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Abstract

In this thesis, two measurements probing the Standard Model of particle physics in
B— D*"D*~ decays are presented. Both measurements are performed using proton-
proton collision data recorded by the LHCb experiment at the Large Hadron Collider,
corresponding to an integrated luminosity of 9fb~".

The first analysis is a branching fraction measurement of the B? — D**D*~ decay.
The decay is observed with a significance of more than 10 standard deviations. The
absolute time-integrated B! — D*TD*~ branching fraction is measured to be

B(B?— D**D*7) = (2.15 £ 0.26 £ 0.09 £ 0.06 & 0.16) x 10~ %,

where the first uncertainty is statistical, the second systematic, the third the uncertainty
of the fragmentation fraction ratio f;/ f; and the fourth is due to the limited precision of
the B — D**D*~ branching fraction used in the normalisation.

The second analysis presented is the measurement of CP violation in B’ — D**D*~
decays. As the final state is a mixture of CP-even and CP-odd states, the CP observ-
able Sp++p+ is diluted. Therefore, an angular analysis is performed to determine the
dilution factor. The current state of the analysis and its sensitivity are presented and
discussed. With the current precision, the uncertainty of the measurement is expected
to be statistically dominated.

Kurzfassung

In dieser Arbeit werden zwei Messungen vorgestellt, die das Standardmodell der Teil-
chenphysik in B— D** D*~-Zerfillen untersuchen. Beide Messungen werden mit Da-
ten aus Proton-Proton Kollisionen durchgefiihrt, die vom LHCb Experiment am Large
Hadron Collider aufgezeichnet wurden und einer integrierten Luminositat von 9 !
entsprechen.

Die erste Analyse ist eine Messung des Verzweigungsverhaltnisses des BY — D**D*~
Zerfalls. Der Zerfall wird mit einer Signifikanz von mehr als 10 Standardabweichungen
beobachtet. Das gemessene absolute zeitintegrierte B! — D** D*~ Verzweigungsverhalt-
nis ist

B(BY— D**D*7) = (2.15 + 0.26 + 0.09 £ 0.06 + 0.16) x 1074,

wobei die erste Unsicherheit statistisch ist, die zweite systematisch, die dritte die Un-
sicherheit des Verhéltnisses der Fragmentierungswahrscheinlichkeiten f;/ f; und die
vierte die begrenzte Genauigkeit des bei der Normalisierung verwendeten B® — D**D*~
Verzweigungsverhéltnisses ist.

Die zweite vorgestellte Analyse ist die Messung von CP-Verletzung in B — D**D*~
Zerféllen. Da der Endzustand eine Mischung aus geraden und ungeraden CP-Zustidnden
ist, ist die CP-Observable Sp+p+ abgeschwiacht. Daher wird eine Winkelanalyse durch-
gefithrt, um den Abschwachungsfaktor zu bestimmen. Der aktuelle Stand der Analyse
und ihre Sensitivitdt werden vorgestellt und diskutiert. Mit der derzeitigen Prazision
wird erwartet, dass die Unsicherheit der Messung statistisch dominiert ist.
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1 Introduction

The Standard Model of particle physics (SM) [1-3] is a well-established theory that
describes the fundamental particles and their interactions. It has been tested with
remarkable precision. At the microscopic level, it describes most of the observed phe-
nomena and has allowed several predictions about particles that were later observed,
such as the Z° boson [4], the W= boson [5, 6] and the Higgs boson [7, 8]. Although the
development of this model has significantly increased the understanding of nature over
the last century, many questions remain unresolved. The observed neutrino oscilla-
tions [9, 10] and the resulting neutrino masses are not included in the SM. The nature of
dark energy and dark matter is still unknown, although together, they account for about
95% of the energy density in the observed universe [11]. Furthermore, the origin of the
matter-antimatter asymmetry in the universe is not yet understood. In 1967, Sakharov
developed three conditions to be fulfilled for the occurrence of this asymmetry [12].
These include the violation of the baryon number, a deviation from thermal equilibrium
and the violation of the CP symmetry. The last condition is particularly interesting
because it is described in the SM, but only to an extent that is too small to explain the
observed matter-antimatter asymmetry [13, 14]. In the SM, CP violation is incorporated
through the complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [15, 16],
which describes the mixing between quark flavours. Precise measurements of the CKM
parameters are performed to search for possible deviations from the SM, which could
indicate New Physics (NP). These NP effects could potentially contribute to the under-
standing of the matter-antimatter asymmetry. Thus, the measurement of CP violation is
an important part of research in particle physics.

Measurements of CP violation can be performed in B meson decays, which provide
access to observables probing elements of the CKM matrix, such as the CP-violating weak
phases fand ¢;. The most prominent analyses studying these parameters are performed
in B > JyK¢ and B? — Jiyp decays [17, 18]. However, the two parameters can also
be measured in B® — D™ DI~ Bg — DMTDM~ and Bg — DT P decays [19-26].
In the B! — D**D*~ and BY — D}*D}~ decays, CP violation has not been measured
yet. Measurements in these decays are polluted by higher-order Standard Model ef-
fects [27-31]. It is important to determine these contributions to constrain them in the
determination of ¢ [32-35], since they represent one of the largest uncertainties [36, 37].
This can be achieved by studying CP violation parameters or ratios of branching frac-
tions in additional decays of the B— DD family [38, 39]. The measurements of the
B? — D**D*~ branching fraction [40] and the CP violation in B - D**D*~ decays
are presented in this thesis. In contrast to the B — D**D*~ decay, the B? — D**D*~
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decay has not been observed yet. It has a low predicted branching fraction [41] but
gives access to higher-order SM processes such as W-exchange and penguin-annihilation
transitions. Besides constraining the higher order effects in CP violation measurements,
the search for predicted decays and the validation of their predicted branching fractions
also represents a test of the SM. The B® — D**D*~ decay allows to study the CKM
parameter . However, the final state is not a CP eigenstate and the CP parameters are
diluted due to the interference of the two eigenstates. By determining the fraction of
the CP eigenstates, the polarisation fraction can be calculated, which can be used to
test SM predictions [30]. Additionally, these fractions are interesting because partially
reconstructed B® — D**D*~ decays represent backgrounds in other more sensitive
analyses [24, 42]. A more precise determination of the CP-odd fraction allows for a
better description of this background.

The Large Hadron Collider (LHC) offers a well-suited environment for these meas-
urements. It is located at the European Organization for Nuclear Research (CERN) near
Geneva and is currently the largest and most powerful particle accelerator in the world.
At the LHC, protons are collided at centre-of-mass energies of up to 14 TeV. One ex-
periment at the LHC is the Large Hadron Collider beauty (LHCb) experiment, which
provides the data analysed in this thesis. It focuses on precision measurements in decays
of hadrons involving b and ¢ quarks. The LHCb experiment also provides the largest
data set of Bg mesons and, therefore, enables the measurement of B? — D**D*~ decay.
Overall, the data from this experiment allows to constrain the SM with measurements
in the sector of B meson decays, such as the B — D**D*~ and B - D*"D*~ decays.

In this thesis, first, an overview of the SM and CP violation is provided in Chap. 2.
Afterwards, the environment of the LHC and the LHCb experiment are described in
Chap. 3. An outline of the statistical methods used in this work is given in Chap. 4.
Both the measurement of the branching fraction of the B! - D**D*~ decay and the
measurement of the CP violation in B’ — D**D*~ decays are presented. The strategy for
both analyses is formulated in Chap. 5. The selection of the two decays is then described
in Chap. 6. The measurement of the branching fraction of the B — D**D*~ decay is
presented in Chap. 7. Afterwards, the measurement of CP violation in B® — D**D*~
decays is discussed in Chap. 8. While the B — D**D*~ analysis has already been
published in Ref. [40], the B® — D**D*~ analysis is still in internal review of the LHCb
collaboration. Finally, this thesis concludes with a summary of all results presented and
an outlook on future work in Chap. 9.
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The theoretical foundations related to the analyses presented in this thesis are discussed
in this chapter. Furthermore, an overview of the current experimental status is given.
If not further specified, the information outlined in this chapter is mainly based on
Refs. [43-46].

The understanding of nature at the smallest possible level has changed fundamentally
over the last century with the development of the SM. The SM is a well-tested theory and
can predict almost all experimentally observed phenomena. It describes the fundamental
particles and their interactions and is outlined in Sec. 2.1. The introduction of the SM
is followed by a discussion of the CKM mechanism in Sec. 2.2. Sec. 2.3 elaborates CP
violation in the SM in more detail, while Sec. 2.4 then focuses on the explanation of
neutral meson mixing in the B® meson sector. In Sec. 2.5, the decays analysed in this
thesis are introduced. Further, the theoretical foundations are applied to the framework
of B> D**D*~ decays. First, the calculation of the branching fractions is discussed in
Sec. 2.5.1, which addresses the first measurement of this thesis. Afterwards, Sec. 2.5.2
focusses on the CP violation in B° — D**D*~ decays, which gives the theoretical
foundation for the second measurement performed in this thesis. The presence of a
non-CP eigenstate as a final state introduces further complexity in the CP violation
measurements. The consequences for the measurement in B — D**D*~ decays are
discussed in Sec. 2.5.3. Despite being the most successful theory, the SM cannot describe
all observed phenomena. Therefore, Sec. 2.6 discusses its limitations.

2.1 Particles and interactions

The SM is a Lorentz invariant quantum field theory describing the elementary particles
and their interactions. It has a total of 18 free parameters that must be determined
experimentally. The elementary particles included in SM are shown in Fig. 2.1 with their
properties such as mass, spin, and charge. The spin allows the particles to be categorised
into two groups called fermions and bosons. The fermions carry half-integer spin while
the bosons carry integer spin. The characteristics of the particles of each group and the
interactions included in the SM are discussed in the following.

Fermions The fermions are the ingredients of all matter. They carry spin 1/2 and obey
the Fermi-Dirac statistics. In total, 12 fermions exist. These can be further categorised as
leptons  and quarks g, each including 6 particles. Their antiparticles are also considered
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Figure 2.1 — Particles described by the SM. Each particle is shown with its mass, charge and
spin. The quarks, leptons, gauge bosons and the Higgs boson are illustrated in red, green, blue
and orange, respectively. The strong, electromagnetic (e.m.) and weak forces are indicated by
lines showing the particles they interact with. The values are taken from Ref. [47].

as fermions and are included in the SM. They can be obtained by inverting the sign of
each quantum number for each particle.

Leptons and quarks can both be divided into three families. Each lepton family consists
of a charged and a neutral lepton. The charged leptons are the electron (e), the muon
(1), and the tau (1), all carrying the charge Q = —1e, where e is the elementary charge.
The neutral leptons with Q = 0 are the corresponding neutrinos, the electron neutrino
(Ve), the muon neutrino (v,) and the tau neutrino (). Differences between the individual
leptons are the lepton family numbers and the masses of the particles. A strong mass
hierarchy exists between the families, where the neutrinos are massless in the SM.

The quarks can also be divided into three families. Each family consists of an up-type
and a down-type quark. The up-type quarks comprise the up quark (u), the charm
quark (c) and the top quark (). They carry the charge Q = 2e/3. In comparison, the
down-type quarks carry the charge Q = —1e/3. This group comprises the down quark
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(d), the strange quark (s) and the bottom quark (b). The individual quarks differ in their
flavour quantum number and their masses, where a certain mass hierarchy is present
between the families. In contrast to the leptons, no free quarks have been observed. As
a consequence, the model of asymptotic freedom has been developed. According to this
model, the quarks only behave freely at large energy scales, i.e. at small distances below
1071 m. Above these distances, quarks only appear in bound states called hadrons. In
addition to this phenomenon, the predecessor version of SM, also known as the early
quark model [48, 49], introduced an issue with the postulation of the A** particle. This
particle is a bound state of three u quarks and has a spin of 3/2, which, according to
the model at that time, meant that all three quark spins are parallel. This is prohibited
due to the Pauli principle. By introducing another quantum number for the quarks
called the colour charge, the problem was solved. This colour charge can assume the
values red, blue or green. So far, only colour-neutral hadrons have been observed. This
phenomenon is called quark confinement [50].

The most common bound states of quarks are mesons and baryons. Mesons are
formed by a gq pair, where both quarks carry the same colour charge. These particles
are particularly interesting since both analyses performed in this thesis study decays
of mesons either containing a b or s quark paired with a d quark. The respective
particles are called B” and BY mesons. Baryons are formed by three quarks (qqq),
where all quarks carry different colour charges. Further bound states that have been
experimentally confirmed are tetraquarks and pentaquarks. Tetraquarks are states
consisting of four quarks (gqgq) and were observed by the Belle experiment [51] and by
the LHCb experiment [52-54]. The LHCb experiment also observed pentaquark states
for the first time [55, 56], which consist of five quarks (gqqqq).

Bosons The bosons can be divided into a group of gauge bosons and the Higgs boson.
The gauge bosons have spin J = 1 and mediate the fundamental forces described in
the SM. The group comprises the photon (y), the gluons (g), the W* bosons and the Z°
boson. The photon is the mediator of the electromagnetic force described by the theory
of quantum electrodynamics (QED). It is massless and couples to the electric charge.
The gluons mediate the strong force described by quantum chromodynamics (QCD).
They are also massless but couple to the colour charge. In addition to coupling to quarks,
gluons can couple to themselves since they carry a colour and an anticolour charge.
Eight gluons exist, all with a different colour configuration but an electric charge of
Q = 0. The remaining gauge bosons, the electrically charged W* and neutral Z° bosons,
mediate the weak force. The Z° bosons are responsible for the neutral currents and
couple to all fermions. In contrast, the W* bosons couple to charged weak currents, i.e.
to left-handed fermions and right-handed antifermions. In comparison to the photon
and the gluons, the W* and Z° bosons have a finite lifetime due to their masses of
myy+ = 80.377 GeVic? and myo = 91.1876 GeVic? [47].
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In contrast to the gauge bosons, the Higgs boson (H') is spinless, i.e. J = 0. It has
a mass of myo = 125.25 GeVic® [47], but does not carry an electric or colour charge. In
general, the Higgs completes the SM. It was already postulated in 1964 [57, 58], but was
only discovered in 2012 by ATLAS [7] and CMS [8]. The postulation of the Higgs boson
originates from the introduction of a complex, scalar and massless field that should be
invariant under a local gauge transformation and the study of the case of spontaneous
symmetry breaking. This is also known as the Higgs mechanism. While the Higgs
mechanism also gives the masses to the gauge bosons, the masses of the fermions do
not directly originate from the mechanism. They arise from a Yukawa interaction [59]
of the fermions with the Higgs field.

Symmetry group All fundamental interactions of the SM can be generated by intro-
ducing a global gauge invariance that should hold locally under certain transformations.
This is also known as Yang-Mills theory, after C.-N. Yan and R. L. Mills, who were the
first to apply it [60]. The electromagnetic interaction is generated by the requirement of
a local gauge invariance under a U(1) transformation of the free Dirac Lagrangian. For
the strong interaction, the Lagrangian considers particles with three different colour
charge states but the same mass. This Lagrangian must be invariant under a SU(3) trans-
formation. Accordingly, the symmetry group of the strong interaction is called SU(3).
The symmetry group of the weak interaction results from writing leptons and quarks
as doublets in their respective families, which are characterised by the eigenvalues of
the weak isospin. A Lagrangian considering these doublets must be invariant under
a SU(2) transformation. However, the electromagnetic and weak interactions can be
unified into a combined electroweak symmetry group [1-3], called isospin-hypercharge
symmetry SU(2); x U(1)y. This was proposed in the 1960s and is also known as the
Glashow-Weinberg-Salam model [61-63]. With the discovery of neutral currents by
the Gargamelle experiment at Cern in 1973, this model has been experimentally con-
firmed [64]. Considering the unification of the electromagnetic and weak interaction,
the total symmetry group of the SM can be written as

SU(3)C X SU(Z)L X U(l)y (21)

Symmetries The SM fulfils the CPT theorem resulting from quantum field theory,
which requires invariance of any interaction under a CPT transformation [65, 66]. This
transformation comprises several individual discrete transformations. One of them is the
time reversion T, i.e. T(, X) = (—t, X). The second transformation is the parity transform-
ation P, which inverts the spatial coordinates in the form of P(¢,x) = (¢, — X). The last
transformation inverts the sign of the charges and is the so-called charge conjugation
C. Although every interaction in the SM is invariant under the CPT transformation,
symmetries can be violated when applying one individual transformation or a com-
bination of two transformations. For example, while the strong and electromagnetic
interactions are invariant under C or P transformation, the weak interaction is maximal
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parity violating [67, 68] and is not symmetric under C. Also, the combined CP symmetry
is violated in the weak interaction, shown for the kaon sector in 1964 by J. W. Cronin
and V. L. Fitch [69]. In the B® meson sector, CP violation was observed in 2001 by the
Belle [70] and BaBar experiments [71].

2.2 The CKM matrix

The historical origin of the CKM matrix dates back to 1963. In this year, N. Cabibbo
described the rates of d - uW™ and s > uW ™ transitions by introducing the factors
cos(fc) and sin(f-) with the Cabibbo angle - =~ 13.15° [15], respectively. At this
time, the only known quarks were the up, down and strange quarks. The theory
successfully predicted many decay rates consistent with the experimentally measured
rates. However, it did not solve the puzzle observed in K® — yp~ decays. In this
decay channel, the measured experimental limit was far smaller than the calculated rate.
Glashow, Iliopoulos and Maiani proposed a solution for this issue in 1970 by introducing
an additional fourth quark [72], i.e. the charm quark. In the case of the K — pT i~
decay, the charm quark contributes with destructive interference, causing a significant
reduction of the rate. This is also known as the GIM mechanism. The charm quark was
experimentally confirmed in 1974 with the observation of J/j{cc) [73, 74]. Combining the
GIM mechanism with Cabibbo’s approach, a simple scheme was introduced to describe
the mixing of the quarks, where the eigenstates of the weak interaction are rotated to
the mass eigenstates. The scheme was later extended to three generations by Kobayashi
and Maskawa in 1973, postulating two new quarks [16]. The resulting 3 x 3 rotation
matrix is known as the CKM matrix, which allowed for the description of CP violation
in the SM. With the discovery of the beauty quark in 1977 [75] and the top quark in
1995 [76, 77], the third generation has been confirmed experimentally.

The theoretical basis for the CKM matrix is the manual introduction of the fermion
masses in the SM. These masses do not directly originate from the Higgs mechanism
but are derived by a Yukawa coupling of the fermions with the Higgs field ¢, which
is introduced with the electroweak unification. Assuming massless neutrinos, the
Lagrangian of the interaction is defined as

Prukawa = YiL] L pely + V20! gdf, + YiOh poup + hic., (2.2)
where

609 = () s @3)

and where h(x) is the physical Higgs field and Y; Ae’ 4U are the 3 x 3 complex Yukawa
matrices. The observables LL and QL are the left- handed lepton and quark doublets,
while ¢} , dR and u] are the right-handed singlets. By substituting v in Eq. (2.2) with
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the vacuum expectation value (¢, (¢)) = (0,v/+2) the mass terms of the quarks and
leptons are derived. The non-Yukawa parts of the SM Lagrangian for the leptons are
invariant under the transformations S and R of the U(3) group so that Y¢ = SY°R™. Using
a suitable choice of S and R, the Yukawa matrix Y* can be selected as real, diagonal, and
non-negative. In contrast, this is not straightforward for the quarks. The non-Yukawa
part is also invariant under the U(3) transformations S, R; and R, where S, and R, can
be chosen so that Y% = Suf/”RZ is real, diagonal and non-negative. However, the result

T

of the transformation of S, YR 4 is not real and not diagonal, i.e.
SJYIRY = 5,51 VR]. (2.4)

Instead, Y, is real, diagonal and non-negative with Y¢ = S;¥¢R é The matrix product

SuS;L in Eq. (2.4) is defined as the CKM matrix V. It follows that the matrix rotates
the mass eigenstates of the quarks to the so-called flavour eigenstates, i.e.

d’ Vi Vus Vi
S, = VCKM 1S = Vcd VCS Vcb 1S]. (25)
b’ bf \Via Vis V) \b

The CKM matrix can also be identified in the Lagrangian describing charged-current
interactions, which are mediated by the W* bosons. The weak currents do not couple to
the quarks’ mass eigenstates but to their flavour eigenstates. The Lagrangian is given by

dr
Y é (uL cL tL) Y'UW;VCKM st | +h.c., (2.6)
V2 by,

where g is the weak coupling constant and y* are the Dirac matrices. Since the transition

probability of an up-type quark into a down-type quark is proportional to the squared

matrix elements [V}; |2, the matrix describes the mixing of the quark generations. For

N = 3 quark generations, the 3 x 3 CKM matrix can be expressed by (N — 1)? = 4 real

parameters. For example, the three mixing angles 60;,, 8,3 and 8,3 and a complex phase §

can be used to parametrise the CKM matrix. This phase is the anchor of CP violation in

the SM. Using these parameters and the abbreviations s;; = sin(6;;) and ¢;; = cos(6;)), the
CKM matrix can be written as

€12€13 . $12€13 _ si3e”™

Verkm = | =s12623 — 612523313€l(S C12€23 — 3123233133"5. $23€13 | » (2.7)

S12523 — 01202331331(S —C12523 — 3120233136’15 2313
which is the so-called standard parametrisation of the CKM matrix. It has been de-

veloped by L.-L. Chau and W.-Y. Keung [78]. Another common parametrisation is the
Wolfenstein parametrisation [79], which shows the strong hierarchy of the CKM matrix.
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By introducing the relations

1)
. 523 . 513€’
A=s13, A= e p+in= YER (2.8)
the CKM can be written as
1-21%/2 A AX(p —in)
Verm = -1 1-2%2/2 AX? +00Y). (2.9)
AV¥A-p—in) —AI? 1

A value of A = 0.22500 + 0.00067 [47] has been determined by combining several
experimental measurements. By substituting A in Eq. (2.9) with the measured value, the
strong hierarchy of the CKM matrix is directly visible.

According to its construction, the CKM matrix is unitary. As a consequence, the
matrix has to fulfil the following relations

3
Y ViVii =6, withij€123, (2.10)
k=1

These equations are also known as the unitarity equations of the CKM matrix. In total,
nine unitarity equations exist, but only six of them vanish (i # j). These conditions can
be drawn in the complex plane, resulting in the so-called unitarity triangles. All of these
triangles share the same area 7 /2 with

I eikmejm = S(V;; Vi Vi) (2.11)
m,n

where the observable #is known as the Jarlskog invariant [80]. It is a phase convention
independent observable and a measure for the CP violation described in the SM. The
experimentally measured value is .# = (3.08713) x 107> [47]. Most unitarity triangles
are degenerated, and only two provide sides of similar lengths. One of them is based on

the condition
* * *

VoV T VedVar + VidVip, = 0. (2.12)

It is the most common triangle and presented in Fig. 2.2, where the sides are normalised
to the most precisely known elements V_,V;. The lengths of the triangle are defined as
*
Vuqub
*

Vd cb

¢

ViV

) t —

R,=1, Ry= (2.13)

Vcd c?)
and the angles are given by

V..V V.V v v
a=arg|— td tf , p=arg|-— cd Cf , y=arg|— ud tib . (2.14)
Vuqub thth Vchcb
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Figure 2.2 — Unitarity triangle of most common unitarity condition given in Eq. (2.12) drawn in
the p--plane [81]. The experimental constraints are shown in coloured bands. No signs of New
Physics have been observed since the current constraints agree with a triangle. The constraint
on the apex of the triangle is shown in red.

A non-closing triangle would be a sign of New Physics (NP). Consequently, precision
measurements of the properties of the triangles are a strong intrinsic test of the SM.
Several measurements of the different properties of the unitarity triangle defined by
Eq. (2.12) have been performed. Testing this condition is especially suitable since all
parameters are accessible by studying B meson decays. Combinations of the results of
the measurements are provided by the CKMfitter group [81], which are presented in
Fig. 2.2. The current results are consistent, and no sign of NP has been observed so far.

2.3 The system of neutral B mesons

In the SM, quarks can change their flavour via charged currents. This mixing is described
by the CKM matrix discussed in Sec. 2.2. Due to this mixing, it is also possible that
neutral particles such as the K 0 DY BY or Bg mesons can transition into their own
antiparticles and vice versa. Consequently, the particles can also oscillate between their
flavour eigenstates. This is also known as neutral meson mixing. Such oscillations were
first observed in the neutral kaon sector [69]. The B? system is the most prominent
example of this mixing. In this system, the oscillation has been observed for the first
time in 1987 [82, 83]. However, the same mathematical description can be applied to all
systems. The Feynman diagrams of the B°~B° oscillation are shown in Fig. 2.3.
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Figure 2.3 - Leading-order Feynman diagrams of the B’~B° oscillation.

At the lowest order, the B°~B° oscillation is mainly induced by the so-called box
diagrams. Since this system is also particularly interesting for this thesis, it is discussed
in more detail in the following. The B® and B® mesons are bound states of a b and a d or
a band a d quark, respectively, i.e.

|B°) = [bd) = |B°(t = 0)), |B’) = |bd) = |B°(t = 0)). (2.15)

The Schrodinger equation describes the time evolution of the B® and B° mesons and is

given by
.d IBO(t)>) ( j ) (IB"(t»)
4 (5 —(M=Lr)("® , 2.16
% 2 \B) (210
where M and I" are Hermitian 2 x 2 matrices. They are defined as the mass and decay

matrices, respectively. As a consequence of the CPT invariance, the particles and their
respective antiparticles are required to have the same mass and decay width, i.e.

m = Mll = M22 5 ['= Fll = r22 . (217)

The off-diagonal elements are induced by the box diagrams in Fig. 2.3 and are responsible
for the B’~B° oscillations. By diagonalising the Hamiltonian % = M — %F in Eq. (2.16),
the eigenstates By and By are obtained. They are defined as

|BL) = p|B%) +qIB°), |By) = plB°) — qlB°) (2.18)

with |g|? + |p|? = 1. These states are called the light (L) and heavy (H) eigenstates, and
their time-evolution is given by

[BLp(0) = e st s/ 2H)py ), (219)

where my, and my are the respective masses and I}, and [y are the respective decay
widths. By defining the average mass and decay width
_my + my _

m = T = Mll s = = rll (220)
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and the differences
Am = my —mg,, Al'= FH - FL (221)
the fraction of p over q is calculated to be

g Om+ AT 2(M, - ) 022)
Po2Mp -1l Am+iar '

In the B system, the mixing shown in the box diagrams in Fig. 2.3 is dominated by the

top quark so that the g/ p can be approximated by
7 _ Vi (2.23)
P ViV

The time evolution of the flavour eigenstates B and B is calculated by inverting the
states in Eq. (2.18) and substituting By, and By with Eq. (2.19), i.e.

IB°(1)) = zip [e—(imL+rL/2)t| By) + e~ lmirtTi/2) BH>] ,

BY(t)) = %1 [e—(imL+l“L/2)t|BL> _ e_(imH+rH/2)t|BH>] . (2.24)
By introducing the time-dependent coefficients
g.(t) = e~imto=Tt/2 [ cosh(%) cos(%) - isinh(ATrt) sin(%mt)] ’
g ()= eTimtg=T/2 [— sinh(ATrt) cos(%) + icosh(%) sin<ATmt)] , (2.23)

the time evolution of the B® and B° mesons can be expressed with the initial flavour, i.e.

B°(1) = g+(t)IB°>+%g-(t)|1§0>, IBO(t)>=§g-(t)IB°>+ g®IB’).  (2.26)

The B° mesons are difficult to access experimentally. However, by measuring time-
dependent decay rates of a B or B® meson into a final state f, the CP parameters can be
quantified. The corresponding decay amplitudes are defined as

Ap=(fIB%), Ay=(fIB). (2.27)

In addition to these amplitudes, a commonly defined quantity is

Af
p===1

= =——. (2.28)
/1f PAf
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In general, the time-dependent decay rates are given by

FB'®)~ f) = U (IO, TB O~ f) = U fIBOH

where Uy is a time-independent normalisation factor. With the definitions given in
Eqgs. (2.26) to (2.28), the time-dependent decay rates are calculated to be

, (2.29)

2 2
rB°(t)—>f°‘ e_rt‘AA 1+ ‘AA )
ATt AT . ATt .
. [cosh<7> + Af mnh(T) — Spsin(Amt) + Cfcos(Amt)] ,

2 (2.30)
Phoey>f e‘”lAﬁz (1+ Wz) ‘g

: [cosh(%) + AJACF sinh(%) + Sgsin(Amt) — Cycos (Amt)] ,

where A?r, S f and C rare the CP parameters defined as
2Re(A ) 2Im(A¢) 1—|A4%
AJACF:— r Sp= r Cp= i . (2.31)
1+ |24 1+ (A4 1+ (442
These parameters fulfil the condition
(AT +(Sp* +(Cp* =1. (2.32)

They absorb all CP-violating effects in the time-dependent decay rates defined in Eq. (2.30).
Consequently, measuring these rates allows to quantify the CP violation in the SM ex-
perimentally. The results of these measurements can be used to constrain the CKM
matrix and to search for NP.

2.4 Types of CP violation

The measurement of CP violation is one of the essential tests of the SM. Measurements
are performed exploiting various decays of B, K and D mesons. Depending on the decay
channel, different manifestations of CP violation can be observed. The SM distinguishes
three types of CP violation. These are discussed in more detail in this chapter. First,
Sec. 2.4.1 discusses CP violation arising from different decay amplitudes of the decay and
the CP conjugated decay. Second, indirect CP violation is discussed in Sec. 2.4.2. This
type occurs when the mass eigenstates are not the CP eigenstates. Third, CP violation
originating from the interference of direct decays and decays after mixing is discussed
in Sec. 2.4.3. Since the second and third types require neutral meson mixing, they are
only possible for neutral decays. However, the first type can be observed for charged
and neutral mesons. In general, most decays only show one type of CP violation, and it
can be concluded that A7 # 1 is required to allow for CP violation.

13
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2.4.1 Direct CP violation

Direct CP violation is a result of the different decay amplitudes of a decay B’ — fwith
Ayand its CP conjugated decay B’ fwith Zj[. This type is commonly referred to as CP

violation in the decay, and the asymmetry Acp is defined as

T T ) [AfAf 1

= — = . 2.33
F(B°— f)+T(B"~ f) \Z?/Af{ +1 (239

CcP

Two complex phases enter the decay amplitudes, the strong phase § and the weak phase
$. The strong phase arises from possible rescattering processes of intermediate states
into the final state. Strong interactions usually dominate these rescattering processes.
Consequently, the strong phase is invariant under CP transformation. The weak phase is
induced by complex CKM matrix elements and changes its sign under CP transformation.
With the weak and strong phase, the decay amplitudes can be written as

n n
A= Z AreGt o) | Z? = Z A9 | (2.34)
k k

where n is the number of processes contributing to the decay amplitude. At least two
processes are required to allow for CP violation, which differ in their weak and strong
phases. From Eq. (2.33), it can be concluded that a non-vanishing asymmetry and
consequently CP violation in the decay arises if

[Af = [A4. (2.35)

This type of CP violation has already been observed and well studied in the sector of K
and B mesons [84-86]. It has also been observed later in the D meson sector [87].

2.4.2 Indirect CP violation

Indirect CPviolation is also called CPviolation in the mixing. It occurs when the transition
probabilities between the BY and the B® mesons in the oscillation are different, i.e.

P(B*— B%) = P(B’— BY). (2.36)

This phenomenon can be associated with the coefficients g and p. If the ratio of these
coefficients equals 1, the transition probabilities are equal. Otherwise, the transition
probabilities are different. With Eq. (2.22) the squared ratio of |q/ p| is calculated to be
2(Miy = 5T12)

, (2.37)

2
E

2(Myz — énz)
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2.4 Types of CP violation

From this ratio, it can be derived that the ratio is not equal to 1 if a relative phase between
M5 and T}, is present. This generally occurs when the mass eigenstates are not the CP
eigenstates.

Indirect CP violation has already been observed in the kaon system [69]. However, in
the B?s) system, indirect CP violation is expected to be small [88]. Measurements in this
system are performed using flavour-specific semileptonic decays, where the asymmetry
is defined as

mix _ TB° O~ CnX) -TB M)~ X)) _1-lg/p’
@ T TB@) > X + TR - CHXT) 1+ q/p*

(2.38)

The results of these measurements are consistent with 0, although the precision is
limited [89, 90]. This also confirms the approximation of the |q/ p| ratio in Eq. (2.23).

2.4.3 CP violation in interference

Another type of CP violation is CP violation in the interference. It can occur if the B® and
the BY decay into the same CP eigenstate frp. In this case, the decay amplitudes of the
direct decay B’ — frp and the decay after mixing B’ - B° — fp interfere. To account
for the decay into a CP eigenstate, the observable A ris redefined as

Acp =nep— > (2.39)

where ncp is the CP eigenvalue of the final state fp. The CP eigenvalue is defined by the
transformation of the final state under CP transformation, i.e.

CPfep) = | fep) = neelfep) = £11fep) - (2.40)

With the approximation |q/p| = 1 the decay-time dependent asymmetry is calculated to
be

qint _ TB®— H-TE®- )
P TE W f)+TE@O— f)
(1= g cos(Am) — 28(Acp) sin (Amt)
(1+Acpl’) cosh (4F) — 2R (Acp) sinh ()

(2.41)

The asymmetry is simplified by using the definitions of the CP observables given in
Eq. (2.31) and by assuming AI'; = 0. The resulting modified asymmetry is given by

Ai&t(t) = nepSysin(Ami) — Cycos(Ami). (2.42)

Consequently, CP violation in the interference arises if [Acp| # %1 or if the imaginary
part of Acp is non-zero. Since this type of CP violation can also occur in the absence of
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direct and indirect CP violation, it is associated with
S(Ap) # 0. (2.43)

The most prominent examples of measuring CP violation originating from interference
between direct decay and decay after mixing are the measurements in B® — ]/ng
and BY — JAj¢ decays [17, 18]. Both were performed by the LHCb experiment and
contributed significantly to the world averages of the CP observables, allowing the CKM
parameters to be further constrained.

2.5 The B— D**D*” decays

The analyses performed in this thesis aim to measure several observables in the frame-
work of B> D*"D*~ decays. This section focuses on discussing these decays and the
observables of interest. The Feynman diagrams of both decays are presented in Fig. 2.4.

D**
+ _
w d
BO
l; c
B D
d > d
c
D+
b d
0 0
B W ( 6] w -
d(s) d _
D d(s) d}DH
c C

Figure 2.4 - Dominant Feynman diagrams of the B}, » D**D*~ decays, i.e. the (top left) tree
level, the (top right) penguin, the (bottom left) W-exchange and the (bottom right) penguin
annihilation diagrams. The B? — D**D*" is suppressed compared to the B’ — D**D*~ decay
since it is only possible via the W-exchange or the penguin annihilation diagrams.

The dominant contribution to the B® — D**D*~ decay is the tree level (T) diagram
which is characterised by b— ccd transitions. Furthermore, penguin (P), W-exchange
(E) and penguin annihilation (PA) diagrams contribute to the decay. It has been ob-
served by the CLEO experiment [91] but was also measured by the Belle and BaBar

16



2.5 The B—> D*"D*~ decays

experiments [19, 92]. The current world average its branching fraction is given by
BB —> D**D*7) = (8.0 £0.6)- 1074, (2.44)

which is taken from Ref. [47]. The B} — D**D*~ decay is suppressed compared to
the B’ — D**D*~ decay since it is only possible via the W-exchange or the penguin
annihilation diagrams. This decay has not been observed so far. Its absolute branching
fraction is predicted to be (3.1713) x 107, where a perturbative QCD approach based
on ky factorisation is used in the calculation [41].

This thesis aims to measure the BY — D**D*~ decay and its branching fraction relative
to the B" — D**D*~ decay. The definition of this ratio is discussed in more detail in
Sec. 2.5.1. Furthermore, this thesis aims to measure the CP observables in B — D**D*~
decays. The general discussion of CP violation is given in Sec. 2.4. Sec. 2.5.2 combines
this information and summarises the resulting properties of applying the theory on
the B’ — D**D*~ decays. The B" — D**D*~ decays introduce a further complication
in the measurement of CP violation, as these are B— VV processes. This dilutes the
measurement of the CP parameter Sp+p+ and is discussed in Sec. 2.5.3.

2.5.1 Ratio of branching fractions

The branching fraction 98 indicates the probability that an initial state decays into the
final state. It is defined as the ratio of the corresponding decay width relative to the
total width. The time-integrated branching fraction of the decays B® — D**D*~ and
BY — D**D*~ decays are defined as

./V ), D* —
!%(BO_) D*-‘,-D‘k—) — BO D**D

2 fs+ Zint - Opp * €B°>D*+ D*= ’ (2.45)
0 *4 yk— ‘/VBQ_’DHD*_ .
@(Bs — D*"D*7) =

2 fa- Zint - o - €B0—D**+ D*~ ’
where f; are the hadronisation probabilities, oy is the bb production cross section, L
is the integrated luminosity, .#; are the number of signal candidates and ¢; are the
selection efficiencies of the respective decays. The factor 2 enters the definition because
charge-conjugated decays are also possible. By measuring the B — D**D*~ branching
fraction relative to the B® — D**D*~ fraction systematic uncertainties of the integrated
luminosities Z,; and the cross sections oy, cancel. Additionally, possible systematic
uncertainties induced from the D** mesons or their decay products cancel as both
decays are reconstructed using the same final states. Calculating the ratio of branching
fractions with individual branching fractions defined in Eq. (2.45) results in

RB(B?— D**D*7)  Nppp=  fy epi,pepe-

= c = . 2.46
%(BO g D*+D*_) '/VBO—>D*+D*_ f:? ng—>D*+D*_ ( )
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The dominant contribution to the ratio arises from the ratio of the candidates and the
ratio of the hadronisation probabilities since the selection efficiencies of both decays are
expected to be approximately equal.

2.5.2 CPviolation in B> D**D*" decays

Several processes contribute to the decay amplitude of the B — D**D*~ decay. The
dominant Feynman diagrams are shown in Fig. 2.4. Besides the main contribution
from the tree-level diagram with a b — ccd transition, the penguin, W-exchange and
penguin annihilation diagrams have to be taken into account when calculating the decay
amplitude. The amplitude is the same as for the B® — D" D™ decay [32, 35, 39] since
the D** and D* mesons share the same quark content and, therefore, the transition
processes are the same. It is given by

AB"— D**D*) =V V3 (T +P.+E+ PA.)

x . (2.47)
+V, Vi (P,+PA) + V.aVip (P, + PA)) ,

where the index of the Pand PA diagrams indicate the quark that is exchanged in the loop.
Rearranging the unitarity equation given in Eq. (2.12) and introducing the observable &/
defined as

A =T+E+P.+PA.— P — PA, (2.48)
allows to simplify the decay amplitude to

VudV;b Pu + PAu - Pt - PAt
Vchc?? 4

AB"— D**D* ) =V Vid |1+ (2.49)
The Wolfenstein parametrisation of the CKM matrix given in Eq. (2.9) is exploited to
simplify the decay amplitude further. Using the definitions of R, and the CKM angle y
from Eq. (2.13) and Eq. (2.14), respectively, the ratio of the matrix elements in Eq. (2.49)
is calculated to be

= —Rpe" . (2.50)

By defining

0 g (Pu +PA, - P — PAC>
b o

with the hadronic CP conserving parameters &, a, and 6, the decay amplitude is simplified
to

(2.51)

AB"— D*D*) =V, Vi o (1 - ael") . (2.52)
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In contrast to the parameters a and 6, the CKM angle y is a CP-violating weak phase. Tak-
ing into account the characteristics of the individual parameters under CPtransformation,
the amplitude of the B® decay is determined to be

AB"— D**D*7) = ViV, o (1 — aee™) . (2.53)
Using the definition in Eq. (2.39), the parameter Ap«+p+- is calculated to be
) _ il iy
Aperpe- = nepe P 19EE (2.54)

1— aele v
The CP parameters are subsequently determined with the definitions given in Eq. (2.31).
They are calculated to be

23(N) sin(2f8) — 2acos(0) sin(¢g + y) + a? sin(¢y + 2y)
SD*+D*— = —2 = —]’]CP 2 s
1+ Al 1+ a* — 2acos(0) cos(y) (2.55)
1—[A)2 2asin(0) sin(y) '
Cprpe- = =

1+A2  1+a?—2acos() cos(y)

Only two of the three CP observables are calculated as the third observable A%L D
does not enter the decay rates in the B? system due to the assumption of AI; = 0. The
observables Sp+p+- and Cp++p still include the hadronic parameters. The calculation
of these hadronic parameters is not trivial due to QCD effects [39]. Accordingly, they
need to be determined experimentally. In the absence of the hadronic contributions,
the parameter Spy-+p« is equal to — sin2f. For the B’ — D**D*~ decay, the SM predicts
higher-order contributions from penguin diagrams in the order of a few percent [30, 31].
Consequently, direct CP violation, i.e. Cp+p+ # 0, must be considered and only an
effective phase 2 defined as

28 = §g" = da+ Ay (2:56)
can be measured, where the phase shift A¢, is calculated to be

a? sin(2y) — 2acos(0) sin(y)
1+ a? cos(2y) — 2acos(6) cos(y)

tan(A¢y) = (2.57)

The relation of this effective phase and the CP parameters Sp++p« and Cps+p+- is given
by

S Y —
sin(¢¢h) = - 22— (2.58)
1—C%ipye
V1~ Cpep

The current world averages and the individual measurements contributing to the aver-
ages of the Sp+p+- and Cp++p+- observables are shown in Fig. 2.5.
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Figure 2.5 — Averages of the CP observables (left) Cp-:p- and (right) Sp-+p- in B® — D**D*~
decays taken from Ref. [93].

The CP observable Sp«+p+- defined in Eq. (2.55) still depends on the CP eigenvalue ncp
of the final state. The B® — D**D*~ decays are B— V'V processes, where the final state
is a mixture of CP-odd and CP-even eigenstates. As a consequence, the CP eigenvalue
of the final state has to be determined when measuring the weak mixing angle ﬁeff in
B’ — D**D*~ decays. This can be achieved by performing an angular analysis, which
is discussed in more detail in Sec. 2.5.3.

2.5.3 Angular formalism in B > D**D*~ decays

A non-CP eigenstate as a final state has to be considered when measuring CP violation.
The B° mesons are pseudoscalar particles, i.e. they have a spin of ]P = 0. In contrast,
D** mesons are vector particles with a spin of J¥ = 17. Consequently, three different
relative orbital momenta between the D** and D*~ mesons are possible, i.e. L =0, L = 1
and L = 2. The CP eigenvalues of each of the three states are given by

CPAD*D*™) = (-1)¥|D*D*7). (2.59)

The resulting possible CP eigenvalues of the final states are np = +1. They are called CP
odd for L = 1 with ncp = —1 and CP even for L = 0 and L = 2 with nep = +1. The final
state thus consists of a mixture of CP-odd and CP-even eigenstates. Due to the different
signs of the CP eigenvalues, the decay amplitudes of the CP-odd and CP-even states are
different, and the overall CP asymmetry is diluted. With the amplitudes A, and A_ of

the CP-even and CP-odd states, respectively, the dilution factor D is calculated to be
A% — A% 2A2
A% + A2 A% + A2

where R, is the fraction of the CP-odd component in the final state. As derived in
Ref. [94], the CP parameter Sp++p+- is diluted by this factor D. In contrast, the parameter
Cp+p+ as defined in Eq. (2.55) is independent of ncp. By considering these dependencies,
assuming ATy = 0 and neglecting contributions from indirect CPviolation, i.e.|q/p|* = 1,
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the time-dependent decay rates as given in Eq. (2.30) are determined to be

FBO(t)—>D*+D*— O<€_Ft(1 + AD*+D*_) [1 — DSp+p+- sin (Amdt) + Cpsp- COS(AT’TLdt)]
FBO(t)—>D*+D*_ 0<€_Ft(1 + AD*+D*_) [1 + DSp+p+- sin (AMdt) — Cpsp*- COS(AH’Ldt)] .
(2.61)

Both assumptions, ie. AI; = 0 and |q/p|*> = 1, are in agreement with the current
experimental precision [47]. Since the dilution factor directly enters the decay rates,
the CP eigenvalue of the final state has to be determined when measuring CP violation.
This can be done by disentangling the CP-odd and CP-even components via an angular
analysis, which allows to measure the CPasymmetry without losing statistical power [95].
The general approach in angular analyses is to study angular distributions. These are
sensitive to spin correlations and reveal the properties of particles and their interactions.
However, in the case of a spin-zero particle, such as the B° meson, the decay chain has
to be analysed since there are no spin correlations in the production mechanism. A
common angular basis for such an analysis is the helicity basis [47, 96]. The helicity of
a particle is defined as the projection of the spin along the momentum [97]. For a B°
meson decaying into the D**D*™ final state, the spin projection of the final state on the
decay axis in the B rest frame has to be zero. Therefore, the D** mesons are required
to have the same helicity. Since the D** meson has spin J© = 17, the helicity can take
three values, i.e. h = —1, h = 0 and h = +1. A complex amplitude Hj, is associated with
each helicity eigenstate, i.e. the longitudinal amplitude H and the transverse amplitudes
H, and H_. Since this basis allows to determine the longitudinal rate directly, it is
very popular for theoretical calculations. In contrast, the transversity basis [47, 95] is
convenient for determining the CP-odd fraction. In the transversity basis, the amplitudes
are defined as spin projections for one vector particle parallel and perpendicular to the
plane of the decay of the other. In comparison with the helicity basis, the longitudinal
amplitude A, remains unchanged. The other two transversity amplitudes are defined as
the following linear combinations of the helicity amplitudes

Ag=Hy, A, = %(H+ ~H.), A= é(m +H). (2.62)

The decay products of the D** mesons, i.e. the D%*i mesons and the respective slow
pions 7., are analysed to determine the angular momenta. The particles are used to
define the angles in the transversity basis with which the decay rate of B® — D**D*~
decays can be described. The angles are shown in Fig. 2.6 and defined as follows.
First, the polar angle 6p«- of the 7. in the D*~ rest frame, i.e. the angle between the
momentum of the 775, and the momentum of the D** meson in the rest frame of the
D*™ meson. Second, the polar angle 6, between the normal of the D*~ decay plane and
the 7., line of flight. Third, the relative azimuthal angle ¢y, i.e. the angle between the
momentum of the D** meson in the B° rest frame and the momentum vector of the
. projected onto the D*~ decay-plane in the D** rest frame.
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Figure 2.6 — Illustration of the definition of the angles in the transversity basis. The angles are
defined in more detail in the text.

The 0p+ and 6, distributions of the CP-odd and CP-even contributions allow to separ-
ate the two components. By integrating three-dimensional angular-dependent decay
rate [95] over the angle ¢, the two-dimensional decay rate is calculated to be

sz(R()’RJ_) _ 9
dcos(Op+)dcos(6,) 16

> RiH(cos (). cos(6p-)) (2.63)
i=0, 1, ||

where
H, = 2 cos?(Op+) sin®(6,),
H, = 2sin®(8,) cos®(6,), (2.64)
H = sin®(6,,) sin® (6,) .
The relation between the amplitudes A; and the R; is given by \/E = A;, and the real-
valued parameters R; are defined to have the sum of one. The observable R, is the

CP-odd fraction that directly enters the decay rates given in Eq. (2.61) via Eq. (2.60). The
current world average of the CP-odd fraction is given by

R, =0.15 £ 0.02 (2.65)

as given in Ref. [93]. It is illustrated in Fig. 2.7, where also the individual measurements
contributing to the average are shown. The theoretical prediction of the CP-odd fraction
: theor _

is R = 11% [30].

2.6 Limitations of the Standard Model

The SM is in good agreement with experimental observations, and all theoretical predic-
tions have been confirmed experimentally. Although the model describes the processes
very accurately on a microscopic level, it fails to completely explain nature on a macro-
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Figure 2.7 — Average of the CP-odd fraction in B — D**D*~ decays taken from Ref. [93].

scopic level. The perfect example is that it does not describe the gravitational force, the
dominant interaction in the macroscopic world. An extension of the current SM would
include the gravitational force and describe it in a quantum-mechanical framework
instead of the still-used basis of Einstein’s general theory of relativity.

The SM also does not explain the existence of dark matter and energy. However, these
two components of the universe comprise 95% of its energy density [11]. Accordingly,
the model describes only 5% of the known matter. Furthermore, the known matter also
leads to the question of why similarly large clusters of antimatter do not exist. This
phenomenon is also referred to as the matter-antimatter asymmetry. In 1967, Sakharov
established three conditions for this asymmetry to occur [12]. These are the violation of
the baryon number, the deviation from thermal equilibrium in the early inflation of the
universe and the violation of the CP symmetry. Although the latter condition has been
observed experimentally, the amount of the measured CP violation is not sufficient to
describe the matter-antimatter asymmetry [13, 14].

Another phenomenon that is not included in the SM are neutrino oscillations [9, 10].
These oscillations show that the neutrinos are not massless, as the SM implies. One
solution to this problem would be to describe the neutrinos as Majorana particles, i.e.
they would be their own antiparticles [98].
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3 The LHCb experiment at the LHC

One of the most remarkable particle colliders that currently exists is the LHC. The LHC
is operated by the CERN and is located near Geneva, Switzerland. A unique detector
installed at the LHC is the LHCb experiment. The main focus of the LHCb experiment
lies in testing the SM with precision measurements or searching for NP by studying
hadrons containing b or ¢ quarks.

In this chapter, the CERN facility with its accelerators is described in Sec. 3.1. This
thesis uses data collected with the LHCb experiment. Therefore, a detailed overview of
the LHCb detector is given in Sec. 3.2. An outline of the software used at the experiment
is discussed in Sec. 3.3. Finally, Flavour Tagging (FT) at the LHCD experiment is explained
in Sec. 3.4, which is used to tag the initial B meson flavour. If not specified in more
detail, the information presented in this chapter is mainly based on Refs. [99-101].

3.1 The Large Hadron Collider

The LHC is a hadron accelerator and collider which has been installed in the old tunnel
of the Large Electron-Positron Collider (LEP)[102]. The tunnel is located 45 m to 170 m
beneath the surface and has a length of 26.7 km. Accordingly, it is currently the largest
particle accelerator in the world. Various hadrons can be accelerated in the LHC,
including protons or lead ions [103]. For this thesis, only the physics programme with
protons is of interest. Therefore, the following description of the CERN facility will
focus on the relevant information for this programme.

In the LHC ring, the protons are accelerated in opposite directions and are brought to
collision at four interaction points. They are organised in bunches, which circulate in
intervals of 25 ns, resulting in a bunch crossing frequency of 40 MHz. This leads to a total
number of up to 2808 bunches for each beam, where one bunch contains approximately
1.1 x 10! protons. A total of 1232 dipole magnets with a maximum field strength of
8.33 T keep the proton bunches in their orbit. These magnets are superconducting and
cooled with liquid helium to reach a temperature below 2 K. The maximum field strength
limits the maximum beam energy of the LHC to 7 TeV since the protons can not be kept
on their trajectory for higher beam energies. To focus the beams, the LHC has about 450
quadrupoles installed. Both beam pipes are evacuated to an almost complete vacuum of
10713 bar to 10~ bar to avoid collisions with air molecules.

The LHC uses a series of pre-accelerators which have been built before the LHC was
designed. All accelerators, as well as the large experiments, are shown in the schematic
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layout of the whole CERN facility in ??. The first pre-accelerator is a linear accelerator
called LINAC2, which is used to accelerate protons to an energy of 50 MeV. In the next
step, the protons are injected into the Proton Synchrotron Booster (BOOSTER). After
reaching an energy of 1.4 GeV in the BOOSTER, they are transferred into the Proton
Synchrotron (PS) where they are accelerated up to an energy of 25 GeV. Finally, they
are passed to the Super Proton Synchrotron (SPS), accelerated to an energy of 450 GeV
and injected into the LHC storage ring. In the LHC, the protons are accelerated to their
final energy of 7 TeV.

LHC

North Area

LHCb

SPS

AWAKE
ATLAS \/

TI2

HiRadMat

TT60

AD

™

PS

\
X LINAC 2
neutrons LEIR (y) e
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Figure 3.1 — CERN accelerator facility with all pre-accelerators and the LHC. The four large
experiments ATLAS, CMS, ALICE and LHCb, as well as smaller experiments, are shown. All
pre-accelerators and also characteristics of the LHC are described in the text. The scheme is
taken from Ref. [104].

The design of the LHC allows a maximum centre-of-mass energy of up to 14 TeV
and a peak luminosity of 103 cm™?s™! to be achieved at the intersection points of the
LHC. However, during the first two data-taking periods of the LHC, the maximum
centre-of-mass energy was not reached yet. The first period is defined as the years from
2011 to 2012. Due to safety reasons after a major fault in 2008, the LHC was operated
with a reduced centre-of-mass energy of 7 TeV and 8 TeV in 2011 and 2012, respectively.
In the second period, during the years from 2015 to 2018, the LHC was operated with a
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3.2 The LHCD detector

centre-of-mass energy of 13 TeV. The data-taking periods can also be called a Run. In
what follows, they are therefore further referenced as Run 1 and Run 2.

Four large experiments at CERN are installed at the interaction points of the LHC.
These are the ATLAS [105], CMS [106], ALICE [107] and LHCb experiments. ATLAS and
CMS are general-purpose experiments which study a broad particle physics programme.
They are hermetic detectors covering the full angular range. Despite being also a
hermetic detector, the ALICE experiment is focussed on heavy ion physics in lead
collisions and on studies of quark-gluon plasma. The data analysed in this thesis was
recorded with the LHCb experiment. This experiment has a unique geometry and is
described in more detail in the following section.

3.2 The LHCb detector

The LHCb experiment is designed for precision measurements in the ¢ and b quark
sectors. It is also capable of performing fixed-target measurements by injecting different
gases into the interaction point [108]. In contrast to the other large experiments at
CERN, it is not centred around the collision point and does not cover the entire angular
range but is instead built in one direction from the collision point. The unique angular
range covered by the detector extends from +10 mrad to £250 mrad in the vertical and
from about +10 mrad to £300 mrad in the horizontal plane which corresponds to a
pseudorapidity range of 2 < n < 5. Due to this special detector geometry, it is also called
a single-arm forward spectrometer. This setup is particularly beneficial for the physics
programme since b and ¢ quarks are mainly produced in the forward direction. The
reason is that the main production process of the quark pairs is gluon-gluon fusion. Since
the energy threshold for b or ¢ pairs is relatively small, there is a high probability that one
of the gluons will carry a larger momentum, resulting in a boost of the produced quark
pair. The production angle and the pseudorapidity of bb pairs at a centre-of-mass energy
of 14 TeV are shown in Fig. 3.2. Overall, around 25% of the quark pairs are produced in a
direction that is covered by the LHCb detector.

A scheme of the detector design is presented in Fig. 3.3, where all major subdetectors
that are essential for taking quality data are shown. One other detector, which is not
illustrated in Fig. 3.3, is the Beam Condition Monitor system (BCM) [110]. It is installed
to monitor the stability of the beam around the interaction point at LHCb. Particularly
during the injection of protons into the LHC, but also in general, it can happen that
the particle beams are misaligned. Misaligned beams result in particle showers hitting
sensitive material, which can cause crucial damage to the LHCb detector. To prevent
such incidents, the BCM system measures the flux of charged particles around the beam
pipe. If the beams are misaligned, the system can initiate a beam dump to protect
the detector against radiation damage. Therefore, it is essential for the safety of the
LHCD detector [111]. Two subdetectors are installed, both equipped with eight diamond
sensors. One is placed downstream, and one is upstream of the interaction point.
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Figure 3.2 — The (left) production angle and (right) pseudorapidities of simulated bb pairs at
a centre-of-mass energy of 14 TeV both taken from Ref. [109]. The LHCb acceptance region is
coloured in red in the left plot and indicated by a red box in the right plot.

The LHCb experiment does not operate at the maximum instantaneous luminosity
delivered by the LHC. Using a reduced luminosity keeps the amount of inelastic proton-
proton scattering in the detector at a constant level. In detail, it allows to operate in a
cleaner environment ensuring good data and reconstruction quality since otherwise, the
track multiplicity in the detector would be too high to perform precision measurements.
To achieve this, the two proton beams are repositioned so that they do not overlap com-
pletely. The procedure is called luminosity levelling and allows the LHCb experiment
to operate at an instantaneous luminosity of & = 4 - 1032 cm™2s™! [112]. Operating at
this luminosity, the experiment recorded data sets corresponding to integrated lumin-
osities of it 2011 = 1.11 fb~! and Zint, 2012 = 2.08 fb~! during Run 1. The individual
samples were recorded at centre-of-mass energies of \/syp1; = 7 TeV and +/syg15 = 8 TéV,
respectively. For Run 2 the centre-of-mass energy was increased to /sp,, 2 = 13 TéV.
A data sample corresponding to an integrated luminosity of Zj,; ruyn 2 = 5.99 fb~! has
been recorded during this period. Overall, an integrated luminosity of Z;,; = 9.18 !
has been recorded during Run 1 and Run 2.

In general, an accurate tracking and a reliable particle identification have to be ensured
by the detector to record data of high quality. The individual subdetectors shown in
Fig. 3.3 are discussed in more detail in the following.

3.2.1 Tracking system

The LHCD tracking system consists of several subdetectors to ensure accurate tracking
of the particles travelling through the detector. It comprises a high-resolution vertex
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Figure 3.3 — Schematic overview of the LHCb detector [100]. All essential subdetectors are
shown, i.e. the Vertex Locator (VELO), the two Ring Imagine Cherenkov detectors (RICH1,
RICH?2), the tracking stations (T'T, T1 - T3), the Preshower Detector (PS), the Scintillating Pad
Detectors (SPD), the electromagnetic calorimeter (ECAL), the hadronic calorimeter (HCAL), the
muon chambers (M1 - M5) and the dipole magnet. They are explained in more detail in Sec. 3.2.1
and Sec. 3.2.2.

detector and several tracking stations. In addition, a dipole magnet is installed to bend
the tracks of charged particles. All components of the tracking system are discussed in
more detail below.

Vertex locater One of the most important subdetectors is the Silicon Vertex Locator
(VELO). It is directly placed around the interaction point and allows to precisely measure
the production and decay vertices of the particles, e.g. of produced B mesons. These
vertices are further referenced as the primary vertex (PV) and the secondary vertex (SV).
A high resolution on the measurement of the production and decay vertices is crucial for
decay-time dependent studies as performed in this thesis. This is due to the short lifetime
or rather short flight distances of the B mesons. The VELO consists of 21 semi-circular
silicon modules that are installed in the beam pipe. The modules allow to measure the
tracks of particles in cylindrical coordinates, i.e. the radial distance R and the azimuthal
angle ¢. The longitudinal component is measured using information about the position
of the modules. For vertices with 25 tracks, a resolution of around 13 ym and 71 pm
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can be reached transveral and along to the beam axis [113], respectively. A decay-time
resolution of approximately 50 fs is obtained [113]. This can be achieved by moving the
VELO up to 5mm close to the beam pipe when the beams are stable after the injection
into the LHC. Since the VELO is a key subdetector for many analyses, it also has to be
protected when there are no stable beams. For this reason, the VELO can be moved up
to 3.5 cm away from the beam, preventing the system from radiation damage.

Tracking stations The tracking stations at the LHCb experiment gain information
about charged particles. By combining the information obtained from the VELO and
the tracking system, most of the tracks can be reconstructed. The tracking system itself
can be divided into two subsystems. The first subsystem is the Tracker Turicensis (TT),
which is directly located before the magnet. It covers the full detector acceptance and
consists of four layers of silicon micro-strip sensors with vertically aligned strips. The
inner two layers are rotated by an angle of +5° to achieve a spatial resolution in the y
direction. Accordingly, the layers are arranged in the x—u—v-x scheme. The overall task
of the TT is to gather information on long-lived neutral particles decaying outside of
the VELO by measuring the tracks of the charged decay products.

The second subsystem is located directly behind the magnet and comprises the tracking
stations T1 to T3. Each of these stations consists of an Inner Tracker (IT) and an Outer
Tracker (OT). The IT is a high-resolution silicon-strip detector centred around the beam
pipe. In contrast, the OT is a drift tube detector that covers an angular range further
away from the beam pipe. The OT is filled with Ar/CO, /0, (70:28.5:1.5% [114]) which
is ionised by charged particles. By measuring the time of flight of the electron to the
anode, the position of the particles can be determined. The reason for the different
designs of the IT and OT is that the area closer to the beam pipe is significantly higher
occupied with particles than the outer detector region. Consequently, a higher resolution
is needed in the central region of the detector. In contrast, drift tube detectors usually
have a lower resolution due to their higher delay time. However, this resolution is
sufficient for the outer region of the tracking stations and therefore it is a cost-effective
solution. The IT of each station consists of four layers arranged in the same scheme used
for the TT, i.e. x-u—v-x. A single-hit resolution of about 50 pm [115] and 200 pum [114] is
achieved for the IT and OT, respectively. The resolution for the TT and IT is the same.

Magnet A dipole magnet is installed at the LHCb experiment. It is placed between
the TT and the remaining tracking stations T1 to T3. The tracking stations are exposed
to the maximum field strength of the magnet, while the sub-detectors in front or behind
them are only affected by a low field strength. This is necessary to keep the influence
of the field on the subdetectors as low as possible. The field points in the vertical
direction but is periodically inverted to study the charge-dependent asymmetries of
the detector. In general, the main task of the magnet is to bend the tracks of charged
particles. Information about the curvature from the other tracking subsystems allows
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the determination of the momenta of these particles since the strength of the bending
and the momentum are correlated.

Overall, a track finding efficiency of 96% for the reconstruction of charged particles
is reached considering information from all tracking subsystems. Depending on the
particle kinematics, a resolution of around 0.5% to 0.8% is achieved on the measurement
of the momentum. The mass resolution is determined to be around 0.5%.

3.2.2 Particle identification system

The particle identification system at the LHCb experiment comprises several subdetectors
such as the Ring Imaging Cherenkov Detector (RICH), a calorimeter system and a muon
identification system. These subsystems are discussed in more detail in the following.

Ring imaging Cherenkov detectors The RICH [116, 117] detectors identify charged
particles and are decisive in distinguishing between hadrons such as pions, kaons and
protons. A strong differentiation and a small misidentification (misID) of these particles
is also essential for this thesis since all final-state particles of the reconstructed decays are
kaons and pions. Two RICH detectors are installed at LHCb, further referenced as RICH1
and RICH2. RICH1 is located directly behind the VELO and covers a momentum range
from 2 GeV to 40 GeV. In comparison, RICH2 covers a range from 15 GeV to 100 GeV and
is located directly behind the tracking stations T1 to T3.

Both subdetectors utilise the Cherenkov effect to identify particles. The effect occurs
when charged particles traverse a medium with a velocity v that is faster than the speed
of light in this medium cy. In this case, the particles emit light in the form of a cone
along their trajectory. The cosine of the opening angle of the cone 6 is then given by
cos (0c) = 1/(np), where n is the refractive index of the medium and f is defined as
B = v/cpr. In the RICH detectors, the emitted light is projected over spherical and planar
mirrors onto photodetectors. These photodetectors are placed outside of the detector
acceptance to prevent them from radiation damage and to avoid possible influences
on the particle tracks. By measuring the radius of the cone of the projected light, the
opening angle 6 can be determined, as these two quantities are proportional to each
other. Since the refraction index of the gas inside of the RICH detectors is known, the
velocity can be determined. By combining the velocity with information about the
momentum from the tracking system discussed in Sec. 3.2.1, the particle mass can be
calculated, and a particle hypothesis can be assigned. In Fig. 3.4, the angular distribution
is plotted against the momentum for isolated events. It shows a good separation between
the hadrons, such as pions, kaons and protons, as well as the muon.

The schematic structure of the RICH1 detector is also shown in Fig. 3.4. The RICH2
detector is not presented, but it uses a similar structure [118]. Behind the magnet, the
momentum spectrum is shifted to higher values. Due to the dependence of the refraction
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Figure 3.4 — The (left) schematic overview of the RICH1 detector [118] and the (right) recon-
structed Cherenkov angle as a function of track momentum [117] in the C,F;, radiator used in
RICH1. The angular distribution is shown for isolated events. A good separation between the
hadrons, such as pions, kaons and protons, as well as the muon, is achieved. The RICH2 detector
uses the same principle and a similar structure, but a different radiator gas is used, i.e. CF,.

index, the momentum and the opening angle, different gases are used in RICH1 and
RICH2 to ensure an excellent pion and kaon separation over the full momentum range.
In detail, RICH1 is filled with C4F;, while RICH2 is filled with CF,. Overall, a correct
kaon identification of 95% and a pion to kaon misID of 5% is reached.

Calorimeter system The calorimeter system includes several subdetectors to measure
the energy and position of particles. It also allows to identify hadrons, electrons and
photons. The schematic structure with all subcomponents is shown in Fig. 3.5.

The first part of the calorimeter system is a double detector system consisting of the
Scintillating Pad Detector (SPD) and the Preshower Detector (PS) with a 2.5 radiation
length (15 mm) lead layer placed between both components. The radiation length is
a characteristic quantity of a material that indicates the energy loss of high-energy
particles interacting electromagnetically with the material. The SPD detects charged
particles which deposit energy in the scintillator material. Radiation energy originating
from electrons and photons interacting with the lead absorber is measured with the PS.
Consequently, the SPD and PS are used to separate photons and electrons. The system
also helps with the detection of neutral and charged pions. The charged pions also cause
a signal in the SPD while the neutral pions do not. Electrons and charged pions can then
be separated because the electrons shower already in the PS. Neutral pions with high
transversal energy can be separated because they do not cause a signal in the SPD or PS.

Directly behind the double detector system, the electromagnetic calorimeter (ECAL)
and hadronic calorimeter (HCAL) are installed. The ECAL focuses on the energy meas-
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Figure 3.5 — The schematic overview of the calorimeter system installed at the LHCb experiment.
The signal of electrons, photons, charged hadrons and muons with high transverse momentum in
different components of the system is shown. The system consists of the (blue, SPD) Scintillating
Pad Detector, (blue, PS) Preshower Detector, (green, ECAL) electromagnetic calorimeter and (dark
blue, HCAL) hadronic calorimeter. A (grey) lead layer is installed in between the Scintillating
Pad Detector and the Preshower Detector. In addition to the calorimeter system, the (orange,
M1-M5) muon chambers are illustrated. The scheme has been adapted from Ref. [119].

urement of electrons and photons, while the HCAL measures the energy of hadrons.
Both calorimeters use a similar structure of alternating layers of absorber and scintil-
lating material. Particles penetrating the absorber layers in front of the scintillators
cause electromagnetic and hadronic showers. The showers then excite the scintillating
material. By radiation transition into the ground state, photons are emitted, which are
then measured by photomultipliers. Multiple layers of absorber and scintillating material
are used since interacting particles should deposit all their energy. The main difference
between both calorimeters is that the ECAL uses lead layers, and the HCAL uses iron
layers as absorber material. The reason is that the average radiation length of hadrons
in lead is large and no significant signal will be caused in the ECAL by the hadrons. The
resolution on the measurement of the energy deposition for both ECAL and HCAL is
defined as oz /E = a/\E + b where a is a stochastic term and b constant term. For the
ECAL a and b are given by 8.5 % to 9.5 % and 0.8 %, respectively. The parameters for the
HCAL are (69 + 5) % and (9 + 2) % for a and b, respectively.

Muon identification system The muon identification system is the last detector
subsystem and consists of five individual muon chambers, where one (M1) is placed in
front of the calorimeter system, and the remaining four (M2 to M5) are placed behind the
system as shown in Fig. 3.5. Between the chambers M2 to M5, 80 cm thick iron absorbers
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are installed. The muon system is an essential component of the LHCb experiment
since it is elementary for reconstructing decays with muons. Such decays have a clean
detector signature, and their reconstruction is of high importance since they play a huge
role in the trigger system and in the FT, both explained later in this chapter. A resolution
of around 20% on the measurement of the transverse momentum is achieved [120].

Muons are weakly interacting particles that traverse the whole detector without
depositing their entire energy. Additionally, most of the other particles are stopped
before the muon chambers, and therefore, only muons produce a signal in the chambers.
Low energy muons are also stopped before and in the muon system due to the iron
absorbers so that only muons with a momentum above 6 GeVic traverse all five stations.
Since the design of the muon chambers only allows the measurement of charged particles,
neutrinos cannot influence a signal.

Two tasks can be assigned to the five muon chambers. First, M1 to M3 are responsible
for the tracking direction and the measurement of the transverse momentum. Second,
due to a smaller spatial resolution the task of M4 and M5 is to identify particles that
penetrate the iron layers. All chambers are multi-wire proportional chambers filled
with Ar/CO,/CF, (40:55:5) except for the central region of M1. This region is exposed
to a much higher particle flux since it is close to the beam pipe and is installed before
the calorimeter system. Due to their radiation resistance, gas-electron multipliers are
used for this region instead of the multi-wire proportional chambers. A total muon
identification efficiency of 95% with a misidentification rate of below 1% is reached [121].

3.2.3 Trigger

The bunch crossing rate at the LHC is 40 MHz. Even with the approach of luminosity
levelling used at LHCb, it is not possible to save all available data to disk. Additionally,
the b and ¢ quark production cross sections are relatively small. Therefore, the data has
to be filtered, and only events with respect to the physics program are stored. A trigger
system is installed to decide if events are interesting. Due to continuous development,
the system has slightly changed between Run 1 and Run 2. The schemes of the individual
trigger systems used in the respective runs are shown in Fig. 3.6.

In general, the system consists of one hardware and two software stages. The hardware
stage is called the L0 trigger and operates directly at the bunch crossing rate. It uses
information from the calorimeter and muon systems. Events with hadrons or electrons
having high transverse energy deposition in the calorimeter system or one or two muons
with a high transverse momentum are selected. To distinguish between events with one
or more visible proton-proton interactions, information from the SPD is used to reject
events with a high charged track multiplicity, and a pile-up system veto using information
from the VELO is implemented [123]. Overall, the L0 trigger has an efficiency of roughly
60%[124-126] and allows to reduce the data rate to 1 MHz. After the hardware stage, all
detector components can be read out and used in the software stage. The software stage
is split into two separate trigger stages called HLT1 and HLT2. In the HLT1 stage, a
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Figure 3.6 — Basic trigger schemes of the LHCb experiment [122]. The (left) layout of 2012
representative for Run 1 and the (right) layout for Run 2 are shown. The system is split into
three stages, which are further discussed in the text.

partial event reconstruction is performed by either adding information from the VELO
or the tracking stations. Only a part of the full detector information available is used
to decrease the computing resources. Afterwards, several requirements on the track
conditions are applied to confirm the decision of the L0 trigger. In the HLT2 stage the
complete decay chain is then reconstructed and the conditions of the tracks are amplified
in comparison to HLT1. Additionally, more detailed pre-defined selections for several
physics cases are applied. Finally, after the trigger stages, the data rate is small enough
to be completely written to disk. The total trigger efficiency for hadronic B— hh decays
is roughly 40% [125]. The final rates that are written to disk are 3.5 kHz, 5 kHz and
12.5 kHz for 2011, 2012 and Run 2 [127], respectively.

3.3 LHCDb software

At LHCb, multiple software packages are used to translate the detector output into a
high-level output format. Each of them is based on the Gaup1 framework [128, 129],
which is a common framework for many particle physics experiments.
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The conversion into a data format that is accessible for physics analyses starts with the
trigger selection discussed in Sec. 3.2.3 where the software trigger stages are implemented
in the MooRrE package [130]. Further software is provided for the reconstruction of
the decays, the application of first analysis steps and the generation of simulation. All
software packages used for these specific applications are described in the following.

3.3.1 Reconstruction

The reconstruction of decays consists of two parts. First, the tracking information from
several subsystems has to be combined. Second, a particle hypothesis has to be assigned.
Both steps are implemented in the BRUNEL package [131]. To combine the tracks, a
forward tracking algorithm is used [132]. First, the algorithm combines the hits in the
individual subdetectors. Afterwards, the tracks from the VELO are associated with tracks
from the tracking stations T1 to T3. Finally, information from the TT is added. Duplicated
tracks, which can occur when hits are used in the reconstruction of one or more tracks,
are removed. A Kalman filter [133] is used for the reconstruction of the tracks where the
trajectory of the particles is determined by fitting the individual extrapolated tracks of
the various detector components. In detail, the filter uses a collection of hits, information
from the magnetic field and multiple scattering and energy loss from interaction with
detector material. For the assignment of the particle hypothesis information from the
RICH, the calorimeter system and the muon stations are used. The RICH information is
used to identify long-lived hadrons such as protons, charged pions and charged kaons.
By matching the rings in the RICH detector with the reconstructed tracks, the particle
hypothesis can be assigned. The calorimeter system identifies electrons, photons and
neutral pions. Muons are identified by extrapolating tracks into the muon chambers.
For each track likelihoods for various particle hypotheses are calculated.

3.3.2 Preselection

The reconstruction of the tracks and the particle identification (PID) assignment allows
to fit the whole decay chain by combining the proto particles in the raw data. By fitting
the whole decay chain, the final-state particles can be tracked to the mother particles, and
the vertices and properties of intermediate particles can be calculated. Two approaches
are available called DecayTreeFitter (DTF) [134] or LokiVertexFitter (LVF). The LVF uses
a bottom-up approach where the decay chain is fitted from the final-state particles to the
head of the decay chain. The DTF uses a Kalman filter [133]. It requires more computing
resources but allows to correctly account for correlations and uncertainties of common
vertex positions of the intermediate particles, particle momenta, flight distances, decay
times and invariant masses. While fitting the decay chain with the DTF, constraints
can be placed on various properties of the decay. This results in an improved resolution
in the measurement of several observables, e.g. for the invariant mass or decay-time
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variables. Observables extracted with a DTF are used in this thesis where constraints
are placed on the PV of the B meson or on the masses of intermediate particles.

The reconstruction of the whole decay chain directely after trigger selection results
in a lot of data which is only stored on magnetic tape in first place. An analysis-specific
centralised preselection called Stripping [135] is applied after the reconstruction. It
allows to filter out decay candidates that are not interesting for the physics analysis.
The remaining data can be completely saved on disk. The Stripping is performed online,
and loose requirements are applied for different decay modes. These requirements are
defined in Stripping lines, which are described in the DaVincr [136] software package.
The computing time can be decreased by applying this selection online because selection
steps used by multiple lines only have to be performed once. Furthermore, the lines are
very inclusive or contain similar decays so that signal and control channels can use the
same lines. This is also the case for the decays studied in this thesis, where the same
Stripping line is used to select B — D**D*~ and B’ — D**D*~ decays.

3.3.3 Simulation

Simulation is crucial for most analyses performed at LHCb. It is used to develop or
validate models that describe the data, e.g. models to describe invariant mass or decay-
time distributions. Simulation is also essential to calculate the selection efficiencies in
the measurement of the B — D** D*~ decay. Another use case is the study of resolution
effects on several observables. This is possible in simulation since the true generation
values are known. Due to the broad spectrum of applications, accurate simulation is
needed and discrepencies with data have to be avoided which is ensured by constantly
updating the simulation conditions.

Multiple software packages are used in the generation of the simulation. First, proton-
proton collisions are simulated with PyTH1A [137] where a specific LHCb configura-
tion [138] is used. The decay of the generated unstable particles is then described with
the EVvTGEN package [139]. In the decay of the particles, the final-state radiation is
generated using PHOTOS [140]. Interactions with the detector material and the detector
response are simulated using the GEANT4 toolkit [141, 142] as described in Ref. [143].
All of the above mentioned software tools are part of the Gauss [144] package. The
BooLk software package [145] digitalises the generated simulation so that it is equal to
the real detector output. Therefore, the simulation can be processed in the same way as
the recorded data after the BooLE step.

3.4 Flavour tagging at LHCb

Time-dependent measurements of CP violation in the b hadron sector require knowledge
of the production flavour of the B’ meson since the decay rates defined in Eq. (2.30) are
different for B’ and B° mesons. At LHCb, the production flavour is determined by several

37



3 The LHCb experiment at the LHC

independent FT algorithms known as taggers. Each tagger determines a tag decision d
and uses a multivariate analysis (MVA) to assign a mistag estimate 7 for each candidate
in the data set. The tag decision is the flavour at the production of the B® meson,
and the mistag estimate gives the probability that the decision is wrong. In general,
these two quantities are determined by selecting a tagging particle which is correlated
with the production mechanism of the B® meson. The charge of the selected particle
is used to assign the tag decision, and the kinematic and PID information are used to
determine the mistag estimate with a MVA. A scheme of the FT used at LHCb, including
all available algorithms, is shown in Fig. 3.7. The individual taggers can be classified as
a same side (SS) or a opposite side (OS) tagger, where both utilise different topological
information of the event and kinematic properties of the different tagging particles.
The methods each tagger exploits are briefly described in this section. Additionally, the
evaluation of the FT performance is discussed. In general, the information presented in
this section is mainly based on Refs. [146-148].

OS tagging At the PV, the b quarks are produced in pairs by gluon-gluon fusion as
explained in more detail in Sec. 3.2. The OS tagger exploits the second b quark that does
not form the B® meson of the signal decay. Independent from the decay chain of the
signal B’ meson, the second b also hadronises. The decay products of the second b hadron
are partially reconstructed so that the initial flavour of this hadron can be determined
with the charges of the decay products. Such decay products can be electrons, muons,
kaons or charm hadrons. Finally, the signal b quark has to have the opposite flavour of
the b of the second hadron.

Overall, five OS taggers are available. By studying the charge of the electrons and
muons from semileptonic b — XI~ decays, the decision tag can be assigned directly.
These taggers are called OSMuon and OSElectron. Another tagger, called OSKaon,
analyses the charge of kaons produced in b - ¢ — s transitions. The OSVtxCharge
tagger aims to find decays of charged B mesons. The tagger reconstructs their SVs and
calculates the total effective charge by summing over the charges of the decay particles
weighted with their transverse momentum. Finally, the OSCharm tagger reconstructs
D mesons produced via b— c transitions to assign a tagging decision. If the D meson
is not charged, the charge of the produced kaon is used to assign a tagging decision.
The OSCharm tagger has been added after the end of Run 1 and is consequently only
available for Run 2 [148].

SS tagging In comparison to the OS taggers, the SS taggers exploit the remnants of
the hadronisation of the b quark forming the signal B meson. The quark forming the
B° meson together with the b quark, i.e. the d quark, is also created as a dd pair. The d
not forming the B® meson also hadronises due to confinement as described in Sec. 2.1.
Usually, this d quark forms protons or pions. The charges of these protons and pions
are analysed by the SSProton and SSPion taggers to assign a tag decision. The SSPion
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Figure 3.7 - Flavour tagging algorithms used at the LHCb experiment to tag the initial B°
meson flavour. They can be divided into SS and OS taggers. In this analysis, the SSProton and
SSPion taggers are available for the SS while for the OS the OSElectron, OSMuon, OSKaon and
the OSVtxCharge are available. Additionally, the OSCharm tagger is used in the analysis of the
Run 2 data. The taggers and their different approaches are discussed in more detail in the text.
The signal b quark forming the signal B” meson, which decays into two charged D* mesons, is
indicated in blue.

tagger also covers another B’ meson production mechanism in addition to production
in the PV to tag the initial flavour. In detail, they also analyse events where excited B
mesons such as B** are prodcued and decay via B** — Bz, In the case of analysing
B? meson decays, another tagger called SSKaon is avaiable [149]. The hadronisation
of a BY leads to a s quark instead of a d quark. This s quark hadronises to a kaon. The
tagging algorithm works similarly as the SSPion tagger for the B’ meson, but it is not
further discussed and used in this thesis since only B’ meson decays are analysed.

Performance The selections to classify the particles are optimised centrally. Since
the data-taking conditions between Run 1 and Run 2 have changed significantly, several
taggers have been re-optimised for the Run 2 data-taking period [150]. A difficulty in
classifying a particle arises when many tracks are present in an event. Accordingly, the
performance of the FT depends on the event properties. Since the FT is not perfect, it
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can happen that one or more taggers cannot assign a tag decision. The performance can
be estimated using the tagging efficiency ¢, representing the fraction of candidates for
which a tagger can provide a decision, and the average mistag (w).

All taggers aim to provide a tag decision. The possible values are +1, 0 or —1 for
B°, no tag or B, respectively. The mistag probability lies between 0 and 0.5 where 0 is
equivalent to a perfect tag decision and 0.5 is equivalent to no tag decision. The tagging
efficiency and the mistag probability both affect the sensitivity of the CP observables. A
measure that combines both is the effective tagging efficiency, defined as

N
1
Eefftag = N Z(l - 20)1-)2 ) (3.1)
i

where N is the number of candidates in the data set. It is also known as tagging power
since it represents a loss of statistical power compared to a perfectly tagged data set.
Accordingly, this is a suitable quantity for the performance of the FT. The effect of the
tagging power on the statistical uncertainty of the CP observables can be derived as

osc ~ 1/ Eeff tag N.

3.4.1 Calibration

The selections for the training data of the taggers are optimised centrally as discussed in
Sec. 3.4. However, the data analysed in this thesis can differ significantly from the data
used in the training of the taggers. This is usually especially evident in the mistag distri-
butions. Therefore, these differences have to be considered when performing the analysis.
The corresponding procedure is known as FT calibration, which requires knowledge
about the true mistag. The true mistag is defined as the ratio @ = N1se/(Nfatse + Nirue)
where Ny are correctly and N, falsely tagged decays. It can be determined with
flavour-specific decays of neutral B mesons. These are chosen to be kinematically similar
to the signal decays, such as B® — D D~ decays. In these decays, the charge-conjugated
decay is much more suppressed, and the charge of either the D or the DY directly
indicates the flavour of the B meson. As the B’ mesons can oscillate, only the decay
flavour of the B’ meson is known in these decays. The probability of the initial flavour
being the decay flavour and the true mistag can be determined by extrapolating the
decay flavour, constraining the oscillation frequency to its measured value. In general,
the mistag estimate is used to obtain the true mistag probability w(n) with a linear
calibration of the form

w(n) = po+ p1(n—(m). (3.2)

The term n — (1) reduces correlations between the calibration parameters. In this thesis,
the calibration is performed using the FTCALIB software package [151]. By performing
the calibration, two sets of parameters can be determined, one for BY and one for B°.
This also results in different true mistags for the two flavours. The average and the
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difference of the true mistags are also calculated by rrcaLis, which are defined as

_ pi(B°) + pi(B”)
2

(3.3)

and
Ap; = pi(B”) — pi(B). (3.4)

The parameters of a perfect tagger would be given by py = (), p1 = 1, Ap, = 0 and
Ap; = 0. In the calibration, potential asymmetries in the production of the B mesons,
detection asymmetries or FT efficiency asymmetries are not considered.

3.4.2 Combination

The aim of any CP violation analysis is to measure the CP observables with the lowest
possible statistical uncertainty. As already described, this uncertainty is directly correl-
ated with the tagging power. Therefore, analyses aim to maximise the tagging power by
using all individual FT algorithms simultaneously. This can be achieved by combining
the outputs of the individual taggers. In this thesis, all described taggers are used, and
two combinations are calculated, one for OS and SS. As for the calibration, the FTCALIB
software package is used to calculate the combinations.

The procedure for combining several taggers is the following: First, the taggers that
should be combined are calibrated individually since they have different mistag distri-
butions. For every single tagger, the mistag probability is used to calculate probabilities
for a b or b quark. The probabilities are defined as

1—w , lfdl = 1
Pz(b) =W , lfdl =-1 (35)
1/2 5 lfdl = 0

and

w s lfdl = 1
pb)={1-w ,ifd=-1. (3.6)

The combined probabilities are then calculated as

P(b) = I1p(b) _ (57)
[1p:®) + 11 p(b)
and
P(b) =1-P(b). (3.8)
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Depending on which probability is higher, the tag decision and mistag probability of the
combination are assigned as

1,1-P(b) ,ifP(b) > P(b)
di,0=1-1,P(b) ,if P(b) < P(b) . (3.9)

0,7 ,if P(b) = P(b)
The combination is calibrated again to take into account the correlations between the
individual taggers. This also allows to propagate the uncertainties of the individual

taggers in the combination to achieve a more precise estimate for the tagging power of
the combination.
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The measurements performed in this thesis rely on several statistical tools and tech-
niques. The theoretical foundation of the most essential methods is summarised in this
chapter. A common approach in high-energy physics is to reweight data sets to match
the expected distributions. This reweighting is performed by applying weights to the
data sets. These weights can be determined by exploiting machine learning techniques
as outlined in Sec. 4.1. Maximum-likelihood fits are performed in this thesis to estimate
several parameters of interest. This method is described in Sec. 4.2. Subsequently, the
sPlot method is introduced in Sec. 4.3. This technique is used to statistically subtract in-
dividual contributions present in the data. Finally, the determination of the significance
of a measurement is discussed in Sec. 4.4.

4.1 Reweighting approach

Reweighting kinematic or event-related distributions is a common task in high-energy
physics analyses. This section summarises how machine learning techniques can be
used to reweight data sets, where all presented information is taken from Ref. [152]. In
this thesis, kinematic distributions of two different but similar decays are reweighted to
match each other. Additionally, weights between generator-level simulation and full
simulation are determined to account for acceptance effects.

In the following, the most common use case is considered, in which imperfect sim-
ulation has to be reweighted to match the recorded data. In general, the reweighting
problem involves the estimation of the density ratio fyaa(%)/ fsim(%;) as a function of
the variables X; for an event i considered in the reweighting. The classical solution of
this problem is to use histograms to estimate the densities. To reweight a distribution
of the variables of interest, each bin is multiplied by the ratio of the total weights of
recorded data Wy data and simulation wyy gim in the bin, ie.

_ Wbin, data

——_ (4.1)

in, sim
However, despite being very intuitive, this approach introduces an issue. The number
of variables that can be reweighted at the same time is limited because the amount of
data that is needed to reliably estimate the density functions increases exponentially
with the number of variables. This is known as the curse of dimensionality [153]. Since
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this thesis requires the reweighting of multiple variables at the same time, a different
approach is used.

As proposed in Ref. [154], machine learning techniques are used to estimate the
density ratio. These methods are used to classify events providing the probabilities
Pdata(%) and pgim(%) = 1 — pgaia(%;) of a given event to be from data or simulation,
respectively. These probabilities can be used to estimate the density ratio as

fdata(;i) _ pdata(;i)

fsim(fi) psim(-’_‘:i)
Using this approach has the advantage of preventing the curse of dimensionality [153]
but provides inaccurate predictions when the density ratio is high or low. The reason
is that certain regions in the variable space are more significant for the reweighting,
but not for the classification task. Predicting the class of an event in a region in the
variable space where the density ratio is high or low is simple since the events belong
to one class. However, since these regions provide smaller contributions to the loss
function, a machine learning technique focuses on other regions. To solve this issue,
a Gradient Boosted Decision Tree (GBDT) [155] is used to split the variable space into
several regions. A GBDT consists of several decision trees, which naturally divide a
variable space by checking simple decisions. The leaves of the tree are then associated
with one region of the variable space. Suitable reweighting regions are found by a greedy
optimisation of the symmetrised y? defined as

(4.2)

2
92 Z (Wl, sim — W], data)

X° = (4.3)
T Wl sim T W], data

where 1 indicates the leaves of the tree. By maximising the y? important regions for the
reweighting are found.

The GBDT used in the reweighting consists of many trees, which are trained one after
another. In the training, first, a shallow tree is built to maximise the symmetrised y2.
Afterwards, the predictions

W1, sim

W], data

lpred =In (4.4)
are calculated in each leaf. Finally, the simulation distribution is reweighted with the
weights

w, if event from data
w= . . . (4.5)
w-ePe | if event from simulation

where the per-event prediction p, is equal to the prediction of a leaf containing the event.
In general, the procedure is similar to the naive binning approach. The main difference
arises from the difference in the selection of the bins. In this thesis, a Gradient Boosted
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reweighter (GBreweighter) [152] included in the HEP-ML software package [156] is
used to reweight the data sets.

4.2 Maximum-likelihood fits

Unbinned maximum-likelihood fits [157] are essential for this thesis to estimate the
parameters of interest and their uncertainties from a data set. Assuming a data set
containing n measured values xq, xy, ..., x;, and a known probability density function
(PDF) P(x| p) describing the measured values with a set of parameters p, the likelihood
function is defined as

2@ =]]PGI5. (4.6)
i=1

Accordingly, the higher the likelihood, the better the parameters p describe the measured
values. However, in practice, it is common to maximise the logarithm of the likelihood
function, the log-likelihood L(p) = In Z(p), instead. This approach reduces the com-
plexity of the numerical calculations needed to determine the maximum. The reason
is that it is computationally less expensive to calculate the sum of the logarithms of
the probabilities than the product of the probabilities. Due to the monotonicity of the
logarithm function, the maximum of the log-likelihood function is equal to the maximum
of the likelihood function. Another adjustment is to minimise the negative log-likelihood
F(p). This is due to the fact that most algorithms are designed to minimise a function.
The negative log-likelihood is defined as

F(p)=-InZ(p) = - > InPG|p). (4.7)
i=1

The computationally most expensive part of the minimisation is the normalisation of
the PDF. For all parameters of p the PDF is normalised to unity, i.e.

Jmmmﬁ:L (48)

which has to be maintained during all intermediate steps of the minimisation of F(p).
The likelihood Z(p) can be extended with a Poisson term, which indicates the prob-
ability of observing n candidates while expecting ./ candidates. This allows the de-
termination of the absolute number of candidates while also considering statistical
fluctuations of the rate around the expectation value. The approach is called an extended
maximum-likelihood fit [158]. The resulting likelihood function is defined as

AN T oo
Zext(p) =€ '/VT H P(x;1p). (4.9)
s

45



4 Statistical methods

The likelihood function is additionally modified by applying Gaussian constraints. This
technique allows the inclusion of uncertainties of observables known from other meas-
urements and not measured in this thesis. In detail, for each constraint, the likelihood is
multiplied by a Gaussian distribution & (p;; 1, o) defined as

_(w?

e 2% | (4.10)

G(pspo) =
oV 2
where the mean p and the width o of the constraint are the mean and uncertainty of the
external input.

All fits in this thesis are performed using the MINUIT algorithm [159] implemented by
the RooF1T package [160], which is part of the RooT framework [161, 162]. The RooF1T
software package is a commonly used tool for data modelling and fitting in high-energy
physics. It provides a set of tools and methods to perform maximum-likelihood fits.

4.3 sPlot method

After the selection, the recorded data set still contains several other contributions
besides the B — D**D*~ signal decay. For example, one contribution is from the
B? — D**D*~ decay, which has similar selection efficiencies and kinematic properties.
But also combinatorial background often remains in the data, since a fraction of this
type of background cannot be removed even with very strict selection criteria. However,
some maximum-likelihood fits performed in this thesis require a data set which only
contains the signal decay. A solution to this problem is the application of the sPlot
method [163, 164], which allows to unfold the signal decay from the data set. The
technique requires a discriminating variable where the distributions of the contributions
in this variable are known. In high-energy physics, the reconstructed invariant mass is
often used as a discriminating variable.

Assuming that the individual contributions c in the discriminating variable m are de-
scribed by the PDFs %(m), the individual shapes of the contributions can be determined
by an extended maximum-likelihood fit as described in Sec. 4.2. With the determined
shapes, the per-event weights wS known as sWeights are defined as

X VP m)
Yo, MeAm)

where Vis the covariance matrix of the expected candidates ./ of the individual contri-
butions and N, is the number of contributions. The matrix is defined as

N P(m)P(m;
VC;I _ Z C(ml) ](mz) ” (4.12)
=1 (Tt A Fm)

w®

(4.11)
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where Nis the total number of events in the data set. By the construction of the sWeights,

it is required that the sum of the weights Zf\:]l WCSi is equal to the number of events of
the respective contribution.

The signal component can be unfolded from the data in a distribution of a certain
variable of interest ¢, if the variable t factorises with the discriminating variable m in
the form P(mf) = 2(m)2({). In this case, the weights WCS can be used to statistically
subtract the individual contributions from the data. In maximum-likelihood fits the
weights are considered in the fit to a distribution ¢ by implementing them into the
likelihood function given in Eq. (4.7). The resulting likelihood function is defined as

Fus(B) = = ), wé@n PG| 5). (4.13)
i=1

4.4 Significance

The significance is a measure of the probability that a deviation in the number of events
relative to a null hypothesis is not a statistical background fluctuation. It provides
information about whether the measurement equals an evidence or observation. Two
arbitrary cut-off values are common in high-energy physics. If the significance is above
30, it equals an evidence for the measured decay, and if it is above 50, an observation of
the measured decay has been made.

The significance of the measurement of the B! — D**D*~ decay given in standard
deviations o is calculated using Wilks theorem [165]. The theorem uses the likelihoods
from two separate maximum-likelihood fits performed as described in Sec. 4.2 to de-
termine the significance. The first fit is performed with the default PDF, and the second
fit is a repetition of the first fit where the null hypothesis is applied to the parameter of
interest. The null hypothesis is defined as the case where no B — D**D*~ contribution
is present. Consequently, the yield of the contribution is set to zero in the fit, i.e. /o = 0.
These likelihoods are denoted as e and & for the default fit and the null hypothesis
fit, respectively. The resulting significance is then given by

significance = \/—2 In(Zy/ Lhree) - (4.14)
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5 Analysis strategies

Two separate analyses are performed, one focussing on the measurement of the branch-
ing fraction of the B — D**D*~ decay!, and the other on the measurement of CP
observables in the B — D**D*~ decay. Both measurements are performed using
the Run 1 and Run 2 data sets of the LHCb experiment corresponding to integrated
luminosities of 3fb~! and 6 b~ !, respectively.

The D** mesons from the B® or BY meson decays are reconstructed using D** — D%7*
decays. Three final states for the subsequent D° decays are considered in this thesis,
ie. D> K7+, D’ K*K~, and D° - n*x~. These are the most common two-body
D° decays with charged final-state particles. The D° — K*7~ decay is not considered
since it is doubly Cabibbo suppressed. Neutral final-state particles are not taken into
account as they are difficult to reconstruct within the LHCb environment. No three
body D° decay modes are considered since the reconstruction efficiency decreases with
more final-state particles. Only fully hadronic decay modes are considered in this
thesis, since the reconstruction of semi-leptonic decays is more challenging due to
the presence of neutrinos. The unreconstructed neutrinos dilute the mass resolution,
which makes the extraction of signal decays and the unfolding of signal and background
more challenging. Additionally, they worsen the decay-time resolution, which dilutes
the CP parameters. The same decay chain is used in both analyses to reconstruct the
B! —» D**D*” and B’ — D**D*~ decays. Further, the BY — D**D*~ analysis uses the
B°— D**D*~ decay as a normalisation channel to reduce uncertainties. The identical
reconstruction allows both decays to be selected simultaneously, provided that only loose
requirements are applied to the Bmeson?. In comparison with other B factories operating
at electron-positron colliders, the hadronic environment at the LHC has a much higher
track multiplicity. This requires an effective suppression of backgrounds. Typically, it
is differentiated between two types of backgrounds, i.e. combinatorial background and
physical background from other decays. Combinatorial background originates from
random combinations of unrelated tracks, forming B meson candidates. Backgrounds
from other decays mainly arise from the misidentification of final-state particles or
from only partially reconstructed B decays. The selection of the B — D**D*~ and
BY— D**D*~ decays and the suppression of backgrounds are described in Chap. 6. Both
analyses use very similar selection criteria and are therefore described together to avoid
redundancy.

!Charge-conjugated processes are implicitly included in the following unless clearly stated.
*Throughout this thesis a B candidate or a B— D**D*~ decay is used to refer to a possible B or B
candidate or the respective decays.
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The measurement of the B — D**D*~ branching fraction is the first of its kind.
It is measured relative to the B’ — D**D*~ decay, which is also used to optimise the
selection of this analysis. The calculation of the ratio of branching fractions as given in
Eq. (2.46) requires knowledge about the selection efficiencies, the ratio of hadronisation
fractions, and the ratio of signal decays. The selection efficiencies are determined in
Chap. 6, and the ratio of hadronisation fractions is an external input. Consequently,
the ratio of signal decays remains to be determined. The number of signal decays is
extracted by performing extended maximum likelihood fits to the invariant D**D*~
mass distribution. Systematic uncertainties on the ratio of branching fractions are also
evaluated. Finally, the effects of the B lifetime on the efficiency ratio are studied. The
analysis has been published in Ref. [40] and is presented in Chap. 7 apart from the
selection.

The second analysis presented in this thesis focuses on the measurement of CPviolation
in B> - D**D*” decays. Here, maximum-likelihood fits to the invariant D**D*~
mass are performed to determine sWeights. These are used to unfold the signal and
background contributions in the subsequent analysis steps. Several experimental effects
are considered, and the decay-time PDF is adjusted accordingly. These include the
FT calibration, the decay-time acceptance and the decay-time resolution. Since the
CP parameter Sp+p+ is diluted due to the interference of two CP eigenstates, these
eigenstates are determined by performing a simultaneous fit to the angular distributions
in the transversity basis as described in Sec. 2.5. Consequently, angular acceptance
effects also have to be considered in the extraction of the CP observables. A fit to the
angular and decay-time distributions is performed to extract the CP parameters and the
CP-odd fraction. Finally, systematic uncertainties are evaluated. The complete analysis,
apart from the selection, is presented in Chap. 8. The analysis is still in internal review
within the LHCb collaboration. Consequently, it has not yet been published, and the
analysis is still blinded to avoid any bias towards a naive expectation of the central
values.

The author of this thesis is the main proponent of both analyses. He has implemented
the frameworks and pushed forward all relevant parts of both analysis on his own. If
something is adopted from other analyses, this is explicitly mentioned in the following.
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The LHCD experiment has collected a substantial amount of data during the Run 1 and
Run 2 data-taking periods. However, only a small fraction of this data is relevant for the
analyses performed in this thesis since the measured and expected branching fractions of
the decays of interest are low. Therefore, the data has to be filtered, and only events with
respect to the analyses are selected. To reduce contributions from other decays, several
selection steps are applied to obtain clean data with a suitable signal to background ratio
for further physics analyses.

The signal decays of the two analyses presented in this thesis are the B! — D**D*~
and B® — D**D*~ decays. The B’ - D**D*~ decay is also used as a control channel
in the B? — D**D*~ analysis because it is less suppressed and, therefore, offers higher
statistics. The same selection strategy is applied in both analyses. To reduce textual
redundancies, this chapter focuses on the discussion of the selection of the B — D**D*~
decay. The differences to the B’ — D**D*~ selection are explicitly mentioned in the
following.

Both decays are reconstructed, exploiting the same topology and final-state particles.
The B mesons are produced in proton-proton collisions at the interaction point. After
flying approximately 1 cm through the detector, they decay into two oppositely charged
D** mesons at the SV. The D** mesons decay almost instantaneously as D** — D%z*
decays, where the D mesons decay after a measurable distance from the SV. This
enables a separation of the decay vertices of the D** and D° mesons. The D° mesons
are then reconstructed in the most dominant two-hadron decay modes with charged
final-state particles, i.e. the D°— K~z%, D - K*K~ and D’ — 727~ modes. No decays
with neutral final-state particles are considered because their reconstruction efficiency
is significantly lower. A similar statement holds for the three-body decay modes, which
are not considered because more final-state particles would also significantly decrease
the reconstruction efficiency. The branching fractions of the considered modes are given
in Table 6.1.

Several selection steps are applied to reduce multiple types of backgrounds that can be
present in the data. One such type is combinatorial background, which consists of falsely
reconstructed candidates and occurs when a random combination of unrelated tracks is
used to form a candidate. The cause of this background is the high track multiplicity in
a proton-proton collision and the limited resolution of the detector. The combinatorial
background cannot be completely removed, and its contribution must be considered in
the later stages of the analyses. Not only combinatorial but also physical background
can be present in the data. This background can arise from the misID of final-state
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6 Selection of signal decays

Table 6.1 — The measured branching fractions of the D° decay modes considered in this thesis.
The most dominant two-body decays with charged final-state particles are studied. The values
are taken from Ref. [47].

Mode B [1073]

D’ K=x7 3947 +0.30
D> KK~ 4.08 +0.06
D> ztr~  1.454+0.024

particles, where tracks are wrongly reconstructed as B— D**D*~ decays. Physical
background can also arise from charmless or single-charm decays. They can occur when
no or only one D** meson is present as an intermediate state. Partially reconstructed
background is also considered a physical background. It can arise by an incomplete
reconstruction of another multi-body decay, which mimics the signal decay and where
at least one particle is not measured. Overall, the physical background cannot always
be removed completely. Consequently, if it remains present after the application of the
whole selection, it has to be taken into account later in the analyses.

The selection begins with a cut-based preselection discussed in Sec. 6.1. In this thesis,
the B mesons are reconstructed with subsequent D** — D%z* decays. In analyses
with D** — D%7* decays, it is common to apply requirements on the mass difference
between the D** and the D° mesons. Such requirements are further considered in the
suppression of combinatorial background described in Sec. 6.2. After applying this
selection step, multiple signal decays resulting from imperfections in the reconstruction
can be present in one event. Given the predicted and the measured branching fractions
of the signal decays, it is highly unlikely that the signal decays present in an event are
truly independent. Therefore, they must be removed so that only one decay remains in
each event. This procedure is described in Sec. 6.3. After applying the whole selection,
multiple possible background sources are studied in Sec. 6.4. Finally, the selection
efficiencies for both decay channels and the result of the selection are discussed in
Sec. 6.5.

6.1 Preselection

A loose preselection is performed centrally by the LHCb experiment, which is referred
to as Stripping. It is discussed in more detail in Sec. 3.3.2. Between the Run 1 and
Run 2 data-taking periods, the Stripping conditions have changed due to a continuous
experiment-wide development of the selection strategies. The requirements of the
different Stripping versions are taken from Ref. [135] and listed in Table 6.2. The
development and optimisation of these cuts is not an explicit part of this thesis. Therefore,
this section only briefly explains the variables and various requirements.
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6.1 Preselection

Table 6.2 — Requirements of the loose centralised preselection known as Stripping. The selection
step is discussed in more detail in Sec. 3.3.2. The requirements are the same in all Stripping
versions except for a few cases when values in parenthesis refer to the changes in Run 2 compared
to Run 1. The variables are explained in more detail in the text.

Candidate Variable Requirement Unit
#longtracks < 500
HLt2Topo or HLt2IncPhi passed
B° X2 /ndf <10
DIRApest pv > 0.999
Xib, pv <25
m > 4750 MeVic?
m < 6000 MeVic?
Zdaughters pr > 5000 MeVie
t >0.2 ps
one p > 10000 MeVic
daughter pr > 1700 MeVic
hadron  min(IP,,y pv) > 0.1 mm
min( XI%, pv) > 16
D’/ D** XY /ndf <10
DIRApest pv >0
DOCA <05 mm
Xib, pv > 36
D** Imp++ ppg — Mp+| <50 (< 600) MeVic?
Impe+ — mpyl — (< 200) MeVic?
D° Zdaughters pr > 1800 MeVie
mpo. ppG — Ml < 100 MeVic?
one T > 500 MeVic
daughter p > 5000 MeVic
hadron thrack/ndf < 2.5(< 4.0)
m* K* X o/ ndf < 3.0 (< 4.0)
Pr > 100 MeVic
p > 1000 MeVie
min( XIZP, pv) > 4.0
Pghost <04
rt DLLg, <20
K* DLLg, > —10
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6 Selection of signal decays

Two general requirements related to event characteristics are applied. First, it is
required that the number of long tracks is less than 500. Such tracks stem from charged
particles that have their origin in the VELO and at least travel throughout all tracking
stations. This requirement ensures that the event multiplicity is not too high to separate
all tracks cleanly. No requirements are applied to the L0 hardware trigger or the HLT1
trigger, only to the HLT2 trigger. The events must have passed one of the topological
or inclusive ¢ trigger lines. The topological lines require a two-, three- or four-track
SV, which is significantly displaced from any PV. To identify secondary vertices that
are consistent with a decay of a b hadron, a multivariate algorithm is used [166, 167].
Further, at least one charged particle must have a large transverse momentum and be
inconsistent with originating from a PV. The inclusive ¢ trigger lines search for ¢ - KK
decays. However, the contribution of these lines compared to the topological lines is
not significant. The fraction of events remaining after applying the whole selection
triggered only by the inclusive ¢ lines is estimated using simulated BY — D**D*~ and
B » D**D*” decays. The fractions are determined to be below 0.02% and 0.4% in
Run 1 and Run 2, respectively. Conclusively, no further studies about the impact of the
inclusive ¢ lines are performed. A more detailed description of the trigger lines can be
found in Refs. [124-126].

The reconstructed particles have to fulfil several requirements. A high quality of
reconstructed vertices and tracks is required by evaluating the reduced chi-squared
statistic for the vertices yZ, /ndf and the tracks )(tzrack /ndf, which is used in both cases for
determining the goodness-of-fit of the reconstructed object. The quantity ndf represents
the number of degrees of freedom. The yZ, /ndf requirement is applied to the B meson
and the intermediate D* mesons' and D° mesons, while the y2, , /ndf requirement is
applied to all final-state particles. This also ensures that the D* mesons form a common
vertex. Additionally, the B, D*, and D° mesons must have certain transverse momenta
pr. total momenta p and invariant masses m. For example, the daughters of the Band D°
candidates must have a total transverse momentum of at least 5000 MeV/c and 1800 MeVre,
respectively. These requirements ensure the decay of a heavy meson. Additionally,
the cuts on the masses reject wrongly reconstructed candidates because randomly
combined candidates rarely fulfil these requirements. To suppress backgrounds arising
from particles directly produced in the PV, the lifetime of the B meson has to be larger
than 0.2 ps. The B candidates also must have a XIZP smaller than 25 with respect to the
best reconstructed PV. This variable is defined as the difference in the vertex fit y of a
given PV reconstructed with and without the candidate being considered. The final-state
particles and the intermediate D mesons? are required to have a high )(IZP with respect
to any PV. The impact parameter IP,,, py represents the shortest distance between
any primary vertex and the reconstructed track. Applying requirements on the impact
parameter for the D* mesons ensures that they are not directly produced in the PV.

1Throughout this thesis, the D* meson always refers to the D** and the D*~ meson.
’In the following, D mesons refer to D** and D° mesons, unless clearly stated.
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6.1 Preselection

Further, the cosine of the angle between the momentum and the flight direction, called
DIRA, is checked for the B meson and the D mesons. The flight direction is calculated
with the best PV and the decay vertex. In the case of the B mesons, the decay vertex is
the SV, while for the D mesons, it is always the D° decay vertex. The best PV is chosen
with respect to the lowest XIZP- The angle has to be small for the B candidates, and for
the D mesons, the angle has to point into the detector plane. The distance of the closest
approach (DOCA) between all possible combinations of tracks forming D vertices has
to be smaller than 0.5 mm. This ensures a correct vertex reconstruction. Requirements
are made not only on the masses themselves but also on mass differences. These are
applied on the difference of the reconstructed D meson masses and their measured
world averages taken from Ref. [47] and on the mass differences of the D* and the
corresponding D° mesons. By calculating the difference between the log-likelihoods of
two-particle hypotheses, called delta log-likelihood DLL, requirements can be made on
the identification of pions and kaons by using information from the PID system. Finally,
a small ghost probability [168] is required for all final-state particles. This variable
corresponds to the probability that the reconstructed track does not stem from a real
particle but from a random combination of hits in the detector components.

The Stripping conditions have changed between Run 1 and Run 2, resulting in slightly
different requirements for a few variables, which is indicated in Table 6.2. The require-
ments are aligned to allow a better comparison of the selection efficiency between the
two runs. This is done by applying the tightest cut to both data sets. Despite only loose
requirements being applied in the Stripping, signal decay can still be rejected. It can also
happen that B candidates are not completely reconstructed and rejected because they do
not decay within the detector acceptance. No separate simulation is available for both
effects. The combined selection efficiencies for the Stripping and the reconstruction are
determined to be

e = (0.3397 £0.0033)%  and e, = (0.4725 % 0.0034)% 6.1)
for the B — D**D*~ decay and
e = (0.3529 £ 0.0034)%  and 5. = (0.5087 % 0.0036)% (6.2)

for the B — D**D*~ decay. An improvement in the Run 2 efficiencies can be observed
due to the increased centre-of-mass energy resulting in higher momenta and due to
more efficient trigger and particle identification algorithms. The higher momentum
improves the reconstruction efficiency as it implies a higher transverse momentum. A
particle with a higher transverse momentum traverses the detector further away from
the beam pipe. Thus, such particles can be better reconstructed due to a larger distance
to the high particle stream near the beam pipe. The efficiency of the B decay is slightly
higher due to the higher mass of the B! meson compared to the B® meson, which results
in higher transverse momenta of the daughter particles.
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6 Selection of signal decays

In both analyses, variables from the DTF described in Sec. 3.3.2 are used, where
constraints are placed on the PV and on the masses of the D** and D° mesons. An
additional set of variables is used in the CP violation analysis. It is determined with a
DTF where only the PV is constrained and is exploited in the combinatorial background
suppression. In general, it is required that the fits of the DTF have to be converged.
The selection efficiencies for the measurement of the ratio of branching fractions are
determined to be

Al = (97.71+0.14)%  and 982 =(97.75+£0.11)% (6.3)
for the B — D**D*~ decay and
il = (97.25+0.16)%  and  enBZ = (97.600.11)% (6.4)

for the B — D**D*~ decay.

6.2 Combinatorial background suppression

The suppression of combinatorial background is the main selection step, which is ap-
plied after the Stripping and the offline preselection. The suppression is achieved by
exploiting the topology of the B— D** D*~ and the two subsequent D** — D%7* decays.
The available phase space is small in the D** — D°z* decays since the D** mass of
2010.26 MeV/c? [47] is only slightly higher than the D® mass of 1864.84 MeVic? [47]. Con-
sequently, the pion in this decay has a small kinematic energy. Because of this property,
it is also called a slow pion. Following this insight, the mass difference between the D**
mesons and the respective D° mesons is calculated. A peak slightly higher than the pion
mass of 139.57 MeV/c? [47] is then present in the distribution of the mass difference. All
signal decays are found within this peak. At higher masses, only background events are
present. This is validated by comparing recorded data with simulation, which is shown
in Fig. 6.1. Overall, the cut is very efficient and has a high background suppression. It is
applied for both D** decays. The analysis of the B! — D*"D*~ decays uses the default
reconstructed D** and respective D° masses with mp+ —mpo < 150 MeVi?, while the
B?— D**D*~ analysis uses the masses reconstructed by a DTF constraining the PV with
143 MeVic? < mB;riF - mB;rF < 148 MeVic?. The constraint on the PV further improves the
resolution of the individual masses and the mass difference. This allows the use of a
tighter requirement and enables a better background suppression. In the B} — D**D*~
analysis, one further requirement is applied to the quality of the DTF with constraints on
the masses and the PV, where the candidates have to fulfil the requirement )(I%TF < 50.
This variable also provides a good separation of signal and background, which is also
shown in Fig. 6.1 by comparing simulation and data. For the B’ — D**D*~ analysis,
the X]%TF requirement has been removed since the background suppression of the mass
difference calculated with the DTF variables is sufficient.

56



6.2 Combinatorial background suppression

—~ r T T T —~ r T T T
£ | £ |
8 1_ 8 1_
R R
~ 0.5 ~ 05—
e - = L
o I ko I
o L o L
3 3 : :
& & 140 160 180 200
O © My - My [MeV/c?]
~ ~ [T T T ]
£ | £ |
2 1 2 1 .
ol F ol F
L L L L
~ 0.5 ~ 05~
IS s |
o I o I
o L o L
.-5 C L L .-5 C L L
& 140 160 180 200 ® 140 160 180 200
o M- - My, [Mev/cg © My - My [MeV/c?]
e T T T ] [ T T T — T ]
€ 1 E |
e e 1
S St
o o
; v
© © 0.5
5 5 L
8 8
O &)
Lo L 0 L L
100 150 0 50 100 150 200

2 2
Xorr Xorr

Figure 6.1 — Distributions of variables used in the suppression of combinatorial background
in the B! — D**D*" analysis, i.e. the differences of the invariant (top) D** and D° masses and
of the (mid) D*~ and D° masses and the (bottom) yZpy distribution for (left) Run 1 and (right)
Run 2, respectively. The distributions of B — D**D*~ and B’ —» D**D*~ simulation are shown
in blue and red, and the recorded data is shown in grey.

No additional MVA is performed after the selection step presented in this section, as
it is common in high-energy physics analyses. The reason is that a MVA is not efficient
since only a few training candidates are left for the background proxy. The number of
background candidates that could be used in the training, i.e. the candidates that have
an invariant D**D*~ mass greater than 5400 MeVjc?, amounts to 17 for Run 1 and 104
for Run 2. Another approach could be completely replacing the selections presented
in this section with a MVA. This has been studied in the early stages of the analysis,
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6 Selection of signal decays

where a GBDT [155] from the XGBOOST framework [169] is used to suppress the
combinatorial background [170, 171]. Although the suppression of the background was
slightly higher with the GBDT than with the B! — D**D*~ selection presented in this
section [170], the GBDT is mainly pushed by the y? variable of the DTF. Besides that,
not enough background is left in the data after applying the GBDT to adequately describe
its contributions in discriminative variables as the invariant mass. Consequently, only
cut-based selections are used in both analyses.

A cross-check is performed to show that the simulation describes the recorded data
well in all variables that are used in the selection step applied in this section. This
cross-check is given in Fig. 6.2 for B — D**D*~ decays, where the distributions of
simulation are shown overlaid with signal-weighted data distributions. The comparison
for B! — D**D*~ weighted data is not shown since it shows the same trend but is not
as conclusive as the B® — D** D*~ distributions due to the significantly lower statistics.
The weights are determined using the sPlot method described in Sec. 4.3, where the
discriminative variable is the invariant D**D*~ mass. Overall, no significant deviation
between the simulation and the signal-weighted data is observed.

6.3 Multiple candidates removal

The selection steps are applied to each candidate present in the data sets. However,
more than one signal decay can be present in one event. These are called multiple
candidates and are rejected in this section so that only one signal decay remains in each
event. Two categories of multiple candidates are considered in the selection. The first
category contains multiple candidates that involve unrelated final-state particles in the
event. They occur in 0.2% and 1.31% of all events for Run 1 and Run 2, respectively,
and are treated by randomly removing all but one candidate in each event. The second
category contains multiple candidates that originate from misID of a final-state particle.
They are identified by having identical tracks for all final-state particles, but where
one kaon has been misidentified as a pion or vice versa. For example, in addition to
a correctly reconstructed D° — K™K~ decay, the decay D° — K~z is reconstructed
due to misidentification. Both reconstructed candidates can pass the selection and be
interpreted as signal decay. This type of multiple candidates occurs in 1.43% and 2.48%
of all events for Run 1 and Run 2, respectively. The number of multiple candidates for
each category in recorded data is listed in Table 6.3. In the B — D**D*~ analysis, the
fractions of multiple candidates differ due to the changes in the selection requirements.
The combined fractions for both categories are 1.9% and 2.04% for Run 1 and Run 2,
respectively. In addition, the modified selection suppresses multiple candidates from
misID as the fraction of events with such candidates is reduced to 0% and 0.09% for
Run 1 and Run 2, respectively. The fraction of multiple candidates in simulation is found
to be zero since a requirement that a reconstructed candidate is fully associated with
the signal decay suppresses multiple candidates.
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Figure 6.2 - Distributions of the differences of the invariant (top) D** and D° masses and of the
(mid) D*~ and D° masses and the (bottom) y&y distribution for (left) Run 1 and (right) Run 2,
respectively. The blue and red distributions show simulated B! —» D**D*~ and B" — D**D*~
decays, while the data points show B’ — D**D*~ weighted data. The weights are obtained with
the sPlot method [163].
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6 Selection of signal decays

Table 6.3 - Fraction of events without multiple candidates, with multiple candidates originating
and not originating from misidentification for Run 1 and Run 2 in recorded data. The average
number of candidates in these events is also listed.

Category Fraction of events ~ Average number of candidates
Run1[%] Run2[%] Runl Run 2

Without mult. candidates 98.36 96.21 1.0 1.0

Mult. cand. without misID 0.2 1.31 2.0 2.0

Mult. cand. with misID 1.43 2.48 2.0 2.0

A different approach than the random rejection is used for events with multiple
candidates originating from misID due to the high fraction of these events. In more detail,
the candidates will be kept depending on the final state and the measured branching
fractions of the D decays. The fraction of the branching ratio of each multiple candidate
in an event to the sum of the branching ratios of all multiple candidates in an event is
calculated, i.e.

pi= ]\}%ji (6.5)
=1 B0)

for the respective candidates i € [1, ..., N|, where (i) corresponds to the measured
branching fraction of the respective final state taken given in Table 6.1. The value of p;
is then interpreted as a probability, and the candidate to be kept is chosen according to
that probability. This method is used since it is expected that most of the real decays
are present in the D’ — K~ 7" mode and the other D° modes are not as likely as this
channel. If not the most likely candidate is selected, this would lead to a bias in the
wrong direction. However, even if the not most likely candidate is selected, still a real
signal decay is kept since all candidates in this category are real signal decays.

6.4 Physical background

After applying the whole selection, backgrounds can still be present in the data. Possible
remaining backgrounds are discussed and studied in this section. For example, partially
reconstructed backgrounds are not explicitly suppressed in this analysis but are further
investigated. They appear at lower invariant masses with respect to the nominal B°
mass. Contributing backgrounds could be B — D**D*~z%%) decays, including inter-
mediate D*7* resonances. Such resonances are present in B%™ — D, (2420)7® p*~
or B"® — D,(2430)"®D*~™ decays, where the D;(2420) and D;(2430) mesons decay
into D** 7% These backgrounds could mimic the signal, when the 7% from the
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6.4 Physical background

D;(2420)7® and D;(2430)"® decays or even directly from B*" decay is not recon-
structed.

The decays are studied using the RapidSim software [172], which is a fast simulation
tool for the study of phase-space decays of beauty and charm quark hadrons. Data
sets with 100000 candidates are generated at a centre-of-mass energy of 13 TeV, which
is equivalent to the centre-of-mass energy reached during Run 2. The efficiencies of
the backgrounds to exceed a threshold of 5100 MeéV/¢? in the invariant D**D*~ mass
are given in Table 6.4. The invariant mass distributions of the individual generated
data sets are shown in Fig. 6.3. None of the backgrounds has significant contributions
above 5100 MeV/c?, which is the lower mass threshold used later in the analysis to extract
signal decays. Due to the smaller centre-of-mass energy in Run 1, it is assumed that the
same holds for Run 1 data. Additionally, the number of candidates below 5100 MeV/c?
in the recorded data sets is low, with only 67 and 374 candidates present in Run 1 and
Run 2, respectively. Since some of these candidates are combinatorial background,
the potential amount of partially reconstructed background is small. Extrapolating the
exponential function resulting from the mass fit performed to extract the signal decays in
Chap. 7 leads to 37 and 206 combinatorial background candidates in this region for Run 1
and Run 2, respectively. Because of the resulting small number of potential partially
reconstructed background candidates in the region from 4800 MeV/c? to 5100 MeVic?
and the small efficiencies of the investigated backgrounds to exceed 5100 MeV/c?, these
partially reconstructed backgrounds are neglected in the further analysis.

Table 6.4 — Studied partially reconstructed backgrounds using data sets comprising 100000
events, which are generated with RapidSim [172]. The determined efficiencies of the generated
decays to exceed 5100 MéVic? in the invariant D**D*~ mass are given. The backgrounds are
studied for a centre-of-mass energy of 13 TeV. The reported efficiencies do not include any
selection steps and only refer to the requirement exceeding the mass threshold.

Background Efficiency [%]
B> D**D* 70 0.825 + 0.029
Bt — D**D* gt 0.675 +0.026

B™ — D;(2420)°(— D* 7 ")D*T  0.033 £ 0.006
B — D;(2420)" (= D**7%)D*~  0.044 £ 0.007
B" — D;(2430)°(— D* 2 ")D*"  0.447 £0.021
B% - D;(2430)" (= D**2%)D*~  0.578 +£0.024

Additionally, checks on backgrounds from A} — K~ pz™ and Df - KTK*n* are
performed, which can occur due to the misidentification of one final-state particle.
The checks are given in Fig. 6.4, where the combined invariant mass of all final-state
particles originating from the D** meson is shown and where either the kaon or proton
mass hypothesis has been applied to one of the pions in the D** — D%~ K~ z1)z"
decays. No peaking structures around the D] mass of 1968.35 MeV/c? [47] or the A7
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Figure 6.3 — Invariant D**D*™ mass distribution of possible partial reconstructed background
contributions. Simulated candidates are shown, which are generated with the RapidSim [172]
package at a centre-of-mass energy of 13 TeV. The study includes backgrounds from (top
left) B — D**D* x°, (top right) B* - D**D*"z", (mid left) B* — D;(2420)°(—~ D*~n")D**,
(mid right) B° — D;(2420)*(— D**z%)D*~, (bottom left) B* — D;(2430)°(— D*~z*)D** and (bot-
tom right) B’ — D;(2430)"(—» D**z°)D*~ decays. Only the mass range from 4800 MeV/c to
5200 MeV/e? is shown.
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mass of 2286.46 MeéVic? [47] mass. Therefore, no signs of significant misidentification
backgrounds are observed. No signs of misidentification backgrounds are present in the
distributions for the D*™ meson either, which are not presented in this thesis since they
show the same trends.

Further studies are performed to check for backgrounds from B® — D**D decays,
where the invariant D**7" mass is studied. These studies are given in Fig. 6.5 and
Fig. 6.6. The distribution is analysed for the recorded data and polarised simulation, i.e.
transversely and longitudinally polarised B! — D**D*~ and B’ - D**D*~ decays. For
simulation, only the Run 2 mp++,- distributions are shown since the Run 1 and the mp»—,+
distributions look similar. Assuming a larger contribution for longitudinally polarised
decays as it was measured by the Belle experiment [92], the double peak structure of
the data distribution can be explained with distributions in simulation and no clear sign
of B" » D**D decays is present.

No significant contribution of single-charm background, i.e. background from decays
with no intermediate D** mesons, is observed. To check if such background remains
after the suppression of the combinatorial background, Fig. 6.7 shows the invariant
D**D*~ mass with the additional conditions !mg?iG — mp+| > 30 MeVic?. The efficiency
of these requirements is estimated with simulation. Using this efficiency, the number
of expected B - D**D*~ candidates and B? — D**D*~ candidates is calculated to
be 3 (22) and 0.2 (2) for each requirement for Run 1 (Run 2), respectively. Combining
these requirements with a decay length requirement of I«+ < 0.4 mm for the respective
D** meson, the number of expected candidates is determined to be 0.3 (2) and 0.02 (0.1)
for each requirement for Run 1 (Run 2), respectively. This is in agreement with the
number of candidates seen around the BY and B® masses in Fig. 6.7. Additionally, the
invariant mass of each final-state particle combined with the slow pion is checked since
no flight distance cuts are used in this analysis. No peaking distributions are found in
these distributions.

All studied backgrounds do not contribute or only contribute marginally and are not
considered in the further analysis. The cross-checks are performed for the B — D**D*~
selection only. Although the yfp requirement is discarded in the B® - D**D*~ analysis,
it is assumed that the same applies for the selection of this analysis. It is concluded that
the only non-negligible background in the data is the combinatorial background.

6.5 Selection efficiencies

After the development of the selection, the discriminative variable to extract the signal
can be compared for the individual selection steps. This variable is the invariant D**D*~
mass. The distributions after the preselection and after the whole selection are presented
in Fig. 6.8 for the Run 1 and Run 2 data. As the data contains both the B — D**D*~ and
B? — D**D*~ decays, the comparison proves that the requirements used in this thesis
allow the selection of both decays. The distributions of only the selected candidates are
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Figure 6.4 — Invariant my, , ,, mass distribution of the three final-state particles of the D** meson
for the D® — K~ x™ final state for (left) Run 1 and (right) Run 2, where A is always the slow pion.
The (1st and 2nd row) kaon and (3rd and 4th row) proton mass hypothesis is applied to one of
the pions to check for backgrounds from Df - K¥K*n* and A} — K~ pr™ decays, respectively.
The vertical red line indicates the respective Dy and A masses taken from Ref. [173].
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Figure 6.5 — Invariant D**7~ mass distributions for the recorded data after the rejection of
multiple candidates weighted according to the B — D**D*~ signal for (left) Run 1 and (right)
Run 2. The weights are obtained with the sPlot method [163]. Only events in the D**D*™ mass
range from 5100 MeV/c* to 6000 MeV/c> are shown. The invariant D* 7+ mass distributions are
not explicitly presented, but they show the same structure for Run 1 and Run 2 weighted data.
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Figure 6.6 — Invariant D**7~ mass distributions for the (left) transversely and (right) longitudin-
ally polarised (top) B’ — D**D*~ and (bottom) B? — D**D*~ simulation for Run 2, respectively.
The Run 1 and invariant D* 7+ distributions show the same structures and are not shown
explicitly.
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Figure 6.7 — Invariant D**D*~ mass distributions after the application of the selection for (left)
Run 1 and (right) Run 2. The additional requirements (1st row) |mg]3+G — mp++| > 30 MeV/?, (2nd
row) [mhPS — mp.-| > 30 MeVic?, (3rd row) |mPD13+G — mp++| > 30 MeVic? and [+ < 0.4 mm and (4th
row) [mERC — mp.-| > 30 MeVic? and I~ < 0.4 mm are applied to the data sets, where [ describes

the decay length of the respective particles.
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6.5 Selection efficiencies

also shown separately. Fig. 6.8 shows a clear narrow peak around the B’ mass after the
whole selection and a clear increase in the signal-to-background ratio for the selection
step of suppressing combinatorial background. Accordingly, a strong suppression of
this background is achieved corresponding to a rejection of 99.86% and 99.73% for Run 1
and Run 2, respectively. The upper mass sideband with mp+y«— > 5400 MeVic? of data
is used to calculate these efficiencies. It is also visible in Fig. 6.8 that no other peaking
backgrounds are present in the shown invariant mass range.
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Figure 6.8 — Invariant D*"D*™ mass distribution for (top) the comparison before and after the
suppression of combinatorial background and for (bottom) the remaining candidates after the
whole selection. The comparison and the distribution of the selected candidates are both shown
for (left) Run 1 and (right) Run 2 in the mass range from 5100 MeV/¢? to 6000 MeVic®. The selected
candidates are presented in red, and the candidates before the suppression of the combinatorial
background are shown in grey.

The selection efficiencies are a fundamental part of the calculation of the ratio of
branching fractions. They are evaluated with simulated B® — D**D*~ and BY — D**D*~
decays separately for Run 1 and Run 2, where only true signal decays are considered. To
take into account the different amounts of data between the years, the mean values for
Run 1 and Run 2 are calculated by weighting the efficiencies of the individual years with
the respective integrated luminosity. Each selection step is applied to the simulation
in the same way as for the recorded data. The efficiencies of each step and the total
efficiencies are summarised in Table 6.5 for the B) — D*"D*~ analysis. The latter
are calculated as the product of the individual efficiencies. The efficiencies for the
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6 Selection of signal decays

B®— D**D*" analysis are similar and are not given since the CP violation measurement
does not directly depend on the efficiencies. Besides the efficiencies for the preselection
and further selection steps, acceptance effects of the detector are taken into account.
This is because only decays that decay completely within the detector acceptance can
be reconstructed and considered in the analyses. This efficiency is called geometric
acceptance and is determined as the ratio of generated decays by the number of particles
that decay within the acceptance. In more detail, it is required that all decay products of
the decay chain must lie within the acceptance of the detector. The acceptance of the
LHCD detector in forward direction is roughly given by 10 mrad to 300 mrad. However,
in simulation, all events with decay products with a polar angle smaller than 400 mrad
are accepted. This allows the particles to be recovered by the bending of the magnet. The
Stripping efficiencies also include the step of aligning the Stripping selection between the
two runs. No efficiency is listed for the rejection of multiple candidates since the fraction
of multiple candidates in simulation is zero and therefore the selection efficiency is 100%.
The B - D**D*~ and B’ — D**D*~ decays show very similar efficiencies. The main
difference occurs for the preselection efficiencies, where the B} — D**D*~ decays have
a slightly higher efficiency due to higher transverse momenta of the daughter particles.

Table 6.5 — Selection efficiencies of the B — D**D*~ and B! — D**D*~ decays for Run 1 and
Run 2 for selection of the B! — D**D*~ analysis. The efficiencies are given for the geometric
acceptance, the preselection, the DTF requirement and the combinatorial background suppression
(Comb. bkg.). They are calculated using simulated decays, where only the D’ — K~z" decay
mode is considered.

B’ — D**D*~ B?— D**D*~
Step ERun 1[%] gRun 2[%] gRun 1[%] gRun 2[%]

Geometric 15.289+£0.020  16.285+0.020  15.243+£0.020  16.233 +£0.020
Preselection 0.3397 £0.0033 0.47254+0.0034 0.3529 +£0.0034 0.5087 £ 0.0036
DTF 97.71+£0.14 97.75+0.11 97.25+0.16 97.60+0.11
Comb. bkg. 84.78 £0.35 87.61+£0.24 85.29 £ 0.34 88.42 +0.23

Total 0.0430 +0.0005 0.0659 £ 0.0005 0.0446 +0.0005 0.0713 £0.0005

In the BY — D**D*~ analysis, the simulation only comprises the D® — K~z mode.
The only requirements applied on the final-state particles are loose requirements in the
Stripping. Therefore, the efficiencies are assumed to be similar for the other D° decay
modes. Additionally, small differences because of different simulation versions and
configurations used between the individual years and the effects of different detector
performances are neglected. Both decays use the same configuration for every year, so
differences between the years are cancelled out by calculating the ratio of the efficiencies.
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7 Observation of the B! - D**D*~
decay

The measurement of the ratio of branching fractions is presented in this chapter. It
requires knowledge about the selection efficiencies ¢, the ratio of hadronisation fractions
f./ f; and the number of selected B — D**D*~ and B’ - D**D*~ candidates ./, As
derived in Sec. 2.5.1, the ratio is defined as

B(BY— D**D*7)  NpLp=p- f; €gprp
B(B*— D**D*7)  Npo,pw=p— fs eB?—>D*+D*"

(7.1)

The ratio of hadronisation fractions depends on the centre-of-mass energy and b-hadron
momentum and is an external input in this analysis. Several analyses have been per-
formed to measure the ratio at the various collision energies of Run 1 and Run 2. For ex-
ample, it has been measured in semileptonic B— DuX decays at 7 and 13 TeV [174, 175].
Additionally, measurements have been performed at centre-of-mass energies of 7, 8
and 13 TeV in hadronic B— Dh [176, 177] and B— J{X decays [178]. However, this
analysis uses the latest results obtained by a phase-space integrated combination [179],
which allowed to reduce the uncertainties compared to the individual measurements.
The values obtained with the combination are

i
d
é(8 TeV) = 0.2385 + 0.0075, (7.2)

Ja

]]}(13 TeV) = 0.2539 + 0.0079 .

d

(7TeV) = 0.2390 + 0.0076,

The combination in Ref. [179] also provides a measurement of the 13 TeV Run 2 value
relative to a combined Run 1 result. This allows correlations between these values to be
considered in the Run 1 and Run 2 combination of the ratio of branching fractions. The
relative value is given by

fs/ fa(Run 2)
fs/ fa(Run 1)

While the ratio of hadronisation fractions is known and the selection efficiencies are
calculated with simulation in Sec. 6.5, the candidate’s ratio remains to be determined.

= 1.064 + 0.007 . (7.3)
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7 Observation of the B! — D*TD*~ decay

The extraction of the numbers of signal decays is described in Sec. 7.1. Multiple sources
of systematic uncertainties on the ratio of branching fractions are studied in Sec. 7.2.
The ratio itself is calculated in Sec. 7.3. The measurement is performed separately for
Run 1 and Run 2, and the individual results are combined in the end. A possible effect
of the short lifetime of the BY meson on the ratio of branching fractions is discussed in
Sec. 7.4. Lastly, the results of this analysis are summarised in Sec. 7.5.

7.1 Signal extraction

The invariant D**D*~ mass distribution is used to discriminate between signal and
background. Extended maximum-likelihood fits are performed to extract the number
of B - D**D*~ and B® — D**D*~ decays, which is described in this section. The
mass estimate from a DTF with constraints placed on the PV and the masses of the
intermediate D mesons is used. This allows the B’ mass resolution to be increased by
around 50%. The model used to describe the invariant mass is discussed in Sec. 7.1.1. Fits
to the distribution of simulated decays to validate the model are described in Sec. 7.1.2.
Finally, the number of signal decays in data is determined in Sec. 7.1.3. All fits are
performed to data sets where the whole selection described in Chap. 6 is applied.

7.1.1 Fit model

The model used to describe the invariant D**D*~ mass distribution of the signal decay is
a double-sided Hypatia function [180]. This function consists of the sum of two Crystal
Ball (CB) functions [181] with opposite tails, i.e. one tail for lower and one for higher
masses. Additionally, the central Gaussian kernel of the CB functions is replaced by a
generalised hyperbolic distribution G(m — 1, 0, A, {, f) defined as

Gm — 10,1, ) = ((m— ) + ?AXO): iebmmK (¢ |1+ m—1° (7.4)
T ! o A0 )

where the parameter A;({) is given by

L KO
YO=\ K@

The functions K, ({) are cylindrical Bessel functions of the second kind. The complete
Hypatia function is defined as

(7.5)

AB-(m—p)™ ,if% < -
H(m, 0, A, By, a0,nq,n3) = 1C(D + (m — p))™™ ,if% >a, (7.6)

G(m— 0,1, ) ,otherwise

70



7.1 Signal extraction

where the parameters A and B describe the power-law part of the CB functions. They

are given by
2
A= (£> - exp (—ﬂ) , B=L _ o |- (7.7)
oty | 2 | |

The parameters C and D are defined identically but with the parameters a, and n,, which
can differ from o and ny. The parameter a describes the position at which the generalised
hyperbolic distribution transitions into the power-law part of the CB function. Since
this model has opposite tails, it is perfectly suited to describe asymmetric distributions,
such as the invariant mass distribution of the B candidates. These distributions can
become asymmetric by bremsstrahlung effects or by effects of the detector resolution.

The selection described in Chap. 6 allows the selection of the B} — D**D*~ and
B » D**D*” decays from the same data set. As discussed in Sec. 6.5, no peaking
backgrounds or other physical backgrounds that would have to be further modelled
are present in the invariant D**D*~ mass distribution after the selection. The only
remaining background is the combinatorial background, which cannot be removed
completely. Besides the B — D**D*~ signal, both additional contributions, i.e. the
B’ - D**D*~ signal and the combinatorial background, have to be described in the fit
to the invariant D**D*~ mass. Consequently, the PDF Pconsists of three components
P: the B) > D**D*~ signal with j = B, the B — D**D*~ signal with j = B® and the
combinatorial background with j = Comb. The total PDF is defined as the sum of these
three components and given by

NP = NgoFgo + '/VBEQ)BS + Neomb T omb » (7.8)

where /] is the yield of the respective component. The individual PDFs are described
by the following models:

B® » D**D*” signal: The distribution of the reconstructed invariant mass for the
B°— D**D*~ signal component is parametrised by a double-sided Hypatia function.

B? —» D*'D*” signal: The B » D*"D*~ signal component is parametrised by a
double-sided Hypatia function, where the mean value y of the B — D**D*~ signal
PDF is shifted relative to the mean value of the B — D*"D*~ signal. The shift is
fixed to the known mass difference between the BY and B’ mesons, which is given by
Appgo = 87.26 MeVic?, calculated with the measured masses taken from Ref. [182].

Combinatorial background: The reconstructed invariant mass distribution for the
combinatorial background component is modelled by an exponential function, where
the slope is described by the parameter Ay,
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7 Observation of the B! — D*TD*~ decay

7.1.2 Fit to simulation

Maximum-likelihood fits to the invariant D**D*~ mass distribution of B — D**D*~
and B’ — D*"D*~ simulation are performed separately. They are performed to validate
the model used to describe the invariant mass and to determine the shape parameters of
the respective distributions. The model used in the fits is discussed in more detail in
Sec. 7.1.1. The fits and their results are described in this section.

In the fits to simulation, the invariant D**D*~ mass is restricted to be in the range
of 5200 MeV/c? to 5500 MeVic?. The fits are performed for the Run 1 and Run 2 data sets
individually. The parameters { and f are set to zero in the fits to achieve a more stable
fit since not enough statistics are available to let them float. All remaining parameters
are floating in the fit. The results for the fits to the B — D**D*~ and B’ » D**D*~
simulation are listed in Table 7.1. The invariant mass distributions overlaid with the
projection of the results are given in Fig. 7.1. It is concluded that the double-sided
Hypatia function describes the simulation accurately for both runs and the invariant
mass distributions of both decays. As a cross-check, the fit quality is validated by
calculating the respective )(2 /ndf values, where ndf is the number of degrees of freedom,
i.e. ndf = 7. The values are determined within the RooF1T package [160] and listed
in Table 7.1. The values show a good agreement between the simulation and the fit.
Therefore, the model and the results of the simulation fits are used for the individual fits
to Run 1 and Run 2 recorded data.

Table 7.1 - Results of the fits to the invariant D**D*~ mass distribution of simulated B — D** D*~
and B’ — D**D*~ decays for Run 1 and Run 2. The parameters { and f3 are fixed to zero in the
fits to simulation to achieve a more stable fit. The resulting y*/ndf values are also listed.

B — D**D*~ B’ — D**D*~

Parameter Run 1 Run 2 Run 1 Run 2
i [MeVic?] 5367.17+£0.11 5367.20 £0.08 5279.90 £0.11 5279.96 + 0.09
o [MeVic?]  11.31+0.23 11.8+£0.4 9.9+ 0.4 10.85+0.31
Miyp —-2.58 4023  —2.47+0.27 -39+1.1 —2.78 +0.34
o 3.0+0.5 1.90 £0.16 1.54+0.13 1.48 +£0.13
ay 3.5+ 0.4 2.32+0.33 2.13+£0.26 2.2140.22
n 1.740.6 2.69+0.29 6.6+1.5 5109
ny 3.6+1.3 3.840.7 3.6+0.6 41+0.6
B 0 0 0 0
{ 0 0 0 0
x?/ndf 0.73 0.69 0.7 0.81
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Figure 7.1 - Reconstructed invariant D**D*~ mass of simulated (top) B’ — D**D*~ and (bottom)
B’ — D**D*~ decays shown together with the fitted PDF and pull distributions for (left) Run 1
and (right) Run 2, respectively.

7.1.3 Fit to data

The extended maximum-likelihood fits to the invariant D**D*~ mass distribution of
recorded data are described in this section. As in Sec. 7.1.2 for simulation, separate fits
are performed for Run 1 and Run 2 data. The invariant D**D*™ mass is restricted to
be in the range of 5100 MeVic* to 6000 MeV/c>. The choice of this mass range reduces
partially reconstructed backgrounds to a negligible level. Such backgrounds appear
at lower invariant masses with respect to the known B° mass. Potential sources of
partially reconstructed backgrounds are B — D**D*~ 79" decays, which may involve
intermediate D;(2420)° — D**77® or D;(2430)°" — D** 7~ decays. These and
further backgrounds due to misidentification are discussed in Sec. 6.4, but no significant
contributions are found in data.

The fit to data uses the parametrisation of the B — D**D*~ and B® — D**D*~ signal
contributions determined with the fits to simulation. However, the recorded data set
comprises all considered D decay modes, while only the D° - K~z" decay mode
is available for the simulated BY — D**D*~ and B’ - D**D*~ decays. Accordingly,
fixing the shape parameters assumes that the resolution is similar for all considered D°
decay modes. As a cross-check, the invariant D**D*~ mass distribution for the various

73



7 Observation of the B! — D*TD*~ decay

final states in data is compared and found to be compatible. All parameters listed in
Table 7.1 are used and fixed in the fit except for the mean and the widths. The remaining
parameters of the model, i.e. the yields of the three contributions and the slope of the
exponential function, are floating. The results of the fits to Run 1 and Run 2 data are
listed in Table 7.2, where also the fixed parameters are given. These can be identified
since they are listed without uncertainties. Fig. 7.2 shows the invariant D**D*~ mass
distribution and the fit projection for Run 1 and Run 2. The individual contributions of
the BY — D**D*~ and B’ —» D*"D*~ signal and the combinatorial background are also
shown. The noticeably smaller width of the B} — D**D*~ distribution compared to
the B — D*TD*" distribution in the Run 1 fit is considered a statistical fluctuation. A
further study is performed to cross-check this assumption, where the B mean is allowed
to float in the fit to data. The study shows that a floating B} mean does not resolve
the discrepancy or change the number of decays. To ensure that the B® contribution
does not affect the BY contribution, another study is performed in which the right tail
of the B? distribution is removed. In detail, the B° » D**D*~ contribution is described
with a CB function with a tail towards lower masses instead of a double-sided Hypatia
function. This study also shows no significant change in the number of signal decays.
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Figure 7.2 - Reconstructed mass of the B—> D**D*” data sets shown together with the fitted
PDF for (left) Run 1 and (right) Run 2 with logarithmic scale [40].

Overall, the fits to recorded data after the application of the whole selection allow

Mg gun1 =20£5  and Mg g, =79+ 10 (7.9)
B? — D**D*~ candidates and

N qun1 = 251416 and Mg pun o = 1123 + 34 (7.10)

, Run , Run

B’ » D**D*~ candidates to be extracted for Run 1 and Run 2, respectively. Only a
small fraction of combinatorial background is found. The number of combinatorial
background candidates is given by

Ncomb, Run1 = 44 +7 and NComb, Run 2 = 228 + 18 (7.11)
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7.1 Signal extraction

Table 7.2 — Parameters resulting from the fit to recorded data. The results are separated into
Run 1 and Run 2. The parameters fixed to values from the fit to simulation are listed without
uncertainty. In addition, the constant shift Apug of the B! mean relative to the B” mean is given.

Parameter Run 1 Run 2
N 20+5 79 + 10
N0 251+ 16 1123 +34
Neomb 44 +7 228 + 18
Jig0 [MeVi?]  5281.1+0.6 5279.55 + 0.29
Aexp [?/MéV] —0.0027 £0.0007 —0.00232 + 0.00029
B’ [MeVic?] 9.8 +0.6 10.32 4 0.31
o B [MeVic?] 75+15 104+ 1.7
A;éBo [MeVic?] 87.26 87.26
A -39 ~2.78
ABXP 2.58 2.47
HXP — 4. - .

ol 1.54 1.48
BO

a” 3.0 1.90
BO

al 2.13 2.21
BO

a” 3.5 2.32
BO

nt 6.6 5.1
BO

ny® 1.7 2.69
BO

n; 3.6 4.1
BO

My 3.6 3.8

B 0 0

4 0 0

for Run 1 and Run 2, respectively. The fits show a clear sign of a B! — D**D*~
contribution. With a simultaneous extended maximum-likelihood fit to the invariant
D*'D*~ mass distributions of Run 1 and Run 2 data, the significance of the B — D**D*~
contribution is calculated to be more than 100. This corresponds to an observation of the
B? — D**D*~ decay. In the simultaneous fit, shape parameters for the B — D**D*~
and B’ > D**D*~ contributions are used, which are determined by a simultaneous fit
of the corresponding Run 1 and Run 2 simulations. All parameters except for the yields
and the slope of the exponential function are shared between both runs. The exact
procedure for the determination of the significance is described in Sec. 4.4.
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7 Observation of the B! — D*TD*~ decay

7.2 Studies of systematic effects

Different sources of systematic uncertainties on the ratio of branching fractions are
considered in this analysis. These are studied separately for Run 1 and Run 2. All
considered uncertainties and their impact on the Run 1, Run 2 and combined results
are summarised in Table 7.3. A significant contribution to the systematic uncertainty
is the ratio of hadronisation fractions f;/ f;, which is calculated with the values taken
from Ref. [179]. In addition, uncertainties on the ratios of the selection efficiencies
are considered systematic uncertainties since they depend on the number of decays
available in the simulation. The uncertainties are taken from Table 6.5. Since only
unpolarised simulation is used in the analysis, a possible effect of the polarisations
of the BY - D**D*~ and B’ - D**D*~ decay products on the efficiency ratio is also
considered as an uncertainty. This is discussed in more detail in Sec. 7.2.1. Systematic
uncertainties arising from the method used to reject multiple candidates are also included
since the fraction of multiple candidates due to the misID of final-state particles is high.
This is described in Sec. 7.2.2. Another source of a systematic uncertainty arises from
the choice of the model used to describe the B! - D**D*~ and B’ — D**D*~ signal
distributions in the fit to the invariant mass. A systematic uncertainty is also assigned
for the choice of the range in which the invariant mass is fitted. Pseudo-experiments
are performed to investigate the influence of the assumptions made during the mass
fit procedure. These studies are described in Sec. 7.2.3 and Sec. 7.2.4 for the model and
the fit range, respectively. The general setup of the pseudo-experiments is described
in the following. In total, 100 000 pseudo-experiment data sets with B — D**D*~,
B’ — D**D*~ and combinatorial background candidates are generated according to the
PDF used to describe invariant D**D*~ mass. The number of candidates used in the
generation is drawn from a Poisson distribution with the mean value of the respective
component from the fit to data. Subsequently, an extended maximum-likelihood fit is
performed to the invariant mass of the generated data set. Afterwards, the resulting
ratio of signal decays and its deviation from the nominal ratio, which is determined
with the results from Table 7.2, is calculated for each fit. Finally, the mean value of
these 100 000 deviations is calculated. This mean value is considered the systematic
uncertainty, where the whole procedure is performed individually for Run 1 and Run 2.
To study the effects of the assumptions mentioned above, the model and the fit range
used to generate the pseudo-experiment data sets are adjusted to test the two hypotheses.
Additionally, a study is performed to check for any potential fit biases from the model.
In this study, pseudo-experiments are performed, where both the generation of the data
and the following fit are performed with the default mass model and in the default fit
range. The results do not show any biases.

The systematic uncertainties are summarised in Table 7.3. In the combination of the
ratio of branching fractions, correlations between the Run 1 and Run 2 uncertainties
have to be considered. The uncertainties are partially correlated between Run 1 and
Run 2 for the fragmentation fraction f;/f;. The corresponding correlation is taken
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from Ref. [179] and is given in Eq. (7.3). In more detail, the Run 1 and Run 2 values
share the same systematic uncertainties, but the Run 1 measurement has an additional
independent uncertainty of about 0.7%. The systematic uncertainties occurring from the
size of the simulation and from the method of rejecting multiple candidates are assumed
to be uncorrelated. In contrast, the systematic uncertainties for the mass model, for the
range of the mass fit and for the effect of the polarisation on the efficiency ratio are
assumed to be fully correlated.

Table 7.3 — Systematic uncertainties considered for the measurement of the ratio of branching
fractions. All uncertainties are specified for Run 1 and Run 2. The combinations of Run 1 and
Run 2 are also given, where the respective correlations are considered. The values of f,/ f; for
Run 2 and the combination seem to be the same because of the rounding.

Source Run1[%] Run2[%] Combined [%]
£/ fa 3.18 3.11 3.11
Size of simulation 1.50 1.09 0.93
Polarisation 4.47 3.66 3.82
Multiple candidates 0.12 1.05 0.85
Mass model 0.08 0.09 0.09
Mass fit range 1.49 0.51 0.70
Total 5.88 5.06 5.13

7.2.1 Polarisation

The B — D**D*~ and B® — D**D*~ decays are B— VV processes, i.e. processes where
a pseudoscalar decays into two vector mesons. Accordingly, the final states of both
decays are not pure CP eigenstates but a mixture of CP-even and CP-odd final states. This
is discussed in more detail in Sec. 2.5.3

The simulation used in this analysis is not generated considering any polarisation
of the B! - D**D*~ and B’ - D*'D*~ decays. Instead, only the phase space is
taken into account in the generation. Accordingly, only unpolarised decays are used
to calculate the selection efficiencies in Sec. 6.5. Fully longitudinally and transversely
polarised simulation is analysed to consider the possible effect of polarised BY — D**D*~
and B® — D**D*~ decays on the efficiency ratio. This additional simulation was not
available at the beginning of the analysis but was generated later during the review
process. Additionally, the transversely polarised simulation only considers the H,
helicity amplitude but not the H_ amplitude. This is because the efficiencies are expected
to be similar for the H, and H_ helicity amplitudes. The entire selection is applied to the
polarised simulations, and the efficiencies are calculated like for the default simulation.
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7 Observation of the B! — D*TD*~ decay

The resulting total selection efficiencies are listed in Table 7.4, where also the efficiencies
for the unpolarised simulation are given.

Table 7.4 - Total selection efficiencies of the polarised simulated B - D**D*~ and B’ — D**D*~
decays. The selection efficiencies calculated with unpolarised decays are also listed, which are
taken from Sec. 6.5.

Polarisation B’ — D**D*~ B — D**D*~
gRun 1[%] gRun 2[%] gRun 1[%] gRun 2[%]
Unpolarised 0.0430 &£ 0.0005 0.0659 +£0.0005 0.0446 +£0.0005 0.0713 £0.0005

Longitudinal 0.0424 £0.0004 0.0632+0.0004 0.0454 +0.0004 0.0680 + 0.0004
Transverse 0.0449 +0.0004 0.0673 £0.0004 0.0470+0.0004 0.0726 +0.0004

Table 7.4 shows that the selection efficiencies of polarised decays partly differ signi-
ficantly from the efficiencies calculated in Sec. 6.5. Therefore, effects on the efficiency
ratio and, accordingly, on the ratio of branching fractions are studied. In more detail,
the fractions of the CP eigenstates that have been measured by the Belle experiment [92]
are used, which are given in Sec. 2.5.3. They are exploited to calculate the fractions of
longitudinally and transversely polarised decays. These are further used to weight the
total B - D**D*~ selection efficiencies between the polarised simulated decays.

The first measurement of the BY — D**D*~ decay is performed in this analysis. There-
fore, the polarisation of the BY — D**D*~ decay has not been measured yet. Different
assumptions for the polarisation configuration of the BY decay products are analysed
to determine a systematic uncertainty. In more detail, the selection efficiencies for the
two polarised simulations are weighted in multiple combinations. The efficiency ratio is
calculated for each configuration, where the weighted efficiency of the B’ — D**D*~
decay is used. After calculating the ratio, the respective deviation from the efficiency
ratio of the selection of unpolarised decays is calculated. The study is performed for
both runs individually. The deviations are shown in Fig. 7.3 for Run 2. The results of
the Run 1 study are not presented explicitly, but they show the same trend. For both
runs, the largest deviation occurs if the total BY — D*TD*~ selection efficiency is either
weighted to a maximum longitudinal or a transverse polarisation. The deviations for
both cases are summarised in Table 7.5 for Run 1 and Run 2. An additional case is
studied, where the B} - D**D*~ selection efficiencies are weighted in the same way
between the individual polarised simulated decays as the B — D**D*~ efficiencies. The
effect on the combined Run 1 and Run 2 selection efficiency ratio is studied for all cases.
In these studies, also correlations between Run 1 and Run 2 are taken into account, i.e.
Run 1 and Run 2 are treated as fully correlated.

The configuration leading to the highest uncertainty on the combined Run 1 and
Run 2 measurement of the ratio of branching fractions is considered the systematic
uncertainty. This assumes a maximum transverse polarisation of the B} — D**D*~
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Figure 7.3 - Deviation from the nominal selection-efficiency ratio for Run 2 simulation. The
deviation is shown for different weighting configurations of the selection efficiency of the
BY— D**D*~ decay between the transversely and longitudinally polarised simulation. The total
selection efficiency for the B’ — D**D*~ decay is kept constant in this study. It is weighted to
the fractions measured by the Belle experiment [92].

decay for Run 1 and Run 2. A further study where the longitudinal fraction is varied
within its uncertainties shows no significant change in the uncertainties. The resulting
systematic uncertainty on the overall combined ratio of branching fractions is determined
to be 3.82%, and the individual uncertainties for Run 1 and Run 2 are 4.47% and 3.66%,
respectively.

7.2.2 Multiple candidates

The fraction of multiple candidates originating from misID is high. Therefore, the
method for rejecting this type of multiple candidates is considered a source of systematic
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7 Observation of the B! — D*TD*~ decay

Table 7.5 — Resulting uncertainties on the efficiency ratio for Run 1, Run 2 and the combined
result for different weighting configurations of the selection efficiency of the B! — D**D*~ decay.
Correlations are also considered in the combination of Run 1 and Run 2.

Run 1 Run 2 Combination
Polarisation Unc. [%] Polarisation Unc. [%] Correlation  Unc. [%]

longitudinal 1.04 longitudinal 2.91 fully correlated 2.54
transverse 4.47 transverse 3.66 fully correlated 3.82
like B° 2.33 like B° 0.44 fully correlated 0.81

uncertainty. The default method for rejecting these candidates is described in Sec. 6.3.
Two additional methods are considered in this section. In the first method, the multiple
candidates originating from misID are rejected randomly. The second method is to use
a probability of how correctly the candidates are identified to decide which ones will be
kept. The ProbNN variables of the final-state particles are used to calculate this quantity.
These indicate the probability for a particle to be a pion or kaon and are provided by
neural networks. The ProbNN variables of the four final-state particles of the D° decays,
i.e. the kaons and pions, are used to calculate the ratios

ProbNNy B ProbNN,,
ProbNNg + ProbNN . Pr= ProbNNg + ProbNN,, -

PKk = (7.12)
For each candidate, the ratios of all four particles are then added. The resulting sum is
an estimate of how well all final-state particles have been correctly identified. For each
event with multiple candidates, the candidate with the highest value of this sum is kept.

After applying one of the additional methods of rejecting multiple candidates instead
of the default method, a separate fit to the invariant D**D*~ mass is performed. With
these fits, the numbers of B — D**D*~ and B® — D**D*~ decays are extracted for
Run 1 and Run 2 following the strategy discussed in Sec. 7.1.3. The resulting yields for
the signal decays for the two additional methods and the default method are given in
Table 7.6. For all methods, the ratio of signal decays is calculated, and the results are
also listed in Table 7.6.

The systematic uncertainty is assumed to be the largest deviation between the ratio
of signal decays of the default method and the additional methods. The largest deviation
occurs in the methods of randomly rejecting the candidates and rejecting the candid-
ates with respect to the correct identification for Run 1 and for Run 2, respectively.
Consequently, the uncertainties on the method for rejecting multiple candidates that
originate from misidentification are given by

B - R B — R
default random =0.12%, default PID =1.05%. (7.13)

B default Run 1 B default Run 2
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Table 7.6 — Number of signal decays resulting from the fit to the invariant D**D*~ mass for
the individual methods of rejecting multiple candidates originating from misID, i.e. the default
method, random method or the correct PID method. These values are separated into Run 1 and
Run 2. Furthermore, each ratio of signal decays is given. Some values seem to be the same
because they are rounded according to their uncertainty.

Method Run 1 Run 2

./VBO ‘/VBQ ‘/VB_?/‘/VBO ‘/VBO ‘/VB_? ‘/VBQ/‘/VBO
default 251+16 20+5 0.081+0.020 1123+34 79+10 0.071+0.010
correct PID 250+16 20+5 0.081+£0.020 1122+34 78+10 0.070+0.010
random 249+16 2045 0.081+0.020 1122+34 79+10 0.071+0.010

7.2.3 Mass model

A double-sided Hypatia function is the model used to describe the invariant D**D*~
mass distributions of the B! — D**D*~ and B’ — D**D*~ decays. The effect of the
mass-model choice on the ratio of signal candidates is studied in this section. Pseudo-
experiments are performed to estimate a systematic uncertainty, where an alternative
mass model is used to generate the data sets. As an alternative model, the sum of
two CB functions [181] is considered. This model also accurately describes the signal
distributions in the invariant D**D*~ mass of simulated B! — D**D*~ and B — D**D*~
decays. One CB function consists of a Gaussian function for the central region and a
power-law tail for the region of either low or high values. It is defined as

—1)? — 1
exp (—%) 7 i

o
feB,i(x @, m, i, 07) o N : (7.14)
A-(B—ﬂ> i < g

The parameters A and B are the same as in the definition of the Hypatia function and are
given in Eq. (7.7). The overall PDF % for each signal contribution j consists of two CB
functions. While a shared mean value y is used for both CB functions, the parameters
a;, n; and o; are different for each of the CB functions. Additionally, opposite directions
of the power-law tails are required by a; < 0 and & > 0. The PDF used to describe the
invariant mass distribution of each signal contribution is then given by

Rp=g Ry 1+(1—8) Pg ;. (7.15)

where g is the fraction between the CB functions.

The parameters used in the generation of the pseudo-experiments are obtained by
fits following the same procedure as described in Sec. 7.1. First, the parameters for the
B? — D**D*~ and B » D**D*~ signal shapes are determined with fits to the respective
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7 Observation of the B! — D*TD*~ decay

simulation, where the alternative mass model is used. The detailed results are given
in Table 7.7, where also the y?/ndf values are listed. The y?/ndf values show that the
model works similarly well compared to the default model for both decays and runs.

Table 7.7 - Results of the fits to the invariant D**D*~ mass distribution of simulated B! — D**D*~
and B’ — D**D*~ decays with the alternative mass model. The parameters are separated into
Run 1 and Run 2. The resulting y?/ndf values are also listed.

BY— D**D*~ B’ — D**D*~

Parameter Run 1 Run 2 Run 1 Run 2
U [MeVic?] 5367.19+£0.29 5367.04+0.19 5279.544+0.23 5280.03 +0.24
o1 [MeVic?] 120+ 1.4 74405 8.0+0.5 8.1+0.4
oy [MeVic?] 7.6 +0.8 13.4+1.2 17.0+2.0 10.6 £ 1.6
o ~1.59 +0.22 —22+0.4 —2.64+033  —1.44+0.17
a 1.54+0.4 1.66 +0.17 1.55+0.31 0.70 +0.21
g 0.56 +0.13 0.42 4 0.07 0.67 +0.07 0.65+0.09
n 2.6 +0.7 0.7340.33 0.64 +0.31 1.99 +0.28
ny 1.32+0.35 1.74+0.4 19415 5+4
x%/ndf 0.73 0.69 0.7 0.81

After the fits to simulation, the recorded data is fitted with the alternative mass model.
A scaling factor s for the widths of the BY and B signal shapes is introduced to consider
resolution differences between simulation and data, i.e. 63 = sg*™ Only a single
scaling factor for both signal shapes is used, as the resolution effects are expected to be
the same. In Sec. 7.1.3, it was noted that the width of the Bg distribution for Run 1 is
noticeably smaller compared to the B° distribution and also compared to the fit to the
simulation. By using a single scaling factor for the widths of the CB functions in the
alternative model, the difference in the widths between the B® and B{ signal shapes is
further covered by the systematic uncertainty. In the fit to recorded data, the parameters
of the B and B° signal shapes are fixed to the values obtained with the fits to simulation.
Additionally, the B? mean is assumed to be shifted by 87.26 MeV/c? [182] compared to
the B® mean , ie. ppo = 87.26 MeVic? + ppo. As for the fit described in Sec. 7.1.3, the
remaining background is described by an exponential function. The free parameters
in the fit to recorded data are the slope of the exponential function, the B mean, the
scaling factor s and the yield of each contribution. The result from this fit is used in
the generation of the data sets of the pseudo-experiments except for the yields and the
exponential slope. These parameters are taken from the fit to recorded data performed
with the default model given in Table 7.2. The final parameters used in the generation
with the alternative mass model are summarised in Table 7.8. After the generation of the
data sets, fits to the invariant D**D*~ mass are performed using the default mass model
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described in Sec. 7.1.1. In these fits, all parameters are fixed, except for the B° mean, the
widths of the BY and B° signal PDFs, the slope of the exponential background and the
yields. The yields of the B and BY signal contributions are extracted for each fit. With
these yields, the ratio of signal decays and its deviation from the nominal ratio, which is
calculated with the results from Table 7.2, is determined. The resulting deviations are
assigned as the systematic uncertainties on the mass model. The procedure is performed
for Run 1 and Run 2 separately.

Table 7.8 — Parameters used in the generation of the pseudo-experiments with the alternative
model. The yields and the slope of the exponential function are taken from Sec. 7.1.3. The
parameters used from simulation fit with the alternative mass model are taken from Table 7.7.
The parameters resulting from the fit to simulation with the alternative mass model are taken
from Table 7.7.

Origin Parameter Run1 Run 2
From default /g 21+5 80+ 11
fittodata 263+ 17 1171+ 35
Neomb 3147 178 £ 17
dexp  [Z/MeV] —0.0034+0.0012 —0.00198 +0.00035
From fit Lig0 [MeVic?]  5280.9+0.6 5279.58 + 0.28
to data s 0.86 + 0.05 0.878 + 0.028
From fit o [MeVic?] 8.0+0.5 8.1+0.4
to simulation o’ [MeVic?] 17.0 + 2.0 10.6 + 1.6
o [MeVic?] 12.0 + 1.4 74405
o Mevid] 7.6+0.8 13.4+1.2
o’ —2.64+0.33 ~1.44+0.17
o’ 1.55+0.31 0.70 £ 0.21
o ~1.59+0.22 —2.2+04
o 15404 1.66 +0.17
g% 0.67 % 0.07 0.65 % 0.09
g 0.56 4 0.13 0.42 4 0.07
nb’ 0.64 +0.31 1.99 +0.28
n’ 2.6+0.7 0.73+0.33
nb’ 19415 544
nP 1.3240.35 1.7+0.4
Always fixed Apg  [MeVic?] 87.26 87.26
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7 Observation of the B! — D*TD*~ decay

The residuals and pulls of the B® and B yields are shown in Fig. 7.4 and Fig. 7.5,
but not directly used in the calculation of the uncertainty. No bias is expected due to
the mean of the pull distribution of the number of B decays being slightly off from
zero as the bias corresponds to the mean of the residual, which is close to zero. The
exact values of the means of the residual distributions are 0.379 and 0.469 for Run 1
and Run 2, respectively. Dividing these by the number of generated events (20 for
Run 1; 79 for Run 2) would result in a relative bias of 1.80% and 0.6% for Run 1 and
Run 2, respectively. This potential bias of the BY yield is neglected in the following
since it is smaller compared to the assigned systematic uncertainty. The pull can be off
due to different effects, e.g. the uncertainty estimation by MINUIT could be inaccurate.
Such higher-order effects, as seen in the pull distribution, are neglected in this analysis.
Overall, the systematic uncertainties resulting from this study are 0.08% and 0.09% for
Run 1 and Run 2, respectively.
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Figure 7.4 — Residuals of the yields resulting from the fits for the mass model study for the
(top) B° - D**D*” and (bottom) B! — D**D*~ decays for (left) Run 1 and (right) Run 2,
respectively. The blue line shows the result of a maximum-likelihood fit to the distributions
using a Gaussian function. The mean values resulting from these fits are close to zero, i.e. the
systematic uncertainty is expected to be small.
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Figure 7.5 — Pulls of the yields resulting from the fits for the mass model study for the (top)
B — D**D*~ and (bottom) B! — D**D*~ decays for (left) Run 1 and (right) Run 2, respectively.
The blue line shows the result of a maximum-likelihood fit to the distributions using a Gaussian
function. Although the BY mean resulting from these fits deviates slightly from zero, no bias is
expected. This is explained in more detail in the text.

7.2.4 Mass fit range

The fits to the invariant D**D*~ mass to extract the B - D**D*~ and B - D**D*~
candidates are performed in the range of 5100 MeV/c* to 6000 MeVic® as described in
Sec. 7.1.3. Potential sources of partially reconstructed background are found to be
negligible in the considered mass region. This is studied in more detail in Sec. 6.4. Still,
contributions from the physical background that are not described in the mass fit could
change the shape of the combinatorial background. Therefore, this section studies the
effect of the choice of the mass range on the ratio of branching fractions.

The size of the effect is estimated by performing pseudo-experiments, where data
is generated according to the default model but using parameters for the background
component that are determined on alternative mass ranges. Alternative ranges that are
considered in this study are 5050 MeVic? to 6000 MeVic? and 5150 MeVic? to 6000 MeVic?.
The parameters for the description of the background are then obtained by fitting the
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7 Observation of the B! — D*TD*~ decay

invariant D**D*~ mass in the respective ranges. The parameters for the B} — D** D*~
and B® — D**D*~ signal contributions are taken from the results of the nominal mass
fit given in Table 7.2. The data sets of the pseudo-experiments are generated within
the alternative ranges and a subsequent maximum-likelihood fit in the same range is
performed. The starting values for the parameters of these fits are those used to generate
the data sets, and the floating and fixed parameters are the same as for the nominal mass
fit. This procedure is performed separately for Run 1 and Run 2.

A systematic uncertainty is assigned by calculating the ratio of signal decays resulting
from the fits and its deviation from the nominal ratio. For this purpose, the maximum
deviation occurring for the two ranges is used for each run. This gives uncertainties
of 1.49% for Run 1 and 0.51% for Run 2. The residual and pull distributions of the B’
and BY yields for both fit ranges are not explicitly shown in this thesis. However, the
residuals are close to zero, and the pulls show the same trend as for the study of the
mass model in Sec. 7.2.3. Since the mean values of the residuals are very close to zero,
no bias is expected in the study of the fit ranges either.

7.3 Calculation of the ratio of branching fractions

The ratio of branching fractions of the B — D**D*~ and the B’ — D**D*~ decays
can be calculated with the selection efficiencies, the number of signal decays and the
hadronisation probabilities of the two decays. It is defined in Eq. (2.46). According to
Eq. (7.2) and Eq. (7.3) the ratios of hadronisation fractions are given by

E =0.239 £ 0.008, E

Ja Run 1 d

The efficiencies of the entire selection are calculated in Sec. 6.5 for both decays. The
resulting efficiency ratios for Run 1 and Run 2 are given by

= 0.254 + 0.008 . (7.16)
Run 2

EBO EBO
— = 1.037 £ 0.016, — =1.082 £ 0.012, (7.17)
€B [Run 1 €B [Run 2

where it is assumed that the ratio is the same for all final states. The efficiencies of
the BY — D**D*~ decay are higher due to the better signal efficiency of the central
preselection and the geometric acceptance. The ratios of the numbers of signal decays
are calculated with the results from the fit to the invariant D**D*~ mass of the Run 1
and Run 2 data sets. The fits are discussed in Sec. 7.1.3. The resulting ratios are

‘/VB? ‘/VBE
./VBO ,/VBO

= 0.081 £ 0.020,
Run1

=0.071+0.010. (7.18)
Run 2
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With the individual values for the efficiencies and the numbers of signal decays, the
ratios of branching fractions are calculated to be

B(B?— D**D*7)

= 0.33 £ 0.08 + 0.01 + 0.02, (7.19)
QQ(BO - DH_D*_) Run1
B(B?— D**D*7)

= 0.257 + 0.035 + 0.008 + 0.010, (7.20)
RB(B®— D**D*7) |pun 2

where the first uncertainty is statistical, the second systematic, and the third is due to
the uncertainty of the fragmentation-fraction ratio f;/ f;. The systematic uncertainties
are evaluated in Sec. 7.2. A combination that is weighted with the quadratic sum of the
uncertainties of the individual ratios of Run 1 and Run 2 results in

B(B)— D**D*")
B(B’— D**D*7)

=0.269 £ 0.032 + 0.008 + 0.011, (7.21)

where also the correlations of the individual uncertainties between Run 1 and Run 2 are
considered. The individual and the combined results are illustrated in Fig. 7.6.

3t H H 7
6fb~ 1 H+H n
Combined - I—H}H -
0.1 T3 0.4 0.5 0.6

Ratio of branching fractions

Figure 7.6 — Ratio of branching fractions for Run 1 with 3 fb™", for Run 2 with 6 fb™" and for the
combination of the individual results. The statistical and overall uncertainties are indicated in
blue and red for each ratio, respectively.

As discussed in Sec. 2.5, the absolute branching fraction of the B’ - D**D*~ decay
has already been measured. By using the current world average of the branching fraction
of this decay, which is given in Eq. (2.44) and taken from Ref. [173], the B — D**D*~
branching fraction is calculated to be

B(B?— D**D*7) = (2.15 £ 0.26 £ 0.09 £ 0.06 £+ 0.16) x 107%,
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7 Observation of the B! — D*TD*~ decay

where the first three sources of uncertainty are the same as in Eq. (7.20), and the fourth
uncertainty arises from the limited precision of the B° — D**D*~ branching fraction.

7.4 Effect of the B? lifetime

This analysis exploits a time-integrated approach to extract the number of signal decays
needed to calculate the central value of the ratio of branching fractions. Afterwards, the
absolute B! — D**D*~ branching fraction is calculated by using the world average of
the B® — D**D*~ branching fraction. Consequently, B — B? mixing effects are not taken
into account in the determination of the B — D**D*~ branching fraction. According
to Ref. [183], the experimental branching fractions %y, can be converted into a ratio
that is independent of BY — BY mixing. The theoretical branching fraction %y, of the BY
meson decaying into any final state fis given by

1-—- y2
Bun(BS — f) = (—) Bexp(BS = 1), (7.22)
1+ Ay
where the parameters y; and &/ XF are defined as
AT,
=— 7.23
%= on (7.23)
and
f _pf
Al — f f (724)
Ry + Ry,

with the decay amplitudes of the heavy (H) and light (L) eigenstates of the BY meson R{I

and R{, respectively.

The B — D**D*~ simulation used in this analysis is generated with the average BY
lifetime since no measurement or prediction is available for the B lifetime in this decay.
However, the heavy and light eigenstates have significantly different lifetimes with
TR 1, = 1.423 ps and 7p 1y = 1.620 ps, both taken from Ref. [173]. Since the BY selection
efficiency depends on the lifetime, correction factors for the efficiency are calculated for
the scenarios where either a purely heavy or a purely light BY eigenstate is considered.
Assuming an average B lifetime corresponds to &fi} = 0, the lifetime of a heavy or

light BY eigenstate corresponds to of XF = +1. The effect of a change in the BY lifetime

on the selection efficiency is studied with simulated B — D*"D*~ decays, where the
complete selection is applied. The lifetime of each simulated B! — D**D*~ decay is
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weighted with

exp (—t/1r ;) [exp(—t/7)
TL, H T ’

WL H = (7.25)
i.e. the normalised lifetime PDF of the heavy or light eigenstate divided by the normalised
lifetime PDF of the average. The correction factor is then calculated as the sum of the
weights divided by the total number of decays. In Fig. 7.7, the weighted BY lifetime is
shown for Run 1 and Run 2 simulation.
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Figure 7.7 — Distribution of the B lifetime of simulated B? — D**D*~ decays for (left) Run 1
and (right) Run 2. The distribution generated with the average B? lifetime is shown in grey,
while the distributions weighted by the theoretical lifetime of the heavy and light B mesons are
shown in blue and red, respectively.

The correction factors for a change to the lifetime of the heavy or light BY eigenstate
are determined to be 1.041 and 0.951 for Run 1 and 1.045 and 0.946 for Run 2, respectively.
The time-integrated correction factors for the efficiency are 0.947 and 1.045 for light and
heavy B! eigenstates, respectively. If the lifetime of the B meson in the BY — D**D*~
decay is found in further studies to differ significantly from the average B? lifetime, the
central value of the B! — D**D*~ branching fraction presented in this thesis can be
corrected. The equivalent effect also occurs for the B — D**D*~ decay but is neglected
due to the small value of ATl [47].

7.5 Results

In this chapter, the first measurement of the BY — D**D*~ decay is presented. The meas-
urement is performed with the full Run 1 and Run 2 data sets of the LHCb experiment.
The selection of these samples is described in Chap. 6.
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7 Observation of the B! — D*TD*~ decay

First, extended maximum-likelihood fits to the invariant D**D*~ mass are performed
to extract the numbers of B - D**D*~ and B — D**D*~ decays. This is described
in Sec. 7.1. Overall, the numbers of B! — D**D*~ decays are 20 + 5 and 79 + 10 for
Run 1 and Run 2, respectively. The numbers of B — D**D*~ decays are 251 + 16 and
1123 £ 34 for Run 1 and Run 2, respectively. This corresponds to an observation of the
BY — D**D*~ decay with a significance of more than 100, which is determined with the
procedure described in Sec. 4.4. The individual Run 1 and Run 2 fit results are shown in
Fig. 7.2, and a combination is presented in Fig. 7.8.
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Figure 7.8 — Reconstructed invariant D**D*~ mass shown together with the PDF of a Run 1 and
Run 2 combination with a logarithmic scale [184]. The combination is calculated as the sum of
the individual PDFs.

Systematic uncertainties considered in the measurement are discussed in Sec. 7.2.
Uncertainties regarding the mass model to describe the invariant D**D*~ mass and fit
range in which the fit is performed are considered. Systematic uncertainties are also
assigned for the method of rejecting the high fraction of multiple candidates originating
from misID and for the size of the simulation. The dominant systematic uncertainties
originate from the external input of the ratio of hadronisation fractions f;/ f; and an
effect of polarised B—~ D**D*~ decays on the selection efficiencies. The simulation used
in this thesis is generated without considering a polarisation present in the B—~ D**D*~
decay topology. A detailed and conservative study of possible effects results in systematic
uncertainties of 4.47% and 3.66% for Run 1 and Run 2, respectively.

By using the total selection efficiencies reported in Sec. 6.5, the ratio of hadronisation
fractions and the extracted number of signal decays, the ratio of branching fractions is
calculated. This is described in more detail in Sec. 7.3. The resulting ratio of branching
fractions of a Run 1 and Run 2 combination is calculated to be

B(B?— D*TD*7)
B(B®— D**+*D*7)

=0.33 £0.08 £ 0.01 +£0.02, (7.26)

where the first uncertainty is statistical, the second systematic, and the third is due to the
uncertainty of the fragmentation-fraction ratio f;/ f;. In the combination, the individual
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ratios of Run 1 and Run 2 are weighted by the quadratic sum of their uncertainties.
Correlations of the individual uncertainties between Run 1 and Run 2 are also considered.
By using the current world average of the branching fraction of the B® — D**D*~ decay
taken from Ref. [173], the absolute time-integrated BY — D**D*~ branching fraction is
determined to be

B(B?— D*TD*7) = (2.15 £ 0.26 £ 0.09 £ 0.06 + 0.16) x 10 %,

where the first three sources of uncertainty are the same as in Eq. (7.20), and the fourth
uncertainty arises from the limited precision of the B’ — D**D*~ branching fraction.
An effect of the BY lifetime on the selection efficiency is discussed in Sec. 7.4. Correction
factors are calculated for the scenarios where either a purely heavy or a purely light BY
eigenstate is considered. The time-integrated correction factors for the efficiency are
determined to be 0.947 and 1.045 for light and heavy B eigenstates, respectively. These
can be used to correct the central value of the B! — D**D*~ branching fraction if the
lifetime of the B meson in the BY — D**D*~ decay is found in further studies to differ
significantly from the average B? lifetime.
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8 Measurement of CP violation in
B’ - D**D*~ decays

The measurement of CP violation in B® — D**D*~ decays is presented in this chapter.
The selection of the decays is described in Chap. 6, which is similar but slightly different
compared to the B — D**D*~ analysis. Consequently, the extraction of signal decays
by performing a maximum-likelihood fit is repeated in this analysis. This is discussed in
Sec. 8.1, where also sWeights are determined, which allow to unfold the signal decay
contribution from the data set. The CP observables are measured by a fit to the decay-
time distribution of statistically subtracted B — D**D*~ candidates. Consequently,
knowledge about the time-dependent decay rate of the B’ — D** D*~ decays is required.
The time evolution equations describing the oscillation of a particle and an antiparticle
in the B system are given in Eq. (2.61). They can be simplified to a single formula
defined as

Pt q) < e (1 + A

8.1
-[1 —¢q(1 = R )Sp+p+ sin(Amgt) + qgCp++p+ cos(Amyt)] , (®.1)

where identical constant factors are neglected and where the parameter g can take the
values +1 and —1 for B® and B® mesons, respectively. However, this simplified formula
is insufficient to describe the decay-time distribution measured by the detector since
it neglects several experimental effects. Such effects arise from the FT, production
and detection asymmetries, decay-time-dependent selection efficiency and the finite
resolution in the decay-time measurement. Consequently, the decay-time PDF has to be
adjusted to account for these effects. In general, this analysis uses the decay-time estimate
from a DTF with constraints placed on the PV, which allows to increase the resolution.
A detailed description of the experimentally measured decay-time parametrisation is
given in Sec. 8.2. Afterwards, the extraction of the CP observables is discussed in Sec. 8.3.
Studies of systematic effects on the measurement of the CP observables are presented in
Sec. 8.4. Finally, the results of the measurement are summarised in Sec. 8.5.

8.1 Extraction of B’ candidates

An extended maximum-likelihood fit to the reconstructed invariant D**D*~ masses
of the selected B’ — D**D*~ decays is performed to discriminate between signal and
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8 Measurement of CP violation in B® — D**D*~ decays

background. After the fit, the sPlot method is used to extract signal weights to later
statistically subtract the background in the angular and decay-time distributions. The
sPlot technique is described in more detail in Sec. 4.3.

As for the Bg — D*TD*~ branching fraction measurement, the mass estimate from a
DTF with constraints placed on the PV and the masses of the intermediate charm mesons
is used. This allows to increase the B mass resolution by about 50%. The B — D**D*~
analysis shows that a double-sided Hypatia function describes the invariant D**D*~ mass
distribution well. Consequently, the model is also used in the B — D** D*~ analysis to
parametrise the B’ — D**D*~ and B? — D**D*~ contributions. It is discussed in more
detail in Sec. 7.1.1. The fit strategy is also adopted from the B} — D**D*" analysis.
First, the shape of the Hypatia functions for the B — D**D*~ and BY — D**D*~
contributions is determined using simulation. The shape of the signal contributions in
the B — D**D*~ analysis can differ due to the different selections. Consequently, the
determination of the Hypatia parameters is repeated. This step is described in Sec. 8.1.1.
Afterwards, a fit to data is performed in Sec. 8.1.2 to extract the sWeights.

8.1.1 Fit to simulation

The fits to the invariant D**D*~ mass distribution of simulated B — D**D*~ and
B? — D**D*~ decays are performed in the range of 5200 MeVic? to 5500 MeVic?. The data
sets for each decay and for Run 1 and Run 2 are fitted separately. The parameters { and
B are set to zero to achieve a more stable fit. All remaining parameters are floating.

The results of the fits to B - D**D*~ and BY — D**D*~ simulation are listed in
Table 8.1. Despite minor differences are present due to the different selections, the
results consistent with the B — D** D*~ analysis. To avoid redundancy, the invariant
D**D*~ mass distributions overlaid with the projection of the results are not shown.
However, the double-sided Hypatia function describes the simulation accurately for all
data sets. The results are used for the fits to Run 1 and Run 2 recorded data.

8.1.2 Fit to data

Extended maximum-likelihood fits to the invariant D**D*~ mass distribution of recorded
data are presented in this section. The invariant D**D*~ mass is restricted to be in
the range of 5100 MeéVic? to 5500 MeVic?>. This range reduces partially reconstructed
backgrounds to a negligible level, which appear at lower invariant masses with respect
to the nominal B® mass. Potential sources of partially reconstructed backgrounds are
discussed in Sec. 6.4. These could arise from B’® — D**D*~ 70" decays, which
may involve intermediate D;(2420)°" — D**7~© or D,(2430)° — D**7~© decays.
Additionally, cross-checks for backgrounds arising from the misID of final-state particles
are considered in Sec. 6.4. However, no significant background contributions are present
in the data. All checks are performed for the selection of the B! — D**D*~ analysis, but
it is assumed that the same applies to the B’ — D**D*~ analysis. The upper mass limit
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8.1 Extraction of B® candidates

Table 8.1 - Results of the fits to the invariant D**D*~ mass distribution of simulated B’ - D**D*~
and B - D**D*" decays. They are separated into Run 1 and Run 2. The parameters { and f are
fixed to zero to simulation to achieve a more stable fit. All remaining parameters are floating,.

BY— D**D*~ B’ — D**D*~
Parameter Run 1 Run 2 Run1 Run 2

Hgo [MeV/cz] 5367.05+0.04 5367.089+£0.035 5279.870+0.032 5280.016 +0.035

o [MeV/CZ] 10.57 £0.33 11.15+0.21 10.56 +0.14 10.40 +0.30
Alﬁgyp —3.1+04 —2.67+0.20 —2.74+0.15 -3.0+04
o 1.56 £0.10 1.56 £ 0.07 1.83 +£0.10 1.46 £ 0.06
197 1.72 £0.16 1.83+£0.19 2.1+£0.5 1.79£0.21
ny 5.8+0.7 49+04 42+04 58+0.4
ny 10.0+1.4 8.7+1.2 12.8+2.8 85+1.5
B 0.0 0.0 0.0 0.0

4 0.0 0.0 0.0 0.0

is chosen to achieve a more accurate sWeights extraction. In detail, the shrinking of the
range has the advantage that the correction of the sWeights applied in the following is
smaller.

The fit to simulation performed in Sec. 8.1.1 only considers the D® — K~ 7" de-
cay mode. However, the resolution is assumed to be similar for all considered decay
modes. This assumption is validated in the B — D**D*~ analysis. The recorded data
set comprises all considered D° decay modes, which are fitted simultaneously. Three
contributions have to be considered in the fit to the invariant D**D*~ mass of recorded
data, i.e. the BY — D**D*~ decays, the B! — D**D*~ decays and the combinatorial
background. The parametrisations of the B’ — D**D*~ and B} — D**D*~ signal contri-
butions determined with the fits to simulation are used. The combinatorial background
is described by an exponential function. In more detail, all parameters listed in Table 8.1
are used and fixed in the fit to data except for the B® mean and the widths. The BY mean
is shifted relative to the B® mean by a fixed value calculated with the measured masses
of the B® and B? mesons taken from Ref. [47]. The remaining parameters of the model,
i.e. the yields of the three contributions and the slope of the exponential function, are
floating. Separate fits are performed for Run 1 and Run 2 data, and the results are listed
in Table 8.2. Fig. 8.1 shows the invariant D**D*~ mass distribution and the projection of
the fit result for Run 1 and Run 2. The individual contributions of the B - D**D*~ and
B’ — D**D*~ decays and the combinatorial background are also shown.

The PDFs resulting from the fits and the sPlot method are used to determine the
sWeights. More details about the sPlot method are given in Sec. 4.3. These sWeights
are used in the following to unfold the signal and background distributions in the
angular decay-time fit. After determining the sWeights, a likelihood correction factor of
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Table 8.2 — Parameters resulting from the fit to the reconstructed invariant D**D*~ mass
distribution of recorded data for Run 1 and Run 2. Only the floating parameters and the constant
shift Apgo of the BY mean relative to the B’ mean are listed. The remaining parameters of the
mass model are fixed to the values obtained with the fits to simulation given in Table 8.1.

Parameter Run1 Run 2

Ny 25+6 92+ 15
Ngo 282+ 18 1220 + 40
‘/VBKG 163 £ 15 540 + 30

[ig0 [MeVic?] 5281.1+ 0.6 5279.79 £ 0.31
dexp  [#/MeV]  —0.002740.0007 —0.0022 % 0.0004
o8 [MeVi?] 11.4+0.8 10.85 + 0.35

B [MeVi?] 71417 124424
Apg  [MeVic?] 87.26 87.26

10°
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Figure 8.1 — Reconstructed ivariant D**D*~ mass shown together with the fitted PDF and pull
distribution for (left) Run 1 and (right) Run 2 data with logarithmic scale. Besides the data points
overlaid with the full PDF (solid black), the individual components are shown: the (dotted blue)
B° decays, the (dot-dashed red) B decays and the (dashed green) combinatorial background.

3w/ Y w? is applied to each weight. It is taken from Ref. [164] and ensures that the
sensitivity of the fit is not underestimated. The approach shows a good coverage of the
statistical uncertainty, which is further validated with bootstrapping studies [185] in the
following.

8.2 Decay-time parametrisation

This section describes the modifications of the theoretical decay-time PDF given in
Eq. (8.1) that are required to account for several experimental effects. The modified PDF
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of the reconstructed decay-time ¢ is defined as
P(t,d|7) = ea(t) - (P(t.d | ) ® Rt~ 1)) , (8.2)

where the PDF (¢, d |17) describes the distribution of the true decay time ¢’. Eq. (8.2) in-
cludes effects from external asymmetries like the production and detection asymmetries.
Another effect arises from the FT, which experimentally enters the decay-time distribu-
tion with the tag decisions d= (d®%,d>%) and the per-event mistag probability estimates
7= %5, 5%). A finite decay-time resolution R(t — t) and a decay-time-dependent
efficiency &4(t) are also considered.

8.2.1 External asymmetries

The detection and production asymmetries can be defined with the detection efficiencies
£det and production cross sections oy,04, respectively, ie.

f edet(f) — gdet(._f) Uprod(BO) - O'prod(BO)
= = d= = .
det Edet(f ) + gdet(f) P O'prod(BO) + O'prod(BO)

The detection asymmetry refers to asymmetries in the detection of particles but also
includes asymmetries in the reconstruction of the particles and PID inefficiencies. It is
impossible to measure the detection asymmetry directly since it is directly coupled to
the intrinsic charge asymmetry. As a consequence, only the raw asymmetry

(8.3)

can be measured. However, the final state in the B’ — D**D*~ analysis is symmetric.
Accordingly, an asymmetry can only arise from different kinematic distributions of the
final-state particles. These effects are expected to be small, and the detection asymmetry
Aget 1s neglected in the decay-time fit. Including the asymmetries, the PDF given in
Eq. (8.1) is extended to

“@asym(t’ q) e_n(l - qurod)(1 + A{aw)
+[1 = q(1 = R )Sprp+ sin(Amgt) + qCprip+ cos(Amgt)]

(8.5)

The production asymmetry is not measured directly in this analysis. Instead, it is an
external input. Due to the different centre-of-mass energy, different values need to be
constrained for the two data-taking periods. Both values are taken from Ref. [24].

8.2.2 Flavour tagging

The measurement of the CP observables requires knowledge about the initial flavour
of the B® meson. This information is provided by the FT, which is discussed in more
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detail in Sec. 3.4. The FT algorithms have to be calibrated using a control channel since
the centrally optimised training data for the FT can differ significantly from the data
analysed in this thesis. This applies in particular to the mistag distribution, which can
be distorted significantly. Consequently, the mistag of each tagger has to be calibrated
using flavour-specific control modes that are topologically similar to the signal. The
resulting calibration parameters have to be integrated into the decay-time PDF since the
uncalibrated taggers are later used in the decay-time fit. In this analysis, the OS and SS
combinations are used in the decay-time fit and no overall combination is determined.
This allows to account for correlations among them. The inclusion of the FT parameters,
the selection of the control channel and the calibration of the taggers are discussed in
more detail in this section. All FT related results presented in the following are obtained
with the FrcaLiB software package [151].

Using the tagging efficiencies ¢; and the respective calibrated mistag probabilities @,
which directly depend on the estimated mistag 7, the probability to obtain the tag d for
the true tag q of one single tagger can be defined as

g(1—wy) ,ifdi=q
ﬂtag(dl CI) = ngq > lfdl =-q9. (86)
1-—- Eq s lfdl =0

The tagging efficiencies for the B® (b) and B° (b) are defined as
1 _ 1
& =€ = Erag t+ EAgtag’ € = €= Epag — EAgtag> (8.7)

respectively. The corresponding mistag probabilities are w and w. Multiple tag responses
can be combined based on likelihoods derived from the mistag probabilities. The respect-
ive combinations of the OS and SS tagging information can both be included together
in the description of the decay time given in Eq. (8.5) by defining the quantity ®*. The
resulting modified PDF is given by

Ptd) = 21ag(d] B Prsyen(t, B) + 24ap(d] B)Prsym(t, BY)

= e_Ft(l + Arfaw [((P+ - ApI‘Od(D_)

(8.8)
— (" - Aprodgp_)(1 — R )Sprp sin(Amyt)
+ (@ — Aprod®)Cprp+- cos (Amgt)]
In the case that both taggers provide a tag decision, ¢* is given by
P* = lEOS[I +dO5(1 = 209916551 + d%5(1 — 20°)]
4 (8.9)

+ i?os[l +dO5(1 — 20" P[1 + d55(1 — 20)].
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If only one tag decision is available, e.g. the OS tag, the observable is given by

@* = ZeO5[1+dO5(1 - 20°)](1 - %)

+ %zosn +dOS(1 — 25°9)](1 — &),

(8.10)
By changing OS to SS, the same definition can be used to calculate the observable for
the case in which only the SS tag is available. In the last case, where no tag is available,
the observable is given by

Pt=(1-691-+ 1 -0 -"). (8.11)

Since the FT directly enters the decay-time PDF, a precise calibration of the taggers
is essential for accurately measuring the CP observables. This typically requires high
statistics decay modes as control channels. For B — D*"D*~ decays, the obvious
choice would be the utilisation of the B — D*~D}* decay whose branching fraction
is measured to be B(B° — D*Di") = (1.77 £ 0.14)% [47]. The D}* mesons strongly
decay via Di* — D;y with about (93.5 + 0.7)% [47]. Since the LHCb detector is not well
suited to reconstruct photons, this decay is not used for the FT calibration in this thesis.
Instead, the B — D} D™ decay channel is used to calibrate the mistag probabilities. The
selection of this channel is mainly adopted from a CP violation analysis in B — D™D~
and BY — D Dy decays [26]. However, adjustments are required due to the differences
of the analyses, which are explicitly mentioned in the short explanation of the selection
discussed in the following.

B’ - DD~ decays

The parts of the selection, which are directly taken from the B?s) — D, Dj, analysis [26],
are summarised concisely. In contrast, small adjustments applied to the selection are
discussed in more detail. These adjustments are mainly due to the different data sets
used in the two analyses. The B?s) — D D analysis is performed using Run 2 data
only, while this analysis performs a simultaneous Run 1 and Run 2 measurement.
Additionally, an inclusive measurement of CP violation in B’ - D" D™~ and B? — D; Dy
decays is performed in the B(Os) — D, Dj analysis, and a multivariate analysis is trained
using both signal and control channels simultaneously. This is not necessary in this
analysis, and only the B — Dj' D™ channel is used. To account for these differences,
the whole selection of the B° — D D™ decays is implemented in the framework of the
B° - D**D*~ analysis to select B° - Dy D™ Run 1 and Run 2 data.

The final states considered in the selection of the B — DJ D™ decays are summarised
in Table 8.3. As described in Sec. 3.3.2, a centralised preselection is applied, where
a Stripping line is used that contains the B — DD~ decays. Afterwards, a loose
preselection is applied with requirements on the mass window of the D}, mesons, the
)(IgD of both D&') mesons and the status of the DTF fit, where the DTF fit uses constraints
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on the PV or the masses of the intermediate D}, mesons. The x? requirement on the
flight distance (FD) ensures that the decay vertex of the D}, mesons is displaced from the
SV. The misID of final-state particles leads to backgrounds in the data possibly leaking
into the signal region. These can be found by assigning different mass hypotheses to the
final-state particles and recalculating the invariant mass. Most of the backgrounds are
suppressed by applying requirements on the recalculated invariant masses and variables
indicating the probability of a particle being a kaon or a pion. These requirements are
referred to as vetoes. The detailed requirements are not listed in this thesis but can be
found in Ref. [26].

Table 8.3 - Final states considered for the B° — DI D~ channel. The final states are ordered
according to their branching fraction. The first parenthesis indicates the final state of the Dy
meson, and the second is the final state of the D™ meson.

Decay Final state

B> DD~ (K K'a")(Ktn ")
(m K"Kt n 77)
(mataHK e n7)
(K"Kt (KK~ 77)

One background which arises from the misID between the D* — K n*z" and
Df - K"K*n™" decays cannot be rejected by the cut-based vetoes. This background
is more challenging because of the similar mass shift between 7 and K™ compared
to D* and D mesons. For both decays, the signal component largely overlaps with
the misID background in the invariant mass distribution of the respective D}, meson.
This makes a cut-based veto requirement very inefficient, and a multivariate analysis
is used to separate the two decays. The xgboost [169] module from the scikit-learn
package [186] is used to train a GBDT [155, 187] that can distinguish between the
two decays. Simulated D > K"K*x* and D* - K~ 72" meson decays from the
B°— D D™ control channel are used for the training. All variables and hyperparameters
used in the training and the cuts applied to the output of the GBDT are taken from
the Bg) — D Dj, analysis. The same applies to the training on Run 1 data, where the
variables, hyperparameters, and cuts are not further optimised but are adopted from the
Run 2 training. Both trainings are performed separately. Additionally, the procedure is
applied for each D meson separately. More details about the procedure of the training
and requirements on the GBDT output can be found in Ref. [26].

After the vetoes, the data still contains many combinatorial background candidates.
These are also suppressed by a GBDT following the strategy from the B(OS) — D{Dy,
analysis, where multiple signal and control channels are simultaneously used as a signal
proxy. In contrast, only simulated B° — D D~ decays are used in this analysis. The
upper-mass sideband of the data corresponding to mpsp- > 5600 MeVic? is used as a
background proxy. Due to the different signal proxies, the GBDT is retrained in this
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analysis using the same variables, hyperparameters and procedure as in the B(Os) — D, Dj,
analysis. All selection steps except the vetoes are applied before the training of the
GBDT. Since a different signal proxy is used in this analysis, new optimal cuts on the
GBDT output are determined. A Figure of Merit (FoM) defined as

S
vS+ B

FoM =

(8.12)

is used to maximise the signal significance in the data samples, where S and B are the
numbers of B’ — D{ D™ and background candidates, respectively. The FoM is calculated
for different requirements of the BDT output. The number of signal and background
candidates for each requirement is determined and calculated by performing a fit to the
invariant DD~ mass. These fits are performed using the same procedure and fit model
described later in this section. The final cut value is the requirement that maximises the
FoM. The procedure is performed separately for all individual B° — D D™ final states
and for Run 1 and Run 2 data, respectively. In Table 8.4, the resulting cut values are
listed. The FoM for the most dominant final state (K"K z")(K*2~7") and for Run 2
data is shown in Fig. 8.2. The distributions of the other final states and for Run 1 data
are not explicitly presented due to redundancy. Despite the maximum occurring for a
different requirement on the GBDT output, they generally show the same trend. As a
last selection step, the multiple candidates are rejected randomly.

Table 8.4 — Requirements on the GBDT output that maximise the signal significance and the
corresponding number of candidates extracted with the final extended maximum-likelihood fit
to the invariant DD~ mass for the different B — D D™ final states and for Run 1 and Run 2
data.

BDT requirement Signal candidates
Final state Run1 Run2 Run 2 Run 1

(K K'n")YKTr ) >06 > 0.6 22080 + 170 93090 + 320
T T T T > 0. > 0. + +

(r K'a)(Ktn ) 0.9 0.93 2130+ 60 10400 + 110
JT T V. > 0. > 0. + +
“atatY K 0.92 0.9 4920 +80  23100+170

(K K'2")KTK n7) >096 >0.95 1990 + 50 9570 + 110

Finally, the mass fits to extract the B> — DD~ candidates are performed in the
same procedure as for the B° — D**D*~ channel described in Sec. 8.1. The model used
to describe the invariant DD~ mass distribution consists of two Hypatia functions
to describe the B — D D™ and B? — D; D" contributions and an exponential func-
tion to describe the combinatorial background. Simulation is fitted to determine the
shape of the B - D} D~ component. Since no B — Dy D' simulation is available in
this analysis, it is impossible to determine the respective shape from the simulation.
However, the B — D; D" contribution can be described with the same shape as the
BY— D{ D™ contribution since both decays share the same final state. In the fit to data,
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Figure 8.2 — The (left) FoM as a function of the BDT output and (right) the result of the final
extended maximum-likelihood fit to the invariant DYD™ mass for the most dominant B’ — D} D~
final state, i.e. the (K~ K" 7")(K*7n~ 7) final state. The result of the mass fit shows the invariant
DfD™ mass distribution together with the (solid black) fitted PDF, pull distribution and the
individual contributions, i.e. the (dotted blue) B° signal, the (dot-dashed red) B? signal and the
(dashed green) combinatorial background.

the B — D} D™ contribution is fixed to the shape determined with simulation. The fit is
performed separately for all B° — DJ D™ final states and for Run 1 and Run 2 data. The
number of signal decays resulting from the fit to the invariant DD~ mass are given
in Table 8.4. The result for the most dominant final state and Run 2 data is shown in
Fig. 8.2. Finally, the sWeights are determined using the sPlot method following the same
procedure described for the signal channel in Sec. 8.1.

Calibration results

The B — D D™ decay offers high statistics but is topologically different compared to
the B’ — D**D*~ decay since no intermediate D** mesons are present. To account
for that, the B — Df D™ data is reweighted to match the BY - D**D*~ data in the
distributions of a subset of variables. These variables are the transverse momentum of
the B® meson, the pseudorapidity, the number of tracks and the number of PVs. They
are chosen since it is known that they are related to the tagging characteristics. As
discussed in Sec. 4.1, a GBreweighter is trained to reweight the data.

The calibration is performed for Run 1 and Run 2 data individually but simultan-
eously for all considered B® — D} D™ final states. No implications are expected from
this approach as the event kinematics are similar. Additionally, only minor differences
from the different final-state particles are expected. The calibration is applied simul-
taneously to all considered B’ — D**D* final states. All available taggers are used in
the calibration. However, as discussed in Sec. 3.4, the OSCharm tagger is not available
in Run 1 and is therefore only considered in the OS combination of Run 2. The single
taggers are calibrated first and then combined to obtain the OS and SS combinations.
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8.2 Decay-time parametrisation

Afterwards, the combinations are calibrated again to correctly account for correlations.
They are combined in the decay-time PDF given in Eq. (8.8). This allows for constraining
the calibration parameters of the combinations and for correctly accounting for the
uncertainties and correlations among the two combinations in the fit. Consequently, the
uncertainties propagate into the statistical uncertainty on the extracted CP observables.
In each calibration step, sWeights are applied to obtain the calibration function. The
results of the calibrations are given in Table 8.5 and Table 8.6. The calibrations of the
OS combination and the SS combination are presented in Fig. 8.3 for Run 2 data. The
Run 1 results offer fewer statistics but look similar and are not shown explicitly.

Table 8.5 — Results of the FT calibration for the B’ — D} D~ decay for Run 1.

Tagger po—m) Py Apo Apy {n)

SSProton 0.030+£0.015 1.18+0.28  0.031+0.021 —0.0+0.4  0.445
SSPion —0.021+0.011 1.14+0.18  0.000+0.016  0.45+0.26 0.431
OSMuon 0.049+£0.025 1.194+0.26 0.01+0.04 03+04 0303
OSElectron 0.10 +0.04 1.24+0.7 0.00 +0.06 1.0+1.0 0.289
OSVitxCh 0.022+0.016 0.99+0.25 -0.028+0.023 —-0.38+0.36 0.381
OSKaon —0.031+0.018 1.23+0.30  0.029+0.025 —0.6+0.4  0.393
SS combination  —0.001+0.010 0.98+0.14  0.005+0.015  0.24+0.20 0.41

OS combination ~ 0.044+0.013 1.01+£0.12  0.003+0.018 —0.194+0.17 0.346

Table 8.6 — Results of the FT calibration for the B — D} D™ decay for Run 2.

Tagger o —(m) Py Apo Ap: {n)

SSProton —0.005+0.006 1.00+0.11  0.027+0.008  0.05+0.16 0.451
SSPion 0.000 £0.004 1.09+0.06 -0.003+0.005 -0.05+0.09 0.432
OSMuon —0.001 +£0.010 1.55+0.15 -—0.011+0.014 —0.28+0.22 0.329
OSElectron 0.003+0.015 1.214+0.21  0.024+0.021  0.05+0.29 0.355
OSVixCh —0.010+0.007 1.20+0.11  0.024+0.010  0.04+0.16 0.384
OSKaon —0.015+0.007 1.494+0.16 0.016+0.010 0.16+0.23 0.4

OSCharm —0.001+£0.014 0.874+0.27  0.00140.020 0.2+04 0.365
SS combination —0.001+0.004 0.95+0.05  0.003+0.005 —0.06+0.07 0.425
OS combination ~ 0.035+0.005 0.80+0.04  0.015+0.007  0.04+0.06 0.334

The uncalibrated SS and OS combinations are later used in the decay-time fit, and the
calibration parameters are Gaussian constrained to the values obtained in the calibration
procedure. However, to estimate the tagging performance, a full SS and OS combination
is used, which results in an expected tagging power of €. pyn1 = (6.3 £ 1.0)% and
€eff, Run 2 = (7.0 £ 0.5)% for Run 1 and Run 2, respectively.
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Figure 8.3 - Calibration of the (left) SS and (right) OS combination for the B’ — DD~ in Run 2
data. The Run 1 calibration results look similar but offer fewer statistics. Hence, they are not
explicitly shown.

8.2.3 Decay-time resolution

The decay-time PDF has to account for the resolution effects of the detector. This is
because the reconstructed decay times t are smeared out due to the finite precision of
the measurements of the momenta and vertex positions. This leads to a reduction of the
amplitudes of the BY-B? oscillation and, therefore, to a reduction of the sensitivity to the
CP observables. These effects are considered in the decay-time PDF by convolving the CP
violation physics PDF (¢, d | 7) with a decay-time resolution function R(t — t’), where
t’ is the true decay time. The effective detector resolution of the decays analysed in this
thesis is roughly 60 fs. This resolution is much smaller than the oscillation frequency
Amy of the B’ meson, which is (0.5065 + 0.0019) ps~! [47]. Consequently, the effects of
the decay-time resolution are limited in this analysis.

The model used to describe the resolution effects consists of the sum of three Gaussian
functions with a shared mean p and individual widths o;. One of the fractions f; between
the Gaussians can be eliminated because their sum is required to be equal to one, i.e.
Y.; fi = 1. The overall resolution model R is defined as

_ =t —)?

2
20f

1
—e
N 27105

Since both the reconstructed decay time t and true decay time t” are known in simulation,
it is exploited to determine the parameters of the model. The simulation only contains
the most dominant D° decay mode considered in this thesis, i.e. the D° - K~z decay.

3
Rt-t)=> f (8.13)
i=1
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8.2 Decay-time parametrisation

However, the resolution is assumed to be similar for all considered D° decay modes.
Separate maximum-likelihood fits to the t —¢t’ distributions of Run 1 and Run 2 simulation
are performed. The resulting parameters are given in Table 8.7 and the resulting PDF is
shown in Fig. 8.4.

Table 8.7 — Results of the fit to the t — ¢’ distributions of simulated B — D**D*~ decays
to determine the decay-time resolution model. The fits are performed for Run 1 and Run 2
separately.

Parameter Run1 Run 2

1 [ps] 0.00166 +£0.00017 0.00124 +0.00017

op  [ps] 0.106 + 0.004 0.114 + 0.006
oy [ps] 0.0562+0.0019  0.0599 +0.0026
o3 [ps] 0.03194+0.0016  0.0358 +0.0012
fi 0.105 +0.017 0.079 +0.017
f 0.62 +0.05 0.49 + 0.04
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Figure 8.4 — The t — ¢’ distributions of simulated B — D**D*~ decays overlaid with the PDF
resulting from the fit to determine the decay-time resolution model with a logarithmic y-axis
scale for (left) Run 1 and (right) Run 2. The pull distributions are also shown.

The effective resolution of the model can be quantified as

oetr = \[(=2/Am3) In (Q), (514)
where Q is defined as the decay-time dilution and given by
3 and
Q=) fe =z . (8.15)
i=1
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8 Measurement of CP violation in B® — D**D*~ decays

Using the the fit results given in Table 8.7, the effective resolutions for Run 1 and Run 2
are calculated to be (58.5 + 2.0)fs and (57.9 + 2.5)fs, respectively. These values are
compatible within their uncertainties. The parameters of the decay-time resolution
model are fixed in the fits to the decay-time distribution to extract the CP observables.

8.2.4 Decay-time-dependent efficiency

The reconstruction and selection lead to a decay-time-dependent efficiency. This is
introduced in the PDF given in Eq. (8.2) by the quantity &j(¢). The most significant effect
is the rejection of low decay times in the selection, which allows the suppression of most
of the backgrounds produced directly in the PV. For example, a dedicated requirement
on the lifetime of the B® meson is applied in the Stripping with t > 0.2 ps. The Stripping
is discussed in more detail in Sec. 3.3.2, and the requirements are given in Table 6.2.
The theoretical decay-time distribution should follow an exponential behaviour.
However, the decay-time-dependent selection efficiency causes a deviation from the
expected behaviour by suppressing particularly low decay times. In this analysis, the
model to parametrise these effects is generally given by a sum of n cubic B-splines, i.e.

n

Esel(t) = Z 6bi3(41), (8.16)

i=1

with the spline coefficients ¢; and a set of knot positions f, which is fixed in the following.
The B-splines are recursively defined as

— t - t — t - t+1 -
big+1(t1) = —bi (1) + (1 — ———— b1 4(t.7) (8.17)
itk — b Livk+1 — i1

and

1 i <t <t

) (8.18)
0 ,otherwise

bi, 1 (ta ?) =

The model to describe the decay-time-dependent efficiency is determined by replacing

the CP violation physics PDF (¢, d |7) in Eq. (8.2) with a pure exponential function that
is convolved with the decay-time resolution function. The pure exponential function de-
creases according to the known B lifetime [47]. The number of knots and their positions
are varied until an adequate description of the acceptance is achieved. By performing
a maximum-likelihood fit to the decay-time distribution of simulation comprising the
D> K nt decay mode, the coefficients of the model are determined. In this fit, the
knots are fixed. The knots that describe the decay-time distribution sufficiently are
placed at 0.3, 0.5, 0.9, 1.6, 2.7, 4.5, 6.8 and 10.3 ps, where the first and the last knot are
placed at the lower and upper boundary of the fit range of the decay-time fit, respectively.
More knots are placed at lower decay times since the data density is higher, and the
change in the efficiency is more significant in this region. The resulting coefficients are
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8.3 Extraction of the CP observables

given in Table 8.8 and the resulting PDF is shown in Fig. 8.5. The model is determined
using simulation only comprising the D® — K~ z% decay mode, but the decay-time-
dependent efficiency is assumed to be similar for all D° decay modes considered in the
analysis. Separate coefficients are determined for Run 1 and Run 2, but the same knots

Table 8.8 — Results of the fit to the decay-time distribution of simulated B’ — D**D*~ decays
to determine the decay-time acceptance model. The fits are performed for Run 1 and Run 2
separately. The values listed without uncertainties are fixed in the fit.

Parameter Run 1 Run 2

c 0.0056 +0.0016  0.00010  0.00018
¢} 0.1494£0.022  0.0678 +0.0032
5 0.77 £ 0.11 0.628 £0.018
c§ 143 £0.21 1.331 £0.034
¢ 1.87 +0.26 1.85 +0.05
g 2.04+0.4 2.00+0.17
s 1.74 £ 0.26 1.90 £ 0.07
s 1.40 +0.21 1.58 £ 0.06

U [ps] 0.0 0.0

oot [pS] 0.059 0.058

r [ps] 1.519 1.519

are used. In the final decay-time fit, the coefficients and the knots of the splines are
fixed as the correlation with the CP observables is negligible. Additionally, not enough
statistics are available in the B - D**D*~ decay channel to let them float.

8.3 Extraction of the CP observables

This section describes the extraction of the CP observables from the decay-time distribu-
tion of the B® — D**D*~ candidates. The construction of the decay-time PDF P(, d |77) is
discussed in more detail in Sec. 8.2. It is defined in Eq. (8.2). However, the B® — D**D*~
decay is a P— VV decay, and the decay-time distribution depends on the fraction of the
CP-odd eigenstates R, as the CP parameter Sp«p+- is diluted by the factor (1 — 2R)).
This is described in more detail in Sec. 2.5.3. Instead of using the CP-odd fraction as an
external input, this analysis performs a fit to the angular distributions in the transversity
basis to determine the CP-odd fraction simultaneously with the CP observables. The
transversity basis is explained in more detail in Sec. 2.5.3. Since the measurement of
the fraction is expected to be competitive with the current world average, this reduces
the systematic uncertainties on the CP observables. Additionally, correlations between
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Figure 8.5 — Lifetime distribution of simulated B’ - D**D*~ decays shown together with the
fit result of the acceptance PDF and the pull distribution for (left) Run 1 and (right) Run 2. The
(top) result is shown with a logarithmic scale, where the PDF is multiplied with an exponential
function. Additionally, the (bottom) resulting pure acceptance PDF is presented, where the
lifetime distribution is divided by an exponential function decreasing according to the known B°
lifetime [47]. The 1o error band of the acceptance PDF is indicated by the blue band, and the
individual splines are shown in several colours.

the CP-odd fraction and the CP observables are directly considered in the fit. This is
achieved by multiplying the decay-time PDF given in Eq. (8.2) with the theoretical
two-dimensional angular decay rate given in Eq. (2.63). The resulting fit model is given

by

d’I'(Ry, R,)
dcos(0p+)dcos(6;,)

However, adding the angular dependency in the CP fit introduces another experimental
effect that must be considered in the PDF. This effect is called the angular acceptance
and is discussed in more detail in Sec. 8.3.1. The fit framework is extensively tested on
simulation before it is applied to recorded data. In both cases, weighted data is fitted to
account for the effects of the angular acceptance. A simultaneous maximum-likelihood

P(t,d|7). (8.19)

Pﬁt(ts COos (QD*_)’ COS(Qtr)s 2 | ’7) =
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8.3 Extraction of the CP observables

fit of the Run 1 and Run 2 data sets is performed to determine the angular and CP
observables. In this fit, the full angular phase space is considered while the decay time is
restricted to the range of 0.3 ps to 10.3 ps. The lower boundary is chosen because of the
low number of B® mesons contributing below the threshold of 0.3 ps, which is due to
the inefficient selection at lower decay times. The upper boundary is about 6 times the
average B° lifetime to ensure that the decay-time distribution is fully described. Also
above the threshold of 10.3 ps, the number of B® candidates is very low. The extraction
of the CP observables is performed in Sec. 8.3.2, where also the external inputs and inputs
determined in previous analysis steps are summarised. Additionally, the complete fit
framework is validated. Lastly, the angular decay-time fit to background-substracted
data is performed.

8.3.1 Angular acceptance

The angle-dependent decay-time PDF in Eq. (8.19) only considers the theoretical distri-
bution in the true angular phase space. However, due to several experimental effects,
the reconstructed angular distributions in data are distorted compared to the true distri-
butions. These effects have to be considered to measure the correct CP-odd fraction and,
consequently, the correct CP observables. They can arise from the detector acceptance,
the detector resolution and the selection, all explained in more detail in the following.
First, the detector acceptance, which is defined by the geometry of the detector, leads to
certain regions of the angular phase space being excluded. Second, the momenta and,
consequently, the angles are measured with finite precision due to the detector resolution
and are smeared out. This causes events beeing migrated from their true location in
phase space to another point. Third, the application of selection requirements can affect
the kinematic distributions of the selected decays. This causes certain regions of the
angular phase to be removed preferentially. To account for these effects, the angular
distributions of fully selected simulation and generator-level simulation are compared.
The latter is generated applying only the EvTGEN step without any detector simulation
or further steps described in Sec. 3.3.3. Both simulations are generated using the same
EvTGEN model and parameters. Consequently, the differences in the distributions are
purely due to the acceptance effects.

The angular distributions in the transversity basis, i.e. the cos(6p+) and cos(6;,) dis-
tributions, of full and generator-level simulation are used to train a GBreweighter [152]
included in the HEP-ML software package [156]. The approach is discussed in more
detail in Sec. 4.1. A comparison between the generator-level and full simulation distri-
butions and the reweighted full simulation distributions is presented in Fig. 8.6. After
training the reweighter with generator-level and full simulation, it is applied to data. The
reconstructed and reweighted angular distributions for recorded data are also shown in
Fig. 8.6. Only the Run 2 distributions are shown for both comparisons, but the Run 1
distributions look similar and show the same trends. The determined angular weights
are normalised and by multiplication combined with the sWeights, which are determined
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8 Measurement of CP violation in B° — D**D*~ decays

with the sPlot method as described in Sec. 8.1.2. Lastly, the combination is normalised to
the sum of the sWeights. The procedure is performed for Run 1 and Run 2 separately.
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Figure 8.6 — The (left) cos(fp-) and (right) cos(6,,) distributions used to reweight the (top)
simulation and (bottom) recorded data for Run 2, respectively. For simulation, the (red) generator-
level, (blue) full simulation and (cyan) reweighted full simulation distributions are shown. For
recorded data, the (red) generator-level simulation, the (blue) data and the (cyan) reweighted
data distributions are presented. The data distributions are reweighted using the reweighter
determined on simulation.

8.3.2 Angular decay-time fit

In the angular decay-time fit, not only external inputs are used, but also inputs determined
in previous analysis steps. The parameters of the decay-time resolution and acceptance
models are fixed to the values determined in Sec. 8.2.3 and Sec. 8.2.4, respectively.
The reason to fix the coefficients of the acceptance model is that the statistics in the
B°— D**D*~ decay channel are not sufficient to let them float. Effects from this choice
on the CP parameters and CP-odd fraction are evaluated in Sec. 8.4. The measured value
of AI; is compatible with 0 [47]. Consequently, the parameter is fixed to this value
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in the fit. As discussed in Sec. 8.2, the detection asymmetry Age; is neglected in this
analysis and also fixed to zero.

Gaussian constraints are used in the fit to account for the uncertainties of other
external input parameters. The technique is discussed in more detail in Sec. 4.2. The
world averages and their uncertainties are used for the external parameters as the B°
lifetime 750 and the B° oscillation frequency Amyg. These values are taken from Ref. [47].
The production asymmetry is taken from a CP violation measurement in B® — D**DT
decays [24]. The kinematics are very similar between these decays, and no correction is
required. Also, the FT calibration parameters are Gaussian constrained in the fit. As
discussed in Sec. 8.2, the uncalibrated mistag distributions of the combined SS and OS
taggers are used in the fit, and each calibration parameter is constrained in the fit using
the results from Table 8.5 and Table 8.6. Constraining the FT parameters and using the
uncalibrated mistag distributions in the fit allows to consider their correlations. All
input parameters of the fit that are not given in Tables 8.5 to 8.8 are summarised in
Table 8.9.

Table 8.9 — Input parameters used in the angular decay-time fit. The parameters listed without
uncertainty are fully fixed, while the parameters given with uncertainty are Gaussian constrained
in the fit. The values and uncertainties are taken from Ref. [47] for AT; and Am, and from Ref. [24]

for Aprod-

Parameter Run 1 Run 2

Amy [ps_l] 0.5065+0.0019 0.5065 +0.0019

w  [ps] 1.51940.004  1.519+0.004
Aprod —0.011£0.009  0.004 + 0.005
Adet 0 0
AT;  [ps™!] 0 0

Fit to simulation

The PDF presented in Eq. (8.19) is used to extract the CP observables with a fit to the
cos(fp+-), cos(6,;) and decay-time distributions. It is a multi-dimensional function and
depends on many input parameters and models. Due to its complexity, the model is
extensively tested before applying the fit procedure to the data. These tests are performed
in this section using maximum-likelihood fits to the identical distributions of simulation,
where the true generated values of the angular and CPobservables are known. The values
used in the generation are summarised in Table 8.10. The model used in the generation
requires the helicity amplitudes and the weak phase f. The helicity amplitudes needed
in the generation are calculated using the latest Belle measurement [92], while the weak
phase is taken from Ref. [188] corresponding to Sp«p+- = —0.71 and Cp++p+ = 0.
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8 Measurement of CP violation in B® — D**D*~ decays

Table 8.10 — Input parameters used in the generation of the simulation. The parameter Amy; is
taken from Ref. [47] while the parameter §is taken from Ref. [188] and R, and R, are calculated
with the results presented in Ref. [92].

Parameter Combined

Amy [ps”!']  0.5065

i 0.387
R, 0.138
Ry 0.624

In general, the simulation is processed the same way as the recorded data, i.e. the same
selection criteria are applied. Additionally, the same FT strategy is applied using the same
taggers, the same calibration functions and B — D" D™ simulation. Since the simulation
only contains true signal decays, sWeights are neglected, and only angular weights are
considered in the fits. These weights are determined by applying the reweighter trained
in Sec. 8.3.1 to the simulation itself. The fits also use the same input parameters as the
final fit on recorded data.

Multiple fits are performed to validate the angular and time-dependent fit model
defined in Eq. (8.19). First, a fit to the weighted angular distributions is performed only
using the theoretical angular decay rate given in Eq. (2.63). Afterwards, an individual fit
to the decay-time distribution is performed using the model given in Eq. (8.2). Finally, a
combined fit to the weighted angular and decay-time distributions is performed. This fit
uses the final model defined in Eq. (8.19). In each study, a simultaneous fit to the Run 1
and Run 2 distributions of simulation comprising only the D’ — K~ 7" decay mode is
performed. However, for the validation of the model, it is sufficient to use simulation,
which only comprises the most dominant D° decay mode. In the simultaneous fits, the
shared parameter between the Run 1 and Run 2 depend on the study and are given by
the angular observables Ry and R, the CP observables Syand C¢or both the angular and
CP observables. The fit results of the main parameters of interest are given in Table 8.11
for each study. The Gaussian-constrained parameters are not listed but are compatible
with their initial values. Overall, within the uncertainties, the fit results are compatible
with the true generated values given in Table 8.10. The fit result of the combined angular
and decay-time fit is shown in Fig. 8.7.

Fit to data

The angular decay-time fit is performed to a combined data set comprising all considered
D° decay modes. A simultaneous fit to weighted Run 1 and Run 2 data sets is performed,
where the weights are a combination of the sWeights extracted in Sec. 8.1.2 and the
angular weights determined in Sec. 8.3.1. The angular weights account for the accept-
ance effects in the angular phase space. The combination of both weights is corrected
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Figure 8.7 — Angular and lifetime distributions of simulated B — D**D*~ decays shown
together with the fit result of the combined study and the pull distributions for (left) Run 1 and
(right) Run 2. The (top) decay-time distribution t and the angular distributions (middle) cos(6p-)
and (bottom) cos(6,,) are presented. A simultaneous fit to the Run 1 and Run 2 simulations is
performed.
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8 Measurement of CP violation in B® — D**D*~ decays

Table 8.11 — Results of the individual studies to validate the final fit model given in Eq. (8.19).
The studies are the individual angular fit, the individual decay-time fit and the combined fit. All
fits are performed using B® — D** D*~ simulation, which only comprises the D’ — K~z decay
mode. The fits are performed simultaneously for Run 1 and Run 2.

Study Parameter Value
Angular Ry 0.6216 +£0.0012
R, 0.1390 + 0.0009
Time Cp+p- -0.05 + 0.05
SD*-FD*— '074 :I: 007
Combined R, 0.625 £+ 0.005
R, 0.140 + 0.004
CD*+D*7 -0.05+0.05
Sprpr- -0.74 £ 0.05

according to Sec. 8.1.2 to avoid underestimating the statistical uncertainties in the fit.
This correction is applied to the Run 1 and Run 2 samples individually. The shared
parameters between both data sets are the transversity amplitudes R, and R, and the CP
observables Sp+p+ and Cp+p+. The decay-time resolution and acceptance models are
fixed to the parameters determined during the evaluation of the models. External inputs
and the FT calibration parameters are Gaussian constrained in the fit. At this point, the
analysis is still blinded so that only the uncertainties of the parameters are presented.
They are given with the complete fit result in Table 8.12. The statistical correlations of
the physics parameters are given in Table 8.13. Additionally, the angular and decay-time
distributions overlaid with the fit result are presented in Fig. 8.8.

8.4 Studies of systematic effects

This section summarises different sources of systematic uncertainties on the meas-
urement of the CP observables and the CP-odd fraction considered in this thesis. The
statistical uncertainties resulting from the final decay-time fit are cross-checked in
Sec. 8.4.1 by exploiting the bootstrapping method. Additionally, the impact of the
Gaussian constraints on the statistical uncertainties is checked in Sec. 8.4.2. Further
systematic effects are studied using pseudo-experiments, where the influence of several
assumptions on the fit inputs or the fit model itself is investigated. The general setup of
the pseudo-experiments is explained in Sec. 8.4.3 where also a possible fit bias by the
model given in Eq. (8.19) is studied. Subsequently, the model used to generate the data
sets of the pseudo-experiments is adjusted to test the various assumptions. For each
study, the nominal result is subtracted from the results of the pseudo-experiments to
obtain the residual distribution. The mean of the distribution is assigned as a system-
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8.4 Studies of systematic effects

Table 8.12 — Results of the fit to data using the combined angular and decay-time fit model
given in Eq. (8.19). The fit is performed to weighted data samples of Run 1 and Run 2, where the
sWeights are combined with angular weights to account for acceptance effects in the angular
phase space. The fit is performed simultaneously for Run 1 and Run 2.

Parameter Combined
a(Ry) 0.019
o(R,) 0.016
o(Cp+p+-) 0.16
o(Sp+p+) 0.23
Amy [ps™!] 0.5065+0.0019
T [ps] 1.520 + 0.004
ARun 1 —0.011 + 0.009
ARun2 0.004 + 0.005
fa. Run 1 0.425 4 0.030
88%, Run 2 0.440 + 0.015
ftsasg, Run 1 0.611 + 0.030
ftsasi, Run 2 0.889 + 0.009
pg?SRun 1 0.389 +0.012
pS?SRun 2 0.370 £+ 0.005
Py Run 1 0.409 + 0.010
Py Run 2 0.4236 + 0.0035
pSSRun 1 1.02+0.12
PSSRun 2 0.79 £0.04
pisRunl 1.01+0.14
PP Ran 2 0.94 4 0.05

Table 8.13 - Statistical correlation of the parameters resulting from the angular decay-time fit.

Ry Ry Spp~ Cp-p-

R, 1.0 —034  0.09 0.00
R, 1.0 —026  0.00
Spripe- 1.0 0.35
Cprip- 1.0
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Figure 8.8 — Weighted angular and lifetime distributions of recorded data shown together with
the result of the angular decay-time fit and the pull distributions for (left) Run 1 and (right)
Run 2. The (top) decay-time distribution ¢ and the angular distributions (middle) cos(0p+) and
(bottom) cos(6,,) are presented. The weights are obtained by combining the sWeights and the
angular weights, which is discussed in more detail in the text. A simultaneous fit to the Run 1
and Run 2 simulations is performed.
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8.4 Studies of systematic effects

atic uncertainty. The impact of the models to describe the invariant D**D*~ mass, the
decay-time resolution and the decay-time acceptance are studied in Secs. 8.4.4 to 8.4.6 by
performing such pseudo-experiments. The total systematic uncertainty is obtained by
adding all individual uncertainties in quadrature. All considered systematic uncertainties
and the total uncertainty are summarised in Table 8.14.

Table 8.14 — Summary of the systematic uncertainties. For each observable, the individual
uncertainties are added in quadrature to calculate the total systematic uncertainty.

Study SDHD*f CDHD*f RO RJ_

Mass model 0.0078 £0.0025 0.0016 +0.0023 0.00057 £ 0.00026 0.00046 + 0.0002
Acceptance 0.0091 +£0.0033 0.0019+0.0032  0.0006+0.0004  0.00042 + 0.00029
Resolution 0.01+£0.0035 0.0033+0.0033  0.0009 +£0.0004 0.00019 £ 0.00029

Total 0.0156 £0.0032 0.0041+0.0031  0.0012 +0.0004  0.00065 + 0.00025

8.4.1 Bootstrapping

The statistical uncertainties resulting from the angular decay-time fit can be under-
estimated due to the usage of sWeights [164]. Bootstrapping studies are performed to
estimate the correct statistical uncertainties of the fit results [185]. This technique is
a frequentist, model-independent method as it is characterised by creating new data
sets based on the original data set. To create a new set, candidates are drawn from
the original data set until the original number of candidates is reached. After drawing
a candidate, it is kept in the original data set so that single candidates can be drawn
multiple times. This approach maintains the correlations of the observables, and by
creating multiple data sets, it allows for repeating the angular decay-time fit several
times. The variation in the fit results is used to estimate the statistical uncertainty.

A total of 6000 bootstrapped data sets is created. The default mass fit is repeated,
and the angular-reweighting procedure is applied to each data set. These steps are
performed separately for Run 1 and Run 2. Finally, the angular decay-time fit is performed
simultaneously to the Run 1 and Run 2 data sets of each study following the same strategy
as described in Sec. 8.3. The residual distributions are obtained by subtracting the fit
results from the nominal results. The residuals of the angular observables R, and R
and the CP observables Sp«p+ and Cp+p+- are shown in Fig. 8.9. The width of the
distribution is a measure of the statistical uncertainty of the fit results. It is determined
by a Gaussian fit to the residual distribution. The pull distributions, i.e. the difference
between the fit result and nominal value divided by the statistical uncertainty from the
fit of each observable, are compatible with a Gaussian distribution with a mean of 0
and a width of 1, ensuring a good coverage of the statistical uncertainties. They are not
explicitly shown in this thesis.
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Figure 8.9 — Residual distribution of the CPobservables (top left) Sp«p-- and (top right) Cp-p-- and
of the angular observables (bottom left) R, and (bottom right) R, obtained from the bootstrapping
procedure.

The statistical uncertainties resulting from the bootstrapping procedure are summar-
ised in Table 8.15. They are compatible with the statistical uncertainties provided by the
default fit given in Table 8.12. This validates the uncertainties provided by the default
fit, which are therefore used in the following.

Table 8.15 — Statistical uncertainties of the CP observables Sp«p« and Cp«p« and the angular
observables R, and R, resulting from the bootstrapping procedure.

Observable Statistical uncertainty

Spipe- 0.2151 +0.0028
Cpip- 0.1605 + 0.0022
R, 0.01945 + 0.00028
R, 0.01525 =+ 0.00020
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8.4 Studies of systematic effects

8.4.2 Gaussian constraints

The parameters and the respective uncertainties of several external and internal inputs
in the angular decay-time fit are Gaussian constrained. These constraints can impact
the statistical uncertainties of the fit result. The constrained parameters in the fit are
Hprods Amg, Tgo and the tagging parameters. To estimate the impact of each constraint,
the angular decay-time fit is repeated, where one of these parameters, or in the case of
the tagging parameters, a set of parameters, is fixed to their input values, neglecting the
uncertainty. The procedure is performed for each of the input parameters. The resulting
statistical uncertainty is substracted in quadrature from the nominal uncertainty for
each observable. The impact on the statistical uncertainty of each constraint is given
in Table 8.16. The largest impact is observed for the tagging parameters, while other
parameters do not change the statistical uncertainties significantly. With the number
provided in Table 8.16, the pure statistical uncertainty can be calculated if needed.

Table 8.16 — Impact of each Gaussian constraint, or in case of the tagging parameters, a set of
Gaussian constraints, on the statistical uncertainties of the fit result.

Constraint  Sp#p+ Cprpr— Ry R,
Tagging 0.032 0.015 0.0004  0.0005
Aprod 0.007 0.005 0.00013 0.00026
t(B°) 0.0025  0.0019 0.00009 0.00011
Am 0.0018  0.0022  0.00009 0.00010

8.4.3 Fit bias

The angle-dependent decay-time PDF defined in Eq. (8.19) used to describe the angular
and decay-time distributions is validated in Sec. 8.3.2. The parameters resulting from
a fit to simulation are consistent with the true generated values for each observable.
However, the model is complex, and the fit might be biased. To determine the inherent
bias of the model, pseudo-experiments are performed. These pseudo-experiments are
beneficial since much less computing power is required compared to full simulation. This
is because the data in these pseudo-experiments is generated according to predefined
PDFs or directly according to histograms present in the recorded data. Consequently,
they offer a convenient approach to study the impact of certain assumptions on the fit
model.

The data is generated separately for each run in the pseudo-experiments, but a simul-
taneous fit to both samples is performed to determine the angular and CP observables.
The detailed procedure of the generation of one pseudo-experiment for one run is de-
scribed in the following: First, the invariant D**D*~ distribution is generated using the
default mass model and the fit result given in Sec. 8.1.2. Each contribution described
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8 Measurement of CP violation in B® — D**D*~ decays

by the mass model is generated separately, i.e. the B° - D**D*~, the BY — D**D*~
and the combinatorial background contribution. The number of candidates used in the
generation is drawn from a Poisson distribution where the mean value is the yield of
the respective component taken from the mass fit to recorded data. As a next step, the
angular and decay-time distributions are generated. The PDFs of these distributions
are assumed to be uncorrelated with the PDF describing the mass distribution. This
allows the use of different PDFs for the various contributions present in the invariant
D**D*~ distribution. The angular PDF does not depend on any inputs and is directly
generated according to the theoretical PDF, which is the two-dimensional decay rate.
The decay-time PDF depends on the mistag distributions. These are generated according
to the histograms of the recorded data sets. The inputs for the B — D**D*~ signal
contribution are fixed to the parameters resulting from the default angular decay-time
fit performed in Sec. 8.3.2. The Gaussian constraints are considered in the generation
by setting the constrained parameters to values randomly drawn from a Gaussian dis-
tribution, with the mean and width corresponding to the value of the parameter and
its uncertainty. The blinded parameters are replaced with the values measured by the
Belle experiment [92] for the angular observables and the world averages taken from
Ref. [188] for the CP observables, i.e.

Ry=0.624, R, =0.138, Spep— =—0.71, Cprip— =—0.01.

Different inputs are used in the generation for the background components, e.g. the
combinatorial background assumes no CP violation or B’~B° oscillation. The tagging
parameters for the combinatorial background component are set to provide a random de-
cision, i.e. py = 0.5 and p; = 0. The same applies to the SS taggers for the B — D** D*~
contribution because the SSProton and SSPion taggers are developed for B® decays.
The parameters of the OS taggers and the Ry and R, amplitudes of the B! — D**D*~
contribution are set to the values of the B - D*"D*~ contribution. The transversity
amplitudes of the two decays are assumed to be similar because the Hy, > H, > H_ hier-
archy in the helicity amplitudes increases with a higher momentum of the B meson [47].
For the combinatorial background, the transversity amplitudes are randomly chosen
to be between 0 and 1. The inputs that differ in the generation of the combinatorial
background and B} — D**D*~ contributions compared to the B® - D**D*~ signal
contribution are listed in Table 8.17.

Table 8.17 - Input parameters for the B — D**D*~ and combinatorial background contributions
used in the generation of the pseudo-experiments.

Background t[ps] Am[ps!] S C R, R, tagging SS tagging OS

Combinatorial 0.5 0 0 0 0353 0.375 random random
B?—> D**D*~ 1527 17.765 0 0 0.624 0.138 random as signal
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8.4 Studies of systematic effects

The default analysis strategy is applied to the generated Run 1 and Run 2 data sets
of each pseudo-experiment. An extended maximum-likelihood fit is performed to the
invariant D**D*~ distributions to extract the sWeights. Since the data sets are directly
generated with the theoretical PDF of the angular distribution, the angular reweighting
procedure is not applied. Finally, a simultaneous fit to the angular and decay-time
distributions between Run 1 and Run 2 is performed to extract the angular and CP
observables. The whole procedure is repeated for each pseudo-experiment. A total of
6000 pseudo-experiments is analysed. The residual distribution is obtained by subtracting
the nominal fit result from the fit results of the pseudo-experiments. The distributions
are shown in Fig. 8.10 for the angular observables R, and R, and the CP observables
SD*+D*_ and CD*"’D*_'
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Figure 8.10 — Residual distributions of the CP observables (top left) Sp«p«- and (top right)
Cp-p— and of the angular observables (bottom left) R, and (bottom right) R, obtained from the
pseudo-experiments with the default setup in the generation to extract the fit bias.

Maximum-likelihood fits to the residual distribution are performed using a Gaussian.
The resulting mean of the Gaussian is considered as the fit bias. The results of the fits to
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8 Measurement of CP violation in B° — D**D*~ decays

the residual distributions are given in Table 8.18, where the fit bias is compatible with 0
for each observable. Consequently, no systematic uncertainty is assigned, and possible
biases are neglected in the following systematic studies. The pull distributions of this
study are compatible with a Gaussian distribution with a mean of 0 and a width of 1.
This ensures a good coverage of the statistical uncertainties. The distributions are not
explicitly shown in this thesis. To test assumptions made on the model used in the angular
decay-time fit, further pseudo-experiments are performed in the following, where the
model used in the generation may be altered to investigate systematic uncertainties
from these assumptions.

Table 8.18 - Fit bias of the angular observables R; and R, and of the CP observables Sp«p« and
Cp~p+ obtained from the pseudo-experiments.

Study SD*"’D*_ CD*‘*’D*‘ RO RJ_

Fit bias —0.0050 &+ 0.0025 0.0032 +0.0023 —0.00020 £ 0.00027 0.00039 + 0.00021

8.4.4 Mass model

The choice of the mass model is considered a possible source of systematic uncertainties
since it is essential for extracting the sWeights. To check the influence of the choice on the
angular and CP observables, the default mass model is replaced with an alternative model
that consists of two CB functions [181]. This model is also used to cross-check the choice
of the mass model in the B} — D**D*~ analysis, and its definition is given in Sec. 7.2.3.
An extended maximum-likelihood fit to the invariant D**D*~ mass with the alternative
model is performed to obtain the values used to generate the data sets of the pseudo-
experiments. Despite the different mass model in the generation, the general procedure
of the evaluation of a systematic uncertainty discussed in Sec. 8.4.3 remains unchanged.
This implies that the default model is used to determine the sWeights, and the default
decay-time fit is performed to extract the angular and CP observables. The residual
distributions for these observables are shown in Fig. 8.11. The pull distributions are not
explicitly shown, but the means and widths are compatible with 0 and 1, respectively,
ensuring a good coverage of the statistical uncertainties. The resulting systematic
uncertainties are given in Table 8.19 for each observable. They are found to be small
compared to the statistical uncertainty.

Table 8.19 - Systematic uncertainties on the CP observables Sp«p— and Cp-p+— and on the
angular observables R, and R, due to the change of the mass model.

StUdy SD*+D*7 CD*+D*7 RO RJ_

Mass model 0.0078 +0.0025 0.0016 & 0.0023  0.00057 & 0.00026  0.00046 + 0.0002
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Figure 8.11 - Residual distributions of the CP observables (top left) Sp«p«- and (top right) Cpep«
and of the angular observables (bottom left) R, and (bottom right) R, obtained from the pseudo-
experiments with a different mass model in the generation. The alternative mass model consists
of two CB functions.

8.4.5 Decay-time resolution model

The decay-time resolution model is obtained from simulation. All parameters of the
model are fixed in the decay-time fit. However, the resolution between simulation and
data might differ. To account for such differences, two separate pseudo-experiment stud-
ies are performed. One uses a resolution model in the generation that is 10% wider than
the default model, and the other uses a resolution model that is 10% narrower. Besides
the broader or narrower resolution in the generation, the pseudo-experiments follow the
same strategy as described in Sec. 8.4.3. This implies that the default resolution model
is used in the decay-time fit to extract the angular and CP observables. A total of 3000
pseudo-experiments is performed in each study. The resulting uncertainties from both
studies are given in Table 8.20. They are obtained by performing a maximum-likelihood
fit of a Gaussian to the residual distributions. The systematic uncertainties are found
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8 Measurement of CP violation in B® — D**D*~ decays

to be small compared to the statistical uncertainty. The larger of the two uncertainties
is assigned for each observable as a final systematic uncertainty. In both studies, the
pull distributions of each observable are compatible with a Gaussian distribution with a
mean of 0 and a width of 1, ensuring a good coverage of the statistical uncertainties.

Table 8.20 — Systematic uncertainties on the CP observables Sp-p— and Cp-p+— and on the
angular observables R, and R, due to the change of the decay-time resolution model.

Study SD*+D*_ CD*+D*_ RO RJ_

Lower 0.01+£0.0035 0.0033+0.0033 0.0009+0.0004 0.00019+0.00029
Higher 0.0073 +£0.0034 0.0008 £0.0033 0.0007 +£0.0004 4e — 05 4 0.00029

8.4.6 Decay-time acceptance model

The influence of the choice of the decay-time acceptance model is evaluated in this
section. Two pseudo-experiment studies are performed, where different acceptance
models are used to generate the data sets. One model uses fewer knots than the default
model, while the other uses more knots to describe the decay-time-dependent efficiency.
In both cases, an alternative set of knots is found, providing stable results on simulation.
They are placed at 0.3, 0.5, 0.9, 1.6, 2.9, 5.5 and 10.3 ps and at 0.3, 0.5, 0.8, 1.3, 2.4, 4.1, 5.5,
7.3 and 10.3 ps for the models with less and more knots, respectively. For each model, the
decay-time acceptance fit described in Sec. 8.2.4 is repeated to determine the coefficients
of the respective models. Separate pseudo-experiments are performed for each study
following the strategy described in Sec. 8.4.3 to determine a systematic uncertainty.

A total of 3000 pseudo-experiments is generated in each study using the alternative
decay-time acceptance models. The default acceptance model is used to determine the
angular and CP observables. The resulting systematic uncertainties from both studies
are summarised in Table 8.21. They are obtained by performing a maximum-likelihood
fit of a Gaussian to the residual distributions. The systematic uncertainties are found to
be small compared to the statistical uncertainty. The larger of the two uncertainties is
assigned for each observable as a final systematic uncertainty. The pull distributions
are compatible with a Gaussian distribution with a mean of 0 and a width of 1 for each
observable in both studies, ensuring a good coverage of the statistical uncertainties.

8.5 Results

A measurement of the CP observables Sp«p+« and Cp+p+ and the CP-odd fraction
R, in B - D**D*~ decays is presented. The full Run 1 and Run 2 data sets of the
LHCb experiment are used to perform this measurement, which corresponds to a total
integrated luminosity of 9 fb~!. The sPlot technique is used to calculate signal sWeights
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Table 8.21 - Systematic uncertainties on the CP observables Sp-p— and Cp-p- and on the
angular observables R, and R, due to the change of the decay-time acceptance model.

StUdY SD*+D*— CD*+D*_ RO RJ_

Less 0.0062 +0.0034 0.0005+0.0033 0.0003 +0.0004 0.00034 +0.00029
More 0.0091+0.0033 0.0019+0.0032 0.0006 +0.0004 0.00042 + 0.00029

based on an extended maximum-likelihood fit to the invariant D**D*~ mass distribution
of the B’ - D**D*~ decays. These signal weights are used in the subsequent angular
decay-time fit to unfold the B® — D**D*~ contribution from the data sets. The total
(untagged) B’ — D**D*~ yields are determined to be 282 and 1220 for Run 1 and Run 2,
respectively. The flavour-specific decay channel B — Dy D™ is used to calibrate the FT
algorithms. Using the OS and the SS taggers, an effective tagging power of up to 7.0% is
achieved in the B’ —» D**D*~ channel.

By performing a simultaneous angular decay-time fit of the Run 1 and Run 2 data
sets, the CP observables and the CP-odd fraction are measured to be

Sppe = X 4+ 0.226 4 0.016,
CD*"’D*_ =Y +£0.162 + 0.004,
R, =7 +£0.0158 +£ 0.0007,

where the first uncertainty is statistical and the second systematic. The letters X, Y and
Z denote the central values of the respective parameters, which are not given since the
analysis is still blinded. The systematic uncertainties are taken from Sec. 8.4. A high sens-
itivity on the CP-odd fraction is achieved with a precision that is of the same order as the
world average. No previous measurement of the CP observables in B’ — D** D*~ decays
is available from the LHCb experiment, and the world average only comprises measure-
ment from B-factories as the Belle and BaBar experiments. The most precise and latest
of these measurements was performed by the Belle experiment [92] and the results of
the CP observables are Sp+p+— = —0.79 + 0.13 + 0.03 and Cp«+p=~ = —0.15 + 0.08 + 0.02,
where the first uncertainty is statistical and the second systematic.

In general, it is expected that the LHCDb experiment achieves a higher sensitivity on
the measurements of Sp+p+ compared to Cp+p+. The opposite assumption should
hold for the measurements of the B—factories. The sensitivity of each CP parameter is
the highest at the extrema of the respective trigonometric function, i.e. for Cprp+- it
is the highest at decay times of zero, while for Sp++p«- it is the highest at longer decay
times. Accordingly, the expectation can be explained by the decay-time-dependent
selection efficiency at the LHCb experiment, which particularly suppresses low decay
times. However, the uncertainties presented in this thesis do not reflect this expectation.
A reason could be that the CP observable Sp«p+- is diluted by the factor (1 — 2R, ) and
that the statistical correlation of Sp«+p+«— and R, is about —0.26. Both observables are
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8 Measurement of CP violation in B® — D**D*~ decays

determined by a simultaneous fit of the angular and decay time distributions. This
inclusive approach is chosen because the expected uncertainty on the CP-odd fraction is
smaller than the uncertainty of the world average. The sensitivity on the CP observables
Spr+p+— and Cpr+p+ and consequently on the measurement of sin(2f%) in this analysis
is limited in general compared to the world average and the previous Belle measurement.
This is due to the lower tagging power of the FT algorithms used in this analysis. The
B-factories reach tagging powers of around 30% [20, 189], while the measured tagging
power in this analysis is around 7% which is still relatively high compared to other LHCb
measurements. In contrast, the high sensitivity on the CP-odd fraction R, is achieved
because the measurement of this observable does not rely on the FT.

In the absence of the hadronic contributions, it follows that the parameter Sp++p«
is equal to —sin2f. However, Eq. (2.58) takes these contributions into account by
calculating the effective weak phase peft. By using this definition, the weak phase ﬁeﬁ is
determined to be

Lt = W +0.246 £ 0.016,

where W denotes the blinded central value and the uncertainties are statistical and
systematic. When the analysis is unblinded, the value of ﬂeff can be compared to the
world average of 8 to calculate the phase shift A®; p«+ ps-.
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9 Summary and outlook

In this thesis, extensive studies of B— D*"D*~ decays are presented. Two analyses
are performed using data from the LHCb experiment corresponding to an integrated
luminosity of 9 fb~!. This data is recorded at centre-of-mass energies of 7, 8 and 13 TeV
during the Run 1 and Run 2 data-taking periods of the LHCb experiment.

The measurement of BY — D*"D*~ decays is presented, which has been published in
Ref. [40]. The decay is observed with a significance of more than 10 standard deviations,
and its branching fraction is measured relative to the B’ — D**D*~ branching fraction.
The time-integrated ratio is measured to be

B (B} — D**D*7)
B(B"— D*tD*")

=0.269 £ 0.032 £ 0.008 + 0.011,

where the first uncertainty is statistical, the second systematic and the third due to
the uncertainty of the fragmentation fraction ratio f;/ f;. The latter is given separately
as it is an external input in this analysis. The absolute time-integrated B? — D**D*~
branching fraction is determined to be

B(B?— D**D*7) = (2.15 £ 0.26 £ 0.09 £ 0.06 + 0.16) x 107 %,

where the fourth uncertainty is due to the limited knowledge of the B® — D**D*~
branching fraction. This result is in agreement with the theoretical prediction using
a perturbative QCD approach [41]. The measurement is statistically limited, and the
dominant systematic uncertainties are due to the effect of polarised decays on the
selection efficiencies and from the external input of the fragmentation fraction ratio.

A second analysis focussing on the measurement of CP violation in B® — D**D*~
decays is also presented. The analysis is still blinded, as it is currently in internal
review within the LHCD collaboration. A simultaneous fit to the angular and decay-time
distributions of the B® — D**D*~ decays of Run 1 and Run 2 yields

Spripe— = X £ 0.226 £ 0.016, Cprip =Y + 0.162 +0.004, R, = Z + 0.0158 + 0.0007,

where X, Y, and Z denote the blinded central values, the first uncertainty is statistical
and the second systematic. The weak phase g is consequently calculated to be

Lt = W +0.246 +0.016,
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9 Summary and outlook

where W denotes the blinded central value. With this statistical precision, the result of the
CP-odd fraction will be the most precise measurement in this decay. Overall, the result
is expected to be statistically dominated. However, an upgraded LHCb detector [190]
has already started taking additional data, and more precise results are expected in
this decay channel. With the upgraded detector, the LHCb experiment is scheduled
to record data corresponding to an integrated luminosity of 50 fb~! until the end of
2032 [191]. The upgraded detector includes a new GPU-based trigger system [192],
which will be beneficial for the B® — D**D*~ analysis as channels in the B— DD
family currently suffer from low efficiencies in the hardware trigger. Additionally,
a newly developed tagger based on deep neural networks will improve the effective
tagging efficiency, showing promising first results [193]. As the measurement of the
CP observables is especially limited by the FT compared to the B factories, this will
further help to increase the ability of the LHCb experiment to compete in this decay
channel. The new FT algorithm is especially beneficial for the B — D**D*~ analysis,
where a first measurement of CP violation is expected with the increased statistics.
Scaling the current data to an integrated luminosity of 50 fb~! and assuming similar
detector efficiencies, the number of expected B! — D**D*~ candidates is estimated
to be around 550. Accordingly, a first measurement of the helicity amplitudes in the
BY — D**D*” decay is also expected, which would allow to discard the dominant
systematic uncertainty in the measurement of the branching fraction.

Both measurements presented in this thesis can contribute to constrain higher-order
SM effects in the measurement of the CP-violating parameter ¢, in B — DSt eI
decays. Consequently, improved measurements would further allow to place stronger
constraints, reducing one of the most significant uncertainties [36, 37]. Measuring the
helicity amplitudes and ¢, in the BY — D**D*~ decay is especially interesting as these
observables have yet to be measured. The framework for such an analysis has already
been tested in this thesis, but the statistics are too limited to measure ¢ or the helicity
amplitudes.

Measurements in both decay channels are also expected from the Belle II experi-
ment, which is scheduled to record data corresponding to an integrated luminosity of
50ab ! [194]. This s roughly 50 times larger than the data set from the Belle experiment.
Consequently, this experiment will be the main competitor of the LHCb experiment
in the next years. After running at the Y(45) resonance, the Belle II experiment might
increase their centre-of-mass energy to take data at the Y(55) resonance [195]. In this
case, the Belle II experiment can also contribute to the measurement of CP violation in
the B! — D**D*~ decays. Otherwise, the LHCb experiment will be the only experiment
to perform this measurement. Overall, the future of the B> D** D*™ analyses at LHCb
is promising. Based on this thesis, the measurements of the properties of the SM can be
further extended in this sector. This is particularly interesting as these measurements
can provide more insights and a deeper understanding of the SM, which will be an
important part of solving the open questions of this model.
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