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Abstract

This thesis presents CP-violation measurements conducted with data recorded by the
LHCb detector during the Run 2 data-taking phase of the LHC. The size of the data set
corresponds to an integrated luminosity of 6 fb™'. A time-dependent measurement of
the CP asymmetry arising in decays of neutral B mesons to CP-invariant final states is
performed in three decay channels: B’ — J/i(— ptp™)K?, B — J/y(—ete™)K?, and
B’ — y(25)(— y+y_)Kg . The Kg mesons are reconstructed in decays to two oppositely
charged pions. A combined fit to the Run 2 data set of LHCD is performed in the three
analyzed channels and gives the result

Syxo =0.717 +0.013 (stat) + 0.008 (syst),
CIPKS =0.008 + 0.012 (stat) + 0.003 (syst).

This result is more precise than the previous world averages of these parameters,
making this measurement the most precise single measurement of the quantity 51//1(3
to date. The parameter Sng is related to the CKM angle S, which parametrizes CP
violation in the Standard Model of particle physics. The result is consistent with

previous measurements from the LHCD collaboration and the B-factories Belle and
BaBar.

Kurzfassung

In dieser Arbeit werden Messungen von CP-Verletzung vorgestellt. Die Messungen wur-
den mit Daten durchgefiihrt, die vom LHCb-Detektor wihrend der Run 2-Datennahme
des LHC aufgezeichnet wurden. Die Grof3e des Datensatzes entspricht einer integrier-
ten Luminositit von 6 fb™'. Eine zeitabhingige Messung der CP-Asymmetrie, die bei
Zerfillen von neutralen B-Mesonen in CP-invariante Eigenzustédnde entsteht, wird
in drei Zerfallskanilen durchgefiihrt: B* — Jiy(— ptpu™)K?, B* — Jiy(— ete™)KY?,
und B — (25)(— y*u‘)Kg. Die Kg—Mesonen werden in Zerfillen zu zwei ent-
gegengesetzt geladenen Pionen rekonstruiert. Eine kombinierte Messung des LHCb
Run 2-Datensatzes wird in den drei gemessenen Endzustdnden durchgefiihrt und liefert
das Ergebnis

Syko =0.717 +0.013 (stat) + 0.008 (syst),
CW(S =0.008 + 0.012 (stat) + 0.003 (syst).

Dieses Ergebnis ist praziser als die bisherigen Weltmittelwerte dieser Parameter. Da-
durch ist diese Messung zugleich die bisher genaueste Einzelmessung der Grofie Sng.
Der Parameter S¢K§ hangt mit dem CKM-Winkel f zusammen, der die CP-Verletzung

im Standardmodell der Teilchenphysik parametrisiert. Das Ergebnis ist konsistent mit
fritheren Messungen der LHCb-Kollaboration und der B-Fabriken Belle und BaBar.
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1 Introduction

The primary aim of physics is to advance our knowledge of the natural world by
developing explanations of natural phenomena that withstand empirical testing and are
predictive and generalizable. In elementary particle physics, processes are studied at the
smallest distances at the subatomic level, at which the fundamentally quantized natures
of matter and forces dominate. The fields of theoretical and experimental physics are
inseparable and part of the same scientific endeavor. Significant scientific progress is
only conceivable with advances in both disciplines: the underlying mechanisms need
to be understood in a theoretical framework, and its complete range of predictions must
be reflected in reality. Through this interconnectedness, knowledge is advanced either
through discoveries of novel or predicted phenomena, or by imposing constraints on
previous assumptions by narrowing down the range of valid explanations, through
which more robust explanations can prevail. The latter approach is enabled by precision
tests, of which the measurement presented here is an example.

The most successful theory of elementary particle physics is a quantum field theory,
referred to as the Standard Model (SM) of particle physics. The SM is a description of
the fundamental forces and the elementary matter particles, which are described as
interacting quantum fields. The structure of the SM is determined by the symmetries
that the fundamental forces appear to obey and that determine which elementary
interactions can occur. The symmetries of charge and parity are of particular importance
for the purposes of this work. Charge symmetry (C) is given if a process is unaffected
by an inversion of all charge-like properties, such as the electromagnetic charge, while
parity symmetry (P) holds if a process is invariant under spatial inversion. A discovery
of non-invariance under such basic symmetries reveals the character of the fundamental
forces that mediate that process.

Contrary to the expectation informed by classical physics, both symmetries are indi-
vidually violated in processes involving the weak nuclear force. Even the combination
of both symmetries, charge-parity (CP), can be violated by the weak force despite
forming a mirror image of physics that is seemingly immune to the non-invariance of
only charge or parity symmetry. Charge-Parity violation was first discovered in 1964
by Cronin, Fitch, et al. at the Brookhaven Alternating Gradient Synchrotron [1], for
which Cronin and Fitch were awarded the Nobel Prize in Physics in 1980. As the CP
operation relates matter and antimatter, the discovery of CP violation shows a slight
yet fundamental difference between the two. Today, the CP-violation mechanism is
an integral part of the SM and remains an active part of research, not least because
our universe is matter-dominated and the absence of antimatter is still not entirely
understood.
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The SM is known to be incomplete because it does not explain certain striking
cosmological observations, such as the observed matter-antimatter asymmetry in the
universe. Furthermore, the SM contains several free parameters that can only be
measured; mathematical physics cannot predict them since the underlying mechanism
that relates them is unproven, if not unknown. Any observation that contradicts
the SM implies the existence of new phenomena and would hint at tangible new
discoveries. Experimental tests of the SM can be performed in two main varieties: the
measured energy scale can be increased, which can cause previously unknown, heavier
elementary particles to be formed or their influence to manifest more strongly. In
addition, precision tests can be performed that reduce the SM parameter uncertainties
and thereby uncover inaccuracies in our theories, pointing just as strongly to new
phenomena.

At the European Organization for Nuclear Research (CERN), a significant part of
the scientific program is dedicated to the acceleration and collision of particles and
the measurement of these collisions. The higher the energy scale of the collision, the
higher the resolution of structures at subatomic scales that can be probed. CERN’s
particle acceleration complex consists of multiple synchrotrons, of which the Large
Hadron Collider (LHC) is the largest in the world, accelerating protons and heavy
ions to energies of up to 14 TeV. At four interaction points, particle detectors like
the Large Hadron Collider beauty (LHCb) detector measure the collision events and
the particle interactions and decays created therein. The LHCb detector is specialized
for detecting and reconstructing b and c-hadron decays, which offer an especially
advantageous environment for high-precision measurements, including measurements
of CP violation.

Charge-parity violation in B-meson decays, specifically in the decay mode B® — y/K°,
offers a theoretically clean opportunity to measure CP violation and the natural constant
sin(2f). This parameter is an indicator of CP violation in the SM, and its relation to
this decay is described in Section 2.4. The occurrence of CP violation in neutral
B-meson systems and the possibility for accessing the natural constants relevant
for its parametrization in the SM has been suggested long before its discovery (see
for example Refs. [2-4]). Measurements were proposed in which B® and B° mesons
decay to the same final state, as potentially large CP-asymmetries can result from
an interference of decay amplitudes. In particular, the decay B° — tﬁKg has been
identified as a good candidate for a search for CP violation in the B system, as it offers
a theoretically clean access to CP asymmetries [4]. Early measurements of the natural
constant sin(2f) were conducted by the ALEPH, OPAL, and CDF collaborations [5-7],
which aimed at measuring a CP-asymmetry in B — Ji/K¢ decays and collectively
established a confidence level for non-zero sin(2f) at 98 % [5]. CP violation in the
neutral B-meson system was discovered simultaneously in 2001 at the electron-positron
detectors Belle (KEK) and BaBar (SLAC) [8, 9] in the decay mode B — J//K°. These
measurements have since been further improved by Belle and BaBar [10, 11]. The
LHCb experiment has confirmed these findings in more recent measurements [12-14]
in multiple decay modes.



The measurement described in this thesis details the measurement of CP violation
in three B" decay modes with the Run 2 data set of LHCb: the mode of its discov-
ery, B° — Jiy(— ptp)K?, and additional modes exhibiting the same CP-violating
mechanism, B® — J/jy(— e*e")K and B’ — 1(2S)(— p*p7)KY. The K mesons are
always reconstructed in decays to two oppositely charged pions, and ¢/ denotes the
charmonium states J/if or /(2S). The measurement has been published in Ref. [15] as

Measurement of CP Violation in B® — p(— t’+t’_)K§’ (— n*n™) Decays
Phys. Rev. Lett. 132 (2024) 021801

and was highlighted by the editors as an Editors’ Suggestion. I presented the results
publicly in an LHC seminar talk for the first time on June 13 2023 [16], a special
honor that is rarely granted to students. A combined fit of the full LHCb Run 2 data
set is performed, and the following result is obtained

Syko =0.717 +0.013 (stat) + 0.008 (syst),
C¢K§ =0.008 + 0.012 (stat) + 0.003 (syst).

This is the most precise single measurement of the CP-violation amplitude Syxo- As
shown in the following, the amplitude S¢K§ corresponds to the natural constant sin(2/)
to a high degree of precision due to the small theoretical impurities in this decay
mode. The CP-violation parameter C¢Kg is found to be consistent with zero, which
is compatible with the SM expectation for this level of measurement precision. This
result is well compatible with previous measurements by the experiments Belle, BaBar,
and LHCD and is consistent with theoretical expectations for these parameters in the
SM Cabibbo, Kobayashi, and Maskawa formalism.






2 CP violation in the Standard Model
of particle physics

In this chapter, the Standard Model of particle physics is introduced (Section 2.1) with
an emphasis on the phenomenon of CP violation (Section 2.2). In Section 2.3, the ways
in which CP violation manifests itself in different decay modes are discussed, and the
relevant formalism is presented. The B’ — y/K{ decay is introduced in Section 2.4, and
it is explained how CP-violation parameters can be experimentally accessed in this
decay mode. Finally, in Section 2.5, the influence of CP violation in the kaon system
on the measurement is estimated.

2.1 The Standard Model of particle physics

The Standard Model of particle physics is a quantum field theory describing three of
the four fundamental forces in nature, and it is the most successful theory in predict-
ing interactions on subatomic scales [17-20]. In the SM, elementary particles and
fundamental forces are described as interacting quantum fields. The characteristic
properties and underlying symmetries of these fields restrict the types of fundamental
interactions that occur. The SM is defined as a locally gauge-invariant theory, meaning
that its Lagrangian density is invariant under a gauge transformation of its fields. As
a consequence of imposing gauge invariance, the addition of massless gauge fields,
described by integer spin particles, is required, which are referred to as gauge bosons.
More specifically, for each generator of the underlying symmetry group of a given field,
one massless gauge boson is introduced. In quantum electrodynamics, described in the
SM in U(1)-symmetry, the photon can be identified as the only associated massless
gauge boson of the electromagnetic field. In this way, imposing gauge invariance
leads to a description of matter particles and fundamental forces that has proven to
be remarkably consistent with experimental observations. Analogous implications
also extend to the weak and strong interactions, including predictions of gauge-boson
self-interactions.

The SM has been significantly developed over the past century to account for all
experimental observations, and its predictions have been validated numerous times.
While the SM predicts processes on subatomic scales with high accuracy, the conse-
quences of which extend to macroscopic, even cosmological scales, it is incomplete as it
does not provide a definitive explanation for all observed phenomena. As an example,
after the discovery of CP violation and the discovery of a third particle generation, the
SM is able to accurately predict an asymmetry between matter and antimatter through
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the mechanism of CP violation. Yet, the measured size of this asymmetry is too small to
explain the observed baryon asymmetry in the universe [21, 22]. Furthermore, the SM
does not include a quantum theory of gravity. Finally, the SM contains 19 independent
fundamental parameters, which may be related by a more fundamental mechanism to a
fewer number of parameters, for example, through a potential unification of all funda-
mental forces [23]. At the same time, there is currently no observation that is in direct,
unambiguous contradiction to a SM prediction. By means of precision measurements
at high energy colliders, as presented in this thesis, the allowed parameter space of
the SM is reduced, which can contribute to uncovering tensions observed between SM
predictions and experimental observations that hint at novel phenomena in the future.
The SM Lagrangian, from which explicit field dynamics are derived, defines the types
of possible interactions and the kinematics of quantum fields. It contains a kinetic
term for fermions and their gauge-boson couplings, Lgermion, @ term for gauge-bosons
kinematics and gauge-boson self-coupling Lgauge, and two additional terms describing
the dynamics of the Higgs field, Lp;jges, and its coupling to fermions which are realized
by the Lyukawa term. The total SM Lagrangian, Lsy, can be written as a sum of these

terms:
Lsm = Lrermion + ~£Gauge + LHiggs + Lyukawa- (2.1)

Special attention is given in the following to the Yukawa term in Section 2.2, as it gives
rise to the flavor structure of the SM and CP violation and is therefore central to the
measurement presented in this thesis.

The matter particles contained in the SM are fermions with half-integer spin and gauge
bosons with integer spin, which characterize the fundamental forces. A Higgs boson
with zero spin, corresponding to a scalar Higgs field, which gives rise to spontaneous
symmetry breaking (SSB), causes W* and Z bosons to acquire masses. Quarks and
leptons acquire masses as a consequence of SSB. In Figure 2.1, the particle content of
the SM is shown. The fermions are grouped into quarks and leptons, and both these
families contain three generations of particles with increasing mass but otherwise
identical properties. For each SM fermion, there exists a corresponding antifermion
with inverse charge-like quantum numbers. The charged leptons are the electron (e),
the muon (p), and the tauon (z), each of which carries one unit of the elementary charge.
The electron is the only stable, charged lepton. For each charged lepton, there is a
corresponding chargeless neutrino v. Neutrinos have been shown to have non-zero
mass because of their ability to oscillate between generations with time [25]. Multiple
mechanisms for the generation of neutrino masses have been proposed, including
SSB [20].

There are six different types of quarks: The up-type quarks up, (u), charm, (c) and
top, (t) with electromagnetic charge Q = +% in units of the elementary charge, and
the down-type quarks down, (d), strange, (s) and bottom or beauty, (b) with Q = —%.
Apart from electromagnetic charge, quarks carry one of three kinds of color-charge, red,
green, or blue. The force-carrier of the strong (nuclear) force is the gluon which carries
superpositions of color charge and couples to all color-charged particles, including
to itself. The symmetry group SU(3)¢ of quantum chromodynamics (QCD), which
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Figure 2.1 - The particle content of the Standard Model. Particle masses are given in natural
units, and electromagnetic charges are given in units of the elementary charge.
The known interactions of matter particles are symbolized by the colored outlined
boxes they are contained in. Particle data taken from Ref. [24].

characterizes the nature of the strong force, implies eight massless gluons of distinct
color-charge superpositions. Quarks and gluons do not occur in isolated form, and
quarks form bound states of multiple quarks called hadrons which are always net-color-
neutral. This phenomenon is referred to as color confinement. Because of confinement,
when quarks in a common bound state are driven apart, new pairs of quarks and
antiquarks are created from the gained potential energy and recombine into new
hadrons. The process by which quarks interact with the vacuum to form hadrons
is referred to as hadronization. Bound states of a quark and an antiquark are called
mesons, while baryons are states of three quarks or three antiquarks. In recent years,
hadrons with four (tetraquark) and five quarks (pentaquark) have been discovered at
the LHCD experiment [26-28].

The weak (nuclear) force is responsible for quark and lepton-flavor-changing transi-
tions, including radioactive beta decay, and is mediated by three massive gauge bosons.
Beta decay was first described by Fermi as an interaction of four fermions through
which neutrons are converted into protons with an associated emission of an electron
and a neutrino [29]. Intermediate charged bosons with mass have been proposed by
Klein for the first time as a mediator of the Fermi interaction [178]. The fact that gauge
bosons have mass is seemingly in contradiction to the requirement of gauge invariance,
and its presence therefore requires a breakdown of gauge symmetry. This problem
was overcome in the 1960s after recognizing that the symmetry of the SM Lagrangian
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and the symmetry of its vacuum state do not need to be identical: SM symmetries
can be spontaneously broken [19, 30-34]. Spontaneous symmetry breaking can be
accomplished by introducing an additional scalar field, the Higgs field, which does
not alter the global SM symmetry but causes it to break down in its vacuum state. In
this case, however, the Goldstone theorem states that for each spontaneously broken
symmetry, an additional massless Goldstone-boson should exist [32-34], but such
bosons have not been observed. A solution to this problem was found independently
by Englert, Brout, and Higgs, who realized that this requirement is more nuanced in
the case of broken gauge symmetries and that the Higgs-field-boson effectively absorbs
its Goldstone boson and thereby acquires mass [30, 31]. Around the same time, in
1961, the weak and the electromagnetic force were unified by Weinberg, Glashow, and
Salam under a common symmetry group SU(2) X U(1) which, when accounting for
SSB, implies three massive gauge bosons as weak force carriers [18, 19, 35]. A neutral
current with mass, called Z boson, is thereby predicted as an additional weak force car-
rier, and by 1983, the W*, W™ and Z bosons have been discovered experimentally [36,
37]. The photon remains massless after SSB and is charge neutral and couples to all
particles with electromagnetic charge. In 2012, the ATLAS and CMS collaborations
simultaneously announced the observation of a new particle consistent with the Higgs
boson [38, 39], and it remains an active field of research to measure its properties.

Motivated by the fact that parity conservation has not been explicitly tested, and
its violation could be a solution to the 7+/0%-puzzle, Lee and Yang proposed a set of
experimental tests in 1956 to test parity conservation [40, 41]. Shortly after, parity
violation was discovered by Wu et al. in a measurement of the radioactive f-decay of
Cogp nuclei [42]. The Cogy nucleus emits an electron and a neutrino with spins both
oriented in parallel to the one of the decaying nucleus. Wu demonstrated that the
direction of emitted electrons depends on the direction of the nuclear spin of Cog
nuclei that are polarized by an external magnetic field. This asymmetry was further
found to be more pronounced the higher the degree of polarization of the sample. The
lepton momenta are therefore found to be correlated to their spin direction. Under
parity transformation, P, spin transforms as an axial vector, while momentum changes
its sign, and therefore this finding can only be explained by P violation [41]. The
weak interaction therefore differentiates between particles of different handedness,
defined by the projection of the particle’s spin onto its momentum vector. In addition
to violating parity, the weak force simultaneously violates C symmetry. Experimentally,
it can be shown that the decay 7" — p*v, has no immediate mirror image under C
transformation [43] as it would involve a right-handed neutrino and would thus be most
strongly suppressed. To explain these findings, Feynman and Gell-Mann described the
weak force as acting exclusively on the left-handed spinor or right-handed antispinor
component of particles [44].

The combined symmetry of charge and parity, CP, appears to be more robust, as it
provides a symmetry under which the mentioned experiments are indeed invariant.
Nevertheless, in 1964, CP violation was discovered neutral kaon decays by Cronin,
Fitch et al. [1]. The implementation of CP violation in the SM and the ways in which
CP violation manifests itself in measurements are described in the following sections.
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2.2 Quark-flavor structure and CP violation

Flavor is a quantum number of SM fermions that is specific to the particle generation
and type, and in weak interactions, flavor can change. The selection rules under which
flavor changes determine the flavor structure of the SM and, thus, the nature of the
weak force. The origin of these selection rules are the interactions of the fermions
with the Higgs field after SSB. The unbroken Yukawa SM Lagrangian describing the
Higgs-fermion interactions is given by [20]

— Lyukawa = Q'OYPdl, + QI®YVul + LIOYEel + hec. . (2.2)

Here, the left-handed quark fields are expressed by Q, and left-handed lepton fields
are expressed by L, while right-handed quark and lepton fields are marked with an R
index. The index I expresses the fact that the fields are given in the weak interaction
basis. The 3 X 3 complex Yukawa matrices that quantify the coupling of SM fermions
to the Higgs field ® are denoted by YP'UE,

After SSB, the vacuum expectation value v takes the place of the Higgs field and the
Yukawa matrices can be diagonalized by appropriate rotations in flavor space. The
unitary transformations that accomplish the diagonalizations, define the relationship
between the weak eigenstates and the mass eigenstates of the quark fields, and are
parametrized by four unitary 3 X 3 matrices:

ui = VL”uL d]{ = VlfldL ufz = VﬁuR d}IQ = VRddR. (2.3)

It is not possible to diagonalize the two quark-related Yukawa matrices simultaneously.
By convention, YU is diagonalized by the given transformations and the weak and
mass eigenstates of up-type quarks are therefore identical. The term Y? can only be
diagonalized in connection with rotated down-quark fields, expressed by an irreducible
combination of tranforms, which is identified as the CKM matrix [45, 46]. The CKM
matrix quantifies the difference of mass and weak eigenstates of down-quarks, d]{ =

Ve 1. When the charged current interaction of quarks and W* bosons is transformed

into the mass basis, the CKM matrix parametrizes the coupling strength [47]:

Quarks _ 9 [T —pgl | I oI
L 5 {uLy,lW Hdy +d y, W uL}
mass basis J [— - 5 1t
- V2 {uL Vexm VW Hdr + dr Vo vy
——

Vv
The CKM matrix appears therefore in the charged-current interaction of quarks and W*
bosons and determines the probabilities with which flavor-changing transitions occur
between up- and down-type quarks, within and between generations. The elements of
the CKM matrix are named as follows:

W”’uL} (2.4)

dI Vud Vus Vub d
Si =(Vea Vs V| [s] - (2.5)
b L th Vts th b L
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The CKM matrix is a complex and unitary matrix parametrized by three mixing angles
and one complex phase § and can be defined as [48]

1 0 0 C13 0 3136_16 C12 S12 0
Ve =0 €23 s3]l 0 1 0 —s12 c12 0 (2.6)
0 —S23 C23 —813615 0 C13 0 0 1

where s;; = sin 0;; and ¢;; = cos 0;; and 0;; are the three Euler mixing-angles. Unitarity
ensures that the net quark-current is preserved in weak interactions.

Under CP transformation, the charged current interaction is no longer invari-
ant in the quark sector as Vi, # Vi, due to the non-zero, irreducible complex
CKM phase §. A phase-convention-independent indicator of CP violation caused
by this non-invariance for a given CKM matrix is the Jarlskog determinant [49],
g = c123123130f3323czg sin(9). The Jarlskog determinant measures the area of unitarity
triangles and its non-zero value implies that a given CKM matrix cannot be reduced to
basis-dependent mixing angles alone. The specific form of the Jarlskog determinant
implies further that all three quark generations need to take part in a process in order
for CP-violating effects to occur, as otherwise, any such effect can be nullified with
an alternative choice of mixing angles, rendering it unphysical. From the extensive
available experimental evidence, it follows that the complex phase 6 remains the only
source of CP-violation in the SM needed to explain all measurements of CP violation.

The CKM matrix is almost diagonal, from which follows that flavor transitions
between generations are far less likely than transitions in the same generations.
An approximation of V., as an expansion in orders of the Wolfenstein-parameter
A =V, [50], with A = 0.2243+0.0008 [51] up to order A* gives the useful representation

1- %/'12 /11 ; AX3(p " in) \
Vexum = —A 1-34 AL +0(1%). (2.7)
A1 -p—in) —AN 1

From the unitarity property of the CKM matrix, follow six interdependent unitarity
conditions for the CKM elements. The unitarity condition that is of most relevance in
the following is

V,

wdVab + VeaVep + ViaVip = 0. (2.8)
As a sum of three complex numbers, which sum to zero, it can be interpreted as a
closed triangle in the complex plane. This triangle is shown in Figure 2.2, and this
representation is commonly scaled so that its base length is unity. Measurements of
flavor-changing processes in the quark sector therefore always constrain the CKM
unitarity conditions and serve as a test of the SM. From simple geometric considerations,

the angles of this triangle can be defined as

V. Vi V. Vi V.4V,
a = arg |- td "tb p=arg|- cd _cb y = arg|— ud ub ) (2.9)
Vud ub th th y
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Figure 2.2 - CKM triangle fit for the unitarity condition in Equation (2.8) showing the global
constraints on the CKM angles and the triangle apex for the 2021 averages [52].

The measurement of the CKM angle f is the main subject of the measurement pre-
sented in this thesis. This angle is geometrically related to the unitarity triangle apex
coordinates, which are in turn related to § in the Wolfenstein parametrization:

AN (p+in) =s3¢° and f= arctan( 1 _) . (2.10)

The parameters p and 1 define the triangle apex coordinates p = p(1 — A?/2) and
7 = n(1 — A?/2). This establishes the relationship of the CKM phase § and the CKM
angle f. Consequently, vanishing  would imply 77 = 0 and finally § = 0, demonstrating
that the angle f is an indicator of CP violation in the SM.

2.3 Classification of CP-violating phenomena

All observations of CP violation can be attributed to the non-zero value of the com-
plex phase § of the CKM matrix in Equation (2.6). Despite this singular origin, in a
measurement of a physical system, there are multiple ways in which CP violation can
occur. The distinction is made between direct and indirect CP violation, and the latter
is closely related to neutral meson mixing or oscillation. Mixing refers to the transition
of a neutral meson to its antiparticle state before its decay, and it is mediated by the
weak force. Direct CP violation does not require mixing and can therefore also occur
in charged meson decays, where it is the only possible CP-violating mechanism.

The hypothesis that neutral mesons are particle mixtures was introduced by Pais
and Gell-Mann to reconcile the transformation properties of neutral kaon and anti-
kaon production and decay under charge conjugation [53]. In a later publication [54],
Gell-Mann and Pais propose a method to demonstrate the existence of mixing through
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2 CP violation in the Standard Model of particle physics

a measurement of neutral-kaon absorption in matter, which should cause the short
and long-lived kaon mass eigenstates to be converted into one another. Six years later,
kaon regeneration and the mass difference of kaon mass eigenstates are measured
for the first time [55], supporting this theory. Today, neutral meson mixing and CP
violation are well-established phenomena and have been measured in multiple neutral
meson systems to a high degree of precision [56]. The phenomenon of neutral-kaon
regeneration is detailed in Section 2.5 and its possible implications for CP-violation
observables in B° decays to neutral kaons, primarily in the decay B — ¢K?, are
discussed.

The two leading-order Feynman-diagrams representing neutral B-meson mixing are
shown in Figure 2.3. As with neutral kaons, the neutral B meson state should be re-
garded as a two-state system of flavor eigenstates B’ and B®. The time evolution of a gen-
eral neutral meson system, consisting of meson and antimeson ¥(t) = (X°(¢), X°(t))"
can be described by a Schrodinger-like equation of the form

9 (X)) _ ., (X°()
i3 (ooie) = (i) (.11)

An effective, non-Hermitian, Hamiltonian operator H enables transitions between
flavor eigenstates and transitions to the final state, whereby the latter is not accounted
for by the state vector. As a consequence of CPT invariance, the effective Hamiltonian
operator H has symmetric properties because of identical masses and decay widths
of the flavor eigenstates of X. The Hamiltonian is defined as a sum of two Hermitian
operators, M and I', which parametrize the transitions between flavor eigenstates, in-
cluding those involving virtual intermediate final states and the irreversible transitions
to the final state:

H:M—ir:(m mlz)—i(r Flz). (2.12)

2 my, m 2\Iy, T

Oscillations are parametrized by off-diagonal matrix elements, and decays to the final
state f are introduced by the I' term. The mass and decay width of the flavor eigenstates
are m and I'. The parameter m;, parametrizes contributions from the box diagrams
quantifying the off-shell transitions, which are shown for the leading-order terms in
Figure 2.3 for the B® system. Oscillation through any intermediate decayed on-shell
state of the form B® — f — B? are parametrized by I',. This contribution is negligible in
the B system [57], therefore || < |m12| can be assumed. An explicit representation
of the effective Hamiltonian in terms of quark-field couplings to the W= bosons via
the transitions represented in Figure 2.3 is given in Ref. [58]. In Ref. [59] this result
is reused to derive further B mixing parameters and in Ref. [57] the results of these
calculations are summarized for my, as

2.2 2
GpmiynsmsBs f m;
mi2 = — - So

VAV LA 2.13
1277:2 ‘z/v) | td tbl ( )

where Gr and fp are the Fermi constant and the B-decay constant; mp, my and
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Figure 2.3 — Leading-order Feynman diagrams representing B’-B° oscillation. Transitions
with intermediate ¢-quarks are favored.

m; are the B-meson, W* boson and top-quark masses, respectively. The function
So(x) is the Inami-Lim function [60] parametrizing the contribution from the internal
quark propagators as a function of the quark mass and can be approximated as Sy(x) =
0.784x%76 [57]. Perturbative QCD contributions are given by 5, while non-perturbative
contributions are parametrized by the bag parameter Bg. The Inami-Lim function of
the argument m?/ m%v is of order 1, while contributions from c-quarks are suppressed
by four orders of magnitude. In summary, the internal quark lines in the B mixing box
diagrams are strongly dominated by t-quark contributions and proceed to first order
as depicted in Figure 2.3. While the contributing Inami-Lim factor in the neutral kaon
system is the same, the t-quark loop is strongly CKM-suppressed, and thus the c-quark
loop dominates instead [61].

To proceed with solving the two-state system explicitly, the effective Hamiltonian
operator H is diagonalized so that Equation (2.11) decouples to an orthogonal basis. In
the basis of orthogonal mass eigenstates Xy and X7, one obtains

0 ((XL(8)) _ (e 0 (X0(2)
o (XH<t>) - (o uH) (me)’ 214
with eigenvalues
pL:m—%F—é(nzSF) = mL—éFL (2.15)
,uH:m+‘RF—%(F—25F) EmH—%TH (2.16)

and

F = mip — Erlz mlz - §T12 . (217)

The masses and decay widths of the mass eigenstates Xy and Xj, are denoted as my,
and Ip. The mass difference of the mass eigenstates, Am, and their decay width
difference AT characterize the mixing dynamics of the neutral meson system and are
defined by [56]

Am = my — mp = 2°RF, (2.18)
Al = FH - FL = —4JF. (2.19)

13



2 CP violation in the Standard Model of particle physics

In the B system, from || < |my;| follows that AT is a small parameter, which has so

far not been measured to deviate significantly from zero [62]. Therefore, the off-shell

contribution m; is the main component of the parameter Am. It is demonstrated in

the following that Am is the frequency of the time-dependent mixing asymmetry.
The mass eigenstates can now be written as an admixture of flavor eigenstates

1X1) = p1X°) +q1X?) and IXu) = p IX°) — q1X°) (2.20)
(2.21)
with complex coefficients p and q satisfying |p|* + |g|* = 1 that fulfill

myz — Lle
P_ ) /—f (2.22)
q mi, = 311,
A trivial time evolution can then be applied to the mass eigenstates to yield

IXL(1)) = e M (p X% +q|X%)) and |Xu(t)) = e M (p|X0) — q|X°)). (2.23)

As mesons are initially produced as pure flavor eigenstates and experimental techniques
are able to measure these initial states, it is more practical to now solve for the time
dependencies of these initial states:

X0(0)) = %(p@(t» + X (D))

= g.(D) [X°) + %g_(t) 1X0), (2.29)
IX0(£)) = g+ (1) [X°) + gg_m X°), (2.25)

with
ga(t) = % (e—imHt—FHt/Z N e—imLt—FLt/Z) . (2.26)

Here, the states | X°) and |X°) denote the meson states at the time of production, while
g (t) describe their relative decay probabilities with time. To obtain decay rates which
are the subject of measurement, the amplitudes As = (f|H|X°) and As = (f|H|X?) of
the decay process are squared. As the final state f is CP invariant and therefore f = f
in this measurement, amplitudes of the CP-conjugated final states involving f states
are omitted here, but their derivation proceeds analogously.

— 2
(1) ) = | (FIHXD 9,(6) + L (FIHIX - (1)
———— pa,—/
Af Af
1 |Af]?
— A 2 A 5 2 I -T't
Af? |9+ () + Arg-(1)] 5€ 1+|7Lf|2><

1 Z%Af 1 1- |/1f|2 ZSAf

cosh| =ATt| + sinh| =AT't | + ——— cos(Amt) — ——— sin(Amt) ¢,
2 1+ A 2 1+ A2 1+ A2

(2.27)
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and similary, for the B initial state one finds

2 2
- 1 o |p|° 1Afl
T(X°(t =5 ———
®w-n=3" 0
1 Z%Af 1 1- |/1f|2 ZSAf
cosh| =AT't| + ———— sinh| =AT't | - ———— cos(Amt) + ————— sin(Amt) ;.
2 1+ [Ap|? 2 1+ [Ag|? 1+ [Ag|?
(2.28)
A complex parameter Ar, defined as
A A .
Afzg._f:‘g‘. °f . @i (2.29)
p Ar Ipl |4y

is introduced here and defines the oscillating behavior of the decay rate caused by
possible CP-violating effects that are specific to the neutral meson system and decay in
question, whereby ¢ denotes a weak, CP-violating phase. More specifically, if )Lf =1,
there is no difference between the decay rates of B’ and B, and otherwise, CP violation
is present. In the following Sections 2.3.1 to 2.3.3, the possible types of observed
CP-violating phenomena and the way in which they individually contribute to the
parameter A¢ are explained.

2.3.1 CP violation in the mixing

CP violation in the mixing occurs if the transition probabilities of the flavor eigenstates
are not equal and therefore

[(x°— X% #I(xX°—- x% as a consequence of lg/p| # 1. (2.30)

The neutral-kaon system is an example of a neutral meson system with that property.
As historically, CP violation was discovered in the neutral-kaon system, its CP-violating
nature is explained in more detail in this section.

The kaon flavor eigenstates |K°) = |ds) and |K°) = |ds) mix and the two possible
CP-eigenstates can be written as

:i 0 0 =i 0\ _ |70
K1) = ﬁ(IK )+ 1K) and |K2) = \/§(|K> |K™)). (2.31)

Under CP transformation, these states are eigenvectors:
CP|Ky) = +|Ky), CP|Ky) = = |Ky) . (2.32)

The K; state is therefore CP-even and K, is CP-odd. Experimentally, two kinds of neu-
tral kaons are observed with drastically different lifetimes: Kg and Kf. The short-lived
state decays predominantly as K{ — 7 and the long lived state decays predominantly
as K = z. If one identifies the kaon mass eigenstates K and K}’ with the admix-
tures K; and K3, then the short-lived state Kg should always decay into a CP-even
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2 CP violation in the Standard Model of particle physics

configuration (777), whereas the long-lived state K’ should always decay into a CP-odd
configuration (7z7) if CP symmetry was conserved. As the lifetimes of K and K
differ substantially, it is possible to study their decays almost independently.

In 1964, the decay Kf — 7 was observed at the Brookhaven laboratory in an
experiment conducted by Cronin, Fitch, and others [1]. The measured final state |7)
is CP-even, unlike K, and therefore, this observation demonstrated for the first time
that CP symmetry can be violated in weak interactions. For this discovery, Cronin
and Fitch were awarded the Nobel Prize in physics in 1980. Therefore, one concludes
that the kaon mass-eigenstates K¢ and K’ cannot correspond to the CP eigenstates K;
and K. The mass eigenstates can instead be defined such that they contain a small
admixture of the respective other CP-eigenstate:

A /1 + 612( A /1 + 612<
= px |K®) + gk |K?), = px |K°) — gk |K°), (2.34)

whereby ek is a CP-violating parameter that is known today to a high degree of
precision, |ex| = (2.228 + 0.011) x 1073 [56], and pk, qx are the mixing coefficients in
the kaon system. At the same time, ex # 0 implies that the mass eigenstates are not
symmetric combinations of the flavor eigenstates K° and K, which implies that the
mixing process is asymmetric in time, fulfilling the rate condition in Equation (2.30).
Finally, as generally the relation of ex and the mixing coefficients is > = (1—ex)/(1+ek),
|ex| > 0 implies |q/p| # 1 with the previous definitions.

2.3.2 CP violation in the decay

CP violation in the decay, or direct CP violation, occurs if the CP-conjugated decay
rate of a given decay differs from the original rate, hence

Az

I'(X— f)#I(X— f) or |—|#1. (2.35)
Ay

This type of CP violation can occur both in charged and neutral meson systems, and it
is the only possible type of CP violation in charged meson systems. The precondition
for CP violation in the decay is that each decay amplitude can be expressed as the sum
of at least two contributions with generally different weak and strong phases, ¢; and
0; and associated partial amplitudes a;: Ay = 3 ;a jei¢fei9f. If the decay amplitude is in
this form, the absolute amplitude ratio in Equation (2.35) cannot cancel to 1. For CP
violation to occur, the weak and strong phases each need to differ, and their respective
partial amplitudes a; need to differ or at least interfere. Experimentally, CP violation
in the decay was observed for the first time at the NA31, NA48, and kTeV experiments
in measurements of the double ratio of Kg and K mesons decay rates to either 7°7°
or 7* 7~ final states [63, 64]. This finding implies that even the K, state can decay to
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2.3 Classification of CP-violating phenomena

two pions and hence directly violate CP. Yet, in the neutral kaon system, direct CP
violation occurs far less frequently than CP violation in the mixing [65] and is ignored
in the following. The occurrence of direct CP violation can be explained by the fact that
the K — 77 decay can result in different isospin configurations for the final state, and
its amplitude is thus composite. Direct CP violation in neutral and charged B meson
decays has since been found in multiple decay modes [56]. Experimentally, in decay
modes with charge-asymmetric final states, the CP asymmetry can be measured by
counting the normalized, time-integrated difference of final state frequencies f* and
£~ [56) B

FX> f)-T(X> [ _ A /Apl 1

T(X— f)+T(X— f*)  |[Ap-/Ap|2+1

whereby the initial meson can be charged or neutral.

Afs = (2.36)

2.3.3 CP violation in the interference of mixing and decay

Neutral meson decays to CP-invariant final states can exhibit a third kind of CP violation
that occurs due to interfering amplitudes of the direct decay and the decay of the mixed
meson, i.e. X® — fop and X° SX'— fcp. The consequence of this kind of CP violation
is that the time-dependent decay rates of initial X° and X° mesons are not identical
functions of time:

I(X°(t) = fop) # T(X°(t) = frp) due to IAs # 0. (2.37)

The time evolutions of the mixing of the initial flavor eigenstates are X°(t) and X°(t)
for decays to the same final state that have been derived in Equations (2.27) and (2.28),
allow for CP violation through the complex parameter As. A measurement of the
associated, time-dependent decay rate asymmetry, or CP asymmetry

I'(X°(t) > for) —T(X°(t) = fop)

AL (1) = == (2.38)
I'(X%(t) = fep) + T(X°(2) = fep)
gives access to the observables parametrizing CP violation in the interference:
S¢sin(Amgt) — Crcos(Amgt
AP () = (Amgt) — Cy cos(Amygt) (2.39)

cosh(%Ath) + A]A,r sinh(%Ath) '

The following CP-violation parameters are introduced from a comparison with Equa-
tions (2.27) and (2.28):
232 1— Al 2R A
P ;= o qor o 2R
1+ Mflz 1+ |/1f|2 f 1+ |/1f|2

(2.40)

These parameters are directly accessible to measurements as they modify the expo-
nential B decay rates and parametrize the amplitude and phase of the measured CP
asymmetry in Equation (2.39). By construction, the normalization condition

S24Ch (AN

2
24 C2 f)=1 (2.41)
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2 CP violation in the Standard Model of particle physics

holds. In the case Sy = Cy = 0, no CP violation of any kind is observed. The case
Cr = 0 is hereby fulfilled if CP violation in the mixing (Section 2.3.1) and in the
decay (Section 2.3.2) are not present or cancel, which is equivalent to |p/q| = 1 and
|Af /Zfl = 1 and thus |A¢| = 1 according to Equation (2.29). Importantly, this condition
does not imply arg(A¢) = 0, which then allows for the possibility

I(Af) =Sy =sin(2¢) # 0 with ¢ = %arg

q94f

(2.42)
pAf

The requirement that the imaginary part of A¢ is non-vanishing defines the presence
of CP violation in the interference of decays with and without mixing.

In general, all three types of CP violation can occur simultaneously, and if the aim is
to precisely measure the weak phase ¢, all sources of CP violation need to be accounted
for. Nevertheless, even without or with negligible CP violation in the mixing and decay,
interference CP violation is possible and can be a large effect, as is the case for the
CP-violating decay B° — ng which is introduced in Section 2.4.

It should be noted that if the weak phase ¢ is obtained from measurements, it can
include additional weak phases, as well as CP-conserving contributions which can
manifest as Cy # 0. These contributions can be present due to higher-order decay
transitions. For this reason, in generality, a measurement of the CP-violation amplitude
S does not give access to the pure angle ¢, but rather an effective phase ¢e = ¢ + A¢
instead. The properties of the decay in question determine the relative size of CP-
violating and CP-conserving phases, and the latter can contribute to A¢,. In addition,
there are trigonometric ambiguities associated with the approach of measuring f
through a measurement of sin(2f). These details are explored in the next section for
the CP-violating decay B’ — ¢Kg
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2.4 The CP-violating decay B’ — yK{

2.4 The CP-violating decay B’ — pK{

The properties of the decay B — 1//K§ make it particularly well suited for precise
measurements of the CKM angle . It is shown in the following that the tree level
b — ccs transition is the leading contribution to the decay and that partially CP-
conserving phases, induced by higher order decay transitions, either have the same
weak phase as the tree-process or are at least doubly Cabibbo-suppressed otherwise.
Furthermore, the parameter SszO was measured to be large, and C¢Ko is compatible
with zero to high accuracy [62]. Finally, the decay topology of two h1gh -transverse-
momentum leptons and two charged pions with significantly separated origin vertices
allow for a good separation of backgrounds in a hadronic collision environment.

Figure 2.4 — Left: Feynman diagram of the B® — y/K° decay with neutral meson oscillations
in the initial and final state. Right: Feynman diagram of the contribution of the
color-singlet exchanges to the same decay.

CP violation in the B system was first discovered at the B-factories Belle [8] and
BaBar [9] in multiple B® — l//Kg and B’ — l//Kf decay channels. This finding confirmed
the predictions for large CP violation in this mode [4]. At the B factories, electrons and
positrons are brought to collision at a center-of-mass energy corresponding to the rest
mass of the 1'(4S) state, which predominantly decays to a pair of either two charged or
two neutral B mesons, which are Lorentz-boosted due to the momentum-asymmetric
collision. CP violation in the mixing has not been observed in the B® system [56],
therefore |q/p| = 1 is assumed from here on. Feynman diagrams of the leading-order
tree-level decay and the penguin decay are shown in Figure 2.4, where neutral meson
oscillation in the initial and final states is represented by box-diagrams.

The initial-state B meson can decay directly into the final state ng or undergo

mixing before its decay to the same final state. While B’ mesons decay to /K°, B
mesons decay to the CP-conjugated final state /K, but as neutral kaons oscillate and
are exclusively measured in the physical states Kg or Kf , the final state is CP-invariant.
For this reason, the direct decay can therefore interferes with the mixed decay, which
gives rise to interference CP violation. The main contribution to the decay amplitude
comes from the tree-level transition b — ccs and in sub-leading-order, penguin-type
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2 CP violation in the Standard Model of particle physics

diagrams involving color-singlet exchange with three possible internal quarks u, ¢ and
t contribute.

The total decay amplitude, not considering B or K-mixing, can be written as a
sum of these contributions, which are proportional to the relevant CKM factors
Ag = Vquq*b [66],

Aygo = Ac(Afpee + Ap

Tree Pen

)+ LAY+ VAL (2.43)

Pen Pen’

with the tree A7, ., and penguin amplitudes Agen for an internal quark q. From CKM
unitarity, it follows A; = —A. — A,,, which is applied to yield

= AC (Afl"ree + Algen - A{)en) + Au (Alf’en - A;’en) (2'44)
A Au _ At

= Ae(AS  +AS. —AL )1+ 22 Fen __"Pen , 2.45

C( Tree fen Pen) { AC A’Cl"ree + Agen - A%’en ( )

The amplitude difference between t and u loop diagrams is therefore relevant for
corrections to the tree-level process. After substituting the amplitude proportional to

A¥ — A, with the notation used in the literature [66], namely
% 1|V, AZ Au - At
r i _ ub Pen Pen
a el = 1 V_ (1 - ?) (AC +AC _ At (246)
cb Tree Pen Pen

the following expression is obtained when explicit A* terms are omitted:

A? 0 Au
Ayko = Ac(ATpee + Apen — A{;en){l t T a'e? exp (i arg /1_) } (2.47)

The same CKM factors of A, = V, V] therefore contribute to the tree-level and to
the amplitude difference of the ¢ and ¢t-penguin decay, which enters in leading order.
The term @’e’” includes a CP-conserving strong phase 6 representing the relative
phase difference between the tree-level process and the penguin decays, with an
associated amplitude of a’. Contributions from penguin topologies that contribute
with an additional strong and a weak phase can be viewed as being doubly Cabibbo-
suppressed by a factor of &€ = A2/(1 — A?) in excellent approximation. This suppressed,
additional weak phase can be identified with the CKM angle y by rewriting the complex
argument of A, /A,

3 V.V vV V.V
arg (—) = arg(L”*b) = arg(L’f) + arg(M) =-y+, (2.48)
Ae cs'ch Vchcb VcsVud

whereby {” is zero in the leading-order Wolfenstein expansion of the CKM matrix. Using
an O(A%) expansion of the CKM matrix [67] and latest Wolfenstein parameters [51],
the CKM suppression factor € ~ 0.053 is obtained with an insignificant correction
{’ ~ 6.7x10* to the angle y which can be safely ignored in the following. In conclusion,
the B — yK° decay amplitude can be written as

Aggo = Vo Vi (AS . + AS

Tree Pen

—Ab ) {1+éeae? e} (2.49)
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2.4 The CP-violating decay B’ — yK{

The most significant, i.e. Cabibbo-allowed, penguin transitions contribute with the
same CKM factors as the tree-level process and therefore share its weak phase and
do not cause any corrections to ¢ to occur. As penguin topologies that introduce
corrections to the measurement objective sin(2f) are at least suppressed by é and
penguin amplitudes are loop-suppressed, the influence of penguin-decays is rather
small in this decay mode.

To find the relation between the CKM angle f and the amplitude SebK_S’ the CP viola-
tion parameter /lgng is derived for the B’ — y/K{ decay. Doubly Cabibbo-suppressed
hadronic corrections from Equation (2.49) are omitted, and these corrections can be
determined from additional decay modes in separate measurements as discussed below.
As explained in Sections 2.3 and 2.3.1, the neutral-kaon system exhibits CP violation in
the mixing, and the main contribution to the mixing is due to internal c-quarks. CP
violation in the neutral-kaon system is a small effect as estimated by the parameter e,
and so is its influence on the measurement of 8, which is demonstrated in Section 2.5.
From these assumptions follows, that Mr#Kg' = 1. The CP-violation parameter Ang then
becomes

g yKs Ak g _ ViV VeV VeaVes

-9,
P Ayko PK VoVia  VesVob  VeaVes
—— ——

B® mixing B’ decay K° mixing

P Ayg

Ayxo = (2.50)

W ViV
— _ th tf . cd Cf’ (251)
VeaVeh - VinVia
and the CP-violation amplitude S¢K§ becomes by the previous definition in Equa-
tion (2.42)

Wig VoV ViV
Sl//KSO = 3/11//1(3 = - sin(arg(ﬁ . ﬁ)) = - sin(z arg(%)), (2.52)
cdVch tbVtd cdVeb

whereby a geometric property of the complex argument is used in the last step'. Once
the defnition of § in Equation (2.9) is substituted one obtains the amplitudes

Slng = sin(2p) and C¢K§ =0 (2.53)

for the tree-level relation between the measurable amplitude Sng and the CKM angle f.
With the previous assumptions, i.e. in absence of direct CP-violation and CP-violation in
the mixing, |A¢| = 1 and Cz//Kg = 0. It is interesting to note that the contribution of CKM
elements from kaon mixing in Equation (2.50) enables a clean cancellation of terms
leading to an exact representation of the phase 23, but even in the hypothetical absence
of those terms the deviation to the measured phase due to imperfect cancellation is one
permille of the value of sin(2f). The large CP-violating effect in this mode is therefore
attributed to the interference of B mixing and decay.

Penguin contributions to the decay amplitude add an additional phase shift A¢,
to the value of 2f, and therefore the amplitude S¢Kg is expressed more precisely as

larg(z/z*) = 2arg z.
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S¢K§ = sin(2f + Agg + A¢NY), whereby Ad,™Y is a potential New Physics contribution.
The phase shift A@, is expected to be small, A¢g; ~ —1° [68-73], which is not fully in
reach of current experimental precision. In future measurements of  at LHCb and the
B factories, the determination of A¢, is thus going to be more relevant to disentangle f
from Ag,. The value of A¢; can be estimated in measurements of decays with similar
decay topology like B? — /K° or B® — J/i/{n°, §, p} [68]. In these decays, using similar
derivations as above, one finds that the suppression factor € is absent and that the
penguin contributions are therefore Cabibbo-allowed. As these channels share several
CKM elements, corrections can be found for the B® — lﬁKg mode. The B? — /K° decay
is related to B — /K° through U-Spin symmetry whereby the decay modes share
the same strong phase, and for this reason B! mode offers an ideal channel for the
determination of A¢,. It is therefore possible to correct any measurement of Sng by
such a future measurement [68].

Finally, from a measurement of 5¢K§ alone, f cannot be extracted without ambiguity
as the sine function is cyclic, and from a measurement of just the amplitude Sng,
it is ambiguous whether the argument is 28 or 7 — 2 [74]. To resolve the angular
ambiguity, it is possible to measure CP violation in modes where the relevant CP
observable happens to be cos(2f) as was done in Ref. [75]. In addition, it is necessary
to determine sgn(sin(f)), which relies on input from theory [76]. From the available
data and present theoretic assumptions, it follows that the CKM apex lies in the first
quadrant of the complex p-7 plane [62, 77].

2.5 Kaon regeneration and CP-violation corrections

A neutral-kaon flavor eigenstate K° or K” converts to a K{ state in exactly 50 % of cases
through mixing and becomes a Kf state otherwise. Therefore, half of all neutral-kaon
decays are not selected a priori as KE mesons cannot be reconstructed at LHCb. The
final state kaon in the signal decay mode is reconstructed from decays into two charged
pions of short-lived neutral-kaon states, and due to its short lifetime, the K state is
almost exclusively selected.

Nevertheless, pollution of CP-violating KE — ¥~ decays can influence measure-
ments of CP-violation observables SI//KQ and C¢Kg in the B system. That is because

B’ — yK} decays have a CP eigenvalue of the opposite sign, and therefore, the sign of
the observed asymmetry appears smaller on average if such decays are present in the
data. The opposite sign of the associated KI? amplitude has also been demonstrated in
measurements [8]. One can write
obs _ obs
St = ~Spp- (2.54)
A fully inclusive measurement of CP-violation of B’ — lﬁKg  modes, even results in a
total CP-asymmetry of zero [4].
The admixture of K decays is further amplified by the mechanism of kaon regenera-
tion, which was first proposed by Pais and Piccioni [54]. Accordingly, a K’ meson can
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2.5 Kaon regeneration and CP-violation corrections

turn into a Kg meson that decays to two pions, in which case the effectively selected
decay is B’ — ¢KB despite the correct decay signature. This effect was experimentally
confirmed for the first time in 1961 [55]. In a vacuum, the mass eigenstates Kg and KE
do not mix as they are orthogonal states with respect to the Hamiltonian operator in
Equation (2.11). When these states propagate through the detector material, a very sig-
nificant difference between K° and K° interactions becomes relevant as the absorption
of K? is far more likely through interactions of the kind

I?0+p—>A+n+ or K'+n— A+ (2.55)

while interactions like K° + p — K*n are less likely [54]. In addition, elastic scattering
of K® and K° with matter can further contribute to a restoration of a K° component [54].
Kaon regeneration therefore causes a loss of the K° component in a beam of K} mesons,
through which the kaon states are brought back to K’-enhanced states, which can
acquire the Kg state again. Kg mesons are thus said to regenerate.

In the following, the corrections to the amplitudes Sszg and CWKS caused by these
effects are derived with the regeneration formalism developed in Ref. [78, 79]. Such cor-
rections have been determined for the predecessor analyses [13, 14], and the corrections
were found to be very small given the sparse material distribution of the LHCb detector,
low densities of utilized materials and high momenta of produced kaons. Nevertheless,
the effect is large enough to change the reported values and is comparable in size to
some systematic uncertainties in this analysis, and for this reason, it is estimated.

From Equation (2.34) follows that the mass eigenstates are composed in terms of
flavor eigenstates as follows

K= K° - K° 2.56
IKL) 2(1+|€K|2)[(1+6K)| )+ (1-eg) K™)] (2.56)
IKQ) = . [(1+ex) K% — (1 - ex) IKO)]. (2.57)

V2(1 + lex[?)

A general, time-dependent kaon state [¥) can then either be expressed in the basis
(K%, K°) or (K&, KP) [78],

¥ (1)) = av(t) [KD) +as(2) IKS) = a(t) [K®) +@(1) K, (2.58)

whereby the basis change is accomplished by

1+¢€ aL + «a _ 1—-¢€ aL — A
K L7 and a= K225 (2.59)

o= ,
Vitlex? V2 Vitlel? V2

with implied time-dependencies. In a vacuum, there are no transitions from K} to K{
and the vacuum time evolution of |¥) states in proper time, ¢, can be expressed with a
diagonal, effective Hamiltonian operator:

(d¥)  _d (e () KD _ (A 0) (ar(t) [KD)
i (E)Vac =l (as(t) |K;6)) - (0 ,15) (as(t) |K§))’ (2.60)
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with A g = mps — %FL,S in analogy to the B® system. The time evolution in matter is
expressed in the basis of (K°, K %) instead, as these components have different matter

cross-sections:
(d¥Y d [a(t) |K") x 0\ (a(t)|K®)
i|— =i—|_, 0 =n]|= =, 2 =0 (2.61)
dt [y dt \a(t) [K7) 0 ¥/ \a(t)|K")
whereby the factors y and y are complex parameters describing the attenuation and

phase shift of K° and K° amplitudes when propagating through a matter phase. The
total time evolution in the basis of experimental relevance (K?, KE) is then

v

= 2.62
ldt (2.62)

Ny As+ 2] \as() IKS)

AL+ %7 %AX ) (aL(t) |KE>) .

The effect of kaon regeneration is therefore characterized by the parameter Ay = y —7.
The solution of this Hamiltonian system is given by [78, 79]

ar(t) = et [aﬁ cos(Qt) — i(AAaﬁ + A)(ag) sin(Qt)] , (2.63)
as(t) = e [ag cos(Qt) + i(AAag — A)((xﬁ) sin(Qt)] , (2.64)

where the abbreviations
1
Q= EvAAZ +Ay?, I=

have been used, with Q € C. The kaon amplitudes at t = 0 are o] and ag and are

L +As + x +7), AAEAL—AS:Am—%AF (2.65)

DN | =

given by the inverse of Equation (2.59), assuming that K° and K° become K{ and K}
with equal probability. These amplitudes can now be inserted into the decay rate in
Equation (2.27) to redefine the amplitudes SIPKS and CtﬁKS:

(YKLsHIB" (1)) = (g+(t) | (tx) (YKL IHIB®) + as(tx) (Y Kg|H|B") ]

q o _ _ (2.66)
+2g-(0) [a(ax) (WRLIHIBY + (1) (RSIHIB)] ).

where the amplitudes as; and a5y belong to initial K° or K° states from the flavor-
specific B and B decays and t is the decay time of the neutral kaon, whereas ¢ is the B
decay time. As only K— 7*7~ reconstructed decays are of interest, one can substitute
quantitatively (z*7~|K]) = ex (x*7~|K) in good approximation. This substitution
reintroduces CP violation in the kaon system through the CP-violation parameter ex:

(YKS(— 7)) [HIB" (1)) = |A¢Kg|{g+(t) [av(tk)ex + as(ik)] 267

+x09- () [T (1) e + F(tx)] |
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Figure 2.5 — Dependence of the correction for the CP-violation observables in the B® — ¢K§
channel on the kaon decay time in units of the K¢ mean lifetime. Three scenarios
are considered: Vacuum propagation with CP violation (Vac, € # 0), and material
interaction (Mat) with and without CP violation. The plots show two different
decay time ranges.

The rest of the derivation proceeds analogously as in Section 2.3, and the modified
CP-violation parameters are found by comparing the amplitudes of time-dependent
terms with and without neutral-kaon influences resulting in

23 (exan, + as)" (e + T) Ay

S0 = , 2.68
W= Tear + asl? + ex + Gl Phyga (2.68)

lexar, + as|® — |exar, + a_s|2|/1¢1<§|2
(2.69)

VS Jekar, + as|? + lexar + a2 Ayl

whereby Alng = exp(i2f) can be assumed with satisfactory accuracy for the purpose
of determining corrections. To correct for these effects in the present measurement,
the corrections AS = Slﬂ(g - SA‘//KS and AC = éy/Kg are defined and subtracted from the
measured values and the 2023 PDG central value for IA[¢gx = 0.699 is used that does
not include our result [62].

It is worth pointing out that CP violation in the kaon system and kaon regeneration
cause the same qualitative effect for large kaon decay times and are not conditional
on each other, as illustrated in Figure 2.5. With € = 0, regeneration alone causes an
enhancement of K; — n*7~ decays from K states, without additional CP violating
K — n*n~ contributions. The strength of regeneration is determined by the parameter

Ay, which is proportional to the cross-section difference of K® and K° in matter. This
parameter can be measured as it is related to the forward scattering amplitude of
kaon beams in matter through the optical theorem [78]; a relationship that is used
in Section 6.4 to estimate the size of the needed corrections. Figure 2.5 shows the
size of the corrections to the CP-violation parameters for a homogenous medium of
aluminium with a density of 2 % of its usual value, which approximates the LHCb
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detector material. For very long decay times, the correction for Sl/,Kg approaches —231

(compare to Equation (2.54)), which implies that for very long decay times K decays
dominate. This is caused by the fact that K{ mesons from B° — /K¢ decays happen
after a comparably short time, after which only the rare decays

R
KE K ot or KI? = Kg -1, (2.70)

can result in two-pion decays, the latter being enabled by regeneration. The inverse

R
regeneration effect KS = K](j % #*7 is allowed and accounted for in Equations (2.68)
and (2.69), but heavily suppressed in addition by ek.
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Authors contribution

In experimental high-energy particle physics, measurements are often conducted by
large teams of researchers and take considerable time due to the multitude of standard
and measurement-specific validations performed to ensure the quality of the obtained
results. This is especially true in the case of measurements of fundamental parameters
of the SM. Regarding analysis team size, the measurements described in this thesis
differ from the norm, as they have been performed by only three doctoral students,
Patrick Mackowiak, Gerwin Meier, and myself from 2017 to 2023, under the supervision
of Prof. Dr. Bernhard Spaan® and later by Prof. Dr. Johannes Albrecht. The analysis
started as my master’s thesis and was supervised by P. Mackowiak and the contact
authors of Ref. [14], V. Miiller and R. Niet. The measurement strategy was outlined
during this time for the B — J/y/(— p* ,u_)Kg decay channel and was later extended to
include the B — /(2S)(— yﬂu‘)KS channel.

In 2019, the analysis was joined by G. Meier, who implemented the analysis of the
B — J/y(— e*e”)K{ mode and worked together with me on validating, optimizing,
and documenting the complete analysis of all measurement channels until its comple-
tion and approval. G. Meier continued and extended the time-dependent studies of
P. Mackowiak, took responsibility for calculating systematic uncertainties and con-
ducted numerous validation studies. Prof. Dr. Wouter Hulsbergen (Nikhef) contributed
to the end phase of the analysis with valuable advice and an independent measurement
approach that reaffirmed the suitability of the chosen method.

I was responsible for implementing the analysis framework from the very beginning,
and I contributed to all major parts of the analysis. The implementation of the flavor
tagging procedure for this measurement, the calculation of CP-violation corrections due
to kaon physics, and the combination of results was performed exclusively by myself.
Furthermore, the BDT-based candidate selection was implemented by myself early on
and was later adjusted by my colleagues. The definition of background vetos and the
implementation of the initial CP-fitter was done by P. Mackowiak and myself in equal
parts, and this model was significantly improved in collaboration with G. Meier. The
computation of systematic uncertainties related to flavor tagging were conceptualized
by G. Meier and myself and were implemented in collaboration. Most consistency
tests mentioned in Section 7.2 were performed by myself. During the final stages of its
development, I remained the only contact author of this measurement and defended the
measurement in the final part of internal LHCb review. In addition, I have conducted
the journal correspondence with Physical Review Letters in coordination with the
LHCb collaboration. Finally, I have contributed to the development of a flavor tagging
algorithm that uses full-event-interpretation techniques. This work is not detailed in
this thesis as it is still ongoing.
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3 The LHCDb detector at the LHC

The Large Hadron Collider (LHC) [80] is a particle accelerator at the European Orga-
nization for Nuclear Research (CERN). The LHC is a proton synchrotron that brings
oppositely directed particle beams to collision at four fixed interaction points. Particle
detectors surround the collision positions and measure the interactions of particles
created in proton collisions. Before proton beams are injected into the LHC in order to
be accelerated to their terminal collision energy, multiple pre-accelerators increase the
proton beam energy in succession. The accelerators comprising today’s accelerator
complex have been constructed over the course of CERN’s history. Each has been used
to collide particles before being superseded by a larger accelerator and converted into
a specialized accelerator and injector. A schematic of CERN’s experimental facilities as
of 2018 is shown in Figure 3.1. In the following, the accelerator setup for the second
data-taking phase of the LHC, referred to as Run 2 (2015-2018), is summarized.

The CERN accelerator complex
Complexe des accélérateurs du CERN
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Figure 3.1 - CERN accelerator complex and dimensions as of 2018 [81] (modified).

Protons are obtained by ionization of hydrogen gas and are then accelerated from
rest in the Linac2 linear accelerator [82], which injects the beam into a sequence of
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3 The LHCb detector at the LHC

proton synchrotrons. The Proton Synchrotron Booster is the first circular accelerator
in this sequence and increases the beam energy from the final Linac2 beam energy of
160 MeV to 2 GeV. The Proton Synchrotron then accelerates the beams to 26 GeV and
injects the beams into the Super Proton Synchrotron, which increases the proton beam
energy to 450 GeV. Finally, the proton beams enter the LHC, which has a circumference
of 26.7 km and increases the beam energy to 6.5 TeV per beam during the Run 2 data
taking phase [83], corresponding to a proton-proton (pp) collision energy of 13 TeV. A
proton beam consists of discrete proton packets, or bunches, each containing O (10'!)
protons [80]. Proton collisions are induced at the beam crossing positions through an
adjustment of LHC control magnets, after which proton bunches collide with a rate of
about 40 MHz [80]. In each bunch collision, multiple protons can collide or scatter off
another, and the totality of particles created in these collisions constitutes an event.

Four major particle detectors with different technical designs and capabilities are
located at the LHC accelerator ring and measure the particles created in high-energetic
bunch-collisions. The ATLAS [84] and CMS [85] detectors are general-purpose detec-
tors designed to measure pp collisions at high rates and high transverse momenta and
approximately cover the full solid angle around their respective interaction points. The
ALICE [86] detector is specialized for measuring collisions of heavy ions in order to
gain a better understanding of the properties of the quark-gluon plasma. The LHCb
detector [87] is specialized for precision measurements of bottom and charm-hadron
decays, which are predominantly created in momentum-asymmetric parton collisions.
For this reason, the created particles are significantly Lorentz-boosted along the beam
axis. The analyzed data for this measurement is recorded and reconstructed with the
LHCb-detector, which is introduced in the following section.

3.1 The LHCDb detector

The LHCb detector [87, 88] is specialized for precision measurements of bottom and
charm-hadron decays. Bottom and charm-mesons are mainly created from collisions
of two incoming gluons or quark-antiquark pairs from each of the colliding protons.
As the momentum difference of these partons is more likely to be asymmetric, and
their momentum is considerably smaller in comparison to the total center-of-mass
energy, the created bb or c¢ pair is strongly boosted along the proton beam axis. For
this reason, the LHCb detector is instrumented in the forward pseudorapidity () range
2 < n < 5 and covers one principal direction. Pseudorapidity is a non-linear function
of the angle 6 between a track and the beam direction, n = —log(tan(6/2)), and can be
related to rapidity (y), an additive measure of velocity under Lorentz transformations.
The proton beam parameters are controlled to limit the instantaneous luminosity in the
LHCD detector to correspond to an average of 1.1 proton collisions per bunch crossing
during Run 2 [89]. This proton collision rate allows for full online reconstruction and
identification of individual tracks at a bunch-crossing frequency of 40 MHz [88] and
provides a constant collision environment over the duration of an LHC fill. A schematic
of the LHCb detector with labeled subdetector components is shown in Figure 3.2. After
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Figure 3.2 - Side-view of the LHCb detector with labelled subdetector components [91].

the successful Run 2 data-taking phase (2015-2018), the LHCDb detector underwent an
extensive hardware and software upgrade. Currently, the upgraded LHCb detector is
taking data for the Run 3 data taking phase, which is presently ongoing and is scheduled
to last until the end of 2025 [90]. In the following, the focus is on the Run 2 LHCb
detector, as this is the detector that recorded the analyzed data. The LHCb detector
consists of several subdetectors, which can be grouped into tracking and particle
identification detectors. Nevertheless, the overlap of contexts in which individual
subdetector-readouts are used is quite significant, and one should therefore keep in
mind that the reconstruction of events always relies on the combined interpretation of
information contributed by individual sudetectors.

3.1.1 Vertex Locator

The oppositely directed proton beams of the LHC are brought to collision inside the
Vertex Locator (VELO), which measures the created primary charged tracks and re-
constructs the primary interaction vertices (PV) from these measurements. A detailed
description of the VELO detector and its design constraints are given in Ref. [92].
Due to the long lifetimes of several b and d hadrons, and their significant Lorentz
boosts, these particles can traverse several millimeters in the VELO before decaying at
secondary vertices (SV). The VELO reconstructs and matches the SV to one of the mea-
sured PVs with high precision. The accurate positional measurements of the PV and SV
allow for precise lifetime reconstructions, which are necessary for all time-dependent
measurements, including measurements of time-dependent CP violation. Secondary
vertex identification is a precondition for further analysis of an event, and the VELO is
therefore a crucial component of the LHCb trigger system (Section 3.1.5).
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Detector vacuum

Figure 3.3 — Cross-section of the Vertex Locator orthogonal to the beam direction showing its
inner and outer vacuum vessels (Modified image from Ref. [87]). The VELO is
shown in the closed configuration. The left and right detector halves that are part
of the inner assembly (shaded in yellow) can be separated and moved away from
the beam line.

The VELO is a tracking detector that consists of two symmetric, movable halves
of arrays of silicon pixel detectors. Each array consists of 21 modules of silicon strip
detectors providing measurements in polar coordinates r and ¢ around the beam
direction. The inner VELO detector is contained in an aluminium pressure vessel,
referred to as radio-frequency-shielding foil (RF-foil), which shields the silicon detectors
and electronics from the LHC RF and separates the inner beam-vacuum chamber from
the vacuum of the outer VELO detector vessel. The distance of VELO modules to
the beam can be controlled, and during data taking, the VELO operates in a closed
configuration, where the distance of the pixel detector layers to the beam is at a
minimum of 7 mm [93]. In Figure 3.3, a VELO cross-section is shown to illustrate its
construction. To protect the VELO, this configuration is set up only after the LHC
beams are reported to be stable. The stability of the proton beams is continuously
monitored by LHCb’s Beam Conditions Monitor [94], which initiates a beam dump
in case of adverse beam conditions or a progressive loss of beam stability. For the
reconstruction of tracks, the VELO plays a crucial role, as it reconstructs track seeds,
which are extrapolated through the detector in subsequent reconstruction steps to
match the measured event. A track seed thereby needs to be measured with a sufficient
amount of hits. Due to the VELO detector geometry, tracks with either very high or
very low pseudorapidity tracks are more likely not to be identified by the VELO but
can be reconstructed by other tracking detectors. The VELO has a track reconstruction
efficiency of at least 98 % inside the LHCb acceptance, the relevant momentum range
and track multiplicity [93]. The high segmentation density of the silicon-microstrip
detectors allows for a PV reconstruction with a vertex resolution as small as 71 pm in
the beam direction and 13 pm in the direction transversal to it. A precise measurement
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of the PV and SV is an essential requirement for time-dependent measurements of B
and D mesons. In this measurement, a mean decay-time resolution of 60 fs is found for
B° mesons, which is two orders of magnitude smaller than the B° oscillation period.

3.1.2 Tracking system

Apart from the VELO, the LHCD detector is equipped with further dedicated tracking
detectors that measure the hit positions of charged particle tracks as they propagate
through the detector layers. Four silicon-microstrip trackers of similar design are in
use and instrument the region near the beam pipe. The tracker turicensis (TT) [95]
is located downstream of RICH1, and three silicon-microstrip detectors comprise the
inner tracker (IT) [95]. The IT stations are located downstream of the magnet and
instrument the region close to the beam pipe where the particle flux is high. To ensure
a low detector occupancy at a particle flux of up to 5 X 10° cm™2 5! [95], the silicon
trackers have high spatial hit resolutions ranging from 48 to 55 um [88] as measured
with Run 1 data. The outer tracker (OT) [96] is a straw-tube detector and consists of
three stations, each of which is made up of four layers of straw-tube modules. The hit
position is calculated from coincidental straw-tube signals and is corrected by taking
the electron drift time into account. The OT covers the remaining 98 % of the combined
OT and IT tracker surface area [96], and its hit resolution has been improved for the
Run 2 data-taking phase and is at 171 um [97]. Collectively, the three tracking units of
one IT and OT module each are referred to as tracking stations T1-T3. The individual
hit efficiencies of TT and the IT stations each exceed 99 % in all scenarios, and the
overall track-finding efficiency of all tracking detectors, including the muon chambers,
is measured to be above 96 % in LHCb’s phase space.

Tracks of charged particles are reconstructed in LHCb’s high-level trigger stage
(Section 3.1.5), which utilizes hit information of all tracking detectors by matching
tracks reconstructed in T1-T3 with track fragments from the VELO, taking into account
the intermediate magnetic field of known spatial field density. From the reconstructed
track curvature and the known magnetic field, the particle momentum is calculated and
the sign of the track curvature determines the particle’s charge sign. Charged particles
are deflected by LHCb’s dipole magnet [98], which has an integrated magnetic field
strength along the center line of 10 T m. The momentum resolution provided by the
tracking system is estimated to range from dp/p ~ 0.35 to 0.55 % in simulation [87,
97], depending on the total track momentum and reconstruction circumstances for the
pion tracks of the decay B” — J/yK{(— n*x~) in particular.

The muon identification system consists of five straw-tube muon chambers (M1-
M5) [99]. Muon chambers M2-M5 are located downstream of the calorimeters, while M1
is placed upstream of the calorimeters. The downstream muon chambers are separated
by thick iron absorber layers to reduce the background from charged particles that
escape the HCAL. In the collision environment at LHCb, muons are minimum ionizing
particles and therefore do not lose significant fractions of their initial kinetic energy
through detector material interactions. A muon candidate is required to produce a
signal in a sufficient number of muon stations, for which a momentum of at least
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3 GeV/c is required, as otherwise its path would be too deflected by the magnet [89].
Muons are identified with an efficiency exceeding 95 % for muon momenta exceeding
3 GeV/c [88]. The identification of muons is of central importance for the measurement
presented here, as for the selection of the main-statistics channel, and for a precise
measurement of the B® decay time, the precise reconstruction of J/iy — u*p~ candidates
is required. For the decay B’ — J/y/(— p* 7 )K{ in particular, the muon reconstruction
efficiency is measured to be 94 % [87].

3.1.3 Ring Imaging Cherenkov detectors

The LHCb detector is equipped with two Ring Imaging Cherenkov detectors (RICH)
which measure the velocities of charged particles. A detailed description of the RICH
system and its performance can be found in Refs. [100, 101]. The functioning principle
of the RICH system is the Cerenkov effect [102] which occurs when a charged particle
traverses a medium at a higher velocity than the phase velocity of light in that medium,
cn = c/n, whereby n is the medium-specific refractive index. The Cerenkov effect
causes electromagnetic radiation to be emitted in a cone with an opening angle 6,
which is determined by the particle velocity in the direction of the particle motion.
The relation of particle velocity v, refractive index, and cone opening angle is given by
cos 0 =cy,/v.

To maximize the covered phase space of tracks, defined by the track angle to the
beam and its momentum, two RICH systems are in place at different positions and
make use of different fill media. In the RICH1 detector, a mixture of C4F;y gas and
aerogel is utilized, and the detector is located immediately downstream of the VELO
and is particularly sensitive to particles in the momentum range 1 < p < 60 GeV/c.
The RICH2 detector identifies tracks in the momentum range 15 < p < 100 GeV/c and
beyond [87]. It is filled with CF, and is located downstream of the tracking stations.
The light produced by charged particles traversing the fill media is reflected by internal
spherical mirrors onto two arrays of photomultipliers. The detection patterns projected
onto the photomultipliers are circular due to the velocity-dependent opening angle, 0,
of the Cerenkov light cone. From a reconstruction of overlapping circles, each track’s
Cerenkov angle is reconstructed, and with an independent momentum measurement
supplied by the tracking system, the particle velocity can be determined for a particle
mass hypothesis that best fits the data. The relation between particle momentum and
Cerenkov radiation angle for particles of different masses is shown in Figure 3.4 from
measurements of the RICH system. Considered particle identities are pions, kaons,
protons, and muons, as these particles rarely decay in the LHCb detector acceptance
due to their high Lorentz boosts and long lifetimes.

As the identification of particle mass determines the particle identity, the RICH sys-
tem provides crucial particle identification information for most LHCb measurements,
including the measurement presented here. From the information provided to a large
extent by the RICH system, particle identification probabilities are calculated with mul-
tivariate techniques in addition. These features are frequently used in signal candidate
selections (see Sections 4.3.1 and 4.3.2). While the RICH system can identify muons,
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Figure 3.4 - Relation of the particle momentum and Cerenkov-radiation angle as measured
by the LHCb RICH system for charged particles of different mass [101]. Charged
particles of different masses are clearly separable in this plane.

the muon particle identity is primarily determined from a suitable track measurement
in the muon chambers.

3.1.4 Calorimetry system

A calorimetry system is used to measure the particle energy. This is achieved by
causing incoming particles to deposit their total kinetic energy in the dense calorimeter
material. Incoming particles cause the formation of particle cascades, called showers,
which are ideally fully contained in the calorimeter volume. The initial particle energy
is then inferred from the properties of the measured particle shower. Electromagnetic
showers are characterized by pair production and bremsstrahlung processes, while
hadronic showers include intermediate hadrons and their interactions with the detector
material. At LHCb, an electromagnetic calorimeter (ECAL) is followed by a hadronic
calorimeter (HCAL) further downstream [103] and in addition, upstream of the ECAL,
a scintillating pad detector, and a preshower (SPD/PS) system is in place to improve the
particle identification information obtained with the calorimeter system. The ECAL
measures the energy of electrons and photons, and the HCAL measures the energy of
hadrons.

The same detector design principle is in use for the ECAL and HCAL: the calorimeter
volumes are segmented into independent cells, which are made up of alternating layers
of material with high mass-density and intermediate scintillation layers. In the ECAL,
lead is used as an absorber, while in the HCAL, iron is used. An energy calibration
allows inferring the particle energy from the integrated light yield of each calorimeter
cell.
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The SPD and PS are two similarly constructed detector layers of scintillating fibers
separated by a lead plate. The SPD/PS system helps with separating photons from elec-
trons as only electrons cause the emission of scintillation light in the SPD while photons
are only detected in the PS layer as the separating lead plate causes an electromagnetic
shower to form.

Since particle momenta and velocities are measured independently by dedicated
LHCD subdetector systems with high precision, the final-state particle energies can
essentially be derived without an independent energy measurement from a calorimeter.
At LHCD, the calorimeter system is used in multiple other ways in addition: The energy
measurement of the calorimeter is used for the hardware trigger stage for the initial
selection of high-Et events. Furthermore, it improves particle identification; most
notably, it allows better differentiation between electrons, neutral pions, and photons.
Finally, the measured shower position is utilized by tracking algorithms to improve
track finding. In the measurement described here, the B’ — J/i/(— e+e_)K§ decay is
analyzed for which the identification of high-energetic electrons is required. For this
reason, the calorimeter plays an important role in this measurement, as it allows for
the reconstruction of electrons and can distinguish these candidates from 7°’s and
photons. In Ref. [87], the electron identification efficiency for J/i/ — e*e™ candidates
is measured to be as high as 95 % in the decay B’ — J/i/(— ee)Kg. Furthermore, as
electrons are deflected by the magnet, a significant amount of kinetic energy can be lost
through bremsstrahlung, which is detected in the ECAL in the form of electromagnetic
showers, which are located in the bending plane of the electron track. The measured
energy of these photon candidates is added to the energy of the initial electron. The
read-out of all subdetectors previously mentioned is processed in several stages and
combined to complete B® decays with LHCb’s trigger system, which is explained in
the following section.

3.1.5 Trigger system and event reconstruction

The bunch-crossing rate at the LHC is 40 MHz, and the rate of inelastic proton colli-
sions of interest with sufficiently high transverse momentum is low in comparison.
Furthermore, the final detector readout frequency is limited by the hardware and
at 1.1 MHz [89]. To only select events of interest and thus reduce the measurement
rate to a level at which events can be read out, analyzed, and recorded, a three-stage
trigger system is in place during the Run 2 data-taking phase. This system accepts
only a fraction of collision events for permanent storage. The trigger system is able
to mirror the offline event reconstruction and thereby identify events of interest with
detailed selections. Events not rejected by the trigger system are permanently saved
to disk in the form of the raw detector output for several classes of events, including
the ¢ — ¢*¢~ data sets analyzed here. Identical trigger algorithms are used for the
offline reconstruction, which is performed at a later point in time from the recorded
detector readout. The benefit of storing raw detector read-out is that reconstruction
algorithms can be optimized and applied to the same data. The initial trigger decisions
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are, however, permanent. The following explanation of the LHCD trigger is based on
Ref. [89].

The first trigger stage (L0) is a fast hardware trigger that selects events with high
transverse energy by summing the transverse energies deposited in the ECAL and HCAL
cells. Alternatively, muon candidates reconstructed in the muon system alone can
cause the L0 trigger to accept an event if the transverse momenta of the two highest-pr
muons are sufficiently high. Events with exceedingly high detector occupancy are
rejected by L0 based on hit information in the SPD and PS. The rate of events accepted
by L0 is 1 MHz.

The two subsequent high-level-trigger (HLT) stages HLT1 and HLT2 are software
triggers and apply a full event reconstruction for each event accepted by L0. The HLT1
stage performs a partial event reconstruction in which single tracks are reconstructed, a
set of PVs is identified, and a displaced vertex is searched for. The track reconstruction
begins with single reconstructed tracks starting in the VELO from which a set of
PVs is reconstructed. Track measurements of the VELO and TT are then combined
for an initial track momentum estimate used for the full track fit for tracks with
transverse momentum exceeding 500 MeV/c. Tracks below this momentum threshold
are considered as additional muon candidates and can be reconstructed with pr as low
as 80 MeV/c. The momentum muons need to have in order to reach the muon stations is
at least 3 GeV/c for which hits in M1 and M2 are required. With increasing momentum,
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Figure 3.5 - Illustration of track reconstruction categories that are assigned to tracks which
are measured by different LHCD tracking-subdetectors. Only the subdetectors
relevant to the classification of tracks are shown. The bending plane of the magnet
is in the horizontal direction, and the dotted lines mark missing track segments.
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hits in muon chambers further downstream are required in addition. Events containing
either one track with displaced origin vertex or two tracks originating at the same
vertex displaced from the PV are accepted by HLT1 as those are possible B or D meson
candidates. The rate of events passed to the HLT2 that fulfill this requirement and have
a successful HLT1 reconstruction is 110 kHz. Information gathered from the HLT1 stage
is used to align the subdetector components in real-time. The real-time alignment is
performed in frequent intervals using recorded buffered data and is especially important
for the VELO as its components that are closest to the beam move for each proton
fill [104]. Furthermore, the downstream-tracker positioning is affected by the magnetic
field polarity, and the RICH detectors are calibrated to account for changes in the
refractive index of the fill media due to changes in atmospheric conditions.

The HLT?2 trigger stage repeats the PV identification and the single track reconstruc-
tion using lower momentum thresholds before proceeding with the selections of a large
number of decays and has an output rate of 12.5 kHz, which is permanently recorded.
Reconstructed particle tracks are classified into different categories, depending on
which sub-detectors measured it. In Figure 3.5, the mentioned track type categories
of relevance are illustrated. A reconstruction of long tracks (L) is performed, which
are measured by all tracking subdetectors, the VELO, TT, and the tracking stations.
To that end, VELO tracks (V) are matched with hits in the TT and extrapolated to
the tracking stations in a similar procedure as in the HLT1 stage, whereby additional
time is spent to refine the search window of the track finder, and thereby the rate of
fake tracks is reduced further. Tracks without a match in the T stations are classified
as upstream tracks (U) and usually correspond to low-momentum particles that are
deflected out of the T station acceptance by the magnet. A similar track fit is performed
by matching the track seeds of the T stations (T-tracks) with V-tracks, and the overlap
of both procedures results in an additional improvement of the tracking efficiency.
Long-lived particles like K or A traverse a significant distance before decaying, and in a
majority of cases, they decay outside of the VELO acceptance, resulting in downstream
tracks (D), which are measured by the TT and the T stations. In these cases, their
decay products do not produce hits in the VELO and are reconstructed from matching
track segments in the T stations and the TT. Muon candidate selections are further
improved by utilizing the RICH and calorimeter detector information. Fake tracks
are then further reduced by applying a limit on the track reconstruction y?* value and
by the use of a multivariate classifier with high signal efficiency and a background
rejection rate of 60 %.

The reconstructed tracks are subsequently assembled in stages to complete events
through multiple selections, called trigger lines. A trigger line selects a set of tracks
and can apply selections to these tracks. At first, pairs of tracks emerging from the
same decay vertex that commonly occur are considered. Thresholds are applied on
the track distance and reconstruction precision before these intermediate decays, and
hypothesized origin particles are reused in trigger lines that select complete decays of
B and D mesons.

In the centralized offline selection, which mirrors the HLT reconstructions, events
are classified based on distinctive signatures, like the presence of two high momentum
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muons, and the trigger decisions for each event are saved. Trigger line decisions are
used in physics analyses for the candidate event assembly, which simplifies comparing
different measurements. Selection requirements that trigger decisions are based on
can be tightened and, in some cases, relaxed so far as the recorded data permits it.

3.2 Simulation of collision events at LHCb

For the development and validation of most LHCb measurements, simulated data, or
Monte Carlo data of specific decays, are generated and reconstructed in the same way
as real data. The simulation of events encompasses all processes beginning at the initial
parton interaction and ends with the simulation of the LHCb-detector response, after
which the simulated data is selected with identical algorithms as real data. At the LHCb
experiment, the GAuss software project [105] sequences all generation steps, which
are briefly mentioned here.

The initial hard parton interactions and subsequent hadronizations are simulated
with the event-generator PyTHIA [106, 107], for a collision energy of vs = 13 TeV
and with an LHCb-specific configuration [108]. The momenta of incoming partons
are sampled from specific parton distribution functions, which are widely used at
the LHC experiments [109]. The initial interaction results in a set of high-energetic
outgoing partons whose strong-force interactions are simulated while preserving the
color charge. After a sufficient number of interactions, which result in a certain number
of hadronic jets containing any number of partons in their substructure, hadronization
is simulated. During hadronization, quarks recombine to form colorless hadrons. The
momentum fraction each hadron receives is thereby determined by the Lund-String
hadronization model [110].

Decays of initial hadrons are handled with EvTGEN [111], which includes the decay
amplitudes for a wide variety of particles that account for angular correlations of spin
and momenta. EVTGEN can be configured to decay certain particles to chosen final
states, and furthermore, neutral meson mixing and CP-violation are simulated in this
step. CP violation in the neutral kaon system is usually omitted in the simulation
due to its small size. Final state radiation is simulated with PHOTOS [112] and in the
sub-decay i — £*¢~, such corrections are applied to the lepton candidates.

All generated tracks are propagated through a model of the LHCb-detector volumes
of known material compositions, and the detector material interactions are simulated
with the GEANT4 [113, 114] toolkit. The final step of the event generation is the
simulation of the detector response and signal digitization, which is handled with
the BooLE [115] software package. The output of BOOLE is a set of electronic signals
corresponding to the readout of each subdetector, as it would be measured in real
collision events. This signal is thereafter passed through to the simulated L0 trigger
and reconstructed in the high-level-trigger software. As the data-taking conditions
were not constant during Run 2 due to smaller detector adjustments, simulated data
sets are generally produced for each year of data-taking.
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4.1 Measurement strategy

The aim of this measurement is to determine the CP-violation parameters Sng and
Cyko in the three decay channels B’ = Ji(— ptp)KY, B — §(25)(— ptp K
and B — J/y(— e+e_)K§ . The neutral meson Kg is reconstructed from decay to two
oppositely charged pions in all decays. The parameters S, K? and C, K0 are the amplitudes

of the CP asymmetry, which is the periodic change of the asymmetry of B’ and B’
decays to the same final state, and it is defined as follows:
T(B'(t) = yK?) — T (B (1) = yKS)
T'(B°(t) - yK?) + T'(B(t) = yK?)
~ S¢Kg sin(Amgt) — CWS cos(Amygt)
cosh(%Ath) + AAT sinh(%Afdt) '

ﬂCP(t) —

The notation I'(B°(t) — ¢K§) describes the time-dependent decay rate of B mesons
produced in the state B° to the final state lﬁKg with time. This time dependence is caused

by the varying relative concentrations of B® and B® decays caused by mixing, which is
a time-dependent process. An asymmetry of decay rates is caused by CP-violation in
this decay mode. In the baseline measurement, the assumption AI; = 0 is made as the
parameter is compatible with zero to our current knowledge [62], which implies that
this measurement is not sensitive to AT, The asymmetry then simplifies to

AL (1) = Sng sin(Amgt) — CWS cos(Amyt), (4.2)

with Amg = (0.5065 + 0.0019) ps™! [62]. As motivated in Section 2.4, the CP-violation
parameter Cyxo is small, and with the available sample size, no significant deviation
from zero should be expected, which is verified by measuring it. It is evident from
Equation (4.1) that the number of reconstructed decays needs to be as large as possible
to minimize the statistical uncertainty and that the production flavor of B mesons needs
to be identified, which is accomplished by the flavor tagging technique (Chapter 5).
Each step of the analysis is associated with a finite measurement precision, which
affects the observed amplitude in various ways. Any measurement uncertainty that
leads to a worse separation of B” and B’ mesons causes a decrease of the observed
CP-asymmetry amplitude, which is quantified by dilution factors ;. To achieve an
unbiased measurement of Sng, the dilution factors need to be understood and measured
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accurately. The total experimental influences on the measurement can be summarized
in a simplified manner:

Agl;)s(t) = D1 X Dy X ﬂcp(t) + IAFT

1 43
~ (1-2w) X exp (—EAmtziatz) x AL (t) + Ippr. (+3)

Here, Aoclj’f(t) is the observed CP asymmetry, and AL (¢) is the original asymmetry
that is independent of experimental influences. The flavor tagging and decay-time
dilutions are Dpr and Dy, respectively. The mean mistag, w, is a measure of the
error probability of the production-flavor assignment, and o; is the mean decay-time
resolution of the LHCb detector. The offset 7 pr, which is at the permille level, can be
caused by efficiency biases in the assignment of production flavors and by a production
asymmetry and does not need to be estimated in this measurement as the chosen fit
model implicitly includes a description of this offset. Nevertheless, such biases can have
an additional small effect on the flavor tagging dilution. This factor and its event-wise
representation that takes flavor asymmetries into account is derived in Chapter 5.

The leading-order effect on the asymmetry amplitude is given by the flavor tagging
dilution factor (1—2w), while decay-time-resolution effects are almost negligible due to
the high decay-time resolution of the LHCb detector, which is two orders of magnitude
smaller than the B oscillation period. The data-selection part of the measurement is
largely independent of the assigned B production flavors B® and B° as their final states
are identical. Signal B mesons whose production flavor has not been identified do
not influence the measurements. For this reason, if not explicitly stated, candidate
yields and efficiencies reported for the signal modes are related to the subset of data
for which estimated production flavors (tagging decisions) are available. Data with
available tagging decisions is referred to as tagged in the following, and otherwise, it is
referred to as untagged. The results are obtained from a maximum-likelihood (ML) fit
to the B decay-time distribution with a model that is derived in Chapters 5 and 6.

4.2 Reconstruction of B = y(— ¢*¢7)K)(— n*n™)
decays

For the reconstruction of the B — y/K{ modes, trigger line selections are chosen that
select Jiy — p*u~ or (2S) — p*p~ decays. These selections require the difference of
the reconstructed dimuon mass to the known values of the parent particles J/i and
1/(2S) [116] not to exceed 100 MeV/c?, and they require a good-quality common vertex.
The selection of J/iy — e*e™ candidates is more involved as the potential for particle
mismatches between pions, photons, and electrons is significantly higher. The strategy
used for the selection of these J/i/ candidates is to find a set of trigger lines targeting
electrons that result in the highest possible electron track selection efficiency at the
cost of an increased level of background contamination in the first selection steps *.

Isee Ref. [117] for more details on trigger line selections
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Table 4.1 - Fraction of events containing each considered K track type in each decay mode
in a simulated data set for 2016 running conditions.

Candidate fractions [%]
B"— JK?  B'— JWK? B°— y(25)K?
Track type  Jiy— pp~  Jiy—ete  Y(28) o ptpm

LL 2683 £0.04 26.72 £0.05 28.88 +0.11
DD 58.80 +£0.05 5891 x£0.05 53.39 x0.12
LD 5.215+£0.021  5.227+£0.024 6.08 £ 0.06
UL 7.821+£0.025 7.788+0.029  9.77 £ 0.07
Uu 0.581+0.007 0.594+0.008 0.894 = 0.023
UD 0.753£0.008 0.761+0.010  0.988 + 0.025

The reconstructed J/i/ mass is required to be in the range 2.3 < m(e*e™) < 3.3 GeV/c?
in the dielectron mode.

Multiple trigger lines for the selection of neutral kaons have been developed for the
predecessor analysis in Ref. [13]. In this measurement, instead of using existing trigger
lines to select kaons from pairs of two L or two D tracks (LL and DD combinations),
which is the standard procedure, new selections are defined to maximize the number
of kaon candidates. Upstream pion tracks are matched to L tracks to form UL—Kg
candidates. For this reason, selected pion tracks are assembled to kaons with adjusted
requirements that largely replicate the existing selections. For upstream tracks, the
minimum momentum requirement is lowered to 1 GeV/c, while the requirement for
L and D-track pions is left unchanged at 2 GeV/c. In addition to LL, DD, and UL—KS
candidates, the viability of the combination LD is tested, and it is likewise included
as a separate category. The pion track combinations UL and LD are used for the first
time in a time-dependent measurement at LHCb. These additional combinations are
only included for the B® — Jfiy(— p*p~)K{ mode as their total contribution in the
other two measurement modes is globally insignificant, and independent validation of
measurements is impractical on such limited data subsets. Likewise, the combinations
UU and UD are too small for independent validations in any subset and cannot signifi-
cantly improve this measurement. For this reason, these combinations are discarded.
Table 4.1 lists the observed frequencies of K¢ reconstructions in each decay mode in a
simulated data set. The LD and UL categories increase the sample size significantly,
and their fraction in the combined B — J/i/(— y*p™)Kg sample is 13 %.

Pairs of reconstructed pions are required to have a good-quality common vertex
with a reconstructed-mass difference to the known Kg mass [116] of at most 80 MeV /c?
for the dimuon modes, and to be significantly separated from the B® decay vertex. For
the dielectron mode, this requirement is stricter: 25 MeV/c? for the LL and 33 MeV//c?
for the DD combination. Pion tracks are required to be significantly separated from
the PV, which is similar to imposing a flight-distance-significance requirement on
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Figure 4.1 — Reconstructed mass of two reconstructed pion tracks after the centralized prese-
lection (left) and with a soft BDT cut (right) in the Kg mass region. The Kg width
is larger for tracks with missing momentum information. After the removal of
most of the background (right), the LD and DD categories become comparable in
reconstruction quality.

reconstructed kaons. The reconstructed B’-meson mass is required to be in the range
5 < m(ptp ntrT) < 6GeV/c? for the dimuon, or 4.6 < m(ete”rtn™) < 5.9 GeV/c?
for the dielectron modes. The B® decay vertex must be compatible with being the
origin of the reconstructed ¢ and Kg trajectories. The B° origin vertex is required
to be reconstructed with good precision, and the reconstructed decay time of the
B? candidate needs to exceed 0.2 ps. Identical candidate selections are applied to all
available simulated data sets. Backgrounds are not simulated as part of the generation
of B — lﬁKg events. Simulated physical backgrounds from B® — J//K* and Ag — JYA
decays are processed separately using the selection requirements meant for the signal
channels in order to better understand the shapes of peaking backgrounds in the signal
modes. Additional simulations of physical backgrounds are performed with phase-
space-only simulation [118]. Radiative energy losses due to bremsstrahlung are taken
into account in the simulation.

Long tracks are measured by all components of the tracking system and thus have
the smallest momentum uncertainty, while D tracks are missing the fine-grained
VELO information. Upstream tracks are only measured upstream of the magnet,
and the momentum resolution is thus significantly decreased for these tracks. In
Figure 4.1, a comparison of the invariant-mass distributions m(z*z~) is shown for
each reconstruction category before and after subsequent multivariate selections. The
lack of momentum resolution for D and U tracks significantly increases the mass
width, which is especially noticeable in the UL category. For LD candidates, this effect
mainly extends to the background retained by the selection, as the width is more
similar to the DD category after most of the combinatorial background is removed.
A possible explanation for the presence of LD candidates is that one of the tracks is
not reconstructed as an L track due to insufficient hits in the VELO or because of a
failed track match, which causes the mass to be reconstructed with less hit information,
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Figure 4.2 - Initial distributions of the reconstructed B mass in each decay channel when the
initial candidate selection is applied.

increasing the width. For measurements of time-dependent CP violation, the B® decay-
time reconstruction is of the highest importance, and as the contribution of the Kg
vertex to the B® decay-time width is nearly insignificant, the decay-time width is
determined by the  decay vertex. This vertex coincides with the B® decay vertex due
to the short ¢ lifetime. For this reason, if LD and UL candidates are selected and the
signal-over-background ratio is increased to an acceptable level, these categories are
as well suited for CP-violation measurements as LL and DD.

For the B’ — J/y(— e+e_)K§ decay, additional selection cuts are applied to reduce
the significant surplus of combinatorial background caused by the inclusive trigger
selection. Most importantly, requiring the angle between the reconstructed B-meson
momentum and the direction between the PV and reconstructed B decay vertex to
be small has a high impact on reducing combinatorial background in this mode. In
addition, multiple selection requirements are applied to kaon and pion candidates to
select more significant kaon flight distances.

The masses of muon, electron and pion candidates are set to their known values
by the reconstruction software a priori, using particle identification information. The
reconstruction of the B® decays is optimized by additionally setting the K, J//, and
¥/(2S) masses to their known values [116] after which a fit of the fully reconstructed
decay chain, referred to as decay tree fit, is performed with these constraints [119]. This
procedure improves the resolution of the reconstructed B’ mass and helps with the
identification of backgrounds. In addition, the obtained fit x? data that results from
these fits is used to suppress combinatorial background. The selections mentioned so
far are applied to the recorded LHCb data, and the initial mass distributions are shown
in Figure 4.2.
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Figure 4.3 - Invariant mass of B — J/i/(— ,u+;f)K§ candidates after the initial preselection
described in Section 4.2, shown as a black histogram with distributions of vetoed
data (left). Combinatorial background is reduced with a BDT for demonstration
purposes. On the right, the invariant-mass distribution m(ps~) mass distribution
is shown before (blue) and after (red) applying the A veto to the preselected data.

In the following, an invariant-mass observable like m( ]/l/ng) refers to the recon-
structed B” mass with mass constraints on the B® descendants J/i/ and K¢, while
m(n* 7~ ptp~) does not include these constraints.

4.3 Background reduction

Multiple sources of background contributions can be identified after the preselec-
tion described in Section 4.2, and additional background sources become noticeable
in the m(t//KS) spectrum if constraints on the reconstruction quality are tightened.
These sources include backgrounds from misidentified physical backgrounds like
Ag — YA(— pr~) and B® —» yK*(892)(— K*n7), and in some B* — yK* decays,
additional random pions are matched to the decay and mimic the signal. In addition, a
component of irreducible background from partially reconstructed decays is present,
which cannot be efficiently reduced with selections. To reduce background contribu-
tions of physical processes, selection requirements are applied on estimated particle
identification probabilities, which are computed by multivariate techniques and rely
largely on the RICH system and calorimeter information.

The combinatorial background is reduced with a boosted-decision-tree classifier
(BDT) [120], which is a supervised learning algorithm. The BDT is trained on back-
ground in the upper mass sideband in data and simulated B® signal. During the training,
a A veto (Section 4.3.1) is applied to remove Ag candidates from the upper mass side-
band. The training of BDT classifiers is explained in Section 4.3.3. The invariant-mass
distribution m( ]/I#Kg) after the preselection and the contribution of each identified
physical background is shown in Figure 4.3 on the left. In this plot, the reconstructed
data removed with each veto is shown in addition.
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4.3.1 A) = @A background

The decay Ag — Y A(— pn7) is a source of background in all three final states, caused
by the misidentification of protons as pions, and the decay Ag — (2S)Ais less frequent
by a factor of approximately 1/2 compared to the J/i/A final state [116]. As a result,
when the mass hypothesis of one pion is substituted with that of a proton, the invariant
m(pn~) distribution has a clear resonance at the known A mass (Figure 4.3 right). In
the reconstructed B° mass distribution, the Ag contribution has a maximum above the
B? mean mass with a long lower-mass tail extending into the signal region (Figure 4.3
left). The shape of this distribution is validated with A) — J/i/A simulation that is
reconstructed with the baseline selection requirements listed before. To reduce this
contribution, pion candidates are required to have a low pion-proton misidentification
probability in the mass window 1100 < m(pz~) < 1130 MeV/c? of the parent particle.
This requirement is applied if the mass substitution of either pion causes the m(pz™)
mass to be in the A mass window. The invariant-mass distribution m(pz~) before
and after this requirement is shown in Figure 4.3 on the right. The signal efficiency
measured in a simulated data set is (98.510 + 0.010) % for B® — Jiy(— p"pu)K?,
(98.532 + 0.013) % for B® — /(2S)K¢ and (98.602 + 0.027) % for B®— J/i(—e*e™)K
when applied after the preselection step. The efficiency in Ag — J/Y A simulation is
(2.33 £ 0.07) %. This efficiency is reduced further to about 1.6 % by the BDT selection
and other background vetoes. A further lowering of the misidentification probability
threshold causes a disproportionate loss of signal efficiency. With these selections, a
contribution from Ag decays cannot be identified from a fit to the reconstructed B°
mass in data, and therefore, this contribution is assumed to be well described by the
combinatorial background description.

4.3.2 Misidentified and random-pion backgrounds

The decay B’ — yK*(892)(— K*7™) is another source of background that is retained
due to a misidentification of charged kaons as pions. Due to the short lifetime of
the K*(892) state, which is abbreviated with K* from here on, these decay happen
inside the VELO and therefore only affect the reconstruction categories containing
L track pions. This background is reduced efficiently by a lower cut on the neutral-
kaon lifetime of tx > 0.5 ps and is further reduced by removing candidates with high
pion-kaon misidentification probability; the veto applied in Section 4.3.1. The signal
efficiency of the kaon lifetime requirement is 98 % for the LL category and 99.9 % for
the LD and UL reconstructions as determined in simulated data sets. In a simulated
data set of B — J/yK* decays, the lifetime requirement has a signal efficiency of
(1.127 £ 0.007) %. The remaining contribution is negligible and thus described by the
combinatorial-background model.

An additional background contribution from B* — J/yK* decays is identified where
the K* candidate is reconstructed as an L track and misidentified as a pion and an
additional random upstream pion is matched to that track to form a fake K{ candidate.
Due to the additional particle, the reconstructed B’ mass peaks at an offset of the pion
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mass just above the B resonance (Figure 4.3 left). This contribution is quite small,
only affects the UL category, and is removed by a loose pion-kaon misidentification
probability threshold. This requirement lowers the rate of simulated K* backgrounds
from (1.127 £ 0.007) % to (0.328 + 0.005) % in addition.

4.3.3 Combinatorial background

Combinatorial background is accumulated through the combination of unrelated tracks
that resemble the signal process within the selection requirements of the analysis, and
is the largest source of background in this measurement. The combinatorial background
is reduced by a set of decision trees [121]. A decision tree is a multivariate, supervised
learning algorithm that applies a sequence of binary decisions to a data point in a
certain, optimized order. As such, its structure resembles that of a binary tree, with
nodes representing the binary decisions and leaves representing the end of a given
selection sequence in the tree. The values contained in the data point hereby define
the path that is taken through this binary tree. Each leaf corresponds to one of a fixed
number of classes that the data point may belong to. The order of selection requirements
and the applied thresholds are optimized in the training process, which minimizes
the classification error by comparing the current classification to the provided true
training data labels. A BDT [120] is an ensemble of individual decision trees that are
sequentially trained on the same data and whose predictions are combined. Boosting
refers to the metric used to train each new decision tree: each decision tree is optimized
to minimize the classification error of the previous set of decision trees. This procedure
ensures faster convergence and model structure stability and, at the same time, provides
a transparent hierarchy of selections from coarse cuts, typically applied by the first
few trees, to intricate combinations of requirements that target smaller regions in the
training parameter set.

In this measurement, the reduction of combinatorial background can be formulated
as a binary classification problem of signal and background. Exemplary representations
of signal and background, or proxies, are simulated B® decays for signal, and the upper
mass sideband m(KJ) > 5450 MeV/c? in data is used as a background proxy. The A
veto is applied for the BDT training. BDTs are trained for each final state and each
kaon reconstruction category, resulting in eight classifiers. As a cross-check, the BDTs
are additionally trained for each year of data taking to verify the consistency between
these subsets.

To prevent the classifiers from learning statistical fluctuations, and thus losing
their generalizability and classification performance, some precautions are taken to
minimize this effect. The main incentive for minimizing overtraining effects is to
maximize the model performance, as biases due to the BDT selection can be neglected.
This was verified by performing the measurement in bins of the BDT output and in
bins of multiple training features of the BDT models, where the central values were
observed to be unaffected by these setups beyond an expected statistical level. A natural
countermeasure against overtraining is to stop the addition of decision trees as soon as
the classification error stops decreasing significantly. Furthermore, the depth of the
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Figure 4.4 — Feature importance metric (logarithmic gain) of the set of training features (left)
and figures of merit in dependence of the BDT cut (right).

decision trees is limited to four. Finally, in order to prevent overfitting and a possible
modification of the combinatorial-background shape at the 5450 MeV/ ¢? threshold, the
k-folding technique [122] is used: In each instance, five BDT models instead of one are
trained on 4/5 of the total training data, and the model performance is evaluated on
test data sets comprising 1/5 of the data. The test data sets are statistically independent.
The predictions of these classifiers are averaged for each candidate, and when applying
the BDT classifier to all candidates, it is ensured that for the data points used during
the training, BDTs are applied that were not trained on that specific candidate. These
measures allow the upper mass sideband to be kept for the measurement and used for
better constraining the combinatorial-background shape.

The training features used to characterize each candidate need to fulfill multiple
criteria. Since simulated data is used to model the signal, it needs to be ensured that
the simulated training feature is well described and that its shape matches the signal in
the data well. To obtain the shapes of the signal distribution in data, which is a mixture
of signal and background, the sPlot technique is used [123]. The sPlot technique assigns
each data point a signal weight wg(m), or sWeight, which is a function of a chosen
discriminating variable m. The discriminating variable is always the reconstructed B
mass in the following. When the data set is weighted by w,(m), the signal component
shape is obtained for all features independent of the discriminating variable. The
functions wg(m) and wy(m) for the background are determined analytically using the
fitted line shapes describing the signal and background components, and the set of
weights is determined so that the variance is minimized. The derivation of sWeights is
best explained in Ref. [124]. The signal distributions can further be used to identify
features whose shapes differ between signal and background components. Using this
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Figure 4.5 - Comparison of BDT output distributions for the training and test proxies (left),
and ROC curves of the trained BDT models for the final state J/i/(— ;fr,u_)KéJ for
a balanced input of signal and background (right).

procedure, a set of 15 common features is identified for the kaon reconstruction classes
of the B’ — J/(— p*p7)K and B® — ¢(2S)(— p* ") K{ decay modes and 19 common
features are found for the B’ — J/y(— e+e_)K§ mode. As there are small differences
in the simulation quality of certain features between track reconstruction categories,
additional features are selected that are well described in each category, and these
features are listed in Appendix T.1. As these features do not add much separation power
globally, their description is omitted here, and only the overlap of training features
used in every BDT is shown.

The feature importances of the chosen training variables are shown in Figure 4.4.
The selected features are as follows: The impact parameters (IP) measure the shortest
distances between the reconstructed track and the PV and help to constrain the correct
PV association of a track. The minimum impact parameter of a particle (MinIP) refers
to the smallest IP with respect to any reconstructed PV. From the decay tree fit, in
which particle mass constraints are applied, a y? fit value is obtained ( )(lgit), which is
a useful variable for reducing combinatorial background and can be understood as a
constraint on the signal decay kinematics. The distance of closest approach of two
reconstructed tracks (DOCA) is used as an additional parent particle vertex constraint.
As shown in Figure 4.4, the B® and J/y/-IP, the decay tree fit y?, track DOCA of the B°
descendants J/i and Kg and the Kg transverse momentum (pr) features contribute most
to the separation power between signal and background. Additional features which are
found to further improve the separation power, albeit to a smaller extent, and are well
described in simulation, are included in the training. These features include the K¢ flight
distance (FD) in the laboratory frame of reference, the track pseudorapidity (7), and
the projection of the Kg momentum onto the z axis (p,). A momentum symmetrization
variable for pions is added min(pr(7™*), pr(77)), which selects the smaller transverse
momentum of the two selected pions irrespective of track charge.
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4.3 Background reduction

Table 4.2 - Signal efficiencies in simulated data sets of the trained BDT models.

B"— JiWKS B°— JYK? B’— y(25)K?
Track type Jiy— p'u~  Jiy— ete”  ¢(25)— ptu”

LL 87.94+0.05 94.54+0.10 85.02+ 0.07
DD 79.37+0.04 7691+0.11 82.84+ 0.05
LD 80.01 = 0.16
UL 79.87 £0.11

In Figure 4.5, the comparison of BDT outputs for the labeled test and training data
sets is shown on the left, and in the right plot, the receiver operating characteristic
(ROC) of the trained models is shown. The output distributions of the test and training
data sets match well across the full output range, indicating that overtraining effects
have been reduced to a reasonable level. The ROC curves of the trained classifiers have
high area under curve (AUC) scores for a test setup with equal amounts of signal and
background, which implies a strong separation power for these classes. In Table 4.2,
the signal efficiencies of the trained BDT models are listed per final state and track
category.

To understand which relationships the BDT models learn, a single decision tree with
a comparable accuracy metric is trained. The signal selection requirements learned
by this simplified model can be characterized by the following selections for the
reconstruction category LL

(IP(B°) < 0.043) A (IP(y) > 0.061) A (MinIP(KJ) > 0.077) (79 %)

(IP(B°) < 0.043) A (IP(¢) < 0.061) A (g, < 12.14) A (MinIP(Kg) > 0.088) (14 %)
and the selections for the DD category can be summarized as

(IP(B%) < 0.053) A (IP(y) > 0.061) (79 %)

(IP(B%) < 0.03) A (IP(¢) < 0.061) A (xg, < 13.588) (16 %)

where the two selections per track category define the two most frequent paths through
the decision tree. The given percentages are the fractions of signal events taking
the shown path through the decision tree, irrespective of the associated amount of
background events taking the same path. Impact parameter requirements are given in
millimeters. In summary, the relationship of impact parameters of the B°, ¥, and Kg
particles is the main source of separation power between signal and background. In
addition, a cut on the fit &, value helps to select additional signal events if the impact
parameter of the ¢ candidate is small.

The multivariate selection is finalized by a lower cut on the BDT output threshold,
which is chosen such that it maximizes the signal sensitivity, defined as S/o(S), which
is the ratio of signal yield and its uncertainty that is determined from an ML fit of the
reconstructed B mass. The signal sensitivity is evaluated over a range of cuts and the cut
which maximizes the signal sensitivity is chosen. Figure 4.4 shows the signal sensitivity
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4 Selection of B® — yKJ decays

in dependence of the BDT cut. A cubic smoothing spline [125, 126] is fitted to this data
to avoid choosing the optimum on the basis of a statistical fluctuation, but in practice,
the choice of the optimizing metric was seen to have no relevant influence on the
precision of the final result. An alternative metric S/VS + B, i.e. the signal sensitivity
expressed as a signal yield over a background fluctuation, was seen to be a viable
alternative choice. The mass model used to integrate the signal yield is documented in
Section 4.4.

In the final selection step, B-meson candidates to which multiple candidate decays
are matched are removed. A set of such candidates shares the same event and run-
ning conditions index and can therefore be easily filtered. For these groupings, the
candidate with the highest B-meson pr is chosen while the other reconstructions
are removed. The fraction of multiple candidates after the BDT selection was found
to be (0.719 + 0.012) %, (0.533 + 0.021) %, and (0.657 + 0.035) % for the final states

JW (= )KL, Jy(—ete )KL, and 1/(2S) (— p* ™ )K?, respectively.

4.4 Description of the reconstructed B mass

The reconstructed B-mass distribution consists of one signal component and multiple
background components. Each final state and each considered track type category
in the data is described with the same mass model, which is defined as a probability
distribution function (pdf). This model is optimized separately for each data subset due
to the kinematic differences between final states and reconstruction classes. The signal
is described by a two-tailed Hypatia distribution [127], which is a generalized Gaussian
peak with exponential tails towards lower and higher masses. For this measurement,
the Hypatia parameters ff and { are set to zero as they do not improve the description
of the B-peak. The Hypatia distribution is defined here as

cilcac—(m—-p)™ if m—pu<-oo

Hsignal (m, 1, 0, nq, g, oy, 0z, A) o c3(cq + (m — F’))l_nz if m—p>omo (44
_2 \A 32
(1 - %) ’ otherwise

and the constants ¢y, ¢y, ¢3, and ¢4 are uniquely determined by the free parameters and
ensure the continuity and differentiability of Hs;gn, and are given in Equation (E.1). The
mean and width of this distribution are parametrized by p and o, and the shape of the
exponential tails is determined by n; ;. The parameter A modifies the shape of the peak
and influences the width of the distribution. It can have any value outside the interval
[-1, %] and A < —1 is chosen for all mass fits. To limit the number of free parameters
in mass fits to data, the Hypatia parameters a; » and n; ; are determined in simulated
data sets and set constant in fits to data. The B? — l//Kg component is modeled with the
identical distribution and shares all free parameters with the signal component, and a
constant offset is added to its mean, which equals the B?-B° mass difference [116]. The
combinatorial background is modeled with a single exponential function with one free
parameter. The irreducible background component is modeled with an exponential
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Figure 4.6 — Mass fits of the analyzed decay modes of the full Run 2 data set. The high upper
mass range is not shown to better emphasize the signal region. The lower mass
range 5100 < m(lﬁKS) < 5150 MeV/c? is included in fits of the reconstructed B
mass and is statistically removed for the final fit.

function that smoothly transitions to a Gaussian distribution at a certain mass thresh-
old. This model was seen to be a satisfactory description of the reconstructed B mass
of the multi-body decay B° — J//(— p* ) K*(892) (—>K§(—> xtr7)n0) if it is recon-
structed without the neutral-pion four-vector, which is a likely physical background
that contributes to the irreducible background component. This decay is simulated in
phase-space-only simulation with a simplified LHCb detector geometry model [118].
As the lower mass sideband m < 5150 MeV/c? is excluded from the data with which
the CP-violation parameters are determined, the irreducible background model can be
understood as a single Gaussian distribution in the chosen B mass range.

The reconstructed B® decay time is reduced to the range 0.2 < t < 15ps in each
channel for consistency. As is discussed in Chapter 5, candidates for which the B
production flavor is not known do not add any sensitivity to CP-violating effects. For
this reason, mass fits are performed, and resulting yields are reported on the data subset
for which likely production flavors have been assigned. This ensures proper sWeight
normalization in the final fit, in which only tagged events are considered. Table 4.3 lists
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4 Selection of B® — yKJ decays

Table 4.3 - Candidate yields of the three decay channels determined via ML fit in the full B°
mass range 5100 < m(JKJ) < 5900 MeV/c?® for the full sample and the tagged

subsample.

B"— JiYK? B°— JYK? B°— y(25)KS

Component JW— it et P(2S) - ptu
Total yields
B° signal 358630+ 669 47152+ 283 27489+179
BS signal 4040 £+ 107 582+ 61 252+ 35
Combinatorial bkg. 107901 +542 12183 +288 24809 + 191
Partial bkg. 22122 219 2598 111 1238 67
Tagged yields

B° signal 306322+ 621 42870+ 271 23570+ 166
B signal 3410+ 99 538+ 59 200+ 31
Combinatorial bkg. 91851 +507 11647 +279 20736 +175
Partial bkg. 18798 204 2364 108 1092 62

the obtained component yields when untagged yields are included for completeness.
Mass fits are performed separately in each channel and track-type category, and it
is ensured, that the yields and shape parameters are compatible between years of
data taking to justify the approach of merging the data sets of individual years. The
signal and background yields are normalized after the mass fit to the final mass range
5150 < m(z,ng) < 5900 MeV/c? in which the measurement is performed as there is
no benefit of including the partial background. sWeights are then computed using
these normalized yields and the line shapes obtained in the mass fit. Mass fits are
performed on the full mass ranges 5100 < m(/KJ) < 5900 MeV/c? and include the
partial background in order to increase the precision of the combinatorial background
description. In Figure 4.6, the mass fits of the three analyzed final states are shown,
and the model is seen to be a good description of the data. In Figure F.1, the same
mass fits are shown in linear y-axis scale and in Figure F.2 mass fits of the new kaon
reconstruction categories LD and UL are shown. The B’ resonance is narrower in
the 1/(25)K{ final state because of the smaller available phase space for the B’ meson,
and in the J/iy(— e*e”)K mode, the B° peak is wider due to the worse momentum
resolution for electrons compared to muons.

In total, 4874 + 128 B? — 1//Kg decays are reconstructed. From the number of
reconstructed B® decays, the expected B? — l//Kg yield can be calculated with the
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Figure 4.7 — Mass fits of the analyzed decay modes of the full Run 2 data set in the B mass
range.

known branching fractions and hadronization fraction f;/f; listed in Table T.2.1:

B(BO_’f) B—>f 0_,
Z BB = f) X NE= 1) (4.5)

= 4669 + 346(stat) + 146(f; / fd).

NB(S) =

The measured yield matches the expectation well given a total of 433 271+748 B — xﬁKg
decays, which includes untagged events. In Figure 4.7, the mass fits are shown for each
final state in the region near the invariant B! mass.

The B} — #(2S)(— p*p )KS channel has recently been discovered by the CMS
collaboration with a measured relative branching ratio of [128]

B(B)— Y(25)KJ)
B(B*— Y(25)KJ)

= (3.33 + 0.69(stat) + 0.11(syst) + 0.34(f;/f1)) X 1072, (4.6)
CMS
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Table 4.4 — Summary of selection efficiencies in percent determined in simulation and weighted

by the yields of the reconstruction decay channels in data.

B'— JWK!  B'— JWK! B> y(25)K?
Selection J— ptu Jy—ete  Y(2S)—> ptu
LHCDb geometry 19.897 £0.083 19.75 £0.50 19.57 £0.05
Reconstruction 2.648+0.003  0.826 £0.002  3.479 £ 0.005
A-veto 98.563 £ 0.017 98.660 £0.034 98.517 +£0.019
BDT selection 82.21 +=0.05 82.54 +0.11 83.67 +0.06
K*-veto 99.264+0.011 99.964 +£0.005 99.365 +0.011
B*-veto 99.820+0.006 99.846 +£0.011 99.817 +0.006

Decay-time range
Multiple candidates
Tagging efficiency

98.738 £0.017
99.590 £0.012
85.57 +£0.06

99.996 + 0.002
99.819 +£0.014
90.01 +0.11

97.873 £0.026
99.837 £ 0.006
86.14 +0.06

Total

0.354 +0.002

0.115+0.001

0.470 = 0.002

with a significance of 5.20. From the B? — lﬁ(ZS)Kg yield in this analysis, the same
branching ratio can be estimated to be

B(B) — (25)KJ) B N(B?— (25)KY) " fa y B>y (25)KY

BB — Y(25)KY)  N(B' = y(29)KS) ~ fi ~ epyiaske
= (3.36 + 0.50(stat) + 0.11(f£;/f;)) x 1072,

(4.7)

This value is remarkably close to the CMS result and has higher statistical sensitivity
despite the BDT cut not being optimized for the selection of B? candidates. An esti-
mated efficiency correction €po_, (5s) K2 /€80y (25) K2 that measures efficiency differences

between B and B? modes is very close to unity and thus has negligible influence on
this estimate.

The selection efficiencies are measured for each analysis step with corresponding
simulated data sets and in each reconstruction category, and their track-category and
final-state averages are summarized in Table 4.4. The efficiencies obtained in each
reconstruction category are weight-averaged by the corresponding signal yield of each
reconstruction category obtained in the data. In Tables T.2.2 to T.2.4, more detailed
summaries of selection efficiencies in each track type category and decay channel
are listed. Between reconstruction categories, only minor efficiency differences are
observed for selection steps applied in the main analysis, and larger variations are seen
in the reconstruction steps. Because of the different decay topologies and differences
between pion track categories, such differences are expected. Furthermore, the BDT
efficiency for LL candidates is consistently higher by a significant amount as these
candidates are reconstructed with all tracking subdetectors and are thus better separable
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4.4 Description of the reconstructed B mass

from combinatorial backgrounds. In the end, only candidates with tagging information
are kept, and tagging performances quoted in the following chapters depend on the
tagging efliciency of the underlying sample shown here. The tagging efficiency of the
B’ — Ji(— e+e_)Kg sample is increased compared to the dimuon modes because
of stricter kinematic selection requirements applied to the electron candidates in the
candidate selection.
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5 Flavor Tagging at LHCb

By mesons are produced in one of two possible flavor eigenstates B’ or B’ and can
decay either in the state of their production or as the opposite flavor eigenstate through
mixing. The time-dependent difference of these decay rates is at the core of the
measurement described here, as it is sensitive to CP-violating effects and the mixing
parameters in general, as motivated in Section 2.4. In some cases, the initial B-meson
flavor can be deduced by the charge and particle identity configuration of its final state,
as is the case in Bt — J/yK* decays. In neutral decays like B® — JiyK*(— K*x™),
a good estimate is possible. In the decay B’ — l//Kg in contrast, the final state is
always fully charge symmetric, and a production flavor assignment based on the final
state charge is therefore ruled out. Despite the charge-symmetric final state, it is

[+
SS pion
7T+ =
A - (SS proton)
d
B ’

c—s
b—c
b— Xt~ e OS muon
OS electron
OS vertex charge

OS charm

Figure 5.1 - LHCD flavor tagging technique illustrating the bb production and subsequent
hadronizations and decays in which tagging particles are created. The tagging
algorithms associated to these particles are annotated [129].

possible to reconstruct the B production flavor for a significant fraction of candidates
by analyzing the particles created in the hadronization processes in which the B meson
is created. Furthermore, as b-quarks are produced in pairs and are of opposite flavor,
associating charged final-state particles to the decay of the other b-hadron can be used
to reconstruct the flavor of the signal B meson. These associated witness particles,
referred to as tagging particles in the following, can carry a charge that is correlated to
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the B production process and from which the production flavor can be inferred with
the help of multivariate techniques.

At electron-positron colliders, B mesons are created as quantum-entangled pairs
in Y'(4S) — B°B° decays instead, and their flavor identity is determined from a recon-
struction of the B meson decay, which is not the signal. In all cases, these methods are
referred to as flavor tagging, and in the following, the hadronization analysis approach
used at LHCb [130, 131] is explained.

Figure 5.1 illustrates the bb production and subsequent hadronization and decays
of the created b-hadrons. It needs to be emphasized that this illustration is idealized
and that the amount of hadronization processes in actual proton-proton collisions is
considerably higher. The hadronization processes are interconnected so that colorless
hadrons are formed, conserving color. Furthermore, the illustration does not depict all
the numerous ways in which a correct reconstruction of tagging particle charges can
indicate the wrong production flavor correlation, nor does it show all the known cases
in which the production flavor is fundamentally unobservable. A common example
of a way in which a charge identification can be wrong is that generally, in b —c—s
transitions two leptons of opposite charge can be created in W* boson decays [74].
Nevertheless, it is a useful illustration for the purpose of understanding the flavor
tagging approach at LHCD and for introducing the usual flavor tagging algorithms that
are in use.

Hadronization particles created by the b-quark that becomes the signal B meson
through hadronization are called same-side (SS) particles, while particles created by
the partner b-quark are called opposite-side (OS) particles. For each of these processes,
dedicated tagging algorithms (taggers) exist that are optimized for their reconstruction
and production flavor assignment. In the case of B’ mesons, the charged SS particles
of interest can be charged pions or protons. On the OS, the partner b hadron decays
via b — ¢ — s transitions in which typically high momentum muons or electrons are
formed in the b — ¢ transition, while charged kaons can be created in the final state.
Furthermore, the reconstruction of D meson decays on the OS can contribute with
information and enhance the production flavor assignment. Finally, a momentum-
weighted analysis of all track charges associated with the OS-secondary vertex can
add valuable information as it improves the classifications performed by single-particle
taggers. The flavor tagging algorithms used in this measurement have been first
developed for the Run 1 data taking phase [130, 132, 133] and have been optimized and
reimplemented based on Run 1, as well as 2015 and 2016 data from Run 2 [134].

Flavor tagging algorithms compute two numbers for each reconstructed B candidate,
an integer tagging decision, and a mistag probability. The tagging decision, g, can
have three possible values, ¢ = —1 for B°, ¢ = 1 for B, and g = 0 is assigned if the
candidate is not tagged by the algorithm. The mistag estimate 7 is the probability of
the tag decision being incorrect, and it is usually the output of a multivariate model
like a neural network classifier or a BDT. This estimate is calibrated with calibration
data sets, as explained in Section 5.5, to represent the mistag rates accurately and is
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5.1 Derivation of decay rate coefficients

denoted by w(#n). A calibration function of the general form

ong.p) = Lt p)+ TP, p) 6.1
for a set of calibration parameters p is determined on a suitable calibration data set,
where the tagging algorithm response distribution is measured on data subsets of true
initial B’ with «*(5, p) and true initial B° with w (75, p). These subsets are generally
not well identifiable in the data, and for this reason, an averaged representation of
calibration parameters is introduced in Section 5.1. Calibration functions are not
evaluated for untagged events.

The fraction of tagged events, i.e. events with assigned production flavor, is given by
the tagging efficiency e,
. = Niag _ 2 kilq;l
ag N 231 K )

(5.2)

whereby the right-hand side shows how ¢,y is computed for a given set of event
weights x;. The mean tagging dilution Drr measures to first order the decrease of
the time-dependent CP-violation amplitude A (t) in Equation (2.39), as derived in
Equation (5.10), due to the effect of tagging with large production flavor uncertainties,
and its measurement is therefore of high relevance. Powers of the mean tagging dilution

are defined as .
1
Dt = —— > kilq;|(1 —20w;)™ (5.3)
FT Z?Kjlqjlzjl JIJ J
and Drr can have a value in the range from zero to one, representing an average of
zero and full production flavor knowledge for the data sample.

5.1 Derivation of decay rate coefficients

In the following, the B decay rates from Equations (2.27) and (2.28) are further developed
to account for different kinds of flavor tagging asymmetries and, most significantly,
imperfect flavor tagging. These decay rates can be summarized in the form

Ppo(t) o e Tt/" [H + C cos(Amgt) — S sin(Amgt)],

-T't/h . (5.4)
Ppo(t) e "[H — C cos(Amgt) + S sin(Amgt)],

where AI; = 0 has been assumed, and here, the parameter H is the factor of the
hyperbolic cosine component, which is defined as being one given how B® decay rates
are usually normalized according to the definitions in Equation (2.40). In the following,
it is shown that all CP asymmetry amplitudes, including H, effectively deviate from
their assumed values if imperfect and potentially biased flavor tagging information
and the production asymmetry are taken into account.
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A priori, the amount of B® and B mesons produced in proton collisions in hadroniza-
tions of b-quarks can be asymmetric to a small degree [135], and this effect is measured
with the production asymmetry parameter

Nirue (BO) — Ntrue (BO)
Ntrue (BO) + Ntrue (BO) ’

a (5.5)

and to our current knowledge, this parameter is compatible with zero for B meson
production at the LHC. This parameter needs to be measured in a suitable control
mode, which is detailed in Section 5.6. The two B decay rates in the total pdf describing
the data set are therefore rebalanced to account for a:

Pep(t) o (1= a)Ppo(t) + (1+ )P, (1). (5.6)

The calibrated mistag estimate is integrated into this expression to interpolate between
the description of B’ and B decays as follows

Pep(t) o [e+(5q,1(1 — ") + 8g10") + g0(1 - e+)] (1 - a)Pg(t)
+ [e_((sq’_l(l — @ )+ g1 ) + go(1 — e_)] (1+a)Pg(1).

Here, " () and €* (¢7) are the mistags and tagging efficiencies assigned to true B (B°);
data subsets that are not obviously identifiable without flavor tagging techniques in the
first place. The measured mistags and tagging efficiencies are therefore reparametrized
to the more useful form

©=— Aw =o' —w (5.8)
€ +et
€ag = — Ae=e —¢€* (5.9)

whereby w and €,z now represent the measured mean quantities and the Aw distri-
bution is known from the calibration function in Equation (5.1) as it is determined
in a separate decay mode. The flavor tagging efficiency asymmetry Ae is likewise
determined in the calibration mode B’ — J/i/K* as is described in Section 5.6. In the
following, w, Aw, ', and w~ are to be understood as calibration functions of the raw
mistag n and share the same calibration parameters, which are implied.

It follows from Equation (5.7), that in the case of perfect tagging, when «* = 0 and
€* = 1 and the production asymmetry is zero, no modification of the decay rate is
needed, which remains in its original form Equation (5.4). Consequently, non-zero pro-
duction asymmetry, mistag asymmetry, or efficiency asymmetry all directly influence
the determination of the CP-violation observables. A sizable production asymmetry
value would manifest as an oscillating component in the decay-time distribution, even
in the absence of flavor tagging information. Finally, to express the size of these contri-
butions concisely, Equation (5.7) is expanded and rearranged so that all flavor tagging
parameters are absorbed by common coefficients S(g, 1), C(g,n) and H(q, ). These
are functions of the flavor tagging calibrations and take the place of the theoretical
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5.1 Derivation of decay rate coefficients

parameters S, C, and H in Equation (5.4) and thereby express all effects of flavor tagging
on each A" -amplitude. The resulting expressions for the case g # 0 are

~ ale 1 Ae
S(¢g,n) =S{—qD — + €tag | — EquAa) — qErag A + aerag + - (5.10)

Clg.n) = —@C (5.11)

A
azc (5.12)

. Ae 1

H(q,n) = €tag — gD -+ €ug | = qEtagho — EquEAw +
with the tagging dilution D = (1 — 2w). When merely tagging asymmetries Ae and Aw
are ignored one obtains the simplified expressions

S(gn) =[gD+al-S, C(qgn) =-[gD+al-C, H(gn) =1-qgaD, (513)

which identifies the tagging dilution as the most significant influence on the value of
sin(2f) in this measurement. The role of €, in Equations (5.10) to (5.12) is to account
for an amplification of the effect of tagging asymmetries, whereby the selection of a
tagged subsample can skew the data toward selecting one production flavor with higher
probability if there is an underlying tagging or production asymmetry. The effects of
A€, Aw, or a on the asymmetry amplitude are therefore scaled by €.y, and perhaps
surprisingly, the selection of a tagged subset can reveal an oscillation in the data if
there is an underlying flavor tagging bias, even if the mistag values if this data are not
directly used. In the absence of tagging and production asymmetries, €;,; becomes an
isolated global factor and is thus absorbed by the normalization factor. The tagging
asymmetry Ae and production asymmetry « are found to be small but are directly
added to the value of S. Terms involving any product of two or three asymmetries can
be considered negligible, and no sensitivity to their influence can be expected.

The influence of the flavor tagging dilution factor D on the uncertainty of the
CP-violation parameter S can be derived by calculating the expectation value of the log-
likelihood curvature with respect to the probability distribution given in Equation (5.4):

& ¥ _oryn D’ sin?(Amygt)

05’ = —El—log(Pcp(t))] z[} e

P o« D? (5.14)

1+gSDsin(Amgt)  ~

if D is assumed to be a sample average and S - D is approximated to be small. This
demonstrates that the measurement uncertainty of S depends, besides the data set size
€ - N, with € = €€rag being the product of flavor tagging and selection efficiencies, on
the flavor tagging quality as measured by the dilution factor in the following way

1

2
\/ 6tagZ)FTfselj\]

The term €, D, is referred to as the tagging power, and therefore measures the decrease
in effective sample size caused by a flavor tagging efficiency and corresponding tagging

Og o< (5.15)
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quality. The uncertainty on the parameter C has the same proportionality to the tagging
power, but due to a different time dependence in the integrand in Equation (5.14), the
sensitivity for the parameter C can be expected to be increased compared to the
sensitivity on S, which is confirmed by the obtained result. An additional key influence
on the relation between the relative sizes of o5 and oc that is ignored in Equation (5.14)
for simplicity is the shape of the time-dependent selection efficiency, which is modeled
as documented in Section 6.3.

The tagging decisions and mistags of multiple taggers are statistically combined
into combined tagging decisions and mistag estimates. The combined probability of
simultaneously arriving at a set of tagging decisions q and mistags w given that the B
meson truly contains a b or a b quark is given by the combined quark probabilities €
and Qg of Nr different taggers

Nr CL)J' lquzl Nr 1—60]' lquzl
Qb(w,q):n 1-w; ifgj=-1 and Qg(w,q):l—[ w;j ifgj=-1.
J % else J % else
(5.16)

The combined tagging decision and mistag is then determined by the larger of the two
tagging probabilities

_ max(Qp, Q)

qcomb = Slgn(Qb - QZ) Weomb = 1 — TQE (5'17)
In the measurement described here, the SS and OS taggers are each calibrated and
combined into two sets of tagging decisions and mistags for the combined SS and
combined OS single taggers. Some fractions of data are exclusively tagged by the SS
or the OS tagger, and for a fraction of candidates, decisions of both tagging sides are
available. Candidates without an assigned tagging decision are not included as they do
not add sensitivity to the measurement. Equations (5.10) to (5.12) are therefore only
used in the fit in case either the SS or OS tagger has a decision, but not both. If both
taggers have a decision, coefficients S, C, and H for this case can be derived analogously
and result in expressions with very similar properties as Equations (5.10) to (5.12).
The derivation of the decay rate coeflicients for this case is shown in Appendix E.2.
With these definitions, the core of the pdf with which the CP-violation parameters
are measured via ML fit is obtained from Equation (5.6) with the definitions from
Equations (5.10) to (5.12) and (E.10) to (E.12) and can be written as

Pep(t.q;n;) < e " [H(q;,n)) +S(q;,n)) sin(Amgt) + C(q;,n;) cos(Amgt) ],
(5.18)
for the j-th event, whereby q; = (q]S.S, q?s) and n; = (UJS.S, ry?s) are the two possible
tagging decisions and mistag estimates of both tagging sides.
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5.2 Selection of calibration modes

5.2 Selection of calibration modes

The outputs of individual taggers are a tagging decision g and a raw mistag estimate 5
for each individual candidate in the data set. From Equation (5.7) it follows that the
mistag estimate needs to behave like a frequentist probability, in the sense that in a
small mistag bin [1 — , no + {] the rate of wrong tagging decisions should converge to
1o as { — 0% in the high statistics limit. As the output of multivariate techniques does
not necessarily have this property, a calibration function needs to be determined with
appropriate calibration data sets. Furthermore, a calibration function can be determined
on a weighted data set in which the kinematic distributions more closely resemble the
target signal kinematics. Calibration data sets that are selected for this purpose have
the property that the neutral or charged B flavor at the time of production is known
with high certainty. The false classification rate of a tagger can then be compared with
its actual false classification rate, and a functional relation between 1 and the mistag
rates on the calibration sample, denoted as »"™® in the following can be determined.

For the calibration of OS taggers in the signal decay modes B® — J/i)(— p*pi7)K{ and
B’ — y/(2S)(— ,u+,u_)K§ the calibration mode B — J/i/(— p" )K" is used, and the SS
taggers are calibrated with the calibration mode B — J/i/(— p* " )K*(— K* ™). These
specific channels are chosen for their kinematic similarity to the signal. Additionally, it
is beneficial to calibrate the SS of the signal mode with a neutral B calibration channel.
On the opposite side, there are no constraints for the type of created b-hadron and its
specific decay, and for this reason, B decays have similar OS characteristics. While the
OS can thus be calibrated with almost any suitable B decay, the B* — J/iyK* channel is
chosen for its high available statistics. The taggers of the B — J/i/(— e+e_)K§ mode
are calibrated with similar calibration modes, with the difference that the J/i/ candidates
are reconstructed from two electrons instead. The decays of the calibration modes are
referred to as flavor-specific because their final state is charge asymmetric and is fully
correlated to the B decay flavor. A complication arises thus in the B’ — J/i/K* mode,
as B” mesons can decay in the oscillated state, and it needs to be taken into account
that their likely production flavor is diluted with time.

The selection requirements of the calibration channels B* — J/i/(— ¢*¢7)K* and
B’ — Jiy(—£*¢7)K*(— K*x™) are as follows. Initial J/i/ candidates are selected by
choosing trigger lines that target dimuon pairs with high reconstructed mass near the
J/¥ mass, which originate from a vertex that is separated from the PV. For the selection
of J/y/(— e*e™) candidates, a more inclusive trigger selection is applied, similar to the
signal selection described in Section 4.2. Two oppositely charged electrons or muons
with transverse momentum pr > 500 MeV/c are combined to form J/i candidates with
a good quality common vertex and a reconstructed mass in a mass window +60 MeV/c?
around the known J/{f mass. Charged kaons and pions with pr > 500 MeV/c with
well-reconstructed tracks are required to form a good quality common vertex, and
this K* candidate is required to have transverse momentum above 1300 MeV/c with
a reconstructed mass in the range 826 < m(K*zx~) < 966 MeV/c?. For the single
K™ track of the B* — J/iy(— p"p~)K* channel, a minimum transverse momentum
pr > 1GeV/c and total momentum p > 10 GeV/c is required. The requirement for the
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Figure 5.2 — Receiver operating characteristics for BDT classifiers trained to reduce the combi-
natorial background in four calibration data sets.

reconstruction of the B® is a good vertex fit, and the reconstructed B mass is required to
be in the range 5150 < m < 5450 MeV/c?. In addition, a minimum lifetime cut of 0.2 ps
is applied to B meson candidates to ensure that the tracks do not originate directly from
the PV and an upper bound for the J/i/-mass-constrained decay-chain fit is applied.

The selection requirements for the dielectron modes are similar to the dimuon modes,
with looser mass range requirements for J/i/ (2300 < m(e*e™) < 3300 MeV/c?) and
B (4400 < m(ete ™) < 6000 MeV/c?) candidates. Finally, the only momentum
requirement for the single K* track is pt > 800 MeV/c and the pr threshold for the K*
candidate is at pt > 1500 MeV/c?. As is the case in the signal modes, the background
level in the dielectron modes is significantly higher in comparison to the dimuon modes
due to the more inclusive trigger selection. For this reason, the angle between the B
decay vertex in relation to the PV and the reconstructed B track is required to be low
in the neutral mode. In the charged B mode, this requirement is applied for the J/i/
candidate instead.

Apart from a partial background component and a B — J/i/K* component, no
additional background components are identified in the calibration data sets. To reduce
combinatorial background, four BDT classifiers are trained, one for each calibration
channel. The approach of training BDTs resembles the setup used for the signal modes
closely, regarding the measures for reducing overtraining and maximizing generaliz-
ability (see Section 4.3). The upper mass sideband serves as a background proxy, while
simulated calibration modes, which are selected with the same requirements as in data,
serve as the signal proxy.

Training features for the BDT classifier training are chosen with similar criteria
as in the signal modes: in simulation, the feature needs to be well-modeled and its
distribution is required to differ in signal versus background-enhanced sample, which is
verified with the help of sWeights. As is also seen in the signal modes, IP variables are
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Figure 5.3 — Mass fits of the flavor tagging calibration channels B’ — JiyK* (left) and
B* — JYK™* (right). The three signal components are shown in dark blue: Left-
tailed Crystal Ball function (dashed), right-tailed Crystal Ball (dashed-dotted), and
a central Gaussian component (line).

seen to contribute most significantly to the separation between signal and background.
In total, 12 training features are selected for the neutral calibration mode, and 18
features are chosen for the charged mode. In figure Figure 5.2 the ROC curves of each
classifier are shown and the ROC curve areas imply good separation power between
signal and background in all calibration data sets. In the dimuon calibration samples,
the selection cut on the BDT output is optimized by choosing a cut for which the signal
purity metric Nsis/(Nsig + Npig) reaches 99.9 % (99 %) for the SS (OS) channel and a
purity metric of 95 % is required for the dielectron calibration modes.

Signal weights are determined with the sPlot technique using the reconstructed B’
and B mass as discriminating variables. The B mass peaks are described in each case
by the sum of a Gaussian distribution and two Crystal Ball distributions [136]. One
distribution is defined as having an exponential tail towards lower masses and the
other as a tail towards higher masses. The three signal components share a common
mean parameter, and the combinatorial background is described by a single exponential
function. The B? — J//K* component is modeled in an analogous way as in the signal
mode B(()S) — K2, by constraining the shape to the B® peak. The partial background is
modeled with a single Gaussian distribution. In Figure 5.3, the mass fits of the control
modes B! — Jiy(— ptp”)K* and B* — J/iyK* are shown and from the result of this
mass fit signal weights are computed with the sPlot method.

5.3 Kinematic reweighting of calibration channels

Each flavor tagging algorithm is tested on the flavor-specific calibration channels
B — JiyK* and B* — J/yK* and in a later step, these calibration parameters serve
as inputs to the pdf in Equation (5.18) with which the CP-violation parameters are
measured in the signal modes (Section 6.5). To improve the transferability of flavor
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Figure 5.4 — Comparison of the transverse momentum distribution with (right) and without
reweighting (left). The reweighted distributions are found to match the signal
distribution (black) well when kinematic weights are applied.

tagging responses between modes, the calibration mode kinematics need to match the
signal mode kinematics closely. A multivariate, BDT-based reweighting approach [137]
is chosen to compute a set of event weights for each calibration data sample which
aligns the data sets for a given set of features. The chosen set of features is the B
transverse momentum, B-pseudorapidity, the number of reconstructed PVs and tracks
per event, and the B-meson ¢-angle around the beam axis, as flavor tagging algorithms
are particularly sensitive to these variables. Figure 5.4 shows the good agreement of the
B-pr distribution when kinematic weights are applied. The reweighting is configured
such that the signal weighted distribution in the calibration modes is reweighted to
the background subtracted signal mode. This way, the reweighting is particularly
optimized to reweight kinematic differences of the decay modes. Therefore, the product
of sWeights and reweighting weights is the total candidate weight applied to the
calibration channels for the following calibration steps.

The flavor tagging algorithms illustrated in Figure 5.1 are used: On the SS, a proton
(SS-p) and a pion (SS-r) tagger and on the OS, a muon (OS-p), electron (OS-¢) and a
kaon tagger (OS-K) are used which target high momentum particles created in weak
b — ¢ — s transitions. In addition, a charm tagger selects flavor-specific D meson
decays (OS-c) on the OS, and a vertex charge tagger (VtxCh) computes a momentum-
weighted charge average of tracks originating from the secondary vertex on the OS.
The SS taggers are calibrated with the calibration mode B’ — J/i/K* since this is a B’
decay with similar decay kinematics, and thus similar to the signal mode. The taggers
of the electron signal modes are calibrated with corresponding calibration data sets of
J/Y— e*e” decays.

A tagger output is considered to be calibrated if its mistag distribution maximizes the
tagging probability likelihood for a given set of calibration parameters p. The tagging
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likelihood is defined as

(5.19)

N ] .
1-w(n;,p) if q;=f;
Lertp) =] | {w(ff)(nj, p else

and assigns correctly tagged events, i.e. events for which the tagging decision coincides
with the likely production flavor f;, the tagging probability 1 — » and w otherwise. The
notation w%) refers to the functions w* or w~, depending on the likely production
flavor, which describes the calibration function for samples of true B’ or B° mesons.

The production flavor in the case of the B* — J/yK* mode coincides with its de-
cay flavor as B mesons do not mix, and the kaon charge is measured with high
precision. In the calibration mode B’ — J/i/K* the B mixing probability needs to
be taken into account, which can be derived from the time-dependent mixing asym-
metry Anix(t), which equals cos(Amgt) to a high degree of precision. Calibration
events for which Apix(#) < 0 are more likely to have undergone mixing than not,
and their likely production flavor is assumed to be the inverse of their decay flavor:
fj = sgn(cos(Amgt)) - fecay, i- The residual probability that the likely production flavor
is wrong for this assumption is given by the quantity

y(t) = %(1 ~ | cos(Amgt)]) . (5.20)

and the time-dependent tagging likelihood is then defined as

N {(1 )1 =0 (g, p) +y0 N (n,p) i ¢ = f (5.21)

Lrrlp) U (1 =y D (n;, p) +y;(1 - 0D (n;, p)) if ¢; # f;
with y; = y(t;) for brevity. The factor y; interpolates between tagging probabilities
of flavor-specific calibration functions, and for y; = 0, Equation (5.21) is equal to the
time-independent case in Equation (5.19). At the zeros of Apix(?), the initial B flavor
is fully diluted, and a reliable tag is not possible on the calibration sample. For these
decay times, y; = /2 weighs both flavor specific calibrations equally.

5.4 Development of flavor tagging calibration
software

The software framework “EspressoPerformanceMonitor” (EPM) [138], that was used
for flavor tagging response calibrations by the LHCb collaboration in previous mea-
surements of CP violation has been fully validated and rewritten in PyTHON [139]
and its functionality has been extended. The reimplementation effort is motivated
by the EPM’s rigid software design, which prohibits the implementation of certain
new functionalities. Furthermore, software design choices severely impact its runtime
performance, which extended the runtime of this measurement by multiple days. The
primary reasons for this are its heavily object-oriented data storage approach and high
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level of computational redundancy: the EPM tool needs to be executed up to six times
to complete a full calibration of taggers. In addition, a separate configuration file is
required for each run, in which mostly redundant information needs to be specified.
In previous iterations of this measurement, thousands of calibration files needed to
be generated with dedicated scripts to enable all cross-checks performed for flavor
tagging for data and simulation. For each incremental execution step, the same data is
read from disk and identical statistics are computed, despite only minimal changes to
the computation task. In the course of the new implementation effort, it was possible
to validate the output of the EPM tool for the first time by comparing its results with
an alternative implementation. It can be confirmed that the EPM tool is essentially
bug-free despite its considerable complexity and that results obtained with the EPM
tool are valid if the framework is used exactly in the way it was intended.

The new software package lhcb-ftcalib [140], or FTcalib, is implemented in PyTHON
using only the basic, widely used, and well-tested numerical computation libraries
NUMPY [141], PANDAS [142], scIPY [143] and the tagging likelihood is optimized by
iMINUIT [144, 145]. A data-oriented design for data storage is chosen for FTcalib, and
it is able to calibrate single taggers and their combinations in a single run. Despite
being written in an interpreted language, it is faster by a factor of up to 50 compared
to the EPM for a full calibration run of a single typical data set containing multiple
tagging outputs. This time factor enabled the feasibility of multiple cross-checks and
calibrations on all data and simulated subsamples, as the total flavor tagging calibration
runtime was reduced from multiple days, despite parallel computation, to only a few
hours, most of which is spent reading and writing to disk. An extensive unit testing
framework ensures that all computations are valid and yield expected results, even in
edge cases. Compatibility with the EPM is ensured by compiling and running the EPM
as part of automated unit testing and comparing the calibrated data and the reported
performance values for multiple scenarios. In collaboration with my colleague Quentin
Fithring, it was possible to implement exact error propagation across calibrations and
tagging response combinations for the first time, which enables new types of systematic
studies in some measurements.

5.5 Tagging response calibration

The individual tagging algorithm outputs are calibrated with a generalized linear model,
as implemented in the EPM and in FTcalib, which is defined up to order m as

(0,955 2 Pm) = 9(9‘1(0) + ZP?Pi(n)) (5.22)
i=0
whereby P;(7) are orthogonal basis polynomials of the transformed mistag distribution
Pi(n) = Y Bug ™ (n)" ", (5.23)
k=0
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Figure 5.5 — OS-e tagger calibrations in B* — J/{yK* simulation (left) and in the B* — J/y/K*
channel in data (right).

with basis matrix B and linear calibration parameters p:". The link function g(#) is a
nonlinear transformation of the mistag and can be used to model the true mistag rate in
a transformed coordinate system. The choice of orthogonal basis polynomials has the
advantage that the calibration parameters are stable against an increase of the order
of the function. Furthermore, due to the linearity of w with respect to the calibration
parameters, the previous definitions Equations (5.8) and (5.9) hold for arbitrary g(n) and
expansion orders m. In analogy to Equation (5.8), a useful equivalent set of calibration
parameters can be defined

Pt

; Api = pi —pi (524)

pi
to describe the calibration functions of the mean of B flavor subsets and their difference.
In addition, p; = Ap; = 0 can always be interpreted as being the identity calibration
such that each p; accurately measures the contributions of powers of . More details
concerning the chosen formalism and its derivation are given in Ref. [146].

For the calibration of single taggers m = 2 and g() = (1 + €")~! is chosen as the
link function, and the candidates are weighted by the product of the sWeight and
kinematic weight. Figure 5.5 show the calibration result of the OS-e tagger, where
the nonlinearity of w(#) is apparent. The agreement between the tagging response
in simulation is seen to be remarkably similar to the tagging response on data. After
each tagger is calibrated, the OS-taggers (OS-e, OS-u, OS-K, OS-c, and VtxCh) and
SS-taggers (SS-7 and SS-p) are each combined into an SS and an OS combination. These
two combinations are calibrated again using a calibration function that is linear in 7.
Calibrations of higher order were found not to be advantageous. The chosen calibration
function is

w=(n, py. p1) =0+ pg +pi(n— (), (5.25)
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Figure 5.6 — Calibration curves of the SS and OS tagger combinations in the calibration chan-
nels B — JiyK* (left) and B* — JiyK™* (right).

which corresponds to g(n) = n and m = 1 and () is the weighted mean mistag. The
linear fit showing the calibration of the combined SS and OS combination is shown
in Figure 5.6. As is explained in the next section, the flavor tagging calibrations
described here are an intermediate step towards a final set of calibration parameters,
and therefore, calibration results and detailed performance numbers are given in
Section 5.6. The tagging performances found for the single tagging algorithms are
listed in Table 5.1. Tagging performance numbers in the simulation are not shown here
and are considerably higher for each single tagging algorithm, which is a well-known
shortcoming of simulation. A possible cause of increased performance in simulation is
that an accurate replication of the track multiplicity remains a challenging task, and
it is usually underestimated in simulation. Furthermore, while the simulation of the
signal decay is quite precise, the accurate simulation of the multitude of interactions
that define an event and the associated detector response is challenging. In addition,
the particle identification performance is known to be significantly overestimated in
simulation for the raw, neural-network-based particle identification probabilities, which
flavor tagging relies on heavily. For these reasons, while agreement with simulation is
usually tested, potential corrections for CP-violation measurements are determined on
data or from probability distributions sampled from real data.

The total tagging power of the merged signal sample of all three decays is found to
be € DZ. = (3.978 + 0.011) % for the subset of data containing at least one tagging
decision from the SS or OS. With this result, the expected statistical sensitivity for
the CP-violation parameter S in the decay mode B’ — J//(— pp)Kg in Run 2 can be
predicted on the basis of the reported Run 1 result for the same mode:

[€tag - Dt - NpJrun 1
oRun2 o GRunt [17188 7FT 2 =0.017 17 + 0.000 16. (5.26)
s s [Etag : DI%T * NB]Run 2
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Table 5.1 — Tagging performances of individual tagging algorithms as measured in the three
signal modes after the calibrations have been transferred from the calibration
channels and applied. The first uncertainty of the tagging power is statistical, and
the second uncertainty quantifies the uncertainty of the calibration function.

Tagger €tag - Dir [%] €tag [%]
B®— Jiy(— pt K
OS-c 0.345+0.003 £ 0.009 4.34 £0.035
OS-e 0.313 +£0.004 = 0.007  3.10 £0.030
0OS-K 0.993 +£0.006 £ 0.014 18.77 £0.07
OS-u 0.805+0.007 £0.012 5.59+0.04
VtxCharge 0.992+0.005+0.014 18.54 +0.07
SS-m 0.905 +0.004 £ 0.029 73.91 £0.08
SS-p 0.374 £0.003 £ 0.02  38.29 +£0.08
B’ — Jiy(— e+e_)Kg
OS-c 0.395+0.011 £ 0.045 498 £0.11
OS-e 0.348 £0.013 £ 0.043  4.21 £0.10
OS-K 1.319+£0.019 £ 0.083 18.42+0.19
OS-u 1.082 +£0.024 £ 0.07 7.33+£0.13
VtxCharge 1.342+0.019+0.083 19.04+0.19
SS-m 1.492 £0.014 +£0.155 82.24+0.19
SS-p 0.808 £0.011+0.123 38.86 £0.24
B® — /(2S)(— p*u™)K
0OS-c 0.341+0.012+0.008 4.33+0.13
OS-e 0.293+0.015+0.007 2.94+0.11
OS-K 0.974+0.02 +0.014 18.60+0.24
OS-u 0.767 £0.026 = 0.011 5.44+£0.14
VtxCharge 0.985+0.019+0.014 18.52+0.24
SS-x 0.937+0.015+0.029 74.37 £0.27
SS-p 0.386 +£0.009 + 0.02  38.23 +£0.31
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5 Flavor Tagging at LHCb

For this estimate, the values €, = (36.54 + 0.16) %, Dt = (28.75 £ 0.24) % and
2jlgjl = 41560 270 for the combined 2011 and 2012 analysis [13], implying
Nprun1 = 113738 £ 891, are used. A reported squared flavor tagging dilution for
Run 2, D%, = (4.661 + 0.013) %, and a tagged signal yield of g - Np = 306 090 + 570
is inserted [15], which is the sum of sWeights in the mass-range used in the fit. This
sensitivity estimate is exceeded in this measurement: ag‘m 2 =0.015 (see Chapter 8).
The achieved tagging power for Run 2 is higher than the flavor tagging performance
reported for Run 1, primarily for the reason that the Run 2 tagging algorithms have
been better optimized. Furthermore, SS taggers have not been available during the
2011 data-taking phase. As this sensitivity estimate already takes these improvements
into account, it implies a significant mismatch of fit quality. One can conclude that the
measurement performed in this Run 2 LHCb analysis is comparable, if not higher, in
precision. This improvement could be attributed, in part, to the improved background
rejection achieved with the BDT selection approach. In the previous measurement, the
background distributions in the selected data set are explicitly modeled as part of the
decay time description. Furthermore, as the center-of-mass energy of the LHC has been
increased for the Run 2 data-taking phase, differences in the effective detector accep-
tance could have contributed to more precise measurements of particle momenta and
identity. Finally, advances in event reconstruction and particle identification achieved
by the LHCb collaboration after Run 1 have likely contributed to this improvement.

5.6 Determination of calibration parameters and
measurement of flavor asymmetries

With the calibration results of the SS and OS combinations, it is conceptually possible
to measure AY(t) in a time-dependent ML fit by applying these calibrations to the
signal modes with a suitable decay time model (Equation (5.18), which is extended in
Sections 6.1 and 6.3). This analysis approach has been refined in order to be able to
consider a wider range of parameter correlations, primarily the correlation between
Ap; and a, as both are measured on the same data set. Reassuringly, the impact on the
final result was seen to be minimal, and the approach was adopted for its improved
consistency.

In this refined approach, the final set of calibration parameters is determined as
follows: the calibration parameters for the SS tagger combination are determined in
a time-dependent tagged fit of the mode B’ — J/i/(— ¢*¢7)K* and the combined OS
calibrations of this mode are Gaussian constrained to the results obtained previously
with the calibration channel B* — J//(— £*£7)K* to maximize the statistical precision.
This fit is repeated for each final state and associated candidate weights. For the decay
B — Jiy(—e*e”)K?, the calibration parameters are determined with a time-dependent
fit to the B — J/i/(— e*e™)K* calibration data set. In these time-dependent fits, the SS
and OS calibration parameters, the production asymmetry, and flavor tagging efficiency
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Figure 5.7 — Normalized, time-dependent final-state charge asymmetry of the decay
B’ — JK*(—K*x™) (left) and decay time projection of the time-dependent
fits to the two calibration data sets (right).

asymmetries are determined simultaneously so that the correlations between all these
parameters can be taken into account in the final fits.

In the decay mode B® — J//K*, two non-interfering decay amplitudes lead to two
different final state configurations depending on the B decay flavor. CP violation has
not been discovered in this mode [56], and it can therefore be assumed here that the
asymmetry of B® and B® decays is zero for any time interval and thus § = S = 0.
Because of the flavor-specific final states, the mixing asymmetry should be maximal
C = —C = 1. Four decay rates contribute to this decay:

T (B°(t) = JWK*) oc e (1 — a) (1 + Aq) [H + C cos(Amgt) — Ssin(Amgt)], (5.27)
T(B%(t)— JWWK*) oc e T1(1 — a) (1 — Aq)[H + C cos(Amgt) — S sin(Amgt)],  (5.28)
T(B°(t) = JWK*) o« e (1 + &) (1 + Ag) [H — C cos(Amgt) + Ssin(Amgt)],  (5.29)
T(B°(t) = JWK*) o« e (1 + a) (1 — Ag) [H — C cos(Amgt) + Ssin(Amgt)],  (5.30)

with A4 being the detection asymmetry and H = H = 1. As is expected in this decay
mode, and according to these decay rates, the main sensitivity to the amplitudes
S, C, S and C stems from the correct charge identification of the final state: in the
subsamples of decays to J/i/K* and J/iyK*, statistically independent mixing asymmetries
can be measured, which differ by a sign. As demonstrated in Section 5.1, flavor
tagging performance and all kinds of flavor asymmetries can be accounted for by
deriving common decay rate coefficients S(g,7), C (g.m) and H(g,n). In the decay
mode B® — J/yK*, three coefficients per final state f; Hf(q, 1), Sf(q, n) and Cf(q, n) are
needed. To that end, both possible decay amplitudes for B® (Equations (5.27) and (5.28))
and B’ (Equations (5.29) and (5.30)) decays are substituted into Equation (5.7) and
rearranged to get
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- C(q, if |q] =1

Cr(q.n) = —(1+ fAg)Cr {Aiq—ﬂz)au - ue) zf quz 0 (5.31)

. H(g, if =

He(gq.m) = (1+ fAa) {z(iq—nztag) — ahe if |qq|: 01, (5.32)
- Crlq.m)

Se(g.n) = ———-2"g.. 5.33
r(q.n) c; f (5.33)

The final state factors f = 1 and f = —1 corresponds to the final states J/iyK* and JiyK*,
and to the parameter sets (C, ) and (C, S), respectively. The influence of flavor tagging
information merely serves as a correction to the underlying production and detection
asymmetries.

When constraining the OS calibration parameters to the result obtained previously
in the decay mode B" — J//K™, sufficient sensitivity is achieved to determine the SS
calibration parameters with the same precision as by optimizing the flavor tagging
likelihood. The inclusion of untagged data provides sensitivity to measure all flavor
asymmetries A€, Aw !, @ and Aq simultaneously. Figure 5.7 shows the mixing asymme-
try in the B’ — J/iyK* mode if the amplitudes S and C, S and C are allowed to vary in
the fit, and in the right plot, the decay-time projections of the two neutral calibration
modes are shown. The averaged amplitudes are indeed found to be compatible with
zZero:

S+S C+C
— = —0.001 £ 0.011 5 = —0.003 £ 0.009, (5.34)

and the baseline assumptions (S) = (C) = 0 thus seem well justified.

Table 5.2 — Tagging performance summary in each analyzed signal channel as given in Ref. [15].
The given tagging efficiencies differ from the ones given in Table 4.4 to a small
degree as they are computed directly in the CP-violation fit routine on the basis of
the fully selected data.

Channel €tag [ %] DL [%]
B’ — Jiy(— ptu)KS 85.34+0.05 4.661+0.013
B’ — Jiy(—e*e )K? 92.20 +0.08 6.462 + 0.032
B’ — y(2S)(—ptp)K) 84.81+0.15 4.59 +0.04

This result simultaneously serves as a useful validation of the baseline fit model
because the model used here almost exactly resembles it. The baseline fit model is
introduced in Section 6.5 in more detail. Furthermore, it serves as a good validation of
flavor tagging, as it is directly performed on data.

In these fits, the OS parameters are Gaussian constrained to their central values with
their common covariance matrix, as determined by FTcalib. The final set of calibration
parameters and tagging asymmetries is summarized in Table 5.3. The production and

'The parameter Aw is a function of the calibration parameters Ap; and the mistag 7.
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5.6 Determination of calibration parameters and measurement of flavor asymmetries

Table 5.3 - Flavor tagging calibrations and tagging asymmetries resulting from time-dependent
fits to the B — J/iy(— £*¢7)K* calibration mode using candidate weights for each
signal mode.

Parameter

B"— JWK? B"— JiyK! B — y(25)K
JW =y JW—etem Y25 > ptum

o8
P>
Ap®
Ap?S
(m)™
AESS

0.0010 £0.0008 0.0024 + 0.0030 0.0009 £ 0.0008
—0.060 +0.016 -0.08 +£0.05 -0.060 *0.016
0.0041 £0.0012 0.006 +=0.004 0.0040 +0.0011
—0.052 £0.025 -0.06 =+£0.07 —-0.047 *=0.024
0.4499 0.4351 0.4491
—0.0002 +£0.0011 0.003 +0.004 -0.0001=+0.0011

Py
P
ApSS
Ap®S
(m®
AEOS

0.0272 £0.0006 0.0305+ 0.0026 0.0273 £ 0.0006
—0.172 +0.005 -0.187 +£0.024 -0.173 +0.005
0.0125£0.0010 0.007 +0.005 0.0125+0.0010
0.035 +£0.010 0.02 +0.04 0.034 +£0.010
0.3616 0.3447 0.3616
—0.0011 £0.0013 0.006 =+=0.005 -0.0010+0.0013

detection asymmetries are determined in the same fit:

a = —0.0026 £ 0.0019 Aq=0.011 £ 0.001.

(5.35)

Correlation coeflicients between calibration parameters and flavor asymmetries are
observed to be small, except for the correlation coefficient between a and Aq4, which is
near 50 %. The tagging performances achieved for each final state are listed in Table 5.2.
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6 Time-dependent fit description

At the core of the decay-time model describing the time-dependent influence of CP
violation on the B’ — /K decays is the model shown in Equation (5.18). This model
is extended in the following to account for additional experimental effects. Most sig-
nificantly, the reconstruction efficiency is time-dependent, and for very short decay
times, it approaches zero due to selection requirements applied in the centralized pres-
elections. Furthermore, the precision of the decay-time reconstruction is determined
by the energy and vertex resolution of the LHCb detector and can be described by a
Gaussian resolution model centered around ¢t = 0. To account for the time-dependent
reconstruction efficiency, an acceptance model is multiplied to the final model. As B°
and B® mesons have the same efficiency dependence due to their charge-symmetric
final state, no net effect on CP-violation observables can be expected. Finally, exter-
nal parameters like the production asymmetry and flavor tagging calibrations have
uncertainties that are propagated to the final fit through Gaussian constraints.

6.1 Decay-time resolution modelling and calibration

The decay-time uncertainty of each candidate is determined in the reconstruction step,
and it results from the variable precision of the decay chain fits. The precision of these
fits is, in turn, determined by the finite resolution of the LHCb detector. To correct the
measured observables according to the expected influence of the decay-time resolution
of each individual candidate, a decay-time resolution model R(At, 0;) is determined.
To that end, the true decay time of each candidate, t,,., in the simulated data set is
subtracted from the reconstructed decay time t,ec, after the detector simulation and
event reconstruction steps have been performed. The resulting difference-distribution
At = tirye — treco 1S modeled with a weighted sum of Gaussian distributions and is a
function of the measured decay-time uncertainty oy:

R(At, o) = Zﬁ 6.1)

__ o
\/_aj(crt,cj) P 20’?(@,0]').

The width-function of component j is given by o;(03, ¢;) = ¢1,jo; +c3 j, with two calibra-
tion parameters ¢y j and ¢, j per component. The fractions f; weigh each Gaussian com-
ponent and ensure proper normalization at the same time. The decay-time-resolution
model therefore has a total of eight free parameters, all of which are determined in
fits to simulated data. In fits to data, these parameters are set constant to their central
values. As the influence of the decay-time resolution on the result is so small, no

79



6 Time-dependent fit description

- 10° E L R B 10° E —T - - T T
£ I LHCb Simulation — Fit 1 & I LHCD Simulation — Fit ]
S 10° F + tgen — treco 4 < 10° E + tgen = treco E
(=) E E (=) E E
~ E 0 i = F 0 E
— I LL-K. — I DD-K.

v 10* F S 4 9 10tF S +
- -+ E

5 s f

2 10° 2 10° | 4

10%

10!

At [ps] At [ps]

Figure 6.1 - Fits of the difference between generated and reconstructed decay time for the
kaon reconstructions LL and DD in B® — J//(— ptp~)K decays.

Table 6.1 — Effective decay-time dilution 9, as determined in each simulated analysis channel
and track category in percentages.

B’ — JIYKQ B’ — JYK? B’ — y(29)K?
Track type  Jiy— p'p- JW— ete Y(28)— ptu”
LL 99.9397 £0.0016 99.956 +0.005  99.9501 + 0.0020
DD 99.9607 + 0.0010  99.9656 + 0.0017  99.9639 + 0.0014
LD 99.9370 + 0.0026
UL 99.922 +0.006

systematic uncertainties associated to its parameter uncertainties are assigned. In
Figure 6.1, fits of this model are shown for the track type reconstructions LL and DD
in B® = J/y(— ptp~)K simulation.

The decay-time resolution model acts as a Gaussian convolution kernel in the time-
dependent fits, and its effect on a time-dependent CP asymmetry can be estimated
analytically by convolving the B decay rate function with a single Gaussian kernel

N (At, o) of width oy:

2t + O'tz(Amilz'2 -1)
X
272

[D(B'(t)—> )« N(t', o) | () o exp (—
(6.2)

Am? o}
exp ; F Ssin(Amy(t — 6;)) £ Csin(Amg(t — &) | -

For simplicity, the convolution is performed without setting the decay rate to zero in
the t < 0 region. This modification of the decay rates causes the time-dependent CP
asymmetry in Equation (4.1) to take on the form

ACP(£) = e 28ma% [S sin(Amy(t — 8,)) — C cos(Amy(t — 8,))] . (6.3)
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6.1 Decay-time resolution modelling and calibration

Table 6.2 — Effective decay-time resolution width in femtoseconds in each analysis channel
and track category.

B’ — JWYK? B°— JWKS B°— y(2S)K?
Track Type Jiy— p'p=  Jiy—ete” §(2S)—> p'u”

LL 63.6+1.5 59.4+2.9 61.4+£2.0
DD 63.5+0.9 58921 574+1.0
LD 67.4+2.2
UL 71.1+3.3

The effect of a finite decay-time resolution is therefore two-fold: the amplitude of
the CP-asymmetry is attenuated by a constant factor which can be approximated by
the decay-time dilution factor D; = exp(—%Am%af) and the CP-asymmetry receives
an insignificant phase shift of Amy6; = Amgo; /7. Due to the non-linearity of the
decay-time dilution with respect to the resolution width, wider Gaussian components
of the resolution model shown in Equation (6.1) have a disproportionally larger influ-
ence on the result which is not quantified by the component fractions f; alone. The
effective dilution factor O is therefore computed in a resolution-model independent
way through the use of Monte Carlo integration'. With an estimate of the effective
decay-time dilution, an estimate of the detector resolution can be computed if it was

described by a single Gaussian component:

(07 = ALmd,/—log DL, (6.4)

The effective dilution factors of each resolution model are listed in Table 6.1 and are
very close to unity in this measurement due to the good decay-time resolution of the
LHCD detector and a B oscillation period which is larger by two orders of magnitude.
In Table 6.2, the mean resolution widths computed per Equation (6.4) are listed per
final state and track category for all fitted models. The effective time-resolution of
the detector ranges from 57 < (oy) < 71ps, depending on the final state and track
category. The category UL has the largest resolution width of all data subsets, which
is due to the reduced kaon momentum information of upstream pions. Overall, the
decay-time resolution widths do not differ much between data subsets, which should be
expected as the reconstruction of the dimuon or dielectron vertex is the most important
contribution to the precise measurement of the B decay vertex. In addition, as the
impact of the decay-time resolution on the amplitude increases exponentially with
the resolution width, the widest components of the models have a disproportionally
large influence on the observed CP-asymmetry amplitude. For this reason, the effective
LL and DD resolution widths are almost identical, even though the LL candidates are
reconstructed with higher precision on average (compare Figure 6.1).

ISee Ref. [147] for more details
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6 Time-dependent fit description

A phase shift of the CP-asymmetry of Amyo?/t ~ 2fs - Amy is caused by a mean
resolution width of (o;) ~ 60 fs. This offset is smaller by one order of magnitude than
the bias caused by small VELO misalignments, and its description is accounted for by
the same model (see Section 6.2). Due to its small size, this time shift can only have
a negligible effect on the measured amplitudes and a test in which a free time offset
parameter is added to the decay time produced results in perfect agreement with the
baseline results.

6.2 Modelling of VELO misalignment bias

The reconstructed decay time can be further systematically biased for measurements of
reconstructed data due to small detector misalignments, especially in the VELO. As the
inner silicon-microstrip-detector arrays of the VELO are movable and their distance
to the beam is changed frequently, their positions can become offset by up to a few
micrometers in each spatial direction due to limitations of mechanical accuracy and
detector-alignment precision [104]. More specifically, a VELO misalignment in the
beam direction (z-axis) leads to a decay-time reconstruction bias.
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Figure 6.2 — Decay-time reconstruction bias in bins of the decay-time uncertainty, determined
with a prompt J/i/(— p*p ™)K data sample for the track reconstruction categories
LL (left) and DD (right).

This bias can be measured from fits to data of the prompt decay-time distribution,
which includes J/i and Kg candidates emerging directly from the PV without an
associated, genuine B origin particle. This data set is selected using the selection
requirements described earlier, whereby direct requirements for the reconstructed B
flight distance are omitted. The prompt decay-time distribution consists of several
exponential components describing decays of real B mesons and various backgrounds.
For genuine prompt candidates that do not originate from B mesons, a decay time of zero
should be expected. Details regarding the model definition and fit results of the prompt
decay-time fits can be found in Ref. [147]. Because of the finite detector resolution,
this component contributes as a time-symmetric distribution near ¢ = 0. A fit of this
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6.3 Time-dependent efficiency modelling

distribution is therefore useful for describing the properties of the detector resolution
and can be performed directly with reconstructed data. A decay-time reconstruction
bias causes this distribution to be offset from ¢ = 0 in addition, and this bias can then
be accounted for by correcting it in the nominal data sets.

The decay-time reconstruction bias in prompt data is seen to vary in different bins
of the decay-time uncertainty, so the chosen model describing this bias is defined as
dependent on the decay-time uncertainty. A second-degree polynomial is therefore
fitted to the dependence of the measured time bias y; in equally filled bins of the decay-
time uncertainty oy, . The fit results for prompt J/yy(— p*p")K¢ data set are shown
in Figure 6.2 for the LL and DD track categories. It can be seen that both calibration
curves significantly deviate from a zero-bias assumption and that the bias ranges from
approximately 10 to 15fs. This calibration is performed individually for each of the
four track-reconstruction categories and for each considered final state. This model is
then used to correct the decay-time distributions in the data by applying it to the decay
time of each reconstructed candidate. The decay-time resolution widths obtained in
the fits to prompt data are found to be similar to widths present in the simulation, and
the baseline approach of using simulation to describe the time resolution is therefore
validated.

6.3 Time-dependent efficiency modelling

The B reconstruction efficiency is influenced by decay-time-biasing cuts in the event
selection, where particularly short-lived B candidates are frequently discarded due to
their proximity to the PV and thus higher rates of descendant-particle mismatches. The
B decay-time distribution can therefore be expressed as a product of the exponential
decay with a threshold function €,..(t), referred to as decay-time acceptance in the
following. The decay-time acceptance is described by basic, one-dimensional cubic
splines (B-splines) [148], which is a sum of a chosen number of third-degree spline
basis polynomials, which define a continuous and smooth acceptance function in the
total fit range. In a fit to the B decay-time distribution, the y-positions of this model
are optimized, while the associated fixed time-positions remain constant. The time
positions are chosen with the help of simulated data sets, and a set of seven time
positions at [0.2;0.4;0.9; 1.6; 5; 10; 15] ps was found, which is seen to be appropriate
for every analyzed final state. The last spline y-position is set constant as its value is a
normalization constant of the acceptance model and does not affect the result. Figure 6.3
shows a fit of the decay-time distribution of B® — J/y/(— /ﬁy_)Kg candidates and a
plot of the optimized decay-time models, illustrating that €,..(¢) accurately describes
the ratio of reconstructed decay time and a purely exponential distribution. This
description is further seen to be accurate in individual years of data-taking.

For the time-dependent fits of the calibration channel B® — J/i/(— £*¢7)K*, which
are described in Section 5.6, the same approach is chosen for the modeling of the time-
dependent acceptance. A total of ten spline components are required for an accurate
fit due to the large sample sizes of the calibration data sets.
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Figure 6.3 — Left: Decay time fit of the decay B’ — J/y/(— p*p")K{ in the LL category. The
seven spline basis functions multiplied with the decay model are shown as dotted
lines and sum up to the total acceptance model. Right: Ratio (blue fit curve) of
reconstructed data (orange histogram) and an exponential function (orange line)
of the same fit.

6.4 Estimation of kaon regeneration corrections

To account for the effect of kaon regeneration and CP violation in the neutral-kaon
system, for each reconstructed Kg-track in the data set, the detector materials encoun-
tered by that particle are determined with a detailed material description of the Run 2
LHCD detector. This model also serves as a detector description for standard LHCb
simulation and contains precise descriptions of the atomic composition of the installed
materials. The kaon amplitudes given in Equations (2.63) and (2.64) are computed at the
kaon decay vertices in an iterative procedure for each encountered detector material,
whereby the tracks are propagated in discrete time steps for each time interval spent
in a different material. The influence of matter interactions is thereby proportional to
the thickness and composition of the material layer encountered by the track. This
procedure is described in Ref. [79], whereby the formalism introduced in Ref. [78] is
used here instead. Accordingly, the kaon amplitudes from Equations (2.63) and (2.64)
are first rewritten as

ai(t) = XL(t)aﬁ + x(t)ag as(t) = Xs(t)ag + x(t)aﬁ, (6.5)

whereby the common time dependencies are identified as

X(t) = cos(Qt) — % sin(Qt), Xs(t) = cos(Qt) + % sin(Qt), (6.6)
x(t) = —izA—QX sin(Qt), (6.7)
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6.4 Estimation of kaon regeneration corrections

Table 6.3 — Input constants for the kaon regeneration effect calculation.

Parameter Value Source
Amg (0.5293 + 0.0009) X 10~2hi/ps  [65]
75 (89.54 + 0.04) ps [116]
L (51160 + 210) ps [116]
my 0.497 GeV/c? [116]
¢ (—124.7 £ 0.8) deg [151]
lex| (2.228 +0.011) x 1073 [56]
¢ = argeg (43.51 £ 0.05) deg [56]

and the definitions introduced in Section 2.5 are used. The kaon amplitude arriving at
the j-th detector layer can then be computed in an iterative approach [79]

ap(t;) = Xu(tj — tji-)an(tj-1) + x(tj — tj-1)as(tj-1), (6.8)
as(tj) = Xs(tj — tj—1)as(tj-1) +x(tj — tj-1)ar(tj-1), (6.9)

with ap,s(t) = 0) = “3,5' The parameters A\ are defined by the known K 0_K0 oscillation
parameters, but the A y parameter, that is also needed to compute Q needs to be derived
through experimental methods. As motivated in Ref. [78], the attenuation difference
Ay is proportional to the difference of forward scattering amplitudes Af, which are
in turn related to the cross-section difference Ao of K® and K° in matter through the
optical theorem, and this difference is accessible to measurements [149-151], which
leads to the relation

4 2aN
Ao = “ZHAf, with Ay=-"Af. (6.10)
P mg
Here, p is the total kaon momentum, mg is the kaon mass, and N is a density factor of
the medium. Furthermore, the phase, ¢, of Af can be measured [151], and with this
information, Ay can be estimated

Ay = _2iN eI (AF)V1 + cot?¢
K

m

Af (6.11)

N .
_ _prac pAce?1 + cot?g,

2MmK

whereby p is the medium density, N4 is the Avogadro constant, ¢ is the speed of
light and M is the molar mass of the medium. The empiric relationship between the
kaon cross-section difference, kaon momentum, and atomic number A is measured in
Ref. [150] and is given by

Ao =23.2- A%738p=0614 mp, (6.12)
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6 Time-dependent fit description

Table 6.4 — Kaon regeneration and CP-violation corrections that are subtracted from the final
result weighted by the flavor tagging dilution. A separate correction is defined for
the combined fit, including J/i decays to the final states p*u~ or e*e™.

Data set AS x 10° AC % 103

B> Ji(—ptp )K  —1.573£0.006 3.417 £ 0.008
B’ — Jiy(—ete )K? —-1.721+£0.017 3.734+0.023
B’ — Jiy(— 77K —1.594 +£0.006 3.462 + 0.008
B’ — ¢(28) (= ptp7)KJ  —1.996+£0.028 4.042 +0.034
Combined fit ~1.619 £0.006 3.498 +0.008

whereby [p] = 1GeV/c. With these relations and values from the literature listed
in Table 6.3, the kaon regeneration and CP-violation corrections in Equations (2.68)
and (2.69) can be evaluated for each kaon track.

The most significant detector interaction for kaon tracks is seen to occur in the
form of kaon-aluminium interactions in the VELO RF-foil. A map of kaon intersection
frequencies in the detector is shown in Figure F.3. Figure 6.4 shows a scatter plot of
the distribution of corrections applied to each reconstructed kaon track in the data set,
weighted by the flavor tagging dilution and signal weight of the candidate. Table 6.4
lists the mean corrections that are subtracted from the final results for each fit category.
The larger correction applied to the B’ — 1/(2S)(— p*p~)K{ decay can be attributed
to the lower mean kaon momentum, and thus larger cross-section difference Ac. The
advantage of subtracting corrections from the final result, instead of accounting for the
effect on a per-event basis, is that future improvements of measurements of kaon-matter
interactions can be used to reevaluate such corrections without affecting the observed
amplitudes of A (t). A candidate-wise correction is tested in the ML fit and causes
the same mean offsets of the result as when averaging the corrections. Therefore, a
subtraction of corrections does not compromise the overall precision.

6.5 Definition of the CP-fit model and fits to
simulation

The B decay rates are derived in Equations (2.27) and (2.28) and are extended in Sec-
tion 5.1 to account for imperfect and possibly biased flavor tagging. In Sections 6.1
and 6.3 this model is extended further to account for the measured decay-time res-
olution and decay-time acceptance. With the model components derived so far, the
CP-violation likelihood can be written as

N 00
Lep(S,C,..) = N(§) l_leacc(tj)/ e "M Pep(ty,m,q;) - Rty = lo(oy, €)dt’ o
j=1 e -

(6.13)
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Figure 6.4 — Scatter plot of the corrections applied to the parameters S and C due to CP-
violation in the kaon system and kaon regeneration for each reconstructed kaon
track, weighted by the flavor tagging dilution.

and is referred to as CP-fit. At the core of this likelihood are the time-dependent decay
rates Pcp(tj, »q j), which assign initial B° and B° different time dependencies, which
do not cancel because of CP violation. This component is formulated in Equation (5.18).
The decay-time resolution function is convolved with the decay-time model to ac-
count for uncertainties in the decay-time reconstruction. Here, N (&) symbolizes a
set of multidimensional Gaussian constraints for multiple, partially correlated input
parameters £ and thus propagates the uncertainties of external parameters to the final
result. The input parameters n = (1°°,7°%) and q = (¢°°, ¢°°) are the uncalibrated
mistag combinations of calibrated single taggers and tagging decisions of each tagging
side. The decay-time uncertainty associated with each candidate is denoted by o;. The
time variable t refers to its reconstruction-bias-corrected decay time, as documented
in Section 6.1. The parameters of the time-dependent efficiency function €,..(t) are
initialized with previous fit results of the decay-time distributions to achieve faster
convergence in the CP-violation fit. To that end, pre-fits of the decay-time distribution
are performed for each track-type reconstruction class and final state.

In total, seven spline parameters per decay mode and track type reconstruction,
eight flavor tagging calibration parameters per decay mode, the B® oscillation fre-
quency Amy, and two CP-violation parameters Sng and C¢Kg are optimized in the
fit. Flavor tagging efficiency asymmetries are determined in the calibration channels
B’ — Jiy(— ptp7)K* and B’ — J/y(— ete”)K*, and set constant in the fit to data,
for the reason that a CP fit to B — y/K{ cannot have sensitivity to &, Ap;, and Ae
simultaneously in absence of a flavor-tagging-independent production flavor estimate.
A scaling of the « uncertainty to incorporate Ae uncertainties is tested and found to be
negligible and is therefore not implemented. The fit approach is replicated on simulated
data sets using inputs from simulated calibration modes.
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Figure 6.5 - Fit results of simulated data sets where the true production flavor is used for
tagging instead of flavor tagging. The fit results are close to the generator values.

Several external input parameters £ and their uncertainties are included in the fit.
The B° oscillation frequency Am, and the B° decay time 7z = h/I; are set to the
current world averages [62]. A determination of the oscillation frequency with the
available B’ — J//K* data sets yields a result that is in excellent agreement with the
world average and has a comparable statistical uncertainty. As this result alone would
not significantly improve the measurement presented here, the world average value is
chosen instead. At the same time, this finding implies that a precise determination of
the B® oscillation frequency can be performed with the available LHCb Run 2 data in
multiple decay modes, including B° — l//Kg and B’ — yK*, and such a measurement
would be likely to improve the world average of Amy significantly. The flavor tagging
calibration parameters and the production asymmetry are obtained from the time-
dependent fit to the B® — J/i/K* calibration data set and are subject to a Gaussian
constraint to their central values and uncertainties. One multidimensional Gaussian
constraint per decay channel accounts for all correlations between the parameters of
the SS and the OS calibrations and the production asymmetry. The input correlation
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Figure 6.6 — Fit results of each simulated data set in which a simulated tagging response is
used. The fit results are well compatible with the full-statistics fit, in which every
event is perfectly tagged.

matrix that is applied as a constraint for the B — J/i/(— p*p~)K{ mode is

pgs p§s A pgs A p§s p(())s p?s A poos A p?s o
p> | 1 0036 —0.011 —0.004 0 0.001 0 0 0

Py 1 —0.005  0.005 0.001 0 0 0 0.001
Ap3S 1 0.016 0 0 0.007 —0.005 —0.069
ApS 1 0 0 —0.007  0.004  0.057
> 1 0.115 —0.008 —0.007  0.001
e 1 —0.007 —0.001  0.001
Ap® 1 0.092 —0.059
ApS 1 0.036
a 1

and shows that FT-parameter correlations are generally small by definition and do not
exceed 11.5 % for any two parameters. In the other two modes, similar correlations are
observed, and these are listed in Equations (T.13) and (T.14). The fit model is imple-
mented with the Root software framework [152, 153]. In Figure 6.7, the projections of
the decay-time fits from which the final results have been extracted are shown.

The first direct validation step of the fit model is to apply it to simulated signal
data sets and to use the true production flavor as B-tag instead of flavor tagging. This
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6 Time-dependent fit description

ensures that the coefficients S(q, ), C(q,n) and H(q, ) use the proper definitions and
that the decay-time description is satisfactory on a large sample. As every single event
is perfectly tagged in these fits, errors in the fit setup would be strongly amplified by
the statistics of the available samples. The fit results should therefore result in values of
S and C that are very close to the input parameters SM© = 0.7 and CM® = 0 and serve
as good estimators of the CP asymmetry in the generated sample. Figure 6.5 lists the
results of the true tag fits, and the results are in excellent agreement with the generator
values. Vertical bands represent a simple weighted average of individual parameters.
These fits are repeated on simulated data sets, where flavor tagging information is
used instead of the true flavor, which reduces the statistics effectively to a fraction of
ca. 4 %. For this setup, the nominal analysis strategy is followed as closely as possible,
whereby the calibration is fully replicated on simulated calibration channels, including
the time-dependent fit on the B® — J/y/(— p*p~)K* and B — J/iy(— e*e™)K* samples.
As the simulation does not include background components, the sPlot method is not
needed to subtract background.

In Figure 6.6, the fit results of the fit setup are listed where simulated flavor tagging
information is used, and it can be seen that the measurements are well compatible with
the results obtained in the full-statistics fits. The given pulls measure the significance of
the difference between the full-statistics fit and the flavor tagging fit and thus probe the
flavor tagging response. The significance is computed from the squared Mahalanobis-
distance [154] between measured (S, C) pairs and takes the sizeable correlations of both
parameters into account. Furthermore, for simplicity, the total sample is assumed to be
effectively uncorrelated to the smaller tagged subset, which is justified by the small
effective tagging efficiency. The validity of results in data subsets showing deviations
of approximately 20 are verified with least-squares fits of the binned, time-integrated
CP-asymmetry.

Finally, fits are performed in each data subset, i.e. for each year of data taking and for
each track category. Due to the blinding method used during the development of the
measurement, the agreement of fits to data was studied in great detail, and a selection
of these studies is listed in Section 7.2. The fit results are seen to be well compatible
with one another. A multitude of checks and alternative measurements did not indicate
that the measurement strategy was biased. After the finalization of validation studies,
the measurement was approved for unblinding, and the measurement strategy has
not been altered since. The reported results are determined in fits, where the CP-
violation amplitudes S and C are shared between the subsets of individual years and
track categories.
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Figure 6.7 — Projection of data fits of the three analysis channels onto the time axis for the
full Run 2 data set of LHCb.
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7 Systematic uncertainties

7.1 Assigned systematic uncertainties

Systematic uncertainties are assigned to account for influences on the result, which
are due to the choice of measurement strategy and assumptions made in this respect
or due to statistical and systematic uncertainties of certain external input parameters.
External input parameters that are part of the fit model, are included as Gaussian
constraints to propagate their total uncertainty and thus contribute to the statistical
uncertainty of the result. The primary method for estimating systematic uncertainties
are toy-fits for which data sets are randomly sampled from the probability distributions
of key observables in the data.

Table 7.1 — Summary of systematic uncertainties assigned to the result of the simultaneous fit
to all three decay channels.

Source a(S) x10° o(C) x 103
Fit validation 0.388 0.597
ATy uncertainty 5.492 1.682
Time bias correction 0.749 0.744
Time bias model uncertainty 0.659 1.294
FT calibration transfer 5.322 0.112
FT Ae transfer 1.376 1.742
Total 7.844 2.908

During the development of the analysis, the assignment of a multitude of systematic
uncertainties was considered, most of which were found to be insignificant. A selection
of these studies is mentioned in Section 7.2. We assign systematic uncertainties for
flavor tagging, specifically, the transfer of calibration parameters from the calibration
modes to the signal modes and for the model correcting the VELO decay-time bias.
The parameter Aly is not part of the fit model, and the propagation of its uncertainty
to the result is accomplished through toy studies. Finally, a fit validation systematic
uncertainty is assigned, measuring the bias of the fit model itself when applying it to
baseline toy data sets.

The generation of toy data is performed as follows: the reconstructed B mass, the
raw mistag distributions of the SS and the OS combinations, and the B decay time
uncertainty are sampled from the distributions found in the data. For the sampling
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Table 7.2 — Listing of systematic uncertainties assigned to each measured decay channel for
each contribution to the total uncertainty, scaled by a factor of 10°.

B’ — JWK? B— JIYK? B°— y(29)K?
JW— o eter y(2S) > ptp

a5 49 oy =g ey e
Fit validation 0.37 0.01 03 02 05 2.0
ATy uncertainty 5.3 1.7 7.7 40 59 1.4
Time bias correction 0.7 0.8 1.5 1.2 0.1 0.8
Time bias model uncertainty 0.4 0.3 1.3 6.2 25 3.6
FT calibration transfer 497 0.07 2.1 0.38 16.47 0.1
FT Ae transfer 1.3 1.6 1.7 2.0 29 3.0
Total 7.4 2.5 84 7.7 179 5.3

of the reconstructed mass, the data are generated for each background and the signal
component of the baseline mass model that was optimized on data. Generated mass
distributions are fitted with the baseline mass model again, and sWeights are generated
from the fit result. Finally, the fully assembled CP-pdf in Equation (6.13) is used
to generate a decay-time distribution, for which the values of physics and model
parameters can be chosen. The values of the CP-violation amplitudes, the oscillation
frequency Amy, and the B decay time are set according to each contribution in the
generated data. The decay time of the partially reconstructed background and signal
is set to the known value for B® mesons, and for the B? component, the lifetime is
set accordingly [116]. The combinatorial background is assigned a lifetime of 0.8 ps,
consistent with results from background-only fits. The distributions of the fit results
for the parameters S and C are then subtracted from the generated values 0.7 and 0,
respectively, to yield residual distributions. The mean of the residual distribution is
interpreted as the systematic uncertainty associated with this variation.

Systematic uncertainties are determined for each of the three decay channels ana-
lyzed using independent toy studies. The systematic uncertainty assigned to the result
of the simultaneous fit to all channels is a weighted average of those uncertainties, for
which the inverse variances of S and C are used as averaging weights. The systematic
uncertainty measuring the fit validation itself is assumed to be fully correlated between
channels instead. For the assignment of a total systematic uncertainty per channel and
the simultaneous fits, individual contributions are added in quadrature, and the ob-
tained value is rounded to match the precision of the measurement. Even though the fit
model of each channel is functionally the same, due to differences in the time-dependent
selection efficiency, the effect of a variation of external parameters like AI; can affect
the three channels to different degrees. For this reason, this systematic uncertainty is
assumed to be uncorrelated for simplicity, which is justified, also considering that the
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systematic uncertainty assigned to the simultaneous fit is dominated by the precision
of the main statistics mode B’ — J/i/(— p*p~)K{. A direct determination of systematic
uncertainties of the merged data set is prohibitively time and resource-expensive, and
no improvement over the chosen approach can be expected in this measurement, whose
precision is limited by the statistical uncertainty.

Table 7.2 lists the systematic uncertainties assigned for each of the three decay modes.
These contributions are summed in quadrature to the total assigned systematic uncer-
tainty. The systematic uncertainties assigned to the simultaneous fit to all decay modes
are given in Table 7.1. The assigned total systematic uncertainty is significantly smaller
than the statistical uncertainty for S and C and can be expected to become somewhat
smaller in view of planned future measurements. In particular, an improvement of the
measurement of AI; should have a comparatively high impact in this regard.

The bias of the fit model and measurement approach is measured by producing toy
data sets of the baseline setup and subtracting the fit results from the true simulation
inputs. This bias is subtracted from other toy-based estimates of systematic uncertain-
ties as the fit procedure and model are identical in each mode. The fit validation bias
is the smallest systematic uncertainty, and as it includes the procedure of determin-
ing sWeights through a mass fit, the influence of the chosen background subtraction
method on the result is thereby shown to be minimal. In particular, since a B — g&Kg
component with other associated CP-violation parameters is generated, it is shown
that its influence on the result is negligible and that the statistical subtraction of this
background component is effective. Because of the fast oscillation of B mesons, the
associated time-integrated CP-asymmetries are small. Furthermore, no SS-kaon tagger,
the most significant source of tagging information in B? decays, is utilized for in the
signal modes, and therefore, the baseline fit model cannot be expected to be sensitive
to CP violation in the B? — lﬁKg decay in the first place.

The largest source of systematic uncertainty is due to the current uncertainty of
ATy, which is estimated with toy fits similarly as in the predecessor measurements in
Refs. [13, 14]: the value of Al is varied by the sum of its current standard deviation
and absolute central value and the variation observed for the parameters S and C is
the assigned systematic uncertainty. Given that the sign of A*T is unknown, and this
measurement is not sensitive to its value, two relevant scenarios are considered: A%
and ATy can have the same or opposite signs. The value of A”! is set to +V1 — 52,
according to the normalization condition in Equation (2.41). Only the larger of the
two resulting systematic uncertainties is assigned for each observable. Systematic
uncertainties of +0.0055 for S and +0.0017 are assigned for C, equivalent to fractions
of 41.21 % and 13.71 % of the statistical uncertainty of the simultaneous fit. For the
other two modes, variations of similar size are observed.

The parameter uncertainties of the flavor tagging calibration are sufficiently small,
such that their Gaussian constraint has little influence on the measurement precision.
Yet, transferring calibrations from the calibration modes to the signal modes could
potentially have more considerable associated systematic uncertainties, which need
to be estimated. Due to the lack of an appropriate self-tagging control channel that is
more similar to the signal than B® — /K*, the choice is made to use a simulation-only
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Figure 7.1 - Difference calibrations of the SS (left) and OS taggers (right) determined on
simulation. The difference in calibrations is shown for true tag calibrations
determined on signal and in the calibration modes.

approach, which is justified due to the comparably small systematic uncertainties in
this measurement. The tagging algorithms in the simulated signal and kinematically
weighted calibration modes are individually calibrated using the true production flavor
in the flavor tagging likelihood given in Equation (5.19). The calibrations from the
control mode are then applied to the signal mode in addition and compared to the
calibration obtained directly on the signal. Ideally, the calibration parameters should
be identical if all properties of tracks that are not part of the signal decay are identical
between modes. Since small deviations are observed, a mistag-difference distribution
is determined by subtracting the two calibrated mistag histograms per tagging side. In
Figure 7.1, the obtained difference distributions are shown. These differences are used
in the toy-generation step to generate mistag distributions, from which this difference
is subtracted, and the effect on the measurement is determined. It is seen that the
parameter C is almost unaffected by calibration-transfer systematic uncertainty in
the main statistics mode. In contrast, a sizeable, relative effect on S of 33.2 % of its
statistical uncertainty is observed.

While the value of tagging efficiency asymmetries Ae are measured to be small,
as shown in Table 5.3, and their effect on the result must therefore be small (see
Equations (5.10) to (5.12)) compared to other influences, the question remains how well
measurements of Ae can be transferred from fits of the calibration data set B® — J/y/K*
to the signal modes. In the predecessor measurements, Ae = 0 has been set in all fits,
and no systematic uncertainty has been assigned. A purely data-driven transferability
estimate is not possible due to a lack of a suitable self-tagging control mode and the
inherently indeterminate production flavor information in B’ — ]/gng signal, for
which flavor tagging is needed in the first place. In this measurement, it was decided
to therefore assign a systematic uncertainty based only on simulation. The chosen
approach is to determine Ae in the simulated control and signal mode by comparing
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counts of B’ and B’ tagging decisions:

_ Ntag(EO) - Ntag(BO)

(Ae) = = ,
Ntag(BO) + Ntag (BO)

N
with Nug(f™) = ) Algl. ()
j=1

J
fjtrue =+1

where the true production flavor fjtrue is 1 for true B® and —1 for true B® and ¢ ; are the
tagging decisions. In a sample without CP violation, the estimate of (A¢) is reliable, but
in the signal mode, events need to be weighted by the inverse oscillation to effectively
remove the CP-violation influence on the estimate:

1

A= , 7.2
71— sgn(fjtrue)Strue sin(Amgt;) (7.2)

whilst in the calibration sample A; = 1is chosen. To determine systematic uncertainties,
the differences between the Ae values obtained on signal and B’ — J//K* simulation
for each tagging side are chosen as variations for the Ae>® and Ae®® inputs of the fit.
The obtained differences in the fits are comparable in size to the central values of Ae
obtained in the time-dependent fit on the control mode. For those values for which the
uncertainty obtained by event counting is larger than the central value, the respective
parameters are varied by one unit of its uncertainty instead. For the simultaneous fit,
systematic uncertainties of +0.0013 for S and +0.0016 for C are assigned.

Systematic uncertainties associated with the decay time bias correction model
are smaller in comparison and are determined for two setups: a variation of the
fit-validation systematic uncertainty is determined by creating a decay-time bias in
toy data sets according to the nominal bias-correction model, and this bias is corrected
in fits to toy data using the baseline approach (“Time bias correction”). In addition,
the parameters of the decay time bias model are varied within their uncertainties
and the effect on the result is observed and added in quadrature to other systematic
uncertainties. The assigned systematic uncertainties are of different sizes for S and C
in individual channels, and for the total model, uncertainties of +0.0010 and +0.0015
are assigned for S and C.

The usage of a more detailed decay-time-efficiency model consisting of 20 cubic
splines has a negligible effect on the result. Likewise, the effect of alternative flavor
tagging calibrations, which are determined per track category, and the usage of alter-
native decay-time resolution models have negligible effects. The contribution of the
world-average systematic uncertainty of Amy is included in the Gaussian constraint of
this parameter. Expressed as systematic uncertainties for the target observables, the
Amg uncertainty contributes by oam,(S) = 0.0004 and oapm, (C) = 0.0023 in the simul-
taneous fit, which is included in the reported statistical uncertainties. The influence of
the Gaussian constraint accounting for the uncertainty of the B lifetime is negligible.

In summary, systematic uncertainties of +0.008 and +0.003 are assigned for the
parameters S and C for the simultaneous fit result, and further contributions to the
total systematic uncertainty are assumed to be negligible. The systematic uncertainties
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determined in each individual channel are listed in Table 7.2. Between individual
channels, assigned systematic uncertainties are of comparable size for each source of
systematic uncertainty, except for the flavor tagging-related uncertainties assigned to
the B — gb(ZS)Kg mode and its fit bias, which is elevated in comparison. These findings
could be related to the fact that no specialized calibration channels B® — 1/(2S)K*
and B* — /(2S)K* have been used for the calibration of this signal mode. As the
measurement of CP-violation in the B’ — 1/(25)K{ decay is limited by the statistical
uncertainty, this fact does not negatively influence the result obtained in this mode.

7.2 Consistency studies

During the development of the measurement, the result was blinded through the
addition of two different random and unknown offsets to the final values of S and
C in fits to data. This method allowed us to test the consistency of the data fits and
measure the effect of various assumptions on the central values and the measurement
sensitivity. This offset was removed only after the measurement passed an extensive
list of consistency checks and after the measurement was approved for publication by
the LHCD collaboration.

Numerous studies have been performed to ensure that results are consistent between
years of data taking and in data subsets, like the kaon reconstruction category or
between bins of kinematic observables before the fit results were unblinded on data.
Simulated data sets that are generated with known values of S and C served as validation
modes in many instances. Three measurement channels, four years of data taking, and
up to four reconstruction categories result in 32 data subsets which are executed as
parallel and almost independent sub-analyses. The automation of the main analysis
workflow and the individual sub-analyses was managed using the workflow automation
library “Snakemake” [155]. In conclusion, the results obtained in the sub-analyses
are seen to be consistent. From the partial results obtained in these measurements, it
was possible to identify and handle potential deviations early. The tests mentioned
in the following were completed before the unblinding, which further increased our
confidence in the chosen fit approach. The observed variations of the results caused by
these tests were found to be negligible and did not result in a change of measurement
strategy or an assignment of a systematic uncertainty.

Because of the fully charge-symmetric final state, experimental influences on the
central values must be small. Generally, to influence the result of this measurement,
the effect in question needs to bias the selection or tagging performance of one of the
B production flavors and not be already accounted for by @, Aw, and Ae parameters. A
general time-dependence of a relevant observable alone, like the BDT output, is thus
insufficient to cause a bias as it would affect the selection efficiencies of B’ and B® in
the same way. These influences are accounted for by the decay-time acceptance model,
which was verified to contain a sufficient number of degrees of freedom to describe
the data accurately. The result is found to be consistent in bins of the BDT output and
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transverse momentum, which demonstrates that the candidate selection is sufficiently
production-flavor unbiased.

Generally, it is studied whether central values move correlatedly if different assump-
tions are made in the CP fit and whether such movements should be expected given the
alternative assumptions. A wide range of tests is chosen for this precision measurement
to understand whether deviations in subsets of the data should be attributed to a more
systematic error instead of a statistical fluctuation and subsequently corrected. As a
first cross-check, CP fits are performed in bins of the kinematic variables p, prt, the
pseudorapidity, and the BDT output, and it is tested whether a shift can be identified
beyond a statistical effect, which is not the case. As the BDT applies time-biasing cuts,
their effect on the selection of B’ and B® candidates is thus shown to be balanced.

To rule out the influence of the kaon decay vertex on the B decay time and thus
possible reconstruction biases for long-lived Kg candidates, the B decay time is com-
puted only from the dimuon vertex. No effect on the result is observed when using the
modified decay time. Furthermore, CP fits are performed in bins of the kaon lifetime,
flight distance, and pseudorapidity.

To test the effect of each set of complications implemented in the CP fit, results
are compared between the simplest model and with each additional complication.
These simplified assumptions include fixing the production asymmetry to zero, setting
the B lifetime and oscillation frequency constant, not applying the decay time bias
corrections, and finally fixing the flavor tagging constraints. While the result is not
unaffected, the observed movements are expected and do not hint at problems. It is
seen that Ap parameters, which measure the asymmetry of B® and B° calibrations, are
highly relevant if calibrating the taggers with the previous definitions, as when setting
them to zero, significant biases can be identified on MC.

The B-transverse momentum differs between the four track reconstruction categories,
with category DD having a significantly higher transverse momentum. As flavor
tagging performance is known to depend on B kinematics, independent flavor tagging
calibrations are determined for each reconstruction class to test whether this approach
affects the result. The difference to the baseline result is measured and found to be
negligible, which justifies the simplified approach of determining one calibration per
channel.

A binned, time-dependent fit of the CP asymmetry of the upper mass-sideband,
defined by m(J/y/K) > 5400 MeV/c?, is performed and shows no signs of a CP asym-
metry or other possible issues in the combinatorial background. The result of this fit is
shown in Figure 7.2.

As the tagging efficiency is seen to be time-dependent for taggers of the SS and
drop with increasing B decay time, toy studies are performed in which the generated
time-dependent efficiency distributions are modified by selective removal of candidates
to match this dependence’, and the result is seen to be unaffected. Similarly, a time
dependence of the mistag distribution cannot be ruled out on the basis of the available
statistics, and analogous toy studies show no effect on the result. As the assumption is

Isee Ref. [117] for more details.
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Figure 7.2 — Time-dependent asymmetry of the upper mass-sideband (background-only). No
production-flavor asymmetry can be identified.

made that the calibrated SS and OS tagging responses are uncorrelated, two tests are
performed: the correlation coefficient of mistag distributions is computed, and secondly,
the calibrated SS and OS tagging responses are calibrated once again. The correlation
coeflicients are at the 1 % level for all final states, and the additional calibrations are
compatible with the identity calibration, which demonstrates that the SS and OS are
sufficiently uncorrelated and that no further calibration is required.

The correlation between reconstructed B mass and decay time is investigated using
simulation, where a small but significant dependence is identified!. This dependence
is precisely measured by determining the decay-time resolution in bins of the recon-
structed B mass, and it is used to modify the generated toy data by selective candidate
removal according to this dependence.

In the baseline model, as shown in Equation (5.18), the distributions describing
initial B and B® mesons are optimized simultaneously, and their sum is thus globally
normalized, which introduces a constraint on the yields of these two components. Using
an alternative fit model [156] which does not contain a normalization constraint, does
not require a functional description of the time-dependent efficiency, and which fits the
datasets of the B — J/iyK* calibration channel and the signal modes simultaneously,
compatible results are found. Using this setup, two additional fits are performed: a fit
of a model including an additional time-offset parameter, which is optimized in the fit,
and a second fit in which the oscillation frequency is unconstrained and optimized by
the fit. The results are in good agreement with the baseline result and have the same
statistical uncertainty.

In addition, a potential VELO misalignment bias in the direction transversal to the
beam direction is investigated! by generating ten simulated data sets of full-LHCb

Isee Ref. [117] for more details.
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Monte Carlo data in which one VELO half is offset by up to 10 pm in steps of 1 um. The
effect of a transversal VELO misalignment of this size is found to be negligible here,
and no systematic uncertainties have been assigned. Finally, CP fits are performed in
different B mass ranges and show perfect agreement with the nominal results, further
ruling out CP-violating effects in the upper mass-sideband.
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8 Results and combination of
measurements

8.1 Fit results

The final results of this measurement are determined by running time-dependent,
maximum-likelihood fits of the physics model derived previously, which can be com-
pactly expressed as given in our Ref. [15]

P(t,q.n) o e {1+ q(1 - 20" (1)) | Ppo(t)

8.1
+[1+q(1 - 20" ()P (D), &)

with
Ppo 5o (£) o< (1 F a) (1 F Ae)[1 F Ssin(Amgt) + C cos(Amgt)]. (8.2)

Here, q and 7 are the tagging decisions and mistag estimates, &' (1) and «™ () are the
flavor tagging mistag calibrations for initial B’ and B’ mesons, a is the production
asymmetry and Ae is the flavor tagging efficiency asymmetry. This model is given
in full detail in Equations (5.18) and (6.13) and Appendix E.2 to include the necessary
descriptions of experimental effects including flavor tagging.

The fit is performed in each of the three decay samples with the full Run 2 LHCb data
set and a simultaneous fit is performed with all three decay modes in which the physical
parameters S and C are shared between data sets. The results have been verified to be
compatible between years of data taking and track reconstruction categories within the
methods’ framework. Furthermore, all results obtained in this measurement are well-
compatible. The CP-violation mechanism in all three analyzed final states is identical,
and within the current experimental precision, it is therefore well justified to measure
CP violation in a merged data set of all three modes. More specifically, higher-order
corrections to the production of J/i versus /(2S) in the final state could potentially
modify A¢y to different degrees, but so far, such differences have not been observed and
are likely to be small [157]. The influence of kaon regeneration and CP-violation in the
neutral-kaon system on the neutral B system is estimated in Section 6.4 and subtracted
from the result. The parameters S and C are expected to be significantly correlated
since decay times are only measured in forward time at LHCb. For this reason, the
correlation coefficient p(S, C) is not averaged to zero in the total decay time range, as
is the case in B-factory-measurements [8, 9]. Five main results are reported: fit results
of the three individual channels, a simultaneous fit of the J/i/(— {’+{")Kg -modes, and a
simultaneous fit of all three decay modes. In addition, a combination with LHCb-Run 1
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8 Results and combination of measurements

results is performed in Section 8.2, and the result is interpreted in the current theoretical
and empirical context.
The CP-violation parameters in the individual decay modes are measured to be

Siip(oprurk? = 0.716 +0.015 (stat) +0.007 (syst),
C]/¢(—>,u+p—)1<g = 0.010 +0.014 (stat) = 0.003 (syst),
SJip(osereryky = 0.754%0.037 (stat) 0.008 ,

( (syst)
( (syst)
( (syst)
C]/¢(—>e+e-)Kg = 0.042 +0.034 (stat) = 0.008 (syst),
( (syst)
( (syst)

Sl//(zs)(—mw*)Kg = 0.649 +0.053 (stat) + 0.018 (syst),
CIP(ZS)(H/I”#‘)KS =—0.087 +£0.048 stat)iOOOS SYSt s

with statistical correlation coeflicients between S and C of 0.446, 0.374, and 0.503 for
the final states J/i/(— pt ™)K, Ji(— ete™)K?, and ¢(2S)(— ptu™)K?, respectively.
These results are shown in Figure 8.1 in the S-C plane and are in good agreement.
Differences between statistical correlation coefficients are primarily determined by
different time-dependent selection efficiencies, and more specifically, stronger suppres-
sion of shorter-lived B mesons numerically leads to lower correlation coefficients. A
simultaneous fit of all three modes yields

S¢K§ =0.717 £ 0.013 (stat) + 0.008 (syst),
Cyxe =0.008 +0.012 (stat)  0.003 (syst),

with a correlation coefficient of 0.441 for the full Run 2 data set of LHCb and smaller
uncertainties than the most recent 2021 world averages [62]. Additionally, a fit is
performed that only includes the final states J/i/(— [+{")Kg and results in

SJ/I//KS =0.722 +0.014 (stat) = 0.007 (syst),
CJ/¢K§ =0.015 + 0.013 (stat) = 0.003 (syst),

with a correlation coefficient of 0.437.

Figures 8.2 and 8.3 show the time-dependent yield asymmetry of B® and B® decays
to the CP-invariant final states of the simultaneous fit and each individual decay mode.
The data points show the ML estimator of the time-integrated CP-asymmetry [156],

Zj q;k;D;

»ﬂint = s

(8.3)

in each time bin, where «; is the sWeight, g; is the tagging decision and D; is the flavor
tagging dilution of each candidate. The curve is a fit projection of the CP-asymmetry
from the total model. The data points and the curve are corrected for the influence of
the flavor tagging dilution, including tagging asymmetries and decay time dilution,
and show the underlying unbiased CP-asymmetry of the data sample.
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Figure 8.1 — Measurement results of the three analysis channels in the S-C plane.

8.2 Combination of measurements

The CP-violation measurement described here is combined with two previous
LHCDb measurements presented in Refs. [13, 14] where the CP-violation parame-
ters S and C are measured with comparable methods with LHCb Run 1 data. In
Ref. [13] a measurement of the decay channel B’ — J/i/(— ,u+,u_)Kg(—> mtm”) is per-
formed, and Ref. [14] presents a measurement of CP-violation in the decay channels
B’ — ¢(28)(— p* 7 )K{ (= n*n”) and B — J)(—e*e”)KJ(— n* 7). Measurement
[13] is performed on a data set that includes the data set used in Ref. [12] and therefore
fully supersedes it. When combining parameters determined in multiple, uncorrelated
measurements with uncertainties reported as standard deviations, a combination of
measurements merely entails the computation of an uncertainty-weighted average i
of central values and a combined uncertainty &. These are given by the ML estimators
of the product likelihood of one-dimensional Gaussian likelihoods:

Zj.“jo"_z 1
f=——72 &= —. (8.4)
Zjo'j Zjo—j

In the measurement described here and in Refs. [13, 14], the parameters S and C are
measured simultaneously as one correlated pair p; = (S;, C;) T per measurement i, with
associated covariance matrix V;. Correlations of parameters, which are quantified by
Vi, need to be considered when averaging results. Individual measurements y; are
assumed to be statistically uncorrelated as the underlying data sets have no overlap.
The results of the four measurements, which are combined, are shown in the left plot
in Figure 8.4 in the S-C-plane. In addition, sources of systematic uncertainties that are
caused by the uncertainties of external parameters, like Amy, affect all measurements
in the same way and, therefore, need to be treated as being fully correlated. To account
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Figure 8.2 - Time dependence of the asymmetry of B® and B° decays for the simultaneous
fit [15]. The data points show the time-integrated CP asymmetry estimator per
time bin, and the fit curve is a projection of the total decay rate model.
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Figure 8.3 — Time dependence of the asymmetry of B® and B decays for the three individual
decay modes, as annotated in the figures [15]. The data points show the time-
integrated CP asymmetry estimator per time bin, and the fit curve is a projection
of the total decay rate model.
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Figure 8.4 — Run 1 and Run 2 measurements which are combined to yield new LHCb combina-
tion (left) and comparison of LHCb Run 1 and Run 2 results and combined result
in the S-C-plane (right).

for individual correlations, measurements can generally be combined by determining
the likelihood product of each individual measurement and by reevaluating the ML
estimator of this product.

The uncertainties of the reported measurements to be combined are given as sym-
metric standard deviations, as these amplitude measurements are not influenced by the
nonlinearity of the sine function, given by S ~ sin(2f). The likelihood approximating
the combination of individual measurements is therefore characterized by a product of
two-dimensional Gaussian distributions

1 1 Ty-1
L) H TR ( S =)V =), (85)
which is maximized by the ML estimator X representing the combined central value
of the measurements. In the case of Gaussian likelihoods, the extremal point and
covariance matrix can be derived analytically, as the product of Gaussian distributions
is essentially Gaussian with an additional constant factor, but this calculation is omit-
ted here. The ML estimate is computed with the software tool GaMmaComBo [158],
which is intended to compute the ML estimator of arbitrary product likelihoods and
calculates the resulting parameter uncertainties with numerical methods involving a
multidimensional scan of the product likelihood.

The treatment of systematic uncertainties differs between measurements in Refs. [13]
and [14], and in the measurement described here, alternative choices are made yet
again. More specifically, the treatment of statistical and systematic uncertainties of
external parameters and the contribution of these uncertainties to either the statistical
or systematic uncertainty of the result differ. To properly combine measurements,
each uncertainty contributing to the total reported systematic or statistical uncertainty
therefore needs to be isolated before a combination strategy can be pursued. Three
sources of systematic uncertainty are identified, which are assumed to be fully cor-
related between measurements, which are the external parameter uncertainties of
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8.2 Combination of measurements

Amy, ATy, and a. The treatment of these parameter uncertainties is described in the
following. The B lifetime parameter constraint has negligible influence on the result
and is therefore treated as if it was uncorrelated between measurements.

The parameter Al is treated the same in all measurements: its central value is fixed
to zero in the baseline fit, and a systematic uncertainty is estimated from variations
of the parameter within the sum of its uncertainty and absolute central value of
0.007 ps~! [62].

In the measurement in Ref. [13], the B-oscillation frequency is constrained to the
value Amflo15 =0.510 + 0.003(stat) = 0.002(syst) ps~!, whereby the parameter is Gaus-
sian constrained to its central value and statistical uncertainty in the fit. A system-
atic uncertainty is assigned by varying the parameter by its systematic uncertainty
alone. In the measurement in Ref. [14] the same technique is used with the value
Amfl017 = 0.5064 + 0.0016(stat) + 0.0011(syst) ps~! instead. In the measurement pre-
sented in this thesis, the combined statistical and systematic uncertainty is propagated
with one Gaussian constraint using the value Amy = 0.5065+0.0019(stat+syst) ps~! [62]
and no distinct systematic uncertainty is assigned.

Between 2011 and 2012, the center-of-mass energy of the LHC increased from 7 TeV
to 8 TeV and therefore two different but correlated production asymmetry values are
used in Ref. [13]. As the production asymmetry influence on the result is very small,
these parameters are averaged here to @ = —0.0108 + 0.0052(stat) + 0.0014(syst). In the
measurement described in Ref. [14] four different production asymmetry parameters
values are used, which we average to « = X + 0.0065(stat) + 0.00045(syst) and its
central value can be ignored in this context. This parameter is constrained to its central
value and statistical sensitivity in the fit, and a systematic uncertainty is assigned from
variations by its systematic uncertainty. As described in Section 5.6, we measure «
ourselves with a B — J/yK* data set and apply its statistical uncertainty as a Gaussian
constraint in the signal fit.

The results of each measurement are reported in the form

P:PiO'piCSp, (8.6)

where statistical and systematic uncertainties are denoted as ¢ and ¢ in the following,
and external input parameters are denoted in analogy in the form E() = B9+ cré') + 5](;).
To make all measurements comparable, the results first need to be rearranged into the
form

P=Pxtop+8p=8 ) + 60 £ 50 (8.7)

instead, whereby the contributions of relevant systematic components are subtracted
from the reported quantities op and Jp, leaving them as o, and J}, to measure the
uncorrelated statistical and systematic uncertainty contribution, which is unrelated to
these external parameters. The primed values are not reported in the previous analyses
but can be estimated based on the quantities 5;] ) and 5;5] ) from reported toy studies
in the respective internal documents [159, 160]. Using the fact that the systematic
uncertainties approximate the derivative of P with respect to the external parameter,
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the total systematic contribution can be scaled up, if needed, to account for the total
parameter uncertainty of E:

h 5(j) S\ 2 S\ 2
(€)M @) @)
(Spj = W \/(O’Ej) + (5E]) . (88)
E
——
~0gP

Similarly, the estimated influence of Gaussian constraints of E can be subtracted from
op using the approximate derivative dgP as a scaling factor, and the residual statistical
and systematic uncertainties are then given by

o, =\/GZ—Z(£GU))2 5, :\/52—2(5(j))2 (8.9)
P P~ L\ QECE P P~ 2\%P ) :
j j

These scalings are applied as appropriate for each analysis to achieve the needed
separation of uncertainties.

The combination approach is to combine the components P =+ o, + &, with
GamMAaCoMBo, taking into account the correlation coefficients and sensitivities
of S and C of each measurement. The systematic uncertainties determined in this
measurement for the three parameters in question are then added in quadrature
and assumed to be the same for all measurements. Consequently, the statistical and
systematic uncertainties of the Run 1 measurements are improved. While a total
uncertainty of 0.034 was reported in Ref. [14] for the LHCb Run 1 combination of S,
we now find U(S)Eﬁ%é = 0.029. In total, in all combinations involving Run 1 data, a
systematic uncertainty of +£0.0055 for the parameter S and +0.0028 for C is assigned
for the influence of Amy, ATy and «, which demonstrates again that the systematic
uncertainties are dominated by the knowledge of external inputs, primarily influenced
by the AI; uncertainty. The LHCb Run 1 and Run 2 average is determined to be

SE?OC" =0.724 +0.014 (stat+syst)
S

CLHCh — 0 004 + 0.012 (stat+syst)
YK
with a correlation coefficient of p(S,C) = 0.40. In Figure 8.4 (right), the new LHCb
Run 1 combination is compared to the new Run 2 result, and the new LHCb global com-
bination is shown as a black outline. Finally, a combination of all B® — J/i/(— £’+{’_)Kg
decay channels is performed between Run 1 and Run 2 and results in

Spincy = 0.726 £0.014 (stat+syst)

S

Cﬁg’ =0.010 £ 0.012 (stat+syst),
S

with a correlation coefficient of 0.41.
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9 Discussion

9.1 Updates of world averages and comparisons
between experiments

The sensitivity achieved with the full Run 2 data set of LHCb exceeds the sensitivity
of the world-average result for the parameters Sl/,Kg and Cl/,Kg [62]. The measurement
presented in this thesis is therefore the most precise single measurement of CP violation
in the B system and of the CKM angle f to date. It is thus worthwhile to explore some
of the implications of this new result and to compare it to other measurements and
theory predictions.

The CP-violating phase of the CKM matrix is a free parameter of the SM and cannot
be derived from first principles. This fact does not mean that the consistency of
results related to the CKM mechanism cannot be tested: the unitarity property of the
CKM matrix is a strong condition that effectively correlates the values of CKM-matrix
elements. Key observables like the side lengths and angles of unitarity triangles can thus
be over-constrained and thereby predicted without inputs from direct measurements.
Any measurement of CKM-matrix elements or their combinations always sharpens the
global picture of the CKM mechanism. Global fits of the unitarity triangle apexes (CKM-
fit), as they are performed by the CKMfitter group [52] or the UTfit collaboration [163,
164], are used to test the unitarity condition and to predict SM parameters for various
scenarios. From the results of these global fits, the impact of new results can be
quantified, and tensions can be uncovered. The selection of input parameters, the
treatment of theory uncertainties, and the methods used for fitting differ between the
two groups, but these choices do not significantly alter the implications of our new
result.

A natural way of testing for New Physics is to verify whether the apex coordinates
are consistent with a single point, as otherwise, the unitary assumption would not
hold. It is furthermore possible to compare inclusive and exclusive predictions of a
CKM parameter: inclusive predictions are obtained from fits in which the parameter
value itself is an input to the fit and can therefore be viewed as a fit-average. Exclusive
predictions of a CKM parameter include all relevant measurements except for direct
measurements of the parameter itself. The latter result is referred to as a SM prediction
in this context. A tension between an inclusive and an exclusive result does not
necessarily point to New Physics in the CKM mechanism but can point to deficiencies
in the theoretic assumptions made for certain measurements or the interpretation of
their results.
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Figure 9.1 — Comparison of LHCb measurements and previous measurements by Belle and
BaBar in the (S, C)-plane (left) and the change of HFLAV world-average values
before and after this measurement in the (S, C)-plane (right). The exclusive
predictions by the UTfit and CKMfitter groups for S [161, 162] are shown as data
points, whereby C = 0 is set here.

Figure 9.1 (left) shows the results of previous measurements of the Belle, BaBar,
and LHCb collaborations and the measurement presented here. There is excellent
agreement between the results of different experiments so far. Both the CKMfitter and
UTfit groups have published new unitarity triangle fits, which include our result [161,
162]. Furthermore, new HFLAV 2024 world averages' have been published [165]:

Sty = 0.711 £ 0.012 Chuge’ = 0.012%0.011

N S

S, = 0.728 +0.038 Claygo = ~0-053 +0.034
5 S

St = 0.709 +0.011 Clagx = 0.004 0.010.

So far, HFLAV world averages have been published without averaged correlation coeffi-
cients of the S and C parameters. The improvement between the current and previous
world averages of S and C is shown in Figure 9.1 (right), where these experimental aver-
ages are compared to the new exclusive predictions published by CKMfitter and UTfit.
The agreement between experimental averages and exclusive predictions for sin(2p) is
below 10, as visualized in Figure 9.1. It should be noted that the significance of the
difference between inclusive and exclusive fits by the CKMfitter group has increased
from 0.80 to 1.20 between the 2021 and 2023 averages in light of the result presented
in this thesis [52], which is only a small decrease in agreement. The significance of the
difference reported by UTfit remains nearly the same between 2022 and 2023: it has
increased from 1.40 to 1.50 [162]. In summary, the new inclusive SM predictions for

'These averages are published for the Moriond 2024 Winter conference and can be considered prelimi-
nary.
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Figure 9.2 - Comparison of the global unitarity triangle fit by CKMfitter group showing the
2021 (top) and 2023 preliminary results (bottom) [52].

sin(2f) have been reported as [161, 162]
Tfi

Syt = 0.705 + 0.014 (9.1)
SR 071554 o2
Penguin contributions have so far not been considered in the world averages due to
a lack of empirical data, i.e. S = sin(2f) has been assumed for simplicity. This simplifi-
cation is further justified by the small value of A¢,; [68-73]. The relative uncertainty of
A¢, is currently large and future measurements will be able to constrain its value more

precisely [68]. Using a recent Agy estimate from Ref. [69], Agq(J/YK®) = (-0.8%97)°
one can trivially estimate the true size of the theoretical parameter sin(2/)

sin(arcsin(0.709) — A¢,y) = 0.71979931, (9.3)

2p
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Figure 9.3 — Result of two unitarity triangle apex fits in the p-7 plane for the published 2023
CKMfitter inputs [161], illustrating the isolated impact of the measurement pre-
sented here. The black outline and gray confidence interval represent the contours

of the 2023 preliminary fit where the old sin(2f) average is used as input, and the
colored confidence intervals are the fit result for the new, world-average value of

sin(2p).

where the given uncertainty stems from the A¢, uncertainty only. A negative value
of A¢, corrects the value of sin(2f) upwards. The uncertainties of A¢, and SI#KQ are
therefore presently too large to interpret differences between inclusive and exclusive
measurements as anything beyond the SM. In the future, measurements of A¢; will
be of high relevance once more precise measurements of sin(2f) by LHCb and Belle II
become available.

Figure 9.2 shows the result of the global CKM triangle fit as published by the CKMfit-
ter group for the years 2021 and 2023 [52], where the latter fit includes our new result,
amongst others. Improved measurements of y, Ams, |V, |, and sin(2f) visibly increase
the precision of the global CKM picture and the resolution of the unitarity triangle
apex.

Using the CKMlive tool [166], which is kindly being provided by the CKMfitter
group to the public, the impact of our result on the unitarity triangle apex contours can
be explored. To that end, two global fits of the unitarity triangle apex are performed
using the latest input parameters as of Summer 2023 listed in [161]. The first fit is
performed using all the latest inputs, including the new CKMfitter-average for S, given
in Equation (9.1) in a region close to the unitarity triangle apex. In the second fit, the
same setup is used, where the previous sin(2f) world-average value is assumed instead.
Figure 9.3 shows the results of the two unitarity triangle apex fits and illustrates the
isolated impact of this measurement of sin(2f). Only a minimal movement of the
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apex coordinates between 2021 and 2023 can be attributed to the new central value
of sin(2f). The previous and the current predictions for the unitarity angle § by the
CKMfitter group [52, 161] are shown as grey and blue regions. The improvement of
the uncertainty of sin(2/) that is contributed by our measurement greatly decreases
the uncertainty of the apex coordinates of the unitarity triangle.

9.2 Conclusion

Charge-parity violation is an integral part of the Standard Model of particle physics
and is characteristic of processes mediated by the weak force. While most weak decays
are CP-conserving, a relatively small subset violates CP symmetry. The small but
fundamental differences between matter and antimatter interactions in nature become
apparent in these decays. Time-dependent measurements of neutral B-meson oscil-
lation provide a unique opportunity for precision measurements of CP violation and
are thus useful for constraining the free parameter space of the Standard Model. More
specifically, such measurements probe the Cabibbo-Kobayashi-Maskawa mechanism,
which predicts CP violation in some particle decays where all three quark generations
are involved in the decay amplitude. The source of CP violation in the CKM mechanism
is a difference between the weak and mass-eigenstates of quarks which is parametrized
by three mixing angles and a single, CP-violating phase. These parameters are encoded
in a single, unitary CKM matrix and are, to our current knowledge, fundamental and
cannot be precisely predicted from first principles. Only through a global analysis of
all relevant measurements, the CKM parameters can be constrained to provide possible
hints for New Physics.

The CP-violating decay B’ — gng is exceptionally well suited for precision mea-
surements of CP-violation for multiple reasons. The tree-level transition b — ccs is
strongly dominant and from a ratio of tree-level amplitudes parametrizing B’ — 1//Kg

and B — ng transitions, the CKM-angle S is accessible in a theoretically nearly clean
way. The leading-order contribution from penguin-type decays contributes with the
same weak phase as the tree-level process. The remaining higher-order contributions
are strongly CKM suppressed (see Section 2.4). Experimentally, the decay signature of
the B — yK{ decay has characteristics that differentiate it decisively from combinato-
rial background: the B decay vertex is separated from the primary interaction point
due to the Lorentz boost of B mesons produced in a hadronic collision environment and
because of the comparably long lifetime of B® mesons. In addition, the identification
of two high-momentum muons can be accomplished with high precision. Finally,
other physical backgrounds can be well separated from the signal due to the excellent
particle identification capabilities of the LHCb detector. From a measurement of the
time-dependent asymmetry of the decay rates I'(B°(t) — ¢K§) and I'(B(t) — g&Kg),
the strikingly large CP-violating effect arising from an interference of decay amplitudes
with and without mixing is measured. The result from a combined fit to the full Run 2
data set, which was recorded by the LHCD detector in the time span from 2015 to 2018,
is reported in Ref. [15] as
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Figure 9.4 - Past, present (black) and expected, future sensitivities (blue) for the CP-violation
parameter S shown for LHCDb, and the experiments at the B-factories [10, 11] and
recent world-averages (orange). The LHCb Run 1 average has been effectively
improved by an improvement of systematic uncertainties of our result and is
marked as “our update”.

5¢Kg =0.717 £ 0.013 (stat) + 0.008 (syst),
C¢K£ =0.008 +0.012 (stat) + 0.003 (syst),

and surpasses the most recent world-average value of these parameters as of 2021 [62]
in precision. The result is well compatible with previous measurements by the B-
factories and by LHCb, and no significant increase in tensions pointing to New Physics
is observed in light of this result. The result’s sensitivity is still limited by the statistical
uncertainty, and improved future measurements can therefore be performed with a
larger future data set and currently available experimental methods at LHCb.

In the medium-term future, major improvements in measurements of sin(2f) can
be expected. The LHCb detector is currently taking data in the Run 3 data taking
phase. It will continue to take data in the high luminosity phase of the LHC, which is
scheduled to start with Run 5 and to last at least until 2042 (up to Run 6). The LHCb
detector is planned to record a total of 50 fb~' in Run 3 and Run 4 and is going to record
300 fb~" during Run 5 and Run 6 [167]. In addition, Belle II is expected to contribute
with a competitive measurement once it has recorded 50 ab™" of data [168]. With an
LHCD data set size of 300 fb™!, an uncertainty as low as 0.003 is expected for S [167],
which is somewhat lower than the currently projected Belle II uncertainty for this
parameter and corresponds to an angular resolution of o(f) ~ 0.1°. The decrease of
the statistical and systematic uncertainty of S as a function of integrated luminosity
at LHCb is shown in Figure 9.4. Integrated luminosities of the B factories are not
projected onto the same axis due to the drastically different collision environment in
e*e™ collisions compared to proton-proton collisions. The LHCb Run 1 average for
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S has been effectively improved with the Run 2 systematic uncertainties determined
in this measurement, and its effective value, which is included in the updated LHCb-
average (see Section 8.2), is shown in the plot (“our update”). Future measurements of
sin(2f) in B® — 1//Kg decays by the ATLAS and CMS collaborations cannot be entirely
ruled out, but are not likely, given that no such measurement has been published so far
by these two collaborations [62].

Systematic uncertainties can be expected to reduce in size at LHCb once improved
measurements of Al; and Amy become available. Significant advances in our under-
standing of the proton-proton collision will be needed to reduce the sub-leading system-
atic uncertainties, which we attribute to flavor tagging transferability and determine in
simulation. In particular, an accurate simulation of the charged track multiplicity cre-
ated in proton collisions is needed, which influences particle identification performance
and, in turn, flavor tagging. One possible approach to partially improve flavor tagging
realism would be to train flavor tagging algorithms with already available, calibrated
particle identification measures instead of the output of multivariate classifiers, which
operate on raw input data from either data or simulation.

With a future angular precision for f at the level of 0.1°, the measurement of the
parameter Angd(z,ng) potentially comes into reach. To differentiate this parameter from
the phase 2, which will be essential in the future, measurements of CP-violation in
B? — ]/gbKO, and B® — ]/gb{ﬂo, @, p} decays, amongst others, are needed to constrain
the value of A¢y [68, 69] further. Such measurements would provide sensitivity for
New Physics effects contributing to the loop transitions of these decays in addition [68].

Measurements of the oscillation parameter Amy, which is closely related to m;; in
the B® system, constrain the unitarity triangle apex to a circle of radius proportional to
|V,;V;;| in the p-5j-plane (compare with Equation (2.13)) for the unitarity condition given
in Equation (2.8). This constraint is represented in Figure 9.2 as a yellow circle around
the (1,0) point. With the data taken so far, LHCb has the potential for competitive,
if not highest precision measurements of the oscillation parameter Am, in the decay
modes B’ — tﬁKg and B’ — yK* alone, and other decay modes previously used for
this measurement [169]. Precise knowledge of the parameters Amy and AI; deepens
our understanding of B-mixing and offers an interesting opportunity for New Physics
searches. Specifically, it allows us to probe for the influence of new particles at energy
scales of up to 20 TeV [170]. Finally, future measurements of Am, and f at LHCb will
allow us to decisively constrain New Physics contributions to the mixing process [171].

Leading up to and after publication of our result, the Belle II collaboration published
two measurements of S K in B® — ]/gng decays [172, 173], demonstrating their
readiness for this measurement once the Belle II data has been recorded. These results
are in agreement with our result and do not supersede it in precision.

In addition to the planned major increase of recorded data, which will result in
significant improvements in all measurements of CP-violation, the optimization of
flavor tagging algorithms is of central importance for LHCb. Currently, the tagging
power is measurement-specific and ranges from ca. 4 to 6 %, depending on the B-meson
type, signal kinematics and applied selection requirements. An increase in flavor
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tagging performance, specifically tagging power, enables time-dependent CP-violation
measurements to be performed on a larger subset of the available data. The current
flavor tagging algorithms are specialized for selecting the most frequent physical
processes occurring in the hadronizations and decays of the initial bb production.
These algorithms analyze small selections of tracks, which likely originate from a
selection of the most frequent processes that can be expected. In the past few years, the
development of an inclusive flavor tagging algorithm was enforced by the collaboration,
which performs a simultaneous evaluation of all reconstructed tracks in an event.
Through this novel approach, the analysis of the rich physics of proton-proton collisions,
which results in a multitude of correlations of produced tracks, will be possible. This
approach utilizes machine-learning techniques, and the suitability of various models,
ranging from BDT-adjacent models [174], to recurrent neural networks and most
recently, Deep-Sets [175] has been tested and promising improvements of overall
tagging power have been observed on simulation and data. The optimization and
validation of this model are currently the subject of research and will be documented
in a future publication.
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E Equations

E.1 Hypatia parameters

o(a?(1 = 22) +ny (2 + 24 — &%) ( 2 )(A—%)
-

— - - "
C2 = al(ZA - 1) =1 2(/1 + 1) (alo'+ CZ) (E 1)
L o(a5(1—22) +nz(2+ 21 — &) ea=l1- a - (20 +cq)™
4= as (24 — 1) . 2(A+1) : 4

E.2 Decay rate coefficients for two taggers

In the case of two taggers, labeled “A” and “B”, there are four categories of data:
candidates can be tagged by both taggers (AB), they can be tagged only by A or B, (AB
or AB), and lastly, they can be untagged by both (AB). For a single tagger, the CP pdf
that includes untagged events is

Plan) o | g - @) + (-l - )| o)
Masgu-waonra-ia-o|po

= 7" (n)Ppo(t) + 1~ () Py (1)

+

whereby calibration parameters and the n-dependency of w are implied from here
on and Ppo(t) and P (t) are given in Equation (5.4). In the case of two taggers, the

product probabilities of measuring initial B° (+) or B’ (=) mesons become

() = [ lanleg 220D 6 jepa-e). @)
n={A,B}

Expanding this expression and reordering it into the four tagging categories gives

w(n) = mag(n) + wx(n) + 75, () + m(n), (E.4)
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with

+ _ 62'—; + +

7ap = 19ags| X =~ [1 £ qaD;][1 £ gsDg], (E.5)
. €4 . .

7 = 14al(1 = lgs]) x —*(1 = ) [1 % qaD3], (E.6)
. €; . .

g = 1a81(1 = 1gal) x 73(1 —€4)[1+gpDg], (E.7)

= (1= 1gaD (1= Igal) X (1 = €5) (1 - €5), (E.8)

whereby Dj,B(n) =(1- ij)B(n)). Equations (E.5) to (E.8) are then inserted into
Equation (E.2) and regrouped into common coefficients for S, C and H:

P (g, n)e" " o« 7*(n) - (1 — a)[H — S sin(Amgt) + C cos(Amgt)]

+7(n) - (1+a)[H+ Ssin(Amgyt) — C cos(Amgt)] (E9)

=S5 X Z (my — 7y) + a(my + 7my) (E.10)
X={ABAB.ABAB}

+Cx Z (n} = mg) — a(n + m5) (E.11)
X={AB,AB,AB,AB}

+ H X Z (7my + my) + a(my — my). (E.12)

X={AB,AB,AB,AB}

Terms (E.10) to (E.12) represent the coefficients S(q, 1), C(q,n) and H(q,n) in
Equation (5.18), respectively. As demonstrated in Section 5.1, the substitutions
€* = (€rag * %), Awpp = @) — w,p can be made, yet expanding the obtained
expression further would not aid our understanding. Despite being more complex,
these expressions closely resemble the single-tagger case qualitatively. It should be
noted that since the data category AB is not included in our fit, the tagging efficiencies
of each tagger are computed at the time of fitting based on the tagged statistics of the
input data.
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T Supplementary tables

T.1 BDT features

The BDT training features are defined as follows

IP(x)
DOCA(x,y)

XIZDOCA(x’ Y)

pr(x)
Pz(x)

2
XFit

Yo (%)
n(x)
FD(x)

MinIP(x)
7(x)

Impact parameter of reconstructed track or trajectory of particle x
Distance of closest approach between two tracks or trajectories of
particles x and y

x? value of the computed distance of closest approach between two
tracks or trajectories of particles x and y

Transverse momentum of particle x

z-component of momentum of particle x

Global fit y? value of the decay tree fitter [119] of an event, which is
configured to substitute mass hypotheses for ¢ and K{ candidates
x? value of the decay-vertex fit of a given particle x

Pseudorapidity of particle x

Flight distance of particle x, i.e. distance between reconstructed origin
and decay vertices of particle x

Minimum impact parameter of particle x with respect to any PV
Reconstructed decay time of particle x

The following BDT features are used per channel and track type:

Dimuon channels

All track types TP(B%), IP(J$), IP(KQ), pr(n*), pr(n), pr(K), x& 1(B%), 2y (BY),
FD(K), DOCA(n*, 77), (KQ), p=(KQ), MinlP (%), min(pr(x*), pr(x"))

Exclusive to LL DOCA(J/¢, Kg), XIZJOCA(]/‘//’ Kg), MinIP(Kg)

Exclusive to DD IP(x™"), IP(x7), T(Kg), MinIP (%), MinIP(7z~), MinIP(x*)

Exclusive to LD or UL IP(x*), IP(z™), DOCA(J/Y, Kg), )(IZDOCA(]/lp, Kg), MinIP(Kg),
7(KQ), MinIP(7*), MinIP ("), MinIP(z")

Dielectron channel

All track types IP(B°), IP(J), IP(K]), IP(x*), pr(x*), IP(x7), pr(n”), pr(Ky),
xEp 1(BY), x2,, (B%), MinIP(e*), FD(K?), DOCA (x*, ), n(KQ), p-(K2), 7(KD),
MinIP(7*), min(pr(7*), pr(z™))

Exclusive to LL DOCA(J/y, Kg), )(IZDOCA(]/I//, Kg)
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T.2 Other tables

Table T.2.1 — Values of relevant branching ratios and constants.

L /Tiot Value Source
B(B"— JHYK®) (8.91+0.21) x 107*  [116]
B(B°— y(25)K°) (5.8+0.5) x107*  [116]
B(B}— JWK) (1.92 £ 0.14) x 10> [116]
B(BY— ¥(25)K°) (1.9+0.5) x 107> [128]
fi/fa (13 TeV) 0.2539 + 0.0079  [176]

Table T.2.2 - Summary of selection and reconstruction efficiencies for B’ — J/i/(— ,uy)Kg
candidates determined in simulation.

Efficiency [%]

Selection LL DD LD UL
LHCD geometry 19.897 £ 0.083

Reconstruction 1.592 £+ 0.003 3.792 £0.004  0.255 +0.001 0.562 + 0.002
A-Veto 99.051 + 0.015 98.209 +£ 0.014 99.254 £ 0.034 98.585 + 0.032
BDT selection 87.96 +0.05 79.37 £0.04 79.96 +£0.16 79.52 £0.11
K*-Veto 97.961 £0.024 100.0 =£0 99.972 £ 0.008 99.205 £+ 0.027
B*-Veto 99.536 £ 0.012  100.0 =+0 99.709 + 0.024 99.818 + 0.013
Decay-time range 98.814 + 0.018 98.507 £ 0.014 99.25 +0.04 99.605 £+ 0.019
Multiple candidates 99.678 + 0.010 99.689 + 0.007 99.25 =+0.04 98.839 + 0.033
Tagging efficiency  84.20 +0.06 87.04 +0.04 84.56 =*0.16 82.20 +0.12
Total 0.2304 £ 0.0011 0.5026 £ 0.0022 0.03347 +£0.00022 0.0703 + 0.0004

Table T.2.3 - Summary of selection and reconstruction efficiencies for B’ — (p(ZS)Kg candi-
dates determined in simulation.

Efficiency [%]

Selection LL DD
LHCb geometry 19.57 £ 0.05
Reconstruction 2.104 + 0.004 4.274 + 0.006
A-Veto 99.161 + 0.019 98.152 + 0.019
BDT selection 85.12 +0.07 82.84 +0.05
K*-Veto 98.246 = 0.029 100.0 =*0
B*-Veto 99.494 + 0.016 100.0 +0

Decay-time range
Multiple candidates
Tagging efficiency

98.418 = 0.028
99.978 = 0.003
84.19 +0.08

97.563 £ 0.025
99.757 = 0.008
87.25 £ 0.05

Total

0.2814 = 0.0019 0.5775 £ 0.0018
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Table T.2.4 — Summary of selection and reconstruction efficiencies for B® — J/i/(— ee)Kg
candidates determined in simulation. The main difference in the preselection
efficiency depend on the flight distance requirements of the LL and DD kaons.

Efficiency [%]

Selection LL DD
LHCDb geometry 19.75 + 0.05
Reconstruction 0.372 £ 0.002 1.037 £ 0.003
A-Veto 99.384 + 0.035 98.321 = 0.034
BDT selection 94.55 +0.10 76.91 +0.11
K*-Veto 99.887 + 0.015 100.0 =*0

B*-Veto 99.517 + 0.032 100.0 +0
Decay-time range 100.0 0 99.994 + 0.002
Multiple candidates ~ 99.937 + 0.012 99.763 + 0.015
Tagging efficiency 89.23 +£0.14 90.37 +0.09

Total 0.06126 £0.00034 0.1396 £+ 0.0006

Correlation matrix applied in the fit to B’ — /(2S)(— ,u+,u‘)Kg:

pgs P?S APSS Apfs pOOS p?S Ap(())S APIOS a

py> | 1 0038 —0.011 —0.004 0 0.001 0 0 0

Yy 1 —0.005  0.004 0.001 0 0 0 0.001
Ap3S 1 0.016 0 0 0.008 —0.005 —0.071
Apy® 1 0 0 —0.007  0.005  0.058
> 1 0.112 —0.008 —0.007  0.001
05 1 —0.007 —0.001  0.001
ApS® 1 0.089 —0.060
ApSS 1 0.037
a 1

(T.13)

Correlation matrix applied in the fit to B’ — J/iy(—e*e™)KY:

pgS P?S Apgs Apfs p((J)S P?S Ap(())S APIOS a

py> | 1 0057 0.004 —0.007 0 0.004  0.003 —0.004 —0.001
Y 1 —0.007  0.023 0.006 0.003 0 0.001 0

Ap3S 1 0.023 0 0 0.007 —0.004 —0.027
ApS 1 0.001 0 —0.006  0.003  0.022
> 1 0.078  0.001 —0.017 0

po> 1 —0.018 —0.035  0.001
Apg® 1 0.044 —0.024
ApS 1 0.014
a 1

(T.14)
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F Supplementary figures
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Figure F.1 — Mass fits of the analyzed decay modes of the full Run 2 data set in linear y-scale.

—~ 10* ¢ . T . . ~ 10 . . . T
R T R B
% | k! % UL-K?
E I —— Total fit E —— Total fit
— I Combinatorial Z 10 I Combinatorial
5 103 B K 5 B K
< I Partial = B Partial
% } E | Data
=1 =}
S S
10°

5100 5200 5300 5400 5500 5600 5100 5200 5300 5400 5500 5600
m(JHKs) [MeV/c?] m(JHK3) [MeV/c?]

Figure F.2 - Mass fits of the decay mode B° — J/i)(— p* ") K{ for the two new kaon recon-
struction classes LD (left) and UL (right).
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Figure F.3 — Control plot mapping the intersections of kaon tracks with the LHCb detector
volumes in the x-z-plane. Most interactions occur in the VELO RF-foil.
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