :.ono.H%vXHOL» 0.9975+0.0025 0.9393+0.0045 | 1.700+0.048 0.877+0.032
mw l\\%ﬁ% (1.87+0.17)x107° 0.957 £0.061 0.9415+0.0055 | 1.75 +0.14 0.844+0.092
B — Dymt | (3.04+0.23)x1073 0.9963+0.0005 | 1.535+0.021 0.986+0.014
mm — K*K~ | (2.49+0.17)x107° -0.972 +0.013 1.0589+0.0044 | 1.407+0.017 1.071+£0.012
B? - D;Df | (44 £0.5 )x1073 -0.9967+0.0038 1.0606+0.0045 | 1.379+0.031 1.089+£0.021

4. OBSERVABLES OF THE B MESON SYSTEM
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A Roadmap to Controlling Penguin Effects in
B® > JApK? and B) = Jhp ¢

5.1 Introduction

Although the first run of the Large Hadron Collider (LHC) has been a great suc-
cess, we have yet to see a clear signal from physics beyond the Standard Model.
The picture emerging from three years of data taking is, within the current level
of precision, globally consistent with the Standard Model. In the flavour sector
large deviations have now been ruled out, and we thus need to prepare ourselves
to deal with smallish new physics (NP) effects. As the forthcoming physics runs at
the LHC and KEK e*e™ super B factory promise to reduce the experimental uncer-
tainties even further, this implies that we need to have a critical look at the theoret-
ical assumptions underlying the experimental analyses. Only by doing so can we
match the (future) experimental measurements with equally accurate theoretical
predictions.

For the determination of the Bg—gg mixing phases ¢, and ¢, from CP viola-
tion measurements in B — Jip KO and BY — J/ip ¢, respectively, this implies that
controlling higher order hadronic corrections to the CP observables, originating
from so-called penguin topologies, becomes mandatory [36}, 37} [38]. The presence
of these loop diagrams affects the relation between the measured CP asymmetries
and the complex phases ¢4 and ¢ by introducing an additional shift [39] A¢,; and
A¢s, respectively. These shifts have so far been ignored, but can potentially be
as large as one degree. The LHCb upgrade [34] and Belle II [35] programmes, on
the other hand, foresee to achieve a precision of below the degree level. Control-
ling the size of these penguin shifts is therefore necessary in order to differentiate
possible NP effects from higher order Standard Model corrections. Although the-
oretical estimates for these shifts are available [40} [41], it is, in view of the non-
perturbative long-distance QCD contributions to these corrections, difficult to cal-
culate them directly within the quantum field theory framework. We therefore
follow an alternative approach, and rely on the SU(3)g flavour symmetry of QCD,
introduced in Section[3.4} to relate the doubly Cabibbo-suppressed penguin contri-
butions in the decay amplitudes of B® — J/i K2 and B? — J/ib ¢ to those of similar
decay modes in which they are no longer suppressed [36, [37]]. In this way, the
sizes of the penguin shifts can be estimated directly from the experimental data
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(36}, 37, 38|, 138 [39} [131], 139, (140, 141}, [42].

Comparing all SU(3)r symmetry based strategies, the most promising method
to obtain high precision estimates of the shift A¢,; relies on the use of the
BY — Jap KQ decay. It is related to the BY — J/i) K2 mode by interchanging all down
and strange quarks, leading to a one-to-one correspondence between the decay
topologies of both modes. The two channels are therefore connected through the
U-spin symmetry of strong interactions. This allows us to relate the hadronic
parameters of both modes with minimal additional theoretical assumptions, and
thereby control the penguin corrections affecting the determination of ¢, from CP
violation measurements in B® — J/i K¢ with minimal theoretical uncertainty. As
the penguin contributions are, contrary to B® — JipK?, not suppressed in
BY — Jp K2, they can be determined from the CP asymmetries in this channel.
First measurements of the CP asymmetries in B — J/i K have been performed by
the author for the LHCb collaboration [46], and are reported in Chapter 7| How-
ever, the precision on these observables is still very limited and does not provide
meaningful constraints on the penguin parameters. The results should therefore
only be seen as a demonstration of LHCb’s potential.

In order to already obtain an estimate on the size of the penguin contribu-
tions in B® — JAp K, general SU(3)p flavour symmetry arguments and plausible
assumptions for various modes of similar decay dynamics are therefore used to set
up a global fit in Section This fit includes CP and/or branching ratio infor-
mation from the modes: B® — JipK?, B — JiwK?, B* — J/pK*, B* — Jip* and
B® — Jip w0, TIts results are used to explore a benchmark scenario for BY — J/ip K2
in the LHCD upgrade era in Section 5.4

Concerning the BY — J/ib ¢ channel, an analysis of CP violation is more involved
as the final state consists of two vector mesons, and thus is an admixture of differ-
ent CP eigenstates which have to be disentangled through an angular analysis of
their decay products [142],[143]. This implies that also the penguin contributions,
in general, are dependent on the final state configuration. Controlling the penguin
effects in BY — J/ip ¢ therefore requires similar decay modes, which also have two
vector mesons in the final state. Finding suitable SU(3)g related partners for the
B? — J/p ¢ decay is more challenging than for the B — J/iy KO decay, as perform-
ing a CP asymmetry measurement in the partner mode needs to be experimen-
tally feasible. This strongly disfavours the theoretically interesting U-spin partner
B? — J/i) (782). The two decay modes that are experimentally pursued at the mo-
ment are the B® — J/ p® and BY — J/ip K** decays, further discussed in Section|[5.5}
Regarding the former mode, the LHCD collaboration has recently announced the
first results of a pioneering study of its CP asymmetries [144], whereas for the latter
mode only branching ratio and angular amplitude information is currently avail-
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By w X

q q

Figure 5.1: Illustration of the colour-suppressed tree [Left] and penguin [Right]
topologies contributing to the B, — J/ip X channels, where q € {u,d,s}, q" € {d,s}
and X represents any of the %, 7r*, K*, K, p°, ¢° or K** mesons.

able [145]. But an updated analysis of B — J/i K*°, including first measurements
of the CP asymmetries, is expected soon. From the theoretical side, the B® — J/p p°
mode is favoured over the BY — J/p K** decay, as it leads to smaller theoretical un-
certainties associated with the penguin analysis and relies on fewer assumptions.

This Chapter closely follows the work published in Ref. [42], but the numerical
results have been updated to include the latest theory calculations, experimental
measurements, averages and compilations that were available on April 1st, 2015.
This in particular refers to the updated input on the UT angle y from the CKMfit-
ter group [25], the updated measurements of the B — J/i KO branching ratio [46]
and BY - J/p K CP asymmetries [74] from LHCb, and the new calculation of the
B — Vector form factors from Ref. [146]. The first results on the BY — Jip KO CP
asymmetries [46] are not included in the analysis. Because of the large statistical
uncertainties on these observables, their impact on the fit results is negligible.

5.2 General Formalism

5.2.1 Formal Definitions

Following the diagrammatic approach introduced in Ref. [106], any decay am-
plitude can be decomposed into contributions from at most six different decay
topologies. These are: the colour-allowed tree (T), colour-suppressed tree (C), pen-
guin (P), annihilation (A), exchange (E) and penguin-annihilation (PA) diagrams.
With exception of the colour-allowed tree, which does not contribute to the decay
channel analysed in this Chapter, these topologies are illustrated in Figs. [5.1]and
5.2
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Figure 5.2: Illustration of the exchange [Left], penguin-annihilation [Right] and
annihilation [Bottom] topologies contributing to some of the B, — J/{ X channels.

In terms of the decay topologies only, i.e. the CKM factors are omitted to shorten
the notation, the different Bq — ]/wﬂmodes are decomposed as:

BO = ik =C'+) P, B> JipKO=C+) P, (5.1)
u,c,t u,c,t
BY > K =C'+ ) P'+A, Bt > Jpnt=C+ Y P+A, (5.2)
u,c,t u,c,t
B> Jipn®=C+) P+E+) PA, (5.3)
u,c,t u,c,t

where the primes are introduced to distinguish between the b — éc5 quark-level
processes (primed) and the b — ¢écd quark-level processes (unprimed). For the

[alHere P stands for pseudo-scalar and represents the ¥, 70, K+ and Ks0 mesons, while V stands for
vector and represents the p?, $? and K** mesons.
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B, — J/ib V modes the decomposition is

B Jip=C'+) P'+E'+) PA, (5.4)
u,c,t u,c,t
B0—>]/1,bp0:C+ZP+E+ZPA, (5.5)
u,c,t u,c,t
BY = JpK0=C+) P. (5.6)
u,c,t

Because the contributions from the annihilation, exchange and penguin-annihila-
tion topologies are expected to be smal]@ they are ignored in this analysis. Their
size can be probed through the B — J/iy t® and B? — J/ip p° decay channels, which
have not yet been seen experimentally [147, [148].

Thus assuming only contributions from tree and penguin topologies, the tran-
sition amplitudes for the neutral Bg — J/ X modes, where X represent any of the
7o, KSO, po, ¢O or K*% mesons, can be written in the general form [36]

A(B) = f)=KfIHIB)? = Nf[1-bpefre™], (5.7)
A(Eg —>f)E|<f|H|E>|2=1”]fo [l—bfepfe_iy]’ (5.8)

where 1y is the CP eigenvalue of the final state f. In these expressions Ny is a CP-
conserving normalisation factor that represents the tree topology of the Bg - JpX
decay, and by then parametrises the relative contribution from the penguin topolo-
gies. The CP-conserving strong phase difference between both terms is parametri-
sed as py, whereas their relative weak phase difference is given by the UT angle ».
The parameters Ny and by depend both on CKM factors and on hadronic matrix
elements of four-quark operators entering the corresponding low-energy effective
Hamiltonian, as illustrated below for the B® — J/p KO and B? — J/i K? modes.

The three CP observables (4.57) then depend on the penguin parameters by and

[blsection gives a more detailed discussion of the annihilation contributions in B* — J/p K* and
B* — J/p ", and their importance based on constraints from current data. This does not indicate any
enhancement.
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pf as [36
2bgsinpysiny

Adir(B - f)= , (5.9)
P 1—2bfcospfcos7/+b]2(

) sing, —2bscospysin(d, + )+ b2 sin(¢, + 2
mN(B, > )=y bq Feospgsin(¢g +y) f2 bq+27) . (5.10)
1—2bfcospfcosy+bf
Apr(B, - f) = - cosqbq—becospfcos(qbq+7/)+b/%cos(¢q+2y) (5.11)
AT f 1—2bfcospfcosy+bj% ' ‘

In the absence of penguin contributions, i.e. bf = 0, the expressions for the direct
and mixing-induced CP asymmetries simplify to

AZEBy = flliy=0=0,  npAE(By— flly—0 =sin g, (5.12)

allowing ¢, to be determined directly from Ag‘li,x. Eq. is approximately valid
in the decays B® — J/i K and B? — J/ip ¢, as the parameters corresponding to by,
given respectively in Egs. and below, are doubly Cabibbo-suppressed
in these modes. However, given the expected precision at the LHCb upgrade [34]]
and Belle II [35] experiments, we need to go beyond the approximation (5.12) and
control the effects arising from by # 0.

Experimentally, the quantity

Amix B
sin (gt ) = — mix(B, — f) : :sin(¢q+A¢§) (5.13)
\/1 (A& B, - f))
determines the effective mixing phase
Ot = g+ M), (5.14)

which differs from the Bg—Eg mixing phase ¢, by a phase shift A(j){; = A({){;(bf, O V)
This shift is caused by the presence of the penguin topologies and cannot be cal-
culated reliably within QCD. Nonetheless, a high precision estimate of its size is
required to compare

bg =M+ pp" . (5.15)
with its Standard Model prediction and translate the measurement of qbfiff into a

limit on the NP phase (j)qNP The dependence of Aqf)g on the penguin parameters

[c]Whenever information from both the BS — f and the Bg — f decay paths is needed to determine
an observable, as is the case for CP asymmetries or untagged branching ratios, the notations B; and B
are used instead of B® and B.
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can be deduced by comparing Eq. (5.13) with Egs. (5.9) and (5.10), yielding

—2bfcosprsiny + b}% sin2y

(1 —becospfcosy+b]2()\/1 —(A‘éilg(Bef))z
1—2bfcospfcosy+b%c052)/

(1 —becospfcosy+b12()\/l —(A‘ég(Bef))z

sinA¢] =

) (5.16)

cos Aqb{; =

(5.17)

5.2.2 The B® - JipK? and B? — Jap K2 Systems
Decay Amplitudes

The B® — J/p K decay is a transition into a CP eigenstate with eigenvalue Mkl =

—1 and originates from a b — ¢c5 quark-level process. Its decay amplitude

A(BO = JpKE) =V, Vi, P 4V V3 [C 4+ PO+ v v, PO (5.18)
is described by CP-conserving strong amplitudes C’ and P9, with q € {u,c,t} rep-
resenting the internal quark line, associated respectively with the tree and penguin
topologies given in Fig. The factors Vj; are the relevant elements of the CKM
matrix. Using unitarity of the CKM matrix to eliminate the factor V,,V}}, and ap-
plying the Wolfenstein parametrisation (2.16), the decay amplitude can be

rewritten in the more compact form [36]:

12 .
A(BO—>]/4)K§)):(1—7)A'[1+ea'ele e”’], (5.19)

where

AfEA?A[ch+PW>—P“q (5.20)
and (u) (t)

i Plu _Pl
1,107 _
e = b(?+FM_PMJ (5.21)

are CP-conserving hadronic parameters, whereas

A2 A Val Rb:( 12)1 Vi

Vcb

1-2-
2

A

(5.22)

are combinations of CKM matrix elements. The parameter a’ measures the size
of the penguin topologies with respect to the tree contribution, and is associ-
ated with the CP-conserving strong phase 8’. A key feature of the decay am-
plitude in Eq. is the suppression of the a’e’?’¢’? term by the tiny factor
€ = 0.0536 £ 0.0003 [25]. Consequently, ¢; can be extracted with the help of
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Eq. (5.12) up to corrections of O(ea’).

The BY — J/ip K decay originates from a b — ¢cd quark-level process, and there-
fore has a CKM structure which is different from B® — JAapK?. Its decay amplitude
is given by

A(BY = JAKE) = Vg Vi, P+ V, V5, [C+ PO+ v, v, PUY, (5.23)
which in analogy to Eq. (5.19) can be written in the compact form
A(BY = Jap k) = -1 A[1-ae%7]. (5.24)

The hadronic parameters A and ae'? are defined in analogy to their B’ — J/p K

counterparts in Egs. (5.20) and (5.21). In contrast to Eq. (5.19), there is no € factor

present in front of the second term, thereby enhancing the penguin effects. On the
other hand, the A factor in front of the overall amplitude suppresses the branching
ratio with respect to B® — J/i K and makes the decay more challenging to study
experimentally.

The B® — Jip KQ and B? — J/ip KQ decays are related through the U-spin sym-
metry of strong interactions, which allows us to relate the hadronic parameters of
both modes. That is

A=A (5.25)

and

a'e? = qae? (5.26)

In the factorisation approximation the hadronic form factors and decay constants
cancel in the latter ratio of decay amplitudes [36]]. U-spin breaking corrections
thus enter ae'® through non-factorisable effects only. However, for A no such
cancellation takes place. Eq. is thus affected by SU(3)-breaking effects at
leading order, entering both through hadronic form factors and through the non-
factorisable contributions.

Applying the formalism of Section i.e. making the replacements
) . A2
B — K : bye'fr ——ea'e'?, Ny —>(1 - 7)A’, (5.27)
BY — K : bfeipf - ae'?, Nf — 1A, (5.28)
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yields the following phase shifts

Ky —2acosOsiny +a’sin2y

tan A (5.29)

1-2acosOcosy +acos2y’
= —2acos€sin7/—a2c052651n2y+0(a3), (5.30)

2ea’cos0’siny +€%a’?sin 2y (5.31)

A(Pf/lp _
d 1+ 2ea’cos@’cosy +e2a?cos2y’
=2¢ea’ cosO'siny + O(e%a’?). (5.32)

The expansions in terms of the penguin parameters show an interesting feature:
the phase shift A, is maximal for a strong phase difference 0" around 0° or 180°.
Conversely, the penguin shifts will be tiny for strong phase differences around 90°
or 270°, regardless of the value of a.

Branching Ratio Information

Besides the three CP observables .A‘éllﬁ, Am”‘ and A,r, also the branching fraction
B contains information on the penguin parameters 4 and 6. But in order to utilise
this information, the overall normalisation factor Nf in Egs. (5.7) and (5.8) needs
to be cancelled. This can be accomplished by making ratios of branchmg fractlons
We therefore construct the observable [36]

A2 PhSp (By = JPKY) 1y B(B: = W KY)

g=1lA theo | (5.33)
el Al Phsp (B, — JpKS) a0 B(By — JKS),
where s
PhSp(B, — J/ip X) = [Mngn(MW/MBg,MX/MBg)] (5.34)

denotes the phase-space function for these decays and @ is the standard two-body
phase-space function

O(x,9) = (1~ (x + 921~ (x~7)2). (5.35)

Note that Eq. uses the theoretical branching ratio concept. In the determi-
nation of H from the experimentally measured branching fractions the conversion
factor (4 is thus implicitly used. This requires knowledge on the mass eigen-
state rate asymmetry parameter Axp(B; — JApK?). In view of the large uncertain-
ties on the available measurements, either through the use of the effective lifetime
(Eq. (7.4)) or directly from the CP analysis (Eq. (7.42)), we rely directly on Eq.
in our numerical analyses. Furthermore, the experimental determination of H is
affected by U-spin-breaking corrections which enter through the ratio |A’/A| as
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Eq. is only approximately valid. Consequently, H is not a particularly clean
observable from a theoretical point of view, and should thus be avoided whenever
possible.

In terms of the penguin parameters, the H observable is given by

1-2acosOcosy +a®

= . 5.36
1+ 2ea’cosO’cosy +€2a’? (5.36)
Extremising over 4 and 6 leads to the lower bound [149]]
1+e?+2ecos?y —(1+€)y/1 —2€e+€2 +4ecos?
N y-(1+e)/ v (5.37)

2€2(1—cos?y)

which, assuming y = 73.2°, corresponds to H > 0.908. Based on Eq. (5.36) and
assuming the relation (5.26)), the H observable can also be related to the direct CP
asymmetries of B — J/ip K2 and BY — JAap K? as [39)]

_LAGBs > W KS)

: , (5.38)
€ AL (B, > JpKS)
which offers an experimental test of the U-spin symmetry.
5.3 Constraining Penguin Effects in B — J/ip K? through
Current Data
The impact of penguin contributions to the effective mixing phase ¢Zf§ 0 €N be
g S

estimated from the current data using a x? fit based on the CP and/or branching
ratio information of the modes B’ — JapK?, B — Jp K, B* — JAbK*, B* — Jiprct
and B® — J/ip <°. The modes B* — J/p i* and B® — J/ip ¥ are related to BY — J/ip K2
by replacing the strange spectator quark with an up or down quark, respectively,
and are thus expected to have similar decay dynamics. In particular, the pen-
guin contributions are also Cabibbo-allowed in these channels, while their over-
all decay amplitude, parametrised similar to Eq. (5.24), is suppressed. The mode
B* — Jip K™ is related to B’ — Jai K2 by replacing the down spectator quark with
an up quark. Its penguin contributions are also doubly Cabibbo-suppressed, and
its decay amplitude is parametrised similar to Eq. (5.19). These three modes have
additional decay topologies, as listed in Egs. and (5.3), which have no coun-
terpart in B — J/i K or B — JapKQ and are ignored in this analysis.

The x? fit relies on general SU(3)g flavour symmetry arguments and assumes
both vanishing non-factorisable corrections and vanishing exchange and (penguin-)
annihilation topologies to extend the relation and characterise the penguin
effects in all five modes by a universal set of penguin parameters a and 6. This as-
sumption introduces additional theoretical uncertainties, associated with possible
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inconsistencies between the different decay modes, which disfavour the method
in the long run. In view of performing high precision measurements of ¢, us-

ing B — JAbK?, relying on the theoretically cleaner analysis of B — J/ip KO will
0
ultimately provide the smallest uncertainty on the penguin shift A(j)gl’st. But in

anticipation of high precision measurements of the BY — J/ip K CP observables,
this x? fit can already provide valuable insights on the penguin effects. The result-
ing picture, presented in Ref. [42], extends and updates the previous analyses of
Refs. [138] and [39].

5.3.1 Branching Ratio Information
Ratio Tests

A first consistency check of the data is provided by the ratios

PhSp (qu —>]/7~PY) B, B(Bq _>]/¢X)theo (5.39)

E(B, = JWX,By = JpY)= 5
a WX By =i PhSp (B, — Jip X) T8, B(By = JpY),

involving decays which originate from the same quark-level processes but differ
through their spectator quarks. Neglecting the additional topologies and assuming
perfect flavour symmetry of strong interactions, these ratios equal one. Within the
uncertainties, this picture is supported by the data, as shown in Fig. In this
compilation, the B-factory branching ratio measurements, listed in Table are
corrected for the measured pair production asymmetry

NB"’B_/NBOBO =1.058 +£0.024 (540)

between the number of produced B’B’ and BB~ pairs at the Y(4S) resonance
[121]. The scale factors applied by the Particle Data Group (PDG) [64] to combine
slightly inconsistent measurements are ignored. Note that the branching ratios for
decays into final states with K0 or 7° mesons have to be multiplied by a factor of
two in Eq. to take the K and 7* wave functions into account.

Form Factors

To probe the penguin parameters using the branching ratio information listed in
Table we define H observables in analogy to Eq. (5.33). The construction of
these quantities from the experimental data requires knowledge on the amplitude
ratios |[A’/A|. In the factorisation approximation these ratios are given as [36]]

2
B fé,ax(m]/w)

|A’(qu - JpX) 5.41)

A(B, — JpY)

- 2
fact thi—>Y(m]/1[))
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[ E(Ba— J/r°, By — J/YKY) — e 1.0240.12
o
2 = + + 0

=(B* — J/Y7*, By — J/YKY) —— 1.04%£0.10
= | 2(Ba— J/un®, B* = Jjyr) —_— 0.98 4 0.09
Z | = (Bt - J/eKE, By — J/YK) i E— 1.03 £ 0.05

08 09 10 11 12

Figure 5.3: Overview of the different ratios defined in Eq. (5.39). In the limit
where the contributions from additional decay topologies are neglected and per-
fect flavour symmetry for the spectator quarks is assumed, these ratios equal unity.

Table 5.1: Time-integrated branching ratio information on the five B, — JP
modes, used for the ratio tests ((5.39) and for the construction of the H observables

in Fig.[5.4

‘ Parameter ‘ Input ‘ Ref. ‘
B(B* — Jabrc*) (3.70 £ 0.65) x 107> [150]
B(B* — Jib K*) (9.96+£0.36)x 107* [64]
B(By — J/ibr°) (1.81+£0.15)x 1073 l64)
B(By — J/pK?) (8.97+0.35)x 1074 [64]
B(B* — Jap*)/B(B* — JipK*) | 0.040 +0.001 [64]
B(B; — J/pK)/B(By — J/pK?) | 0.0429 +0.0031 [43][46]

where fl;;f(qz) are hadronic form factors. The form factors relevant for the con-
struction of the H observables are f;_, , f5' ;- and f5 ¢, where the first two de-
scribe transitions for both the Bg and the B* mesons.

These form factors have been calculated in the literature using a variety of tech-
niques. Some methods, like Lattice QCD, calculate f;" s at large ¢® values and are
therefore most accurate in the high g2 regime (q2 >16 GeVz). Others, like light
cone QCD sum rules (LCSR), typically calculate fl;;f at g> = 0 and are thus best

suited to describe the low g regime (q2 <16 GeVz). For the situation in Eq. (5.41),
with m]2/¢ ~ 9 GeV?, the results from LCSR, listed in Table are thus most appli-
cable.

The different form factors are, in view of different research goals, usually calcu-
lated on an individual basis and by different research groups, which do not adopt
the exact same formalism. For example, the value of f5  (0) is required to de-
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Table 5.2: Latest results on the B — light form factors from LCSR, and the asso-
ciated multiplication factors, needed to evolve those results to g> = mlz/lp. In the

last column, the first uncertainty originates from f*(g> = 0), whereas the second
uncertainty is associated with the g dependence.

‘ Form Factor ‘ f*(g*>=0) ‘ g* Dependence ‘ fr(g®= mlz/lp) ‘
i 0.25275:008  [153] 1.92+0.22 0.484 +0.045+0.056
fax 0.34%005  [152] 1.89+0.22 | 0.643+0.066+0.076
f5 ok 0.3070:03  [I51] 1.85+0.22 0.554+0.065+0.067
fix/fis. | 1.35+£0.19 0.9847 +0.0067 | 1.33+0.18+0.0088
fox/fo ok | 113018 1.0240+0.0015 | 1.16+0.18+0.0017

termine |V plexc. from differential branching ratio measurements of semileptonic
B decays, whereas f;_  is needed for the analysis of B — K®I*1~, Because com-
mon (systematic) uncertainties can hence not be identified, the uncertainties on
the form factors must be assumed to be completely uncorrelated. As a consequence
of this situation, no additional cancellation can take place in the uncertainties on
ratios of form factors, which thus remain sizeable, even though the uncertainties
on the individual form factors are already quite small. The form factors are there-
fore the biggest source of uncertainty in the construction of the H observables. A
combined update on all three form factors and their ratios, similar to the results
in Ref. [I51]], which have been partially superseded by Ref. [152], would help to
drastically improve the current experimental situation.

The g dependence of the B — 7 form factor can be fitted to the differential
branching ratio measurement of the semileptonic B® — 7~I*v decays. Multiple,
equally compatible parametrisations are available in the literature{@ Here we
adopt the BGL method [155}[156] described in Ref. [154]. Although it does not pro-
vide the simplest parametrisation of the g> dependence, it does allow for a straight-
forward generalisation to all three form factors, including f; _, . which is otherwise
not covered in the literature. The resulting multiplication factors, needed to evolve
the results at g> = 0 to g = m]2/¢ are also summarised in Table

H Observables

Combining the form factor information in Table with the experimental data
on the five B, — J/{ P modes, and neglecting non-factorisable SU(3)-breaking ef-

[dlsee for example Ref. [154] for a detailed comparison, based on the data sample collected by the
BaBar collaboration up to 2006.
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H(B* = J[ym*, B* = J/OK*)|, At 1.13 £ 0.20 (stat.) & 0.31 (FF)

H(B* — J/yr*, B* = J/pK*)|,. 1.22 + 0.04 (stat.) % 0.34 (FF)

H(B* = J/ym*, Bi— J/{YK" 1.16 £ 0.21 (stat.) & 0.32 (FF)

) | Dir

H(Bg— J/yr®, B = JJYK*)| 1.19 + 0.1 (stat.) = 0.33 (FF)

=

H(By— J/¢r°, By — J/YK°

)i £ 1.234+0.11 (stat.) = 0.34 (FF)

H(Bujgy = J/¥m, Buja) = J/VK)| 1.22 4 0.04 (stat.) = 0.34 (FF)

H(B, = J/YKS, Bi — J/VKQ)|p.,

8

0.92 & 0.07 (stat.) & 0.29 (FF)

0.0 0.5 1.0 1.5 2.0

Figure 5.4: H observables which can be constructed from the available branching
ratio information of the B; — J/i{p P modes. The label “Dir” indicates that H is deter-
mined from direct branching fraction measurements in Table[5.1} whereas the label
“Rat” is used for H observables calculated from a ratio of branching fractions. The
inner error bars indicate the statistical uncertainty (stat.) whereas the outer ones
give the total uncertainty, including the common uncertainty due to the form fac-
tors (FF). The red band indicates the average H observable of the B(,/4) — J/{p (/K)
modes. The hatched blue region is excluded by Eq. (5.37).

fects, leads to the various H observables compiled in Fig. With exception of
the last entry, all H observables share the same ratio of form factors g /f5 . .
Consequently, their central values and uncertainties are highly correlated. But re-
stricting the comparison to the statistical uncertainties shows an excellent compat-
ibility between the various H results. The agreement between the isospin related
B(ua) — J/ip (/K) modes and the last entry, which involved BY — J/ip KO instead
of B — J/i ™ modes, suggests that non-factorisable SU(3)-breaking effect@ and
the impact of additional decay topologies are small, thereby complementing the
picture of Fig. The uncertainties are, however, still too large to draw definite
conclusions.

As different individual H observables imply different solutions for the penguin
parameter 4, and not all H observables are independent, the best strategy to in-

[e]Note that the LCSR result on the ratio of form factors, which forms the dominant source of uncer-
tainty on H, provides information on the factorisable SU(3)-breaking effects (which can still be large),
but not on the non-factorisable S U(3)-breaking effects.
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Table 5.3: Input quantities for the x? fit to the penguin parameters a, 0 and ¢,.

‘ Observable ‘ Input Ref. ‘
Adlr (B, — Jpr?) ~0.13+0.13 [64]
Alél}l)x(Bd_)I/lPT(O) 0.94+0.15 [64]
Adir(BE _ p K) ~0.0030+0.0033 [64]
A (By — JApKO) -0.007+0.018  [121}174]
ARX(B, = [ KO) -0.680+0.019  [121}[74]
H(B(ya) — I (11/K)) 1.22+0.34 Fig.
H(Byoya) — JA KO) 0924029  Fig.

clude branching ratio information into the x? fit is to combine all B(y/a) — JAp (1/K)
modes into a single, averaged H observable. This average is constructed by first
combining all phase-space corrected branching ratio information on the Cabibbo-
favoured and Cabibbo-suppressed modes, i.e. the numerator and denominator, in-
dividually, before taking their ratio. The result is then multiplied by the form
factor ratio f; /f4_,,. For simplicity, the BY — J/p K H observable is treated in-
dependently, even though it shares the information on the f; , form factor with
the above average. Possible correlations induced by this are ignored.

5.3.2 Grand Fit
Input

Besides the branching ratio information discussed above, the global x? fit also in-
cludes CP asymmetry information from B® — JapK°, B* — JWwK*, B* — Jibr*
and B? — J/p ¥, as summarised in Table Following the same strategy as the
Heavy Flavour Averaging Group (HFAG) [121]], we have refrained from inflating
the uncertainties in case of slightly incompatible data. This choice on how to treat
the experimental inputs results in a more optimistic picture regarding the current
constraints on the penguin parameters. In view of the limited precision that can be
obtained with the currently available data, it also improves the fit stability. For the
charged decays B* — J/ip K* and B" — J/ip w*, which do not exhibit mixing-induced
CP violation, the included quantities are the direct CP asymmetries (4.65). For the
B? — Jab°® mode, first measurements of the time-dependent CP asymmetry were
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reported by the BaBar and Belle collaborations, quoting

; —0.08 +0.16 (stat.) + 0.05 (syst.) (Belle [157])
Adlr B (g 5.42
cp(Ba = Jipm) { 0.20+0.19 (stat.) = 0.03 (syst.) (BaBar [I58]), (5.42)

; 0.65+0.21 (stat ) +0.05(syst.) (Belle [157]))
Amix(p 0y — 5.43
cp (Ba = Jp) { 1.23+0.21 (stat.) + 0.04 (syst.) (BaBar [158]). (5.43)

The two results for the mixing-induced CP asymmetry are not in good agreement
with each other. The central value of the BaBar result even lies outside the physical
region. It is not obvious how to correctly deal with this unsatisfactory situation,
especially because Am”‘(Bd — J/p c°) is the most important parameter in constrain-
ing the size of the penguin parameter 4 using the current data. We choose to fol-
low the Heavy Flavour Averaging Group [121]], and simply average the two results
without inflating the thus obtained uncertainty. Hopefully, the Belle II experiment
will be able to quickly clarify this situation.

In order to add the mixing-induced CP asymmetry of the B® — J/p 7t° channel
to the fit, the B°-B® mixing phase ¢, is needed as an input. However, the measured
CP-violating asymmetries of the B® — J/ip K{ decay only allow us to determine the
effective mixing phas

JpKg

¢dWK0 Ga+ADy S = (42.241.5)° (5.44)

from Eq. (5.13). By explicitly expressing the phase shift Aqb]d/ng in terms of the
penguin parameters, through the use of Eq. (5.31), this observable can nonetheless
be added to the analysis in a mathematically clean way.

Although the global x? fit contains sufficient observables to determine the UT
angle y in combination with the penguin parameters a and 6, the sensitivity to this
parameter is very limited [139 It is therefore advantageous to employ y as an
input. Using data from pure tree decays of the kind B — DK™, the following
averages are obtained by the CKMfitter and UTfit collaborations:

y=(73.2i§;3)° (CKMfitter [25]),  y =(68.3+7.5)° (UTfit [26]). (5.45)

For the global x? fit, we have chosen to include the CKMfitter result, and added it
as an asymmetric Gaussian constraint.

fIThe numerical value in Eq. corresponds to the mixing-induced CP asymmetry
Amlx (B4 — JiwK?), which is an average of B0 — JipKQ and B® — J/p K data [121].
F 8l An illustration is given for the BY — J/p KO benchmark scenario in Section
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Contour Methods

Following Ref. [39], each of the observables in Table can be represented as a
contour in the 6—a plane when assuming fixed values for the angles ¢ and y. These
contours are parametrised by the two functions [36]

a(9|¢,y):fx(uoi,/u(g—v0), (5.46)

where f = 1 for the modes with Cabibbo-allowed penguin contributions, while
f = —1/e€ for the two modes with Cabibbo-suppressed penguin contributions. The
parameters Uy and Vjy represent the expressions

sin@siny

L Vg =1 (5.47)
Adll’
Ccp

Ugir = cosOcosy +

for the direct CP asymmetries,

sin(¢ + ) — nARX cos sin ¢ — 1 ADIX
Upix = [ (¢ V) =nAc — 7/}cose , Vinix = — ¢=nAce —  (5.48)
sin(¢p +2y) —nAgp sin(¢p +2y) - nAgp
for the mixing-induced CP violation and
1+eH 1-H
UHE(E)COSQCOS')/, VHE(m) (549)

for the H observables.

In the absence of large SU(3)-breaking effects or contributions from additional
topologies, these contours all overlap in a single region of the 6-a plane. In analogy
to the global fits of the Unitarity Triangle, they can thus be used to over-constrain
the penguin parameters. Like the UT fits, inconsistencies between the input data
show up as tensions between the different contours. The fit by itself thus provides
yet another cross-check, complementing the picture emerging from the branching
ratio tests in Figs.[5.3|and[5.4} But contrary to the UT fits such tensions should not
immediately be interpreted as signs of New Physics. Instead, they would point to
the breakdown of the SU(3)g symmetry and/or differences between the hadroni-
sation dynamics of the involved decay modes.

From a technical point of view it is more convenient to parametrise the penguin
contributions in terms of their real and imaginary part:

ae'? = Re[a] +iZm[a]. (5.50)

This improves fit stability and avoids numerical problems when a gets close to its
physical boundary a = 0. In addition, it also simplifies plotting. The complicated
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parametrisation of the contours in Eq. reduces to simple circles in the complex
plane of the form

(Rela] - f xx0)* + (Im[a] - f xy9)* = (f x R)*. (5.51)

The circular contours for the direct CP violation parameters are defined by

siny siny dir\2
=—", r=——4/1-(A , (5.52)
A% agg V)

Xg=cosy, %

those for the mixing-induced CP violation by

N )
Ay —sin(¢p +2y) nAgp —sin(¢p +2y)
(5.53)
and, finally, those for the H observables by
_ (eH +1)cosy B [ 1-H 2
X9 = —€2H_1 , })0 _0, r= €2H_1 +x0. (554:)

Fit Result

A modified least squares fit using the parametrisation in Eq. is performed to
the input listed in Table[5.3] It has four degrees of freedom: Re[a], Zm[a], ¢4 and
y, with the latter parameter being Gaussian constrained. The x? function reaches
its minimum value at

Rela] = -0.17513, Im[a] =0.002+0.013, (5.55)
$q=(43.9£1.7)°, y=(73.923), (5.56)

which translates to
_ +0.14 _ o
a=017"313, 0=(179.3+4.2)°. (5.57)

Comparing the fit value for  with its input in Eq. (5.45), demonstrates that the
input observables indeed do have some constraining power on y, and that they
prefer a slightly larger value compared to the one obtained from B — DK™ de-
cays. The minimum value sznin = 3.0 can be used as a goodness of fit, indicating
good agreement between the different input quantities.

The constraints on the penguin parameters derived from the individual ob-
servables entering the x? fit are illustrated as different light-coloured bands in
Figs.[5.5|and [5.6] for the parametrisations in terms of (0,a) and (Re[a], Zm][a]), re-

spectively. Similar to the UT fit analyses, the single overlap region of all contours

74



5.3. Penguin Effects in B — J/ip K?
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3 0.5
\
]
/
.

250 270

Figure 5.5: Determination of the penguin parameters a and 6 through intersecting
contours derived from CP and branching ratio information of the B, — J/ip P de-
cays. Superimposed are the confidence level contours obtained from a yx? fit to the
current data. To improve the visualisation of the individual contours, the allowed
range for a is extended to 1.

pins down the solution for the penguin parameters. As many of the contour bands
(partially) overlap, Egs. and for the central value and the +10 varia-
tions of the specific observable are highlighted by dark lines of the same colour as
the band in order to show the full range of the constraint. The contour associated
with ATX(B; — JAp=°) is plotted for the value of ¢4 in Eq. (5.56). Note that in
the (Re[a],Zm[a]) parametrisation, the constraints derived from the individual ob-
servables are represented by circles. Given the small radii for the circles associated
with the Aréllijx and H observables, their contours therefore form disks and annuli in
the (Re[a],Zm[a]) plane. The shapes of the different bands in the (8,a) plane can
be understood as mappings of these circles into polar coordinates. Figs. and
also show the confidence level contours for (0,a) and (Re[a],Zm[a]) obtained
from the x? fit by marginalising over ¢; and y. These are represented by the su-
perimposed black (hatched) regions. The correlation between ¢, and a is shown in
Fig.

The solution for O preferred by the fit, i.e. 6 ~ 180°, is in good agreement with
the expectation from factorisation. But given the current experimental situation,
this might very well be an accident. Because in the absence of (large) penguin
contributions the direct CP asymmetry in all input modes would be (compatible
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Figure 5.6: Determination of the penguin parameters Re[a] and Zm[a] through
intersecting contours derived from CP and branching ratio information of the
B, — J/i P decays. Superimposed are the confidence level contours obtained from
a x2 fit to the current data. To improve the visualisation of the individual contours,
the allowed range for a is extended to 1.

with) zero, and the resulting contours would thus constrain ae'? to the real axis.
In addition, slight tensions can be observed between the direct CP asymmetries
in B* — JipK* and B® — J/p1°, and between the mixing-induced CP asymmetry
in B — J/ipe® and H observables associated with BY — Jip K2. These tensions all
force the solution for ae!? towards the real axis, which then naturally leads to the
solution 0 ~ 180°.

The penguin parameters in Eq. (5.57) result in a penguin phase shift

Jp K2
Ay =

which is implicitly taken into account in the fit results (5.56)). The associated con-

1.0370:82)", (5.58)

0
fidence level contours for Aq‘;g"bKS are shown in Fig.|5.8) and the individual con-
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Figure 5.7: Correlation between the B’~B? mixing phase ¢; and the penguin pa-

rameter a arising from the x? fit to current data.
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of the strong phase 6 obtained from the x? fit to the current data. Superimposed
are the contour levels for the penguin parameter 4.
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B 3 \ = AG(Ba— J/¢7")
a a=017"01 AR (Ba— T/’
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Figure 5.9: Determination of the penguin shift A¢ dlp ° through intersecting con-
tours derived from CP and branching ratio information of the B, — J/i) P decays.
Superimposed are the confidence level contours derived from those for the pen-

guin parameters in Figs.[5.6]and [5.5]

Iy KS

straints on A¢," * originating from the various observables entering the x? fitin

Fig.
5.3.3 Contributions from Annihilation Topologies

The framework introduced in Section[5.2.1] can be extended to also allow non-zero
contributions A, originating from the annihilation topologies. The amplitude of
the decay B* — J/ip " can then be written as

A(B* > Jhpmt) = —)\Ac[l —aceigfeiV], (5.59)

where
A= 224 [cc +p9 - Pé”] (5.60)

is defined as in Eq. (5.20)), whereas

a.e'% =gl i0c 4 xel® (5.61)
with -
B plw) _ plt
(icelec = Rb ﬁ (562)
C.+P "' -P
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and
A

c.+p9-p"Y

xe'” =R, . (5.63)

The penguin parameter d.e'% is defined in analogy to Eq. (5.21), while the rela-
tive contribution from the annihilation topology is probed by xe®. The direct CP
asymmetry in B* — Jip t* takes the form

dir _ 2(d.sin O, + xsino)siny
cp = - ~ ~ = S (5.64)
1-2(d.cosO, +xcoso)cosy +2d.xcos(0, —0) +d; +x
whereas the ratio 2 (BJ—' — Jip e, Bs — Jip KSO) depends on x and ¢ as
- 1-2(a.cos 0, + xcos o) cos Y+ 2d.xco8(0, — o) + a2 + x> (5.65)

1-24,cos6,cos Y+ a2
Similar expressions can be obtained for the direct CP asymmetry in B* — Jip K*
and the ratio = (Bi — K=, By — b KSO) by making the substitution

a. — ea,, 0. -0, +m, x—ex’, o—o +. (5.66)

Assuming
. )

x'el? = xe'® (5.67)

and universal penguin parameters, i.e.

dce'% = ile'% = gel?, (5.68)

the annihilation parameters x and o can be obtained from a x? fit to the two direct
CP asymmetries and the two E ratios listed above. Including the observables y
(from Eq. (5.45)), 2 and 6 (from Eq. (5.57)) as Gaussian constraints results in the
solution

x=0.04009, o=(177+0.28)°, (5.69)

with the corresponding confidence level contours shown in Fig. The result is
compatible with x = 0, which is consistent with our assumption to neglect contri-
butions from annihilation topologies in the main x? fit.

The results in Eq. assume external input for the penguin parameters a
and 6, and therefore do not take into account the back reaction of a non-zero value
of xe' on ae'®. To include this back reaction, a simultaneous fit of ae!? and x¢° to
all CP and branching ratio information is necessary. However, including only the
annihilation topologies in such an extended fit is misleading as the contributions
from exchange and penguin annihilation topologies can potentially be of similar
size as those from the annihilation topologies. Hence all additional topologies need
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Figure 5.10: Determination of the parameters x and o, which probe the contri-
bution from annihilation topologies in the decays B* — J/¢y7* and B* — J/iK™,
through intersecting contours derived from CP and branching ratio information.
Superimposed are the confidence level contours obtained from a x? fit to the cur-
rent data.

to be put on the same footing, i.e. either all included, or all neglected in the fit. In-
cluding the contributions from all additional topologies is possible in the future,
when stringent constraints on the branching ratio of the B — Jipn® decay are
available. But by that time also high-precision measurements of the CP asymme-
tries in BY — J/p K should be available, allowing us to implement the theoretically
superior U-spin strategy discussed in detail below. The extended fit would never-
theless offer an interesting cross-check to complement the picture of the penguin
parameters.

5.4 A Benchmark Scenario for B — J/p K?

The SU(3)g symmetry arguments and the assumptions regarding additional decay
topologies, which lie at the basis of the grand fit described in the previous section,
introduce additional theoretical uncertainties that are difficult to quantify. Given
the precision on the penguin parameters a and 6 in Eq. (5.57), they can currently
still be ignored, but that will no longer be the case in the Belle II and LHCb up-
graded era. High precision constraints on the shift A¢Z¢K§ can thus only come
from the theoretically cleaner analysis of BY — J/ib K. Let us therefore explore the
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5.4. A Benchmark Scenario for BY — J/ip KO

potential of the B? — J/i K mode using a future benchmark scenario pointing to
the LHCb upgrade era.

Penguin Parameters

Based on the results in Eq. (5.57) and assuming the Standard Model value for ¢y,
the predictions for the B — J/ip KO CP observables are

Aar(Bs = W Kd) = 0.962+0.060, (5.70)
AdITB. 5 KO = 0.004+0.021, (5.71)
mX(By — JipK)=-0.27 +0.21 . (5.72)

The confidence level contours for A‘éi;(B — JiK?) and A’é‘;X(B — JiKQ) asso-
ciated with these predictions are shown in Fig. [5.11} The current experimental
results on the BY — Jip K CP observables, discussed in Chapter I 7| and given in
Egs. (7.42)-(7.44), do not yet allow for a meaningful comparison. The penguin
parameters in Eq. (5.57) in addition also yield

1/sz° = (1.603+0.010)ps, (5.73)

in agreement with the experimental result given in Eq. (7.4), and
H(B(s/a) — JpKJ) =1.13%0.13, (5.74)

which can directly be compared with the input in Table This shows a slight
tension with the experimental value, as can also be seen when comparing the best
fit with the grey contour in Fig. although it is insignificant given the large
uncertainties on the B to light form factors.

To illustrate the potential of the B — J/i K mode with a benchmark scenario,
let us assume that by the end of the LHCb upgrade programme the B? — J/p K
CP asymmetry parameters have been measured with high precision, and that these
hypothetical results are given by

AdN(B, — JpK2) = 0.004+0.065, ADX(B, — JipK2) = ~0.274+0.065, (5.75)

i.e. with the central values of Egs. and (5.72). The associated uncertain-
ties are extrapolated from the statistical uncertainties obtained with LHCb’s 3 fb™!
data sample and quoted in Egs. (7.42)-(7.44), and assume 6 fb~! collected during
Run II and another 50 fb™! collected after the LHCb upgrade, both at a centre-of-
mass energy of 14TeV. Note that these are not official LHCb prospects, but only
naive extrapolations performed by the author. These hypothetical measurements
are complemented with external inputs for the CKM angle y and the mixing phase
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Figure 5.11: Prediction of CP violation in BY — J/ip K2, following from the x? fit to
the present data discussed in Section

¢s. It is assumed that the angle y has been determined in a clean way from pure
tree decays of the form B — DK, yielding a precision of

y =(73.2+1.0)° (5.76)

when using the total data sample collected during the LHCb upgrade programme
[34]. For the B)-B? mixing phase ¢, we assume as input a value

(s = —(2.1£0.5]exp + 0.3]theo ) =—(2.1£0.6)°, (5.77)

where the first uncertainty originates from the effective phase measured in the
B? — JAab ¢ channel [34] and the second one is associated with the penguin shift
A¢5/¢¢, further discussed below. We consider the assessment of the theoretical
uncertainty affecting ¢, in Eq. as conservative.

A modified least squares fit using the parametrisation in Eq. is performed
to these inputs, yielding

a=01747091, 0=(179.3+12.7)°. (5.78)

The corresponding confidence level contours are shown in Fig. In contrast
to the fit in Section this “future” determination of 4 and 6 is theoretically
clean. The precision on the penguin parameters is only limited by the experimental
uncertainties on the input quantities.
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Figure 5.12: Benchmark scenario illustrating the determination of the penguin pa-
rameters a and 6 from the CP asymmetries of the B — J/i K? decay.
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Figure 5.13: Benchmark scenario illustrating the determination of A({)Z”b * from

the CP asymmetries of the B — Jip KO decay. The confidence level contours
assume a 20% uncertainty for U-spin breaking effects, parametrised through

Eq. (5.79).
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Using the U-spin relation (5.26) and the functional dependence in Eq. (5.31),

KO
these parameters can be converted into the penguin phase shift A(PZIP °. Only at

this point do potential U-spin breaking effects enter. They can be included by
introducing the parameters & and 6 to generalise the relation (5.26) to

a=E&a, 0'=0+59. (5.79)

Assuming 20% U-spin-breaking, i.e. £ = 1.00+0.20 and 6 = (0 + 20)°, the results
for a and 6 in Eq. (5.78) yield

0 o
A(PZIPKS = —(1.02f8:%g (stat.)*57 (U - spin)) , (5.80)

where the first uncertainty is statistical, i.e. due to the uncertainties on a and 6 in
Eq. (5.78), and the second quantifies the uncertainty on possible U-spin breaking

0
KS

. / R .
effects. The confidence level contours for Aq{);lp are shown in Fig.[5.13| In this
benchmark scenario, the experimental and theoretical uncertainties are of the same
size, with a total uncertainty of 0.3° when added in quadrature.

Hadronic Parameters

It is important to emphasise that for the determination of the penguin parameters
in BY — J/pK? the H observable is not required. Information on the direct and
mixing-induced CP violation is sufficient to pin down 4 and 6. In theory, the H
observable can be added to the x? fit to further reduce the uncertainties, but in
practice the impact is very limited due to the large uncertainties associated with
the ratio of form factors. Instead it is more interesting to combine the results from
the x? fit with the branching ratio information in B? — Jip K and B® — Jip K to
provide experimental constraints on the ratio of hadronic amplitudes.

Assuming the relation to relate the penguin parameters in B — J/i K9
and B® — J/ip K2, the fit results in Eq. lead to

Hs0) = 1.136£0.039 (a,0) + 0.0012 (&, ). (5.81)

Because a’ enters Eq. in combination with the tiny € factor, the U-spin break-
ing corrections have a negligible impact on H, as the above numerical results illus-
trate. By comparing this quantity with Eq. (5.33), the ratio of hadronic amplitudes
can then be calculated as

PhSp (B, — JPKY) 15 B(Ba = IWKY), 5.8
(a,0) PhSp (B — JApK?) T B(B; - JpK?), ,

A’I
—|=4l€H
A

To illustrate this strategy for our benchmark scenario, requires further assump-
tions regarding the future measurement of the ratio of branching fractions. Its sys-

tematic uncertainty will be limited by the ratio f,/f; = 0.259 +0.015 [[159] [160] of
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the B? to B® production fractions, which enters in the normalisation of the event
yields. This measurement is currently limited by its systematic uncertainties. As-
suming therefore no further improvements in the determination of this parameter,
which is conservative, and assuming all other source of systematic uncertainties,
as well as the statistical uncertainty, to be negligible, results in the experimental
constraint w

.

The experimental uncertainty is about five times smaller than the current theoret-
ical uncertainty associated with the factorisation result

’ﬂ
A
using LCSR form factors, as already reported in Table Consequently, the ex-
perimental determination of |A’/A| at the LHCb upgrade can provide valuable in-

sights into possible non-factorisable U-spin breaking effects and the hadronisation
dynamics of the B — J/p KQ and B? — J/ip K systems.

=1.160+0.034. (5.83)

exp

=1.16+0.18 (5.84)

fact

Illustration for ¥

Besides the above described strategy to obtain experimental insights on the ratio
of hadronic amplitudes, information on the H observable can also be used to ex-
tend the x? fit. When complementing the direct and mixing-induced CP violation
observables of the BY — J/i K channel with the ratio H, sufficient information is
available to determine, in addition to the penguin parameters 4 and 6, the UT an-
gle y [36]]. This determination is possible due to the U-spin relation in Eq. (5.26),
and provides an alternative measurement of y that, when compared to the results
obtained from pure tree decays of the form B — D™ K, can help to constrain new
physics contributions present in loop diagrams. In practice, however, the precision
on y that can thus be obtained is not competitive with other strategies, and would
not lead to new insights. Let us quantify this statement by using the benchmark
scenario as an illustration.

When assuming a fixed value for the angles 6 and ¢;, each of the three input
observables can be represented as a contour in the y-a plane. These contours are
also parametrised by Eq. (5.46), when simply interchanging the roles of  and 0.
Alternatively, the information from the direct and mixing-induced CP asymme-
tries, and from the H observable and the mixing-induced CP asymmetry, can be
combined to eliminate the dependence on 6 [36]. Both parametrisation are illus-
trated in Figs.[5.14]and [5.15} and show that the sensitivity to y is primarily driven
by the H observable. The impact of the direct CP asymmetry, on the other hand,
is negligible, as its contour band covers the whole visible range for both a and y.
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Figure 5.14: Benchmark scenario I, illustrating the determination of the UT angle
y from the CP asymmetries of the BY — J/ip K decay and the ratio of B — J/ip K?
to B — J/ip K branching fractions. The scenario assumes a 50% improvement in
the determination of the hadronic amplitudes, leading to an input value H = 1.17+
0.18. Top: Illustration showing the three individual constraints A‘éilﬁ, A‘é‘}i," and H,
plotted for the best fit value of the strong phase 6. Bottom: Illustration showing
the combined constraints from A%%&Ag‘;" and H &Ag‘li)x, independent of the value

of 6.
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Figure 5.15: Benchmark scenario II, illustrating the determination of the UT angle
y from the CP asymmetries of the B — J/ip K decay and the ratio of B — J/i K to
B? — J/ip K branching fractions. The scenario assumes perfect knowledge on the
hadronic amplitudes, leading to an input value H = 1.17 + 0.05. Top: Illustration
showing the three individual constraints A‘ég, Icnli,x and H, plotted for the best fit
value of the strong phase 6. Bottom: Illustration showing the combined constraints

from A%g&.Ag‘f,x and H &Arcnli;‘, independent of the value of 6.
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The uncertainty on y is therefore directly related to the precision on the ratio of
hadronic amplitudes that can be achieved with LCSR or lattice calculations. For the
benchmark scenario it is thus crucial to know how these calculations of the form
factors will improve between now and the end of the LHCb upgrade programme.
However, when looking back at the results from the past ten years, such an extrap-
olation is far from straightforward. With each new iteration, LCSR calculations
are better understood and controlled, and take into account more sub-leading ef-
fects. But the numerical precision on the final results has not changed noticeably
between the different updates. It is hence unclear how the uncertainties will re-
duce over the coming years. Instead of providing a clear benchmark for the LHCb
upgrade, we therefore only illustrate the different possibilities using two scenar-
ios. In the first scenario, a 50% improvement in the determination of the hadronic
amplitudes is considered, leading to the input

Hseen 1= 1.13%0.18. (5.85)

Such a precision could potentially be achieved by performing a simultaneous cal-
culation of the B; — K and B; — K form factors in such a way that common sys-
tematic effects cancel in the ratio. The second scenario illustrates the most ideal
case. It assumes perfect knowledge on the hadronic amplitudes and vanishing sta-
tistical and systematic uncertainties on the ratio of branching fractions such that
the only source of uncertainty on H originates from the ratio f,/f; of hadronisation
fractions. The input for the ratio H is then

Hgeen. 11 = 1.13 £ 0.05. (5.86)

A modified least squares fit using the parametrisation in Eq. is performed
to the three input observables. In this fit, the value of ¢, is again Gaussian con-
strained to the input in Eq. (5.77). But contrary to the benchmark scenario above,
no further information on y is added. This x? fit yields

y=(73+28)°, a=0.173003), 0=(179+13)° (5.87)
for scenario I and
y=(73.8"53)°, a=0173'0033,  0=(179+13)° (5.88)

for scenario II. The latter result is in essence equivalent to the benchmark fit for
a and 6 in Eq. (5.78), albeit obtained with slightly different input observables.
The corresponding confidence level contours for these two scenarios are shown
in Figs. and respectively. The results in Egs. and confirm
the initial statement that this strategy is not competitive with other methods. It is
therefore more advantageous to take y from external inputs, and use the branching
ratio information instead to experimentally measure | A’/ A|.
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5.5 B Decays into Two Vector Mesons

5.5.1 Polarisation Amplitudes

Compared to the B — J/ib (1/K) decays, the analyses of the B — J/ip ¢, B® — J/p p°
and B? — J/ipK*® decay channels are complicated by having two vector mesons
in the final state. The zero angular momentum final state configurations can be
formed with three possible values for the orbital angular momentum: L € {0, 1, 2}.
For the CP eigenstates J/ip ¢ and J/ip p°, these three states have different CP eigen-
values: the L =1 mode is CP odd while the other two are CP even. In a CP analysis
of these decays, the mixture of CP-even and CP-odd eigenstates therefore needs
to be disentangled. This can be done with the help of an angular analysis of the
Jib — €+¢~ and ¢ — KK~ or p® — mtn~ decay products [142] [143]. A detailed
discussion of the general structure of the various observables provided by the an-
gular distribution in the presence of the penguin contributions is given in Ref. [[37].

For the experimental analysis of the BY — J/i ¢ and B® — J/i p° modes, it is con-
venient to introduce linear polarisation states Ag(t), A(t) and A (t) [161], which
are either longitudinal (0) or transverse to the direction of motion of the two vec-
tor mesons. In the latter case, they can be parallel (||) or perpendicular (L) to one
another. The relative contributions from each of these three polarisation states are
experimentally accessible through the polarisation fractions

A;l? B(B — (f);
fi= _ | 1|2 o= ( (f)l)exp ) (5.89)
[Aol? +|AY17 +1A P 2 B(B = (f)jlexp
These three observables are not all independent, but satisfy the relation
fotf+fL=1. (5.90)

The 0 and || final state configurations are parity even, while I describes a parity-
odd state. Since J/i, ¢ and p° are all C-odd eigenstates, the properties under par-
ity are the same as those under the combined CP transformation. Even though the
B? — J/ip K*° decay has a flavour-specific final state, the same three linear polarisa-
tion amplitudes can be employed to describe the decay, both experimentally and

theoretically [131]).

Consider the vector-vector decay B — V; V,. In terms of the polarisation three-
vectors ey, and ey,, the two parity even decay amplitudes are proportional to the
combinations e§,1 ~e’§/2 and (e"‘/1 -f))(e"‘/1 -p) = e}Ll e%, where p is the unit vector
along the direction of motion of V, in the rest frame of V;. The parity odd decay
amplitude is proportional to €}, x €}, - p. The decay amplitude for the B — V; V,
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decay can then be decomposed as [142]

AO [, _xL =(-T . AL * * A
AB—-V V,)= Vi€V, T \/_ V1 —1 \/Eev1 x €y, - Pv,, (5.91)
where 5 5 5
. ms—ms, —m
= Pv, " Pv, _"B v V, (5.92)
mvl mvz 2711\/1 mVZ

The superscript T refers to the transverse component of the polarisation vector,
which is obtained by subtracting its longitudinal component.

From the theoretical point of view, it is, however, more convenient to perform
calculations in a Lorentz-invariant framework, where the time-independent decay
amplitude is decomposed as [162], 163} 164]

A(B— ViVa) =€y, €}, % (5.93)
[“gw my, my, Pvzpv1 ﬁe””“ﬁpvl,apvz,ﬁ :
The two parametrisations in Egs. and are related to each other as [142]
Ay =-xa—(x*>-1)b, (5.94)
A =V2a, (5.95)
A =4[2(x2-1)c. (5.96)

Using the OPE framework, the parameters a, b and ¢ can be expressed as combi-
nations of Wilson coefficients and low-energy effective operators. The factorisable
part of these operators is related to the B — vector form factors.

In the limit where non-factorisable contributions are ignored, the expressions
for the parameters a, b and ¢ describing the BY — J/ip ¢, B® — JAip p° and B? — J/p K*°
decays are given by [143]

G B,—X
afact:_\/i cq chceff )Xf]/gbm]/w(mBq"'mX)Alq (mjz/lp): (5.97)
Gr f]/l[l mjz/lp mx B—X, 5
bfact = \/-chVch () % WAZ (M), (5.98)
q
2
Gr Jrp Migp Mx B,—X
Cfact = \/Echvcbc () X 2mv (m]/l/)) (5.99)
q

where (g, X) € {(d,0°), (s, ), (s, K*0)}, fyp is the JAip decay constant and Ceg(p) is a

B,—X
combination of Wilson coefficients. The quantities Allq; (¢%) and VBi=%X(42) rep-
resent the B; — X form factors in the parametrisation of Bauer, Stech and Wirbel
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[88, [165]. For the calculation of the form factors from LCSR it is convenient to

eliminate qu_)x(qZ) in favour of [146]

B,—X

(mBo +mx)2(mzo—m§<—q2)A1q (qz)—/\(qz)Az (qz)
B;—X, 5 q B,
A, (@)= o R m— ., (5.100)
mpgomy (mpgo +mx
where
/\(qz)z((mBg+mX)2—q2)((mBg—mX)2—q2). (5.101)

The dependence of the form factors on the momentum transfer g> can be fitted
with a function of the form [146]]:

L Zak(z(qz)—z(O))k , (5.102)

2 2
1 -9 /mRes k=0

where mpges is a resonance mass whose value depends on the type of form factor
considered, and

z(t) Vi*:t_ Vi~ fo (5.103)

Vi -+t 1
with

ty E(mBg+mX)2, to E(m32+mx)( mBg—\/mx)z. (5.104)

The parameters «; are obtained from a fit, and can be found in Ref. [146]], together
with the values of the resonance masses #ges. The numerical results from LCSR
on the Aff;x(m]z/lp) and VBq_’X(m]z/l/)) form factors are summarised in Table It
should be noted that the form factors do not depend on the renormalisation scale
. As the overall expression in Eq. cannot depend on this scale, this implies
that non-factorisable contributions are necessary to cancel the y dependence in

Cefr- In the calculations here, they are nonetheless ignored.

Expressions for the polarisation amplitudes in the factorisation limit are ob-
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Table 5.4: Latest results on the B — vector form factors from LCSR [146]].

‘ Form Factor ‘ B;—p B, —» K* By — ¢ ‘
A1(g?>=0) | 0.267+0.025 | 0.246+0.022 | 0.315+0.027
A12(q*>=0) | 0.307+0.028 | 0.246+0.023 | 0.274+0.022

V(g?>=0) | 0.333+£0.032 | 0.311+0.029 | 0.407 +0.033
Ai(g? = m]z/lp) 0.343+0.031 | 0.323+0.028 | 0.406 +0.032
A1p(q® =mj,,) | 0.365+0.033 | 0.292+0.027 | 0.314=0.030

Vi(g? = mf/w) 0.620+0.043 | 0.584+0.045 | 0.739 +0.042

tained by inserting Eqs. (5.97)—(5.99) into Egs. (5.94)—(5.96), leading to

8mp myx g _.x

ABU(B, 5 JApX) = cgthAlz (M), (5.106)
B,—X
AR (B, — JApX) = ~CstxV2 (mp, +mx)A," (m,), (5.107)
2myy, my
Afact B X) = t 2 2_1 LVB'?HX 2 , 5.108
TUBy = TP X) = Cstxq[2(x )mBq+mX (myy) ( )
where G
Cst = \/_gch Vi Cest (1) frrp My - (5.109)

This common prefactor drops out in the ratio (5.89), which thus only depends on
the three form factors themselves and their associated kinematic factors. The theo-
retical calculations for the polarisation fractions, based on the input listed in Table
is compared to the equivalent experimental measurements in Figs.
and [5.18| for the B — Jip ¢, B® — J/p p° and BY — J/ip K** mode, respectively. For
the latter two modes this shows good agreement within the current uncertainties,
but for BY — JAib ¢ 30 tensions can be observed for the parallel and perpendicular
polarisation fractions.

5.5.2 The B? — J/ip ¢ Channel

The decay B? — J/ib ¢ is the BY-meson equivalent to the decay B® — J/ip K{ as it is
the most sensitive probe to measure the complex phase ¢, associated with the B)—

B;—X B;—X
(hl1n terms of A . (g2) and AzqH (42), the expression for Agad is given by

Myp, My
T A
mBq +myx

Bq—»X 2

B;—X
AgaCt:Cstx x(m3q+mX)A1q (mf/lp)—Z(x2—1) 2 (mjg) |- (5.105)
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5.5. B Decays into Two Vector Mesons

Longitudinal Polarisation Fraction : fy BY — J/yg
Form Factor Calculation (LCSR) 0.482 4 0.054
Perturbative QCD 0.507 = 0.036
Experimental Average 0.528 = 0.006

Parallel Polarisation Fraction : f|
Form Factor Calculation (LCSR) ——t 0.328 4 0.046
Perturbative QCD - 0.298 £ 0.021
Experimental Average 0.224 £ 0.007
o f

Perpendicular Polarisation Fraction : f

Form Factor Calculation (LCSR) —— 0.190 £ 0.026
Perturbative QCD b 0.194 + 0.016
Experimental Average 0.248 + 0.008

0.0 01 02 03 04 05 06 07

Figure 5.16: Comparison between the theoretically calculated and experimentally
measured values of the three polarisation fractions in the B — J/ip ¢ decay. LCSR
results are based on the input in Table[5.4} perturbative QCD results are taken from
Ref. [40]] and the experimental averages combine the information from Refs. [64]
and [30].

B? mixing process. Neglecting contributions from exchange and penguin-annihila-
tion topologies, and assuming that the ¢» meson is a pure s3 state, i.e. neglecting
w-¢ mixin both b — éc5 quark-level processes only differ in the flavour of their
spectator quark. For BY — J/ib ¢ this is a strange quark, whereas for B® — J/i K?
it is a down quark. The formalism of Section can thus readily be applied to
BY — J/ip ¢, with the only additional complication that parameters related to the
decay amplitude become polarisation dependent.

In analogy to Eq. (5.19), the B? — J/ip ¢ decay amplitude can be written as [37,
131]

A(BY = (hp )y ) = (1 - %Z)A}[1 +ea}ei9?ei7], (5.110)

where the label f € {0,]|, L} distinguishes between the three possible configurations
of the final state vector mesons. Due to differences in the hadronisation dynamics
and non-factorisable effects, the penguin parameters a’; and 07 are in general ex-
pected to differ for different final-state configurations f, and will in particular be

[A detailed discussion on this topic is given in Ref. [I31]].
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Longitudinal Polarisation Fraction : fj BY — J/p°
Form Factor Calculation (LCSR) 0.504 £ 0.054
Perturbative QCD 0.518 +0.033
Experimental Measurement (LHCb) 0.574 £ 0.037

Parallel Polarisation Fraction : fj

Form Factor Calculation (LCSR) 0.291 £ 0.046
Perturbative QCD 0.277 £ 0.019
Experimental Measurement (LHCb) 0.234 £ 0.021

Perpendicular Polarisation Fraction : f|

Form Factor Calculation (LCSR) 0.205 £ 0.031
Perturbative QCD 0.204 £ 0.015
Experimental Measurement (LHCD) 0.192  0.042

0.0 0.1 02 03 04 05 06 07

Figure 5.17: Comparison between the theoretically calculated and experimentally
measured values of the three polarisation fractions in the B® — J/ p® decay. LCSR
results are based on the input in Table perturbative QCD results are taken
from Ref. [40] and the experimental values are taken from Ref. [166].

different from a’ and 0’ used in the analysis of B — J/iy K0. The replacement rules
0 ip , i0; A2 ’

BS > Jipp: bpe'® — —eare S, Nf— 1—7 .Af (5.111)

associated with the above amplitude are the direct counterparts to Eq. (5.27). Ap-

plied to Eqgs. (5.16) and (5.17), they define the hadronic phase shifts

i B U d)s
¢§,(]/1/14>)f =¢s+ Ay , (5.112)
similar to Eq. (5.14) for the pseudo-scalar—vector systems.
Recently, the LHCD collaboration has presented the first polarisation-dependent
measurements of the effective B)-B? mixing phases [30], yielding

), = —(2.58£3.04 (stat.) £ 0.40 (syst.)°, (5.113)
ff ff R
Ps oy~ Pipgr, = —(1.03+2.46 (stat.) £0.52 (syst.)°, (5.114)
ff ff R
O, — O g = ~(0.80£2.01 (stat) +0.34 (syst))° (5.115)

Within the uncertainties, no dependence on the final-state configuration is found,
and all results are in excellent agreement with the Standard Model value given
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Longitudinal Polarisation Fraction : f BY—J /¢[? 0
Form Factor Calculation (LCSR) — 0.492 £ 0.056
Perturbative QCD —— 0.509 £ 0.043
Experimental Measurement (LHCb) 0.500 % 0.082

Parallel Polarisation Fraction : f|

Form Factor Calculation (LCSR) i 0.307 4 0.047
Perturbative QCD = 0.291 £ 0.025
Experimental Measurement (LHCD) 0.190 £ 0.102

Perpendicular Polarisation Fraction : f

Form Factor Calculation (LCSR) = 0.201 £ 0.033
Perturbative QCD b1 0.201 +0.019
Experimental Measurement (LHCb) 0.310 £0.131

0.0 01 02 03 04 05 06 07

Figure 5.18: Comparison between the theoretically calculated and experimentally
measured values of the three polarisation fractions in the B — J/ip K* decay. LCSR
results are based on the input in Table[5.4} perturbative QCD results are taken from
Ref. [40] and the experimental values are taken from Ref. [145].

in Table Using Eq. as a first estimate for the size of possible hadronic
phase shifts in B — J/ip ¢, the current precision is not yet high enough for resolving
such effects. This situation is expected to change in the LHCb upgrade era, as the
precision on these measurements further increases. Finding significant deviations
between the values of the three effective mixing phases <j)§f;, would conclusively

demonstrate the presence of penguin contributions in the B — J/i) ¢ decay.

Together with the effective mixing phases (j):'f(f]/ bl the LHCb collaboration also

reported polarisation-dependent results on the convention-independent parame-
ter As, defined in Eq. (4.52). Its dependence on the penguin parameters is given
by

o
1+a5a}eZ fe 7

A )| = , (5.116)

—
1+ ea}el fetty

and in essence it contains the same information as the direct CP violation observ-
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able A‘ég. The LHCb measurements are

A p)ol = 1.012£0.058 (stat.) £ 0.013 (syst.), (5.117)
|/\(]/,’b¢)l//\(]/¢¢)0| =1.02+0.12(stat.) £ 0.05 (syst.), (5.118)
|/\(]/’1D¢)H//\(]/¢¢)O| =0.97 £0.16 (stat.) £ 0.01 (syst.), (5.119)

and within the current uncertainties do not show any dependence on the polarisa-
tion of the final state. Looking at the structure of Eq. (5.116), where the penguin
parameters are doubly Cabibbo-suppressed, and using the fit result in Eq.
as a guideline, leads to the expectation

|/\(]/ll)¢)f|:1+o(0'01)' (5.120)

This sets the scale for the precision that is required to resolve possible footprints
of the penguin contributions in these measurements, and shows that the depen-
dence of a; and 6’ on the final-state configuration is necessarily small. This can
be theoretically understood, because form factors, which are the primary source of
polarisation-dependent effects, cancel in the ratios of penguin to tree amplitudes.
Applying factorisation arguments therefore leads to the limit [37]]
a}za}/lqu, f_el/llui)’ Yfefo,], L1}, (5.121)

where the subscripts J/ip ¢ where added to differentiate these penguin parameters
from the penguin parameters in B® — Jip K0, As already shown, current experi-
mental data is consistent with the limit , and it is interesting to continue
testing this relation with future measurements.

Assuming the relations in Eq. (5.121), the following results are obtained from
the time-dependent and angular analysis of the BY — J/i ¢ decay [30.

<PSW,¢ =—(3.32+2.81 (stat.) + 0.34 (syst.))°, (5.122)
[App ol = 0.964+0.019 (stat.) +0.007 (syst.), (5.123)

which correspond to
AZN(B, — Jp ) = 0.037£0.021,  ATNB, — Jip¢) = 0.058+0.049  (5.124)

when expressed in terms of the direct and mixing-induced CP violation parame-
ters. The central value of |1y, ¢|, which could well be an experimental fluctuation,
especially in view of the results in Eqs (5.117)-(5.119), is surprisingly large com-
pared to the naive estimate (5.120). This becomes even more apparent when using

(] This result differs from the one quoted in Table which is an average that also contains infor-
mation from BY — Jip ™ and BY — D Dy decays. The theoretical interpretation of the results from
the latter two modes is slightly different [36}[135}[167], which is why they are not included here.
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Figure 5.19: Determination of the penguin parameters “}/wqb and 9;/,’[)4) through in-

tersecting contours derived from the CP asymmetry measurements in B — J/ib ¢.

Superimposed are the confidence level contours obtained from a x? fit to the cur-
rent data.

the contour method described in Section to convert the above results into
contour bands in the 6;/¢(P—a;/¢¢ plane, as illustrated in Fig. To plot the A"
contour derived from ¢§f]f/¢¢, the Standard Model value was assumed for ¢;.

A modified least squares fit using the parametrisation in Eq. (5.50) and assum-

ing the Standard Model value for ¢, is performed to the inputs in Eq. (5.124),
yielding

’ ’ o /7 °
@y = 0417048 o), =(239x58)°,  AplYP=—(1.2133)7.  (5.125)

Although the uncertainties are too large to draw meaningful conclusions, the fit
does illustrate the observation that was made in the context of Egs. and
(5.31): in order to have both a small phase shift on ¢, and large penguin param-
eters, strong phases around 90° or 270° are needed. Interestingly, the data for
B® — Jip p°, discussed next, also suggest such a picture for the strong phases.

5.5.3 The B% - J/i) p° Channel

The decay B® — J/ib p° can be used to control the penguin shifts affecting the deter-
mination of ¢, from the effective mixing phases in B — J/i) ¢. In that sense, it plays
the same role as B — J/ip K2 and B® — J/p ¥ do for ¢4. Neglecting contributions
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from exchange and penguin-annihilation topologies, the BY — J/i p° decay, which
proceeds via a b — ¢cd quark-level process, is related to BY — J/ip K by replacing
the strange spectator quark with a down quark. Again following the formalism of
Section the decay amplitude can be written as [37]]

V2A(B® - (Jpp°)s) = —AAf[l—afeiefeW], (5.126)

where the factor of V2 is due to the wave function of the p°, and the replacement
rules are given by

B = Japp: bre?f —ape®’,  Np— _iAf. (5.127)
V2
Like B? — J/pK? and B® — JAip %, the penguin contributions thus enter in a Ca-
bibbo-allowed manner. Due to differences in the hadronisation dynamics and non-
factorisable effects, they are, however, expected to differ from the penguin param-
eters a and O used in the analysis of the B — J/iy P modes.
Thanks to new experimental developments [168], the effective mixing phases

<i>d o)y , defined through Eq. , have recently been measured by the LHCb
collaboratlon [144], reporting

o5 W olo = (44.1£10.2 (stat.) 730 (syst. )) ) (5.128)

Prmen ~ Pirwer, =~ (0865 (stat)? %g(syst)) : (5.129)

O o, — Py = —(3:6£7.2(stat) T (syst.))” (5.130)

Alternatively, assuming polarisation-independent penguin parameters for the
three polarisation states, i.e.

ag=ayy,, Or =0Opyp Vfefo|,L}, (5.131)
in analogy to the relations in Eq. (5.121), the phase [144]
b5l = (41.7£9.6 (stat) ' § (syst.))” (5.132)
and the CP asymmetries

Ad(By — Jipp®) = —0.063 +0.059, miX(By — Jipp®) = 0.66 +0.15 (5.133)

are extracted from the time-dependent and angular analysis of the B — Jabr*r~
decay.

In analogy to the analysis in Section a modified least squares fit us-
ing the parametrisation in Eq. (5.50) is performed to the CP asymmetries of the
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Table 5.5: Input quantities for the x? fit to the penguin parameters ar and Of of
the B® — J/ib p° decay [144].

‘ Observable ‘ Input ‘ Observable ‘ Input

AL (Ba = Jipp%)o | —0.094+0.071 | AT (Ba — Jpp®)o | 0.69+0.15
AL Ba =Ty | —0.12£0.12 | AZX(Bs— Jpp®)y | 0.68+0.18
ASY(By — Japp°) L 0.03+£0.22 | AZX(B;— J/pp°®), | —0.65+0.19

B® — Jipp® decay. These asymmetries, listed in Table are calculated from

the measured effective mixing phases (5.128)-(5.130) and the quantities aép =
(1- |/\(]/l/,p)f|)/(l + M(]/le)fl) reported in Ref. [144]. Again, the CKMfitter value of
y in Eq. is added as an asymmetric Gaussian constraint to the x? fit. More-
over, external input is also required for the B’-B® mixing phase ¢, which enters
the mixing-induced CP observables. The result from the B — J/i P fit discussed in
Section i.e. Eq. (5.56), is therefore added as a Gaussian constraint. This last
feature differentiates the present analysis from the one done in Ref. [144] itself.
The main results for the polarisation-independent scenario are

appo =0.039°00%3, Oy =—(58"131)", (5.134)

corresponding to a shift
AL =—(2.2713) (5.135)

affecting the effective mixing phase in Eq. (5.132). The associated confidence level
contours for ayy,, and 6y, , are shown in Fig. @ It is interesting to note that the
current experimental measurement of |1, 4| from BY — JAb ¢ is in slight tension
with these results from B® — J/i) p°. Should this turn out not to be a mere fluctu-
ation of the data, then the effect cannot be explained by the presence of penguin
topologies alone.

The main results for the polarisation-dependent scenarios, which form the me-
thod of choice in the long run, are

ag = 0.0497003, 00 =—(9171%3)", (5.136)
a = 0.064*314, oy =-(84133) (5.137)
a; =0.036005¢ 6.= (295383)" (5.138)

with the corresponding confidence level contours shown in Figs. and
They are compatible with the polarisation-independent result in Eq. (5.134), but
the current uncertainties are too large to draw further conclusions. The determi-

nation of the penguin parameters in Eq. (5.134) and Egs. (5.136)—(5.138)) does not

rely on information from decay rates and is therefore theoretically clean.

99



5. A Roapmap To CONTROLLING PENGUIN Errects IN B — J/ip KO anp B? — J/ib ¢

Qg

0.0,

0.4

0.3

0.2

0.1

0.0

—180—-160—-140—-120—100 =80 —60 —40 —20 0

gy = 0.0391 005
070p = —(387151)°
2 39 % C.L.
— 68% C.L.
22 90% CL.

= AL(Bi— I/

 m—

AB(Ba — J/0)
Al (B, — J /o)

—180-160—-140-120—-100 =80 —60 —40 —20 0

20
‘9J/L p [deg]

40

80 100 120 140 160 180

ag = 0.057) 0
0y = —(911535)°
2 39 % C.L.
— 68%C.L.
22 90%CL.

o C-Ceso
RRIRIRIBIRRIAIKS
KCERGKLKILEI LR
RIKLIEXRIIR 5B,
QBRI X
I 0020600606 % 2026205 %: 2.

5
%058
2%

XRBSSHRIKLKE,
AR

—

== AG(B. = J/1¢)

A((l‘i]l;'()(B(1 — J/p°)
ABO(By 5 T /o)

20

(9() [(1(‘,{{]

40

60

80 100 120 140 160 180

Figure 5.20: Determination of the penguin parameters ay and 0y through inter-
secting contours derived from the CP observables in B’ — J/i p°. Superimposed
are the confidence level contours obtained from a x? fit to the data. The contour
originating from the direct CP violation in B? — J/i) ¢ has been added for visual
comparison, but is not taken into account in the fit.
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Figure 5.21: Determination of the penguin parameters ay and 6 through inter-
secting contours derived from the CP observables in B® — J/i p°. Superimposed
are the confidence level contours obtained from a x?2 fit to the data. The contour
originating from the direct CP violation in BY — J/i ¢ has been added for visual
comparison, but is not taken into account in the fit.
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Neglecting exchange and penguin annihilation topologies, the hadronic param-
eters of the B® — J/i p° decay can be related via the SU(3)r flavour symmetry to
those parametrising the B — J/ip ¢ channel as [37]

o "
a}el f :afel f. (5.139)

This allows us to convert the penguin parameters in Eq. (5.134) and Egs. (5.136)-
(5.138) into the hadronic phase shifts of the B — J/i) ¢ decay. Possible SU(3)-

breaking effects are parametrised through Eq. (5.79) with & = 1.00+0.20 and ¢ =
(0+20)°, leading to

fa o
ALY = (0124038 (stat) 015 (SUG)))° (5.140)

for the polarisation-independent fit. This result should be compared to the value
of p¢ff in Eq. (5.122), which is affected by significantly larger experimental uncer-
tainties. The power of BY — J/i ¥ in constraining penguin effects is thus remark-
able. This can be partially explained by the value of the strong phase difference
0, as noted previously in the context of Egs. and (5.31). The corresponding
results for the polarisation-dependent fits are

/ [e]

AGTYP = —(0.007088 (stat.)*$ 18 (SUB)))’ (5.141)

A¢£]/4’¢)" = (0_04Jj8:g§ (stat.) £0.20(S U(3)F))o , (5.142)
/ o

AP = (0187388 (stat) 31 (SUG), (5.143)

and show a similar behaviour as the polarisation-independent shift.

Similar to the discussion of the B — J/ip K benchmark scenario, the informa-
tion obtained from the B® — J/ip p® CP asymmetries can be combined with de-
cay rate information from B® — J/p° and B? — JAib ¢ to determine the ratio of
CP-conserving strong amplitudes A}/A £ The only conceptual difference with
Eq. (5.82), is that the calculation requires polarisation-dependent information. In
particular, the H observables from which the ratios .A}/.Af can be calculated are
given by

712
Af|” PhSp (B, = JAp §) Ts2 B(By = JApp )iheo f;

i
H=-|-L » 5.144)
" e|Af| PhSp(B; — Jipp°) Tgo B(Bs = J/ih Pltheo J; (
where f; is the polarisation fraction defined in Eq. and
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Table 5.6: Time-integrated branching ratio information on the three B, — JAipV
modes, used to calculate the ratio of hadronic amplitudes from current experi-
mental data.

‘ Parameter ‘ Input ‘ Ref. ‘
B(Bs — I/ ¢) (1.10+0.09)x 1073 l64]
B(By — Jipp®) | (2.50+0.21)x 107> [166]

B(Bs — J/pK*0) | (4.88+0.85)x 107> | [64} 43} [145]

For the B, — J/ip V decays, other mass-dependent terms, which are given explic-
itly for the B; — J/ip P decays in Eq. (5-34), are absorbed into the hadronic ampli-
tude ratio |.A}/.Af. Note that also the conversion factors between the “theoretical”
branching ratio concept and the experimentally measured time-integrated branch-
ing fraction are polarisation dependent.

Combining the branching ratio information listed in Table[5.6] with the polari-
sation amplitudes given in Figs. and and the solutions from the x? fit in

Egs. (5.136)—(5.138)) yields the following amplitude ratios

Ay(Bs — Jp )

Z0s TPl =1.09+0.07 (stat.) +0.04 (ag, 0), 5.146
AO(Bd_)]/I;pr) exp ( ) ( 0 O) ( )
A(Bs — J/
’—”( ]M)O) = 1.11+0.08 (stat.) + 0.04 (), 0)), (5.147)
A(Ba = I 07 oy

A’ (Bs = JAb §)
SO IV 2 1.2840.1 )£0. ,0,), 14
.AJ_(Bd —>]/lpp0) exp o0 6(Stat )+0 ” (al QL) (5 8)

which are still consistent with the limit of no SU(3)-breaking corrections. These
results can be compared with QCD calculations, such as the recent results obtained
within the perturbative QCD approach [40]], or within naive factorisation with the
results derived from LCSR form factors, as discussed in Section[5.5.1} In the latter

case, using Egs. (5.106)—(5.108)) yields

M =1.15+0.15, (5.149)
AO(Bd _)]/Isz ) fact

A (B

’H(;W‘PO) =1.25+0.15, (5.150)
A(Ba = I 07) et

AL(BS——M =1.13+0.10. (5.151)
AJ_(Bd _>]/lsz ) fact
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Although the uncertainties are still very large, these numbers are consistent with

the results in Eqs. (5.146)—(5.148), and imply
’,4' Af |1+ A /A
A
)

fact non-fact’ ¥ “fact
-Afact I+ -Anonffact/Afact
Consequently, either the non-factorisable contributions A . . themselves or the
difference (due to SU(3)-breaking effects) between the ratio Ax’wnifact/flgact and
Apon-fact/ Afact 1s small. Since factorisation is not expected to work for the B — J/ip X
modes, as discussed in Chapter |3} the latter option is favoured. A similar picture
also arises for SU(3)-breaking effects in B — n*n~, B — 7~K* and BY — KK~
decays, which exhibit different decay dynamics [110]. It is interesting to note that
the experimental uncertainties on the ratios in Eqs. (5.146)-(5.148) are already
smaller than or of similar size as the uncertainties obtained in the theoretical cal-

culations, which are challenging to improve.

A/

fact

Afact

~
=~

. (5.152)

5.5.4 The B? — J/ip K** Channel

Besides BY — J/ip p°, also the decay B? — J/ip K*O proceeds via a b — ¢cd quark-level
process and can thus be used to control the penguin shifts affecting the determi-
nation of ¢ from the effective mixing phases in BY — J/i ¢. It has the same quark
content as the B — JAaip KO mode, but the (ds) quark pair now hadronises into a
vector meson. Again following the formalism of Section the decay ampli-
tude can be written as [131]]

A(Bg_)(]/IPE*O)f)=_/\Af[1_a~f€iéfei7], (5.153)

where the tildes are introduced to distinguish the hadronic parameters from their
B — JAb p° counterparts. The associated replacement rules are given by

B - JJpR0: brel® —apel®, Ny —-AAj, (5.154)

showing that the penguin contributions also enter in a Cabibbo-allowed manner.
The analysis of the penguin parameters in B} — J/i K*° channel proceeds in the
same way as that of the B’ — J/i p® mode discussed in detail above. But in contrast
to the BY — J/ip p° channel, the B? — Ji K** decay does not exhibit mixing-induced
CP violation as the J/i K*° final state is flavour specific: the pion and kaon charges
of the subsequent K** — K~rc* and K** — 7" K* decayqd )| distinguish between ini-
tially present BY and B mesons, respectively. Consequently, in order to determine

(KIOther k*0 decay modes have significantly smaller branching fractions, and are also experimentally
more challenging to analyse. The experimental study of the B — J/i K*0 decay therefore only focuses

on the K*0 — 7t~ K* decay mode. We hence do the same in the phenomenological discussion given here.
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the penguin parameters, the polarisation-dependent direct CP asymmetries need
to be complemented with decay rate information instead [131]]. This information
can be provided by the H observables, defined in analogy to Eq. (5.144), which take
the place of the mixing-induced CP observables in the x? fit. For the experimental
determination of the H observables theoretical input on the ratio of hadronic am-
plitudes is required. The results derived from the LCSR form factors discussed in

Section i.e. using Eqgs. (5.106)—(5.108)), are

Ao(Bs = I ¢) =1.23+0.16, (5.155)
Ao(Bs = Jp K) |y

Ai(B
‘ I 5_)]/1#_4)) =1.28+0.15, (5.156)
Ay(Bs = K |

ALB 2 IPE) | 504010, (5.157)
-AL(BS _)I/IPK*O) fact

The downside of using the H observables is that they are affected by non-factorisa-
ble effects, and have large uncertainties associated with them due to the results in
Egs. (5.155)~(5.157). The determination of the penguin parameters in BY — J/i K*°
is therefore theoretically less clean than that in the B’ — J/i p° channel.

The CDF [43] and LHCb [145] collaborations have so far only measured the
branching ratio and polarisation amplitudes of the B? — J/i K** decay. Measure-
ments of its direct CP asymmetries are not yet available, and a determination of the
penguin parameters is therefore not yet possible. But the SU(3)g flavour symmetry
relations i

ﬁfeigf :afeigf, AfZ.Af, (5158)

predict that the direct CP asymmetries are equal to those of the B’ — J/ib p® mode,
given in Table It will be interesting to confront these numbers with experi-
mental results.

5.6 Towards the LHCb Upgrade and Belle II Era

High Precision Measurements of ¢,

The penguin parameters @’ and 6’, affecting the determination of ¢; from the
mixing-induced CP asymmetry in B® — J/ K, can be controlled using multiple
SU(3)r symmetry based strategies:

1. Via a x? fit to all CP and branching ratio information of the B — J/ip (1/K)
decays, as illustrated in Section [5.3.2]

2. Via the SU(3)p symmetry relation with B® — J/ip 70, explored in Ref. [39].
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3. Via the U-spin symmetry relation with B — Jip K2, as illustrated in Section
5.4

The first two strategies can already be executed with the currently available data,
although the obtained results still have large uncertainties, whereas the third op-
tion relies on input from future LHCb upgrade [34] data. As reconstructing the
J/b° final state is more challenging at hadron colliders than at e*e™ colliders, the
Belle II experiment [35] will play the most important role in improving the preci-
sion that can be obtained with the second strategy. In addition, it is an important
task for Belle II to resolve the current discrepancy between the BaBar and Belle
measurements of the mixing-induced CP asymmetry in B — J/ip c°.

Although the first strategy might lead to the smallest statistical uncertainties
on a4’ and 0’ towards the end of the LHCb upgrade and Belle II programmes, it is
limited by theoretical uncertainties that are challenging to quantify and control at
the level that is required to match the foreseen precision on (pgﬁ from B® — Jap K2.
These theoretical uncertainties originate from possible factorisable and non-facto-
risable SU(3)-breaking effects between the different B — J/i) (1t/K) modes and from
neglecting the exchange, annihilation and penguin-annihilation topologies. These
limitations also apply to the SU(3) relation between B® — JAap K and B® — Jap°,
although the impact is smaller than for the global x? fit. The U-spin relation with
BY — Jip KO is therefore the preferred strategy for the LHCb upgrade and Belle 11
era. The BY — J/ipK? penguin parameters a and 6 can be determined in a theoret-
ically clean way, only requiring external input on the B-B? mixing phase ¢, and
the relation with 4’ and 6’ can be quantified through Eq. (5.26). It therefore has

the smallest associated theoretical uncertainty, which will ultimately lead to the

. JpKg
smallest overall uncertainty on A, .

Following either of the above three strategies, the B’-B? mixing phase ¢, can
be determined from the effective mixing phase (i)gff and compared to the Standard
Model value 28, obtained from global fits of the Unitarity Triangle [25,26]). For this
Standard Model prediction, driven by the relation , the measurements of the
UT angle y and the UT side R;, play a crucial role. As illustrated by Fig.[5.24|below,
especially the knowledge on R;, limits the precision that can be achieved on (ng =
2B. In the LHCb upgrade and Belle II era, the angle y can be determined with high
precision from B — DK™ decays, as given in Eq. (5.76). Future data collected at
Belle Il and theoretical progress will hopefully resolve the discrepancy between the
determination of R, from inclusive and exclusive semileptonic B decays. Together,
these improvements will lead to a high-precision reference for the Standard Model
value of ¢;. A possible discrepancy with the experimental measurement of ¢,
would then reveal the presence of a CP-violating NP phase (l)I{;IP in B’-B° mixing.
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High Precision Measurements of ¢,

Performing high-precision and polarisation-dependent CP violation measurements
in BY — J/ib ¢ will be crucial to find or limit possible NP contributions to the BY-B?

mixing phase ¢. This requires an equally precise, polarisation-dependent deter-

mination of the penguin shifts Aqﬁiwqb)f affecting qbgf]f They can be controlled

using multiple SU(3)g symmetry based strategies:

1. Via the SU(3)p symmetry relation with B® — Jaibp?, as illustrated in Section
553

2. Via the SU(3)p symmetry relation with B — Ji K*?, as illustrated in Section

G.5.4
3. Via a combined fit to B’ — Ja p® and B — Jip K*°.

In the first strategy, polarisation-dependent measurements of the direct and
mixing-induced CP violation observables of the B — J/ip p° channel provide a the-
oretically clean way to determine the penguin parameters ay and 0y, only requir-
ing external input on the B°-B’ mixing phase ¢;. The relation with the pen-
guin parameters a} and 6} of the B — J/i) ¢ system can be quantified through
Eq. (5.26). This strategy will therefore have the smallest associated theoretical
uncertainty.

Alternatively, the penguin effects can also be probed with the B — J/i K** de-
cay. However, this decay mode does not exhibit mixing-induced CP violation, as
the J/ib (— u*p™)K*%(— K~7*) final state is flavour specific. Instead the direct CP
violation observables are complemented with decay rate information. This strategy
therefore requires external input on the amplitude ratios IA}/A 1, and thus intro-
duces additional theoretical uncertainties. These uncertainties are associated with
the calculation of the hadronic form factors, and with possible factorisable and
non-factorisable effects, and ultimately limit the precision that can be achieved on
af and éf, especially in comparison to a; and 6. Given the large theoretical un-
certainties on the form factors, and the remarkable precision that can already be
achieved with the B® — J/ip p° mode, an independent determination of the penguin
effects in BY — J/i ¢ from B? — J/ip K*¥ is certainly interesting, but not competitive.

In this respect, the third strategy provides a more optimal way to use the infor-
mation from the B? — J/ip K** decay. This combined analysis extends the relations
between the penguin parameters of the B — Jpp°, B? — JapK*? and BY — Jip ¢
modes in Egs. (5.139) and (5.158) to

ape®r = apel% = aer, (5.159)
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Figure 5.22: Flow chart of the combined analysis of the B® — J/ p°, B — Jap K*°
and B? — J/ip ¢ modes. This analysis would provide a simultaneous determination
of the penguin parameters, the ratio of SU(3)-breaking strong amplitudes, and the
CP-violating BY-B? mixing phase ¢;.

and identifies the ratios of hadronic amplitudes

Ay
Ay

A
Ag

, (5.160)

By combining the CP asymmetry and decay rate information of the B — J/ip°,
B? — JApK** and BY — J/ib ¢ modes, these hadronic ratios can then be determined
directly from the experimental data in a global x? fit, as illustrated by the flow
chart in Fig. The underlying mechanism governing this fit would be anal-
ogous to the discussion preceding Egs. and (5.148): the CP asymmetries
determine the penguin parameters ay and 0, which in turn predict a value for the
Hy observables. This prediction can be compared to the decay rate information,
thereby providing an experimental determination of the amplitudes IA}/AfI. By
comparing the results on I.A}/Afl with the predictions from factorisation, such an
analysis would offer valuable insights into strong interactions as a by-product.

Even though the direct CP asymmetry measurements in the BY — J/i K** decay
are not yet available, the above strategy can already be implemented by extend-
ing the fits in Eqgs. (5.136)—(5.138) to include branching ratio information from
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Aqﬁd/’ By — J/YKg \@d

BY — J/vKY By — J/vp°

Figure 5.23: Interplay between the decays used to measure the Bg—g(q) mixing
phases and the channels needed to control the penguin contributions in the for-
mer measurements.

BY - i, B — Jip pO and B? — J/p K*0. The results of this extended analysis are

'A(’) 0.089 0.14 118\°

=009, a=005gh 6= ~(9118)°, (5161

Al o

f:: =1.116+0208 ay = 0.067011, o) =—-(84182)",  (5.162)

|, a, =0.04+%12, 0,= (297383) . (5.163)
1

With the current experimental precision, the additional branching ratio informa-
tion does not have any impact on the determination of ay and 6y with respect
to the fits to the B — J/ipp° system only. The information is fully used to con-
strain the amplitude ratios |A}/.A¢|, which were previously not included in the fit.
From a mathematical point of view, the combined experimental precision on the
H observables needs to be improved by at least an order of magnitude in order to
observe any impact on ay and 6y. Numerical differences in IA}/.AfI compared to
Egs. (5.146) and (5.148) arise due to the added information originating from the
B? — J/ip K*0 system. This extended fit may be further refined by adding informa-
tion from BY — J/i p° to probe exchange and penguin annihilation topologies.

Interplay between ¢; and ¢,

Although the analyses of the J/i) —pseudo-scalar and J/ip —vector final states have so
far been discussed separately, there is actually a powerful interplay between the
high-precision determinations of ¢, and ¢;.

First of all, the external input introduces a crucial subtlety in the analyses of
the above road map scenarios, and in particular the theoretically clean strategies
relying on BY — Jip K and B® — Jibp®. As illustrated in Fig. the value of
¢4 is needed as an input for the analysis of B’ — J/ipp°, whereas ¢, is required
for the analysis of B® — Jib K. As such, the determinations of ¢, and ¢, and
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their associated penguin shifts, are related to each other. Consequently, it may be
advantageous to perform a simultaneous analysis of the B® — JipK?, BY — Jip K9,
BY — Jab ¢, B — Jabp°® and BY — J/p K*© systems.

Secondly, we have reached a situation where ¢, and ¢, play equally significant
roles in constraining beyond the Standard Model physics, and part of the sensi-
tivity to new physics contributions now originates from the (cor)relation between
both mixing phases, as illustrated in Fig. It is therefore important to deter-
mine both ¢, and ¢ with the highest possible precision.

One illustration of this feature is provided by extensions of the Standard Model
that go beyond minimal flavour violation (MFV@ Let us specifically consider a
model characterised by flavour-universal CP-violating NP phases [170}[171]), i.e.

dpF = YT = o' (5.164)
In this specific class of new physics, referred to as non-MFV models, the relation

bs = pa + (M- p3M) (5.165)

is obtained. Fig. illustrates this relation for the current situation, as well as for
the expected situation after the LHCb upgrade and Belle II programmes. As stated
previously, the uncertainty on (j)ZM = 2P is fully governed by R;. This also affects
the band representing the relation in Eq. (5.165). It will be interesting to confront
these considerations with experimental data in the next decade.

An overview is given in Ref. [169]
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Figure 5.24: Illustration of the correlation between ¢4 and ¢, for non-MFV models
with flavour-universal CP-violating NP phases characterised by Eq. (5.165). De-
picted are the current experimental situation [Top] and an extrapolation to the
LHCb upgrade and Belle II era [Bottom].
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The LHCb Experiment

The BY — J/ipKQ decay plays an important role in the SU(3)p symmetry based
strategies to control the contributions from doubly Cabibbo-suppressed penguin
topologies affecting the determination of the B°~B® mixing phase ¢, from the
mixing-induced CP asymmetry in B® — J/i) K0. Compared to the other decay modes
that can be used for this task, experimental input on the B — J/i K0 decay is, how-
ever, still limited. Besides the phenomenological analysis presented in Chapter
the author’s research therefore also focused on the experimental study of the
B? — J/ip K mode, culminating in a first measurement of its CP asymmetries. This
study was performed on behalf of the LHCb collaboration using proton—proton
(pp) collision data collected by its detector between 2010 and 2012. Details on the
analysis itself are discussed in Chapter |7} but the general requirements for per-
forming CP violation measurement of B meson decays and their consequences
for the detector design are presented here. They specifically focus on the Large
Hadron Collider (LHC) and the LHCD detector.

6.1 Analysis Requirements

The precision that can be achieved on CP asymmetry measurements in B meson
decays predominantly depends on the performance of both the accelerator creating
the collision events and the detector used to measure them. It is therefore worth-
while to have a closer look at the design specifications that ultimately made the
analysis of the BY — J/ip K¢ mode possible.

Regarding the accelerator performance, the most important quantity is the num-
ber of produced B? mesons. This is determined by two factors: the production
cross-section and the integrated luminosity. The production cross-section depends,
among others, on the type of particle being accelerated, i.e. electrons or protons,
and grows with the centre-of-mass energy v/s. As b quarks are produced in quark—
antiquark pairs, /s should at least exceed 2mpo =10 733.5MeV/c? for the colli-
sion to be sufficiently energetic to produce a B meson. This requirement on the
centre-of-mass energy has important consequences for the accelerator design at
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the B-factories, which operate just above the BO9BO threshold, but no longer influ-
ences the design of TeV accelerators such as the Tevatron and the LHC. Beyond the
Vs = 2mpo threshold, the B? mesons are no longer created at rest (in the centre-of-
mass frame). The momentum they gain, either from excess energy in the collision
or from boosting the centre-of-mass frame, increases the distance they travel be-
fore decaying, which improves the ability to distinguish the primary production
vertex (PV) from the secondary decay vertex; a crucial aspect for time-dependent
measurements. For this reason, the B-factories used e*e™ accelerators with asym-
metric beam energies in order to create a large enough boost for the produced B
mesons to reach the inner tracking detectot@ In general, centre-of-mass energies
well above the threshold are thus preferred.

The second factor contributing to the B? yield, the luminosity, is a measure
of the accelerator’s performance and depends on the characteristics of the parti-
cle beams [172]. The accelerator design aims to maximise this quantity within
the boundary conditions set by the used accelerator technology and overall project
costs. For studying B meson decays, it is, however, also important to take into ac-
count the number of interactions per beam crossing event. With more PVs in a
single event, assigning the correct PV to the B meson becomes more challenging.

Regarding the detector design, the two most important requirements are the
ability to separate the B® and BY meson signals from one another using the invari-
ant B mass, and the ability to resolve the rapid B%-B? oscillations in the B decay
time distribution. These two points are further discussed in Sectionbelow, but
in essence lead to design specifications for the tracking system, which measures
the track momenta, and the sub-detector surrounding the interaction region.

As far as the analysis of the B — J/iK? decay is concerned, additional detec-
tor components, besides the tracking system, are only required to identify the fi-
nal state particles. The BY — J/ip KQ decay is reconstructed in the J/ip — p*u~ and
KQ — m*m~ final state, so in particular, these sub-detectors need to distinguish
muons from other tracks. Due to the multitude of pions produced in the proton—
proton collisions at the LHC, the event reconstruction at LHCb by default assumes
that all tracks are good pion candidates. The muon identification on the other
hand, requires two more detector components downstream of the tracking system.
These are a heavy target to absorb all particles except the muons, and an active
detector component to trigger on charged tracks that make it through the target.

A last essential ingredient for CP asymmetry measurements is the determina-
tion of the initial flavour of the B candidate, i.e. whether it contained a b or a
b quark at production. Methods that accomplish this task are known as flavour

[a]The boost is, however, not large enough to resolve the rapid B-B? oscillations
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tagging, and discussed in Section To maximise the tagging performance, it
is desirable to add further particle identification systems to this minimal detec-
tor layout in order to also distinguish electrons and charged kaon tracks from the
pions.

The final ingredients for CP asymmetry measurements are related to the pro-
duction of the B mesons. On the one hand, it is essential to determine the initial
flavour of the B candidate, i.e. whether it contained a b or a b quark at production,
on an event-by-event basis. Methods that accomplish this task are known as flavour
tagging, and discussed in Section To maximise the tagging performance, it is
desirable to add further particle identification systems to the above described min-
imal detector layout in order to also distinguish electrons and charged kaon tracks
from the pions. On the other hand, also a good understanding of the B meson pro-
duction asymmetries, i.e. the overall difference between the number of produced
B and B mesons, is required. In proton—proton collision, such an asymmetry can
potentially arise because the excess of up and down valence quarks in the collision
remnants favour the hadronisation into B* and B® mesons over that into B~ and
B mesons. As b quarks are produced in pairs, this production asymmetry must be
compensated with an opposite effect in the hadronisation of the other b-hadrons.
The production asymmetries are in principle dependent on the conditions under
which the collisions are created. They can be determined using flavour specific
b-hadron decay modes [173].

6.2 The Large Hadron Collider

6.2.1 Accelerator Complex

The first accelerator matching the above described requirements for the time-de-
pendent study of B? meson decays was the Tevatron, located at Fermilab, near
Chicago, United States. It produced v/s = 1.96 TeV proton-antiproton collisions for
the CDF and DO experiments. As part of their B physics programme, the CDF
and D@ experiments made the first exploration of the BY meson system, leading
to the observation of B’~B? mixing by CDF in 2006 [175] and the first measure-
ments of the BY-B? mixing phase ¢, from mixing-induced CP violation in the de-
cay BY — J/ip ¢ [27,128].

At present, the task of studying the BY meson system has been taken over by the
Large Hadron Collider [176]], located near Geneva, Switzerland. It is the final part
of a complex chain of particle accelerators, illustrated in Fig. constructed by
the European Organisation for Nuclear Research (CERN) to study the properties of
atoms and elementary particles. This chain is capable of accelerating protons (and
ions) to multi- TeV energies. But before reaching these energies in the 26.7 km long
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Figure 6.1: Schematic overview of the CERN accelerator complex [174]. Protons
are pre-accelerated by the LINAC2, Booster, PS and SPS before being injected into

the LHC.

LHC, protons go through an injection sequence involving several pre-accelerator
stages.

Low energy protons are obtained by subjecting hydrogen gas to a strong elec-
tric field to strip away the electrons. The protons then enter the linear accelera-
tor (LINAC2) where they are grouped together in bunches, to ensure optimal ac-
celeration throughout the subsequent stages, and their energy is ramped up to
50MeV. The bunches continue towards the 157 metre long (Proton Synchrotron)
Booster, which accelerates them to 1.4GeV before transferring them to the 628 me-
tre long Proton Synchrotron (PS). At an energy of 25GeV the proton bunches leave
the PS for the 6.9 km long Super Proton Synchrotron (SPS), in which they reach
the 450GeV injection energy for the LHC. The complete injection sequence is exe-
cuted twice to end up with two beams circulating the LHC in opposite directions.
The two beams are then accelerated simultaneously to the desired energy. In 2010
and 2011 the beams had a maximum energy of 3.5TeV each, which was further
increased to 4TeV in 2012. Throughout this first run period, the bunches were
spaced 50 ns apart. Now that the first long shutdown is completed successfully, the
LHC is scheduled to ramp up the beam energies to 6.5TeV in 2015 and reduce the
bunch spacing to 25 ns.

The two proton beams intersect each other at four interaction points around the
ring, where the major LHC detectors ATLAS, ALICE, CMS and LHCb are located.
The purpose of these four experiments is diverse and complementary to one an-
other. ATLAS [177] and CMS [178] are two general purpose detectors. Their main
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Figure 6.2: Schematic overview of the LHCb detector [181].

objectives are the now successfully completed search for a Higgs boson [11}[12] and
the subsequent study of its properties, and the search for new particles associated
with beyond the Standard Model physics. The ALICE experiment [179] focuses on
measuring the properties of heavy ion collisions and the Quark Gluon Plasma. The
LHCD experiment [180] is dedicated to the study of b and c-hadron decays with a
focus on finding indirect signs of beyond the Standard Model physics through high
precision measurements of rare decays and CP violating processes.

6.2.2 The LHCDb Detector
Detector Components

Contrary to the other three main LHC experiments, the LHCb detector is designed
as a single-arm spectrometer, and the interaction point is located at the edge of the
underground cavern housing the detector. This setup is motivated by the feature
that at the LHC b-hadrons are predominantly produced at large absolute pseudo-
rapidity |7], where 11 = —log(tan(6/2)) is defined in terms of the angle 0 between
the particle track and the beam axis. Exploiting this effect, the LHCb detector
therefore only covers the pseudo-rapidity range 2 <# < ﬂ Said differently, it has
an angular coverage from approximately 15 mrad to 300 (250) mrad in the bend-
ing (non-bending) plane. The detector reuses the cavern originally excavated for
the Delphi experiment at the Large Electron—Positron Collider (LEP). This limits

[b]Disregarding financial constraints, the LHCb detector would ideally also have a second arm cov-
ering the pseudo-rapidity range -5 <7 < -2
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the space available for the different sub-detectors, and in particular influences the
design of the dipole magnet, as further discussed below.

The detector, whose layout is presented in Fig. contains a high precision
tracking system and various components for particle identification. The tracking
system serves to reconstruct the trajectories of all charged particles, and determine
the momenta from these tracks. It consists of a silicon-strip vertex detector sur-
rounding the collision point (VELO), an all-silicon tracking station (TT) upstream
of a dipole magnet, three further tracking stations (T1, T2, T3) downstream of the
magnet, and five muon stations (M1, ..., M5) located at the far end of the cavern.
The inner parts of the downstream tracking stations, which have to deal with a
significantly higher occupancy than the outer regions, consist of silicon detectors
(IT), whereas for the outer region straw tube detectors (OT) are employed. Charged
particles require a minimum momentum of 1.5GeV/c to traverse all four tracking
stations [182]. The sub-detectors dedicated to particle identification are: two ring-
imaging Cherenkov detectors (RICH), located respectively up- and downstream
of the magnet, an electromagnetic (ECAL) and a hadronic (HCAL) calorimeter,
and the muon stations of the tracking system. The RICH detectors mainly aim to
distinguish kaons from pions by measuring the Cherenkov radiation left by the
particles when travelling through these sub-detectors. The upstream RICH detec-
tor covers the low momentum range 2 < p < 60GeV/c, whereas the downstream
RICH detector covers the high momentum range 15 < p < 100GeV/c. Finally, in be-
tween RICH2 and the ECAL an additional scintillating pad detector (SPD) and pre-
shower (PS) detector are installed, which improve the performance of the ECAL
and in particular the separation power between electrons and photons.

Trigger

In 2011 and 2012, the frequency for inelastic pp collisions at the LHCb interaction
point was about 11 MHz [183 The bandwidth and data storage allocated to
LHCb, however, limits the output of the detector to 3 kHz. Consequently, real-
time data selection is needed to identify the b and c-hadron decays of interest and
discard the less interesting “known physics” background.

The trigger responsible for this challenging task consists of a hardware level
(LO) and a two-stage software level (HLT). The main purpose of the L0 trigger is
to reduced the output rate to 1.1 MHz, in order to give the HLT stages sufficient
processing time to perform a (partial) event reconstruction. Because of the heavy
mass of the b and c-hadrons, the momentum (energy) of their decay products tends
to have a large component pt (Er) transverse to the proton beams. The LO trig-
ger therefore searches for muons with high pr, or hadrons, electrons and photons

[cINot all possible bunch slots of the LHC are filled with protons, and with an average event multi-
plicity of 1.4 at the LHCb interaction point, not all bunch crossings result in an actual collision.
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with high Ep. These selection criteria are implemented directly on the read-out
boards of the muon stations and calorimeters. The HLT trigger, on the other hand,
is more flexible and can easily be adjusted based on the conditions provided by
the LHC and the analysis demands of the collaboration. Among other things, it
performs (partial) track and vertex reconstruction to identify displaced tracks as-
sociated with the decay of the b and c-hadrons.

6.3 Simplified Detector Design

6.3.1 Mass Separation

The B® and B? meson resonances are separated by a mass difference Mgy — Mipo =
87.35 + 0.23MeV/c? [64]. To clearly distinguish the two mass peaks in the data
and thus limit their overlap, which is especially important for an accurate deter-
mination of the BY — J/ibK? event yield in the presence of the more prominent
BY — J/p K component, the mass resolution should be significantly smaller than
this difference. In order to translate this statement into a design specification for
the LHCb detector, let us assume that sufficient separation is achieved when the
resolution is six times smaller than the mass difference, i.e. o, = 15MeV/c?.

As is derived below, the two-particle invariant mass is determined by the mo-
menta of the two daughter particles and the opening angle between their tracks.
The requirement on the mass resolution can thus be translated into a design spec-
ification for the momentum resolution of charged tracks. In turn, the momentum
resolution is determined by the strength of the magnetic field and spatial resolu-
tion of the tracking system.

Momentum Resolution

Without loss of generality, the coordinate system for the calculation of the two-
particle invariant mass can be chosen such that the momentum vector of the first
daughter particle defines the positive x-axis and together with the momentum vec-
tor of the second daughter particle it spans the x—z plane. The invariant mass m
of the two-particle system is then obtained by imposing energy and momentum
conservation, and thus solving the syste

2 2 2 2 2 2
\/px+pz+m2 pa +mg \/pb"'mb

Px - Pa +| Ppcos® | (6.1)
0 0 0
2 0 ppsin®

[d1These equations adopt natural units, in which c=1.
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where 6 is the opening angle between the two tracks. This leads to the familiar
expression

m:\/m£+m£—2paphc056+2\/m§+p£\/m§+p§. (6.2)

Starting from the p*p~ ¥ 7~ final state, Egs. and can be used to calculate
the momenta and opening angles of the complete B — JipK? decay chain. Let
us illustrate this for a scenario in which the momenta of the final state particles
are given by p,+ = 25GeV/c, p,- = 15GeV/c, p+ = 13GeV/c and p,- = 7GeV/c,
which are representative values encountered in the B — Jip K decay. This leads
to opening angles 0+ ,- = 9.15° between the two muons, 0+~ = 2.42° between the
two pions, and QI/IPKS = 7.51° between the reconstructed J/ip and K intermediate

states. The reconstructed J/ip, KO and B momenta are Py = 39.881GeV/c, Pko =
19.996 GeV/c and ppo = 59.762GeV/c, respectively.

Eq. shows that the mass resolution o, depends on the momentum res-
olution and on the precision with which the opening angle 6 can be measured.
Assuming for simplicity that o, /p, = 0,,/py = 0,/p, the expression for o, leads to
a relative momentum uncertainty

o 2 _ B
(_P)z G (2"989’”) -, (6.3)
p (paapam) +(pb9pbm)
where
2, .2
1 1 Nt Ph
89m:apapbsin9, —ppcosO |, (6.4)

d, m=—|pg——=—
Pa m a
\Jma +pa

As a final input for the design specification on 0,,/p, an estimate of oy is needed.

and similar for Qpbm.

For the majority of charged track the opening angle is determined with the track
segments reconstructed inside the vertex detector. The VELO is designed to re-
solve the rapid BY-B? oscillations, as discussed below, and achieves a hit resolution
of about 20pum [182], much better than what is actually needed here. Given the
one metre length of the VELO, this leads to a relative uncertainty on the opening
angle of 2 x 107°. The impact of the opening angle on the mass resolution, and by
extension the momentum resolution, is thus negligible.

For the example BY — J/ipK? decay given above, the relation translates
the desired mass resolution o,, = 15MeV/c? into a specification for the relative
uncertainty on the momentum of the muon tracks of o,/p = 0.7%, with similar

lelaAn exception are, for example, the pions originating from Ké) mesons decaying outside the vertex
detector.
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Figure 6.3: Relative momentum resolution o,/p for charged tracks as a function
of the total momentum p, obtained from J/ip — y*p~ decays. Figure taken from
Ref. [182].

results for the pion momenta. In comparison, the measured momentum resolution
for 20GeV/c tracks at LHCb is 0.5% [182]], which rises to 0.8% for 100 GeV/c tracks.
At high momenta, the resolution is an approximately linear function of p, where
the measured dependence is shown in Fig. The resolution at low momenta is
dominated by effects due to multiple scattering in the detector material.

Magnetic Field

Charged particles are deflected from their original trajectory when traversing the
magnetic field generated by the dipole magnet. The overall change in direction,
which is inversely proportional to the momentum of the track, is related to the
bending power of the magnet as

AP = |q|de>< B, (6.5)

where g is the charge of the particle. Because the LHCb magnet generates a highly
non-uniform magnetic field along the particle’s trajectory, as illustrated in the left
panel of Fig. it is convenient to approximate this change in direction with a
single momentum kick, as illustrated in the right panel of Fig. The quantity
AP can then be related to the difference Att = tr, =t between the slopes of the
track segments reconstructed up- and downstream of the magnet, that is

AP =pAtr. (6.6)

Here t1 = I1/l,, with It the displacement perpendicular to the magnetic field be-
tween the hits in first and last measurement plane of the tracking detectors, which
are separated by a longitudinal distance [,, as illustrated in the right panel of
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Momentum Kick _-<-

True Trajectory

6 - ‘260’ ‘ ‘4601‘ (c£?0 ‘ ‘8(;0‘ ‘ 1‘000 \/ELO TT Tl T2 T3

Figure 6.4: Left: Field strength of the LHCb magnet along the beam direction.
Figure taken from Ref. [I80]. Right: Illustration of the momentum kick method.

Fig. For the majority of tracksl®], the slope tr, is determined from the orienta-
tion of the VELO track segment. The impact of its uncertainty on the momentum
determination is therefore negligible. The additional information provided by the
TT station helps to reduce the effects due to multiple scattering, which is only
important for low momentum tracks. The TT station is, of course, indispensable
for the reconstruction and momentum determination of charged tracks originat-
ing from unstable particles decaying outside the vertex detector, like long-lived or
high momentum K mesons.

The three tracking stations downstream of the magnet provide sufficient infor-
mation to construct a track segment, and thus to obtain an estimate of its slope
tr,. By matching this segment to one of the trajectories extrapolated from the
VELO track segments, spurious hits and ghost tracks in the tracking stations can
be greatly reduced, thus improving the overall tracking performance. The slope of
the track segment is calculated by dividing the measured transverse displacement
It between the hits in the first and third station by the longitudinal separation
I, = 2m of the two hit planes, which, for the purpose here, can be assumed to be
exactly known.

Summarising the above information, the relative momentum uncertainty can
thus be related to the spatial resolution of the tracking stations as

%P = I ~ O'tl = i (6.7)
p Atp ot Ip '
To obtain a relative momentum uncertainty o,/p, a minimal transverse displace-
ment
O'ZT

”:%m (6.8)

is thus required, which in turn specifies the needed momentum kick pAft and thus
also the bending power of the magnet.
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The outer tracker achieves a hit resolution of 205um [182]. To reach the 0.7%
relative momentum uncertainty on the 25GeV/c muon track of our example
BY — Jip K decay, a displacement It = 29.8 mm, corresponding to a momentum
kick of 372MeV/c, would be required. The total bending power of the magnet then
needs to be at least fdfx B=1.24Tm. If, on the other hand, we want to reach a
0.8% relative momentum uncertainty on a 100GeV/c track, i.e. the current LHCb
performance, a displacement It = 25.6 mm, corresponding to a momentum kick of
1.28 GeV/c, would be required. The total bending power of the magnet then needs
to be at least Idfx B =4.27 Tm. In comparison, the total bending power of the
LHCb dipole magnet is about 4 T m for tracks of 10 metre in length.

The design of the magnet has to accommodate contrasting needs. The field
strength inside the VELO and RICH detectors needs to be as low as possible to
avoid deteriorating their performance, while it needs to be as high as possible in
between the tracking stations to achieve the required momentum resolution. In
addition, the magnet needs to fit inside the Delphi cavern, while still being outside
the angular acceptance of the downstream detector components. This explains
the saddle shape of the magnet coils and the resulting non-uniform magnetic field
along the particle’s trajectory, shown in Fig.

6.3.2 Decay Time Oscillations
Flight Distance

The decay time 7 of a long-lived particle is related to the flight distance A between
its production and decay vertex as

cr="A. (6.9)
p

The uncertainty on the flight distance is determined by the spatial resolution, and
in particular its longitudinal component, with which both vertices can be recon-
structed by the vertex detector. As illustrated in Fig. this in turn depends on
the number of tracks making up the vertex. It implies that for B meson decays o
is dominated by the resolution on the decay vertex, which, contrary to the PV, is
made from only a handful of tracks.

To resolve the rapid B)-B? oscillations, parametrised by the mass difference
Amg=17.757 +0.021 ps~! [121]] between the two B? eigenstates, a decay time reso-
lution of about o, ~ 1/Am; = 56 fs is needed. Based on Eq. (6.9), this requirement
leads to a design specification for the decay vertex resolution o, which therefore

must be smaller than
2 2
Ao
- o) _(Z5r
GA_p\/( m ) ( p? ) ' (6.10)
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Figure 6.5: Left: The transverse PV resolutions as a function of track multiplicity,
for events containing only one reconstructed primary vertex. Right: The impact
parameter resolution in the x direction as a function of 1/pr. Figures taken from
Ref. [180].

Again taking the above introduced example B — J/ KO decay as a guideline, and
using the specifications for the momentum resolution o, from Section this
formula leads to a required decay vertex resolution of 184 ym.

A direct comparison with the actual performance of the VELO is difficult, as
no measurements of the decay vertex resolution are available. Our estimate can,
however, be put in perspective using the PV resolutions as a guideline for the de-
cay vertex resolution. The VELO has a PV resolution of 13 ym in the transverse
direction, and 71 pym in the longitudinal direction, for PVs containing 25 tracks
[180]. This rises to 35 ym in the transverse direction for PVs containing only 5
tracks, with a similar behaviour expected for the longitudinal component. The
dependence on the track multiplicity is shown in Fig.

As an alternative point of comparison between the simplified derivation given
above and the actual LHCb performance, also the effective decay time resolutions
can be used. The time-dependent analyses of BY — Jip KK~ [184] and
BY — Jp wt 1~ [29] achieve an effective decay time resolution of 45 fs and 40.3 fs,
respectively, thus outperforming the above set target of 56 fs.

Impact Parameter

A final observable that forms an important measure of the performance of the ver-
tex detector is the impact parameter (IP). The IP of a track is defined as the smallest
distance between the track and the PV. Decay products of long-lived particles tend
to have larger IP than those of particles produced in the primary interaction. The
IP and its x? therefore form important selection variables to reduce contamination
from prompt background in the data. Consequently, the IP resolution is a crucial
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variable for the optimisation of the detector design. The vertex detector achieves
an IP resolution of (15+29/pt) pm, also illustrated in Fig. where pr is the com-
ponent of the particle’s momentum (in GeV/c) transverse to the proton beams. The
linear dependence on 1/pr is a consequence of multiple scattering and the VELO’s
geometry.

6.3.3 Conclusion

For the momentum, mass and decay time resolution, which are crucial ingredients
for the analysis of the B — J/i K decay, the LHCb detector exceeds the above de-
rived requirements. The reason for this is twofold. First of all, the LHCb physics
programme also targets decay modes not in the B — J/ip X family. The analysis re-
quirements for these modes put different or additional constraints on the detector
design. Secondly, during the initial designing stage of the detector the value of the
BY-BY oscillation frequency Am; was still unknown. As time-dependent analyses
of BY meson decays form a main objective of the LHCb experiment, the detector
needed to be able to resolve the oscillations for a large range of possible Am; val-
ues, and thus needed a decay time resolution better than the 56 fs specified above.

The B — J/i X analyses exploit the excellent performance of the LHCb detector,
resulting from going beyond the minimal design specifications, to improve the
event selection and increase the signal purity of their analysed data samples. As
a result, LHCb can match the sensitivity of the B-factories in decay modes with
charged final states like B® — J/ipK? [74], and outperforms all other detectors at
hadron colliders in the study of high profile B meson decays [121]].
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Experimental Analysis of B} — J/i K?

This Chapter summarises the experimental study of the B — JapK? decay, per-
formed by the author on behalf of the LHCb collaboration, and using the data col-
lected by its detector during the first physics run of the LHC. It specifically focuses
on the last of three analysis steps, which was done in close collaboration with the
LHCDb group at the TU Dortmund, and culminated in a first measurement of the
CP asymmetry parameters. As part of the validation of the likelihood fit used to
measure the CP observables, two independent implementations of the likelihood
were made: one by the author, and one by the group at the TU Dortmund. Dur-
ing the internal review of the analysis by the LHCb collaboration one of the two
fitters was chosen to provide the official LHCb results published in Ref. [46]]. This
happens to be the fitter made by the group at the TU Dortmund. This Chapter,
however, presents the likelihood implementation made by the author, which is re-
ferred to as Method I. Only for the discussion of the final results in Section do
we jump to the official LHCDb results, referred to as Method II.

7.1 Analysis Overview

Step-by-Step Approach

This study of the B — Jip KO decay at the LHCb experiment closely follows the
outline sketched in Section it consists of three consecutive steps, performed
on increasingly larger data samples, each adding a new layer of complexity to the
analysis. As such, these three analyses share a common framework, with each new
step superseding the previous. Therefore, only the final step is presented in detail
below, while the other two are briefly summarised here.

Comparing the decay amplitudes for the B® — J/ip KQ and BY — J/ip K channels
in Egs. and (5.24), respectively, shows that their ratio of branching fractions
is proportional to the factor € = 0.0536 defined in Eq. (5.22). In turn, the ratio R of
event yields is related to the ratio of time-integrated branching fractions as

B(Bs — J/pK?)

B(Bs = I Ks) _ fa
BBy kD) 70

7
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where f,e corrects for differences in selection efficiency between the B® — J/i K
and B? — J/ip K2 modes, and f,/f; = 0.259 + 0.015 [159, [160] is the ratio of the B?
to B meson production fractions, which depends on the centre-of-mass energy
at which the events are produced, and the type of particle being collided. Tak-
ing fse] = 1 and using the above estimate for the ratio of branching fractions then
leads to an estimate for the ratio of event yields of about 0.014. Thus in view of
the expected low yields on the B — J/ip K signal, the main challenge in the initial
experimental study of the BY — J/ip KO decay is the event selection. The first stage
is therefore a time-integrated analysis, and only models the J/ip K invariant mass
spectrum in order to identify the individual contributions from the combinatoric
background, and the B® — Jip K and B? — J/p K signal components. The prin-
cipal objective in this first stage is a measurement of the time-integrated ratio of
branching fractions.

Following this strategy, the BY — J/iy KO decay was first observed by the CDF
collaboration [43]] in early 2011. Based on an event yield of 64 + 14 BY — Jip K2
decays they found

B(Bs — I KY)

————= =0.041 0. .)+0.004 ) +0. , 2
B(Bd—>]/lPK50) 0.041 +0.007 (stat.) + 0.004 (syst.) + 0.005 (fs/fz) (7.2)

where the first uncertainty is statistical, the second due to systematic effects, and
the last due to the uncertainty on the ratio f;/f; in proton-antiproton collisions at
V5 =1.96 TeV.

At LHCDb, the analysis was performed on a data sample corresponding to an
integrated luminosity of 0.41fb™! of proton—proton (pp) collisions, recorded at a
centre-of-mass energy of v/s =7 TeV in 2010 and the first half of 2011. The result,
based on an event yield of 116+ 14 BY — Jip K? decays, is [44]

B(B; — JWKS) _ 0.0420 + 0.0049 (stat.) + 0.0023 (syst.) £ 0.0033 (£./fy).  (7.3)
B(By — JAPKS)
In the second step, a time-dependent analysis is performed on a data sample
corresponding to an integrated luminosity of 1.0 fb™!, recorded at a centre-of-mass
energy of 7 TeV in 2011. In addition to the J/p K invariant mass spectrum, also the
B decay time distribution of the selected candidates is studied. A full description
of the signal and background decay time distributions also requires a parametri-
sation for the decay time resolution and acceptance effects, caused by the event
reconstruction and selection. The principal objective in this second stage is a de-
termination of the BY — J/ip K? effective lifetime, defined in Eq. (£.72). As discussed
in Section it is obtained by fitting a single exponential function to the decay
time distribution of the B — J/ip K0 candidates. The result, based on an event yield

128



7.1. Analysis Overview

of 273 +19 B? — J/ip K decays, is [45]

eff _
T]/ADKS =1.75+0.12 (stat.) + 0.07 (syst.) ps. (7.4)

Given the values for I and AT} in Table this corresponds to a value
Aar(B? = Ky =2.1+1.6 (7.5)

for the mass eigenstate rate asymmetry in BY — J/ipK?. Simultaneously, the mea-
surement of the ratio of branching fractions is updated to

B(Bs — JpKS)

=0.0439 +0.0032 (stat.) £ 0.0015 )+0.0034(£/f;). (7.6
B(By — JWWKD) * (stat.) £ (syst.)+ (£/fa).  (7.6)

In the final stage, a tagged, time-dependent analysis is performed on a data
sample corresponding to an integrated luminosity of 3.0fb™!, recorded at centre-
of-mass energies of 7 and 8 TeV in 2011 and 2012, respectively. The principal
objective at this stage is the first determination of the B — Jip K) CP asymmetry
parameters [46]. For such a measurement it is essential to determine the initial
flavour of the B candidate, i.e. whether it contained a b or a b quark at production.
Compared to the previous stage, the event selection is further refined and the anal-
ysis is extended with information from various tagging algorithms. As a byproduct
of the likelihood fit for the CP asymmetry parameters, also the BY — Jip K2 and
B? — Jip K event yields are determined, which thus allows us to again measure
the ratio of branching fractions. The evolution of the ratio of branching fraction
measurements is illustrated in Fig.

The Analysis in a Nutshell

The analysis presented in this chapter closely follows Ref. [46]. It consists of two
parts. The first part involves the selection of B — Ji K? candidates, where B stands
for both the B® and BY mesons, and charge conjugation of the decay descriptor is
implied. It is described in Section[7.2]and consists of three steps: the event recon-
struction and initial selection, and a two-stage multivariate selection consisting of
artificial neural network classifiers [185]].

The second part consists of a likelihood fit, performed on the data selected
in the first step. The probability density function (PDF) that is used in the con-
struction of the likelihood describes a combinatoric background component, the
B? — JApK? signal and the more prominent B® — J/ip K decay mode. The inclu-
sion of the latter component in the fit model provides experimental advantages
that can be used to improve the modelling of the B — Jiy K component in the
data. Further details on the flavour tagging and the likelihood fit are summarised
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Figure 7.1: Visual comparison between the different measurements of the ratio of
BY — JawKQ to B® — J/ip KO branching fractions. The inner uncertainty bars rep-
resent the statistical uncertainty, the middle ones the sum of the statistical and
systematic uncertainties, and the other ones the total uncertainty. The grey band
illustrates the world average of the best CDF and LHCb measurements.

in Sections|7.3|and respectively. The main parameters of interest for the like-
lihood fit are the three Bg - P KSO CP asymmetries Anr, A‘é‘lﬁ and A‘é‘li,", and the
BY — JapKQ and B? — Jap K event yields, whose ratio gives the parameter R used
in Eq. (7.1).

As a by-product of fully modelling the B® — J/i) K¢ component in the PDF, also
the direct and mixing-induced CP asymmetries of the B — J/i K0 channel are ob-
tained from the likelihood fit. The tight event selection necessary to isolate the
B? — J/p K candidates, however, limits the precision that can be achieved on these
two CP observables. Dedicated and more precise measurements of the B — J/i K2
CP observables are therefore the subject of a separate analysis [74].

7.2 Event Selection

Candidate B — J/i) K0 decays are reconstructed for the final states J/i) — p*u~ and
K - wrn. With B — pu™) = (5.961 +0.033)% [64] and B(KS — ntn) =
(69.20 = 0.05)% [64], this implies that only (4.125 + 0.023)% of the produced
B — Jip K events can potentially be selected. But compared to the other J/i» and
KQ decay modes, this specific final state has the highest reconstruction and selec-
tion efficiencies, the least amount of background, and leads to the smallest mass
and decay time resolution. As such, it is the dominant experimental probe to study
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the B — J/p K? decays.

7.2.1 Initial Selection
Trigger

The online event selection is performed by a trigger, which consists of a hardware
level, based on information from the calorimeter and muon systems, followed by
a two-stage software level, which applies a full event reconstruction. Candidate
B — J/ipKQ decays are triggered on the J/iy — u*p~ signal. For the events used
in this analysis, the hardware trigger therefore only selects 7 (8) TeV pp collisions
which have at least one muon with a transverse momentum pr > 1.48 (1.76) GeV/c
or two muons with /pr(p;)pr(p2) > 1.3 (1.6)GeV/c. In the first stage of the soft-
ware trigger, events are required to have either two oppositely charged muons
with combined mass above 2.7 GeV/c?, or at least one muon or one high-pr track
(pr > 1.8 GeV/c) with an impact parameter larger than 100 ym with respect to all
pp interaction vertices (PVs). In the second stage, the tracks of two or more of
the final-state particles are required to form a vertex that is significantly displaced
from the PVs, and only events containing J/i» — u*u~ candidates are retained.

Reconstruction

Candidate B — J/i K2 decays are obtained by testing all u*p~7* 7~ track combina-
tions in the pp collision against a set of selection criteria, which include forming
the intermediate J/ip and K states. The two muon tracks of the candidate J/ip de-
cay are required to form a good quality vertex and have an invariant mass in the
range [3030,3150] MeV/c?. This interval corresponds to about eight times the "y~
mass resolution at the /i mass and covers part of the J/i radiative tail.

Decays of KO — w7~ are reconstructed in two different categories: the first
involving K0 mesons that decay early enough for the daughter pions to be recon-
structed in the vertex detector; and the second containing K{ that decay later such
that track segments of the pions cannot be formed in the vertex detector. These
categories are referred to as long and downstream, respectively. The long category
has better mass, momentum and vertex resolution than the downstream category.
The larger flight distance of the candidates in the downstream category is mainly
caused by a longer K¢ lifetime, but can also be due to a larger momentum of the
K meson. This difference in momentum distribution with the long category will
affect the trigger response, and in combination with the above listed resolution
effects result in a different signal-to-background composition, with the long K?
being the purest of the two. The long and downstream categories are therefore
treated separately throughout the analysis.
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The two pion tracks of the long (downstream) K¢ candidates are required to
form a good quality vertex and their invariant mass must be within 35 (64) MeV/c?
of the known K? mass [[64]. To remove contamination from A — prc~ decays, the
reconstructed mass of the long (downstream) K¢ candidates under the assumption
that one of its daughter tracks is a proton instead of a pion is required to be more
than 6 (10) MeV/c? away from the known A mass [64]. Furthermore, the K0 decay
vertex is required to be located downstream of the /i) decay vertex. This removes
approximately 50% of misreconstructed B® — J/ip K*° background. The remaining
B? — J/y K* background is heavily suppressed by the first stage of the multivariate
selection described below.

Candidate B mesons are selected from combinations of J/ and K0 candidates
with mass My KO in the range [5180,5520] MeV/c? and a decay time larger than
0.2 ps. The latter selection criterion removes a large contribution of background
candidates formed from random combinations of tracks produced directly at the
PV. The reconstructed mass and decay time are obtained from a kinematic fit [186]
that constrains the masses of the "y~ and 77~ pairs to the known Jiip and K
masses [64], respectively, and constrains the B candidate to originate from the PV.
A good quality fit is required and the uncertainty on the B mass estimated by the
kinematic fit must not exceed 30 MeV/c?. In the case that the event has multi-
ple PVs, a clear separation of the J/i decay vertex from any of the other PVs in
the event is required, and all combinations of B candidates and PVs that pass the
selection are considered.

The JApKQ invariant mass distribution of the B — J/ip K candidates selected
following the above described trigger and reconstruction steps is shown as the red
data points in Fig. The B® — J/ip K signal can already be identified, but the
B? — J/p K events are still hidden by the large background contribution surviving
this initial selection. The B® — Ji K*° background can be seen as a broad shoulder
located left of the B — J/ip K signal peak. To optimise the further background
rejection, multivariate selection techniques (MVA) are used.

7.2.2 Multivariate Selection
Artificial Neutral Networks

Classification of events into signal and background categories is a complex task
that is difficult to optimise. Classically, selection criteria are applied to individual
input observables to improve the signal-to-background ratio in the data sample;
the so-called cut-based selection. But the performance of this method is limited
when the main difference between the signal and background distributions lies
in their shape and not in their range, making cuts on the individual observables
ineffective. Multivariate selection techniques aim at alleviating the limitations of

132



7.2. Event Selection

T Yt T
9 E LHCb = £ LHCb
> r Long K > r o Downstream K2
Iy E ~ 4 Init. Selection v 10* E - o
= E § MVA Stage1 = E
o [rmememeeusrest E 4 MVASage2 v [ 4 Init. Selection
ﬁ 1Q° [ TP e mmenanssnrant rug o ﬁ 10° L | WA St
£ 4 MVA Stage2
5 3
-_g 10?7 _g 102 z
O 10 © 1
HH‘"“vvu‘:".\uuHuum 1 U T
5300 5400 5450 5500 5400 5450 5500
m.. .o [MeV/c? m.. .o [MeV/c]
Jp Ke Jp Kq

Figure 7.2: Invariant J/ip K0 mass distribution at different stages of the event se-
lection for the long K [Left] and downstream K [Right] sample: after the initial
selection [Red/Dot], after the first MVA stage [Green/Square] and after the final
MVA stage [Blue/Triangle]. Overlaid are projections of the fit described in Section
Z4

these cut-based selections by exploiting the shapes of the different input distribu-
tions and the complex correlations between them.

One particular type of MVA is the artificial neural network (NN), whose design
takes inspiration from biological neural networks like the brain. In these NNs the
classification task is done collectively and in parallel by a set of individual neurons
which are linked together into complex structures. Each neuron j receives a set of
inputs x; and combines that information into a single output signal o;. The input
x; originates either from external sources, or from other neurons in the network.
Likewise, the output o; can again be used as input x; by other neurons. The pro-
cessing of the input information inside each neuron is done in two steps. First,
the individual inputs are weighted by factors w;; € R, and the sum §; =} ; w;;x; is
constructed. Next, this sum S is passed through an activation function, where the
most common choice is the symmetric sigmoid function

2

A(S) = -
(5) 1+eS

1, (7.7)

which maps the range |— oo, oo[ to the interval [-1,1]. Together with the topological
connections between the neurons, the weights w;; fully specify the configuration
of the network.

The ability of the NN to accomplishing its requested task depends strongly on
the values of the weights w;; used by the different neurons. The optimisation of
these weights, referred to as machine learning or training, therefore forms the most
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Input Hidden Output

Figure 7.3: Illustration of a feed-forward NN, as used by NeuroBaves [185]: the
network consists of an input layer, a hidden layer and an output layer.

important aspect in the setup of a NN classifier. In particle physics applications
the standard learning method is supervised training: the network is given a set of
k example pairs of the form (input observables, output category T), and must find
the set of weights that minimises the a priori specified cost function. This function
penalises the mismatch between the network response and the training data. The
cost function used for the MVA selection of the BY — J/ip K candidates is

« »” 1
Entropy” = Z Z —10g[5(1+Tjk0]~k)], (7.8)

nodes jevents k

which gives zero weight to perfectly categorised example pairs and infinite weight
to pairs for which the response is completely opposite to their target.

The most basic class of NNs is the feed-forward network, illustrated in Fig.
In this type of network configuration, the neurons are arranged into one or more
layers and information is only passed unidirectional between consecutive layers;
there are hence no cycles inside the network. In the NEuroBayes implementation
[185], the chosen MVA for the BY — J/ip K analysis, the network consists of three
layers: an input layer, a hidden layer and an output layer. The input layer has
n+1 neurons; one for each input distribution plus an additional one for a so-called
bias term that is added to improve the learning performance. The hidden layer
can take any number of neurons, but the best performance is achieved with O(n)
neurons, and the output layer has one neuron for each of the initially specified
signal categories.

The learning capabilities of a NN can be greatly influenced by the preprocessing
transformations that are performed on the input distributions prior to the min-
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imisation process. In the case of NEUROBAYEs, this consists of the following steps
[185][187]: each input distribution is split into 100 bins of equal statistics, and the
signal purity is determined for each bin. Next, the distributions are normalised,
transformed into Gaussian functions and decorrelated. Finally, the importance of
each input observable in the training of the NN, i.e. its ability to separate signal
from background, is estimated and only the most significant observables (as spec-
ified by the user) are kept.

First Stage

The first stage of the multivariate selection focuses on removing the misrecon-
structed BY — J/ip K** background that survives the requirement on the K2 flight
distance. It only affects the subsample of candidates for which the K is recon-
structed in the long category. The NN is trained using simulated B® — J/ip K (sig-
nal target) and B® — J/y K*0 (background target) data and only uses information
associated with the K candidate and its decay products. The input variables are
listed in Table and include decay time, mass, momentum, impact parameter
and particle-identification properties. Where possible, the observables are calcu-
lated by the kinematic fit [186] for each (B, PV) pair individually. These observ-
ables are labelled with [Best PV ] in Table For events in which multiple pairs
survive the initial selection, only the values provided by the fit with the smallest
x? are used in the training. For the observables associated with the pion tracks, the
information from the 7% and 7~ is combined by taking either the minimal or the
maximal value of the two.

To maximise the performance of this MVA, multiple sets of preprocessing op-
tions available within NeuroBaves [187] are tested. The NNs obtained with dif-
ferent sets of options are compared using their receiver operating characteristics
(ROC curves), i.e. the relation between signal efficiency (true positive) and the
background rejection (false positive), as illustrated in Fig. The output of the
NN with the best learning capabilities, labelled Prep. 612 in Fig. is used as a
discriminating variable in the BY — J/ip KO event selection. Its distribution is given
in Fig. and the requirement on this variable is optimised to retain 99% of the
original signal candidates in simulation. This is associated with a background re-
jection on simulated B® — J/ip K*? candidates of 99.55%, and results in an estimated
number of 18 +2 B® — J/i K** candidates in the data sample with long K candi-
dates surviving this stage of the selection. Their yield is further reduced by the
second NN classifier, and these candidates are therefore treated as combinatorial
background in the remainder of the analysis.

The J/ip K invariant mass distribution of the B — JAip K candidates surviv-
ing after the first stage of the MVA is shown as the green data points in Fig.
Through comparison with the red data points, representing the situation after the
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Figure 7.4: Receiver operating characteristics (ROC curves) of the NN configura-
tions studied for the first stage of the MVA selection. The labels ijk identifying the
different NN configurations refer to internal NEuroBayes settings for the prepro-
cessing [187]. The bands represent the statistical uncertainty associated with the
number of surviving candidates.
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Figure 7.5: Distribution of the network output variable for signal [Red] and back-
ground [Blue], with the position of the optimal cut is indicated by the vertical black
line. Situation for the optimal network tuning.
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Table 7.1: List of input variable for the first stage of the MVA selection, ordered
according to their importance in the NN as quantified by their loss of correlation
to the target and significance [[L87]. The variables below the horizontal line are not
used by the best performing NN configuration, although they are available during
the preprocessing.

‘ Rank ‘ Variable ‘ Corr. ‘ Sig. ‘

N/A Bias Node N/A N/A
1 | K Decay Time (cT) [Best PV] | 92.7% | 217.5¢

2 | ®* Maximal Kaon Probability 207% | 4850

3 | KO |Mass—497.614] [Best PV] | 10.7% | 25.1¢

4 | K Decay Time Significance [Best PV] 83% | 1940

5| KO Total Momentum [BestPV] | 51% | 11.9¢

6 | m* Minimal Total Momentum [Best PV] | 2.5% 6.00

7 | @* Minimal Transverse Momentum [Best PV] | 2.3 % 540

8 | K Minimum IP x? [Best PV] 1.1% 270

9 | K¢ Mass Error [Best PV] | 0.9% 2.20

10 | #* Minimal Minimum IP yx? [Best PV] | 0.9 % 220
11 | #* Minimal Minimum IP [Best PV] | 0.7 % 1.8¢0
12 | K Transverse Momentum [Best PV] 0.3 % 0.80
13 | m* Maximal Track xfpop 03% | 070

initial selection, the original contribution of misreconstructed B’ — J/p K*0 back-
ground is revealed as the broad shoulder below My < 5250MeV/c?. As this first
stage of the MVA only affects the long data sample, no effect is observed in the
downstream sample.

Second Stage

The second stage of the multivariate selection aims at reducing the combinatorial
background to a level that maximises the sensitivity to the small B? — Jaip K sig-
nal. Because the B® — J/p K? and B? — JAip KO modes share the same final state, and
the mass difference between the B® and BY meson is small compared to the g2 value
of the decays, both modes have similar properties as far as the event reconstruc-
tion and selection is concerned. In contrast to the first NN, this stage of the MVA
can therefore be trained entirely on data, using the B® — J/i K signal to represent
the distinguishing features of the BY — J/ipK? decay. To avoid introducing biases
during the learning phase, candidates for the training sample are only taken from
the mass ranges My k0 € [5180,5340] MeV/c? and My k0 € [5390,5520] MeV/c?,
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avoiding the intermediate B signal region. As the B — J/i K2 signal and the com-
binatoric background are not completely separated in the data, the targets for the
NN training are provided by the JWeights, determined using the ;Plot technique
[188]. These weights are obtained by performing an unbinned maximum likeli-
hood fit to the B mass distribution of the candidates meeting the selection criteria
on the first NN classifier’s output. The fitted function is defined as the sum of a B’
signal component and a combinatorial background where the parametrisation of
the individual components matches that of the likelihood method used for the full
CP analysis and is described in more detail in the Section

The NN classifier uses information on the kinematic properties, vertex and
track quality, impact parameter and particle-identification information of the can-
didate and its decay products, as well as global event properties like track and PV
multiplicities. The variables that are used in the NN, listed in Tables and
for the long and downstream K¢ sample, respectively, are chosen to avoid corre-
lations with the reconstructed B mass. This is tested explicitly on simulated data.
Due to differences in the distributions of the input variables, as well as different
signal-to-background ratios at the start of the NN training, the multivariate se-
lection is performed separately for the samples containing long and downstream
KQ candidates. The long and downstream K NN therefore also use different in-
put observables. Similar to the preprocessing in the first NN stage, the values for
the observables are obtained from the kinematic fit where possible, and only the
results from the fit with the smallest x2 are provided for the training. The informa-
tion from the observables describing the 7*(p*) and 7~ (p™) final states is combined
by taking the minimum or maximum of the two individual input values.

Similar to the strategy adopted for the first stage, multiple sets of preprocessing
options are tested in order to maximise the performance of the MVA The NNs
obtained with different sets of options are compared using their ROC curves, as
illustrated in Fig. The output of the NN with the best learning capabilities,
labelled respectively Prep. 212+boost and Prep. 612 for the long and downstream
sample in Fig. is used as the final discriminating variable in the B? — J/i K2
event selection. Their distributions are given in Fig.

Final selection requirements on the NN classifier outputs are chosen to opti-
mise the sensitivity to the BY — J/ip K0 signal using Ng/+/Ns + Np as figure of merit,
where Ng and Np are respectively the expected number of signal and background
events in a 60 MeV/c? mass range centred at the BY peak. These event yields are es-
timated by appropriately@ scaling the observed number of B® — J/i K0 and back-

[al“DIRA” represents the cosine of the angle between the B momentum vector and the vector pointing
to the B decay vertex.

[bIThe BY — Jp K? yield is multiplied by the ratio 0.0116+0.0008 [45] of BY — iKY to B — J/p K
event yields determined in the 1 fb™! analysis, while the background yield is simply corrected for the
difference in mass range.
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Table 7.2: List of input variable for the second stage of the MVA selection, ordered
according to their importance in the long K NN as quantified by their loss of cor-
relation to the target and significance [187]]. The variables below the horizontal line
are not used by the best performing NN configuration, although they are available
during the preprocessing.

‘ Rank ‘ Variable ‘ Corr. ‘ Sig. ‘
N/A Bias Node N/A N/A
1 x? of Kinematic Fit [Best PV] | 66.9% | 182.2¢
2 | K Minimum IP x? [Best PV] | 43.5% | 118.50
3| K¢ Transverse Momentum [Best PV] | 15.1% | 4l.1¢
4 | B Mass Uncertainty Estimate [Best PV] | 14.3% | 38.80
5| B® Arccos(“DIRA”)] [Best PV] | 12.3% | 33.60
6 | p* Minimal Minimum IP x? [Best PV] 7.8 % 2140
7 Number of PV Tracks [BestPV] | 7.4% | 20.30
8 | B® Decay Vertex XI%IDOF 5.7% 15.6 0
9 | i Decay Vertex x> 58% | 1580
10 | B Transverse Momentum [Best PV] | 5.3% | 14.5¢0
11 | n* Maximal Track Ghost Probability 43% | 11.80
12 | K Decay Vertex x? 4.5 % 1230
13 | K& Decay Time (c7) [BestPV] | 4.4% | 1190
14 | J&b Minimum IP x? [Best PV] | 3.0 % 81lc
15 | Jip  Transverse Momentum [Best PV] | 2.3% 6.20
16 | J Mass Uncertainty Estimate [Best PV] | 2.3% 6.20
17 | ®* Maximal Kaon Probability 1.8% 500
18 | B Number of PVs 0.9 % 250
19 Number of SPD Hits 1.6 % 440
20 | y* Minimal PID(y) 13% | 370
21 | #* Minimal Minimum IP [BestPV] | 1.1% 3.00
22 | Jib  |Mass—3099.0| [Best PV] | 1.1 % 290
23 | p* Minimal Transverse Momentum  [Best PV] 1.0 % 270
24 *  Maximal Track XI%IDOF 0.8 % 220
25 | K Decay Time Significance [Best PV] | 0.7 % 200
26 | p* Maximal Track XI%IDOF 0.7 % 1.90
27 | K Mass Uncertainty Estimate [Best PV] | 0.5% 1.30
28 | p* Minimal Minimum IP [Best PV] | 0.4% 1.20
29 | K Decay Vertex z-position 0.4 % 11lo
30 PV x? [Best PV] | 0.4% 1.00
‘ 31 ‘ 7 Minimal Transverse Momentum  [Best PV] ‘ 0.3 % 0.70
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Table 7.3: List of input variable for the second stage of the MVA selection, ordered
according to their importance in the downstream K2 NN as quantified by their loss
of correlation to the target and significance [187]]. The variables below the horizon-
tal line are not used by the best performing NN configuration, although they are
available during the preprocessing.

‘ Rank ‘ Variable ‘ Corr. ‘ Sig. ‘

N/A Bias Node N/A N/A
1 x? of Kinematic Fit [Best PV] | 57.1% | 305.8¢
2 | K Transverse Momentum [Best PV] | 36.3% | 194.40
3| JA Minimum IP x? [Best PV] | 29.2% | 156.5¢
4 | B° Arccos(“DIRA”)l!] [Best PV] | 12.2% | 65.40
5| B® Mass Uncertainty Estimate [Best PV] | 12.7% | 68.00
6 Number of PV Tracks [Best PV] | 9.0% | 48.00
7 | KO |Mass—497.614| [BestPV] | 6.9% | 3690
8 | #* Minimal Minimum IP x? [Best PV] 58% | 31.2¢0
9 | B Total Momentum [BestPV] | 5.0% | 26.50
10 | B® Decay Vertex )(IZ\IDOF 4.4% 23.60
11 | K¢ Decay Vertex x2 4.0% 21.20
12 | ¥ Minimal Minimum IP [Best PV] 2.5% 13.40
13 | K¢ Total Momentum [Best PV] 3.6 % 19.0 0
14 | Jy  |[Mass—3099.0| [Best PV] 3.5% 1890
15 | Jy Transverse Momentum [Best PV] 2.7 % 14.50
16 Number of SPD Hits 2.5% 1330
17 | Jip  Decay Vertex x2 2.1 % 11.10
18 | m* Minimal Minimum IP x? [Best PV] 1.1% 6.00
19 | K Decay Time Significance [Best PV] | 1.8% 9.8¢0
20 | w* Minimal PID(y) 15% | 8lo
21 | B Number of PVs 1.4% 740
22 | K9 Decay Time (c7) [BestPV] | 1.4% 730
23 | K Minimum IP x2 [Best PV] | 1.3% 7.00
24 *  Maximal Kaon Probability 1.2% 6.50
25 *  Minimal Transverse Momentum  [Best PV] | 0.9 % 460
26 | p* Minimal Total Momentum [Best PV] | 1.2% 6.20
27 | Ji  Mass Uncertainty Estimate [Best PV] | 1.0% 550
28 | p* Minimal Minimum IP [Best PV] | 1.0% 530
29 | p* Maximal Track x&pop 0.9% 480
30 | ¥ Minimal Total Momentum [Best PV] | 0.6 % 310
31 | ®® Minimal Transverse Momentum  [Best PV] | 0.8% 410
32 | ®* Maximal Track Ghost Probability 0.7 % 370
33 | BY Transverse Momentum [Best PV] | 0.6 % 3.00
34 | K9 Decay Vertex z-position 0.2 % 120
35 | m* Maximal Track XIZ\IDOF 0.1 % 0.50
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Figure 7.6: Receiver operating characteristics (ROC curves) of the long [Left] and
downstream [Right] NN configurations studied for the second stage of the MVA
selection. The labels ijk identifying the different NN configurations refer to inter-
nal NEUrOBAYEs settings for the preprocessing [187]. The black cross indicates the
point on the best ROC curve that maximises the Ng/+/Ngs + Ng figure of merit for
the B — J/p KO decay.
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Figure 7.7: Distribution of the network output variable of the long [Left] and
downstream [Right] sample for signal [Red] and background [Blue], with the po-
sition of the optimal cut is indicated by the vertical black line. Situation for the
optimal network tuning.
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ground events surviving in the training sample, and thus do not use information
from the B signal region. After applying the final requirement on the NN classifier
output associated with the long (downstream) K0 sample, the multivariate selec-
tion rejects, relative to the initial selection, 99.2% of the background in both sam-
ples while keeping 72.9% (58.3%) of the B® — J/iy KO signal. The lower selection
efficiency on the downstream K sample is due to the worse signal-to-background
ratio after the initial selection, which requires a more stringent requirement on the
NN classifier output.

The JApK? invariant mass distribution of the B — Jy KO candidates surviving
after the second stage of the MVA is shown as the blue data points in Fig. The
BY — Jap KQ component can now clearly be identified on top of the highly reduced
combinatoric background.

Final Corrections: Events with Multiple Candidates

Throughout the whole event selection all B candidates and their associated PVs are
treated equally. After the selection requirement on the second NN output has been
applied, the long (downstream) B candidate can still be associated with more than
one PV in about 1.5% (0.6%) of the events. Likewise, about 0.24% (0.15%) of the
selected events have several candidates sharing one or more tracks. Because of the
stringent event selection, all these combinations are equally likel to be the true
event, even though only one of them can be correct. In these cases, only one of the
surviving PVs and one of the candidates is therefore chosen at random.

7.3 Flavour Tagging
Tagging Algorithms

Knowledge on the production flavour of the decaying B meson, i.e. whether it is a
B or B, forms an essential ingredient for performing CP asymmetry measurements.
At the LHC, b quarks are predominantly produced in bb pairs, which subsequently
hadronise and decay independently. The initial flavour of the B meson decay of
interest can therefore be inferred by two independent classes of flavour-tagging
algorithms, illustrated in Fig. depending on which quark out of the pair is
used.

The opposite side (OS) taggers exploit the entanglement of the bb pair to deter-
mine the flavour of the signal B meson from the hadronisation and decay of the
non-signal b quark [190]]. Hence, these algorithms are independent the signal B
meson, and can thus be used for B® and B? mesons alike. Four different tagging
algorithms are implemented, which aim respectively at identifying the charge of

[C]Any ranking based on the selection variables is no longer well motivated.
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Figure 7.8: Schematic overview of the flavour tagging algorithms [189].

electrons, muons and kaons produced in the decay of the non-signal b-hadron,
or at determining the total charge of the tracks originating from the decay vertex
of the non-signal b-hadron. Their performance is optimised in data [190] on so-
called self-tagging modes like B* — JpK*, B® — Jp K*¥ (with K** — K*7™) and
B — D p* vy, where the charges of the final state particles determine the original
flavour of the B meson[4]]

The same side taggers [191]], on the other hand, rely on the feature that the addi-
tional light quark g (4), which binds together with the b (b) quark to form the signal
Bg (Eg) meson, is most likely also produced in a quark-antiquark pair. The other
quark g (q) from this pair often hadronises into a positively (negatively) charged
pion (for g = d) or kaon (for g = s), which thus reveals the flavour of the B meson.
These associated charged pions and kaons can be identified in the complete colli-
sion event because they remain close in phase-space to the signal B. The algorithms
that perform this identification are specifically designed for either the B® meson,
i.e. the same side pion (SSm) tagger, or the BY meson, i.e. the same side kaon (SSK)
tagger, but never for both. The performance of the SSK tagger, which is used for
this analysis, is optimised using both simulated events and the self-tagging mode
BY — Dy * [191].

The performance of flavour tagging algorithms is limited, especially in busy
hadronic environments like the ones encountered at the LHC. As a result, only a
subset of Ny selected signal B mesons is correctly tagged, while Ny events are in-
correctly tagged and the remaining Ny events do not have any tagging information;

[4]This assumes that mixing between B? and BY mesons can be neglected.
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they are untagged. These three numbers together quantify the performance of the
algorithms through the tagging efficiency

NR+NW

=—| 7.9
Etag NR + NW + NU ( )
and the mistag probability
Nw
=——. 7.10
@ NR +NW ( )

The latter quantity dilutes the oscillation amplitudes in the decay time distribu-
tion by a factor Dy,g = (1 - 2w). The figure of merit for the tagging algorithms,
which should be maximised to get the optimal performance, is the effective tagging
efficiency

Eeff = Erag(1 = 2w)” = €12 Doy - (7.11)

This effective tagging efficiency represents the statistical power of the tagged sam-
ple: A sample consisting of N events with e.g = x has the same statistical power as
a sample of xN perfectly tagged events.

The OS and SSK tagging algorithms each provide two observables: the tag de-
cision q and an estimate 7 for the probability of the tag to be incorrect. The tag
decision takes the value +1, 0 and —1 when the signal candidate is respectively
tagged as a B, untagged or tagged as a B. The estimate 1 is determined on an
candidate-by-candidate basis using a neural network classifier that combines in-
formation on the underlying event with the kinematic and geometrical properties
of the flavour-identifying particles, i.e. the OS electrons, muons, kaons and the SS
kaons.

The mistag probability # predicted by the tagging algorithms is calibrated in
data to determine the true mistag probability w using the flavour-specific B meson
decays listed above. The calibration function is parametrised as

w(n)=po+p1-(n—(m), (7.12)

where p and p; are calibration parameters, and () is the mean of the 7 distribu-
tion predicted by the taggers. In a perfect scenario, where 1 = w, the calibration
parameters would take the values py = (1) and p; = 1. The calibration of the #
distributions is done separately for the OS and SSK algorithms.

Combining OS and SSK Tagging Responses

For the fraction of events with both an OS and SSK tag decision, a combined tag
decision and mistag probability is derived. For the likelihood fit described in this
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Table 7.4: Effective tagging efficiencies ¢°ff for the different sub-samples used in
this analysis. Uncertainties are statistical only.

| | B | B |

‘ Sample ‘ Long K9 [%] ‘ Down. K9 [%)] ‘ Long K9 [%] ‘ Down. K9 [%] ‘
OS exclusive 2.51+0.15 2.48+0.11 2.28 +0.05 2.23 +0.05
SSK exclusive 0.27 +0.04 1.08+0.11 0.042+0.006 | 0.064+0.009
OS+SSK overlap 1.02+0.10 0.47 £0.04 0.274+0.008 | 0.327+0.011
Total 3.80+0.18 4.03+0.16 2.60 +0.05 2.63 +0.05

Chaptet@ the combination of the OS and SSK tagger outputs is based on the delta
log-likelihood method. Given a tag decision g and a calibrated mistag estimate
w(1), the probabilities to be either a B or a B meson at production are given by

PBlg.w)=3(0+9) g0,  PBlgw=30-0+qw. (713

This information can be condensed into a single delta log-likelihood

(7.14)

ALL = log(w) .

P(Blq, w)
Multiple taggers can now be combined by simply adding their log-likelihoods
ALL®™D — ALLOS 4 ALLSSK, (7.15)

from which the combined tag decision and mistag estimate can again be extracted

1
1+exp )ALLcomb| '

qos+ssk = sign[ALLE™P], WOS+SSK = (7.16)

Tagging Performance for the B — J/ip K? Analysis

To maximise the sensitivity to the CP asymmetry parameters of the BY — J/ip KO de-
cay, the analysis uses information provided by the OS and SSK tagging algorithms;
the SS7 tagger is not included. The effective tagging efficiency for the BY — J/i K?
and B® — J/p K modes are summarised in Table

In this setup, also the B — J/ip K component uses SSK tagging information,
even though the algorithm is not designed to generate a proper response regard-
ing the flavour of the BY meson. Nonetheless, a small, but non-vanishing effective

[e] An alternative method is described in Ref. [190].
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Table 7.5: List of observables describing the B’ and B? meson systems that are
included as Gaussian constraints to the likelihood fit.

Parameter Value ‘ Parameter Value ‘
Amy 0.510+0.003 ps~! [121]] | Amg 17.757 +0.021 ps~! [121]
ATy 0 ps~! AT, 0.081 +0.006 ps~! [121]]
Tpo 1.520+0.004 ps  [121] | 7p 1.509+0.004 ps  [121]

tagging efficiency is also found for B® mesons if separate calibration functions for
the #gsk are used. This response originates from same-side protons misidentified
as kaons, and kaons from the decay of K* mesons produced in correlation with the
BY. Both tagged particles have the opposite charge compared to the kaons that are
produced in correlation with the B?, and thus require the SSK tag decision to be
inverted. The third source generating an SSK tag response for B — J/ip K events
consists of misidentified pions carrying the same charge as the kaons correlated
with the BY. They are less numerous than the same-side protons and K* remnants
combined, and thus only dilute the effect described above. For the BY — J KS0
component, the SSK tag decision is therefore inverted to obtain an overall correct
tagging response. The SSK tagging response for the B® — J/iy K2 events in the sam-
ple is studied on B® — J/ip K*° candidates using both data and simulated events.

7.4 Likelihood Fit

The B? — J/i KO CP observables are determined from an unbinned maximum like-
lihood fit. The PDF with which the likelihood is constructed describes a combi-
natoric background component, the B — J/ip KO signal and the more prominent
B® — JApKQ decay mode. In total, it depends on five observables. The PDF fully
models the reconstructed B mass (’”J/szg € [5180,5520] MeV/c?), the decay time
(t €[0.2,15] ps), and the tagging response g, which combines the information from
the OS and SSK taggers. Additionally, the PDF also includes information from
two conditional observables: the per-candidate decay time uncertainty estimate o,
provided by the kinematic fit introduced in Section and the mistag estimate
1, which again combines the information from the OS and SSK taggers. The long
and downstream K samples are modelled using separate PDFs, but fitted simulta-
neously. The parameters common to both PDFs are the two BY — J/ipK? and three
B? — JAbKQ CP observables, as well as the observables describing the B’ and B?
meson systems. The inputs used in the experimental analysis are listed in Table
and match those given previously in Table

For this analysis it is assumed that the fitted PDF factorises into two uncor-
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related terms: the reconstructed B mass and the decay time distribution. This
assumption is tested in simulated data, which does show a correlation between the
B mass and the decay time resolution. The effect of this correlation is studied and
a systematic uncertainty is assigned accordingly, as discussed in Section[7.5|below.
The decay time distributions of the two signal components, 7 (t,g|#), need to be
corrected for experimental effects originating from the detector response and the
event selection. This is done by convolving them with a resolution model, R(|6;),
and combining the result with an acceptance function, £(t), to give the experimen-
tally observed decay time distribution

(JT(f,qln)xR(t—flét)df x E(t). (7.17)
Let us now describe these individual contributions in more detail.

7.4.1 Invariant J/ip K Mass Distribution

The mass lineshapes of the B — J/ip K modes in both data and simulation exhibit
non-Gaussian tails on both sides of their signal peaks due to final state radiation,
multiple scattering, the detector resolution and its dependence on the decay an-
gles and momenta of the final state particles. The lineshapes are modelled with a
(double-sided) Hypatia distribution [192]]

I(m; ’/l, g, /\/ CI ﬁ; ary, an, Ny, nH) o

A .
(B+m—p)T if m-p<-ao,

C .
Drmp)™ ifm-p>ago, (7.18)

Hl=

iz
((M—ﬂ)2+52)2 eﬁ(m*")K/\,%(a (m—pt)2+62) otherwise,

where K, (z) is the modified Bessel function of the second kind,

_ _ |CK,A(©) _ 1 [TKy(©)
5_0\/KM(C)’ T\ KO (7.19)

and A, B,C, D are obtained by imposing continuity and differentiability. The core
of the Hypatia function describes the invariant mass resolution, based on a gen-
eralised hyperbolic resolution model, and the tails describe the effect of photon
radiation. Because the masses of the intermediate J/i» and K resonances are con-
strained by the kinematic fit, this radiation also causes a tail on the right-hand side
in addition to the usual left-hand side [192]].

To reduce the number of degrees of freedom that has to be fitted to the data,
parameters § and C are set to zero. In addition, the tail parameters ay, ayj, n; and ny

147



7. EXPERIMENTAL ANALYSIS OF B — J/ib K

') F N

b o0t b LHCb Sim08 L LHCb Sim08

=2 E B0 Jy KO = B~ JyK?

> £ d s > = JY K

[ 2 [ LongK? ] Downstream Kg

S 0t =

0 F g}

N— L S—r

JumTs E o

> 3

@ 10 L]
1 b A 11 L L1 Y\Yernrlr\ VVVVVVVVVV (RNRNRARARI (AN 21 1| T T Y Yl”lﬂlnrlvnrﬂrnrvrnrﬂrﬂr
3 omﬁ#'ﬂwluﬂlwwm WMMMMA

. I il PP N Y A AR

S S AR IS T IR B
5200 5250 5300 5350 5400 5450 5500

(Mevic) (MeV/icd)

My kg Myy ko
Figure 7.9: Invariant J/p K{ mass distribution of the simulated B — J/ K candi-

dates in the Long K [Left] and Downstream K [Right] sample.

Table 7.6: Fitted values for the parameters of the Hypatia function describing the
invariant J/i K mass distribution of the B — J/ip K events in simulated data. The
four tail parameters are taken as input for the nominal fit to data.

‘ Par. ‘ Long K? ‘ Down. K

ap | 2.05+0.14 | 222+0.12
ag | 2.98+0.46 | 3.28+0.30
ng | 3.40+0.41 | 3.89+0.39
ng | 3.56+0.82 | 3.42+0.50

A -3.69+0.41 | -3.27 £0.16
o 6.81 £0.11 8.06 £ 0.06

are obtained from a fit to the simulated data, for which the fit projections are shown
in Fig. and the fitted parameter values are summarised in Table The B?
component is constrained to have the same lineshape as the BY PDF, but shifted by
the BY-B® mass difference, which is a free variable in the fit. The mass distribution
of the combinatorial background is described by an exponential function.

7.4.2 Resolution Model

The finite decay time resolution of the detector affects the precision on the CP
parameters as it dilutes the amplitude of the oscillation terms in the decay time
distribution by a factor D = exp (—aeszAmzﬁ) (193] [184], where o, represents the
effective decay time resolution. The impact of the resolution effects depends on
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Table 7.7: Values for the parameters describing the resolution model, obtained
from a fit to the prompt J/ip background in data. These five parameters are taken
as input for the nominal fit to data.

‘ Par. ‘ Long KSO Down. KS0
ST 1.094 + 0.092 1.039 £ 0.038
M 1.71 £ 0.70 1.869 + 0.075
5001 19+13 10.0 £ 1.7
fi 0.608 + 0.054 0.745 + 0.060
fir | 0.004 +£0.025 0.00152 + 0.00078

the oscillation frequency, and therefore affects the B — J/i K mode to a much
larger extend than the B® — J/ip KO counterpart. To maximise the sensitivity to the
BY — J/p KO CP observables in the data, the resolution model R therefore depends
on the per-candidate decay time uncertainty estimate 0.

The resolution is modelled as the sum of three Gaussian functions that share a
common mean y, but have different widths o;(9;), leading to

L)
fi— e 0;(0¢)

Rt; ,Ulé o ’
( M, Oi t) L ,—zno_i(ét)

(7.20)

Mw

where f; is the fraction of the i Gaussian component and f; + fi; + fiy = 1. The
resolution widths 0;(0;) are parametrised as

01(0¢) =51 X 0, o11(04) = sy X 171 X Oy, o (0¢) = sy X 1y X O, (7.21)

where the use of a relative parametrisation for the second and third Gaussian im-
proves the fit stability.

Calibration

The 9; estimates are calibrated using a sample of prompt J/i) decays, which are
produced directly at the PV and combined with random K candidates. This sam-
ple is obtained through the same event selection as described in Section[7.2]except
for the requirement on the decay time of the B candidates. Its decay time distribu-
tion, shown in Fig. is projected out of the full data, which also contains the
B — Jip K9 signal and a negligible contribution from BY — JAap K2, using Weights
based on the mass PDF described above.

The convolution of the true decay time distribution of this sample with the
decay time resolution causes a fraction of the events to obtain unphysical decay
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Figure 7.10: ;Weighted decay time distribution of the prompt background in the
Long K [Left] and Downstream K [Right] samples, which is used to calibrate the
per-candidate decay time uncertainty estimates. Shown are the prompt component
[Green], the non-prompt contribution [Red] and the fit projection of the complete
model [Blue].

times t < 0. As only the presence of a finite decay time resolution can cause such
a component in the data, it can be used to extract the parameters of the resolution
model directly from this data. The results for the fractions f; and the calibration
parameters s; and r; are summarised in Table

The model used for the determination of the resolution, whose fit projection is
also shown in Fig. consists of a prompt component, i.e. the to-be-determined
resolution model, and a non-prompt component. The true decay time distribution
of the non-prompt events is unknown and depends on the exact composition of the
background sample. As such, the region ¢t > 0 only forms a nuisance for the ex-
traction of the resolution parameters, and it thus suffices to find a good parametric
description.

Comparison between the Signal and Background Resolution

It is assumed that the decay time resolution model determined from the prompt
background can be directly applied to the signal modes. However, this need not
be true as both differences in the per-candidate decay time uncertainty estimate
distributions and differences in the required calibration functions between signal
and background can cause discrepancies between both resolution models. Because
of the stringent background rejection by the second NN, only signal-like back-
ground events are retained. Consequently, good agreement is found between the
per-candidate decay time uncertainty estimate distributions of the signal and the
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remaining background.

Possible discrepancies in the required calibration functions can be studied with
simulated data by comparing the power of the resolution models. This quantity is
independent of the chosen parametrisation; all resolution models that describe the
data to the same extent, have the same resolution power. The resolution power is
defined as the square of the dilution, and thus given by

Pres(ét) = Dfes(ét)i <Pres> = ;%Pres(ét)’ (7'22)

where N is the total number of events in the sample. For the triple Gaussian reso-
lution model used in this analysis, the dilution can be quantified as

3
L Am2 o (8.)2 1
Dres(0f) = E fie 2Am”0i(31) ’ (Dres) = z ,ﬁDres(ét)~ (7.23)
i=1 o

Taking Am = Am; in the above expression, the resolution power in simulated
B — JpK?, BY — Jip K and inclusive J/ip data is compared in Fig. as a func-
tion of the selection requirement on the neural network output. This shows good
agreement over a large range of cut values, which include the optimal cut point
used in this analysis. The systematic uncertainties, described below, on the param-
eters of interest also cover the small discrepancies, especially in the downstream
K2 sample, between the signal and background resolution models. In data, the av-
erage dilution factor from the resolution model is (D,¢s) = 0.73+0.13 and 0.72+0.04
for the long and downstream K samples, respectively.

7.4.3 Decay Time Acceptance Function

The decay time distribution of the two signal components is affected by accep-
tance effects due to a decay-time bias induced by the trigger, the initial selection
requirements and, most importantly, the NN classifier outputs. The shapes of the
acceptance functions for the B — J/ip K and BY — Jip K components are assumed
to be identical and modelled using spline functions.

Spline Functions

Distributions for which no standard choice of analytic function exists, like the de-
cay time acceptance, can in a finite region be approximated by using a collection
of n+ 2 base splines, where # is the number of user-specified interval boundaries,
referred to as knots, subdividing this region. These splines are continuously dif-
ferentiable, piece-wise defined polynomial functions. The most commonly used
choice of splines are the cubic b-splines, which are constructed from polynomials
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Figure 7.11: Comparison of the resolution power between the B® — JipK?,
BY — JapKQ and incl. Ji MC samples for the Long K [Left] and Downstream K
[Right] sample, as a function of the cut on the neural network output. The resolu-
tion power is calculated for AM, = 17.768 ps~!. The black, vertical line indicates
the position of the optimised selection cut.

of degree three. They are uniquely defined by the position of the knots, which
completely determine the shapes of the individual splines Only the relative nor-
malisation between the different splines can afterwards still be varied. With the
exception of the left- and right-most spline, each base spline spans four intervals
and likewise each interval has four contributing base splines that together form a
partition of unity. Each base spline shares at most three intervals with any other
base spline. The to-be-modelled lineshape is now approximated by varying the
weights of the individual base splines such that their combined function value
matches that of the input data at the knot positions. In this analysis, the cubic
b-splines are implemented as an efficiency function that modifies the resolution
model [[194].

Modelling Acceptance Effects

Assuming Al; = 0, as is consistent with the current experimental data [121]), the
untagged B® — J/ip KO decay time distribution is described by a single exponential.
This allows the acceptance parameters to be directly evaluated in the likelihood
fit to the data by constraining the lifetime of the B’ meson using a Gaussian func-
tion whose mean is fixed to the known lifetime and whose width accounts for the
experimental uncertainty.

The decay time is modelled in the interval [0.2,15] ps, with the positions of
the knots (arbitrarily) chosen at 0.2, 0.5, 1.0, 2.0, 8.0 and 15.0 ps. The spline is
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Figure 7.12: (Weighted decay time distribution of the B — JAapK? candidates
[Top], and derived acceptance function [Bottom], in the Long K [Left] and Down-
stream K [Right] sample. The vertical black lines indicate the positions of the
knots.

assumed to continue as a constant, flat function beyond 15 ps, constraining the
weights of the two right-most base splines to be equal. To normalise the overall
spline function, the weight of the right-most base spline is set to unity. This leaves
six free parameters acc; to describe the shape of the spline function. The decay
time distribution of the B® — J/ K0 events, and the acceptance function derived
from it, are shown in Fig. This shows a clear turn-on curve at small decay
times, caused by the selection requirement on the NN. The oscillation at about
8 ps is an artefact of using spline functions to approximate a linear function, and
would reduce when increasing the number of knots between 2 and 15 ps.
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Figure 7.13: ;(Weighted decay time distribution of the combinatoric background in
the Long K [Left] and Downstream K¢ [Right] sample.

7.4.4 Other Input Distribution

The background decay time distributions, shown in Fig. are modelled using
two exponential functions

fokg x Exponential(f; i) + (1 — fokg) X Exponential(t; g - Tokg) » (7.24)

empirically describing a short-lived and a long-lived component.

The distributions of the per-candidate decay time uncertainty estimate 6, and
mistag estimate 7 are shown in Figs. and respectively. These estimates
are included as conditional observables in the PDF; their distributions are therefore
not modelled. As no significant deviations are observed in the current data, the
input distributions are assumed to be identical for the B — Jap K2, B? — Jap K2
and combinatoric background components.

7.4.5 Likelihood Fit Implementation

Setup

The B? — J/ip K and B® — J/ipK? CP observables are determined from a simulta-
neous unbinned maximum likelihood fit of the long and downstream K samples,
using both the OS and SSK tagging information. In addition to the five CP observ-
ables also the nuisance parameters describing the mass (9 parameters), acceptance
(12), background decay time (6) and event yields (6) are floated in the fit. The ob-
servables Amy, tgo, Am, Tpo and AI}, parametrising the B9 and Bg meson systems,
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Figure 7.14: Per-candidate decay time uncertainty estimate distribution in the
Long K [Left] and Downstream K [Right] sample. The overlaid fit projections
of a double log-normal function are not used in the likelihood fit.

and the effective B production asymmetries A;frfod(BO) and A;‘;fod(Bg) of the long and

downstream K samples are constrained using Gaussian functions. The statistical
and systematic uncertainties on the constrained parameters are added in quadra-
ture and treated together. Also the correlation p(I;, Al;) = —0.271 [121]] between
the average decay width and decay width difference of the BY meson is included.

The production asymmetries are defined in terms of the B production cross-
section o(B) as
a(B)-0o(B)

. (7.25)
o(B)+o(B)

Aprod(B) =
The effective B production asymmetries, specific to the data sample used in this
analysis, are obtained by reweighting the physical production asymmetries
Aprod,i(B) measured in bins of B transverse momentum and pseudo-rapidity as

#B° € Bin i
A;I;fod(B) = Z fiAprod,i(B): fi= N—Bo' (7.26)

Bins i

Here f; is the fraction of B events in bin i, obtained by summing over the Weights
obtained from a fit to the mass distribution of the nominal data sample. Because
of the small B — J/ip K yield and the associated limited precision that can be ob-
tained with is ;Weights, the B — J/i KO Weights are used to calculate both the B’
and B? asymmetries. The physical production asymmetries that serve as input to
Eq. are measured for the 2011 run conditions in Ref. [I73]]. The systematic
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Table 7.8: Effective B production asymmetries specific to the data sample used in
this analysis.

Sample ‘ Mode ‘ Value ‘
Long K B° —0.0117 £ 0.0057 (stat) £ 0.0013 (syst)
Downstream K B° —0.0095 £ 0.0051 (stat) = 0.0013 (syst)
Long K9 B | —0.041 +0.032 (stat)+0.003 (syst)
Downstream K | B? | —0.022 +0.024 (stat)+0.003 (syst)

correlations psyst(BO) =0.0013 and psyst(B?) = 0.0030 between the different Ap ;(B)
results found in this analysis are taken into account in the reweighting procedure,
whose results are listed in Table As no significant difference is observed in
the total physical production asymmetries for the 2011 and 2012 data taking con-
ditions [195]], the results listed in Table are used for the 2012 data as well,
without applying further corrections.

Fit Validation

Validation of the likelihood implementation has been performed blinded to avoid
(un)consciously influencing the results of the fit towards certain preferred out-
comes. This is done by adding a random and unknown offset to the five CP ob-
servables determined in the fit, which is only removed after the analysis has been
scrutinised by the LHCb collaboration.

The likelihood fit is cross-checked using two independent implementations
that both use the individual PDF components described above. These two im-
plementation differ in the way the tagging information is included in the PDF, and
in particular on how the OS and SSK tag responses are combined. For the imple-
mentation made by the author, the procedure is described in Section[7.3} while for
the alternative implementation made by the LHCb group at the TU Dortmund, it
is documented in Ref. [190]. Small differencein the nominal fit results obtained
with both fitters can be traced back to the treatment of the combined OS and SSK
tag decision in the two fitters. Both implementations have been validated with
large sets of pseudo-experiments to thoroughly test several aspects of the analysis.
These tests also include the use of stand-alone event generators that produce toy
data samples independently of the fit implementations.

In addition, the fit model has been tested on simulated data, with signal only
and with both signal and background components present. The results from the

[fIThese differences are less than 5% of the statistical uncertainty associated with the parameter in
question, and can hence be considered negligible.
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Figure 7.16: Correlation matrix for the likelihood fit to the data.

fit to the full data sample are compared to those from various subsamples, and to
those obtained from a weighted fit to the B — Jip KO candidates only. All tests
agree with the expectations and no biases in the fit are found.

7.4.6 Fit results

The results for the B — JaipK? and B? — Jip K? CP asymmetry parameters are
summarised in Table [Z.9] This table includes both the results obtained from the
likelihood implementation described in this Chapter (Method I), and those ob-
tained from the alternative implementation (Method II). The latter are also pub-
lished by LHCD in Ref. [46]. Both implementations (necessarily) give compati-
ble results, where the largest relative difference is found in the A‘éi;(BO — JAKQ)
observable. The results for the two B — Jip K0 CP asymmetries are compati-
ble with the BaBar [196], Belle [24] and latest LHCb [74] results. The statisti-
cal correlations between the B — ]/¢ K9 CP observables are p(AAr,Ad”) =-0.07,
P(Aar, I’“”‘) = 0.01 and p(A‘é‘ﬁ, le) = 0.06. The (reduced) correlation matrix,
containing all relevant correlations with Axr, .A cp and Am”‘, is given in Fig.
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Table 7.9: Comparison between the results for the five CP asymmetries obtained
from the likelihood implementation described in this Chapter (Method I) and those
obtained with the alternative implementation [46] (Method II). The uncertainties
are statistical only.

‘ Parameter ‘ Method I ‘ Method II ‘

A(ci?_g(Bd — JK?)

AT (By — JAK?)

AA_F(BS_> JWKS) | 049 £{78 (stat) | 0.49 £ )71 (stat)
A‘é‘li(Bse JWKY) | —0.28 +0.41 (stat) | -0.28 +£0.41 (stat.)
AT (B, — JApK?) | 0.10 £0.40 (stat) | 0.08 +0.40 (

~0.015+0.036 (stat.) | —0.028 +0.034 (stat.)
~0.718 £0.035 (stat.) | —0.719 +0.034 (stat.)

Table 7.10: Values for the nuisance parameters describing the mass, acceptance
and background decay time distributions, obtained from the likelihood fit to data.

‘ Parameter ‘ Long Ké) ‘ Downstream KSO ‘
Hpo 5280.667 + 0.046 5281.433 £ 0.039
A -3.17 £ 0.19 -2.83+0.12
o 8.071 + 0.081 9.402 + 0.078
Bkg slope | —0.00329 + 0.00046 | —0.00313 +0.00021
Mo = MR 87.12+£0.34
acco 0.211 + 0.044 0.162 +0.023
accy 0.339 £ 0.069 0.266 + 0.036
accy 0.61 £0.12 0.339 + 0.042
accs 0.88 +0.17 0.654 + 0.084
accy 1.03 +0.18 1.06 £ 0.12
accs 0.73 £0.22 0.86 +0.16
fokg 0.272 + 0.060 0.103 +0.019
Thkg 0.203 £ 0.058 0.174 + 0.035
Tbkg 9.2+23 10.1£2.0

The nuisance parameters describing the mass, acceptance and background de-
cay time distributions are summarised in Table [7.10] The observed event yields
are summarised in Table and the fit projections for the mass and decay time

distributions are shown in Figs. and respectively.
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7. EXPERIMENTAL ANALYSIS OF B — J/ib K

Table 7.11: Yields from the unbinned maximum likelihood fit. The uncertainties
are statistical only.

‘ Yield Long K2 Downstream K
By — W K2 27801 +168 51351 +231
B, — Jip K2 307 +20 601 =30
Combinatorial background 658 £37 2852+74
o) F 1 o F B
“&\_) 10" = Iﬁgoclg-e’sfrit;ping 20 ‘\é\_) 10' E Iﬁyo(if—?i;tl?)pling 20
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Figure 7.17: Invariant J/i) K mass distribution in the long [Left] and downstream
[Right] K sample. The shown fit projections are: Total [Blue], B® — J/ip K? [Red],
BY — Jip KQ [Green] and combinatoric background [Black].
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Figure 7.18: Decay time distribution of the B candidates in the long [Left] and
downstream [Right] K sample. The shown fit projections are: Total [Blue],
B® — JawKQ [Red], B — J/ip K [Green] and combinatoric background [Black].
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7.5. Systematic Uncertainties

7.5 Systematic Uncertainties

A number of systematic uncertainties affecting the determination of the B — J/i K?
CP observables and the ratio of event yields R are considered. The main sources of
systematic uncertainty are due to assumptions for modelling the different compo-
nents of the multivariate PDFE. These uncertainties are estimated using large sets
of simulated pseudo-experiments, in which the shapes and parameter of the
individual PDF components are varied.

Method

In the generation of the pseudo-experiments, the values of the parameters are fixed
to the ones obtained in the fit to the data, i.e. the nominal setup. For each individ-
ual pseudo-experiment, the fitted values of the CP observables and event yields are
compared between a nominal fit and a second fit in which some of the shapes or
nuisance parameters are varied, i.e. the alternative setup. The resulting differences
M = Xpom — Xaly between both fit values form a Gaussian-like distribution, as illus-
trated in Fig. The uncertainty oy due to the preference for the nominal fit
setup over the alternative option can then be determined from the mean and width

of this distribution as
Osyst = (1) + O bt (7.27)

The average shift (4) quantifies the bias that using another setup, here represented
by the alternative option, would introduce to the measurement of the parameter of
interest. The width og;f of the u distribution quantifies the ignorance regarding
the true accuracy of the uncertainty estimation: a specific choice of fit model might
result in an artificially larger or smaller uncertainty compared to other equally
valid models.

Modelling

Following the above strategy, the systematic uncertainty due to the chosen mass
model is evaluated by varying the Hypatia tail parameters within their uncertain-
ties, replacing the signal model with a double Crystal Ball function [197], and
replacing the background model with a second-order Chebychev polynomial. The
latter variation has the largest impact on the CP observables and yield ratio, and is
used to assign a systematic uncertainty.

The systematic uncertainty associated with the decay time resolution is evalu-
ated by varying the dilution of the resolution model, through changes of the res-
olution parameters, and by comparing the nominal model with one that includes

[8]The impact of a fixed input parameter x with associated total uncertainty o is studied by varying
its value up or down to x; =(x) + 0.
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Figure 7.19: Illustration of a p distribution used to evaluated the systematic
uncertainties due to modelling. This specific plot shows the u distribution for
A‘éi; (B® = JAp K?) when changing the decay time resolution model to the one with
the smallest dilution still compatible with the data.

a scale offset in the calibration functions for the per-candidate decay time uncer-
tainty estimates. The largest impact on the CP observables and yield ratio orig-
inates from the limited knowledge on the decay time resolution of the long K?
sample. This forms the dominant systematic uncertainty to the B — Jaip K2 CP
observables.

Systematic effects due to the modelling of the decay time acceptance mainly
affect Aar, and are evaluated by varying the position and number of knots that
define the empirical model for £(t).

The systematic uncertainty associated with the tagging calibration is obtained
by comparing the nominal calibration with the largest and smallest effective tag-
ging efficiency that can be obtained through changes of the calibration parameters
within their respective uncertainties.

In the nominal fit, the mass resolution of the B® — Jip K2 and B? — J/ip K signal
modes is assumed to be identical, but it could depend on the q2 value of the decay,
and thus on the mass of the reconstructed B candidate. This effect is studied by
multiplying the width of the B — J/i K mass PDF by different scale factors, ob-
tained by comparing the B® — J/p KO and B? — J/i KO signal shapes in simulation.
These variations mainly affect the ratio of event yields.

Finally, a correlation between the reconstructed B mass and decay time resolu-
tion is observed in simulated data. The impact of neglecting this correlation in the
nominal fit to data is also evaluated with the simulated experiments.

The total systematic uncertainty and its sources are summarised in Table
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7.6. Branching Ratio Measurement

Table 7.12: Summary of the systematic uncertainties on the BY — J/i) K& CP observ-
ables and the ratio of event yields R.

Long  Downstream

Source Ayr Adr 4D Rx10° Rx105
Mass modelling 0.045 0.009 0.009 15.5 17.2
Decay-time resolution  0.038 0.066 0.070 0.6 0.3
Decay-time acceptance 0.022 0.004 0.004 0.6 0.5
Tagging calibration 0.002 0.021 0.023 0.1 0.2
Mass resolution 0.010 0.005 0.006 12.6 8.0
Mass-time correlation  0.003 0.037 0.036 0.2 0.1
Total 0.064 0.079 0.083 20.0 19.0

7.6 Branching Ratio Measurement

The measured ratio of branching fractions is calculated from the event yields using
Eq. (7.1), which thus requires further input on the correction factor fsg.

Selection Efficiencies

Although the event selection is not designed to differentiate between B® — Ji K
and B? — J/ip KO decays, this does not guarantee that it treats them in a completely
identical way. For the branching ratio update it is therefore necessary to correct the
measured event yields for any differences in the overall selection efficiency between
both decay channels. These differences can in principle depend on the centre-of-
mass energy of the pp collisions, and on the specific run conditions with which the
data was taken. They are therefore determined separately for the 2011/7 TeV and
2012/8 TeV data samples. The selection efficiencies are determined from simula-
tion, and corrected for differences between data and simulation.

The contributing factors to the total selection efficiency € are: the geometri-
cal acceptance of the LHCD detector €ge, with respect to the final state particles
originating from the B decay, the trigger and reconstruction efficiency egec, , and
the efficiencies of the initial ey,;; and multivariate selections epya; and epyan. It
can thus be decomposed as

€sel = €Geo. X €Reco. X €lnit X EMVA1 X EMVA2 - (7.28)

Comparing the B® — J/y K2 and B? — J/ip K selection efficiencies leads to a correc-
tion factor

e = €sel(B%)/eser(BY), (7.29)
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which for the long (LL) and downstream (DD) K samples is given by

0(2011) = 0.973+0.014, e (2011) = 0.986£0.010 (7.30)
i6(2012) = 0.973+0.015, 0 (2012) = 0.990+0.010 . (7.31)
Because the nominal fit does not differentiate between the 2011 and 2012 data

samples, these results are combined, using a weighted average to take into account
the 1:2 relative abundance of the two samples, into a single efficiency

LL DD
LL = 0.973+0.010, DD — 0.9885 +0.0070. (7.32)

The acceptance effects discussed in Section do not only affect time-depen-
dent measurements but also the time-integrated event yield, as only the fraction
€5 of the total branching ratio is experimentally measured, i.e.

BB Fucaurs = 3 | S0D<(T(B0 = )t (7.33)
= esxB(B—f). (7.34)

This fraction e is included in the overall selection efficiency determined in
simulation, but depends crucially on the lifetime 7, decay width difference AT, the
shape of the acceptance function £(¢), and value of the CP asymmetry Axr, which
all differ between data and simulation. A correction factor

Data( )/EData(BO)

fmrr ( )/EMC(BO)

(7.35)

thus needs to be applied to the selection efficiency ratio fy;c determined from sim-
ulation. The found correction factors are

L =0.999+0.028, ‘DD — 0.998 +0.040, (7.36)

for the long and downstream K samples, respectively.
The overall correction factor fie = feorr X fuic for the long and downstream K2
samples is then given by

L =0972+0.029,  fOP=0.987+0.040. (7.37)

Results

Combining the results in Table with the systematic uncertainties in Table
yields

R =0.01104 +0.00072 (stat.) + 0.00020 (syst.), (7.38)
RPP =0.01170 +0.00059 (stat.) + 0.00019 (syst.), (7.39)
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7.7. CP Asymmetry Measurements

for the ratio of event yields in the long and downstream K samples, respectively.
The results are multiplied with the selection efficiencies given in Eq. and
a weighted average of the combinations R x f;. for the long and downstream K¢
samples is performed, assuming that they are uncorrelated measurements. Mul-
tiplying this average with the ratio f,/f; = 0.259 + 0.015 [159) [160] of the B? to
B% meson production fractions, the measured ratio of branching fractions is then
given by

B(Bs — JApKQ)

=0.0431+0.0017 (stat.) £ 0.0012 t.)£0.0025 (f,/fq). (7.40
56— oK) £0.0017 (stat.) +0.0012 (syst.) £ 0.0025 (£/fy). ~(7.40)

Combining the ratio of branching fractions with the known B® — J/ip K° branch-
ing fraction B(By — JAipK°) = (8.97 +0.35) x 10~ [[64], which accounts for the dif-
ference in production rates for the B*B~ and BOB? pairs at the Y'(4S) resonance, i.e.
T(B*B~)/T(B°B%) = 1.058 + 0.024 [121]], the BY — J/i K? branching fraction is

B(Bs — Jp K2) = [1.93 +0.08 (stat.) + 0.05 (syst.)
+0.11 (f,/f1) +0.07 (B(Bg — Jp K®))] x 107>, (7.41)

where the last uncertainty comes from the B — J/i K® branching fraction.

7.7 CP Asymmetry Measurements

For the final discussion regarding the experimental measurement of the CP asym-
metry parameters, we now move to the official LHCD results published in Ref. [46]],
which are obtained by the alternative implementation (Method II) mentioned ear-
lier.

Point Estimates

The B? — J/p K CP asymmetry parameters are given by [46]

Apr (Bs = JWKI) = 0.49 + (77 (stat.) +0.06 (syst.), (7.42)
A& (Bs - JApK?) = -0.28 £ 0.41 (stat.) + 0.08 (syst.), (7.43)
AT (Bs — JApK?) = 0.08+0.40 (stat.) £ 0.08 (syst.). (7.44)

The large statistical uncertainties on these results do not yet allow for a conclusive
comparison with the predictions in Eqs. (5.70)—(5.72), nor do they provide con-
straints on the shift parameter A, affecting the CP asymmetries in B® — J/ip K2.
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Confidence Intervals Obtained with the Feldman—-Cousins Method

To study the stability of the likelihood implementation, pseudo-experiments are
performed with alternative assumptions for the values of the BY — J/ip K¢ CP asym-
metries. In cases where values of the direct and mixing-induced CP asymmetries
A‘ég and Arélli)" are close to the physical boundaries overcoverage of up to 20% is
observed, even though the fit values of the three BY — J/ip KO CP asymmetries are
not constrained in the likelihood fit.

To obtain confidence intervals not affected by overcoverage, regardless of the
central values of Agi; and A’é‘li,x, the so called Feldman-Cousins method [198][199]
is utilised. The method uses the Neyman construction for confidence bands, and
derives intervals [py, ;] for a parameter of interest yu by applying likelihood ratio
ordering. The objective of this method is the construction of a “1 — CL” curve,
which gives the probability of finding the observed result or a more extreme value,
i.e. the p-value, as a function of y. The interval with the desired confidence level
(CL) can then be obtained from the intersection of this curve with the constant
function of value 1 - CL.

The strategy to construct the “1 — CL” curve works as follows. For each scan
point yq of the parameter y, the difference

Ax? = 2Lpest — 2L (7.45)

H#=Ho
between the likelihood Lyes; of the nominal fit and the likelihood £, of a fit
where p = py is fixed is computed. Next, a large set of Ny,, pseudo-experiments is
generated with p = g as input. Each toy is fitted twice, once with y = y, fixed and
once with y left free in the fit, and the equivalent Ax? difference is calculated. The
“1 —CL” value for the point p is now given as the fraction of pseudo-experiments
whose A xz value exceeds that in data, i.e.
N(Ax e (10) < Doy (o))

1-CL(yg) = N . (7.46)
toy

Systematic uncertainties, described in Section are added directly to the
likelihood by means of Gaussian functions, following the method in Ref. [199].
The resulting 68.3% confidence level intervals for the BY — J/ip K CP asymmetries
are

Apr (B > JipKS) €[-0.15,1.21]@68% C.L., (7.47)
A% (B, — ]/IPKSO) €[-0.68,0.14]@68% C.L., (7.48)
AT (B, — JApK?) €[-0.31,0.48] @68 % C.L.. (7.49)

These values are in very good agreement with the point estimates reported above.
Confidence level plots for the three BY — JipK? CP asymmetries are given in
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Figure 7.20: Confidence level contours obtained with the Feldman-Cousins
method [Blue] [198} 199] for the three B — JiK? CP asymmetries: Axp [Left],
A%ilg [Middle], AICI‘;" [Right]. The expectation from the likelihood profile [Black] is
shown as well.

Fig. For the A‘é‘lﬁ and Ag‘})" asymmetries, deviations from the likelihood pro-
file expectation become apparent at larger confidence levels.
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Conclusion

To achieve high precision determinations of the BJ-Bj) mixing phases ¢4 and ¢,
from the CP asymmetry parameters of the B® — J/p K2 and BY — J/ip ¢ decays, re-
spectively, controlling higher order hadronic corrections, originating from doubly
Cabibbo-suppressed penguin topologies, becomes mandatory. In view of the non-
perturbative long-distance QCD contributions to these corrections, it is not possi-
ble to calculate them directly within the quantum field theory framework. In this
thesis, we have therefore outlined and explored an alternative strategy to control
the penguin effects. This strategy relies on the SU(3)g flavour symmetry of QCD to
relate the hadronic matrix elements appearing in the B — Jip KO and B? — J/ip ¢
decay amplitudes with those of similar decay modes in which they can be estimated
directly from the experimentally available data.

The research reported in this thesis consists of a theoretical and an experi-
mental part, which both aim to advance our understanding of the penguin cor-
rections affecting the B® — J/ip KO and BY — J/ip ¢ decays. On the theoretical side,
we explored the potential of the SU(3)g symmetry based method, while the ex-
perimental half of the research focused on the measurement of the decay channel
B? — JpK?, using data collected by the LHCb experiment.

The most promising tool to control the penguin contributions affecting the
B® — JApK? decay is the U-spin symmetry relation with the BY — Jip K mode.
This strategy requires precision measurements of the CP asymmetry parameters in
the latter decay channel, which are currently not yet available. In anticipation of
these measurements, which can be expected towards the end of the LHCb upgrade
programme, we have performed a global fit to currently available CP asymme-
try and branching ratio information on the B® — JipK?, BY — J/p KO, BY — Jap K™,
B* — Jibw* and B — J/p i° modes. These B — J/(1t/K) modes have similar de-
cay dynamics as the B® — J/iK? decay, and can thus already be used to constrain
the hadronic penguin contributions affecting the B — J K0 channel. The main
results of this fit are

a=0.171%, 0=(1793+4.2)°,  ¢;=(43.9+1.7)°, (8.1)
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and correspond to a penguin shift
J K2 o
Ay =—(1.0370:82)" . (8.2)

affecting the relation between ¢ o and ¢,. In addition to this global fit, we have

eff
dJRpK
also illustrated the potential of the BY — J/ip K mode for the future LHCb upgrade
era using a benchmark scenario, and discussed a strategy to probe non-factorisable
U-spin-breaking effects between the B — i KO and B? — J/ip K decays.

For the BY — J/ib ¢ decay, the penguin contributions can be controlled through
the SU(3)g symmetry relation with the B® — J/ip p° and BY — Jy K*° modes. We
have discussed the potential of these two decays and studied the implications of
the first LHCb measurement of the B’ — J/ip p® CP asymmetry parameters. Taking
into account possible penguin effects in the required input for ¢y, i.e. using the
value given in Eq. (8.1, we found the following polarisation-independent results

appp =0.03970033,  Oppp=—(58"131) . (8.3)

Also the picture emerging from the polarisation-dependent measurements has been
explored, and gives results compatible with Eq. (8.3). In view of the excellent pre-
cision that can already be obtained with the current data, the B® — J/i p® mode is
expected to play the key role for the control of the penguin effects in the determi-
nation of ¢;. To fully benefit from the experimentally available data, we therefore
proposed a new strategy for the B — J/i K** decay. We suggest to combine the in-
formation of the B’ — J/i p® and B? — J/i» K*° modes into a global fit, which would
then no longer require knowledge on the form factors for the interpretation of the
decay rate information. Instead, the hadronic parameters can be obtained directly
from the experimental data, which offers new insights into the non-factorisable
SU(3)-breaking effects related to these modes. Adding also branching ratio infor-
mation on the B? — J/ip p° decay, which is currently not yet available, the impact of
additional decay topologies, i.e. penguin-annihilation and exchange contributions,
which are expected to be small, can be experimentally probed.

To maximise the potential for finding new physics in Bg—Eg mixing, it will be
crucial to perform simultaneous high-precision measurements of the phases ¢,
and ¢, at the LHCD and Belle II experiments. We therefore proposed a combined
analysis of the B — JipK?, B — JApK?, BY — Jip ¢, B® — JApp° and B? — J/p K*°
decays, in order to take into account the cross-correlations between these modes.

Regarding the experimental research, this thesis described the study of the
BY — Jip KO decay performed using data samples corresponding to an integrated
luminosity of up to 3.0 fb~! of pp collisions recorded by the LHCb detector between
2010 and 2012 at centre-of-mass energies of 7 and 8 TeV. The study consisted of
three consecutive steps, using increasingly larger data samples, each adding a new
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layer of complexity to the analysis. These steps focus respectively on the event
selection, the untagged decay time distribution and the tagged decay time distri-
bution, and resulted in measurements of the B — Ji K branching fraction, effec-
tive lifetime and CP asymmetry parameters. The event selection uses a two-stage
artificial neural network to suppress both the misreconstructed and the combi-
natoric background. The stage that differentiates between the signal and back-
ground candidates is trained entirely on data, using the B’ — J/i K? signal to rep-
resent the distinguishing features of the B — J/i K decay. For the tagged analysis,
per-candidate observables for the decay time resolution and wrong-tag probability,
and information from both the opposite side and same-side kaon taggers is used
to maximise the sensitivity to the CP observables. The final result for the ratio
of time-integrated branching fractions between the B — J/iK? and B® — J/p K
mode, measured using the full 3.0 fb™' data sample, is given by

B(Bs — I KS)

2B 2R ) .0431 £0.0017 (stat.) = 0.0012 (syst.) = 0.0025 (£./f;). (8.4
B(By — JApKY) * (stat.) & (syst.) = (f/fa).  (8.4)

The BY — J/p K2 effective lifetime, whose definition is given in Chapter [4} is mea-
sured as
]/¢K°_175+0 12 (stat.) £ 0.07 (syst.) ps, (8.5)

using the first 1.0 fb™! of data collected by LHCb. Finally, the CP asymmetry pa-
rameters are given by

Axr(Bs = JKS) = 0.49+ 077 (stat.) +0.06 (syst.), (8.6)
AL (Bs — JhpKQ) = -0.28 £ 0.41 (stat.) + 0.08 (syst.), (8.7)
AT (Bs > JApK?) = 0.08+0.40 (stat.) + 0.08 (syst.) . (8.8)

The large statistical uncertainties on these results do not yet provide constraints
on the penguin parameters a and 6.

The new data that will be collected by the LHCb and Belle II experiments can
further improve the measurements of these and other B — J/¢(n/K) CP asym-
metry parameters, and ultimately lead to high precision constraints on the pen-
guin contributions affecting the determination of ¢, and ¢ from B® — Jp KO and
BY — J/p ¢. We therefore eagerly await the first results from the second data taking
period of the LHC, and look forward to the possibilities that the LHCb upgrade
and Belle IT data will offer. Hopefully this will some day lead to the discovery of
new physics, either in Bg—gg mixing, or elsewhere.
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A Song of Trees and Penguins

Dear reader,

In the next few pages I would like to introduce you to the world I have been living
in for the past few years. This world of mine is inhabited by the smallest of things,
the elementary particles. Yet, it is everywhere around us, stretching out to the
furthest corners of our Universe. It is an incredibly complex world. The deeper
we adventure into it, the more hidden mysteries we uncover, and the more we are
drawn in by its spells. To you this world might appear difficult to comprehend,
but so it does to us too. And yet, it has not stopped us from exploring. Instead, the
challenges and questions drive us ever on. Since, like you, I cannot grasp it all, I
have dedicated the four years of my PhD study to one special creature inhabiting
this world. It lives in the cold and icy part of my world, and is only rarely seen. Yet
we know it must be there, and so we set out to search for it ...

The Standard Model

Let us start our journey through the realm of particle physics right on the doorstep
of our home. The objects you encounter in everyday life might not always seem
spectacular to you, but there is more to them than meets the eye. If we were to
zoom in on them, and continued to do so, at some point you would notice that they
are made out of billions of smaller building blocks: molecules. In turn, molecules
are made out of atoms, which themselves consist of a core of protons and neutrons,
surrounded by a cloud of electrons. But this is not yet the end of it, because protons
and neutrons can again be decomposed into quarks. Specifically two types: the up
and the down quark. Together, the electrons and the quarks form the most basic
building blocks of our Universe (that we know of).

Although everything around us is made out of electrons, up and down quarks,
we have learned over the past hundred years that there are actually many more
elementary particles in Nature. Most of the other fundamental particles, however,
are very exotic and short—lived@ making it more difficult to observe them. In
fact, you need large particle accelerators, either man-made or cosmic in origin, to

[a]Neutrinos form an exception. But due to their weak interaction with other matter, they are still
very challenging to observe.
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reach the energies that are needed to produce them. By studying collisions involv-
ing these accelerated particles we have been able to learn a lot about the world of
elementary particles. For example, we have so far identified six different quark
types. In order of increasing mass, that are the up, down, strange, charm, bot-
tom (or beauty, whatever you prefer) and top. Likewise, we now know of three
electron-like particles, the electron, muon and tau. And have found three dif-
ferent ghost-like particles, referred to as neutrinos, that are associated with these
electrons, muons and taus. Together, these six particles form the leptons. As if
that is not enough, every particle listed above also has a partner, the antiparticle,
which functions as its antagonist. Particles and antiparticles have the same mass,
but otherwise opposite properties. If, for example, the particle is blue and posi-
tively charged, the antiparticle would be anti-blue (or yellow on the colour wheel)
and negatively charged. Energy can be used to create a particle—antiparticle pair,
and likewise if a particle and its antiparticle meet, they annihilate each other and
transform back into energy. Luckily for us, antimatter has become very rare in
the Universe, so the annihilation process almost never happens, and especially not
on human-size scales. It is nonetheless regularly produced (and exploited by, for
example, medical PET scanners), but only in tiny amounts and most of it quickly
annihilates again. Studying the relation between particles and their antiparticles
forms an important aspect of my research.

Besides the quarks and leptons, we have also discovered a bunch of particles
that act as mediators for three of the four fundamental forces of Nature: electro-
magnetism, and the weak and strong (nuclear) force. The electromagnetic force is
responsible for light, electricity and magnetism, and for keeping electrons in orbit
around the atom core. Its force carrier is the photon. The strong force acts as glue
that keeps the quarks together inside the protons and neutrons, and is mediated by
so-called gluons. The weak force is responsible for the decay of unstable particles,
for example in radioactivity. Its mediators are the W and Z bosons. The strong
and weak force only play a role at the length scale of atoms or smaller, and are
therefore less prominently visible in our daily lives. And lastly, in addition to the
quarks, leptons and force carriers, there is also the Higgs particle. It is related to
the mechanism that is responsible for the masses of the fundamental particles. But
truly explaining what it is and how it comes about, goes a bit beyond the purpose
of this summary.

To make sense of all these different particles and their behaviour, physicists
have come up with a theory describing the elementary particles and their interac-
tions: the Standard Model. The only thing missing from this theory is a description
of the fourth, and most obvious, fundamental force, gravity. It simply does not fit
into the mathematical formulation used to describe the other forces. That is not the
only problem we encounter in particle physics. The Standard Model has been (and
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continues to be) remarkably successful in describing the experimental data we col-
lected from cosmic ray and accelerator-based experiments, but it cannot explain
the origin or nature of some other firmly established experimental observations.
Let me illustrate that with a few examples. Cosmological observations contain a
lot of information about the content of the Universe and how it evolved from the
Big Bang, an enormous explosion of energy that marked the birth of our Universe,
to the present day. These observations tell us that the Universe consists for only
4% out of ordinary matter, i.e. atoms and molecules. The remaining 96%, which go
under the mysterious names of dark matter and dark energy, are currently unex-
plained. In addition, the Big Bang created equal amounts of matter and antimatter.
Yet in the Universe we observe today, antimatter has largely disappeared. How did
that happen? One way to find out more about this puzzling observation is to study
the differences in behaviour between particles and their antiparticles.

Because of the shortcomings mentioned above (and others that are more dif-
ficult to explain here), physicists consider the Standard Model to be only an ap-
proximate theory; a special corner{@] of a more complete, but unknown, theory of
particle physics. It is our goal, as a particle physics community, to find evidence
for this “grand theory of particle physics”, and gain further insight into its proper-
ties. To succeed in that, we explore many different possibilities: we search for new
fundamental particles, or new types of interactions, or ... All these phenomena
go under the general name of new physics. So far, we have not yet found clear ev-
idence for new physics effects. That means that the deviations from the Standard
Model will be small or hard to find, thus requiring further effort from both the
experimental and the theoretical particle physics communities.

The Search for New Physics

Our main instruments for searching for experimental evidence of new physics
are high-energy particle accelerators, which accelerate electrons and/or protons
to nearly the speed of light before smashing them into each other at pre-defined
collision points. Around these collision regions, large particle detectors are built.
These detectors act as oversized cameras taking pictures of the collision events,
millions of times per second. By analysing these pictures, we hope to learn more
about what happens at the smallest length scales, which can eventually lead to
new findings that cannot be explained by the Standard Model theory. In the quest
for new physics, the accelerators are attaining higher and higher energies in order
to access yet unexplored territory, where new fundamental particles might abide.
The latest and most powerful accelerator taking up this task is the Large Hadron
Collider (LHC), located at CERN in Geneva, Switzerland. It has four interaction

[bJAs an example, Newtonian gravity is the (s)low-speed limit of Einstein’s General Relativity.
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points. The large detectors surrounding each one of them are called Atlas, Alice,
CMS and LHCb. Together, they have performed many interesting new measure-
ments, but the biggest highlight of the LHC is undoubtedly the discovery of the
Higgs particle by the Atlas and CMS experiments.

In my research, the LHCb detector plays a central role. Complementary to the
high energy frontier that is explored by Atlas and CMS, it focuses on high preci-
sion measurements of known physical processes related to the decay of particles
containing beauty and charm quarks. Through these measurements we hope to
find indirect evidence for new physics, manifesting itself as deviations from the
Standard Model predictions. Given the current situation, such new physics obser-
vations can only be claimed when the theoretical precision on the Standard Model
prediction for the measured observables at least matches the experimental uncer-
tainty. We therefore need to have a careful look at the theoretical assumptions
linking the experiment measurements with the Standard Model parameters.

The tools we have developed to perform theoretical calculations in particle
physics are based on a series expansion, where each new term in the series gives
a small correction to the previous one. Thus, the more terms in these series we
take into account, the more precise our calculation becomes. But each additional
term is also increasingly more difficult to compute. For many experimental mea-
surements we therefore only take into account the first (few) term(s) of this series.
With the increased experimental precision that can be reached by the LHCb ex-
periment, this approximation will no longer remain sufficient for some of the key
observables measured by LHCb.

About Trees and Penguins

This thesis reports my study on the impact of such higher order corrections for
two specific processes. These processes deal with the decay of so-called neutral B
mesons. B mesons are heavy particles consisting of a bottom antiquark and either
a down (B°) or a strange (BY) quark. They are unstable, and only live for a very
short period of time (a few trillionths of a second), after which they decay into a
number of lighter particles. We have found well over 250 different possible combi-
nations of decay products, but of interest for this thesis are the two decay channels
B® — JApKQ (to be pronounced as B-zero-to-jay-psi-K-short) and BY — J/ip ¢ (B-s-
to-jay-psi-fi). In these modes, the B meson decays into a J/i particle, consisting of
a charm and an anticharm quark, and either a K particle, consisting of a strange
antiquark and a down quark, or a ¢ particle, consisting of a strange and an anti-
strange quark. But you may also see it as cryptic code which particle physicists use
to talk about certain decay processes.

The leading order process with which the B — Jap K and B? — J/ip ¢ decays
take place, is referred to as the tree amplitude because of the forked graphical rep-
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Figure S.1: Graphical illustration of a so-called penguin diagram [200]. Control-
ling its impact on precision measurements of B meson decays is the main goal of
this thesis.

resentation of this mechanism. In addition, the decays can also occur via more
complicated decay paths known as penguin diagrams, which are illustrated in
Fig. In the B® — J/ip K2 and BY — J/ip ¢ decay channels, the contributions from
these penguin diagrams are strongly suppressed compared to the more prominent
tree amplitude. Nonetheless, we are reaching experimental precisions on the ob-
servables associated with the B — J/ipK? and BY — J/ip ¢ decays where even these
small corrections start to become noticeable, and thus need to be controlled. The
main goal of this thesis is to explore methods to do just that.

Because of low-energy strong interactions between the quarks involved in the
decay process, direct theoretical calculations of these penguin contributions are
difficult. The low-energy dynamics between quarks and gluons cannot be fully
described using our standard tools. To nonetheless get a handle on these effects,
we need to rely on alternative methods which can estimate them directly from the
experimental data. Here symmetries play an important role.

Symmetries and CP Violation

The corrections we are after can be determined from observables associated with
the difference in behaviour between particles and antiparticles. Particles and their
antiparticles are related to each other by simultaneously applying the charge sym-
metry and parity transformations. The charge symmetry (C) transformation in-
terchanges the positive and negative charges of the fundamental particles, while
parity (P) inverts the spatial directions, i.e. it makes the simultaneous transforma-
tion x — —x, vy — -y and z — —z. Although the Universe started out CP symmetric,
with equal amounts of matter and antimatter, the world around us is now exclu-
sively made out of matter, and antimatter has become very scarce. This can only
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be explained if particles do not exactly behave in the same way as antiparticles,
i.e. the CP symmetry between them is broken. As it turns out, the strong'*/|and
electromagnetic interactions are invariant under CP transformations, but the weak
interaction is not. The amount of CP violation measured in weak interactions is
not sufficient to explain the observed imbalance between matter and antimatter in
the Universe. Hence, there must be additional sources of CP violation not yet de-
scribed by the Standard Model. By studying weak decay processes, like B® — J/ip K2
and B? — J/ib ¢, we hope to find new physics that can help us understand all the
details regarding CP violation in our Universe.

In the Standard Model, CP violation is parametrised by complex phases. To
avoid a whole introduction into the mathematics of complex numbers, just imagine
that for the mathematical formulation of the Standard Model we work with num-
bers which in addition to their size also acquires a compass direction: a phase. By
measuring observables that quantify the (CP) asymmetry between the decay pro-
cess of the B® and B mesons on the one hand, and the B® and B? antimesons on the
other, these compass directions can be determined. With the decays B® — J/p K
and BY — J/ip ¢ we experimentally measure two of the CP violating complex phases,
referred to as ¢; and ¢;. If we ignore the tiny penguin contributions, and assume
that these two decays only proceed via the tree diagram, the relation between the
measured CP asymmetries and the phases ¢; and ¢, is rather straightforward. But
if we also include the penguin effects, the relations get modified and corrections,
which we parametrise as shifts A¢,; and A¢; in this thesis, need to be taken into
account. These corrections modify the value of the measured CP asymmetries,
so these asymmetries might also hold the key to controlling the corrections. In
B® — Jip K and B? — J/p ¢ the influence of the penguin amplitudes is small, so
the impact on the CP asymmetries is difficult to notice. Therefore we search for
other decay modes where the effect on the CP asymmetries is magnified.

At this point yet another symmetry comes into play: the flavour symmetry
of the strong interaction. Assuming the up, down and strange quark are mass-
less, which is an approximation, the strong interaction cannot distinguish between
these three quarks. As far as the strong interaction is concerned, these particles
then all look the same, and thus behave in the same way. That is an interesting
feature to exploit, especially in view of our problems to calculate the low-energy
dynamics between quarks and gluons. This symmetry allows us to relate one de-
cay path to another by interchanging up, down or strange quarks, without affecting
the low-energy strong dynamics involved in these modes. So instead of perform-
ing explicit calculations, we use flavour symmetry to relate the quantities we want
to know to similar quantities in other decay modes where they can be constrained

[c]The strong interaction needs not be invariant under CP transformations, but experimental mea-
surements suggest that it is. This puzzling situation is known as the strong CP problem.
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with experimental data. Of course quarks are not massless, so this symmetry is not
realised exactly in Nature. But the masses of the up, down and strange quarks are
much smaller than the typical energy scale at which strong interaction processes
take place, and thus effectively appear massless to them. The flavour symmetry of
the strong interaction therefore is an excellent tool in the study of B® and B? meson
decays.

Hunting Penguins

Let me illustrate the use of flavour symmetry in a bit more detail. By interchanging
all down and strange quarks with one another, the B — J/ K0 decay transforms
into the B? — Ji KO decay mode. In the flavour symmetry limit, the strong inter-
action effects involved in these two decay paths are identical. However, the weak
interaction still causes differences between the two decays. As a result the relative
contributions of the tree and penguin amplitudes in B — J/ip K are different from
those in B — J/ip KO; the penguin amplitudes are enhanced in B — JipK?. As a
consequence, the BY — J/p K decay is much more sensitive to penguin effects, and
can in fact be used to constrain their impact in B® — J/ip K2, i.e. to quantify the shift
Ady.

Our main strategy is as follows: We measure the CP asymmetries in B — J/ip K2,
and use them to determine the size of the penguin contributions. Then we invoke
the flavour symmetry argument to relate the penguin contributions in B? — J/i K?
to those in B® — JApK?. With knowledge on the size of the penguin effects in
BY — Jip K, we can quantify the shift A¢,, and thus improve the measurement
of ¢4 from the CP asymmetries in B® — J/ip K. That may sound like we have ev-
erything under control now, but of course nothing is that simple. The penguin
contributions might be enhanced in B? — J/ip K2, but the overall decay amplitude
is suppressed compared to B’ — J/ip K0, making this mode experimentally more
challenging to study. At the moment, we do not yet have high precision measure-
ments of the BY — Jip K2 CP asymmetries, and therefore cannot yet execute the
above described strategy.

Searching for Penguins Footprints

So where does my research come into this game? Well, at two points: it consists
both of a theoretical and an experimental part. For the experimental half of my
research project, I studied the B? — J/i KQ decay using data collected by the LHCb
experiment. This study was performed in three stages, with each new stage adding
another layer of complexity to the analysis. In the first stage, my copromotor
and I focused on separating the B — Jip K events from the much larger back-
ground contribution in the data sample. To do this artificial neural networks were
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used. This initial analysis resulted in a measurement of the BY — J/iy K? branching
fraction, i.e. the number of times a BY meson decays into the specific J/i K2 final
state. In the second stage, we also looked at the distribution of decay times of the
BY — Jap KQ events and measured their lifetime. In the final stage, the CP asymme-
tries of the B — J/ip K2 decay were measured. Unfortunately, the uncertainties on
these parameters are still too large to execute the above described strategy, but it
nonetheless offers interesting information regarding the future prospects for this
decay channel.

On the theoretical side I explored the flavour symmetry method sketched above
to determine the penguin effects in B — JipK? and B? — J/ib¢. As the neces-
sary information is not yet available for the BY — J/iyK? decay, my promotor and
I looked at other decay modes that can also be related by the flavour symme-
try to B® = JpKd and B? — Jib¢. To control the penguin shift A¢, affecting
B® — JApK?, a combined analysis of the B — JapK?, B — JiwK?, B* — Jab K,
B* — Jibw* and B® — Jp t° modes was performed. All five modes have simi-
lar decay dynamics as the B — J/ipK? decay, and can thus be used to constrain
the penguin contributions affecting the B — J/ip K{ channel. In addition to the
analysis of the currently available data, we also illustrated the potential of the
B? — Jip K mode for the future LHCb upgrade era using a benchmark scenario,
and discussed a strategy to probe corrections to the flavour symmetry method re-
lating the strong interaction dynamics between the B® — JAipK? and BY — J/ip K2
decays.

The decay channels that can be used to control the penguin shift A¢, affect-
ing BY — J/ip ¢ are B — J/p p° and B? — JAap K*°. Also for these modes we explored
the currently available data and determined the resulting constraints on A¢,. In
addition, a new combined analysis was suggested, which would offer interesting
information on the corrections to the flavour symmetry method relating the strong
interaction dynamics between BY — J/ib ¢, B — J/ip p° and B? — J/p K*O.

Congratulations! You have survived this long and perilous journey through the
realm of trees and penguins. I hope you got a brief glimpse of what my research
has been about, and what I have been doing for the past four years. At least you
now understand why I continue talking about penguins, even though I am not a
biologist.

Amsterdam 2015,
Kristof
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Een Lied over Bomen en Pinguins

Beste lezer,

In de volgende pagina’s zou ik jou graag meenemen naar de wereld waarin ik de
afgelopen jaren geleefd heb. Deze wereld wordt bewoond door de allerkleinste
objecten, elementaire deeltjes. Desondanks vinden we deze wereld overal om ons
heen, en strekt het zich uit tot in de verste uithoeken van ons Heelal. Het is een on-
gelooflijk complexe wereld. Hoe meer we ons er in verdiepen, hoe meer verborgen
raadsels we ontdekken, en hoe meer we ertoe aangetrokken worden. Deze wereld
is voor jou misschien moeilijk te doorgronden, maar dat is het ook voor mij. Dat
weerhoudt ons er echter niet van om op ontdekkingstocht te gaan. In tegendeel, de
uitdagingen en onbeantwoorde vragen motiveren ons om steeds verder te zoeken.
Omdat ik, net als jij, niet alles kan bevatten, heb ik de vier jaar van mijn doctoraat
toegewijd aan één speciaal wezentje dat in deze wereld terug te vinden is. Het leeft
in de koude en ijzige delen van mijn wereld, en wordt maar zelden gezien. Toch
weten we dat het er moet zijn. Laat ons daarom samen op zoek gaan.

Het Standaardmodel

Onze reis door de wondere wereld van de deeltjesfysica vertrekt rechtstreeks van-
uit jouw luie zetel. De voorwerpen die je dagdagelijks tegenkomt zijn misschien
niet altijd spectaculair, maar ze zijn complexer dan je op het eerste zicht zou
denken. Als we er ver genoeg op blijven inzoomen, dan merken we dat ze zijn
opgebouwd uit miljarden kleinere bouwstenen: moleculen. Moleculen zijn op hun
beurt opgebouwd uit atomen, die zelf weer bestaan uit een kern van protonen en
neutronen, met daar omheen een wolk van elektronen. Maar dit is nog steeds niet
het einde van het verhaal, want protonen en neutronen kunnen weer opgesplitst
worden in quarks. In het bijzonder, twee soorten quarks: de up en de down quark.
Samen vormen de elektronen en quarks de meest elementaire bouwstenen van ons
Heelal (voor zover we nu weten).

Hoewel alles om ons heen opgebouwd is uit elektronen, up en down quarks,
hebben we de afgelopen honderd jaar geleerd dat er eigenlijk veel meer elemen-
taire deeltjes bestaan in de Natuur. De meeste van deze fundamentele deeltjes zijn
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echter exotisch en leven maar heel kor@ wat het moeilijker maakt om ze waar te
nemen. We hebben grote deeltjesversnellers nodig, die of door de mens gebouwd of
kosmisch van origine zijn, om de energie niveaus te bereiken die nodig zijn om ze
te produceren. Door de botsingen van deze versnelde deeltjes te bestuderen, leren
we veel over de wereld van de elementaire deeltjes. Zo hebben we, bijvoorbeeld,
zes verschillende soorten quarks geidentificeren. Gerangschikt naar hun massa
zijn dat de up, down, strange, charm, bottom (of beauty, als je wil) en top. We ken-
nen nu ook drie op elektronen gelijkende deeltjes: het elektron, het muon en het
tau deeltje. En we vonden drie spookachtige deeltjes, ook wel neutrino’s genoemd,
die gerelateerd zijn met de elektronen, muonen en tau deeltjes. Tezamen noemen
we de zes laatst genoemde deeltjes de leptonen. Maar alsof dat nog niet genoeg
is, heeft elk van de bovenstaande deeltjes ook nog een partner, het antideeltje,
dat als zijn antagonist fungeert. Deeltjes en antideeltjes hebben dezelfde massa,
maar verder precies tegenovergestelde eigenschappen. Als het deeltje bijvoorbeeld
blauw en positief geladen is, dan zou zijn antideeltje anti-blauw (oftewel geel vol-
gens het kleurenwiel) en negatief geladen zijn. Om een deeltje—antideeltje paar te
creéren heb je energie nodig. Omgekeerd, wanneer een deeltje en zijn antideeltje
elkaar ontmoeten, annihileren ze elkaar en veranderen ze terug in energie. In ons
Heelal is antimaterie zeldzaam geworden. Het annihilatie procedé vindt dus bijna
nooit plaats en al helemaal niet op de schaalgrootte van dagdagelijkse voorwer-
pen. Desondanks wordt antimaterie regelmatig geproduceerd (wat bijvoorbeeld
gebruikt wordt in medische PET scanners), maar dat is altijd in kleine hoeveelhe-
den. Het overgrote deel daarvan annihileert bijna onmiddellijk. Het bestuderen
van de relatie tussen deeltjes en hun antideeltjes is een belangrijk onderdeel van
mijn onderzoek.

Naast de quarks en leptonen ontdekten we ook een groep deeltjes die nodig
zijn voor het overdragen van drie van de vier fundamentele krachten in de Natuur:
elektromagnetisme, en de sterke en zwakke kernkracht. Elektromagnetisme is ve-
rantwoordelijk voor licht, elektriciteit, magnetisme, en houdt de elektronen in een
baan om de atoomkern. Het geassocieerde krachtdragende deeltje is het foton. De
sterke kernkracht werkt als lijm die de quarks bij elkaar houdt in protonen en neu-
tronen. Het wordt overgedragen door gluonen. De zwakke kernkracht is verant-
woordelijk voor het verval van onstabiele deeltjes, zoals bij radioactiviteit. Daarbij
worden de W en Z bosonen uitgewisseld. De sterke en zwakke kernkracht spelen
alleen een rol op de schaalgrootte van atomen en kleiner. Ze zijn daarom minder
prominent aanwezig in ons leven. Als laatste is er naast de quarks, leptonen en
krachtdragende deeltjes ook nog het Higgs deeltje. Het heeft te maken met het
mechanisme dat verantwoordelijk is voor de massa van de fundamentele deeltjes.

[2]Neutrino’s zijn een uitzondering op deze regel. Maar door de zwakke interactie met andere ma-
terie, is het nog steeds heel moeilijk om ze waar te nemen.
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Maar in detail uitleggen wat dit juist is en waarom het er is, gaat een beetje te ver
voor deze samenvatting.

Om inzicht te krijgen in al deze deeltjes en hoe ze zich gedragen, ontwikkelden
fysici een theorie die de elementaire deeltjes en hun interacties beschrijft: het Stan-
daardmodel. Het enige wat ontbreekt aan deze theorie is een beschrijving van de
vierde en meest opvallende fundamentele kracht, de zwaartekracht. Die kan sim-
pelweg niet beschreven worden met dezelfde mathematische formules als de drie
andere krachten. Maar dat is niet het enige probleem waar we in de deeltjesfysica
tegenaan lopen. Het Standaardmodel is opmerkelijk succesvol in het beschrijven
van de data die we verzameld hebben met experimenten die gebruik maken van
kosmische straling en deeltjesversnellers, maar het kan de oorsprong en eigen-
schappen van sommige andere, gevestigde waarnemingen niet verklaren. Ter il-
lustratie, enkele voorbeelden. Kosmologische waarnemingen bevatten een enorme
hoeveelheid informatie over de inhoud van ons Heelal en haar evolutie sinds de
Oerknal, een gigantische explosie van energie die gezien wordt als de geboorte
van ons Heelal. Uit deze waarnemingen concluderen we dat het Heelal maar voor
4% uit gewone materie, dat zijn atomen en moleculen, bestaat. De overige 96%,
beschreven met geheimzinnige namen zoals donkere materie en donkere energie,
is momenteel onverklaarbaar. Bovendien nemen we aan dat er bij de oerknal even-
veel materie als antimaterie werd geproduceerd. Als we het Heelal vandaag de dag
bekijken, is de antimaterie echter bijna volledige verdwenen. Hoe kan dat? Om
hierop een antwoord te vinden, verdiepen we ons in het verschil in gedrag tussen
deeltjes en hun antideeltjes bestuderen.

Omwille van bovenstaande tekortkomingen (en anderen die moeilijker te be-
schrijven zijn), nemen fysici aan dat het Standaardmodel slechts een goede be-
nadering van de werkelijkheid is; een speciale limie@ van een completere, maar
nog onbekende theorie over elementaire deeltjes. Het is ons doel, als deeltjesfysici,
om een bewijs te vinden voor deze “grootse theorie der elementaire deeltjes”, en
inzicht te krijgen in haar eigenschappen. Om te slagen in deze missie, onderzoeken
we verschillende mogelijkheden: we zoeken naar nieuwe elementaire deeltjes, of
naar nieuwe manieren van interactie tussen de deeltjes, of ... Al deze manifestaties
van de completere theorie worden omschreven met de algemene naam nieuwe fys-
ica. Tot nu toe hebben we nog geen duidelijk bewijs voor nieuwe fysica gevon-
den. Dat betekent dat afwijkingen van het Standaardmodel klein of moeilijk te
detecteren zullen zijn, wat verdere inspanningen van zowel de experimentele als
de theoretische deeltjesfysica gemeenschap vraagt.

[bIDenk bijvoorbeeld aan Newtoniaanse zwaartekracht, wat een goede benadering van Einstein’s Al-
gemene Relativiteitstheorie is voor voorwerpen met lage snelheid.
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De Zoektocht naar Nieuwe Fysica

Onze belangrijkste instrumenten in de zoektocht naar experimenteel bewijs voor
nieuwe fysica zijn de hoge energie deeltjesversnellers. Zij versnellen elektronen
en/of protonen tot bijna de lichtsnelheid, om ze vervolgens op specifieke plaatsen
te laten botsen. Rond deze interactiepunten hebben we grote deeltjesdetectoren
gebouwd. Deze detectoren zijn vergelijkbaar met enorme camera’s die foto’s nemen
van de botsingen, maar dan miljoenen keren per seconde. Door de foto’s te analy-
seren, hopen we meer te weten te komen over wat er gebeurt op de allerkleinste
lengteschalen. Dat kan dan leiden tot nieuwe resultaten, die niet verklaard kun-
nen worden door het Standaardmodel. Omwille van deze zoektocht naar nieuwe
fysica, bouwen we versnellers die een steeds hogere energie bereiken, zodat nog
niet onderzocht gebied toegankelijk wordt. Daar houden nieuwe, fundamentele
deeltjes zich mogelijk nog schuil. De nieuwste en meest energetische versneller
die deze taak op zich genomen heeft, is de Large Hadron Collider (LHC), terug
te vinden bij CERN in Geneve, Zwitserland. De LHC heeft vier interactiepunten,
waar de grote detectoren genaamd Atlas, Alice, CMS en LHCD zijn gebouwd. Deze
detectoren leverden reeds vele interessante resultaten op. Maar het hoogtepunt
van de LHC is ongetwijfeld de ontdekking van het Higgs deeltje door de Atlas en
CMS experimenten.

In mijn onderzoek speelt de LHCb detector een belangrijke rol. Aanvullend op
de hoge energie limiet die verkend wordt door Atlas en CMS, focust LHCb zich op
precieze metingen van gekende fysische verschijnselen die te maken hebben met
het verval van deeltjes die een beauty of charm quark bevatten. Met deze metingen
hopen we indirect bewijs te vinden voor nieuwe fysica, wat zich manifesteert als
afwijkingen van de voorspellingen die gemaakt worden door het Standaardmodel.
Gegeven de huidige situatie kunnen dergelijke observaties van nieuwe fysica alleen
gemaakt worden wanneer de theoretische nauwkeurigheid op de voorspellingen
voor de gemeten grootheden even precies is als die op de experimenteel gemeten
waarden. Met als gevolg dat we de theoretische aannamen die nodig zijn om de
experimentele observabelen te koppelen aan de parameteres van het Standaard-
model, herevalueren.

De methodes die we ontwikkeld hebben om theoretische berekeningen uit te
voeren in de deeltjesfysica zijn gebaseerd op een reeksontwikkeling. Daarbij vormt
elke nieuwe term in de reeks een kleine correctie op de vorige term. Dus, hoe meer
termen van de reeks we in acht nemen, hoe nauwkeuriger het resultaat wordt.
Echter, elke nieuwe term is ook steeds moeilijker om te berekenen. Voor vele ex-
perimentele metingen houden we daarom alleen rekening met de eerste (paar)
term(en) van de serie. Door de verbeterde nauwkeurigheid die het LHCb exper-
iment kan bereiken, volstaan deze benaderingen niet meer voor enkele van de be-
langrijke observabelen die door LHCb gemeten worden.
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Figure S.1: Grafische illustratie van een zogenaamd pinguin diagram [200]. Het
kwantificeren van de impact van dit diagram op de precisie metingen van B meson
vervallen, is het hoofddoel van deze thesis.

Over Bomen en Pinguins

Deze thesis brengt verslag uit van mijn studie naar de impact van dergelijke hogere
orde correcties voor twee zeer specifieke processen. Deze processen hebben te
maken met het verval van zogenaamde neutraal geladen B mesonen. B mesonen
zijn zware deeltjes die bestaan uit een bottom antiquark en een down (B°) of een
strange (BY) quark. Zij zijn onstabiel, en leven slechts voor een zeer korte periode
(enkele miljardsten van een seconde), waarna ze vervallen in lichtere deeltjes. We
hebben al meer dan 250 verschillende combinaties van vervalsproducten gevon-
den, maar voor deze thesis beperken we ons tot de twee vervalskanalen BY - Jhp KS0
(uit te spreken als B-nul-naar-jee-psaai-K-short) en B? — J/ib ¢ (B-s-naar-jee-psaai-
faai). In deze vervalsmodi vervalt het B meson in een J/ip deeltje, dat bestaat uit
een charm en een anticharm quark, en een K deeltje, dat bestaat uit een strange
antiquark en een down quark, of een ¢ deeltje, dat een strange en een antistrange
omvat. Je mag dit alles ook zien als een raadselachtige code die deeltjesfysici ge-
bruiken om over bepaalde vervalsprocessen te spreken.

De eerste term in de reeksontwikkeling die de B® — J/ip K en BY — J/ip ¢ ver-
vallen beschrijft, staat bekend als de boom amplitude omwille van de gevorkte
grafische voorstelling van het mechanisme waarmee de vervallen plaatsvinden.
Daarnaast kunnen deze vervallen ook plaatsvinden via complexere vervalspaden
die bekend staan als pinguin diagrammen, zoals geillustreerd in Fig. In de
B? — Jip K en BY — J/p ¢ vervalskanalen zijn de bijdragen van de pinguin dia-
grammen sterk onderdrukt in vergelijking met de meer prominente boom ampli-
tude. Desalniettemin hebben we een experimentele precisie bereikt op de observa-
belen die geassocieerd worden met de B® — J/p KO en BY — J/ip ¢ vervallen waarbij
deze kleine correcties merkbaar worden. Ze moeten daarom gekwantificeerd wor-

201



S. Een Liep over BoMEN EN PINGUINS

den. Het is het hoofddoel van deze thesis om methoden te onderzoeken die dit
kunnen verwezenlijken.

Omwille van sterke interacties waarbij weinig energie uitgewisseld wordt tussen
de quarks die betrokken zijn met het vervalsproces, is het moeilijk om de pinguin
contributies theoretisch te berekenen. De laag energetische dynamica tussen
quarks en gluonen kan niet volledig beschreven worden met onze standaard meth-
oden. Om de effecten toch te kwantificeren, grijpen we daarom naar alternatieve
methoden die de impact van deze diagrammen afschatten met behulp van experi-
mentele data. Symmetrién spelen daarbij een belangrijke rol.

Symmetrién en CP Schending

De correcties die we proberen te kwantificeren, kunnen bepaald worden met be-
hulp van observabelen die het verschil in gedrag tussen deeltjes en antideeltjes
parametriseren. Deeltjes en hun antideeltjes zijn aan elkaar gerelateerd door het
uitvoeren van zowel de ladingssymmetrie transformatie als de pariteit transfor-
matie. De ladingssymmetrie (C, van het Engelse charge) transformatie verwisselt
de positieve en negatieve ladingen van de fundamentele deeltjes. Pariteit (P) keert
de richtingen die we geven aan de ruimtelijke dimensies om, d.w.z. het maakt de
transformaties x — —x, y —» —y en z —» —z. Hoewel het Heelal CP-symmetrisch
begonnen is, met evenveel materie als antimaterie, is de wereld om ons heen nu
exclusief uit materie opgebouwd. Antimaterie is zeer schaars geworden. Dit is
alleen mogelijk wanneer deeltjes zich niet exact hetzelfde gedragen als antideelt-
jes, d.w.z. de CP symmetrie is gebroken. De sterk en elektromagnetische inter-
acties zijn invariant onder CP transformaties, maar de zwakke kernkracht is dat
niet. De grootte van de CP schending die gemeten wordt in zwakke interacties
is echter onvoldoende om de vastgestelde onbalans tussen materie en antimaterie
in het Heelal te verklaren. Er moeten dus nog extra bronnen van CP schending
zijn die niet beschreven worden door het Standaardmodel. Door vervalsprocessen,
zoals B’ — J/p K en BY — J/ip ¢, te bestuderen, hopen we nieuwe fysica te vinden
die ons kan helpen om de CP schending in het Heelal te begrijpen.

In het Standaardmodel wordt CP schending geparametriseerd door complexe
fasen. Zonder een uitgebreide introductie in de wiskunde achter complexe getallen
te geven, stel je je simpelweg voor dat de wiskundige beschrijving van het Stan-
daardmodel gebruik maakt van getallen die bovenop hun grootte ook nog een kom-
pasrichting hebben: een fase. Door observabelen te meten die de (CP) asymmetrie
parametriseren tussen de vervalsprocessen van aan de ene kant B® en BY mesonen,
en aan de andere kant B® en B? antimesonen, bepalen we deze kompasrichtingen.

[c]De sterke kernkracht hoeft niet invariant te zijn onder CP transformaties, maar experimentele
waarnemingen suggereren dat dat wel zo is. Deze raadselachtige situatie staat bekend als het sterke CP
probleem.
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Via de B® — J/ip K en BY — J/ip ¢ vervalskanalen meten we twee van dergelijke CP-
schendende complexe fasen. Ze worden aangeduid als ¢; en ¢;. Als we de kleine
bijdragen van de pinguin diagrammen negeren, en dus aannemen dat de twee ver-
vallen alleen via het boom diagram plaatsvinden, dan is de relatie tussen de geme-
ten CP asymmetrién en de fasen ¢, en ¢, redelijk eenvoudig. Nemen we ook de
pinguin effecten mee, dan wijzigen deze relaties en moeten we rekening houden
met correcties, die we in dit doctoraat parametriseren met de verschuivingen A¢,
en A¢;. Deze correcties beinvloeden de waarden van de gemeten CP asymmetrién.
Bijgevolg kunnen deze asymmetrién ook gebruikt worden om de correcties te be-
heersen. In B — J/p K en BY — J/p ¢ is de invloed van de pinguin amplitudes
klein. Hun impact op de CP asymmetrién is dus moeilijk waar te nemen. We
zoeken daarom andere vervalskanalen waarin het effect op de CP asymmetrién is
uitvergroot.

Om dit te verwezenlijken hebben we nog een symmetrie nodig: de smaaksym-
metrie van de sterke kernkracht. Wanneer we aannemen dat de up, down en
strange quark massaloos zijn, wat een benadering van de werkelijkheid is, dan
kan de sterke kernkracht de drie quarks niet meer van elkaar onderscheiden. Wat
de sterke kernkracht betreft, zien deze deeltjes er precies hetzelfde uit, en gedra-
gen ze zich dus ook op dezelfde manier. Met het oog op de moeilijkheden die
we tegenkomen om de laag energetische dynamica tussen quarks en gluonen te
berekenen is dat een interessante eigenschap om uit te buiten. Deze symmetrie
laat ons toe om vervalskanalen met elkaar te relateren door het verwisselen van
up, down en strange quarks, zonder dat daarbij de laag energetische dynamica die
deze vervalsmodi beschrijft verandert. Dus in plaats van expliciete berekeningen,
gebruiken we de smaaksymmetrie om de parameters die we willen weten te re-
lateren aan soortgelijke parameters uit vervalsmodi waarin deze bepaald kunnen
worden met experimentele data. Uiteraard zijn quarks niet massaloos. Deze sym-
metrie is dan ook niet exact gerealiseerd in de Natuur. Echter, de massa’s van de
up, down en strange quarks zijn klein in vergelijking met het typische energie-
niveau waarop sterke interacties plaats vinden. Voor de sterke kernkracht komen
ze daarom over als massaloos. De smaaksymmetrie is daarom een uitstekend hulp-
middel in de studies over het verval van B® and BY mesonen.

De Jacht op Pinguins

Laat mij het gebruik van de smaaksymmetrie in meer detail belichten. Door het
met elkaar omwisselen van alle down en strange quarks verandert het B® — J/i K?
verval in de B — J/ip KQ vervalsmodus. In de limiet waarbij we perfecte smaaksym-
metrie hebben, zullen de sterke interacties in deze twee vervalskanalen identiek
zijn. De zwakke interacties zorgen echter nog steeds voor verschillen tussen de
twee vervalskanalen. Bijgevolg is de relatieve verhouding tussen de boom en pin-

203



S. Een Liep over BoMEN EN PINGUINS

guin amplitudes in B — J/p KO anders dan die in B — Jip KO. De pinguin am-
plitudes zijn uitvergroot in B — JipK?. Derhalve is het B — Jaip KO verval veel
gevoeliger voor pinguin effecten, en kan het gebruikt worden om hun impact in
B? — Jap K te bepalen, d.w.z. om de verschuiving A¢, te kwantificeren.

De strategie die we daarvoor gebruiken is de volgende: we meten de CP asym-
metrién in B — J/ip KO, en gebruiken die om de grootte van de pinguin bijdragen
te bepalen. Dan roepen we de smaaksymmetrie aan om de pinguin bijdragen in
B? — Jap K te relateren aan die in B — J/ip K. Eens we de grootte van de pinguin
effecten in BY — J/ipK? kennen, kunnen we de verschuiving A¢, kwantificeren.
Dat leidt op zijn beurt weer tot een nauwkeurigere bepaling van ¢, met behulp
van de CP asymmetrién in B — J/ip KQ. Het klinkt alsof we alles onder controle
hebben, maar zo eenvoudig is het uiteraard niet. De pinguin bijdragen zijn dan
wel uitvergroot in BY — J/ip K0, maar de totale vervalsamplitude is veel kleiner dan
die in B’ — Jip K. De B? — J/ip K? vervalsmodus is daarom op experimenteel vlak
moeilijker te bestuderen. Als gevolg daarvan hebben we momenteel nog geen pre-
cieze metingen van de CP asymmetrién in B — J/ip K, en kunnen we de boven-
staande strategie dus nog niet uitvoeren.

Op Zoek naar Voetsporen van Pinguins

Waar past mijn onderzoek in dit plaatje? Wel, op twee punten: het bestaat uit zowel
een theoretisch als een experimenteel gedeelte. Voor de experimentele helft van
mijn onderzoek heb ik het B — J/iy K0 verval bestudeerd met behulp van de data
verzameld door de LHCb detector. Deze studie bestond uit drie stappen, waarbij
elke nieuwe stap een extra laag in de complexiteit van de analyse toevoegde. In
de eerste stap waren mijn copromotor en ik gefocust op het onderscheiden van de
BY — Jap KQ vervallen van de veel talrijkere achtergrond gebeurtenissen in de data.
Hiervoor maakten we gebruik van artificiéle neurale netwerken. Deze eerste ana-
lyse resulteerde in een meting van de B? — J/ip K0 vertakkingsverhouding, d.w.z.
het aantal keren dat een B? meson vervalt naar de specifieke J/i K eindtoestand.
In de tweede stap keken we ook naar de verdeling van de vervalstijden van de
B? — Jip K gebeurtenissen, en maten we hun gemiddelde levensduur. In de laat-
ste stap zijn dan de CP asymmetrién van het BY — J/ip K0 verval gemeten. Helaas is
de onzekerheid op deze parameters nog te groot om de bovenstaande strategie uit
te voeren. Desondanks feeft het interessante informatie over de toekomstmogeli-
jkheden van dit vervalskanaal.

Aan de theoretische zijde heb ik onderzoek gedaan naar de hierboven beschre-
ven methode, die gebaseerd is op de smaaksymmetrie, om de pinguin effecten
in B" — J/p K en B? — J/ip ¢ te bepalen. Aangezien in het geval van B® — J/p KO
de benodigde informatie nog niet beschikbaar is, hebben mijn promotor en ik
gekeken naar andere vervalskanalen die ook via de smaaksymmetrie gerelateerd
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kunnen worden aan B® — J/p KO en B — J/ip ¢. Om de pinguin verschuiving A¢,,
die we in B — J/ K0 tegenkomen, te bepalen, is een gemeenschappelijke analyse
van de B® — JipK?, BY — JiwK?, B* — JipK*, B* — Jipm* en B — Jip = ver-
valskanalen uitgevoerd. Alle vijf deze vervalsmodi hebben vervalsdynamica die
gelijkaardig zijn aan die in het B® — J/ip K verval, en kunnen dus gebruikt wor-
den om de pinguin bijdrage in B — J/ipK? te bepalen. Naast de analyse van de
beschikbare data hebben we ook het potentieel van de BY — J/ip KQ vervalsmodus
voor de toekomstige upgrade van de LHCD detector geillustreerd aan de hand van
een voorbeeld scenario. En we hebben een strategie besproken die kan helpen bij
de studie van de correcties op de smaaksymmetrie methode die de sterke interactie
dynamica in de B® — J/aip K2 en B? — Ji KQ vervalskanalen met elkaar verbindt.

De vervalskanalen die gebruikt kunnen worden om de pinguin verschuiving
Ags in BY — Jip ¢ te bepalen zijn B — Japp® en B? — Jip K**. Ook voor deze
vervalsmodi hebben we de beschikbare data bestudeerd en de daaruit volgende
waarde voor A¢ bepaald. Daarnaast hebben we ook een voorstel gedaan voor een
nieuwe, gecombineerde analyse van beide vervalskanalen. Deze strategie biedt in-
teressante informatie over de correcties op de smaaksymmetrie methode die de
sterke interactie dynamica in de B — J/ip ¢, B — J/ip p° en BY — J/ip K* vervals-
kanalen met elkaar verbindt.

Gefeliciteerd! Je hebt de lange en gevaarlijke tocht door de wereld van bomen
en pinguins overleefd. Ik hoop dat je daarbij een idee gekregen hebt over wat mijn
onderzoek nu juist inhield en waar ik de afgelopen vier jaar mee bezig ben geweest.
Op zijn minst zou je nu moeten begrijpen waarom ik het steeds over pinguins heb,
terwijl ik toch geen bioloog ben.

Amsterdam 2015,
Kristof
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