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Abstract

In this thesis, two measurements of CP violation in the B— DD system are pre-
sented. Both analyses explore proton-proton collision data corresponding to an
integrated luminosity of 6fb™" collected by the LHCb experiment at a centre-of-
mass energy of 13 TeV. The flavour-tagged decay-time-dependent analysis of about
5700 BY— DT D~ signal candidates yields the CP observables

Sp+p- = —0.552 £ 0.100 (stat) £ 0.010 (syst) ,
Cp+p- = 0.128 £0.103 (stat) £ 0.010 (syst) .

In the second measurement, approximately 13000 B?— D D signal candidates
are selected, and the CP observables are determined to be

- = —0.086 & 0.106 (stat) + 0.028 (syst) rad ,
|Aprp-| = 1.14540.126 (stat) 4= 0.031 (syst) .

These results represent the most precise measurements of CP violation in their
respective channels to date and are consistent with Standard Model predictions.
For the first time, CP symmetry in B°— DT D~ decays is excluded by a single
measurement with a significance of more than six standard deviations.

Kurzfassung

In dieser Arbeit werden zwei Messungen von CP-Verletzung im B — DD System
vorgestellt. Beide Analysen verwenden Daten des LHCh-Experiments, welche einer
integrierten Luminositéit von 6fb~! entsprechen und in Proton-Proton Kollisionen
bei einer Schwerpunktsenergie von 13 TeV aufgezeichnet wurden. Die zerfallszeit-
abhingige Analyse von etwa 5700 B®— D* D~ Signalkandidaten ergibt

Spip- = —0.552 £ 0.100 (stat) = 0.010 (syst) ,
Cp+p- = 0.128 £0.103 (stat) + 0.010 (syst) .

In der zweiten Messung werden etwa 13000 BY — DfD; Signalkandidaten selek-
tiert, und die Messung der C'P-Observablen ergibt

6+ b = —0.086 2 0.106 (stat) = 0.028 (syst) rad ,
Ap#p-| = 1.145 £ 0.126 (stat) £ 0.031 (syst) .

Diese Ergebnisse stellen die bisher prazisesten Messungen von CP-Verletzung in den
jeweiligen Zerfallskanélen dar und sind kompatibel mit Vorhersagen des Standard-
modells. Zum ersten Mal kann CP-Symmetrie in B®— D™D~ Zerfillen durch eine
einzelne Messung mit einer Signifikanz von mehr als sechs Standardabweichungen
ausgeschlossen werden.
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1 Introduction

In the past century, our understanding of the universe has been revolutionised by
the development of the Standard Model of particle physics (SM) [1-3]. The SM is
a quantum field theory that describes the fundamental particles and their interac-
tions. This model has been proven to accurately describe nature on the smallest
scales to exceptional precision. With the discovery of the Higgs boson in 2012 [4,5],
all particles predicted by the SM have been found. Despite its success, the SM is
known to be incomplete. Observations of neutrino oscillations [6, 7] indicate that
neutrinos have mass, while in the SM they are assumed to be massless. Cosmological
measurements show that only 5% of the energy content of the universe is described
by the SM. The remaining 95% are attributed to dark matter and dark energy [§].
However, even the existence of the 5% ordinary matter raises another interesting
question. According to our current understanding of the universe, equal amounts
of matter and antimatter should have been created after the Big Bang. Still, there
is no sign of large-scale antimatter clusters that could compensate for the observed
matter in the universe. In 1967, Sakharov proposed three necessary conditions to
produce such an imbalance of matter and antimatter in the early universe [9]. The
baryon number conservation has to be violated, departure from thermal equilibrium
is required, and finally, C' and CP symmetries have to be violated.

Both C and CP violation have been observed in the weak interaction and are well
established in the SM [10, 11]|. Nevertheless, no theory has been able to explain
the matter-antimatter asymmetry in the universe with the observed amount of
CP violation [12|. In the SM, the violation of CP symmetry is manifested by a
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which is a uni-
tary matrix that describes the transitions between different quark flavours. The
unitarity of the CKM matrix is a fundamental property, and any deviation would
indicate the presence of New Physics beyond the SM. Hence, the test of the uni-
tarity conditions is an excellent test of the SM. The so-called unitarity triangles
are a geometric representation of these conditions, which are tested by measuring
the angles and side lengths of the triangles. One of these angles, the angle fS;, is
particularly interesting, as it has a very precise prediction [13]. It is predicted to be
small and has been measured with high precision in BY — Jjip¢, B® — JhW KT K~
and B?— Jipmtr~ decays [14-18]. However, with increasing experimental preci-
sion, higher-order SM corrections become the limiting factor in measurements of
Bs. These contributions have to be constrained to distinguish them from potential
New Physics effects, which is a major challenge in most decay modes. In the mea-
surement of (3, using B?— D} D decays this can be accomplished by measuring
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U-spin-related decays [19-23|. In particular, the measurement of the CKM angle
B in BY — D*D~ decays is of great interest. Although this measurement cannot
compete with the precision achieved by  measurements using B — JiK{ decays,
the significant contribution of higher-order effects can be determined. This allows
for the control of similar contributions in the BY — DD, measurement within a
global analysis that includes various C'P-violation and branching-fraction measure-
ments in the B— DD system [23].

In this thesis, the measurements of CP violation in B~ D™D~ and B?— Df D7
decays are presented [24]. The two decay modes are analysed in parallel to exploit
the similarities of the two decays. A data set collected by the LHCb experiment
at the LHC is analysed. The LHCb experiment conducts precision measurements,
which can reveal New Physics effects through loop processes at a much higher energy
scale than the LHC centre-of-mass energy. It is designed for measurements in decays
of b and ¢ hadrons and is therefore well suited for measuring CP violation with
extraordinary precision. The analyses use proton-proton collision data recorded
during the years 2015-2018 at a centre-of-mass energy of 13TeV. The data set
corresponds to an integrated luminosity of 6 fb™".

This thesis is structured as follows: The origin of CP violation in the SM, with
particular focus on the B— DD system, is explained in Chap. 2. In Chap. 3, the
LHCD experiment is introduced and the methods used in this analysis are described
in Chap. 4. The strategy of decay-time-dependent CP-violation measurements is
discussed in Chap. 5. Measurements-specific considerations and the results of the
B°— D™D~ and B?— DD analyses are presented in Chap. 6 and Chap. 7,
respectively. Finally, the results are summarised in Chap. 8, and the possibilities
for future measurements are discussed.



2 Origin of CP violation in the Standard
Model

In this chapter, the Standard Model of particle physics [1-3] is introduced and the
origin of CP violation within this theory is explained. The fundamental particles
and their interactions are described in Sec. 2.1 based on Ref. [25,26]. Symmetries,
which play a crucial role in the SM, are discussed in Sec. 2.2. The violation of CP
symmetry in the SM is introduced by the CKM mechanism as explained in Sec. 2.3.
The time evolution of the neutral B mesons is described in Sec. 2.4. In Sec. 2.5, an
overview of the three manifestations of CP violation is given. Sections 2.3 to 2.5
are based on Refs. [27-32]. Finally, Sec. 2.6 describes how CP violation is measured
in the B— DD' decays based on Ref. [19].

2.1 Fundamental particles and interactions

The SM is a quantum field theory that describes the fundamental particles and their
interactions. The particles are represented by quantum fields and the dynamics are
described by a Lagrangian density. An overview of the fundamental particles is
shown in Fig. 2.1. The SM comprises fermions with spin 1/2, gauge bosons with
spin one and the Higgs boson with spin zero. Each fermion, f, has an associated
antiparticle, f, with inverted quantum numbers.

The fermions form the known matter of the universe and are divided into six quarks
and six leptons. The three up-type quarks (u, ¢, t) have an electric charge of +2/3 e,
and the three down-type quarks (d, s, b) have an electric charge of —1/3 e, where
e is the elementary charge. Additionally, the quarks carry a colour charge and
can interact via the strong force. Due to confinement [34], they always occur in
colour-neutral bound states, which are called hadrons. Baryons are hadrons that
are composed of three quarks. The most widely known baryons are the proton
and the neutron, which consist of v and d quarks. They are the building blocks of
atomic nuclei. Additionally, there are colourless states comprised of a quark and
an antiquark called mesons. The B® meson, which is of particular interest in this
thesis, consists of a b and a d quark. Exotic four-quark states have been discovered
by the Belle experiment [35|. Later, the LHCb experiment has observed additional
four-quark states [36,37| and the first five-quark states [38,39].

!Throughout this thesis, B refers to the neutral B and B? mesons and D to the charged D
and DF mesons
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Figure 2.1: Overview of the fundamental particles of the SM. The properties are
taken from the Ref. [33].

The leptons are divided into three charged leptons and three neutral neutrinos. The
charged leptons have an electric charge of —1 e and are massive particles, while the
neutrinos are assumed to be massless in the SM. However, neutrinos are known
to have a mass, which is a consequence of the observed neutrino mixing [6,7]. In
contrast to the quarks, leptons do not carry a colour charge and thus cannot interact
via the strong force. All fermions are grouped into three generations with increasing
mass.

The gauge bosons are the mediators of the fundamental forces. Eight massless
gluons mediate the strong interaction and couple to the colour charge. They carry
colour charge themselves and can interact with each other. The massless photon
mediates the electromagnetic interaction. It couples to the electric charge and is
itself electrically neutral. The weak force is mediated by the W=* and Z bosons.
They are the only massive gauge bosons and couple to left-handed particles and
right-handed antiparticles.

Finally, the Higgs boson, HY, is a scalar particle introduced as a consequence of
the Higgs mechanism [40,41]. It was discovered in 2012 by the ATLAS and CMS
collaborations [4,5]. The Higgs mechanism is responsible for the masses of the W=*
and Z bosons. Section 2.3 explains how the Yukawa interaction with the Higgs
field generates the masses of the fermions and enables CP violation in the weak
interaction.



2.2 Symmetries

2.2 Symmetries

Symmetries are a key concept in physics. They are associated with conservation
laws according to Noether’s theorem [42]. In the SM, they play a crucial role in
the description of the fundamental forces, which are the consequence of local gauge
symmetries.

This thesis focuses on symmetries under the three discrete transformations C', P
and T'. The charge conjugation C transforms all particles into their antiparticles,
Y(Z,t) — (&,t). The parity transformation P inverts the spatial coordinates,
(@, t) = (=7, t), and the time coordinate is inverted by the time reversal T
(2, t) — (&, —t). According to the CPT theorem [43,44] the combined CPT
symmetry is conserved in the SM. While the electromagnetic interaction is invariant
under the C' and P transformations, the strong and weak interactions are allowed
to violate these symmetries. In 1957, the violation of P symmetry in the weak
interaction was observed in 8 decays by Wu et al. [10]. Here, the combined CP
symmetry was still believed to be conserved. However, in 1964, CP violation was
discovered in the neutral kaon system [11]. Later, CP violation was observed in BY
decays by the BaBar and Belle collaborations [45,46] and in BY decays by the LHCb
collaboration [47]. In 2019, the LHCb collaboration reported the first observation
of CP violation in the charm system [48]. To this day, no violation of CP symmetry
has been observed in the strong interaction. The mechanism that embeds the CP
violation in the SM is the CKM mechanism described in the following.

2.3 The CKM mechanism

The CP violation in the SM is caused by the complex phase of the CKM matrix. The
CKM matrix describes the quark mixing and enables transitions between different
quark generations. In the following, the CKM matrix is derived from the Yukawa
interaction between the quarks and the Higgs field using the notation of Ref. [33].

The Lagrangian of the Yukawa interaction between quarks and the Higgs field ¢ is
given by

Lyuawa = —Y2QT ddb; — YQL ¢ uk, + hoc. (2.1)

where Y4 are complex 3 x 3 matrices, QL are the left-handed quark doublets,
d% and ul, are the right-handed quark singlets, i and j are the generation indices
and € is the 2 x 2 antisymmetric tensor. The mass terms for the quarks are ob-
tained by the substitution of the Higgs doublet with its vacuum expectation value

() = (0, V/ﬂ), which yields

Lonass = —Y2d}, d{%T — Y“uLZuRJT +h.c. (2.2)
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Unitary transformations of the quark fields

I I
upp = Vi RUL R s (2.3)
I d I :
dpr = Virdp g,

are introduced and chosen such that the mass terms

u,d u,dy u, u,d v
Mgy = Vi,"Y Wi TE7 (2.4)

are diagonal. The Lagrangian of the charged current interaction mediated by the
W= bosons can be written in terms of the quark mass eigenstates

dr
Lcoc = —%(@, L, Q)WWJV(}KM sr | +he., (2.5)
2 b

with the Dirac matrices, v*, the weak coupling constant, g, and the CKM matrix

dt Vud Vus Vub
Vekm = ViV = | Vg Ve Vi | - (2.6)
Via Vie Va

The CKM matrix is a complex 3 x 3 matrix that describes the mixing between
the quark mass eigenstates and the eigenstates of the weak interaction. Since V%4
are unitary matrices, the CKM matrix itself is unitary. It enables transitions be-
tween different quark generations. Due to the unitarity and the invariance under
rephasing of the quark fields, the CKM matrix has only four independent parame-
ters. The standard parameterisation was proposed by Chau and Keung [49]. In this
parameterisation, the CKM matrix is defined as

@0

C12C13 512€13 S13€
_ i5 is
Vekm = | —S12C23 — C12523513€"°  C12C23 — S12523513€" S93C13 | (2.7)
6 is
$12823 — C12C23513€" —C12523 — S12C23513€" C23C13

where ¢;; = cost;; and s;; = sinf;; with the Euler angles 6,2, 13 and 623 and
one overall phase . The phase ¢ is the only source of CP violation in the SM.
Transitions within quark generations are highly favoured, and it is convenient to
use the Wolfenstein parametrisation [50| to represent this hierarchy. Therefore, the
CKM matrix is expressed in terms of

S12 = A,
S93 — 14)\2 N (28)
sizexp” = AX%p,

and the expansion in powers of A up to O(\*) is given by

1—’\72 A . AX3(p —in)
Vokm = ~A -2 AN + O\ (2.9)
AN (1 —p—in) —AN 1
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The unitarity of the CKM matrix imposes the following conditions
Z VijVi = djx and Z Viij"} = Oik; - (2.10)
i=u,c,t j=d,s,b

The off-diagonal conditions can be represented as so-called unitarity triangles in
the complex plane. All unitarity triangles have the same area, which is equal to
half of the Jarlskog invariant J [51|. This phase-convention-independent quantity,
defined by

JZ €ikm€jln = Im (V;JVMV;TVJJ) : (211)

is a measure of the CP violation in the SM.

The most prominent unitarity triangle corresponds to the condition

ViaVay +VeaVy +ViaViy =0,

SVaVi Vi (212
‘/cd cb ‘/cd cb

where the side represented by V_,V is chosen as the base of the triangle. This
choice fixes two vertices at (0,0) and (1,0), while the apex is at (p,7). In contrast
to the other unitarity triangles, its side lengths are of similar size. This, and the fact
that its properties can be measured in B° decays, makes this triangle an interesting
choice for CP-violation studies. The unitarity condition can be tested by measuring
the angles

ViaVib VeaVer ViV
— _ = ¢ = —_ueu 2.13
hTe ( VidVar/) v VidVa) T ViaVa, ) ( )

and the side lengths

AV Ve V.V
R — ud ¥ ub R — td "V tb 214
b ‘Vcdvgz B s (2.14)

New Physics can be revealed if the triangle does not close at the apex. The triangle
with the current experimental constraints is shown in Fig. 2.2.

In the BY system, the properties of the triangle corresponding to the condition

VisVar + VoV + Vi Vi =0, (2.15)

us ¥ ub cs’c

can be measured. It is shown in Fig. 2.3. The angle

Vi Vi
Bs = arg (—Vt—‘;i) , (2.16)

cs "’ ch

is of particular interest. Its precise SM prediction [13] makes [ a promising ob-
servable for the search of New Physics effects.
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Figure 2.2: Unitarity triangle corresponding to the unitarity condition in

Eq. (2.12) and its current experimental constraints. The figure is taken from
Ref. [52].
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Figure 2.3: Unitarity triangle corresponding to the unitarity condition in
Eq. (2.15) and its current experimental constraints. The figure is taken from
Ref. [52].



2.4 Time evolution of neutral B mesons
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Figure 2.4: Dominant box diagrams contribution to the mixing of neutral B
mesons.

2.4 Time evolution of neutral B mesons

The mixing of the quarks through the weak interaction enables the oscillations
of neutral B mesons between B and B states. This is governed by the box dia-
grams shown in Fig. 2.4. For measurements involving neutral B-meson decays, it is
essential to describe the time evolution of the system.

Different neutral states are used to describe the time evolution of the neutral B
mesons. The flavour eigenstates are states of definite quark content and are useful
to describe the production of the mesons. The time evolution is described by the

Schrodinger-like equation
(BN _ 4, (1B()
‘i (15on) =% () 247

The Hamiltonian, H, is not Hermitian because the B mesons can decay. However,
it can be written as

1
=M—-T=
7 2

with the Hermitian mass and the decay matrix M and I'. Imposing CPT invariance
requires

(Mu - %Fn My — %F12) (2.18)

i i
My — 5121 Mo — 519

M11 = MQQ and FH = FQQ (219)

to ensure that B and B mesons have the same mass and lifetime. The non-zero off-
diagonal elements are responsible for the oscillation between the two flavour states.
Thus, a pure |B) or |B) state will eventually evolve into a mixture of |B) and |B).
The eigenstates of the Hamiltonian are used to describe the time evolution of the
system. These are called mass eigenstates because they have a definite mass and
lifetime. The mass eigenstates can be written as a linear combination of the flavour
eigenstates

[BL) =p|B) +q|B)
|Bu) = p|B) —q|B) ,
with |p|? + |¢|? = 1. Calculating the eigenvalues of the Hamiltonian yields the ratio

of the coeflicients
q_ w ' (2.21)
p My — 5T

(2.20)
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Equation (2.17) with the diagonalised Hamiltonian yields the time evolution of the
mass eigenstates

|Bru(t)) = e MeatTen/20 gy ) (2.22)

with the eigenvalues M g —il'z /2. Using Eq. (2.20) a state initially produced as
a pure |B) or |B) state at t = 0 evolves in time according to

Y

(2.23)

The time evolution of the mass eigenstates can be substituted using Eq. (2.22).
Expressing the mass eigenstates in terms of the flavour eigenstates using Eq. (2.20)
yields the time evolution

IB(t)) = g:(t) | B) + ]%g_u) |B)

_ D _ (2.24)
|B(t)) = 59—(15) 1B) +9+(t) |B) ,
with
e~ (ML+TL/2)t | o—(iMu+Tm/2)t
g+<t> = 2 !
e—(iML+FL/2)t _ e—(iMH+FH/2)t <225)
_(t) =
9-(t) 5
The mean and difference of the mass and decay width
MH + ML FL + 1jH
nm = ——————— s F = T a——
2 2 (2.26)
ATI’LIMH—ML, AF:FL—FH,
are introduced and Eq. (2.25) can be written as
. A AT AT
g (t) = e expTH/2 [ Cos Tmt cosh Tt — i sin Tmt sinh Tt] ,
2.27
—imt . ~Tt)2 Am . Al Am AT (2.27)
g-(t)=e exp — cos ——tsinh —¢ + ¢ sin ——+¢ cosh —1¢ | .
2 4 2 4
To calculate the time-dependent decay rates, the decay amplitudes
Ap=(fIB), A;=(fIB), (2.28)
and the parameter
A
A= nept 2L (2.29)
b Ay

10
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are introduced, where ncp = £1 is the CP eigenvalue of the final state f, which is
reachable from both B and B mesons. Using these definitions, the time-dependent
decay rates are given by

DB 1) = [ (JIBO)P o AP+ A2 ™

AT AT
|:COSh Tt + D sinh Tt + C' cos Amt — S'sin Amt] ,

) (2.30)
— — p _
T(B(t)— f) = | (fIB(t))|* ‘5 |Af (14 AP
Al't ATt
lcosh 5 + Dsinh 5 = C cos Amt + Ssin Amt] )
The CP observables are defined as
o 2
_ _2Re(/\f) ’ _ 1 |/\f| ’ _ 2Im()\f) ’ (231>
L+ [Af]? L+ [Aff? L+ [Ap]?
and fulfil the normalisation condition
D*+C?+5*=1. (2.32)

These CP observables are related to the CKM matrix elements. The relation be-
tween the CP observables in the B— DD system and the properties of the CKM
triangles is discussed in Sec. 2.6.

2.5 Manifestations of CP violation

CP violation in the SM can be divided into three categories. In the following, the
quantities related to the different types of CP violation are introduced, and the
measurement strategies are discussed.

2.5.1 CP violation in the decay

The quantity to measure CP violation in the decay is the ratio of the amplitudes

‘ﬁ’ _ ‘ZZ Aiei(di—¢i)

Af Zz A,eiitéi) |7 (2.33)

where ¢§; are the strong phases, ¢; are the weak phases and A; is the magnitude
of the individual amplitudes, 7, contributing to the decay. Weak phases change
the sign under the CP transformation and thus appear with different signs in the
two amplitudes, while the strong phases do not change the sign. CP symmetry is
violated when !flf/Af| # 1. The ratio is independent of phase conventions, and
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2 Origin of CP violation in the Standard Model

for CP symmetry to be violated, at least two amplitudes with different weak and
strong phases are required. This becomes apparent when calculating

|Ag* = [Af]* = =2 A;A;sin(¢; — ¢;) sin(d; — §;) - (2.34)
0,J

Experimentally, the amplitude ratio is usually measured using the charged B*
mesons to avoid contributions from mixing. Hence, any asymmetry in

12
=f

(Bt f)-T(B = f) 1~
4= I'(Bt— f)+T(B-— f)

- (2.35)

is caused by CP violation in the decay.

2.5.2 CP violation in the mixing

In decays of neutral mesons, the mixing enables additional manifestations of CP
violation. CP violation in the mixing refers to different rates of B— B and B— B
transitions. Equation (2.24) shows that the difference between these transitions
is purely driven by the ratio ¢/p. Thus, the rate difference depends on |q/p|*. CP
violation in the mixing is present when the mass eigenstates are not CP eigenstates,
which leads to |¢/p| # 1. Asymmetries in semi-leptonic B decays can be used to
measure CP violation in the mixing via

4
q

()~ H-IBO-H _ L]
=7

- . (2.36)
)14

aq
p

While CP violation in the kaon mixing was already observed in 1964 [11], the effect
in the B system is expected to be small. The current experimental precision is not
yet sufficient to measure any significant deviation of |¢/p| from unity [53].

2.5.3 CP violation in the interference of mixing and decay

In decays where the final state is a CP eigenstate and is accessible in B and B
decays, CP violation can arise in the interference of mixing and decay. The quantity
to measure this effect, Ay, was already introduced in Eq. (2.29). CP violation in the
interference implies Ay # £1. This is possible even if CP is conserved in the decay
and mixing (|]A;| = 1) if \; has a non-zero imaginary part. The time-dependent CP
asymmetry can be measured by

L(B(t) = fop) = T(B(t) = fer)
L(B(t)—= fop) + T(B(t)— fep)

Afcp (t) = : (2'37)
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2.6 CP violation in B~ D™D~ and B?— DD, decays

Using the decay rates from Eq. (2.30) and neglecting CP violation in the mixing,
the asymmetry can be written in terms of the CP observables

) C cos Amt — S sin Amt
a = .
fop cosh —AQF t + Dsinh —A2F t

Equation (2.31) shows that this asymmetry vanishes if Ay = 1.

(2.38)

2.6 CP violation in B’ — D*D~ and BY?— D/D_
decays

An exciting field to study CP violation in the interference is the B to double charm
system. In this thesis, the decays B® — D™D~ and B? — DD, are studied.
The final states D™D~ and D D are both CP eigenstates with CP eigenvalues
Nep = 1. The tree-level b — céd and b — ccs quark transitions are sensitive to
different angles of the unitarity triangles. A unique property of these decays is the
control over higher-order SM contributions, explained in the following.

In Fig. 2.5, the dominant Feynman diagrams contributing to the decays are shown.
The higher-order contributions arise due to the penguin diagrams. Hence, these
contributions are often referred to as penguin pollution. The two decay channels
are very similar, with the only difference being that all d quarks are replaced by
s quarks. To calculate Ap+p- and Ap+p-, the amplitude with the contributions
shown in Fig. 2.5 is constructed

AB]— D}D;) =V, Vi(T + E + P+ PA)

cq’ch

+‘/tq tz<Pt+PAt)7

where ¢ € {d, s}, the strong amplitudes T, E, P¢, PA¢, P* PA“ P' and PA
correspond to diagrams shown in Fig. 2.5 and the superscripted values denote the
internal quark in the loop of the penguin diagrams. The strong amplitudes are
separated from the CKM matrix elements originating from the weak quark-level
transitions. This is convenient because the strong phases are separated from the
weak phases that change sign under the CP transformation. Using Eq. (2.12) this
can be simplified to

A(B)— D D;) =V, Vi(T + E + P°+ PA° — P' — PA")

cq’ch

2.39
+ ViV (P + PA" — P! — PAY), (2:39)
and introducing
A=T+ E+ P°+ PA° — P' — PA", (2.40)
yields
Vu Vu* Pu PAu _ Pt _ PAt
A(BY— DfD;) =V, ViA|l+ 22 Citths ) (2.41)

V. Vi A

cq’cb
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Figure 2.5: Dominant Feynman diagrams contributing to the decays B® — D™D~
and B?— DF D7 . The (top left) tree-level, (bottom left) exchange, (top right) pen-
guin and (bottom right) penguin annihilation diagrams are shown.

In BY— D™D~ decays (¢ = d), the ratio of CKM elements can be rewritten using
the definition of the angle v from Eq. (2.13) and the side length R, from Eq. (2.14).
Using the following substitution

Vud u*b - _ Vud Jb
VeaVeh VeV
and absorbing the CP-conserving part in the hadronic parameters
P+ PA" — Pt — PA?
i

e = —Rye” (2.42)

(2.43)

ae’ = Ry [

the amplitude results in

AB°— D*D7) =V Vi Al —ae’e™] . (2.44)
The CP conjugated amplitude is determined by flipping the sign of the weak phases
and the ratio of amplitudes is given by

AB°—= D*D™) VgV, [1—ae’e™™]

A(B°— D*D-) V., Vi [1— aeifen|
To calculate the parameter Ap+p- using Eq. (2.29) the ratio ¢/p is needed. In the B

sector, this is dominated by the ¢ quark [54] in the box diagrams shown in Fig. 2.4
and the ratio for B mesons can be approximated by

(2.45)

4 ViV (2.46)
p 1V

14



2.6 CP violation in B~ D™D~ and B?— DD, decays

The parameter Ap+p- in the B — Dt D~ system results in

qAB = DD7) Vi Vi ViV [L — ae”e ]

App . — 2 = — 2.47
Y L R A e T R
In this expression, the definition of the angle 5 can be identified, yielding
1= 0 ,—ivy
Apip- = e 227 (2.48)

1 — aeer

Finally, the CP observables are calculated according to Eq. (2.31) and are given
by

D ~cos28 —2acosBcos (26 4 v) + a*cos (26 + 27)
brb= = 1 — 2acosfcosy + a? ’

sin283 — 2a cosfsin (28 + ) + a?sin (28 + 27)
Spep- = — O pa)
1 — 2acosf cosy + a?

2a sin @ sin vy

Cp+p- = :
brp 1 —2acosfcosy + a?

Due to AI'y = 0, the parameter Dp+p- is not observable because the correspond-
ing term in Eq. (2.30) vanishes. However, the time-dependent asymmetry is still
sensitive to the mixing phase ¢4 = 2. In the case of negligible penguin pollution,
the angle 8 could be measured according to Sp+p- ~ —sin28 and Cp+p- = 0.
Since this is not the case in B — DT D~ decays, the measured phase is referred to
as an effective phase

belffDﬂ)— = ¢a+ Adgp+p- - (2.50)

This is a problem for measuring the angle S in this channel. However, the effective
phase can be used to measure the phase shift Agy p+p- by using external clean
8 measurements from e.g. B®— JAipKY decays [55]. As shown in the following the
phase shifts in B — DTD~ and B?— D D decays are related and a measurement
of A¢gp+p- can be used to control the penguin pollution in the measurement of

s-
The phase shift is calculated using the relations

Sp+p-

V1=Chip (2.51)

Dp+p-

V L - Cl2)+D* ’

sin ¢Z{TD+D, = sin (¢q + Apap+p-) = —
coS ¢§?D+D_ = c08 (¢qg + Apgp+p-) = —

to construct the ratio

sin (¢g + Adap+rp-) SN Pqcos Apg p+p- + cos ¢gsin Agy p+p-
o8 (Ga + Aggp+p-)  €OS g cos Apy prp- — Sin dasin Agy p+p-
SD+D* . sin ¢d + cos ¢d tan A(ﬁd,[ﬁ[)—
Dpip-  cos ¢y — sin ggtan Ay p+p-

(2.52)
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2 Origin of CP violation in the Standard Model

With the results from Eq. (2.49), the phase shift is given by

SD+D* COS ¢d,D+D* — DD*D* sin gbd’DJer
tan Aqbd’DJer = ;
Dp+p-cos ¢y p+p- + Sp+rp-sin@gp+p-

2.53
a? sin 2y — 2asiny cos 0 (2:53)

T 2a cosycosf + a?cos2y

The CP observables in B?— D} D decays are derived similarly. Different CKM-
matrix elements are involved in the decay, and the amplitude is given by

r V V* Pu/ P ul Ptl _ PAt/
ABY = D} D7) =V, Vgl |14 Vet !

VeV A
[ V., Vg V.,aVi (PY + PAY — PY — PAY)
S VR Vi I 1 us ' cd Y ud” ub
“ CbA L - ‘/csvud ‘/;d‘/;z A/
[ V.,V o
— V;SVZI;A/ -1 . VuchdalezH et

cs ¥ ud

} (2.54)

Due to the different quark transitions, the primed hadronic parameters of the
B?— DfD; decay are suppressed by the ratio of CKM elements

Vo Vi
= _Jus e 2.55
€=y (2.55)

cs ¥V ud

As for B® mesons, the mixing of B? mesons is dominated by the ¢ quark. The ratio
q/p is approximated by

VisVip
T sl (2.56)
p ‘/;ts‘/tb
and Eq. (2.29) is used to calculate the parameter
v GABI= DID;) Vi Vi ViV A [L+edee]
DIDs = Y A(BY S DID;) | ViV VeV AL+ cac?en] 2.57)

. 1+ ea'e? e= 1
1+ eae?eir -
Finally, the CP observables in BY— DfD; are given by
cos (—205) + 2ea’ cos O cos (—28s + ) + €2a’® cos (—28, + 27)

Dpipr == 1 + 2ea’ cos @ cosy + ea’? ’
g __sin(=25) + 2ea’ cos ' sin (25, +7) + e2a’* sin (—28, + 27)
DID; ~ 1 + 2ea’ cos @ cosy + ea’? ’
o L 2ea’ sin @' siny
DDy ™ 71 4 2¢a’ cos ' cos + €2a’?

(2.58)
The phase shift is defined similarly to A¢y p+p-, but the angle 3, contributes with
a minus sign to the effective phase, resulting in

gbejD; = ¢s + A¢S,D:D; = =206, + Ad)s,D;rDs— . (2.59)
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2.6 CP violation in B~ D™D~ and B?— DD, decays

with the phase shift in B — D D decays

€2a’ sin 2 + 2ea sin y cos ¢’

tan Ag, p+p- = (2.60)

1 + 2ea’ cosycos ' + €2a’? cos 2y

In the presence of New Physics contributions, Eq. (2.59) has to be extended to

i,ﬁDJD; = ¢+ A¢S,D:D; + ¢§P ) (2.61)

and it becomes apparent that A¢, p+p- has to be determined to separate New
Physics effects from higher-order SM contributions. In contrast to the B — Dt D~
channel, the phase shift is suppressed by the small CKM ratio €. In the limit of
U-spin symmetry of the strong interaction, the hadronic parameters in the two
decays are expected to be equal, i.e. ae’’ = a’e’”’. The parameters a and 6 can be
determined precisely using the non-suppressed phase shift in B — D™D~ decays
and the results can be used to control penguin pollution in B? — D D decays.
Apart from the B’ — D* D~ channel many other B— DD decay modes provide
constraints on the hadronic parameters. Ultimately, a global analysis of a large
set of CP-violation and branching-fraction measurements as presented in Ref. [23]

enables searches for New Physics beyond the SM.
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3 The LHCb experiment at the LHC

B mesons are unstable particles that, on average, decay within picoseconds. They
can be found in nature, e.g. in interactions of cosmic rays with the earth’s atmo-
sphere. However, to precisely measure their properties and decay, a large sample
of B mesons produced in a controlled environment is advantageous. These require-
ments are fulfilled at the Large Hadron Collider (LHC), the world’s largest and
most powerful particle accelerator to date, where B mesons are produced in proton-
proton collisions. At one of the interaction points of the LHC, the LHCb detector
is located. The data set used in the presented analyses was collected by the LHCb
experiment during the years 2015-2018. This chapter provides an overview of the
LHC and the LHCb detector, as well as the processing of the data.

In Sec. 3.1, the LHC and the complex of pre-accelerators are described based on
Ref. [56]. The LHCD detector and its components are discussed in Sec. 3.2 using
information from Refs. [57,58]. The tools and software used at LHCb to process the
data are introduced in Sec. 3.3. A more specific tool for CP-violation measurements
is the flavour tagging (FT) described in Sec. 3.4. It is essential for measurements
of neutral B mesons as it enables the determination of the production flavour.

3.1 The Large Hadron Collider

The LHC is located near Geneva at the European Organisation for Nuclear Research
(CERN) at the border between Switzerland and France. It is a circular collider with
a circumference of 27 km, installed in a tunnel between 45m and 170 m below the
surface. Its main purpose is the acceleration of protons. However, the LHC is also
regularly injected with heavy ions during dedicated runs. The operation with heavy
ions is not relevant to this thesis and will not be discussed further.

The LHC is designed to collide protons at a centre-of-mass energy of up to 14 TeV
with a luminosity of 103 cm~'s~!. In 2011, the LHC operated at a centre-of-mass
energy of 7TeV, and in 2012, the energy was increased to 8 TeV. This period is
referred to as Run 1. In Run 2, which started in 2015 and lasted until 2018, the
LHC operated at a centre-of-mass energy of 13 TeV. To reach these high energies, the
protons are pre-accelerated in several stages before they are injected into the LHC.
This is accomplished by the accelerator complex shown in Fig. 3.1. The protons
are produced from a bottle of hydrogen gas by removing the electrons from the
hydrogen atoms using an electric field. They are divided into bunches of about 10!
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Figure 3.1: Layout of the CERN accelerator complex [59].

protons and are accelerated by a linear accelerator, the LINAC 2. Afterwards, the
protons pass through several circular accelerators, starting with the BOOSTER,
followed by the Proton Synchrotron (PS). Finally, the protons are accelerated in
the Super Proton Synchrotron (SPS) to reach energies of 450 GeV/c?. The protons
are injected into the LHC in two beams that circulate in opposite directions.

The LHC has 16 radio frequency cavities to accelerate the protons to their final
energy of up to 7TeV per beam. When the final energy is reached, these cavities
need to account for the energy loss due to synchrotron radiation. The protons are
kept on their circular path by 1232 dipole magnets, and the beams are focused
using quadrupole magnets. To reach a magnetic field strength of up to 8T, the
LHC uses superconducting magnets, which have to be cooled to 1.9 K. The two
beams are brought to collision at four interaction points, where the detectors of the
experiments ALICE [60], ATLAS [61], CMS [62] and LHCb [58] are located.

3.2 The LHCDb detector

The LHCb detector is designed to study the decays of particles containing b and ¢
quarks. At the LHC, the heavy quarks are dominantly produced with large boosts
in the forward and backward directions. Thus, the LHCb detector, illustrated in
Fig. 3.2, is a single-arm forward spectrometer covering an angular range from 10
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Figure 3.2: Schematic view of the LHCb-detector layout [58].

to 300 (250) mrad in the vertical (horizontal) plane. In contrast to the other large
experiments at the LHC, the instantaneous luminosity at LHCb is intentionally
reduced. This is achieved by adjusting the transversal beam overlap [63]. During
the LHC run, the overlap is increased to account for beam losses and keep the
instantaneous luminosity stable. With roughly one proton-proton interaction per
bunch crossing, the occupancy in the LHCb detector is much lower than in the
other detectors at the LHC. However, this improves data quality, which is essential
for LHCD physics programme, and reduces radiation damage.

To further prevent the sensitive parts of the detector near the beam pipe from
radiation damage due to unstable beam conditions, the Beam Conditions Monitor
system is installed [64]. It monitors the particle flux around the beam pipe at two
locations, and if the flux exceeds certain thresholds, a beam dump is triggered.
Each station consists of eight radiation-hard diamond sensors placed around the
beam pipe.

Since B mesons only travel a few centimetres before they decay, they are not di-
rectly detected. They can only be reconstructed through the interaction of their
decay products with the detector material. Particles that leave clear signatures in
the detector are charged and neutral pions, charged kaons, protons, antiprotons,
muons, electrons and photons. The average lifetime of these particles is sufficiently
long to traverse the detector. The components of the LHCb detector are designed
to measure their properties. They can be divided into tracking and particle identi-
fication (PID) components, which are described in the following.
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3 The LHCb experiment at the LHC

3.2.1 Tracking system

The tracking system of the LHCb detector is composed of the Vertex Locator
(VELO), the Tracker Turicensis (TT), the T1-T3 tracking stations and a dipole
magnet. Tracks are reconstructed by measuring the position of charged particles
at different points along their trajectories. Charged particles interact with the de-
tector material, thereby depositing energy that is converted into an electric signal.
The detector material is segmented in order to determine the position associated
with these so-called hits. From the spatial information of the hits, algorithms can
reconstruct the trajectories.

Vertex Locator

The VELO [65] is the innermost part of the LHCb detector. It provides precise
tracking information close to the primary vertex (PV), which is the position of
the initial pp interaction. The PV and decay vertices can be measured with high
precision. This is essential for time-dependent measurements because the decay time
of a B meson is computed from the distance between its decay vertex and the PV.
A decay-time resolution of less than 50 fs is achieved. The VELO consists of silicon
modules with R and ¢ sensors measuring the hit position in polar coordinates. Each
module is a half-disc, and the two halves of the detector can be moved to increase
the distance from the beam. This is necessary to protect the modules from radiation
damage during unstable beam conditions, e.g. the injection of the protons into the
LHC. During physics data taking, the VELO halves are located at a distance of
7mm from the beam.

Tracking stations

The tracking stations, the TT and T1-T3, are placed downstream of the VELO.
The tracking stations T1-T3 are divided into an inner and an outer part. The
inner part and the T'T use silicon strip sensors. Electron-hole pairs are produced by
charged particles passing through the sensor, inducing a current pulse. The outer
modules are made of drift tubes filled with a mixture of Argon, COy and O, [66].
Charged particles ionise the gas, and the electrons drift to the anode wire in the
middle of the tube, inducing a signal. Each of the modules consists of four layers.
The first and last layers are vertically aligned, while the inner two layers are tilted
by £5°, which enables two-dimensional measurements of the hit positions in each
module.

Dipole magnet

A dipole magnet is placed between the T'T and the T1-T3 stations to bend the
trajectories of charged particles. The momentum and charge of the particles can
be determined from the measurement of the tracks downstream and upstream of
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3.2 The LHCb detector

the magnet. A conventional dipole magnet with an integrated magnetic field of
4 Tm is used. Occasionally, the magnet polarity is switched to study detection
asymmetries.

3.2.2 Particle identification system

In measurements using hadronic final states, it is essential to distinguish between
charged pions, kaons and protons. These particles are commonly used to reconstruct
decays of beauty hadrons. The chaotic environment of a hadron collider produces
many charged hadrons, especially pions, and often unrelated particles are com-
bined to reconstruct a beauty-meson candidate. This leads to a high contribution
of combinatorial background. To differentiate between combinatorial background
and beauty hadrons, the invariant mass of the B candidates has to be calculated
correctly. Thus, PID is essential to assign the correct masses to the final-state par-
ticles. Ultimately, this also makes it possible to distinguish between signal decays
and backgrounds caused by other decays.

Ring Imaging Cherenkov detectors

At LHCb, two Ring Imaging Cherenkov (RICH) detectors are used to mainly dis-
tinguish between charged pions, kaons and protons. These detectors make use of
the Cherenkov effect to assign particle hypotheses. They consist of gas radiators,
producing a Cherenkov radiation cone when a charged particle travels through the
medium faster than light. The emission angle depends on the velocity of the particle
and the refractive index of the medium. A system of mirrors is used to focus the
radiation into ring images and guide it out of the detector acceptance, where it is
detected with hybrid photodetectors. The radius of the ring image is proportional
to the Cherenkov angle and, thus, the velocity of the particle. In combination with
the momentum measurements, the masses of charged particles can be inferred.

RICH1 is placed between the VELO and the T'T covering a momentum range of 2—
40 GeV/c and an angular acceptance of 25-300 mrad. It uses C4Fo gas radiators to
produce the Cherenkov radiation. Since the refractive index of C4Fq is not sufficient
to distinguish between low momentum kaons and protons, a second aerogel radiator
is placed at the entrance [67].

RICH?2 is placed downstream of T1-T3 and covers a momentum range of 15—
100 GeV/c and an angular acceptance of 15-120 mrad. The smaller angular coverage
is chosen because particles with high momentum are usually produced with smaller
angles with respect to the beam pipe. The higher momentum range is achieved
using a CF, gas radiator.
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Calorimeter system

The calorimeter system of LHCb serves several purposes. It provides additional spa-
tial information and measures the energy of particles. The layout of the calorime-
ter system makes it possible to distinguish between neutral pions, photons, elec-
trons and hadrons. The two main components are the electromagnetic calorimeter
(ECAL) and the hadronic calorimeter (HCAL). They are built using a similar sam-
pling calorimeter layout with layers of a dense material inducing particle showers
and scintillator material, which absorbs the energy of incoming particles and emits
it as light. The light is transmitted to photo multipliers by wavelength-shifting fi-
bres. The energy of the incoming particle can be deduced from the measured photon
yield. The ECAL is made of scintillator tiles and layers of lead. It measures the
energy of electrons and photons, which induce an electromagnetic shower in the
material. To ensure that the electromagnetic shower does not reach the HCAL, the
ECAL is 25 radiation lengths thick to contain the whole electromagnetic shower.
A preshower detector is placed upstream of the ECAL to separate electromagnetic
and hadronic showers. Since photons and neutral pions have a similar signature in
the ECAL, a scintillating pad detector (SPD) is placed in front of the preshower
detector. Neutral particles are not detected in the SPD, but a thin lead converter is
placed in between, causing a signal in the preshower detector and the ECAL. The
HCAL is composed of scintillator tiles and iron plates and is 5.6 interaction lengths
thick. In contrast to purely electromagnetic showers, a shower induced by charged
hadrons mainly deposits energy in the HCAL.

Muon chambers

Finally, the LHCb detector has one muon chamber upstream and four downstream
of the calorimeter system. The muon chambers [68] are made of multi-wire propor-
tional chambers able to measure the tracks of charged particles. Since the muons
are the only particles that can still be detected after the calorimeters, they can be
reliably identified. Iron absorber layers are placed between the muon chambers to
select penetrating muons.

3.3 Data processing at LHCb

The processing of the Run 2 data at LHCb is structured as shown in Fig. 3.3.
At the first stage, the events are filtered through a trigger system explained in
Sec. 3.3.1. Events that pass the trigger selection are fully reconstructed by the
algorithms outlined in Sec. 3.3.2. Before the data can be used for offline analysis,
an online preselection, called Stripping, is applied as described in Sec. 3.3.3. Finally,
the production of simulated data at LHCb, which is used for dedicated studies and
cross-checks, is explained in Sec. 3.3.4. The applications built for the individual
processing steps are based on the GAUDI framework [70].
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Figure 3.3: Schematic view of the data flow at the LHCb experiment [69].

3.3.1 Trigger

Most of the data produced at the LHCb detector cannot be stored due to storage
and bandwidth limitations. The trigger system is designed to reduce the input rate
by applying selections to retain events that are most likely relevant for physics
analyses. In Run 2, the trigger system was composed of three stages: the Level-0
(LO) trigger and the two high-level triggers, HLT1 and HLT2. The LO trigger is
implemented in hardware, while the HLT is software-based and run by the MOORE
application |71].

Hardware trigger

The LO trigger is the first stage, and it is designed to reduce the 40 MHz proton-
proton collision rate to the 1 MHz readout limit of the detector. Since B mesons
are heavy, their final-state particles usually have high transverse momentum, pr,
or energy, Er. In the case of muons, this can be used by the LO muon trigger,
which reconstructs tracks in the muon chambers and selects the two highest pr
muons in each quadrant of the detector. The LO calorimeter trigger, on the other
hand, reconstructs Fr deposits in the calorimeters. In combination with the SPD
and preshower information, a first particle hypothesis is assigned to distinguish
between neutral pions, photons, electrons and hadrons. The highest Et particle of
each type is selected. The VELO is equipped with a pile-up system to estimate the
number of primary proton-proton interactions in each bunch crossing. These events
are rejected because they have a high detector occupancy, making them difficult to
reconstruct and less suitable for analysis. The final L0 trigger decision is made by
combining the information of these three systems.

Software trigger

Events that pass the LO trigger are processed by HLT1. This software-based trigger
runs on the LHCDb event filter farm, a high-capacity computing cluster at CERN.
The main goal is to confirm the LO trigger decisions by individually reconstructing
tracks in the VELO and the other tracking stations corresponding to the particles

25



3 The LHCb experiment at the LHC

reconstructed at LO level. Requirements on the pr and the impact parameter (IP)
with respect to the PV, which is the distance between a track and the PV, are
applied. To improve discrimination between B decays and background, additional
particles may be reconstructed. The events that pass HLT1 are stored on local hard
drives of the event filter farm.

These events are further processed by HLT2, which is the second level of the soft-
ware trigger running on the remaining resources of the event filter farm. HLT2 is
structured in different selection algorithms denoted as trigger lines, which apply
inclusive and exclusive selections based on fully reconstructed events. The topo-
logical lines relevant to this analysis apply inclusive selections using multivariate
algorithms. The decisions are based on displaced vertices reconstructed from two,
three or four tracks and kinematic properties. Additional lines are used, which select
¢ decays that are likely to originate from B decays.

3.3.2 Reconstruction

Events that pass the trigger selections are fully reconstructed using the BRUNEL
application [72|. First, individual track segments are reconstructed independently
in the VELO and the tracking stations. These so-called track seeds are constructed
from a fit to the hits in each station. They have to fulfil certain requirements, such
as a minimum number of hits to be considered for reconstruction. The track seeds
are matched by linear extrapolation into the magnet area. The track segments that
belong to each other are refitted using a Kalman filter 73|, which accounts for
multiple scattering and energy loss. Each measurement is added recursively to the
fit until the entire particle trajectory is reconstructed.

In the next step, the tracks are combined with information from the PID detectors.
The expected hit pattern from a track under different particle hypotheses is com-
pared to the observed pattern in the RICH detectors. This algorithm provides the
best hypothesis for each track and the decrease in the likelihood when changing
to different particle hypotheses. The tracks are further extrapolated and matched
with observed clusters in the calorimeter system. Photons can be detected by a
cluster in the ECAL and the absence of an associated track. The 7° mesons can be
reconstructed from two separate photon clusters in the ECAL. However, if the two
clusters cannot be resolved, SPD information is used to distinguish between photons
and 7% mesons. Finally, the extrapolated particle trajectories are matched with hits
in the muon chambers. The particles are considered muons if a minimum number of
hits in the muon chambers can be assigned to their trajectory. The minimum num-
ber of hits depends on the transverse momentum of the particle. Information from
the RICH detectors, the calorimeter system and the muon stations are combined
for particle identification. The final output of the reconstruction software is stored
as so-called proto particles. A proto particle contains all reconstruction information
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of a single particle. The reconstructed events are then written to tape and stored
long-term.

3.3.3 Stripping

The reconstructed data contain various decay modes, most of which are irrelevant
to the specific analyses. Therefore, a final online preselection is performed before
the data are available for individual offline analyses. The preselection is referred to
as stripping and is implemented in the DAVINCI framework [74]. It is structured
in stripping lines each designed to select a specific decay topology. Proto particles
are combined to reconstruct intermediate states and, ultimately, the head of the
decay chain. The combination is performed by the OfflineVertexFitter, which fits
the vertices of the intermediate states using the tracks of the proto particles. Their
momentum components and energy are calculated, and the procedure is repeated
until the head of the decay chain is reached. The properties of the reconstructed
vertices and particles are used to impose loose selection requirements and further
reduce the amount of data. Finally, the output of each stripping line, which contains
a set of decay modes with similar topologies, is available for offline analysis. Due to
the loose selection requirements and the similar topologies, the B® — D* D~ and
B? — DfD; decays relevant for this thesis are contained in the same stripping
line.

Most observables used throughout the offline analysis are calculated by the De-
cayTreeFitter (DTF) [75]. In contrast to the OfflineVertexFitter, the DTF performs
a fit to the whole decay chain using a Kalman filter. This can be used to improve
the resolution by applying constraints to the decay chain. The invariant masses and
momenta are computed by a fit, in which the masses of intermediate particles are
constrained to their known value. In order to avoid a correlation between the decay
time and invariant mass, these constraints are not applied in the computation of
the decay-time-related observables. In this case, however, the head of the decay
chain is required to originate from the PV.

3.3.4 Simulation

Analysis techniques are developed and validated using simulated data. In the pre-
sented analysis, simulated samples are used to train multivariate algorithms, cal-
culate efficiencies and study parameterisations of mass and decay-time distribu-
tions.

At LHCb, the simulated samples are generated using the GAUSS application [76].
The initial proton-proton interaction is generated by PYTHIA [77] with a specific
LHCD configuration. Decays of unstable particles are implemented in EVTGEN [78],
and the photon radiation of final-state particles is generated by PHOTOS [79]. The
GEANT4 toolkit [80] is used to model the whole detector and its interaction with
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Figure 3.4: Schematic view of a B-meson production in proton-proton collisions
adapted from [84]. The tagging particles and the taggers are explained in the text.

the generated particles. Finally, the detector response and digitisation of the data
is simulated using BOOLE [81]. At this stage, the simulated data has the same
format as the recorded raw data and is passed through the same processing chain.
To save resources, the samples used in this analysis are generated by reusing the
underlying proton-proton collision multiple times and only the signal decays are
generated independently for each event [82].

These tools combine the current knowledge of particle physics to generate simulated
data that is as close to the real signal as possible. However, several aspects are not
properly described by the simulation. This applies to the PID variables, which are
known to be different in simulation and recorded signal data. The PID variables
used in the presented analyses are corrected using the PIDCalib package [83].

3.4 Flavour tagging at LHCb

To measure CP violation in decays of neutral B mesons, it is essential to know
if a candidate was produced as a B meson or a B meson. At LHCD, a set of FT
algorithms, referred to as taggers, determine the production flavour of the B mesons.
Each tagger assigns a tagging decision that represents the production flavour based
on the charges of particles associated with the B-meson production. The basic
concept of the taggers is illustrated in Fig. 3.4. The production of a (blue) signal
B meson in a proton-proton collision is accompanied by (green) secondary charged
tagging particles whose charges are correlated with the production flavour of the
signal. The taggers are divided into two categories, the opposite-side (OS) and the
same-side (SS) taggers, which are explained in the following.
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Opposite-side taggers

Beauty quarks at LHCb are dominantly produced in bb pairs. If one of the b quarks
hadronises to a meson, which proceeds to decay as signal, the other quark, referred
to as OS b quark, has the opposite flavour and can be used to assign a tag. The OS
taggers [85] select particles that are likely to originate from the decay of the OS b
quark. The single-particle taggers determine the production flavour based on the
charge of a single tagging particle. This includes the OS electron and muon taggers,
which select leptons produced in semi-leptonic decays of the OS b quark, and the OS
kaon tagger, which selects charged kaons from b— c¢— s transitions. The OS vertex
charge tagger uses a more inclusive approach. Potential secondary vertices from
particles produced in the same proton-proton interaction as the signal b quark are
reconstructed. Kinematic and geometric properties are used to choose the candidate
that is most likely originating from the OS b decay. A charge prediction is assigned
by computing the sum of the charges of the tracks associated with this vertex,
weighted by their transverse momenta. The production flavour is inferred from this
prediction. The OS charm tagger [86] reconstructs charm-hadron decays originating
from b— c transitions. The charge and, thus, the production flavour is determined
by the charges of the decay products.

Same-side taggers

The SS taggers select particles produced in the hadronisation of the signal b quark.
As shown in Fig. 3.4, a charged pion can be produced from the hadronisation. Pions
are selected by the SS pion tagger [87] and the tag can be inferred from the pion
charge because of correlated quark flavours. Alternatively, a proton can hadronise
instead of a pion, which is selected by the SS proton tagger. In the case of BY
mesons, a strange quark takes the place of the down quark, which means a charged
kaon can be produced. These kaons are selected by the SS kaon tagger.

3.4.1 Flavour-tagging implementation and performance

Flavour tagging in hadronic environments such as the LHC is a challenging en-
deavour. Several factors can reduce the performance of a tagger. Neutral mesons
produced in the OS decay chain can oscillate before they decay, which leads to the
wrong tag. Moreover, the taggers may not be able to reconstruct a tagging particle,
or the reconstructed particle may not be associated with the signal b quark. These
factors must be quantified and taken into account in the analysis.

A tagger assigns each candidate a decision, referred to as a tag, d, and an estimate
of this decision being wrong, the predicted mistag, n. The tag takes the values d = 1
for a B meson at production, d = —1 for a B meson at production and d = 0 if
no decision can be made. The predicted mistag is a continuous variable ranging
from 0 to 0.5. A predicted mistag of 7 = 0 represents a perfect tag decision, while
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a predicted mistag of n = 0.5 is equivalent to a random decision and corresponds
to a tag of d = 0. The predicted mistag is calculated by a multivariate classifier,
usually a boosted decision tree (BDT) (see Sec. 4.1). The classifier is trained on
samples of flavour-specific decays, i.e. decays where the flavour at the time of the
decay can be determined from the charges of the final-state particles. Either self-
tagging BT decays, for which the decay flavour is equal to the production flavour,
or flavour-specific neutral B decays are used to train the taggers. When neutral B
mesons are involved, their oscillation has to be taken into account.

The tagging efficiency, €ag, accounts for the fact that not all candidates can be
tagged. The mistag rate introduces another dilution factor of 1 — 2w;, where w; is
the true mistag probability of the candidate ¢ (details on w; are given in Sec. 3.4.2).
To assess the performance of a tagger on a sample of N candidates, the tagging
power

ot = % > - 22 (3.1)

is defined, where the sum iterates over all candidates. The tagging power represents
the loss of statistical power due to the imperfect tagging i.e. the CP observables
could be measured with the same statistical uncertainty on a perfectly tagged sam-
ple of e - N candidates.

3.4.2 Flavour-tagging calibration and combination

The training of the taggers relies on the kinematic properties of the tagged candi-
date and the other particles in the event. These are usually different for training
samples and the data set used in the analysis. Therefore, the taggers have to be
calibrated to represent the mistag probability, w(n), of the signal decay. Flavour-
specific control channels can be used to measure the actual mistag rate and compare
it to the predicted mistag. A calibration function is optimised, which measures the
dependence of the predicted mistag on the actual mistag. The control channels have
to be kinematically similar to the signal channel to ensure that the calibration is
valid for the signal sample. A linear calibration function of the form

w(n) = po+ pr(n— (n)) (3.2)

is usually sufficient to describe the dependence of the measured mistag on the
predicted mistag. The average predicted mistag, (n), is subtracted to reduce the
correlation between the calibration parameters py and p;. The predicted and mea-
sured mistag are equal if py = () and p; = 1. To account for differences in the
calibration of B and B mesons, two calibration functions are used and the mean
and difference of the calibration parameters

p(]jg,1 +p(l)3,1

5 and Apg; = pgl - p(]fl (3.3)

Po,1 =
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are reported.

To utilise the full potential of the FT, the individual taggers are combined to
provide a single tag decision and mistag. Assuming that the calibrated mistags can
be treated as probabilities, the combined probabilities for initial B and B mesons
are given by

p(B) =1
By 1 M PB) =1 PE). (3.4)

The probabilities p(B) and p(B) are computed according to

P(B) =

p(B) = H ! ;di +d(1 —wh, (3.5)
p(B) =[5 a0 -, (36)

where the product iterates over the individual taggers. The combined tag decision
and mistag are assigned as follows:

( 1,P(B)) .if P(B)
(d,w) = { (=1,P(B)) if P(B) < P(B) . (3.7)
( 0,0.5) if P(B) = P(B)
The combined mistag has to be calibrated again to account for non-linearities in

the combination. In this analysis, the FT calibration and combination is performed
using the EspressoPerformanceMonitor (EPM) [88].
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In high-energy physics, measurements are often highly complex, and various sta-
tistical methods are required to extract relevant information from the data. This
chapter briefly introduces some of these methods relevant to the analyses presented
in this thesis. In Sec. 4.1, BDTs are explained, which are used to classify events
from different origins. The maximum likelihood method, described in Sec. 4.2, is
used for parameter estimation by fitting data to a given model. Additionally, these
fits serve to unfold data distributions from different sources as described in Sec. 4.3.
The bootstrap method explained in Sec. 4.4 is used to verify the uncertainties of
fit parameters. Finally, in Sec. 4.5, Wilks’ theorem is presented, which is used to
determine the significance of a measurement.

4.1 Boosted decision trees

A common task in high-energy physics is classifying events from different sources,
e.g. signal and background. In rare cases, this can be achieved using simple cut-
based requirements on variables with good separation power. However, this is usu-
ally inefficient and more sophisticated methods are required. Multivariate classi-
fiers, such as decision trees, classify events by evaluating a sequence of decision
rules based on multiple input features.

Figure 4.1 shows a schematic example of a decision tree. At the root node, a cut-
based requirement on one feature from the set is applied to split the data sample.
This is repeated at each internal node of the tree with different features and thresh-
olds until a leaf node is reached. This happens when certain criteria are met, e.g.
the maximum depth of the tree is reached, the purity of the node is high enough or
too few events are left in the node. These criteria are decision-tree hyperparameters
that can be adjusted to optimise the model’s performance. A final classification de-
cision is assigned to the events at each leaf node. The feature and threshold at each
node are chosen to maximise a performance metric. They are determined during
the training of the decision tree using a sample of labelled training data.

A single decision tree is a weak learner because it provides only limited separation
power for a complex classification task. In a BDT, decision trees are iteratively
added to the model to improve the classification performance. Each decision tree
is weighted, which is referred to as boosting [89,90]. A loss function is used to
assess the performance of the model in each training iteration. The loss function
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Figure 4.1: Schematic view of a single decision tree. The variables & are used to
distinguish between the two classes (Sig) signal and (Bkg) background.

compares the prediction of the model, ¢;, with the true labels of the training data,
y;. For classification problems, y; € {0,1}, with gradient boosting [91] the logistic
loss function

L(y,9) = = > _yilog i + (1 — i) log (1 — §s), (4.1)

is used, where 7 iterates over all events of the training sample. In each training step,
the new decision tree is trained on the residuals of the previous model’s prediction
with respect to the true labels. Thus, the new decision tree is trained to correct the
mistakes of the previous model. A learning rate is used to modify the contribution
of each new decision tree to the model.

Boosted decision trees can be prone to overfitting, which means they are sensitive
to statistical fluctuations in the data and thus may have a good performance on the
training data but perform poorly on unseen data. The training data is usually split
into training and validation samples to prevent overfitting. In each iteration, the
model performance is computed on the validation sample. The training is stopped
when the performance does not increase over a certain number of iterations. The
number of iterations required to stop the training is a tunable hyperparameter. In
addition, the k-fold cross-validation method [92| can be used, where the training
data is split into k£ equally sized samples. A BDT is trained on k — 1 samples and
applied to the remaining events. The procedure is repeated until the model has
been applied to the entire data set. This allows the entire data set to be used for
further analysis and reduces the risk of overfitting. The BDTs presented in this
thesis are trained with the XGB0OOST package [93].
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4.2 Maximum likelihood method

The (unbinned) maximum likelihood method is commonly used to estimate the
parameters of a model given a set of observations. Assuming that the observed data,
T ={Z, T, ..., T}, follows a certain probability density function (PDF), P(Z|6),
the maximum likelihood method can be used to find a set of parameters, 5, that
maximises the likelihood of observing the data. This set is found by maximising

the likelihood function
L0l = [[P(16). (4.2)

To account for n itself being a random variable following the Poisson distribu-
tion with the expected number of observations, N, the likelihood function can be
extended as explained in Ref. [94] to

. e—NNn n
|

[1P@16). (4.3)

=1

£(0)7) =

n

This is particularly useful when the PDF is a sum of multiple contributions, ¢, each
with its own set of parameters, 6., and the number of observations N.. The PDF
can be written according to

P(E]0) = N.Pu(Z|6.). (4.4)

In this case, the extended maximum likelihood method provides an accurate esti-
mate of N, and its uncertainty. Usually, the negative logarithm of the likelihood
function is minimised, which is equivalent to maximising the likelihood function.
The logarithm makes the procedure numerically more stable while changing the
sign exploits the fact that most optimisation algorithms are designed to minimise
functions.

If the PDF depends on an input parameter, 6;, with a central value, y;, and an
uncertainty, o;, the likelihood can be modified to take this uncertainty into account.
This is referred to as Gaussian constraint and is implemented by multiplying the
likelihood function with a Gaussian function of the form
A ) — # —(0;—p3)? /202
G(0;| i, 04) Oi\/ﬁe . (4.5)
In the presented analyses, the fits are performed within the ROOT framework [95]
using the minimisation algorithms of the MINUIT package [96].

4.3 Unfolding data distributions

The sPlot technique [97] is a tool to unfold the distribution of a target variable that
contains contributions from different sources. Given a data sample that is a mix-
ture of n, different sources of events, the sPlot technique allows to reconstruct the
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distribution of the target variable for each source separately by assigning weights to
each event. A set of discriminating variables, y, is used to determine these weights.
The discriminating variables have to be uncorrelated with the target variable. The
weight of the event, e, to unfold the component, c is calculated using the formula

_ Z;L;I ‘/Cj Pj (ye)
225:1 NkPk(%) ’

where the yields, Ng, and the parameters of the PDFs are determined by an ex-
tended maximum likelihood fit to the distributions of the discriminating variables.
The covariance matrix of the yields, V,;, is determined by a second fit, where only
the yields are free to vary. These weights are normalised such that the sum of the
weights for each source is equal to the observed number of events N..

sPe(ve) (4.6)

Maximum likelihood fits to weighted target distributions are known to underesti-
mate the uncertainty of the fit parameters. As described in Ref. [98], modifications
to the likelihood can be used to obtain the correct uncertainties. However, this
approach can be computationally expensive and a simpler approach is used in the
presented analyses. The weights are scaled by the factor

Ze sPC(ye)
S Py 4.7

Since this scaling does not generally provide the correct uncertainty, the uncertain-
ties of the fit parameters are validated using the bootstrap method described in the
following.

4.4 Bootstrap method

The bootstrap method [99] is a model-independent resampling technique which
can be used to estimate the variance of fit parameters. Bootstrap samples are
generated by drawing n events with replacement from the original data sample.
The total number, n, is drawn from a Poisson distribution whose expectation value
corresponds to the number of events in the original data sample. This preserves
correlations between the observables. Parameters of interest are determined as for
the original data sample by performing maximum likelihood fits to the bootstrap
samples. The residual distributions are obtained, which is the difference between the
fit results of the bootstrap samples and the fit results of the original data sample.
The uncertainties of the fit parameters are estimated by the standard deviations
of the residual distributions. The number of bootstrap samples is chosen so that
statistical fluctuations do not significantly affect the estimated uncertainties.
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4.5 Wilks’ theorem

Wilks’ theorem [100] is used to determine the significance of a measurement by
comparing the result against a null hypothesis. The relevant parameters for this
thesis are determined by a maximum likelihood fit. The negative log-likelihood
value of this fit is denoted as NLLypaseline. 10 obtain the significance of the result, a
second maximum likelihood fit is performed with the parameters of interest fixed to
certain values that correspond to the null hypothesis. This fit provides the negative
log-likelihood value NLLj. Using Wilks’ theorem, the likelihood ratio of the baseline
fit with respect to the fit under the null hypothesis is used to calculate a x? value
according to

Lo

baseline

X’ =—2In = 2[NLLy — NLLpascline] - (4.8)
The x? value can be converted to a p-value using the y? distribution, where the
number of degrees of freedom corresponds to the difference in the number of free
parameters of the two fits. Since, in particle physics, the significance is usually
presented in terms of standard deviations, the p-value is converted to a significance
using the inverse of the cumulative distribution function of the standard normal
distribution.
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This chapter outlines the analysis strategy for the measurements of CP violation
with B®— DTD~ and B?— D} D, decays'. The two decay modes are analysed
in parallel, as the analysis strategy is very similar and the similarities between the
two decays can be exploited. Considerations specific to the individual measurements
and the results are presented in Chap. 6 and Chap. 7.

The analyses were developed in collaboration with Philipp Ibis and Antje M6édden
within the LHCb group in Dortmund and Conor Fitzpatrick from the University
of Manchester. The results have been published in the Journal of High Energy
Physics [24]. The author contributed to almost all parts of the project. The FT
calibration was developed by Aron Kordt in his Bachelor thesis [101], which was
supervised by the authors of the analyses. To give a comprehensive overview, all
analysis steps are presented, with particular focus on the author’s significant con-
tributions to the multivariate selection, the final decay-time fit, and the systematic
studies. Additional information regarding the other parts of the project can be
found in the doctoral theses of Philipp Ibis [102] and Antje Modden [103].

The analyses are conducted using the Run 2 data set collected by the LHCb exper-
iment corresponding to an integrated luminosity of 6fb™!. A considerable amount
of background is present in the data. To be able to measure the CP observables, the
two signal decays, B°— DD~ and B?— DI Dy, are at first selected as described
in Sec. 5.1. The CP observables derived in Sec. 2.6 are measured using the selected
signal candidates as explained in Sec. 5.2.

5.1 Selection of signal candidates

A B-meson candidate is reconstructed by combining two oppositely charged D
mesons, which are in turn reconstructed from their decays into three charged kaons
and pions. Finding such a candidate is a challenging task because in one event,
around 200 and sometimes even up to 1000 tracks are measured, and the major-
ity belong to charged kaons and pions. This leads to the reconstruction of many
background candidates as unrelated track combinations frequently pass the selec-
tion requirements. This is referred to as combinatorial background, and it typically
represents the largest source of background when using fully hadronic final states.

'If not stated otherwise CP conjugated decays are always implied
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Additional background contributions arise due to decays of other particles recon-
structed as signal candidates. Although their contribution is much smaller, these
candidates have similar kinematic properties to the signal candidates, which makes
the selection more challenging. In the presented analyses, the dominant contribu-
tions are caused by incorrectly identified final-state particles. Due to the wrong
particle hypothesis being assigned, background decays can be reconstructed as sig-
nal candidates. In the first part of the analysis, a selection is developed to reduce
these background sources.

The two signal decays are filtered through the same stripping line. Analysis-specific
criteria on the reconstructed D-meson masses are applied to reduce the combi-
natorial background. The boundaries are chosen so that D and D mesons are
separated, and thus, the two decay channels can be distinguished. Requirements
on the D-meson flight distances suppress backgrounds from single-charm decays of
the form B — Dhhh. Various decays with misidentified final-state particles have
to be considered. Most of them are suppressed using simultaneous requirements on
invariant masses and PID variables. Decays that cannot be efficiently suppressed
by these requirements are removed by a BDT. A second BDT is trained to suppress
the remaining combinatorial background. In all selection steps, a compromise has
to be found between signal efficiency and background suppression. Throughout the
analysis, the signal efficiency is monitored with simulated signal decays. The com-
binatorial background suppression is validated using the upper-mass sideband of
the recorded data. If necessary, the suppression of background decays is computed
using simulated background decays.

The selected data set mainly contains signal decays. Still, a small contribution from
the combinatorial background remains. The invariant mass of the B candidates is
modelled to compute the signal weights using the sPlot technique described in
Sec. 4.3. These weights are used to statistically subtract the remaining background
and obtain the decay-time distribution of signal candidates. Mass fits to simulated
data are used to determine the shape of the signal model. The remaining combina-
torial background is described by an exponential function.

5.2 Measurement of the CP observables

The background-subtracted decay-time distribution enables the extraction of the
CP observables by performing a maximum likelihood fit. The theoretical time-
dependent PDFs are proportional to the decay rates in Eq. (2.30) for initially
produced B (d' = 1) and B (d' = —1) mesons and are given by

AT
t—f—d’C’cosAmt—d’SsinAmt ,

ATt
Bineo(t, d') o< e 1t | cosh 5 + Dsinh 5
(5.1)
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where the overall normalisation is omitted and only the parts relevant for the fol-
lowing discussion are shown. In the following, modifications to the theoretical PDFs
are described to account for experimental effects. The true flavour d’ of the recon-
structed candidates is not known and has to be incorporated into the PDF using
the FT introduced in Sec. 3.4. The individual PDFs for the two possible production
flavours are multiplied by the probabilities,

P(d|d) = HP (d'|d') = P(d*®|d") P(d°® |d'), (5.2)

of observing the tags d given the true flavour d’. Here, the OS and SS combinations
are already performed as explained in Sec. 3.4.2. The probabilities of observing the
individual tags are defined as

e, (1—wi) ifd=d
P(d'|d) =} b, ifd = —d (5.3)
(1—€) if di =0

which can be rewritten as

. ’ ]. d/dl 2 Z'/ f dl = :tl
P(dz | d/) — Ed [ + ( wd )] 7? 4 ) (54)
(1-— ed,) ifd' =0
This can be used to write down the total PDF as
B(t,d) = P(d| B)Bueo(t, 1) + P(d| B)Bueo(t, 1) . (5.5)

To account for differences in the production of B and B mesons, the production
asymmetry Apoq is introduced according to

B(t, d,&) =(1 — Aproa) P(d] B) Bineolt, 1)

L (5.6)
+(1 4 Aproq) P(d| B) Buneo(t, —1) .
Substituting Bineo(t, d’) with Eq. (5.1) yields the PDF
- g A AF
B(t,d.&) = e " | (P(d] B)(1 = Ayoa) + P(d] B)(1+ Apa)) cosh Tt
B . ATt
+(P(d] B)(1 ~ Aproa) + P(d| B)(1 + Aproa)) D sinh =~ 57
+(P(d| B)(1 = Aproa) — P(d| B)(1 4 Aproq)) C cos Amit
—(P(d| B)(1 — Aproa) — P(d]| B)(1 4 Aproa)) S sin Amt
This can be simplified
B(t, q,c?) =e " (AT — ApaAT) cosh %
ATt
+ ——
+(A ApoaA™) D sinh 5 (5.8)

+(AT = ApoaAT) C cos Amt

— (A7 — ApoaAT) S sin Amit
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by absorbing all tagging information into the functions
A* = P(d|B) + P(d| B). (5.9)

Using Eq. (5.4), these functions can be explicitly written for the four different cases
as follows:

1
Zegs [1+dP%(1 —2w9%)] €5 [1+d3°(1 — 2w5)]

1 , if both tagged
izegs [1—dP5(1 —2w3®)] €5 [1 — dF¥(1 — 2w5)]

1
5623 [14dP5(1 —2w3®)] (1 = €5) -
1 , if OS tagged
At iﬁegs [1—dP%(1 — 2w9%)] (1 —€5)

1

56318 [1+d5(1—2w3)] (1 —€2°) .
1 , if SS tagged
j:§e§,s [1—d5(1 —2w5)] (1 —€3°)

(1= €99)(1 =€) £ (1 —€99)(1 — €5) , if untagged

(5.10)
The mistag probabilities, w%,, are obtained using the calibration approach described
in Sec. 3.4.2. Since the uncertainties of the calibration parameters are taken into
account by using Gaussian constraints in the decay-time fit, the final PDF depends
on the calibration parameters, and the predicted mistags, n'.

The decay time is determined by measuring the distance between the PV and the
decay vertex of the B meson, as well as its momentum. The spatial and momentum
resolution of the detector leads to a smearing of the measured decay time. These
resolution effects are taken into account in the decay-time fit by convolving the
PDF with a resolution function, R(t — t'), with the measured and true decay-time
t and t’. The resolution function is determined either using simulated data, where
the resolution is known or candidates originating from the PV, where the decay
time is zero per definition, and only resolution and bias effects are present.

Finally, an acceptance function, €(t), is introduced to account for decay-time-
dependent efficiency effects. As shown in Ref. [104], this dependence is caused by
the reconstruction of tracks in the VELO. Tracks are assumed to originate approx-
imately from the PV, which does not apply to particles from decays of long-lived
B mesons. This leads to a reduction of the reconstruction efficiency at large de-
cay times. Displacement requirements of the trigger and the offline selection cause
additional inefficiencies for short decay times. The decay-time-dependent efficiency
is parameterised by a sum of piecewise polynomials. The cubic B-splines [105] are
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defined by k spline positions, the coefficients ¢; and the basis functions ¢;(t) and
are given by

k

e(t) = cigi(t). (5.11)

i=1

The spline positions are found using simulated signal decays. The coefficients in the
final decay-time fit are free to vary.

The final PDF as a function of the measured decay time, the tagging decisions and
the predicted mistags is given by

Pt,d,q) = e(t)- | B, d,q) @ R(t—1t)] . (5.12)

In the final step, the uncertainties of the measurement are studied. Uncertainties
are usually divided into two categories: statistical and systematic uncertainties.
The statistical uncertainty stems from the finite size of the data sample and is de-
termined in the maximum likelihood fit by numerically computing the covariance
matrix for all fit parameters. This statistical uncertainty includes contributions
arising from external parameters, which are taken into account by Gaussian con-
straints. Systematic uncertainties, on the other hand, are caused by methods used
and assumptions made in the measurement. Measurements of CP violation are
very complex and involve many analysis steps that can cause biases in the mea-
sured values of the CP observables. Studies are performed to estimate the impact
of the different sources and, if necessary, assign a systematic uncertainty. This is
usually done by generating pseudoexperiments. The distributions relevant to the
measurement are generated using the corresponding mass and decay-time PDFs.
The parameters are taken from the nominal mass and decay-time fits to the recorded
data. Additional distributions, such as the estimated mistags, are generated with
weighted histograms from recorded data using the weights obtained from the sPlot
technique. This approach allows for the generation of many samples, and different
assumptions can be tested by simply adjusting the PDFs. Similar to the bootstrap
method explained in Sec. 4.4, the nominal fit procedure is applied to each pseudoex-
periment. Mass fits are performed to obtain the background subtracted decay-time
distribution, and the CP observables are measured by performing the decay-time
fit. The results are compared to the nominal result. If the mean of the residual
distribution is not compatible with zero, it is assigned as a systematic uncertainty.
To save computational resources, a systematic that is expected to be small can
be estimated by performing a second fit with an alternative model. The difference
between the nominal and the alternative fit is assigned as a systematic uncertainty.
However, if a large value is observed, pseudoexperiments are preferred to obtain a
more accurate estimate.
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6 Measurement of CP violation 1n
B — D™D~ decays

This chapter presents the measurement of the CP observables Sp+p- and Cp+p-
using a sample of B°— D*D~ decays collected in Run 2 by the LHCb exper-
iment. A previous analysis has been conducted by LHCb with the Run 1 data
set [106]. Additional measurements of this decay channel have been carried out by
the BaBar [107] and Belle [108] collaborations.

The selection is described in Sec. 6.1. In addition to B®— DD~ decays, a sample
of B®— D}D~ decays is selected, which is used as a control channel to calibrate
the FT response. The time-independent part of the analysis is concluded by the
mass fits presented in Sec. 6.2. The decay-time fit procedure, used to extract the
CP observables, is described in Sec. 6.3. Validation studies of the fit strategy are
presented in Sec. 6.4. The systematic uncertainties are discussed in Sec. 6.5. A
combination of the results with the Run 1 measurement is conducted, and the
individual and combined results are presented in Sec. 6.6.

6.1 Selection

The measurement is conducted using Run 2 proton-proton collision data recorded
at a centre-of-mass energy of 13 TeV. The data set corresponds to an integrated lu-
minosity of 6 fb~" and was collected during the years 2015-2018. The D* candidates
are reconstructed using the two decays Dt — K- nt7t and D™ — K~ K*xt. The
Dt — K- 77" decay has an approximately ten times higher branching fraction
than the D* — K~ K7t decay. Candidates whose D* mesons both decay via the
Dt — K~ K*t7" mode are not considered as the increase in statistical power of the
data sample is negligible. Reconstructing one of the D* mesons as DT — K~ K*+n+
decay increases the number of signal candidates by about 20%. This leaves the
final-state combinations summarised in Tab. 6.1.

In parallel, B®— D} D~decays are selected and used for control studies. The D*
mesons are reconstructed using the same decays as for the signal channel. The
D¥ mesons are reconstructed via the decays Df — K- K7t Df — 7= K*n~ and
D} — = n"x™, from which the first decay has the highest branching fraction. One
of the D mesons is required to be reconstructed from its decay with the highest
branching fraction. The final-state combinations are summarised in Tab. 6.1. The
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6 Measurement of CP violation in B®— DT D~ decays

Table 6.1: Final-state combinations used in the selection of B®— Dt D~ and
B°— Df D~decays.

Decay Final-state decays

B~ DtD- Dt K rataet D > Ktnn~
DY > K¥TK*p* DT> K*p¥pF

B"> DD~ Df s K K'nt D — Ktn
Df 5 K- K*nt D — KK
Df—»n Ktnmw D — Ktnn~
Df—wrntat D — Ktn 7~

additional D¥ decay modes are mainly relevant to the second measurement of
B?— DfD; decays described in Chap. 7.

Simulated samples of both channels with the same final states are selected in par-
allel. They are used for validation studies, calculating the selection efficiencies and
parameterising signal distributions.

6.1.1 Preselection

The first stage of the preselection is the centralised preselection introduced in
Sec. 3.3.3. It aims to reduce the data by preselecting candidates with a similar
topology. The output of the stripping line used in this analysis contains neutral
beauty-meson candidates reconstructed from two charged charm mesons, which
subsequently decay into any combination of three charged kaons or pions. Due to
the loose restrictions on the invariant masses, the preselection does not differentiate
between B? and B? mesons or DT and D} mesons. Therefore, the output contains
signal candidates and candidates from the control channel. Although these require-
ments are not developed within this analysis, they are briefly summarised below.

Candidates are required to be selected either by a topological trigger, which searches
for secondary vertices with two, three or four tracks, or the inclusive ¢ trigger, which
selects ¢ candidates that are likely to originate from a B decay. The candidates must
have less than 500 tracks in the event because the high occupancy of the detector
leads to worse track reconstruction.

The final-state particles are required to have a good track quality. The x% of a track
is the difference between the y? of some vertex fit, usually the PV, with and without
taking the track into account. It is usually small for tracks originating from the PV.
Thus, a large x% with respect to the PV is required for the final-state particles.
The tracks must have a low ghost probability [109] to suppress tracks reconstructed
from unrelated detector hits. PID information is used to ensure a high likelihood
of the final-state particles being either a kaon or a pion. To guarantee that the
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6.1 Selection

final-state particles originate from decays of heavy mesons, they must have high
transverse and total momentum.

The D mesons are required to have a good-quality vertex displaced from the PV.
The direction angle (DIRA), which is the cosine of the angle between the momentum
and the vector pointing from the PV to the D vertex, is required to be greater than
zero to ensure that the D mesons fly in the forward direction. The reconstructed
D mass is restricted to lie within a window from 100 MeV/c? below the known DT
mass to 100 MeV/c? above the known D mass taken from the Particle Data Group
(PDG) [27]. Pairs of tracks forming a D candidate are required to have a distance
of closest approach, which is the smallest distance between two tracks, of less than
0.5 mm to ensure that the tracks originate from the same vertex.

The reconstructed B-mass window is 4900-6000 MeV/c? to select both BY and BY
mesons. Candidates above the B? mass are typically used for studies of combina-
torial background, and the upper boundary is chosen to retain enough of these
candidates. A good-quality B vertex is required. Requirements on the difference
between the z positions of the B vertex and the D vertices are used to ensure that
the D mesons decay downstream of the B meson. To guarantee that the B meson
originates from the PV, its DIRA is required to be greater than 0.999, and the x%
of the B® meson with respect to the PV has to be small. Backgrounds from the PV
are suppressed by requiring a minimum reconstructed B decay time of 0.2 ps.

Analysis-specific requirements are applied in addition to the centralised preselec-
tion. The mass windows of the reconstructed D masses are tightened to +£45 MeV/c?
around their known value corresponding to approximately 4+4 times the mass res-
olution. These values are chosen to separate the Dt and DI mass regions, which
makes it possible to distinguish between B®— DT D~ and B’ — D} D~decays and
efficiently reduce the combinatorial background. A requirement on the flight dis-
tance of all charm mesons is applied to reduce single-charm decays.

The additional requirements reduce the combinatorial background by about 88%,
calculated using candidates from the upper mass sideband of recorded data de-
fined by mp+p- > 5600 MeV/c?. A signal efficiency of about 77% is achieved, and
the efficiency of B — D} D~decays is about 68%. The requirement on the D life-
time causes the low efficiency. However, it is necessary to suppress the single-charm
background, which is a dominant source of systematic uncertainty in the Run 1
analysis. The reason for the lower efficiency of the control channel is the shorter
D lifetime. Figure 6.1 shows the effect of the analysis-specific requirements on the
reconstructed BY mass of B— D™D~ candidates. A large amount of the combi-
natorial background is suppressed, and a more pronounced peak at the known B°
mass is visible after the preselection.
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Figure 6.1: Reconstructed B%mass distribution of B®— D* D~ candidates. The
blue histogram shows the distribution of the candidates retained after the prese-
lection. The grey area represents the candidates rejected by the analysis-specific
preselection requirements.

6.1.2 Vetoes

Significant contributions from background decays are visible in the reconstructed
B%mass distribution of the preselected candidates. They are caused by the incor-
rect identification of final-state kaons and pions. Since the wrong mass is assigned
to the final-state particles, distorted peaks are visible in the B°- and D¥-mass
distributions. This effect can be seen in Fig. 6.1, where a broad peak is visible in
the range of 5200-5260 MeV/c? due to wrongly reconstructed BY— DF D~ decays.
These backgrounds are identified by recalculating invariant masses with alterna-
tive particle hypotheses. The kaon, pion and proton masses are assigned to the
final-state particles, and the alternative invariant mass is calculated for all possi-
ble combinations. If background decays are present, they can be identified in these
distributions. For the three-body combinations, backgrounds from D} and A} de-
cays are considered. Two-body combinations are calculated to identify backgrounds
from neutral ¢ and D° decays. Finally, if D° decays are present in the two-body
masses without any misidentification, they are still rejected because decays of the
form Dt — D°hT are impossible.

The background decays can be suppressed by simultaneous requirements on PID
variables and the alternative invariant masses. This is called a veto. The PID vari-
ables used in this analysis are referred to as ProbNN variables. They provide proba-
bility estimates of particle hypotheses and are computed by a neural network based
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on information from the PID detectors components. In the following, background
decays are individually identified, and for each final-state particle, an explicit dis-
tinction is made between the two hypotheses. In this case, the separation power
can be increased by using the ratio

ProbNN,,

ProbNN,,,, =
FOP e = BLOENN, + ProbNN,,

(6.1)

to distinguish between the two particle hypotheses p; and ps. If a background
decay is identified, candidates whose alternative mass lies within the region of the
background hadron are only retained if the potentially misidentified particles fulfil
certain requirements on the ProbNN variable. The requirement on the ProbNN
variable is tightened until the background contribution vanishes. In cases where the
background decay has two possibilities to mimic the signal decay due to two final-
state particles being the same, the veto is developed for the high and low pr particles
separately. This exploits the fact that the performance of the PID detectors depends
on the momentum of the particles and enables a more efficient suppression. The
vetoes are developed individually for the different D* final states. In the following,
the rejected background decays are briefly described. More information about the
requirements can be found in Ref. [102].

Vetoes in Dt — K~-wtnt decays: Contributions from ¢— KTK~ decays
arise if a kaon is misidentified as one of the final-state pions. The same misidenti-
fication causes contributions from D®— KK~ decays. In this case, only the pion
with the higher pr shows a significant contribution. Assigning the proton mass to
the pion with the higher pt shows contributions from AY — K~ pr™ decays. Finally,
a background from misidentified single-charm decays, i.e. B — 7~ 77+t D~ decays,
is present. They are rejected using ProbNN requirements without restricting the
invariant mass.

Vetoes in DT — K~ K+tnT decays: Contributions from ¢ — KK~ decays
occur if a kaon is misidentified as the pion in the D™ — K~ K7t decay. The decay
D} — K~7t K causes a significant contribution due to the pion and kaon with the
same charge being misidentified as each other. Background arises from A7 — K~ pr
decays if the proton is misidentified as a kaon. The same decay contributes if the
proton is misidentified as a pion and the pion is misidentified as a kaon. Finally,
D — KK~ decays without any misidentification are rejected by a requirement
on the two-body mass of the kaons.

Efficiencies: These vetoes are also applied to the D* mesons of the B — D D~
sample. Additional background contributions must be considered for the D mesons.
They are discussed in Sec. 7.1.2 as the same requirements are used in the analysis of
B?— DfD; decays. The efficiency is approximately 96% for B®— D™D~ decays
and 94% for B’ — D} D~ decays.
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6 Measurement of CP violation in B®— DT D~ decays

Multivariate classification of Dt — K~ ntnt and D} - K- K+rnt
decays

A particularly challenging background originates from the decay D}f — K~ K*rn™,
in which the K+ is misidentified as a 7. Due to the lower mass assigned to the
kaon, the reconstructed three-body mass is shifted from the D} region into the
D7 region. This causes a significant background contribution, in particular, due to
B°— Df D~ decays, which have a much higher branching fraction than the signal
decay. It is one of the main background sources in this measurement and has to
be efficiently suppressed. The shift from the D] region to the DT region makes a
veto based on only the ProbNN variable and the invariant mass inefficient. Hence, a
BDT is trained to distinguish between the two decays. This approach also enables
the classification of background from Dt — K~ 77" decays in Df - K~ K*zn*
decays with the same BDT. This background is present in the B°— D} D~ control
channel and suffers from the same inefficiencies that require using a BDT.

Simulated B~ D*D~, B'— DfD~ and B?— D} D samples with the relevant
final states are used to train a BDT separately for positively and negatively charged
D mesons. The candidates are labelled according to their D decay channel, one label
representing DT — K~ 77T decays and the other Df — K~ K™t decays. The
same is done for the negatively charged D mesons, and the procedure explained in
the following is applied to both. A k-fold cross-validation is used, where the training
data is split into five equal parts, four of which are used to train the BDT that is
applied to the remaining part. The procedure is repeated until the BDT is applied
to all candidates. This approach allows to keep all data for the following analysis
and reduces the risk of overtraining. The hyperparameters were developed for the
BDT presented in Sec. 6.1.3, which is used to suppress combinatorial background.
They are not adjusted because no performance improvement was observed when
changing them. The performance is measured using the area under the receiver
operating characteristic (ROC) curve, in the following referred to as ROC score.
The ROC curve plots the true positive rate against the false positive rate. Up to
1000 trees with a maximum depth of three are used. The learning rate is set to 0.5.
To avoid overtraining, the training is stopped if the ROC score on the validation
sample does not improve for ten iterations. The BDT is trained using gradient
boosting with the XGB0OOST package [93].

In Tab. 6.2, the training features are listed. The intuitive choice of training features
are the variables used for the vetoes, i.e. the ProbNN variables of the potentially
misidentified particles and the invariant three-body masses with the alternative
particle hypotheses. Both the pion and kaon ProbNN variables are used. Decays
with intermediate resonances such as D — ¢nt decays where ¢ decays into a pair
of charged kaons or several K** — K~ 7% resonances from Dt — K*0r* decays are
exploited by adding the invariant two-body masses with the alternative particle
hypotheses to the training features. The flight distance, FD, is used because of the
different average lifetimes of D' and D] mesons.
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Table 6.2: Training features of the BDT to distinguish between D" — K~ 77t
and Df — K~ K*n" decays. They are sorted by their importance in the training.
The final-state particles with the same charge as the mother D meson are referred
to as hy and hs.

Training feature

Mg —p+n+
PI'ObNNK (hl /hg)
M- g+r+
Mg—r+ K+
ProbNN(h/hs)
TTLK,WIT2

M-k,

FD(D)

The BDT is applied to the collected data, assigning each candidate a value between
0 and 1. Candidates with values closer to 1 are more likely to be Df — K~ K*7n*
decays, while candidates with smaller values are probably DT — K~ nt7x™ decays.
The left plot in Fig. 6.2 shows the distribution of the BDT response for the training
and test samples of positively charged D mesons. The distributions are in agreement
and show no sign of overtraining. The ROC curve is shown in the right plot of
Fig. 6.2 and a ROC score of 0.9993 is achieved. Similar results are obtained for
negatively charged D mesons.

A value of the BDT response below 0.07 is required for D — K~ 7tx" candidates
to be selected. In the case of D} — K~ K*7nt decays, only candidates with values
greater than 0.98 are retained. The requirements are chosen to reject more than
99% of the respective background decays in the simulated samples. As shown in the
left plot of Fig. 6.3, this is sufficient to suppress the pollution of B — DF D~ decays
in recorded B°— DT D~ data to negligible levels. The right plot in Fig. 6.3 shows
the distribution of the invariant KT K*7* mass before and after applying the BDT
requirements. The distribution of D* candidates with higher pr is shown for better
visualisation because the background contribution is more pronounced for these
candidates. No sign of Df — K~ K7™ decays is visible in the distribution of the
retained candidates, which confirms the observations from simulated data.

About 95% and 89% of B®— Dt D~ signal decays are retained depending on
whether the BDT requirement has to be applied to one or both D* mesons. The
signal efficiency of the B®— DF D~ control channel ranges from 88% to 95% de-
pending on the final state. The remaining contributions in the distribution of the re-
constructed BY mass originate from B°— D™D~ signal decays, B — D™D~ back-
ground decays and combinatorial background.
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Figure 6.2: Performance plots of one BDT fold to distinguish between
Dt — K-ntnt and Df — K~ K*n" decays. The distributions of the BDT re-
sponse for the training and test samples are shown on the left. The ROC curve is
shown on the right.
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Figure 6.3: The (left) reconstructed B°-mass distribution of B’— D™D~ candi-
dates. The blue histogram shows the distribution of the candidates retained after
the veto selection. The grey area represents the candidates rejected by the veto
requirements. The right plot shows the invariant KT K*7* mass of the D* candi-
dates with the higher pr. The grey area represents the DY — K~ K7™ contribution
rejected by the BDT requirements.
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Table 6.3: Training features of the BDT to suppress combinatorial background.
They are sorted by their importance in the training.

Training feature

X%P <B>
m(D) — mD(J;),PDG

6.1.3 Multivariate selection

A second BDT is used to suppress the remaining combinatorial background. The
training is performed using B°— DTD~, BY— DfD; and B°— DD~ candi-
dates. This approach has the advantage that the BDT can be applied to the sig-
nal and control channel in both this and the parallel B?— D D, measurement.
The same BDT selection is applied to the control channel so that the kinematic
distributions remain similar, which is essential for the F'T calibration. A sample
of simulated decays from all three decay channels is used as a signal proxy. The
upper-mass sideband of recorded B — D*D~, BY— DD and B — DD~ data
is used as a background proxy. A maximum number of 1000 trees is used, and the
training is stopped if the ROC score on the validation sample does not improve for
ten iterations. The trees have a maximum depth of three, and the learning rate is
0.5. A k-fold cross-validation with five folds is used. The BDT is trained using the
XGBoosT package [93].

Various features are tested and iteratively removed based on their importance in the
training. As many features as possible are removed to reduce the complexity of the
model and, thereby, the risk of overtraining. However, no more features are removed
if the BDT performance starts to decrease. The performance is assessed using the
ROC score. The final set of features is listed in Tab. 6.3. The restrictions on the
reconstructed D masses in the preselection are loose. Consequently, the difference
with respect to their known mass from the PDG [27] is used. The xf» indicates if
a particle originates from the PV. The x% of the B meson is used because it is,
on average, smaller for the signal than the combinatorial background. The opposite
applies to the x% of the D mesons. Background candidates are expected to have
a worse goodness of the DTF fit, x31p, than signal candidates. Significant trans-
verse momenta of intermediate and final-state particles indicate decays of heavy
B mesons. The flight distance of the D mesons is, on average, higher than for
the combinatorial background, which is dominantly caused by the combinations of
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Figure 6.4: Performance plots of one BDT fold to distinguish between signal
decays and combinatorial background. The distributions of the BDT response for
the training and test samples are shown on the left. The ROC curve is shown on
the right.

tracks from the PV leading to a small reconstructed flight distance. Finally, the
cosine of the angles between the D mesons and their decay products, cos 67 , 3(D),
are used.

The output distribution of the BDT response is shown in the left plot of Fig. 6.4.
The distributions of the training and test samples are in agreement and show no

sign of overtraining. The right plot shows the ROC curve. A good separation power
is achieved with a ROC score of 0.9941.

Optimisation of the BDT requirement

After the BDT response is calculated for all candidates, a requirement on the re-
sponse has to be chosen to select the signal candidates. Choosing a suitable value is
always a trade-off between high signal efficiency and high suppression of combinato-
rial background. Additionally, other factors have to be considered in flavour-tagged
time-dependent analyses. The FT and decay-time resolution considerably impact
the sensitivity of the measurement. If these effects are correlated with the BDT
response, a suitable figure of merit (FOM) has to take this into account. The se-
lected requirement should maximise the sensitivity of the measurement of the CP
observables. This is achieved using the inverse of the variance of the parameter
sin ¢, which depends on both Sp+p- and Cp+p-. This approach was first used
in Ref. [110] and extended in [111] and [112] to include the per-candidate signal
weights, ;P;, from the sPlot method. The FOM is then given by

2

Sy D, (6.2)
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where D is defined as

1 2 )2
_ — 9w, )2~ (Bmadi)® | p.o .
D= S 7, ;(1 Quw; )2~ (Bma P X, (6.3)
with

2d;| \|s 2
L+ A2+ di(1 — w;)e(Bmade)®/2 (=2|X|ssin ¢S — (1 — |A]2)c)

= (6.4)
The trigonometric terms are abbreviated with s = sin(Amgt;) and ¢ = cos(Amgt;).
The FOM can be broken down into several components to assess the individual
contributions. The most dominant term is the effective signal size

2
2P 732) : (6.5)
Zz‘ spi
The signal weights [P; are calculated using a maximum likelihood fit to the re-
constructed B%-mass distributions. New mass fits are performed for each cut value
on the BDT response. More information on the mass fits is presented in Sec. 6.2.
Effects from the limited knowledge of the decay time are represented by the term

FOM,, — jo~ (Bmadia)® (6.6)

which favours candidates with small decay-time uncertainty ¢;;. Since the knowl-
edge of the initial flavour is essential for the measurement, the dilution of the data
set due to the FT is expressed by the term

FOMp, = P Z Pi(1 — 2w;)?, (6.7)

which assigns higher values to candidates with a small mistag probability. As de-
scribed in Sec. 3.4.2; a calibration has to be developed to obtain the mistag prob-
abilities. Since a fully selected sample is needed to determine this calibration, the
first iteration of the analysis uses the mistag estimates, n;, to calculate the FOM.
The calibration is performed as described in Sec. 6.3.1 and applied to the data
used to calculate the FOM. The following results are obtained using the calibrated
mistag. The FOM depends on the value of sin ¢ and other external parameters,
which are included in

FOMSin ¢2ﬁ” -

(6.8)

The parameter |\ is assumed to be 1, and the values for Amgy and sin ¢ are taken
from the PDG [27]. Instead of the Run 1 result of sin gbd 'h+p-» the more precise
average over multiple channels is used.

A scan of the BDT response is performed, and the FOM is calculated individu-
ally for each final state. The total distribution and the individual contributions
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Figure 6.5: Scan of the BDT response using B — D+ D~ data for the two different
final states. The total FOM is calculated by Eq. (6.2) and shown in black. The
individual components are explained in the text. All components are normalised to
their maximum value.

are shown in Fig. 6.5. For better visualisation, the individual components are nor-
malised to their maximum value. The effective signal size has the largest effect on
the total distribution. As expected, the decay-time resolution has a small impact as
it is small compared to the oscillation period of B® mesons. Minor contributions of
the FT dilution and the external parameters are observed. The right plot in Fig. 6.5
shows larger fluctuations because of the fewer number of the D™ — K~ K7t decays
in this final state. However, the flat distribution of the FOM in the left plot indi-
cates a high sensitivity of the measurement over a large range of BDT requirements.
This enables the application of the same requirement for both final states, which
simplifies the analysis since no distinctions have to be made between the final states
in the time-dependent studies. Candidates with a BDT response greater than 0.99
are retained. This requirement has a signal efficiency of about 87% for B — D+t D~
and 85% for B®— D} D~ decays while 99% of the combinatorial background is re-
jected. Figure 6.6 shows the effect of the BDT selection on the distribution of the
reconstructed BY mass of B — DD~ candidates.

6.1.4 Final selection

In the final selection step, the data is prepared for the mass and decay-time fits.
The reconstructed B® mass is required to be in the range of 5240-5540 MeV/c?.
The upper boundary retains a sufficient amount of combinatorial background can-
didates to model this contribution in the mass fits. The lower boundary removes
backgrounds from decays involving partially reconstructed D** mesons. This is
validated using a phase-space-only simulation sample of B — D**(— D*7%) DT
decays generated with RAPIDSIM [113]. The invariant mass of the DT D~ system
is computed neglecting the 7° meson. The distribution is shown in Fig. 6.7. Tak-
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Figure 6.6: Reconstructed B%mass distribution of B®— DD~ candidates. The
blue histogram shows the distribution of the candidates retained after the BDT
selection. The grey area represents the candidates rejected by the BDT selection.
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BY— D**(— D*r%) DF decays. The invariant mass is calculated neglecting the
7% meson. The dashed orange line shows the lower boundary of the B®— Dt D~

mass region.
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6 Measurement of CP violation in B®— DT D~ decays

ing the relative branching fractions of B°— D* D~ and B?— D** DT into account
and assuming the same efficiencies, the background contribution within the recon-
structed B°-mass range is estimated to be below 0.1%. Contributions from other
partially reconstructed decays can safely be neglected because they lie below the
BY%— D**:D¥ contribution in the DT D~-mass spectrum. In the Stripping selection
described in Sec. 6.1.1, a requirement on the decay time of the B® mesons is ap-
plied. As explained in Sec. 3.3.3, the decay time used in the central selection steps
is not calculated by the DTF. To avoid any effect of this requirement at the lower
boundary of the decay-time fit, it is increased, resulting in a decay-time range of
0.3-10.3 ps is required. Above 10.3 ps, almost no signal candidates are present. The
selection efficiency of these final requirements is about 96%. For the B — DD~
control channel, a different mass range of 5220-5540 MeV/c? is chosen. The decay-
time range is the same, and the efficiency is about 99%.

Finally, after the entire selection has been applied to the data samples, some events
contain more than one candidate. However, the chance that more than one of these
candidates is a real signal decay is practically zero. In events with high multiplicity,
a candidate can be reconstructed multiple times with just one track being different.
Additionally, this can be caused by candidates being reconstructed using the same
tracks but assigning a different particle hypothesis to one track. In B — DT D~
data, the number of events with multiple candidates ranges from 0.8-1.4%. Since the
candidates are usually equally likely to be the signal decay and share the majority of
the tracks, only one of the candidates is arbitrarily retained. In B — D} D~ data,
approximately 0.6-1.8% of the events contain multiple candidates, one of which is
arbitrarily selected.

6.2 Mass fits

Three sources of candidates remain in the selected data set: BY— DD~ signal
decays, B?— D™D~ background decays and combinatorial background. To reduce
the combinatorial background contribution to negligible levels, a selection as pre-
viously described would reduce the signal efficiency too drastically. Therefore, the
remaining background candidates are statistically subtracted from the recorded
data using the sPlot technique. Details on the procedure are given in Sec. 4.3. The
basic idea is to calculate a signal weight for each candidate using a discriminating
variable. These can be applied to the data set so that the weighted distribution of
a target variable only represents the signal candidates. Here, the reconstructed B°
mass is used as the discriminating variable, and to calculate the signal weights, an
extended maximum likelihood fit is performed.

The signal model is determined using simulated B°— DT D~ decays. A double-
sided Hypatia function [114] is used to parameterise the signal distribution. It is a
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Figure 6.8: Distribution of the reconstructed BY mass of B’ — DD~ candidates
and the PDF projections of the fit for the final states, where (left) both D* mesons

are reconstructed via D*— K~ w7 and (right) only one D* meson is recon-
structed via DT — K7tz and the other via D™ — K~ Kt [24].

generalisation of the Crystal Ball (CB) function [115] with CB-like tails and a gener-
alised hyperbolic core. This model can describe resolution effects and non-Gaussian
tails originating from photon radiation and mass constraints of intermediate par-
ticles. A maximum likelihood fit to the reconstructed B°-mass distribution of the
simulated B®— DT D~ candidates is conducted to determine the shape parame-
ters of the Hypatia function. The fit is performed separately for each final state
to account for possible kinematic differences in the signal shape. More details are
provided in Ref. [102].

Three components are considered in the mass fit to the recorded data. The previ-
ously discussed Hypatia function describes the B®— D+ D~ signal component. A
second Hypatia function is used to model the background decay BY — D*D~, and
the combinatorial background is parameterised by an exponential function. Since
both the B~ DT D~ and B?— D* D~ decays have the same final states, the reso-
lution of the reconstructed B mass is expected to be similar. Thus, the parameters
of both models are fixed to the values determined using the B® — D D~ simulation
sample. To account for possible differences between data and simulation, the width
and mean of the Hypatia functions are allowed to vary in the fit to recorded data.
The fit of the B?— D™D~ component is unstable because of the small number of
candidates. Thus, the difference between the mean of the B® and BY components
is fixed to the known value taken from the PDG [27]. Additionally, the same width
is used for both components to reduce the number of free parameters and stabilise
the fit. The exponential slope of the combinatorial background component is free to
vary in the fit. Independent mass fits are performed for the two final states and the
results are shown in Fig. 6.8. The extended maximum likelihood fits to the recorded
data yield 5695 + 100 B® — D* D~ candidates. This is about 3.5 times the amount
observed in the Run 1 analysis [106] and is consistent with expectations based on
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6 Measurement of CP violation in B®— DT D~ decays

the increase in data and centre-of-mass energy. The PDFs with the parameters de-
termined by the fits are used to calculate the weights with the sPlot technique to
obtain the background-subtracted decay-time distribution.

The mass fits to the B®— D} D~ sample are carried out using the same strategy.
They are presented in Ref. [102] and not discussed in this thesis.

6.3 Decay-time fit

In the following, the measurement of Sp+p- and Cp+p- with the background-
subtracted decay-time distribution of B°— D* D~ candidates is described. The
decay-time-dependent studies are performed simultaneously with candidates of all
analysed final states. The PDF describing the measured decay-time distribution is
of the general form given in Eq. (5.12). This model depends on the observed tagging
decisions d = (d°S, d5S), estimated mistags 7 = (1°5,7%) and two functions for the
FT response. The FT calibration procedure is presented in Sec. 6.3.1. The smearing
of the decay time due to detector-resolution effects is parameterised by a resolution
function, which is determined as described in Sec. 6.3.2. Decay-time-dependent
efficiency effects are taken into account by the acceptance function explained in
Sec. 6.3.3. Finally, the extraction of Sp+p- and Cp+p- with the decay-time fit is
presented in Sec. 6.3.4.

6.3.1 Flavour-tagging calibration

The BY— D} D~ control channel is used to calibrate the mistag estimates, i, pro-
vided by the taggers to represent the mistag probability, w?, in the signal channel.
Its flavour-specific final state enables the calibration of the FT response. This chan-
nel is chosen due to its kinematic properties, which closely resemble those of the
signal channel. This allows the calibration to be applied to the signal data without
any corrections. The high branching fraction provides a large calibration sample,
which reduces the statistical uncertainty of the calibration.

All available B° taggers described in Sec. 3.4 are used in the analysis. The following
calibration and combination steps are carried out with the EPM tool [88]. In the first
step, the individual taggers are calibrated. The calibrated outputs are combined to
provide an OS and SS tag and mistag estimate. The combinations are calibrated
to obtain one OS and one SS calibration function. The results of the calibration
parameters are summarised in Tab. 6.4. The calibration of the single taggers is
applied to the B°— DT D~ data, and the combinations are computed. Finally, the
OS and SS calibration functions are applied to the B — DT D~ sample to measure
the performance parameters presented in Tab. 6.5. A tagging power of (5.601+0.07)%
is achieved.
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Table 6.4: Results of the FT calibration obtained using the B°— D D~data
sample.

OS Comb. SS Comb.

Do 0.016 £0.004 —0.0015 £ 0.0022
D1 0.862 £ 0.034 0.932 £ 0.033
Apy  0.003 £ 0.005 0.0014 £ 0.0031
Ap;  0.01£0.05 —0.04 £0.05

Table 6.5: Performance parameters of the F'T calibration. The calibration is ob-
tained using B — Df D~ data and applied to the B®— DT D~ sample.

(n) Etag ] gent [0

OS Comb. 0.3461 33.2£0.5 3.41+£0.09
5SS Comb. 0.4255 88.27+0.34 3.15£0.06
OS+SS 91.37+£0.29 6.28£0.11

6.3.2 Decay-time resolution
The decay-time resolution is parameterised by

—(t—t'—pn)? /207 (6.9)

Y

3

1
/
R(t —t') Zlf -
where the three Gaussian components have individual widths o; and a common
mean parameter p. Only two fractions, f; and fs, are free parameters, while the
third fraction is defined by f3 = 1 — f; — f5. The three components account for
different sources of resolution effects, e.g. candidates that are assigned the wrong
PV. The finite decay-time resolution causes a dilution of the CP asymmetry by the
factor

3

D= fe tmari/2, (6.10)

=1

The decay-time resolution is quantified in terms of an effective resolution

2

———InD A1
Ll (6.11)

Oeff =

which represents the width of a single Gaussian function with the same dilution
factor as the decay-time resolution model. More information on the dilution factor
is given in Ref. [116].

The parameters of the model are determined by a fit to the difference between the
true and measured decay time of simulated B®— D+ D~ decays. The distribution
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Figure 6.9: Resolution of simulated B®— DT D~ decays. The difference between
the true and measured decay time is shown as points, and the PDF from the fit
is overlaid as a solid blue line. The individual Gaussian components are shown as
dashed, dotted and dash-dotted lines in different colours.

Table 6.6: Results of the decay-time-resolution fit on the simulated B°— DD~
sample.

Parameter Value

fi 0.51 £0.06

fo 0.034 £+ 0.008
1[ps] —0.00197 4 0.00022
o1[ps] 0.0574 £+ 0.0024
o2|ps] 0.124 4+ 0.007
o3|ps] 0.0327 4+ 0.0014
D 0.9997
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6.3 Decay-time fit

and the PDF projection are shown in Fig. 6.9. The fit results of the parameters are
given in Tab. 6.6. The final decay-time resolution model has an effective resolution of
approximately 52 fs. This is small compared to the oscillation period of B® mesons,
leading to a dilution factor close to unity.

6.3.3 Decay-time acceptance

The decay-time-dependent efficiency is parameterised by the acceptance function
e(t) in Eq. (5.12). The acceptance function is described by the B-spline model intro-
duced in Sec. 5.2. The spline positions are determined on a simulated B®— Dt D~
sample. A fit to their decay-time distribution is performed with a simplified model.
Instead of the entire theoretical model from Eq. (5.1), only a single exponential
function with the decay time fixed to the average B lifetime [27] is used. This
model is convolved with a decay-time-resolution function and multiplied with the
acceptance function according to Eq. (5.12). The parameters of the resolution func-
tion and the spline positions are fixed. The only free parameters are the spline
coefficients. The splines placed at 0.3,0.5,2.7,6.3 and 10.3 ps are found to describe
the acceptance effects adequately. More splines are placed at low decay times, where
the efficiency changes drastically. Figure 6.10 shows the decay-time distribution of
simulated B® — DD~ candidates, where the effect of the exponential decay is re-
moved. The PDF projections from the fit are overlaid. In the final decay-time fit
to the recorded data, the same spline positions are used. The spline coefficients are
free to vary to account for potential differences between data and simulation.

6.3.4 Extraction of the CP observables

To extract the CP observables Sp+p- and Cp+p-, an unbinned maximum likeli-
hood fit to the background-subtracted decay-time distribution of the B®— D+t D~
candidates is performed using the PDF from Eq. (5.12). However, the theoretical
model in Eq. (5.1) can be simplified for B® decays. The world-average value of the
decay-width difference, ATy, reported by the PDG [27], is compatible with zero
and fixed to zero in the fit. This simplifies the theoretical model to

Bineo(t,d') o< e M [1 + d' C cos Amt — d' S'sin Amt] . (6.12)

Consequently, the measurement is not sensitive to the parameter Dp+p-. In Sec. 6.5,
a study is performed to evaluate the effect of this assumption.

In the decay-time fit, uncertainties of input parameters are taken into account by
Gaussian constraints. The values and uncertainties of the external parameters Amy
and 7o are taken from the PDG [27]. No official Run 2 measurement of the B-B°
production asymmetry is available. However, in a similar CP-violation measurement
of B®— D** DT decays [112], the production asymmetry was determined. Since the
kinematics of this channel are very similar to the B®— D* D~ channel, the value
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Figure 6.10: Decay-time acceptance of simulated B® — Dt D~ decays. The decay-
time distribution, where the effect of the exponential decay is removed, is shown
as points, and the PDF projection obtained by the fit is overlaid. The individual
B-splines are shown in different colours.

and uncertainty of the production asymmetry are taken from this measurement
and no correction is needed. The FT-calibration parameters from Tab. 6.4 are also
included via Gaussian constraints. The parameters of the decay-time resolution
model are fixed to the values obtained in Sec. 6.3.2. The spline positions of the
acceptance model determined in Sec. 6.3.3 are fixed, while the spline coefficients
are free to vary. The fit is performed in the decay-time range 0.3 < ¢ < 10.3 ps and
yields the results

Sp+p- = —0.552 £ 0.100,
Cpip- = 0.128 +0.103,

with the statistical correlation coefficient between the two parameters of 0.472.
Otherwise, no significant correlations are observed. The decay-time distribution
of background-subtracted B®— DT D~ data is shown in Fig. 6.11 along with the
projection of the PDF. Figure 6.12 shows the decay-time-dependent CP asymmetry.
In each decay-time bin, the CP asymmetry is calculated via

ACP — _(stpjdej) (6 13)

(5, P02

with the tagging decision d;, the tagging dilution D; and the signal candidate weight
sP; obtained by the sPlot method. The formula is derived in Ref. [55].
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Figure 6.11: Fit to the decay-time distribution of recorded B® —

DT D~ data [24].

The background-subtracted data is shown as points, and the PDF projection is

shown as a solid blue line.
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Figure 6.12: Decay-time-dependent CP asymmetry of B°— D*D~ candi-

dates [24]. The asymmetry in data is calculated with Eq. (6.1
points. The projection of the PDF is overlaid.

3) and shown as
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6.4 Validation of the fit strategy

Several validation studies are carried out to test the fit strategy and ensure the
robustness of the results. In order to avoid experimenter’s bias, the following studies
have been developed before the values of Sp+p- and Cp+p- were examined. Studies
that require the values of Sp+p- and C'p+p- used the results of the Run 1 analysis
in the first iteration. The final results are examined after the cross-checks and
systematic studies have been finalised. The procedure is repeated with the measured
central values and uncertainties of Sp+p- and C'p+p- to obtain the results presented
in the following.

The simulation sample is generated taking CP violation into account. The genera-
tion values of the CP observables are known to be

SNC B = —0.84,
CYEE™ = 0.00.

To validate the fit strategy, the decay-time fit is performed on the simulated sample
of B®— D™D~ decays with the same model as for the recorded data. However, a
few adjustments have to be made, such as setting the production asymmetry to zero.
Additionally, the F'T calibration might differ in simulation and data, the taggers
in the simulation sample are calibrated separately. In this case, no control channel
is needed. The true mistag is known and can be used to calibrate the estimated
mistag. Otherwise, the procedure is the same as for recorded data. The decay-time
fit yields the values
SYCE = —0.8040.11,

CYE = —0.0440.11.

The results are consistent with the generation values within one standard devia-
tion.

The FT has a large influence on the fit results, which causes increased uncertainties
of the CP observables. A second fit is performed where the tags are set to the true
tags, removing the effect introduced by the FT. The model behaves as expected,
yielding the results

SNCEt — —0.841 4+ 0.018,

CYM = —0.011 +0.023,

which agree with the generation values within the smaller uncertainties.

The stability of the procedure is validated by performing fits to independent sub-
samples of the recorded data. The data sample is split according to the polarity
of the magnet during data taking, the period of data taking and the final state.
On each subsample, the mass and decay-time fits are conducted using the nominal
models. Additionally, the decay-time fit is performed on the full data sample using
only the OS or SS taggers. The results of the CP observables are compared with the
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Figure 6.13: Results of the decay-time fit to subsamples of the recorded
B°— D™D~ data for (left) Sp+p- and (right) Cp+p-. The black points show the
results obtained from the subsamples. The results from the entire data sample are
shown as blue points, and their uncertainties as blue bands.

values obtained from the entire data sample. The comparison is shown in Fig. 6.13.
In all cases, consistent values are found for Sp+p- and Cp+p-.

The uncertainties of the parameters Sp+p- and Cp+p- provided by the decay-
time fit are validated using the bootstrap method described in Sec. 4.4. Bootstrap
samples are generated by drawing candidates with replacements from the recorded
data sample. Mass fits are performed on each of the 1000 samples to determine the
background-subtracted decay-time distributions. The decay-time fit is performed,
and each value of Sp+p- and Cp+p- is stored to obtain the distribution of the
residuals with respect to the nominal fit results. The nominal uncertainties provided
by the fit are compatible with the standard deviation of the residual distributions
and are considered to be accurate.

Finally, the effect of Gaussian constraints is evaluated. To assess the impact of a
single parameter uncertainty, a decay-time fit is performed, fixing the parameter
to the central value used for the Gaussian constraint. The statistical uncertainties
of Sp+p- and Cp+p- provided by the fit are subtracted in quadrature from the
nominal uncertainties. The external parameters Amg, T7go and Ap.q are analysed
separately. In contrast, the FT-calibration parameters are fixed simultaneously to
obtain a single value to assess the impact of the FT. In Tab. 7.4, the results obtained
for the different parameters are presented. The precise knowledge of the external
parameters leads to negligible effects on the uncertainties of Sp+p- and Cp+p-.
Although still small compared to the uncertainty caused by the finite size of the data
sample, more significant effects are observed for the F'T-calibration parameters.
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Table 6.7: Impact of the Gaussian constraints on the statistical uncertainty of the
measurement of Sp+p- and Cp+p-.

Gaussian constraint  Sp+p- Cp+p-
FT calibration 0.015 0.007
Aprod 0.004 0.001
Amy 0.001 0.002
TRO < 0.001 < 0.001

6.5 Systematic uncertainties

Finally, the systematic uncertainties are evaluated following the strategy described
in Sec. 5.2. Most of the systematic uncertainties are determined using pseudoexper-
iments. The three components, B~ D™D~ signal, B’— D™D~ background and
combinatorial background, are generated separately. This allows for altering the
decay-time model for each component individually. First, the mass distributions
are generated using the mass PDFs and parameters obtained from the nominal fits
described in Sec. 6.2. The number of generated candidates is drawn from a Poisson
distribution whose expectation value corresponds to the respective yields of the
mass fits. The estimated mistag distributions are generated using histograms of the
OS and SS mistag estimates from recorded data. They are weighted by the corre-
sponding component weights of each contribution acquired from the sPlot method.
The decay-time distribution of the signal component is generated using the decay-
time PDF and the parameters obtained from the nominal fit described in Sec. 6.3.
The decay-time PDF has to be adjusted for the background components. No CP
violation or oscillation is assumed for the combinatorial background. The lifetime is
set to 0.5 ps, which is determined using the upper-mass sideband of recorded data.
The FT-tagging calibration parameters are set to provide random tagging decisions.
There is no measurement of time-dependent CP violation in B?— DT D~ decays.
Therefore, CP symmetry is assumed. The oscillation parameters are changed to
the respective values of B? mesons taken from the PDG [27]. The SS-calibration
parameters are assumed to provide random tagging decisions because the SS pion
and proton taggers are developed for BY decays. The OS-calibration parameters are
assumed to be the same as for the signal. This is the baseline setup for the following
systematic studies. It is adjusted to examine the effects of certain modifications in
the model.

Fit bias

At first, the decay-time fit itself is tested for potential biases. A study with 8000
pseudoexperiments is conducted. The number of pseudoexperiments is chosen to
be large because a bias in the decay-time fit affects all other systematic studies.
Therefore, the precise knowledge of the bias is essential and has to be taken into
account if present. The pseudoexperiments are generated without any changes to
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the previously described strategy. The nominal mass fits are performed to obtain
the background-subtracted decay-time distribution. A decay-time fit is performed
in each pseudoexperiment to obtain values for Sp+p- and Cp+p-. The residual
distributions are determined by subtracting the generation values of the parameters
from the fit results. The observed standard deviations of the residual distributions
are compatible with the statistical uncertainties. No significant bias is observed,
and no corrections have to be applied in the following systematic studies.

Mass model

A double-sided Hypatia function is used to model the signal component in the
nominal mass fits. To evaluate the impact of this choice a different model is tested.
In total, 1000 pseudoexperiments are generated using the sum of two CB func-
tions [115]. The parameters are determined by performing consecutive mass fits to
the simulated B°— D*D~ sample and the recorded data similar to the strategy
described in Sec. 6.2. The study yields systematic uncertainties of 0.001 for Sp+p-
and 0.005 for Cp+p-.

Resolution model

The resolution model is determined using simulated B°— D+ D~ decays. No un-
certainty is assumed, and the model is fixed in the fit to recorded data. Differences
in the resolution between simulation and recorded data are neglected in this ap-
proach. This choice stems from the fact that the resolution has a small influence
on the measurement of Sp+p- and Cp+p- as explained in Sec. 6.3.2. This assump-
tion is tested by generating 1000 pseudoexperiments with an alternative resolution.
The widths of the Gaussian components are increased by 10%. As later shown in
Sec. 7.5, this is a reasonable assumption. This study yields systematic uncertainties
of 0.002 for Sp+p- and 0.007 for Cp+p-. The effect is in the order of a few per cent
of the statistical uncertainties, which confirms the assumption that the impact of
the resolution on the measurement is small. No further studies are considered, and
these values are assigned as systematic uncertainties.

Decay-width difference

The current world-average value of the decay-width difference, Al'y, is compatible
with zero and thus assumed to be zero in the decay-time fit. This assumption
removes any influence of the hyperbolic terms in the decay-time PDF from Eq. (5.1).
The issue with investigating this effect is that the value of the parameter Dp+p-
is unknown. It cannot be measured due to Al'y being compatible with zero, but it
has to be considered if Al'y is varied in the following studies. The only assumptions
that can be made about the parameter Dp+p- are given by the normalisation
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condition

Dpip- = +1/1= 83, — Chip ~+0.824. (6.14)

Therefore, multiple studies have to be performed to test the impact of non-zero
values of AT’y on the measurement of Sp+p- and Cp+p-. The PDG [27] reports a
world-average value of AT'y/T'y = 0.001+0.010 and 750 = 1.51940.004 ps resulting
in the uncertainty o(Aly) = 0.007ps~!. In the generation of the pseudoexperi-
ments the value of Al is shifted by £10(ATl'y). This yields four combinations with
different signs of AI'y and Dp+p-, which are tested with 1000 pseudoexperiments
each. As expected, the observed biases are changing sign depending on the signs
of AT’y and Dp+p-. The largest observed biases of 0.01 for Sp+p- and 0.005 for
Cp+p- are assigned as systematic uncertainties.

Acceptance model

The decay-time acceptance is free to vary in the decay-time fit. The observed cor-
relations of the spline coefficients with Sp+p- and Cp+p- are below 1%. Hence,
the effect of changes in the acceptance model is expected to be small. An alterna-
tive decay-time fit is performed using a different set of spline positions. As for the
nominal model, the spline positions are validated using simulated B® — DT D~ can-
didates. The splines at the boundaries of the decay-time range cannot be changed.
The alternative set of spline positions is found to be (0.3,1.3,2.2,6.3,10.3) ps. Only
small differences between the nominal and alternative decay-time fit results are ob-
served. The differences are assigned as systematic uncertainties resulting in 0.001
for both SDJer and CD*D*-

Total systematic uncertainty

The systematic uncertainties are summarised in Tab. 6.8. The individual contribu-
tions are added in quadrature to obtain the total values. The dominant systematic
uncertainty of Sp+p- is caused by the assumption of Al'y being zero. This is due
to the fact that non-zero values of Al'; cause contributions of the hyperbolic terms
in the decay-time PDF. As the value of Dp+p- is unknown, the effect has to be
estimated conservatively by conducting multiple studies and assigning the largest
deviation as the systematic uncertainty. Compared to this uncertainty, the other
uncertainties for Sp+p- are negligible. This is different for Cp+p-, where the con-
tributions are of similar size. However, the total systematic uncertainties of the
two parameters are the same. They are roughly 10% of the statistical uncertain-
ties. Comparing the systematic uncertainties of this measurement with those of
the previous LHCb measurement [106|, a reduction is observed, in particular for
Sp+p-. The dominant uncertainty in the previous measurement stems from ne-
glecting components from partially reconstructed decays involving D* mesons and
single-charm B° decays in the mass fits. In the Run 2 measurement, the single-
charm backgrounds are rejected by the requirements on the charm-meson flight
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6.6 Results and combination

Table 6.8: Systematic uncertainties of Sp+p- and Cp+p-. The total systematic
uncertainty is the quadratic sum of the individual contributions.

Source Sp+p- Cp+p-
AT 0.010  0.005
Decay-time resolution  0.002 0.007
Mass model 0.001 0.005
Acceptance function 0.001 0.001
Total 0.010  0.010

distance. Partially reconstructed decays are suppressed to negligible levels by the
lower boundary of the reconstructed B%-mass range. This is verified using a sim-
ulated sample of partially reconstructed BY — D*:D¥ decays. The second-largest
uncertainty in the Run 1 measurement is due to Al'y, which is of similar size as
the uncertainty in the Run 2 measurement.

6.6 Results and combination

The fit to the decay-time distribution of recorded B°— D* D~ signal candidates
and the evaluation of the systematic uncertainties yield the final results

Spun? = —0.552 + 0.100 (stat) £ 0.010 (syst),
CRw2 = 0.128 £ 0.103 (stat) £ 0.010 (syst),

with a statistical correlation coefficient of p(SP¥2, CRUG2) = 0.472. The sig-
nificance of the measurement is calculated using Wilks” theorem as described in
Sec. 4.5. The hypothesis of CP symmetry is tested by fixing Sp+p- and Cp+p-
to zero. Under this assumption, a second decay-time fit is carried out to obtain
the negative log-likelihood value of the null hypothesis. The two-dimensional y? is
computed by Eq. (4.8) and converted to a significance in terms of standard devia-
tions. The presented measurement excludes CP symmetry in B® — DD~ decays

by more than six standard deviations.

The results of this measurement are combined with the previous LHCb measure-
ment of Sp+p- and Cp+p- [106]. An independent data set recorded in the years
2011 and 2012 was used, and the results are given by

SRl — —0.547017 (stat) £ 0.05 (syst) ,

CRYLL = 0.267012 (stat) & 0.02 (syst),
with a statistical correlation coefficient of p(SgTbl,, Cg‘j‘bl,) = 0.48. Asymmetric
uncertainties introduce complications in the combination procedure. To take this

into account, the full likelihood is needed. However, the likelihood is not available
for the Runl measurement, and symmetric uncertainties are determined by taking
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6 Measurement of CP violation in B®— DT D~ decays

the average of the upper and lower uncertainty. This is a reasonable assumption
since the asymmetry is small and the likelihoods in the Run 2 measurement do
not show any significant asymmetry, while using the same measurement strategy.
Another common problem in combinations of these measurements is the treatment
of parameters using Gaussian constraints. When both measurements depend on
the same parameter, the uncertainties arising from the constraints are correlated.
Without full knowledge of the likelihood of both measurements, a combination
is not possible. Additionally, updated values of external parameters, e.g. Amy,
could increase the precision of the previous measurement. The effect of the exter-
nal parameters on the statistical uncertainty is found to be small in the Run 2
measurement. In the Run 1 measurement, statistical and systematic uncertainties
of external parameters were evaluated separately. From the systematic studies, the
effect of the statistical uncertainties can be estimated. They are found to be negli-
gible. Hence, the statistical uncertainties of the two measurements are assumed to
be uncorrelated. The same applies to the systematic uncertainties. Two statistical
and systematic correlation matrices are constructed. To perform the combination,
they are summed up by the GAMMACOMBO package [117]. A second combination
is carried out using only statistical uncertainties to separate the statistical and
systematic contributions by taking the difference of the combined and statistical
uncertainties in quadrature. The central values are taken from the full combination.
The results of the combination are given by

SEHCD  — —0.549 + 0.085 (stat) £ 0.015 (syst)
CEICD —(0.162 + 0.088 (stat) £ 0.009 (syst),

with a correlation coefficient of p(SEIG> | CEHCP ) = 0.474. Figure 6.14 shows the
two-dimensional likelihood scan of the individual results and the combination.

In Fig. 6.15, the previous measurements of (left) Sp+p- and (right) Cp+p- by
BaBar [107], Belle [108] and LHCb [106] as well as their combination are shown.
Although they are in agreement, the Belle measurement is slightly outside the
physically allowed region defined by the condition S%, ;- + C%, - < 1. The mea-
surement presented in this thesis confirms the values previously obtained by LHCb
and BaBar, shifting the world average further from the Belle measurement. Com-
pared to the previous world average, the total uncertainty of C'p+p- is about the
same, while the uncertainty of Sp+p- is even smaller. The results are in agreement
with SM predictions from a global analysis of B— DD modes [23]. For the first
time, CP symmetry in B— D™D~ decays is excluded by a single measurement
with a significance of more than six standard deviations.

The measured central value of Cp+p- is small, indicating only a small amount of
direct CP violation in B — D™D~ decays. Using Eq. (2.51) the effective phase is
calculated to be

sin ¢ p- = 0.56 £ 0.10.,
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Figure 6.14: Two-dimensional likelihood scans of the CP observables Sp+p- and
Cp+p- for the Run 1 and Run 2 measurements as well as their combination. The
inner and outer contours correspond to the 68% and 95% confidence intervals,

respectively.
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Figure 6.15: Previous measurements of the CP observables (left) Sp+p- and
(right) Cp+p- [28]. The measurements from BaBar [107], Belle [108] and LHCb
Run 1 [106] are shown as well as their combination.
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6 Measurement of CP violation in B®— DT D~ decays

The result is combined with the current world-average value of singy; = 0.724 +
0.014 [28] measured in B®— ¢ (nS)KY decays to obtain the phase shift

Agbd,D+D— =—0.22+0.12rad.

This value confirms that higher-order Standard Model contributions are small in
B°— D*D~ decays. The result can be used to constrain these contributions in a
global analysis of B— DD decays and separate Standard Model contributions from
potential New Physics effects in B — D D; decays.
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7 Measurement of CP violation in
B?— DfD_ decays

In this chapter, the measurement of CP violation in B?— D} D7 decays is pre-
sented. The analysis is carried out in parallel to the measurement described in
Chap. 6 using the same Run 2 data set collected by the LHCb experiment. A
concise description of the analysis is given with focus on the differences to the
B?— DT D~ analysis and a discussion of the results. Previously, a measurement
has been performed by the LHCD collaboration with the Run 1 data set [118].

The selection is discussed in Sec. 7.1. In addition to BY — D} D; decays, samples
of BY— DD~ and BY— D nt decays are selected, which are used for control
studies. Sections 7.2 and 7.3 present the mass and decay-time fits, respectively.
The fit procedure is validated as discussed in Sec. 7.4 and systematic uncertainties
are evaluated in Sec. 7.5. A combination of the results with the previous LHCb
measurement is conducted and the individual as well as the combined results are
presented in Sec. 7.6.

7.1 Selection

The analysis uses the Run 2 data set of the LHCb experiment recorded at a centre-
of-mass energy of 13 TeV and corresponding to an integrated luminosity of 6fb~'.
The DT candidates are reconstructed using the three decays Df — K- Ktz
Df— 7~ K*rt and D} — n-ntnt. The Df - K~ K*x" decay has a branching
fraction about five times higher than the D} — 7~ 7" 7" decay and ten times the
branching fraction of the Df — 7~ K™n" decay. Candidates in which none of the
D¥ mesons decay via D — K~ K*n" are not considered because of their minor
contribution to the statistical power of the data set. All final-state combinations
used in the analysis are summarised in Tab. 7.1.

As for the B®— D™D~ analysis, B’— DI D~ decays are selected in parallel and
used for control studies. Either the D or the D* meson is required to decay into
the final state with the highest branching fraction leading to the final-state combi-
nations summarised in Tab. 7.1. The selection of this sample is already described
in Sec. 6.1. Only a different BDT requirement has to be applied as explained in
Sec. 7.1.3. Control studies that require a sample of B? decays are conducted using
BY— D77t decays, where the same DT decay modes as for the signal channel are
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7 Measurement of CP violation in BY— D} D} decays

Table 7.1: Final-state combinations used in the selection of BY— DD,
B°— DI D~ and B?— D; 7" decays.

Decay Final-state decays

B DID; Df = K- Ktnt Do — K'K 71
Df— K Kttt D;—>ntK 7~
Df—» K~Ktnt D —»ntn 7~

B"s DiD- Df = K Ktnt D — Ktn
Df » K-K*nt D~ — KK

Df»n Ktn~ D — Ktnn~
Df—wrntet D — Ktn 7~
BY— D;nt D; - KTK 7~
D;—ntK 7~

Dy — ntnw

used. To assess resolution and bias effects a sample of prompt D, 7+ candidates is
selected, in which D, mesons and 7 from the PV are combined. The selection of
those candidates is similar to the selection of the B — D 7" sample and is not
discussed in detail.

7.1.1 Preselection

The same centralised requirements as described in Sec. 6.1.1 are applied to the
BY— DfD; and B°— D} D~ samples. Due to the different topology, a different
stripping line is used for B?— D7t decays. Nevertheless, the requirements are
very similar and are not discussed here.

The offline requirements are the same as for the B — D* D~ analysis, namely the
D-mass windows are tightened to separate D and DT candidates and a significant
D-meson flight distance is required to suppress background from single-charm de-
cays. Approximately 89% of the combinatorial background candidates are rejected
by the offline requirements. Due to the flight-distance requirement and the two DF
mesons in the decay, the signal efficiency of about 61% is lower than for B — D™D~
and B®— DF D~ decays. Fig. 7.1 shows the effect of the offline requirements on the
reconstructed B%-mass distribution of BY — DF D7 candidates. The combinatorial
background is significantly reduced and a more pronounced peak at the known BY
mass [27] is visible. The same requirements are applied to the D meson of the
B?— D;nt sample. Additionally, the pion from the BY decay is required to have
a pion ProbNN greater than 0.3 and candidates with associated hits in the muon
chambers are rejected. This results in a signal efficiency of about 69%.
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Figure 7.1: Reconstructed B%-mass distribution of B?— D} D candidates. The
blue histogram shows the distribution of the candidates retained after the prese-
lection. The grey area represents the candidates rejected by the offline preselection
requirements.

7.1.2 Vetoes

Vetoes are applied to suppress background contributions from decays with misiden-
tified final-state particles. The strategy is the same as described in Sec. 6.1.2. In-
variant masses are calculated under consideration of different final-state-particle
hypotheses. Requirements on the ProbNN variables defined in Eq. (6.1) are applied
within the mass region of the background particles, if present. Due to the different
final states of the DF and D* mesons, independent vetoes have to be developed for
this analysis. The rejected background decays are briefly described in the following.
More details about the requirements are provided in Ref. [103].

Vetoes in Df — K~ K*n" decays: Intermediate ¢— KTK~ decays cause
background contributions if a kaon is misidentified as a pion. The Df - K7t K+
decays can be identified as signal if the pion and kaon with the same charge are
misidentified as each other. Although this is still the same decay, it has to be
suppressed because of the wrong reconstruction. Background from A} — K~ pr
decays can contribute through the misidentification of the proton as a kaon or a
double misidentification of the proton as a pion and the pion as a kaon. Finally,
D — KT K~ decays without misidentification are rejected by a requirement on the
two-body mass of the kaons as the decay D — D% is impossible.
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7 Measurement of CP violation in BY— D} D} decays

Vetoes in D} — w~K*n" decays: Contributions from ¢— K~ K™ decays
arise if either one or both kaons are identified as pions. Backgrounds from D°
mesons contribute through D°— 7= K+, D°— K~K* and D°— K~7" decays,
where none, one or both final-state particles are misidentified, respectively. Single
and double misidentification causes background contributions from Dt — 7tn =7~
and DT — K-ntr" decays, respectively. Additionally, decays of DF mesons from
Df —» 77" K* and Df — K~ 7" K" with double and triple misidentifications are
present. Finally, the identification of a proton as a kaon leads to background from
At — 7 prt decays.

Vetoes in D — w~nwtxwt decays: In this final state, most of the background
contributions stem from D° decays. Background from D°— K~z decays occurs
due to the kaon being identified as a pion. The combination with both pions is
considered to develop the veto. A contribution from D°— 7~ K* decays, where
the kaon is identified as the pion with the higher pr, is found. Finally, the decay
At — 7~ prt can contribute if the proton is misidentified as a pion. Similar to the
other final states, D°— 7~ 7" decays without misidentification are removed.

Efficiencies: Approximately 94% of the B?— DJ D signal candidates are re-
tained by the vetoes. For the B — D 7" sample, independent vetoes are developed
due to differences in the kinematic distributions. However, only minor changes are
necessary leading to similar requirements with an efficiency of about 96%.

Multivariate classification of D* — K~ ntnt and D} - K- K+rnt
decays

The challenging discrimination between D} — K~ K*n" and DT — K ntn" de-
cays caused by the kaon-pion misidentification is already discussed in detail in
Sec. 6.1.2. Here, the rejection of the background contribution from Dt — K- ntzn*
decays in Df — K~ K*n" decays suffers from the same inefficiency. As only the
roles of signal and background are swapped, the previously trained BDT is used to
also suppress this background. The requirement on the BDT response is inverted
and tightened to reject more than 99% of D™ — K~n"x" decays in the simulated
samples. As shown in the left plot of Fig. 7.2, a large contribution of falsely recon-
structed B®— DJ D~ decays is present in the reconstructed B%-mass distribution
of BY— DfD; candidates. However, a sufficient suppression, represented by the
grey area, is accomplished by the BDT requirement. The right plot of Fig. 7.2 shows
the distribution of the invariant K ¥7*7* mass before and after applying the BDT
requirement. The distribution of the D candidates with higher pr is shown for
better visualisation. About 93% and 87% of BY — D D} signal candidates are re-
tained depending on whether the BDT requirement has to be applied to one or both
D¥ mesons. The same selection is applied to the DF mesons of the B?— D7t
sample, resulting in an efficiency of about 93%.
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Figure 7.2: The (left) reconstructed B2-mass distribution of BY— D D7 candi-
dates. The blue histogram shows the distribution of the candidates retained after
the veto selection. The grey area represents the candidates rejected by the veto
requirements. The right plot shows the invariant K¥r*7* mass of the DF candi-
dates with the higher p. The grey area represents the D* — K~ 7" n contribution
rejected by the BDT requirements.

7.1.3 Multivariate selection

The BDT presented in Sec. 6.1.3 is used to suppress the remaining combinatorial
background. It can be used without modifications, as the B?— D} D; decays are
already included in the training sample. Nevertheless, the optimal requirement on
the BDT response has to be determined separately for this analysis. The FOM
defined in Eq. (6.2) is used, but the parameters Am, and sin ¢, have to be replaced
by their respective values for BY— DFD; decays, namely Am, and sin S DFDs
The values are taken from the PDG [27] and |A| is also assumed to be one. A
cut scan is performed for each final state and the results are shown in Fig. 7.3.
In contrast to the results of the B°— D* D~ analysis, the decay-time resolution
has a larger impact on the cut scan. This is expected due to the small oscillation
period of the B? mesons, which is of the same order as the decay-time resolution.
For all final states, candidates with a BDT output greater than 0.95 are selected.
Approximately 94% of the signal candidates are retained by the BDT requirement,
while about 99% of the combinatorial background is rejected. The effect of the BDT
requirement on the reconstructed B%-mass distribution of B — D} D candidates
is shown in Fig. 7.4. The same requirement is applied to the B— D D~ sample,
which results in an efficiency of about 93%.

An independent BDT has to be trained for B — D 7™ control sample due to
the different decay topology. Similar features and the same training procedure is
used. To find the optimal requirement on the BDT response, a simplified cut scan
is performed. In this scan, the FOM is given by the BY yield from the mass fits
divided by its uncertainty. An efficiency of about 68% is achieved.

79



7 Measurement of CP violation in BY— D} D} decays

T T T | LI R | LI

2105 LD 210
< : ] < :
0.9 / \ 509 f
=08 E 3 = 03 E
©) 0.8 __ Effective q o 0.8 E Effective
=~ 0.7 F signal size 3 = 0.7 signal size g
ol Decay-time 3 Decay-time
£ 0.6 e resolution % 0.6 ? resolution
S .5 f D K Kt Tosing % 0.5 | Dy - KTKEns— Tazsing
S F DT o KTK—a—— sin(¢g") S F DF — ntKF ¥ —— sin(¢g")
3 E Total 3 E —— Total
Z T T T Z. T T T
0.000 0.900 0.990 0.999 0.000 0.900 0.990 0.999
BDT requirement BDT requirement

210 P '

<

= 0.9

=

o 0.8 Effective

.7 signal size

Decay-time

£ 0.6 resolution

205 EDs = KTE*n*— Tagging

g DF — rEnF ¥ —— sin(¢ST)

3 —— Total

0.000 0.900 0.990 0.999

BDT requirement

Figure 7.3: Scan of the BDT response using B?— D D; data for the three dif-
ferent final states. All components are normalised to their maximum value.
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Figure 7.4: Reconstructed B%-mass distribution of B?— D} D candidates. The
blue histogram shows the distribution of the candidates retained after the BDT
selection. The grey area represents the candidates rejected by the BDT selection.

7.1.4 Final selection

In preparation for the mass fits the reconstructed B mass is restricted to the range
5300-5600 MeV/c?. The lower boundary is chosen to remove any contributions from
partially reconstructed background decays involving D** and D!* mesons. The
upper boundary retains a sufficient amount of combinatorial background candidates
for the mass fits. The decay time is restricted to the range 0.3-10.3 ps to avoid
any effects from the decay-time requirement of the central preselection. Overall,
these requirements have a signal efficiency of about 99%. The same selection is
applied to the B?— D nt sample, yielding an efficiency of about 97%. About
1.3-1.7% of events in the B?— D¥D_ sample and 0.2-1.9% of the events in the
BY— D7 7" sample contain multiple candidates. Only one of the candidates is
arbitrarily retained.

7.2 Mass fits

Mass fits are performed to determine the decay-time distribution of signal candi-
dates via the sPlot technique. Only two components are considered in the mass
model, namely the BY — D} D signal and combinatorial background components.
Partially reconstructed backgrounds are excluded by the lower boundary of the
mass range. Another potential background can arise from B°— D D decays.
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Figure 7.5: Distribution of the reconstructed B? mass of B?— D D; candidates
and the PDF projections of the fit for the final states, where (left) both D mesons
reconstructed via D} — K~ K*7r*, (right) only one DF meson reconstructed via
D} — K~ K*7nt and the other via Df — 7~ K*n* and (bottom) one DF mesons
reconstructed via Dy — K~ KTn" and the other via D} — 777" [24].

However, taking current predictions and the upper limit of the branching fraction
into account |23], the contribution in the selected mass range is negligible.

A double-sided Hypatia function is used to model the BY— D} D7 signal compo-
nent. The shape parameters of the Hypatia function are determined by maximum
likelihood fits to the reconstructed B%-mass distribution of simulated B?— DD
candidates. The fits are performed separately for each final state to account for
potential kinematic differences. In the fit to recorded data, the parameters of the
signal model are fixed to the values obtained from simulation except for the width
and mean parameters, which are free to vary. The combinatorial background is pa-
rameterised by an exponential function. The slope of this component is free to vary
in the fit. As for the simulation fits, the mass fits to recorded data are performed
separately for each final state.

The mass fits to the recorded data are presented in Fig. 7.5. Finally, the mass fits
yield an overall number of 13313 + 135 B?— D D; candidates. The PDFs from
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the fits are used to calculate signal weights with the sPlot technique, which are
used to obtain the background-subtracted decay-time distribution. Similar mass
fits are performed for the two control channels. More information on the mass fits
is provided in Ref. [103].

7.3 Decay-time fit

A fit to the decay-time distribution is performed to extract the CP observables.
The fit strategy is similar to the procedure described in Sec. 6.3. In contrast to
the B®— DT D~ analysis, the non-negligible decay-width difference of B? mesons
has to be considered in the analysis of B’ — DD decays. Thus, the hyperbolic
terms in Eq. (5.1) contribute to the model introducing an additional observable D.
The CP observables are measured in terms of i%j p- and |Ap+ p: |, which is more
commonly used in B? measurements. They are related to the CP observables S , C
and D according to Eq. (2.31). Applying these modifications to Eq. (5.1) yields

ATt 2Apgp;leosdt. AT
— 3 sin
2 1+ |>‘D;rD;| 2
1= ‘)‘D;"Ds_|2 2|>‘DiD;‘ sin ¢§%1D;

5 cos Amt + d' -
14+ [Ap+p-| 1+ [Ap+p-|

Bineo(t, d') o e | cosh

(7.1)

sin Amgt| ,

eff

where the relation 5D} D5

= —arg Ap+p- 1s used.

The calibration of the F'T response is presented in Sec. 7.3.1. The decay-time resolu-
tion and acceptance models are determined as described in Sec. 7.3.2 and Sec. 7.3.3,
respectively. In Sec. 7.3.4 the extraction of ¢® . and |,y ,-| with the decay-
time fit is discussed. All studies are performed ona merged sample of the analysed
final states.

7.3.1 Flavour-tagging calibration

In BY decays, the SS kaon tagger is used instead of the SS proton and pion taggers
due to the s quark in the hadronisation of BY mesons. The B — D 7" channel is
used to calibrate the FT response of the SS kaon tagger. Its high branching frac-
tion provides a sufficiently large calibration sample. However, due to the different
decay topology, the kinematic distributions are different from the signal channel. A
reweighting is applied to the B?— D; 7t sample to match the B — DD sam-
ple in the transverse momentum of the BY meson, the pseudorapidity, the number
of tracks and the number of PVs. A BDT based method is used to perform the
reweighting [119]. The linear calibration is performed as described in Sec. 3.4.2.
Since only one SS tagger is available, no combination is needed and the calibration
of the SS kaon tagger is used in the decay-time fit.
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Table 7.2: Results of the FT calibration. The OS calibration is obtained using
the B®— DD~ data sample and the SS kaon calibration is obtained with the
B?— D nt data sample.

OS Comb. SS Kaon
Do 0.0185 £ 0.0034 0.028 £ 0.005
D1 0.885 4 0.032 0.88 + 0.06
Apy  0.003+£0.0056 —0.017 £ 0.006
Apy 0.01 +=0.05 0.17 +0.07

Table 7.3: Performance parameters of the F'T calibration. The OS calibration is
obtained using B®— DD~ data and the SS kaon calibration is obtained using
B?— D;nt data. Both calibrations are applied to B?— D} D data to measure
the performance.

(n) Etag | %0] gert |70

OS Comb. 0.3433 34.81£0.33 3.55+0.06
5SS Kaon  0.4124 56.87+£0.34 2.344+0.04
OS+SS 70.99 £0.31 5.60 £ 0.07

The different hadronisation of the BY mesons does not affect the OS taggers. Thus,
the B'— D} D~ channel is used to calibrate the FT response of the opposite side.
No reweighting is needed in this case due to the similar kinematic distributions of
the signal and calibration channel. All available OS taggers described in Sec. 3.4 are
used. They are individually calibrated, combined and the combination is calibrated
again.

The results of the OS and SS calibrations are presented in Tab. 7.2. The cali-
brations determined using B’— DI D~ and B?— D;n" decays is applied to the
B?— D} D; data. The performance of the calibrated FT is presented in Tab. 7.3.
All calibration and combination steps are performed with the EPM tool [88]. A
tagging power of (5.60 & 0.07)% is achieved.

7.3.2 Decay-time resolution

In the following, the calibration of the decay-time resolution is briefly discussed.
More details are provided in Ref. [103]. The decay-time resolution has a large impact
on the measurement of the CP observables in B? decays. The faster oscillation of
B? mesons compared to B mesons leads to a smaller dilution factor in Eq. (6.10).
Thus, the knowledge of the decay-time resolution is much more important in B?
measurements. The DTF provides a per-candidate uncertainty on the decay time, d;.
This can be used in the decay-time fit to accurately model the resolution. However,
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the absolute values of the decay-time uncertainty might not be accurate and have to
be calibrated to represent the true resolution. A calibration function is determined
on a sample of prompt D; 7" candidates. The prompt candidates are expected to
have a decay time of zero. This can be exploited to measure the resolution because
the sample only represents resolution and bias effects. Only the Df — K~ KTzt
final state is considered, where the invariant K~ K™ mass is required to be within
10MeV/c? of the known ¢ mass taken from the PDG [27]. A systematic study
is performed to validate the assumption that the resolution from this sample is
representative of the signal sample. Events with more than one PV are discarded
in the calibration to avoid distortions caused by particles that are assigned to the
wrong PV. To ensure a negligible amount of decays of B mesons or other long-lived
particles, the positive tail of the decay-time distribution is removed.

The prompt sample is divided into bins of the decay-time uncertainty. In each bin, a
fit to the reconstructed DF mass is performed to determine the signal weights with
the sPlot method. A fit to the signal-weighted decay-time distribution is conducted
using a model consisting of three Gaussian functions with a common mean parame-
ter and different widths. An effective resolution is calculated with Eq. (6.11), where
the mass difference, Amy, is replaced by the mass difference of the BY mesons, Am,
taken from the PDG [27|. A linear calibration function is determined according to

O'((St> =Xy + X1 (St (72)

where o and ¢; are the measured resolution and the average decay-time uncertainty
in each bin, respectively, and zy and z; are the free calibration parameters. They
are determined to be zq = 0.0085 £ 0.0008 ps and z; = 1.065 £ 0.025.

To port the resolution function from the prompt sample to the B — D} D_ sample
a scale factor is determined using simulated B — D7 7" and B?— D D; decays.
In simulated samples, the true decay time is known and can be subtracted from the
reconstructed decay time to obtain a distribution that represents the resolution.
A fit to this distribution in BY— D; 7" data is performed using a sum of three
Gaussian functions. The same model is used for a fit to the simulated BY — D D
sample, where the parameters are fixed and each of the widths is scaled by a com-
mon factor that is free to vary. The scale factor is determined to be 1.222 4+ 0.011.
Accordingly, the final calibration function that is used in the decay-time fit results
in

o(8,) = 1.222 - (0.0085 ps + 1.0655,). (7.3)

Apart from resolution effects, the prompt sample can be used to check for a potential
decay-time bias. In the study presented above, the bias in each bin of the decay-
time uncertainty is given by the mean parameter of the resolution function. The
largest bias is measured to be —10.5fs. In the following decay-time fit, the decay
time is assumed to be unbiased. A systematic study is performed to evaluate the
impact of this decay-time bias on the measurement of the CP observables. This is
discussed in Sec. 7.5.
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Figure 7.6: Decay-time acceptance of simulated B?— D D decays. The decay-
time distribution, where the effect of the exponential decay is removed, is shown
as points, and the PDF projection obtained by the fit is overlaid. The individual
B-splines are shown in different colours.

7.3.3 Decay-time acceptance

The Decay-time-dependent efficiency is taken into account by the acceptance func-
tion, which is parameterised using the B-spline model described in Sec. 5.2. The
spline positions are found using the sample of simulated B?— D D, decays. A fit
to the decay-time distribution is performed using a simplified model composed of
an exponential function, a fixed decay-time resolution and the acceptance function.
The exponential function decreases according to the BY%-meson lifetime, which is
fixed in the fit. The spline positions of the acceptance function are also fixed, and
only the spline coefficients are free to vary. It is found that the same spline positions
can be used as for the B — D+ D~ channel.

Figure 7.6 shows the decay-time distribution of the simulated BY — Df D candi-
dates, where the effect of the exponential decay is removed. The PDF projections
obtained by the fit are overlaid. The acceptance in B? measurements is usually fixed,
because it is correlated with the parameter D. However, it was found that this effect
can be neglected when using the parameter formulation in terms of ifij D= and
[Ap#+p- |- No significant correlations are observed between these parameters and the
spline coefficients in the following decay-time fit. Therefore, the spline positions at
(0.3,0.5,2.7,6.3,10.3) ps are fixed in the fit to the recorded data and the spline
coefficients are free to vary to account for differences between the simulated and

recorded data.
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Figure 7.7: Fit to the decay-time distribution of recorded B?— D} D; data [24].
The background-subtracted data is shown as points and the PDF projection ob-
tained by the fit as a solid blue line.

7.3.4 Extraction of the CP observables

To extract the CP observables ¢ .~ and [Aps [, an unbinned maximum like-

lihood fit to the background-subtracted decay-time distribution of B®— DD
candidates is performed. The decay-time distribution is parameterised with the
PDF from Eq. (5.12). Uncertainties of input parameters are taken into account by
Gaussian constraints. This applies to the external parameters, Am,, Al'y and 7po,
which are taken from the PDG [27], the FT-calibration parameters from Tab. 7.2
and the production asymmetry. No official measurement of the BY%-B? production
asymmetry is available for Run 2 data. The value and uncertainty are taken from
Ref. [120], where the production asymmetry is determined using BY — D 7" de-
cays.

The decay-time uncertainty is used as an additional variable in the fit. A resolution
is applied to each candidate according to the calibration function from Eq. (7.3).
The acceptance model uses the spline positions determined in Sec. 6.3.3 and the
spline coefficients are free to vary. The fit is performed in the decay-time range
0.3-10.3 ps and yields

b = —0.086 £0.106 rad,
Apip-| = 1.145£0.126,

with a statistical correlation coefficient of the two parameters of —0.007. Otherwise,
no significant correlations are observed. The decay-time distribution of background-
subtracted BY — DFD; data is shown in Fig. 7.7 along with the projection of the
PDF obtained by the fit. The decay-time-dependent C'P asymmetry is calculated
using Eq. (6.13) and shown in Fig. 7.8.
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Figure 7.8: Decay-time-dependent CP asymmetry of the BY— DD candi-
dates [24]. The asymmetry in data is calculated with Eq. (6.13) and shown as
points. The projection of the PDF is overlaid.

7.4 Validation of the fit strategy

The fit framework was developed for the B — D* D~ measurement, and only minor
modifications are necessary to adapt it to the BY — D} D; measurement. Neverthe-
less, additional validation studies are performed with the modified fit procedure.

Decay-time fits to independent subsamples of the data are performed. The data set
is split according to the polarity of the magnet during data taking, the period of
data taking and the final state. The CP observables are measured in each subsample
and the values are compared to the nominal results. Two decay-time fits to the full
data set are performed using only the SS kaon tagger and only the OS taggers,
respectively. The comparison between the categories is shown in Fig. 7.9. In all
cases, consistent results are found within the uncertainties.

eff
s,D
time fit are validated using the bootstrap method described in Sec. 4.4. A total

of 1000 bootstrap samples are generated by drawing candidates with replacements
from the recorded data sample. The mass and decay-time fits are repeated to obtain
the residual distributions of qbi%i D and [Ap+ p-|. The observed standard deviations
are in agreement with the uncertainties provided by the fit.

The uncertainties on the parameters + - and |Ap+p-| provided by the decay-

In contrast to the B°— DJ D~ control channel, the B?— D; 7" mode is kinemat-
ically different from the B?— D} D; signal channel. These kinematic differences
are known to affect the FT. Although the relevant kinematic distributions of the
B?— D;nt sample are weighted to match the distribution of the BY— DD
sample, the portability of the F'T calibration is not guaranteed. Simulated samples
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Figure 7.9: Results of the decay-time fit to different subsamples of the recorded
BY— DI D; data for (left) fij p- and (right) [Ap+p-|. The black points show
the results obtained from the subsamples. The results from the entire data sample
are shown as blue points, and their uncertainties as blue bands.

are used for validation. As for the recorded data, the simulated BY — D 7" sample
is weighted to match the simulated B?— D} D sample in the transverse momen-
tum of the BY meson, the pseudorapidity, the number of tracks and the number of
PVs. The calibration of the SS kaon tagger is performed on both simulated samples.
No significant deviations between the two calibration functions are observed.

The resolution calibration suffers from the same problem. Differences between the
resolution of BY— D7 and B?— D} D] decays are taken into account by the
scale factor determined in Sec. 7.3.2. However, this does not guarantee the porta-
bility of the resolution function itself. As a cross-check, the resolution calibration is
performed on simulated B?— D;nt and B?— D} D samples following the strat-
egy explained in Sec. 7.3.2. The two calibration functions are found to be consistent
within the statistical uncertainties.

Finally, the impact of the Gaussian constraints is evaluated by performing decay-
time fits, where each parameter is independently fixed to its central value. The
statistical uncertainties are determined in each case and subtracted in quadra-
ture from the uncertainty of the nominal decay-time fit. The results are shown in
Tab. 7.4. Due to their precise knowledge, the contribution of the external parame-
ters is small. The largest effect is caused by the F'T calibration, although it is still
small compared to the uncertainty due to the finite size of the data sample.
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7 Measurement of CP violation in BY— D} D} decays

Table 7.4: Impact of the Gaussian constraints on the statistical uncertainty of the
measurement of ¢ and [Ap+ - |.

s,D
Gaussian constraint E%j - [rad] |\ DiDr
FT calibration 0.013 0.014
Aprod < 0.001 0.002
Amg < 0.001 0.003
AT < 0.001 0.002
TRO < 0.001 < 0.001

7.5 Systematic uncertainties

The systematic uncertainties are evaluated as described in Sec. 5.2. Most of the
systematic uncertainties are determined using pseudoexperiments. The two compo-
nents, BY — D D7 signal and combinatorial background, are generated separately.
First, the mass distributions are generated according to the model determined in
Sec. 7.2. The number of generated candidates is drawn from a Poisson distribution
whose expectation value corresponds to the respective yields of the mass fit. The es-
timated mistag distributions are generated using histograms of the OS combination
and SS kaon mistag estimates from recorded data. The per-candidate decay-time
uncertainty is similarly generated. The decay-time distribution of the signal com-
ponent is generated according to the nominal model presented in Sec. 7.3. For
combinatorial background, no CP violation or oscillation is assumed. The lifetime
is set to 0.5ps, which is determined using the upper-mass sideband of recorded
data. The FT-calibration parameters are set to provide random tagging decisions.
This is the baseline setup for the following systematic studies. It is adjusted to
examine the effects of certain modifications in the model.

Fit bias

A study with 8000 pseudoexperiments is conducted to determine the fit bias. The
pseudoexperiments are generated without any changes to the previously described
strategy. The nominal mass and decay-time fits are performed to obtain the residual
distributions of qbi%iD; and |[Ap+p-|. Small biases of —0.002rad in qbi%iD; and
0.008 in |Ap+p-| are observed. As they are in the order of 2% and 8% of the
respective statistical uncertainties, they are not considered significant. However,
the systematic uncertainties in the following studies are corrected by subtracting

the fit bias.

Mass model

In the nominal mass fit, a double-sided Hypatia function is used as the signal PDF.
To assess the influence of the mass model, 1000 pseudoexperiments are generated
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7.5 Systematic uncertainties

using the sum of two CB functions instead. The parameters are determined by
performing consecutive mass fits to the simulated BY— DFD; sample and the
recorded data similar to the procedure described in Sec. 7.2. The study yields

systematic uncertainties of 0.003rad for ¢°* . and 0.005 for [Apsp-|.

Resolution model

The resolution model is expected to have a significant impact on the measurement
and has to be modelled accurately. This is done by calibrating the per-candidate
uncertainty of the decay time. The calibration is determined using a control sample
that is assumed to be representative for the resolution in the B?— D} D_ sample.
To validate this assumption and measure the impact of the calibration function on
results, pseudoexperiments are generated with a different calibration function. The
same prompt sample is used, however, no requirements on the number of PVs and
the invariant K~ K mass are applied. A calibration function is determined using
the same procedure described in Sec. 7.3.2. This yields the alternative calibration
function

o(8;) = 1.222 - (0.0085 + 1.2486,) . (7.4)

The resulting resolution is, depending on the decay-time uncertainty, up to 16%
larger than the resolution used in the baseline fit. The calibration function is used
to generate pseudoexperiments resulting in systematic uncertainties of 0.011 rad for

et - and 0.027 for |+ | are determined.

Decay-time bias

A small decay-time bias is observed in the studies of the prompt sample presented
in Sec. 7.3.2. Multiple other decay-time-dependent analyses of Run 2 data confirm
this observation [55,120]. The bias is caused by a misalignment of the VELO. In
this analysis, the largest bias is measured to be —10.5fs. Pseudoexperiments with
a fixed decay-time bias of —10.5fs are generated yielding systematic uncertainties
of 0.026 rad for gzﬁffD;rDs_ and 0.014 for [Ap+p-|.

Acceptance model

An alternative decay-time fit is performed using a different set of spline positions for
the acceptance model. The spline positions are chosen to be (0.3,1.3,2.2,6.3,10.3) ps,
which is validated on the simulated BY — D} D sample. Only small differences be-
tween the nominal and alternative decay-time fit results are observed and assigned
as systematic uncertainties. This difference is 0.001 for |A+ 5| while no significant

effect is observed for ¢, .
b S S
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7 Measurement of CP violation in BY— D} D} decays

Table 7.5: Systematic uncertainties for the measurement of ¢§%j p- and [ Ap#p- |-

The total systematic uncertainty is the quadratic sum of the individual contribu-
tions.

Source ij - [rad] |Ap+p-|
Decay-time bias 0.026 0.014
Decay-time resolution 0.011 0.027
Mass model 0.003 0.005
Acceptance function < 0.001 0.001
Total 0.028 0.031

Total systematic uncertainty

The systematic uncertainties are summarised in Tab. 7.5. The total systematic
uncertainty is calculated as the quadratic sum of the individual contributions.
The dominant contributions are the decay-time bias and the decay-time-resolution
model. Both are related to the measurement of the decay time and are expected
to have significant impact on the measurement of gb;ﬁD; D and |[Ap+p-|. This is

caused by the short oscillation period of B mesons, which is of the same order
as the decay-time resolution. In comparison to the systematic uncertainties of the
Run 1 measurement [118] the total systematic uncertainties are slightly larger. This
is caused by the decay-time bias, which was not present in the Run 1 data.

7.6 Results and combination

The fit to the decay-time distribution of recorded BY — DFD; candidates and the
evaluation of the systematic uncertainties yield the final results

TR 2 — _().086 4 0.106 (stat) + 0.028 (syst) rad

s,DI D5
ASHe = 1.145 + 0.126 (stat) + 0.031 (syst),
with a statistical correlation coefficient of p((bi%%‘an_Q AR 2 ) = —0.007. This re-

sult is consistent with CP symmetry in B — DFD_ decays.

The values obtained in this measurement are combined with the previous LHCb
measurement of gzﬁiff[ﬁ - and [Ap+p-| [118], which used an independent data set

recorded in the yea}s 2011 and 2012 and obtained the results

R L — (0019 +0.174 (stat) 4 0.019 (syst) rad

s,Df Dy

AR L | = 0.909* 0177 (stat) & 0.017 (syst) ,
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Figure 7.10: Two-dimensional likelihood scans of the CP observables ¢§HD+ - and

|Ap+p-| for the Run 1 and Run 2 measurements as well as their combination.
The inner and outer contours correspond to the 68% and 95% confidence intervals,
respectively.

with a statistical correlation coefficient of p(qﬁf%ﬁu;} S| AR L ]) = 0.03. A combina-

tion of the two measurements using the strategy described in Sec. 6.6 yields

¢ ipy = —0.055 £ 0.090 (stat) & 0.021 (syst) rad

INpE-l = 1.054 4 0.099 (stat) £ 0.020 (syst),
with a correlation coefficient of p(¢zﬂbL+H§P NS [) = 0.005. The two-dimensional
likelihood scans of the individual and combined results are shown in Fig. 7.10.
The analysis presented in this thesis represents the most precise single measurement
of CP violation in BY— DfD; decays to date. The measurement is in agreement
with SM predictions 23| and the previous LHCb measurement [118]. At the current
level of precision, the measurement of Eﬂiﬁ - 1s compatible with the world-average
value of ¢; = —0.052 + 0.013 [28], obtained from various measurements over mul-
tiple decay channels. This combination is dominated by the LHCb measurement in
BY?— Jip¢ decays [14], which already entered the region where higher-order con-
tributions have to be considered [121]. In B?— D} D decays, this can be achieved
using the results of the B — D* D~ analysis, which is presented in Chap. 6, and
various other CP-violation measurements in the B— DD system.
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8 Conclusion

The Standard Model of particle physics comprises our current knowledge of the
fundamental particles and their interactions. Despite its success, some phenomena,
such as the matter-antimatter asymmetry in the universe, remain unexplained.
One of the conditions required to produce this asymmetry is the violation of CP
symmetry, which has been observed in the weak interaction and is, to this day,
a subject of intense research. At the LHCb experiment, precision measurements
of CP violation are performed in decays of b and ¢ hadrons. The CP asymmetries
may arise from Standard Model processes and New Physics effects. With increasing
experimental precision, the control over higher-order effects is a major challenge in
most decay modes. The B— DD system offers a unique opportunity to constrain
these contributions, which is achieved by performing a global analysis with a variety
of branching-fraction and CP-violation measurements of U-spin-related decays.

This thesis presents two measurements of CP violation in the B— DD system using
data recorded by the LHCb experiment in proton-proton collisions at a centre-of-
mass energy of 13 TeV [24]. The data set is collected during the years 2015-2018 and
corresponds to an integrated luminosity of 6fb~*. In the measurement of CP viola-
tion in B® — D' D~ decays, approximately 5700 signal candidates are extracted,
and the flavour-tagged decay-time-dependent analysis yields the CP observables

SRun 2 — _().552 4+ 0.100 (stat) & 0.010 (syst) ,
CRu2 —  (.128 4 0.103 (stat) & 0.010 (syst) ,

with a statistical correlation coefficient of p(SFY32, CRY2) = 0.472. This result
represents the most precise measurement of CP violation in B°— D*D~ decays
to date. In comparison to the previous LHCb measurement [106], the systematic
uncertainties are significantly reduced due to the improved suppression of back-
grounds from misidentified, single-charm and partially reconstructed decays. Due
to the small systematic uncertainties, the measurement is limited by the size of
the data set. The total uncertainty of C'p+p- is in the same order of magnitude
as for the previous world average, while the result of Sp+p- is even more pre-
cise |28]. The central values of the CP observables are consistent with previous
measurements [106-108] and Standard Model predictions [23]. For the first time,
CP symmetry in BY— D™D~ decays is excluded by a single measurement with a
significance of more than six standard deviations. The results are combined with
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the previous LHCb measurement [106] to obtain
SEHCD  — —(0.549 + 0.085 (stat) £ 0.015 (syst)
CEIC> = 0.162 4 0.088 (stat) £ 0.009 (syst)

with a correlation coefficient of p(SEICP , CEICN ) = 0.474. In combination with
measurements using B — 1)(nS)KY decays, the phase shift

A¢d,D+D* =—0.22+£0.12 rad,

is calculated, which represents the higher-order Standard Model contributions in
B°— D* D~ decays.

The phase shift determined in the first analysis can be used to constrain similar
contributions in the CP-violation measurement of B — D D decays, which is the
second analysis presented in this thesis. In a flavour-tagged decay-time dependent
analysis of approximately 13000 B? — D} D signal candidates, the CP observables
are measured to be

¢RI 2 — _().086 4+ 0.106 (stat) + 0.028 (syst) rad

s,DI D5
A4 = 1.145 %+ 0.126 (stat) + 0.031 (syst),
with a statistical correlation coefficient of p(qﬁii’;}u[)n;, |A]g§nD?;) = —0.007. This re-

sult updates the previous measurement by LHCb [118]. Apart from the LHCb
collaboration, no other experiment has been able to perform this analysis. The sys-
tematic uncertainties are of the same order of magnitude as for the previous mea-
surement and considerably smaller than the statistical uncertainties. The result is
in agreement with the previous measurement and Standard Model predictions [23].
A combination of the two LHCb measurements yields

¢°LHCb — 0055 +0.090 (stat) & 0.021 (syst) rad

s, DI D7
INpEO-l = 1.054 £ 0.099 (stat) 4 0.020 (syst) ,
with a correlation coefficient of p((ﬁfl’;}HD? : |)\BI;JI%°S_]) = 0.005. These results are

consistent with CP symmetry in B?— D D_ decays.

The framework developed for these measurements can be adapted to conduct fur-
ther analyses in the B— DD system. With minor modifications to the selection,
the current branching fractions of B?— DtD~ [122] as well as B?— D; D% de-
cays [123] can be updated, and current predictions of the branching fraction of
B°— DfD; decays indicate that it might be possible to observe the decay with
the Run 2 data set [23]. Furthermore, the amount of observed BY — D' D~ decays
is sufficient to perform a first measurement of CP violation in this decay channel.
The wide range of measurements will further improve the control over higher-order
effects in these decays.

Due to the statistical limitations of the current measurements, gathering more data
is essential to reach a level of precision that might reveal New Physics. In 2022,
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the LHCb experiment started recording data with an upgraded detector [124]. In
Run 3 of the LHC, the LHCb experiment aims to collect an additional data set
corresponding to 50fb™'. As of today, the experiment has already recorded about
9.5fb~! of data in Run 3, which is more than the data sets of Run 1 and Run 2
combined. Apart from the increasing amount of data, measurements in the B— DD
system, in particular, profit from the redesign of the LHCD trigger system. In Run 2,
hadronic final states suffered from low efficiencies of the hardware trigger, which
is replaced by a software-based trigger in Run 3 [125]. First studies confirm that
the new trigger system increases the efficiency by at least a factor of two and even
more for hadronic final states. Decay-time-dependent analyses significantly benefit
from improvements in the flavour tagging due to new tagging algorithms using an
inclusive approach [126]. These show promising results, which could further increase
the sensitivity of CP-violation measurements. Assuming that the strategy remains
the same as in the current analyses, the statistical sensitivity of the CP observables
can be improved to about 0.025 (0.025) for Sp+p- (Cp+p-) and 0.026 rad (0.031)
for ‘;ﬂ;jj - (IAp# p-|)- Additional measurements in B° decays are expected by the
Belle IT experiment [127]. It is scheduled to collect a data set of approximately
50ab ™! over the next decade, which is about 50 times the amount of data recorded
by the Belle experiment. Future measurements by Belle II in B® — D*D~ decays
are expected to be competitive with the foreseen LHCD results. In contrast, LHCb
will be the leading experiment in the B?— D¥D; measurement, as the Belle II
experiment can only produce B? mesons in dedicated runs.

In conclusion, the additional data from both experiments will enable further mea-
surements with unprecedented precision. This makes the control of higher-order
effects even more important, which is a great opportunity for future measurements
in the B— DD system to contribute to the search for New Physics beyond the
Standard Model.
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