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Resumo

Contribution to the Analysis of the B — K"K 7+
Decay in the LHCb Experiment

Julian Stenzel Martins

Orientador: Leandro Salazar de Paula

Coorientador: Adlene Hicheur

Resumo da Dissertacao de Mestrado apresentada ao Programa de Pos-
Graduacao em Fisica do Instituto de Fisica da Universidade Federal do Rio de
Janeiro - UFRJ, como parte dos requisitos necessarios a obtencao do titulo de
Mestre em Ciéncias (Fisica).

Os estudos dos decaimentos do méson B para estados finais contendo K™K~ 7", seja
por diagramas de aniquilacao direta ou diagramas contendo mésons D° intermedidrios,
sao potencialmente tteis para sondar as previsoes do Modelo Padrao. Poucas medigoes ja
foram feitas em relagdo ao méson B, por conta de sua baixa probabilidade de producao
em aceleradores de particulas. A observacao deste tipo de decaimento requer energia de
colisao e luminosidade que s6 se tornaram possiveis com a construgao do LHC.

Esta dissertacao detalha os passos da andlise do decaimento Bf — KTK 7", que
procura encontrar um sinal mensuravel do méson B usando dados coletados pelo detector
LHCD entre os anos 2010 e 2012. A sele¢ao de eventos foi concluida e o modelo de ajuste

completo foi determinado.

Palavras-chave: Fisica do B, méson B., Modelo Padrao, LHC, LHCb.



Abstract

Contribution to the Analysis of the B — K"K 7™
Decay in the LHCb Experiment

Julian Stenzel Martins

Advisor: Leandro Salazar de Paula

Co-Advisor: Adléene Hicheur

Abstract of the Masters Dissertation presented to the Physics Graduate Pro-
gram at the Physics Institute of the Federal University of Rio de Janeiro -
UFRJ, as part of the necessary requisites to obtain a degree as a Master of
Science (Physics).

The studies of the B meson’s decays to final states containing KK 7", occurring
through either direct annihilation diagrams or diagrams containing an intermediate D°
meson, are potentially useful to probe Standard Model predictions. However, very few
measurements regarding the B meson have been performed, due to its low probability of
being produced in particle accelerators. A measurement of these decays is only possible
with the collision energies and the unprecedented amount of statistical data collected at
the LHC.

This dissertation details the steps in the B} — K+*K 7" analysis that attempts to
perform a measurement of the B signal, using data collected by the LHCb detector from
2010 to 2012. The event selection is completed and the full fit model is determined, in

preparation for a final measurement.

Keywords: B physics, B, meson, Standard Model, LHC, LHCb.
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Chapter 1

Introduction

The Standard Model of Particle Physics has described with great success the known
fundamental particles and their interactions for more than 40 years. However, the Stan-
dard Model is not a wholly complete theory, as it fails to provide explanations for certain
phenomena. For this reason studies are currently being undertaken to fully understand
the Model’s limitations, in order to help drive the development of extensions to the theory.

One of the useful avenues for testing the predictions of the Standard Model are studies
of rare particle decays. The LHCb Experiment was designed for the studies of B mesons,
which are highly unstable particles containing the b-quark, one of the heaviest quarks
known. Although these kinds of mesons are produced very rarely, they can be recon-
structed with great precision in the LHCb detector due to their decay characteristics.
The B. meson is of particular interest to probe Standard Model predictions, as it is the
highest-mass particle of the B family and very few measurements exist as yet for its decay
processes.

This study describes a statistical analysis, that used data collected by the LHCb
Collaboration during the Large Hadron Collider’s Run I, which took place from 2010 to
2012. In this dissertation, the B meson’s annihilation decays to KK 7t final states
are discussed, and the full selection process and fit model determination is detailed, in
preparation for a measurement attempt. Chapter 2 presents a historical and theoretical

overview, and closes with the motivation behind the study of B, decays. In Chapter 3, the



Large Hadron Collider and LHCb detector are described in detail. Chapter 4 discusses
all the steps of the analysis leading up to (but not including) a final measurement, and

the final conclusion to the dissertation is shown on Chapter 5.



Chapter 2

Theoretical Overview

This chapter provides a theoretical introduction and background for the topics that
are relevant to the subject of this dissertation. In section 2.1, a historical background and
review of the Standard Model is given, followed by a brief discussion on the importance

of B-physics and the Bf — K*KTr* decay itself (section 2.2).

2.1 The Standard Model

The Standard Model (SM) of Particle Physics is a theory that was developed and worked
upon continually in the second half of the twentieth century by both theoretical and ex-
perimental particle physicists. It regards the electromagnetic, weak, and strong nuclear
interactions, and also serves to classify and organize all known subatomic particles. The
Standard Model is one of the most successful theories in all of Physics, having enor-
mous and significant triumph in explaining and accurately predicting decades’ worth of
experimental results.

However, it is not a wholly complete theory of fundamental interactions, leaving some
unexplained and poorly understood phenomena. The gravitational interaction is notably
absent from the Standard Model, as the full theory of gravitation as per Einstein’s Gen-
eral Relativity has proven challenging to incorporate into the Model’s framework. The

theory also does not account for Dark Matter/Energy, the non-zero mass of neutrinos,



and doesn’t provide any manner of calculating the masses of quarks and leptons. A num-
ber of theoretical speculations have emerged that attempt to explain these deficiencies,
which are referred to as Physics Beyond the Standard Model (BSM). While some of these
new theories include extensions of the current Standard Model (Supersymmetry is a well-
known example), others, such as Superstring theory, are entirely new. Even though no
direct experimental evidence yet exists to support these theories, they are currently one
of the most active and commented-upon areas of research in both theoretical and exper-
imental physics. The details of this section were extracted primarily from [1, 2, 3], and

references for mentioned discoveries are located throughout the text.

2.1.1 Historical Background

The Standard Model’s inception and development are of fundamental importance to mod-
ern particle physics, and were consequences of a series of theories and experimental ob-
servations that began more than a hundred years ago'. Discussing all the achievements
that led to (or contributed to) the Model is impractical and not in the scope of this
dissertation, so only the most important and famous of these will be mentioned.

The concept of subatomic particle physics can be said to have been born in the closing
years of the nineteenth century. The notion that matter was composed of small and
indivisible particles called atoms had been well-known for almost a hundred years (due to
John Dalton’s work in chemistry [4]) when Joseph John Thomson showed in 1897 [5] how
cathode rays were comprised of negatively-charged particles that were much smaller than
atoms. He called these particles corpuscles (later permanently renamed to electrons), and
they were the first subatomic particles to be discovered and identified?. Thomson believed
that electrons were constituents of atoms which, being neutral particles, would have to
have some source of positive charge in order to offset the electrons. Thomson proposed

the plum pudding model, which would be shown to be incorrect a little over a decade

LOr thousands of years ago, if Democritus of Abdera and the Greek atomists are considered.
2For which Thomson would be awarded the Nobel Prize in Physics nine years later.



later.

In 1908, Hans Geiger and Ernest Marsden performed, at Ernest Rutherford’s behest, a
now-famous scattering experiment [6] in which a-particles were fired at a thin sheet of gold
foil. The results of the experiment are well-known: most of the a-particles passed through
the foil without the slightest perturbation, and the few that were scattered did so at large
angles. Rutherford would conclude [7] that the scattered particles had encountered small
and heavy objects, which led to the realization that the nucleus of the atom occupied
a very small portion of the atom’s total volume, and all the positive charge was located
there, separated from the surrounding electrons (Rutherford atomic model). Thus the
second subatomic particle, positively-charged and located in the nucleus of atoms, would

be identified as the proton by Rutherford himself.

A few years later in 1913, Niels Bohr would propose his own atomic model in which
electrons circled (or “orbited”) the nucleus at certain distances, being held there by the
electromagnetic Coulomb force®*. Bohr would combine his model with the still-young
quantum theory to calculate the hydrogen spectrum in a way that successfully agreed
with experimental results [8, 9, 10], but his orbital model was incomplete. Considering
only the presence of protons and electrons, the masses of atoms made little sense, and
were poorly understood. This would remain a mystery for another eighteen years, until
James Chadwick proved the existence of the neutron in 1932%, a neutral particle with the

same mass as the proton, that was also located in the atomic nucleus [11].

This “classical” trio of subatomic particles would be joined by the photon in 1923, after
Arthur Compton’s experiments confirming light’s particle-like behavior in the subatomic
realm [12]. His experiment (and the resulting famous scattering formula) put a close to a
decades-long re-kindling of the debate on the nature of light, initiated by Max Planck’s

quantization of electromagnetic radiation in 1900 [13, 14] and expanded upon by Albert

3Bohr would receive a Nobel Prize in Physics eight years later, partly for this reason.
4For which he would also receive a Nobel Prize in Physics, in 1935.



Einstein’s groundbreaking work on the photoelectric effect in 1905° [15]. The field of
particle physics was emerging, and a mystery on the nature of the atomic nucleus would
set the stage for the numerous discoveries that would occur in the following decades.

At this point, the three-particle architecture of the atom presented a problem concern-
ing the stability of the nucleus. If all atomic nuclei were composed of only protons and
neutrons, classical electromagnetic repulsion would attempt to separate the protons in the
nucleus from each other. The apparent stability of the nucleus indicated that there must
be another interaction at work that was more powerful than the electromagnetic inter-
action at those small distances, and it would be eventually called the strong interaction.
Hideki Yuwaka proposed a theory on the strong interaction in 1935 [16], with the interac-
tion occurring through a short-range field that was mediated by a massive force-carrying
particle, of which there was no experimental evidence.

In 1937, studies of cosmic rays undertaken by two separate groups (Neddermeyer-
Anderson [17] and Street-Stevenson [18]) provided evidence of particles that were similar
to Yukawa’s proposed force carrier. However, there were some key differences, mainly
regarding how the particle did not interact strongly with the atomic nucleus, something
that should occur if the particle were actually the mediator of the strong force. The
Bristol-based group under Cecil Powell, which included Giuseppe Occhialini and César
Lattes, would identify Yukawa’s particle in 1947 [19], upon coming to the conclusion
that cosmic rays carried two different particles. The first of these would be called the
muon, and it was lighter and had a longer lifetime than the second discovered particle,

6. Yukawa’s particle was the pion (7), and although it

which fit Yukawa’s predictions
was not actually the mediator of the strong interaction, it stands as the first meson to
be discovered. The muon, on the other hand, behaved in every way like a heavy-mass

electron, and was the first lepton to be identified after the electron (while protons and

5Planck would receive the Nobel Prize in 1918 for his pioneering work in quantum mechanics, and
Einstein would receive his own Nobel Prize in 1921 for his paper on the photoelectric effect.
5And for which he would receive a Nobel Prize in 1949.



neutrons were the first baryons, see subsection 2.1.2).

A few years earlier in 1928, Paul Dirac proposed the equation that now bears his name
[20], which described free electrons with energy given by the relativistic energy formula.
Dirac’s equation had the peculiar (and problematic) feature of allowing a solution with
negative energy for every solution with positive energy. He attempted to explain this with
his well-known negative-energy sea theory, in which all possible negative energy states were
already “occupied” by electrons that, upon being promoted to a positive energy state,
would leave a “hole” in the sea. This hole would represent an entirely different particle,
one with positive energy and charge. It soon became apparent that this positively-charged
particle would necessarily have the same mass as the electron, and a particle with these
characteristics was not known at the time.

Still studying cosmic rays, Carl Anderson discovered in 1932 a particle with exactly
the properties that Dirac required, which would be called the positron [21]. Richard
Feynman and Ernst Stueckelberg’s more modern (and popularly accepted) interpretation
of Dirac’s negative energy solutions [22, 23] formulated the “holes” as positive-energy
solutions of a different particle than the electron. The newly-discovered positron satisfied
this explanation, which in fact introduced the fundamental idea that every particle had
its own antiparticle with equal mass but opposite quantum numbers (of which charge is
an example)”. Therefore the positron was in fact the antielectron, and the antiproton and
antineutron would be discovered later in Berkeley, in 1955 [24] and 1956 [25]. Particles
(matter) and antiparticles (antimatter) cannot coexist, and annihilate each other upon
contact producing photons and energy. The observable universe is matter-dominated and
the reason for this matter-antimatter asymmetry remains a mystery to this day, being in
fact one of the main goals of the LHCb experiment, but it is not included in the scope of
the analysis which is the subject of this dissertation.

Another physics milestone in the 1930s was the proposal of the neutrino by Wolfgang

Tt is also important to note that some neutral particles are their own antiparticles, such as the photon.



Pauli, due to problems in the determination of electron energy in nuclear beta decays,
where measured electron energies varied from the values predicted using simple conser-
vation of energy. Pauli suggested that the electron’s energy spectrum was due to the
presence of another particle, one that was electrically neutral, had very small mass, and
that possessed the energy that was missing from the energy conservation prediction. Neu-
trinos rarely interact with matter, and direct experimental evidence of their existence was
only provided in the 1950s by Cowan and Reines [26], while the antineutrino was proved
to exist as a separate particle (i.e. the neutrino wasn’t its own antiparticle) in 1962 by

Lederman, Schwartz, Steinberger et al [27].

In 1947, the known elementary particles were protons, neutrons, electrons, muons,
and pions, and apart from the muon (whose role was still not well understood), they all
fit into existing theory and were well accepted. This would change at the end of the
year with Rochester and Butler’s cloud chamber experiments showing the existence of a
neutral massive particle [28] that decayed into two pions. Initially called “V-particles”
due to the shape of their decay pion tracks in the cloud chamber photographs, these
particles would soon be called kaons. They were the first in a wave of new particles
that started to be discovered in the 1950s®, and that were collectively referred to as
“strange” particles. The strange particles were produced via the strong interaction but
decayed via the weak interaction, unlike the particles that came before them, which
prompted Kazuhiko Nishijima [29] and Murray Gell-Mann [30] to independently propose
the existence of a new quantum property (like charge or spin) for these particles. Gell-
Mann famously coined the name strangeness (S) for this property, which is not conserved

in any particle decay mediated by the weak interaction.

The flood of new particles produced and identified in the first accelerator years showed

that the realm of elementary particles was potentially vastly populated, and in 1961

8Mainly due to the use of the first particle accelerators, which allowed production and observation of
particles in a laboratory setting.



Gell-Mann introduced a way to organize the known particles according to their quan-
tum characteristics [31]. In a manner not dissimilar to Mendeleev’s periodic table, Gell-
Mann’s Fightfold Way sorted particles into geometric arrays in which different values of
strangeness and charge lay upon different lines of the arrays. The discovery of the 2~
particle in 1964 [32] laid to rest doubts on the model’s accuracy, as its existence and
quantum properties had all been predicted by Gell-Mann years before.

In the same year as the (27’s discovery, Gell-Mann and George Zweig independently
proposed an explanation for the Eightfold Way’s geometric organization [33, 34, 35] the
quark model, that states that particles that interact via the strong force (hadrons) are
composed of smaller particles called quarks, that have three types (or flavors). These
three flavors were initially called up (u), down (d), and strange (s), they all had their
own values of electric charge (that were fractions of the electron charge) and strangeness,
and also had corresponding antiquarks. The quark model’s composition rules for the
known elementary particles were quite simple. Baryons (such as protons, neutrons, the
Q) for example) are composed of three quarks?, while mesons (pions, kaons, among
others) are composed of a quark-antiquark pair. Using the composition rules, particles
can be re-expressed as their constituent quarks, for example: uud is a proton, ud is a 77,
and su is a K.

However, the quark model was not without its problems, facing uncertainty in the
years following its introduction due to numerous experiments’ failure to “see” individual
quarks in an experimental setting. Early deep inelastic scattering experiments performed
in the late 1960s attempted to ascertain the interior composition of protons in a manner
similar to Rutherford’s strategy with the atom, and the results themselves were also
similar [36]. Most of the incident particles passed through the proton with no interaction,
while a few were scattered at large angles. Therefore, the positive charge of the proton

was also concentrated in a small fraction of its volume, but in this case the experimental

9 Antibaryons are likewise composed by three antiquarks.
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evidence suggested that there were three concentrations of charge, not just one, which
was predicted by the model.

Another issue with the quark model was due to Pauli’s famous exclusion principle,
which at this time had already been expanded from only electrons to incorporate all
fermions, such as quarks. Some particle’s quark compositions make little sense in view of
the exclusion principle!®, which led to Moo-Young Han and Yoichiro Nambu’s proposal of
color charge for quarks [37]. In this formulation, quarks can have one of three “colors”:
blue, green, and red, and any naturally occurring elementary particle would have a color-
less quark composition. Colorless cases include mixtures of three same-flavor quarks of
different colors and quark-antiquark pairs (which can have color charges of blue-antiblue,
for instance), as well as any combination of these two cases.

The Standard Model of Particle Physics’ current formulation was finalized soon after
experimental confirmation of the existence of quarks, and the following decades saw the
discovery of new leptons and quark flavors that were predicted by the model, such as
Burton Richter and Samuel Ting’s independent discoveries of the J/i¢) meson in 1974
[38, 39] that indicated the existence of the charm (c) quark, and the tau lepton’s (a massive
“cousin” of the electron) discovery the following year by Martin Perl et al at the Stanford
Nuclear Accelerator Center (SLAC) [40], which added to its worldwide acceptance. The
current six-quark configuration was completed when the fifth quark flavor, the bottom
(b), was found in 1977 upon discovery of the T meson [41], and the sixth (and final, so
far) flavor, the top (t), was found in 1995 [42] when particle accelerators finally achieved
the energies necessary to produce them.

The final elements in the list of discoveries that led to (and further completed) the
Standard Model are the gauge bosons, the elementary particles that serve as mediators
of the four fundamental interactions. The gluon, mediator of the strong interaction, was

proposed by Gell-Mann in 1962 [43] and observed in 1978 by the PLUTO Collaboration

10The 2~ for instance is composed of three s quarks.
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at Hamburg [44]. Only five years later, Sheldon Glashow, Steven Weinberg and Abdus
Salam’s proposal of the electroweak interaction [45, 46], that attempted to unify the
electromagnetic and weak forces, was shown to be correct upon the discoveries in 1983 of
the W= [47] and Z [48] bosons at CERN, which completed the Standard Model’s group

of gauge bosons'®.

2.1.2 Summary of the Standard Model

Symmetries play a fundamental role in modern physics. Noether’s theorem implies that
symmetries in a physical system are related to the conservation of a physical property
in that system, and the symmetries themselves can be classified into two types. Global
symmetries are valid in all points of spacetime, while local symmetries have different sym-
metry transformations related to their spacetime coordinates. Furthermore, symmetries
can be continuous if the physical system’s invariance holds under continuous change of its
geometry, or discrete if the invariance only holds in certain configurations. These types of
symmetries are present in modern physical theories'?, and local discrete symmetries are
especially important due to their role in the derivation of gauge theories.

Gauge theories are a general type of field theory, in which the theory’s Lagrangean
is invariant under a certain group of local transformations. Quantized gauge fields are
the basis for all physical theories that successfully describe the dynamics of elementary
particles, where the quanta of the fields are entirely different kinds of particles called
gauge bosons. Quantum ElectroDynamics (QED) was the first quantum gauge theory
to describe the interactions of charged fermions'?, and it is based on the most simple
symmetry group, U(1), having therefore one gauge field and one associated gauge boson,
which are the electromagnetic field and the photon.

In the 1950’s, Chen-Ning Yang and Robert Mills proposed a way to describe the fields

' The photon, mediator of the electromagnetic interaction, was of course already well-known.

12Gpecial relativity is based on Lorentz symmetry, and is an example of a well-known physical theory
which is based on a global symmetry.

13Electrons, in this case.
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of protons and neutrons using a gauge theory, based on isospin symmetry[49]. Yang-Mills
theory uses special unitary groups (SU(NV)) to describe elementary particle behavior, and
it was used successfully in the formulation of Quantum ChromoDynamics (QCD), the
quantum gauge theory for the strong interaction. The quarks which are described by QCD
possess color charge in lieu of electric charge, which is used to define a local symmetry
using the SU(3) gauge group. The gauge field for QCD thus contains eight gauge bosons,
called gluons. Yang-Mills theory is also used for the weak interaction, which uses a third
gauge group, SU(2), and possesses three unique gauge bosons of its own. These three
quantum gauge theories and their internal symmetries are the framework for what is
called the Standard Model of particle physics.

The Standard Model was established in the 1960s and 1970s and is one of the most
successful theories in all of physics. It is a Yang-Mills gauge quantum field theory that
contains the internal symmetries of the SU(3) x SU(2) x U(1) unitary product group, and
therefore encompasses the strong, electromagnetic and weak interactions. The Model also
describes all the fundamental particles, which are divided into three groups'*: leptons,
quarks, and the aforementioned gauge bosons.

Leptons are fermions, and they are particles whose main characteristic is that they do
not “feel” the strong interaction at all (due to their lack of color charge). The six existing
leptons!® are further classified into two different types based on their charge, and form
three generations of lepton pairs, each containing one charged and one neutral particle.
Being fermions, leptons obey Fermi-Dirac statistics and the Pauli exclusion principle, and
also possess the broad characteristics of mass and spin.

The charged leptons are referred to as electron-like, and the first and most famous of
these is evidently the electron (e™) itself. Its neutral pair is the electron neutrino (v,),

and together they form the first lepton generation. The other two generations are pairs

14The much sought-after Higgs particle stands alone as a technical “fourth” group, apart from the
other three which contain multiple particles each.
15Considering that each lepton has a respective antilepton, technically there are twelve leptons in all.
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of similar nature: the second generation is composed of the muon (=) and the muon
neutrino (v,), while the third is constituted by the tau (77) and the tau neutrino (v;).
Each of the charged leptons is alike in every way except for their masses, which increase
in subsequent generations. Therefore the tau holds the highest mass, and both it and the
muon are unstable particles that rapidly decay. The neutrinos, on the other hand, are
all extremely lightweight particles that interact very little with matter, making precise
measurements of their masses a challenging task. Table 2.1 summarizes the six leptons

and their quantum numbers.

Flavor Mass Charge L, L, L,
(GeV/c?)
e 0.00051 —1 1 0 0
Ve <T7x107° 0 1 0 0
14 0.10566 —1 0 1 0
v, < 0.0003 0 0 1 0
T 1.77682 —1 0 0 1
v, < 0.03 0 0 0 1

Table 2.1: Summary of the three lepton generations and their quantum properties which,
after charge, are the electron, muon, and tau numbers, respectively.

Quarks are the only elementary particles to have color charge, and for this reason they
are also the only particles that interact via all four fundamental forces. They share certain
similarities with leptons, such as a three-generation organizational scheme and the fact
that both types of particles are fermions, but in most other ways they differ greatly. Each
quark flavor can have one of three “colors” and therefore each quark generation, which
is composed of two flavors, has a total of 6 separate quarks. These particles are also
unique in the sense that they cannot be observed in isolation. Due to color confinement,
quarks are held within the particles that they form, called hadrons. Since particles must

be colorless, color charge also dictates the possible ways to combine quarks, which further
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classifies the hadrons into baryons and mesons.

Baryons are composed of three quarks with three different colors'®(antibaryons are
likewise composed of three antiquarks with three different anticolors), the main examples
of which are protons and neutrons. Mesons, such as pions and kaons, contain a quark-
antiquark pair, which must also possess the same respective color charge in order to
engender a color-neutral particle. They are easily produced in high-energy interactions
and are all unstable (unlike baryons), rapidly decaying into leptons and photons. Another
notable difference between baryons and mesons is due to the spin which they gain from
their constituent quarks: baryons, having three, are fermions; while mesons are bosons,
obeying entirely different quantum statistics. Table 2.2 summarizes the quark generations

and their quantum numbers, in which the central mass values are extracted from [50].

Flavor Mass (GeV/c?) Charge U D S C B T
d 0.004870: 0008 ~-1/3 0 —1 0 0 0 0

u 0.002370-000% 2/3 1 0 0 0 0 0

5 0.095 4 0.005 ~1/3 0 0 ~1 0 0 0
1.275 +0.025 2/3 0 0 0 1 0 0

b 4.18 £ 0.03 ~1/3 0 0 0 0 —1 0

t 173.21 & 0.87 2/3 0 0 0 0 0 1

Table 2.2: Summary of the three quark generations and their quantum properties which,
after charge, are “upness”, “downness”, strangeness, charm, beauty, and truth, respec-
tively.

As quarks and leptons are both fermions, and they make up all known matter. Both
types of particles can interact via the weak force, and a property of this force brings up
key characteristics of these particles, and also of our observable universe. This property
is the violation of parity symmetry, proposed by Tsung Dao Lee and Chen Ning Yang in

1956 [51] and confirmed the following year by Chien-Shiung Wu et al through the study of

6By analogy with light, where white can be obtained by combining blue, green and red.
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beta decays [52]. In essence, only left- “handed” particles participate in weak interactions,
and the three quark and lepton generations are thus organized into left-handed doublets

and right-handed singlets, as is represented below.

(1) () @ e 21

R and L represent right and left-handed chirality, [ and v represent the lepton-neutrino
pair of a lepton generation, and ¢, and g, represent the quark pair of a quark generation. A
noteworthy aspect of this representation is the lack of a right-handed singlet for neutrinos,
as these kinds of particles!” are still hypothetical.

The Standard Model’s third particle group are the gauge bosons, the mediators of the
electromagnetic, weak, and strong forces. Being bosons, these particles have integer spin
values and thus obey Bose-Einstein statistics. The multiplicity of the gauge bosons for
each interaction is based on the special unitary groups that describe them, and therefore
there are a different number of mediators for each interaction.

As the electromagnetic interaction’s gauge group is U(1), it only contains one gauge
boson, the photon. Its unique quality of having zero mass (which is a necessity as per
special relativity) has a simple consequence for the electromagnetic gauge field and its
interaction, which is infinite range. The weak interaction’s gauge group is SU(2) and
has three gauge bosons, of which two are charged and one is neutral: W', W~ and Z°.
These are the only force carriers that possess mass, which justifies the weak interaction’s
short range. Furthermore, the existence of charged and neutral gauge bosons for the same
force allows for two different types of weak interactions (called current interactions): the
charged-current interaction that is mediated by one of the W bosons (of which nuclear

beta decay is a famous example) and the neutral-current interaction mediated by the Z°.

ITRight-handed neutrinos would only interact via the gravitational interaction, and are thus called
sterile or inert neutrinos.
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Having no charge or flavor quantum numbers of any kind, the Z°-mediated interactions
only alter the momentum of particles, and it does not participate in any decay interactions.
This characteristic of the Z° is due to it being its own antiparticle, similarly to the photon

and unlike the W*, which are each other’s antiparticle.

The strong force is the most complex of the three interactions, with the highest num-
ber of gauge bosons (eight) due to the SU(3) group. These bosons are called gluons
and they carry color charge'®, which are always in pairs of color-anticolor of different
flavors (i.e. blue-antired). Gluons, like quarks, are color-confined and cannot be seen in
isolation. In fact, color confinement is a crucial aspect of the strong interaction, since
the gluon is a massless particle. Intuitively this would indicate that the strong force,
like electromagnetism, has infinite range, which is not the case. Color confinement does
not allow gluons to be exchanged between quarks at a range larger than (roughly) the
diameter of an atomic nucleus, above which the increasingly higher energy requirements
make spontaneously generating a quark-antiquark pair from vacuum the more favourable
option. Table 2.3 summarizes the Standard Model’s five gauge bosons and their quantum

numbers.

The concept of gauge invariance is paramount to the determination of the properties
of gauge bosons. For example, local gauge invariance of the U(1) group is broken by
the addition of a mass term to its Lagrangean, which implies in the massless property
of its gauge boson, the photon. The electromagnetic and weak interactions are currently
considered by the electroweak theory to be manifestations of the same force, unifying their
unitary groups as SU(2) x U(1). However, according to Yang-Mills theory this unification
leads to the existence of four massless gauge bosons for the electroweak interaction. This
is clearly not the case, as the W= and Z° particles, gauge bosons for the weak interaction,

have high masses. The weak interaction’s non-infinite range also contradicts the existence

8Therefore they not only mediate the strong interaction, but also “feel” it themselves, leading to
gluon-gluon interactions and even gluons interacting with themselves.
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Gauge Mass Charge
Boson (GeV/c?)
ol 0 0
(photon)

W= 80.385 —1
w+ 80.385 +1
A 91.188 0
g 0 0

(gluon)

Table 2.3: Summary of the gauge bosons, separated by interaction. The gluons are further
divided by the color charge they carry.

of massless force mediators, as there is no effect comparable with the strong interaction’s
color confinement to prevent it. A solution to this conundrum was formulated in the
1960’s by numerous physicists [53, 54, 55, 56, 57, 58, 59], and is known as the Englert-
Brout-Higgs-Guralnik-Hagen-Kibble mechanism, or, more simply, the Higgs mechanism.

The Higgs mechanism successfully explained how the gauge bosons of the weak inter-
action acquire their relatively large masses (while the photon does not) and was a key
element in the unification of the weak and electromagnetic interactions. Later it was
expanded to also describe the process through which fermions acquire mass, being today
one of the most important concepts contained in the Standard Model. Simply stated,
the Higgs mechanism is due to a new quantum field which permeates all of space, called
the Higgs field. As it is a quantum gauge field, it possesses its own gauge boson called
the Higgs boson. The gauge symmetry of the SU(2) x U(1) group that describes the
electroweak interaction is unbroken at high energies (above 100 GeV), and at this energy
scale, its four gauge bosons are massless, as described by Yang-Mills theory. Below this
energy threshold, there is a spontaneous breaking of local gauge symmetry, which is the
cornerstone of the Higgs mechanism. The Higgs field breaks down the SU(2) x U(1)

symmetry and interacts with the three gauge bosons pertaining to the weak force’s SU(2)
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group, making them massive. The electromagnetic force’s U(1) subgroup, on the other
hand, remains unaffected and its gauge boson stays massless, as is required.

While a more detailed and mathematical description of the Higgs mechanism and
spontaneous symmetry breaking are beyond the scope of this dissertation (for more in-
depth information, see [60]), they are worth mentioning, as the mechanism has been
expanded to also provide masses to other elementary particles. Fermions also interact with
the Higgs field, gaining their own masses. In the Standard Model, the Higgs mechanism
provides the masses of leptons and quarks, where the mass of “heavier” particles (such
as the tau lepton and the bottom quark) is due to their relatively strong interaction
with this field. The Higgs boson itself, whose existence helps confirm the veracity of the
Higgs mechanism, is the final elementary particle encompassed by the Standard Model.
Its tentative discovery at the Large Hadron Collider at CERN in 2012 was an enormous
success for the theory. As it stands, the Model is composed of 61 particles: 36 quarks, 12

leptons, 12 gauge bosons, and finally the Higgs boson.

2.2 Motivation for the Analysis

The bottom quark is of particular interest for the analysis that is the subject of this
dissertation. One of the Large Hadron Collider beauty (LHCb) experiment’s main goals
is the study of the existing asymmetry between matter and antimatter in the observable
universe. This imbalance is one of the most widely investigated problems in modern
physics, and at its heart is Charge-Parity (CP) violation, the simultaneous breaking of
charge conjugation symmetry (exchanging a particle with its antiparticle) and parity
symmetry (inversion of spatial coordinates). In a CP-symmetric universe equal amounts
of matter and antimatter would have been generated by the Big Bang, which would then
consequently annihilate each other, producing copious amounts of radiation. A scenario
in which one type predominantly survives indicates that matter and antimatter obey

different sets of laws, thus violating CP symmetry.
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The Standard Model contains numerous sources of CP violation, and in this context
the most important of these are quark flavor-changing weak decays. In the 1960s before
the existence of the third quark generation, Nicola Cabibbo introduced the Cabibbo ma-
triz[61], whose elements represented the probability of quarks changing from one flavor to
another through weak decays. However, the experimental observation in 1964 of CP vio-
lation in weak decays illustrated a problem with the four-quark model, as the elements of
the Cabibbo matrix did not allow this type of violation. However, three quark generations
would allow a CP-violating complex phase, and in 1973 Makoto Kobayashi and Toshihide
Maswaka proposed the existence of the third generation, and modified the Cabibbo matrix
accordingly[62]. The new matrix, now with nine elements representing weak interaction
quark couplings and allowing CP violation, is called the Cabibbo-Kobayashi-Maskawa
(CKM) matrix.

d/ Vud Vus Vub d
S =1V Ves Vi s (2.2)
v Via Vis Va b

On the left side of the equation are the weak interaction doublet partners of up-type
quarks®. The first matrix term on the right is the CKM matrix itself, composed of V,
elements that are related to the probability of a decay transition from a quark of flavor x to
one of flavor y (or vice-versa), and the second term is simply a vector of mass eigenstates
of the down-type quarks. The complex phase which is necessary for CP-violation only
appears with a minimum of three quark generations, and it affects particularly strongly
the matrix elements pertaining to the decays of bottom quarks (which also possess small
values, in comparison with the other matrix elements), making them objects of interest
for the study of CP-violation. Furthermore, the bottom quark is the heaviest quark that

can form hadrons as its heavier partner, the top quark, has a lifetime that is too short to

9The up, charm and top are up-type quarks, while the down, strange and bottom are down-type.
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permit hadronization. Due to the rich spectrum of b-hadrons that are available for study?°
and the relative ease in experimentally identifying bottom quarks because of their decays’
unique characteristics, B-physics has become in recent decades a major field for research

into CP violation and physics beyond the standard model.

Because of the large interest in studying B-mesons, two particle accelerators specifically
designed to produce them were built in the 1990s. These colliders, referred to as B-
factories, were built for the use of the Belle [63] and BaBar [64] experiments, respectively
located at the High Energy Accelerator Research Organization (KEK) in Japan and the
Stanford Linear Accelerator Center (SLAC) in the USA. Both experiments have since
produced noteworthy results, and notable examples are: the first observation of CP-
violation in a B-meson system [65] and the precise measurements of the CKM matrix’s
quark mixing elements |V,,;| and |V, [66], both at the Belle experiment, and the first
detection of the lowest-energy particle of the bottomonium family?! [67] at the BaBar

experiment.

The potential of B-physics was such that in 1998 the technical proposal of the LHCb
experiment was submitted to (and approved by) CERN with the express goal of becoming
the next generation heavy flavor experiment [68], due to higher energy thresholds and a
more modern and specialized detector. While the existing B-factories made great progress
in their first decade of operation, the energy constraints of their accelerators limit the
statistics of B-mesons that they can produce for study. As it is located at the Large
Hadron Collider, the LHCb experiment is able to take advantage of larger energies to
produce much higher statistics of B-mesons, such as the B* and B, than can be obtained
at the B-factories. Furthermore, rare particles such as the BY and the BF can only be
produced in sufficient quantity for study at LHC energies, currently making the LHCb the

only source for numerous decays of interest in B-physics. Allied with its detector’s highly

2009, Q,", BE, and B are some examples.
21 Particles containing a bottom-antibottom quark pair.
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efficient event reconstruction and flexible trigger (see Section 3.2), the LHCb experiment
is uniquely prepared to both perform high-precision measurements of Standard Model
parameters and search for New Physics. One of the particles of interest for studies of this
kind, and the most relevant for this dissertation, is the B¥ meson.

The BF meson possesses a number of properties that make it an attractive subject
of study. It is currently the only known charmed bottom meson, being composed of a
c-b quark pair. As it is a meson, one member of the pair must be an antiquark, and the
charge of the B, is determined by this: a charm-antibottom (cb) quark pair represents the
positively-charged meson, while a anticharm-bottom (¢b) pair represents its negatively-
charged antiparticle. As it is composed by quarks of the second and third generations,
the B¥ is the particle with the highest mass of the entire b-quark family, being more
massive than even the b-baryons (see Table 2.4). This makes its decays attractive for

study, as there are few other decay processes that can contribute significant components

+

-, allow for

to its mass window (see section 4.2). Rare decays, such as those of the B
probing of mechanisms beyond the Standard Model, as many of their decay parameters
have yet to be precisely measured and compared to predictions.

The BF in particular can decay in a number of significant ways. It was initially
discovered in 1998 by the CDF Collaboration at Fermilab [69], through studies of semi-
leptonic decays of the form Bf — J/yl*v, where I* represents either electrons or muons,
and v represents a neutrino. Using data recorded by LHCb in Run 1 of the LHC, many
BF decays were observed and published from 2012 to 2014. Two examples of decay
observations made in this period are the B, — J/YKTKn* [70] and B — Br™ [71],
both at LHCb. In particular, the weak decays of the B. meson are of interest because
both the ¢ and b quark decay channels can be observed, where the c-quark decays are
dominant. More information on the interest in studying the B, meson can be found in

72].

For this dissertation, a charmless b-hadron decay is studied. These decays involve a
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Particle | Mass (MeV/c?) Quark
Composition
Bt 5279.29 + 0.15 ub
B 5290.61 £ 0.16 db
B 5366.79 £ 0.23 sb
Bf 6275.1 £ 1.0 cb
AY 5619.51 4+ 0.23 udb
=? 5791.8 0.5 usb
=y 5794.4 £ 1.2 dsb
Q, 6048.0 £ 1.9 ssb

Table 2.4: Selected particles in the b-quark family. Top four are mesons, bottom four are
baryons.

flavor-changing currents, which are mediated by the W# (for charged currents, like b — u)
and Z° (for neutral currents, like b — s or d) gauge bosons, and can be used to study
potential deviations from Standard Model predictions. Charmless b-hadron decays can
have different numbers of particles in their final states (body-multiplicity), and in this
case a decay to a three-body hadronic final state is considered, of the kind B¥ — h*hTh*.
In decays of this kind without any charmed particles in the final state, the b-quark’s decay
occurs through a charged flavor-changing current, proceeding through be — W+ — ug
annihilation diagrams (see Figure 2.1), where ¢ in this case is either a d or u quark. Direct

annihilation contributions for the B, also have the attractive quality of being more visible
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in decay channels (= 10%) than for other B-mesons, such as the B™.

b VYAl (X) g K*
Be %% K’

c

Y

(o]

Figure 2.1: Tree Feynman diagram for the B — K*K 7" channel.

In order to take advantage of optimal sensitivity in LHCDb, the final state for this disser-
tation’s decay only contains charged particles with lifetimes large enough to be measured
by the LHCb detector. Final states with three tracks are a simple way to reconstruct
charged mother particles, and the mother particle being a meson, these final states can
be either fully mesonic (h’*h'~h™) or containing a proton-antiproton pair (pph*), where
the mesons are either kaons or pions. The phase space of these decays can contain other
processes as well, such as b-quark charmless decays with intermediate resonances (such as
Bf — D°(Km)h"), and ¢ — ¢ transitions (like Bf — BJ(hi hy )h™). For this particular
study, the chosen final state is K™K~ 7", occurring through annihilation processes or the
aforementioned intermediate resonance decays, such as Bf — DK™ (see Figure 2.2). At
first, the main objective is to see whether isolating any significantly measurable B, signal
for this channel, using the statistics provided by Run 1 of the LHC, is possible. If so, the
second goal is to measure the B.’s branching fraction (which is still unknown) through
the use of control channels of well-established decays, and compare with the Standard
Model predictions. Any deviations could indicate the presence of new physics, such as a

BSM charged particle in place of the intermediate W™ gauge boson. Even if a signal is
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not measured with current data, the road will have been paved for future attempts using

statistics from LHC’s Run II or beyond.

W+
u + 5“%
W*,,.«éd_,s K b sd N
= 4 K
B+ b u + g‘%—<
c D0 BC

Figure 2.2: (left) Tree and (right) time-like penguin Feynman diagrams for B¥ — D°h*
decays.
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Chapter 3

The LHCb Experiment

The LHCDb is one of the experiments currently taking place at the LHC (Large Hadron
Collider). This chapter gives detailed information on the working conditions of the LHC
accelerator and the LHCD detector (section 3.1). However, since the accelerators, detec-
tors and software used in these experiments are constantly being worked on and upgraded,
the details presented in this chapter will represent the state of the LHC and LHCD in the
years from which the data used in this study was taken: 2011 and 2012. Sections 3.2 and
3.3 detail the LHCDb experiment’s detector and hardware systems, section 3.4 contains
information regarding the online event selection system (trigger), and section 3.5 will

present the LHCb experiment’s software systems.

3.1 The Large Hadron Collider

CERN (Conseil Européen pour la Recherce Nucléaire) is an international research orga-
nization located near Geneva, Switzerland, which currently hosts the largest accelerator
complex ever designed. This complex is composed of a series of accelerator machines,
the most powerful of which is called the Large Hadron Collider, or LHC. The LHC is the
largest and most powerful particle accelerator in history, and was designed to accelerate
and collide beams of protons. While initially projected to accelerate these beams up to a

center of mass energy of /s = 14 TeV, in 2011 and 2012 these energies were /s = 7 and
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/s = 8 TeV, respectively.

The protons inside the beams are produced through hydrogen (H;) gas ionization, and
they undergo acceleration in a series of stages through the use of the aforementioned accel-
erators (see Figure 3.1), before being finally injected into the LHC. The first acceleration
stage occurs in the LINAC (LINear ACcelerator) where the beams acquire a maximum
energy of 50 MeV. Afterwards, the beams undergo three more acceleration stages in differ-
ent machines, in the following sequence: PSB (Proton Synchrotron Booster), PS (Proton
Synchrotron) and SPS (Super Proton Synchrotron), which accelerate the beams up to en-
ergies of 1.4 GeV, 26 GeV and 450 GeV, respectively. These are not the highest possible
obtainable energies, rather they are the energies at which these accelerators operated when
they were used for data production. Some of these machines were, at one time or another,
the most powerful particle accelerators on the planet, and in this way they continue to

be useful today as preliminary accelerators for the newer generation of colliders.

The final acceleration stage occurs in the LHC itself, which receives the proton beams
in groups (called bunches) that contained, in 2011 and 2012, 1.45 x 10™ and 1.7 x 10!
protons each, respectively. The final proton beams involved in the collection of the data
used in this study were comprised of 1380 bunches.! The beams are injected into the
LHC’s two tubes in opposite directions, forming two different beams which are then
accelerated to their final energies of 3.5/4 TeV each. After this final acceleration stage,
the beams circulate in the LHC, and may last up to 20 hours while data is measured and

recorded.

In order to achieve these energies, the LHC requires considerable physical dimen-
sions. The largest segment of the accelerator has a circumference of 27km, and is located
simultaneously in France and Switzerland. The accelerator itself is underground, in a

tunnel located at depths that vary from 50 to 150 meters. The underground placement

'However, the number of bunches per beam varies according to the LHC experiment, and these
numbers will be presented along with the experiments themselves, later on in this section.
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Figure 3.1: Current LHC accelerator complex. Shows the linear and circular accelerators,
and positions of major experiments (magenta arrows).

of the accelerator is necessary because it shields the data from contamination (referred
to as "noise”) coming from radiation and especially cosmic rays, and also protects the

surrounding populace from any major accelerator malfunctions.

The machine itself has two internal tubes, containing the LHC’s accelerated proton
beams. These beams orbit in opposite directions inside the tubes, and they are confined
inside the tubes and guided in their trajectory by magnets located throughout the full
extension of the accelerator. The magnets used for this purpose require superconductors

to function and are thermally regulated, being kept at a temperature of 1.9K.

The orbiting beams in the LHC tubes are kept separate, and only interact in four
points along the circumference of the accelerator, where the four largest CERN detectors

are located (Fig. 3.2). These detectors are used by the four main LHC experiments:
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Overall view of the LHC exerlments.

Figure 3.2: Schematic representation of the LHC complex, showing the relative locations
of its four largest experiments.

ALICE, ATLAS, CMS and LHCb. ALICE (A Large Ion Collider Ezperiment) is, as the
name suggests, dedicated to observing the collisions of heavy ions, and has the objective
of collecting information about the behavior of QCD (Quantum ChromoDynamics) in
extreme energy conditions. CMS (Compact Muon Solenoid) and ATLAS (A Toroidal Lhc
ApparatuS) are the LHC’s two general-purpose detectors and their associated experiments
have multiple objectives. One of the most important of these objectives, and which was
achieved in 2012 to much media attention, was finding the Higgs boson. Other goals
include studying the properties of the Higgs and Higgs-like bosons, studying the Standard
Model of Particle Physics, and searching for signs of supersymmetry and extra dimensions

beyond the Standard Model.

The last of the four largest LHC experiments is the LHCb (Large Hadron Collider
beauty) experiment, which uses a detector specially designed to study the interactions
and rare decays of the b-quark, as well as the CP (Charge-Parity) violation that occurs
in these decays. The LHCb experiment has a variety of objectives related to heavy-
flavor quark (mainly beauty and charm) physics, such as the study of jets, charm, and

electroweak /QCD physics. Only the LHCb detector’s specifications and working condi-
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tions are of interest in this study, and its performance and general characteristics will be
discussed in the following paragraphs and in Section 3.2.

The final important detail regarding LHC data is the luminosity, which measures the
number of collisions produced by the accelerator. This performance is characterized by the
instantaneous and integrated luminosities. The instantaneous luminosity represents the
rate of collisions, while the integrated luminosity represents the total number of collisions,
thus being the most common way to present the quantity of recorded data in a certain
time period. The luminosity itself is the physical quantity that relates the rate of a certain

event R with its cross-section o:

R=CLo (3.1)

2

The LHC was projected to function with an instantaneous luminosity of £ ~ 103*cm =25~

The LHCDb experiment, however, operated with instantaneous luminosities of £ = 3 X
10%2em=2s7 1 in 2011 and £ = 4 x 10*2cm 2571 in 2012. The total integrated luminosity
recorded by the LHCb experiment during this period is expressed in equation 3.2, while
Figure 3.3 shows the evolution of the LHCb experiment’s integrated luminosity for the

three years of Run 1.

Lint = /L‘dt ~ 3.0 fb! (3.2)

The LHCDb experiment requires a smaller instantaneous luminosity than most other
LHC experiments (ALICE being an exception). This is due to the need, in flavor-precision
physics, to properly resolve decay vertex structures, which is significantly complicated by
large event pileup. In order to reduce event pileup, detector occupancy and radiation
effects, the LHCDb detector possesses real-time luminosity control, which is based on ad-
justing the beam transversal overlap at the LHCb interaction point. In this fashion, the

instantaneous luminosity is reduced and the LHCb physics yield is maximized through

1
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Figure 3.3: Integrated luminosity produced by the LHC (dark red, blue and green) and
recorded by LHCb (light red, blue and green), for the entirety of Run 1.

optimal event pileup. More information on the LHCb detector’s precision luminosity

control can be seen in [73].

3.2 The LHCDb Detector

The LHCb detector is a single-arm forward spectrometer, designed for the study of par-
ticles containing b or ¢ quarks. The detector covers an angular region from 10 mrad to
300 and 250 mrad in the horizontal and vertical planes, respectively, and is shown in
Figure 3.4.

The LHCb detector’s geometrical design is due to the bb pair’s characteristic of only
being produced at small angles in respect to the proton beam during high-energy collisions,
which is illustrated in Figure 3.5.

The detector includes a high-precision tracking system consisting of a silicon-strip ver-
tex sub-detector surrounding the interaction region, a large-area silicon-strip sub-detector

located upstream of a dipole magnet with a bending power of about 4 T'm, and three sta-
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Figure 3.4: Side view of the LCHDb detector and its sub-detectors, with vertical y and
horizontal z axes.

LHCb MC
Vs=7TeV

Figure 3.5: Monte Carlo simulation showing bb pair production at small angles during

high-energy collisions. The z and y axes represent the angles between the b(b)-hadrons
and the direction of the proton beams.
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tions of silicon-strip sub-detectors and straw drift tubes placed downstream of the magnet.
The tracking system provides a measurement of the momentum of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV//c. The
minimum distance of a track to a primary interaction vertex (PV), known as the impact
parameter, is measured with a resolution of (15+ 29 p;') um, where pr is the component
of the momentum transverse to the beam, in GeV/c. Different types of charged hadrons
are distinguished using information from two ring-imaging Cherenkov (RICH) detectors.
Photons, electrons and other hadrons are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons, on the other hand, are identified by a system composed of alternating
layers of iron and multiwire proportional chambers.

The following sections contain further information on the subsystems of the LHCb
detector, and borrow mainly from [74] and [75], which contain fully detailed descriptions

of the detector.

3.3 Detector Systems

3.3.1 Tracking System

The LHCb detector must be capable of not only measuring particle trajectories and
momenta, but also of precisely separating primary and secondary vertices of decays. In
order to achieve this, the detector utilizes a tracking system composed of a dedicated
vertex detector known as the VELO (VErter LOcator), discussed in the next subsection,
and four tracking stations located in different areas of the detector. The first tracking
station is called T'T (Tracker Turicensis, see Section 3.3.1), and is located between RICH-
1 (see Section 3.3.4) and the LHCb dipole magnet (see Section 3.3.2). The other three
stations, T1-T3 (which contain both the Inner and Outer Trackers, see Section 3.3.1), are

located over a 3 meter span between the magnet and RICH-2, as illustrated in Figure 3.6.
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Figure 3.6: Representation of tracking stations of the LHCb detector. Present in the
figure are tracking stations (purple) and the Outer Tracker (green).

Vertex Locator (VELO)

The function of the Vertex Locator sub-detector is to precisely measure track coordinates
close to the LHC’s beam interaction point and identify displaced secondary vertices which
are a characteristic of B-hadron decays. B-mesons, however, have short mean lifetimes,
on the order of one picosecond (ps)?, which only allows them to travel distances on the
order of milimeters before decaying into other particles. Therefore, the 42 silicon detector
elements (separated in two halves) that compose the VELO are placed at a distance of
only 5mm from the proton beam’s interaction point, which puts the detectors in the path
of the proton beams themselves.

In order to protect the detectors from any damaging effects of the high-energy beams
and prevent any interference to the beams themselves, the VELO system has the capability
to regularly change the locations of the detector elements between the measuring (physics)
position of 5mm and the retracted position of 35 mm. Figure 3.7 shows the VELO’s silicon
module’s arrangement along the beam direction and their fully open and closed positions.

The VELO system is positioned in order to cover the angular acceptance of the

downstream detectors, being able to detect particles with a pseudorapidity® in the range

2The B, meson in particular has a mean lifetime of approximately half a picosecond.
3Commonly used in experimental particle physics, pseudorapidity (represented by 7) describes the
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Figure 3.7: (top) Cross-section in the (z, z) plane of the VELO silicon sensors, in the fully
closed physics position. (bottom) The front face of the VELO’s first modules, in (left)

closed and (right) open positions.
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1.6 < n < 4.9 and emerging from primary vertices in the range |z| < 10.6 cm. Moreover,
the VELO is designed to use cylindrical geometry (r¢ coordinates), which enables faster
track and vertex reconstruction than simple rectilinear schemes. Each of the VELO’s
220pm-wide modules (Figure 3.8) is designed to provide all 3D spatial information nec-
essary for these reconstructions, and therefore possesses two distinct sensors.

The first of these is the ¢-sensor (or ¢-measuring sensor) which provides information
on the beam’s azimuthal coordinates. The sensor is composed of radial strips that are
separated into inner (r < 17.25mm) and outer (17.25 < r < 41.90mm) regions, each region
having a different number of strips. The inner region contains 683 5.9 mm-long strips,
while in the outer region there are 1365 24.9mm-long strips. Taking both regions into
account, each sensor is composed of 2048 strips, providing the system with approximately
180000 measurement channels.

The second sensor present in every module of the VELO system is the R-sensor (or
r-measuring sensor), which provides information on the radial distance from the beam
axis. The final required z-coordinate is provided by each sensor plane’s position within
the experiment. Each module in the system is capable of covering a azimuthal acceptance
of 0 < ¢ < 182°. In the fully closed position, the modules are superimposed and cover
the entire 0 < ¢ < 27 acceptance range. More information on the VELO system and it’s

performance can be found in [76] and [77].

Tracker Turicensis

The Tracker Turicensis (formerly known as the Trigger Tracker), or T'T, is a silicon mi-
crostrip sub-detector located between the RICH 1 and the Magnet in the main LHCb
detector (see Figure 3.4). Ome of the two sub-detectors in the Silicon Tracker system,
the TT is a 150cm wide and 130cm high tracking station, with an active area of 8.4 m?

and 143360 readout strips, each of which can be up to 38 cm in length, allowing the TT

angle between a particle’s momentum and the beam axis.
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Figure 3.8: VELO system modules. The left image shows an outside view of the modules,
while the right image looks into the system, in its closed position.

to cover the full acceptance of the experiment. The TT possesses four detection layers,
which are comprised of a series of modules. Each layer has an x — u — v — x arrangement
(see Figure 3.9), in which the first and last layers have vertical strips, while the second
and third layers have strips that are rotated by —5° and +5°, respectively.

In order to aid in track reconstruction, the TT’s four layers are arranged into pairs,
x—u and v —x, which are separated by approximately 27cm along the LHC beam axis and
housed in a thermally and electrically insulated detector volume. This volume maintains
an internal temperature of under 5°C, and is constantly flushed with nitrogen, to avoid
condensation. The basic component of the TT’s detection layers (see Figure 3.10) is a
half-module that covers half the height of the LHCb acceptance, consisting of a row of
seven silicon sensors. The regions above and below the LHC beam pipe are each covered
by one of these half-modules, while the regions to the sides of the beam pipe are covered
by rows of seven (first two layers) or eight (last two layers) 14-sensor long full modules.
These full modules are assembled from two half-modules, and cover the full height of the
LHCb acceptance. The TT is capable of providing a spatial resolution of 50um on the
position of every single hit. More information on the Tracker Turicensis can be found in

Section 5.2 of [74].
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Inner Tracker

The Inner Tracker (or IT) system is similar to the T'T in many respects. It uses silicon
microstrips, the same four-layer x —u—wv —x configuration, and each of its stations consists
of detector volumes that are insulated and thermally regulated in the same way. However,
the IT system is comprised of three stations (T1, T2 and T3) instead of one, which are
arranged around the LHC beam pipe, and they do not cover the full LHCb acceptance.
The IT covers a 120cm wide and 40cm high cross-shaped region in the center of the
three stations, which are located downstream of the detector’s magnet (see Figure 3.4).
Even though this represents only 2% of the full area covered by all the tracking stations,
approximately 20% of the particle trajectories that pass through the stations are detected

by the I'T system.

Each IT station is made up of four detector volumes containing four layers of silicon
sensors, organized in groups of seven modules. The modules have slightly different sensor
configurations, depending on their location. Modules above or below the beam pipe
contain only one 320 pm-wide sensor, while modules to either side of the beam pipe
contain two 420 pum-wide sensors. In all other respects the sensors are identical, and IT’s
spatial resolution is approximately 50 pum per hit, the same as the TT’s. Figure 3.11
shows the configuration of the I'T detector volumes surrounding the LHC beam pipe, and

more information regarding the Inner Tracker system can be found in [78§].

Outer Tracker

The silicon sensors that are used in the entirety of the TT system and in the IT area of
the T1-T3 tracking stations, while costly, offer precise spatial resolution, which is why
they are positioned close to the beam pipe where the density of particles is highest. In
the areas further from the beam pipe, where particle density is smaller and precise spatial

resolution is therefore easier (and less expensive) to achieve, trajectories are detected by
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the Outer Tracker (OT), a drift-time? detector that uses thousands of gas-filled straw
tubes (each with a diameter of 4.9mm) to track charged particle trajectories and measure
their momentum over a large acceptance area. Each of the T1-T3 stations has its own
OT straw tube component (see Figures 3.6 and 3.12).

The OT system is an array of straw tube modules, each of which contains two staggered
layers of drift-tubes, using the same x — u — v — x configuration as the I'T and TT. Each
double layer is composed of 4608 tubes, and all three tracking stations combined possess
approximately 55000 tubes. The tubes each have a wire in the center and are filled with a
mixture of Argon (70%) and CO (30%) gases. A potential difference between the central
wire and the inner walls is maintained in each tube, so that when a charged particle passes
through the tube, the gas is ionized and produces electrons which are accelerated towards
the wire, and the particle’s trajectory is determined by the time it takes for the electrons
produced to reach the wire (see Figure 3.13).

Straw tube technology is less expensive than silicon detectors, making it possible

for the OT system to cover a much larger area surrounding the beam pipe: each T1-3

4Drift-time refers to the time interval between the passage of a particle through the detector and the
detector’s measurement of said particle.
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Figure 3.12: Cross-section of a straw-tube module (dimensions in mm).

Figure 3.13: Schematic of a charged particle’s passage through an OT module, with
ionization-produced electrons inside the affected straw tubes.
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station has a total active area of 5971 x 4850 mm?. However, since drift-time detectors by
definition have a larger delay between the passage of a particle and a measurement when
compared to silicon detectors, the spatial resolution of the OT system is not as precise
as the resolution offered by the TT and IT systems. The drift time of the OT system
is under 50ns, offering a drift-coordinate resolution of 200 pm. On the other hand, the
mass resolution of the system is very precise, which is necessary in order to accurately
determine the invariant mass of reconstructed b-hadrons. More information on the Outer

Tracker system can be seen in [79].

3.3.2 Magnet

Located between the TT and T1-3 tracking stations (see Figure 3.4), the LHCb detec-
tor’s dipole magnet is used to measure the momentum and electric charge of particles
(see Figure 3.14). It is a "warm” magnet 5 capable of fulfilling the LHCb experiment’s
contrasting requirements of simultaneously maintaining a magnetic field level inside the
RICH detector’s envelope (see Section 3.3.4) of less than 2 mT while also producing the
highest possible field in the region between the VELO and the TT system. Furthermore,
the magnet is also able to invert its polarity, which is fundamentally important in studying

systematic effects in asymmetry measurements.

The main components of the magnet are two identical, conical saddle-shaped coils,
which are placed mirror-symmetrically to each other in the magnet yoke. These 27-ton
coils deliver a maximum magnetic field of 1.1T, and an integrated magnetic field of 4Tm
for tracks of 10m lengths (see Figure 3.15). Further information on the LHCb detector’s

dipole magnet can be found in [80] and in Chapter 4 of [74].

5As opposed to a super-conducting magnet, which was originally proposed but not built due to pro-
hibitively high cost.
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Figure 3.15: Generated magnetic field along the z axis.
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3.3.3 Calorimeters

The LHCDb’s calorimeter system is composed of four components: SPD (Scintillator Pad
Detector), PS (PreShower), ECAL (FElectromagnet CALorimeter) and HCAL (Hadronic
CALorimeter), and is used both to measure the transverse energy and momentum of
particles and to identify photons, electrons and hadrons for the first trigger level (LO,
see Section 3.4.1). The system makes measurements 4 us after interacting with incident
particles and is capable of precisely determining their positions, which are fundamen-
tal for reconstructing 7° and prompt photons with good accuracy. These particles (and
efficient measurement of high transverse momentum in general) are important for the
physics program of the LHCb, since they contribute to the flavor tagging of B-meson
decays. Calorimeters provide the main way of identifying and measuring particles that
have no electrical charge, and they accomplish this by blocking the passage of the par-
ticles and measuring the energy they lose. Electrons interact at high energies through
bremsstrahlung®, i.e. through the emission of photons. The emitted photons subsequently
create electron-positron pairs that emit more photons, creating an electromagnetic shower,
and Hadron interactions at high energies likewise produce hadronic showers. The ECAL
and HCAL sub-detectors are designed to be capable of forcing their respective particles
to deposit all their energy, which is why their lengths are expressed as functions of the
radiation length X,. Both calorimeters function in similar ways, using scintillating ma-
terial that emits photons upon particle interaction, which are then collected and have
their wavelength modified by Wavelength-Shifter (WLS) fibers for easier detection and

measurement through photomultipliers (see Figure 3.16).

SPD and PS

The SPD and PS, placed next to each other and before the main section of the ECAL, are

responsible for identifying neutral and charged particles that cause showers and initiating

8German for ”braking radiation” or ”deceleration radiation”.
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Figure 3.16: Individual scintillator pad showing the WLS fiber layout.

the showers themselves, respectively. The SPD/PS detector consists of two almost iden-
tical planes of rectangular scintillator pads of high granularity, offering a total of 12032
detection channels. There is a 15mm lead converter with a thickness of 2.5X between the
planes. The SPD’s sensitive area is 7.6m wide and 6.2m high, and due to the detector’s

angular acceptance, the PS’s dimensions are approximately 0.45% larger.

ECAL

The LHCD detector’s electromagnetic calorimeter is located after the PS and 12.5m from
the interaction point, and is composed of alternating layers of passive and active materials.
The passive materials are responsible for initiating electromagnetic showers and reducing
particle energy, while the active material is used to measure how many layers the incident
particles are able to penetrate. This alternating configuration uses shashlik technology,
with layers of 4mm-wide scintillating and 2mm-wide lead tiles. When all 66 layers are
taken into account, this represents a 42cm-thick (or 25X,) barrier, capable of completely
stopping photons and electrons and measuring their energy. The energy resolution has a

dependency on the energy of the incident particle:
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Figure 3.17: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right),
showing one quarter of the detector front face. Left figure dimensions are for the ECAL.

E:ﬁ@b (3.3)

Where a = 0.09v/GeV (shower statistical uncertainty), b = 0.008 (systematic uncer-

tainty), and € represents a quadrature sum.

HCAL

The LHCD detector’s hadronic calorimeter is placed right after the ECAL, 13.3m beyond
the interaction point. It has considerable dimensions, being 8.4m tall, 6.8m wide, and
1.65m thick, and functions in a similar fashion to the ECAL, i.e. using alternating layers
of passive and active materials. In the HCAL, 16mm-thick iron tiles are used instead
of lead for the passive material, in order to be capable of stopping hadrons, which are
heavier than photons and electrons. There are three other main differences between the
two calorimeters. The first is the scintillating tile orientation of the HCAL, which runs
parallel to the beam axis instead of perpendicularly, which is the case in the ECAL (see
Figure 3.18). The second is the granularity, which is smaller for the HCAL due to the
larger width of hadronic showers, in comparison to electromagnetic showers; and the third

is the different segmentation of the HCAL, which only has an inner and outer region (see
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Figure 3.18: Schematic of HCAL internal cell structure.

Figure 3.17). The HCAL’s energy resolution is also similarly calculated:

Where a = 0.69v/GeV (shower statistical uncertainty) and b = 0.09 (systematic un-
certainty). More information on the LHCb detector’s calorimeters can be found in [81]

and in Section 6.2 of [74].

3.3.4 Ring Imaging Cherenkov (RICH) Detectors

Charged particles, when travelling through a dielectric medium at velocities greater than
the speed of light in that medium (v > ¢/n), polarize and excite the molecules in the
medium, which subsequently emit photons. The result is that the charged particle emits
a cone of light in a phenomenon known as Cherenkov radiation. Since the radiation cone’s

emission angle 6 is explicitly related to the particle’s velocity:
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cos = 1/pn (3.5)

where (3 is the ratio of v to the speed of light ¢, knowing the angle of Cherenkov
radiation emission equates to knowing the speed of the emitting particle. The LHCb
detector contains two Cherenkov radiation-measuring sub-detectors, RICH-1 and RICH-
2 (see Figure 3.19).

Two RICH detectors are necessary to cover the full momentum range, and these
are placed in different places after the interaction point (see Figure 3.4) using different
radiative mediums (see Figure 3.20). RICH-1 is located upstream of the magnet between
the VELO and TT, approximately 1m from the interaction point. It covers the full LHCb
acceptance (see Section3.2) and low momentum charged particle range of ~ 1-60GeV /c,
and uses aerogel and C,F;o radiators. RICH-2 is located downstream of the magnet,
between the T1-3 stations and the first muon chamber (see next section), approximately

10m from the interaction point. It utilizes a CF,4 radiator and covers the momentum range
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from ~ 15GeV/c to more than 100GeV /c, through a more limited angular acceptance of
+15mrad to £120mrad (horizontal) and £100mrad (vertical), which is the range where
higher-momentum particles are produced.

Measurements of Cherenkov radiation from the RICH detectors are used for particle
identification. The information they provide on charged particle speeds are combined
with momentum and trajectory measurements coming from the tracking system in order
to calculate the particle’s mass and charge, which then determines its identity. For the
LHCb experiment, the RICH detectors help identify protons, kaons and pions, which are
commonly found in the final states of b-hadron decays, such as the decay that is the
subject of this study. More information on the LHCb’s RICH detectors can be seen in
[82] and in Section 6.1 of [74].

3.3.5 Muon System

The final LHCb sub-detector is called the muon system, and its main purpose is to identify

muons (u), an absolutely crucial function due to the presence of these particles in the final
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states of many important CP-sensitive b-hadron decays”. It provides information for the
high-pr muon trigger (see Section 3.4), and muon identification for the high-level trigger
(HLT) and offline analysis. Furthermore, muons are important for quark flavor-tagging,
being used in both CP assymetry and oscillation measurements.

The LHCb’s muon system is composed of five rectangular stations (see Figure 3.21),
M1-5, which are placed along the beam axis (see Figure 3.4). M1 is placed 12.1m after
the interaction point and is separated from the other four stations by the electromagnetic
and hadronic calorimeters, being used for the trigger system’s pr measurements. The
other four stations M2-5 are placed at the end of the detector, respectively at 15.2m,
16.4m, 17.6m and 18.8m after the interaction point. Interwoven between the final four
stations are 80cm thick iron absorbers, used to select muons. The geometry of the five
stations is scaled according to the distance from the interaction point, meaning each
station has slightly larger transverse dimensions than the one before it. In total, the
system is composed of 1380 chambers (276 in each station) and covers a total area of
435 m?.

Each station is organized into four regions R1-4. The linear dimensions of the regions
and their segmentations scale in the ratio 1:2:4:8, in order to maintain roughly the same
detector occupancy in all regions. The detectors in the stations provide space point
measurements of muon tracks, delivering binary (yes/no) information, which is measured
by dividing the chambers into logical pads. The dimensions of the pads define the z,y
resolution (see Figure 3.22), and each station’s four regions have different resolutions that
are larger (i.e. less precise) the farther away they are from the beam pipe.

Almost all of the muon systems’ stations use Multi-Wired Proportional Chambers
(MWPC), which are filled with a gaseous mixture (Ar(40%), CO4(50%) and CF,(10%))
and have a system of anode wires between two metal cathode plates. Their function is

similar to the straw tubes used in the tracking system: a potential difference is applied

"B — J/y(pt )¢ and BY — J/¢p(utpT)K? being two well-known examples.
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Figure 3.21: Side view of the muon system, with the calorimeters separating M1 from

M2-5. The four iron filters are also shown.
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Figure 3.22: Left: front view of a muon station quadrant in which each rectangle represents
a chamber. Right: division into logical pads of R1-4 in M1.




52

Figure 3.23: Field lines for (left) MWPC central wires and (right) GEM plate holes.

between the wires and metal plates, and upon interaction with a charged muon the gas
mixture is ionized. The subsequent emitted ionization electrons are collected by the wires

and are used to measure the hit position.

MWPC’s have a limit of data acquisition, which is why they aren’t used in the first
region of the first muon station. R1 is closest to the beam pipe while M1 is located
before the calorimeter system, meaning that this specific region expects a much higher
particle rate. Therefore, this region is the only one to use a unique detector chamber
system, called the triple Gas Electron Multiplier (triple-GEM). Each chamber is filled
with the same gaseous mixture as the MWPC’s, and is composed of two conducting
metal walls (functioning as cathode and anode), with three thin GEM plates in the middle.
Each GEM plate is filled with holes, in which strong electric fields are applied. Incident
charged particles ionize the gas, and the emitted electrons pass through the holes in the
GEM plates, creating a discharge which is then collected at the anode wall. The electric
field lines for the MWP and triple-GEM chambers can be seen in Figure 3.23, and more
information on the LHCb detector’s muon system can be found in [83] and in Section 6.3

of [74].
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3.4 Trigger Systems

The LHCb experiment operates using a collision rate of approximately 16 MHz®, which is
less than half the LHC’s proton beam crossing rate of 40 MHz. This is due to the LHCb'’s
requirement of smaller event pileup, which was mentioned in the beginning of this chapter.
However, even this smaller collison rate is more than the detector’s hardware is capable
of processing and storing for later analysis, meaning that possibly meaningful events may
be lost. For this reason, the LHCb detector possesses a dedicated trigger system whose
function is to select which produced events are recorded during data-taking. This selection
is optimized using both the topology of B-meson decays, whose lifetimes are long enough
to form decay vertices out of the interaction point, and particles with high pr, due to the
B-meson’s large invariant mass.

The trigger system is divided into two levels that have different functions: the Level-0
trigger (L0) and the High Level Trigger (HLT), which is further divided into two sub-levels.
The former is activated at the hardware level and uses dedicated electronic systems, which
take into account information from the VELO, muon stations and calorimeters to make
individual event selections/rejections in ~ 4us. The latter operates at the software level
using C++ algorithms running simultaneously on 1000 computers®. Being applied at the
software level, the HLT is much more flexible than the L0, having more time to make
decisions and being much easier to modify.

The following subsections are based mainly on [84] and Chapter 7 of [74], where more

information on the LHCb detector’s trigger systems can be found.

3.4.1 Level-0 (L0)

The LO trigger takes its information from three sources: the calorimeter trigger, the muon

trigger, and the pile-up system. The information they provide is combined in the Level-0

8This represents only an average collision rate, since the time between subsequent collisions varies.
9Referred to as a processor farm.
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Decision Unit (LODU), which is then responsible for the final decision on whether or not to
accept an event. The approximately 16 MHz crossing rate used by the LHCb experiment

is reduced to approximately 1 MHz by this first trigger level.

LO Calorimeter Trigger

The Level-0 calorimeter trigger system looks for high Er particles, which may be electrons,
photons (7), neutral pions (7°), or hadrons. This search is accomplished by adding the Er
of 222 cells and selecting those clusters'® with the largest values of Er. Using information
from the SPD, PS, ECAL and HCAL calorimeters (see Figure 3.24), each cluster selected
is then identified as an electron (LOElectron), photon (LOPhoton), or hadron (LOHadron),
as per the following conditions: if a cluster is measured in the HCAL, it is classified as a
hadron; if it is measured in the ECAL and the corresponding HCAL cluster isn’t activated,
the cluster can be a photon or an electron. In this case, the final classification is made
according to the amount of hits in the SPD.

These SPD hits are also used to veto certain events. A large number of SPD cells with
a hit provide a measure of charged track multiplicity, and the hit is rejected if the number
is too large. This rejection is done to avoid accepting events that are too complex and

therefore consume over-large processing times.

LO Muon Trigger

The LO Muon trigger is composed of a system of processors installed in each quadrant of
the LHCD detector’s five Muon Stations (see Figure 3.25). The objective of this trigger
level is to select the two muons with the largest transverse momentum pr in each quadrant,
allowing each event to have up to eight muon candidates. The system searches for hits
defining a straight line that originates at the interaction point and passes through the five

Muon Stations. An event is accepted for any combination of two conditions, based on a pr

0Calorimeter clusters are groups of cells which are activated through interaction with an incident
particle.
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Figure 3.24: Architecture of the Level-0 calorimeter trigger.

threshold: if any single muon candidate possesses pr above the threshold (LOMuon); or if

the combination of the largest and second-largest pr candidates are above the threshold.
LO Pile-Up System

The LO Trigger level’s Pile-Up system is composed of two 300um-thick silicon planes,
which are perpendicular to the beam-line and located upstream of the VELO. Each plane
consists of overlapping radial-sensors, similar to those used in the VELO modules. The
planes measure the quantity of primary vertices in an event and reject it if this quantity

is higher than a predefined limit.

3.4.2 High-Level Trigger (HLT)

The second trigger level is the High-Level Trigger, or HLT, and its main purpose is to
further reduce the rate of data transfer that passes the LO trigger, in order to reach
a transfer rate small enough to record. The LO level output of 1 MHz is reduced to

approximately 3 KHz by the HLT (see Figure 3.26), which uses a C++ application
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executed in every CPU of a specialized computing farm known as the Event Filter Farm.
Each application of the HL'T has access to all the information on a given event that passes
the L0 level, and being software-based, the HLT is highly flexible and can be upgraded
over time.

The HLT is divided into two stages, called HLT1 and HLT2, which have different pur-
poses. HLT1 searches for high pr particles that don’t originate from the primary vertex.
HLT2 completes the (complete or partial) reconstruction of the event through two types
of selections, inclusive or exclusive. The exclusive selections use tracking performance
data, while the inclusive selections select partial b-hadron decays to known final states,

such as X and J/¢¥ X, among others.

3.5 Software Systems

The trigger system delivers raw subdetector data, which can not be immediately analyzed
without first being interpreted and reconstructed by LHCb’s dedicated software systems.
These software systems (or packages) are based on the Gaudi(see [85]) framework, and

are capable of data analysis (DaVinci), event reconstruction (Brunel) and simulations
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(Gauss), among others. These packages are further detailed below, while the following

subsections will focus on the LHCb’s track reconstruction and stripping software.

e Gauss (see [86]) is the LHCb program that simulates what happens in the LHCb
detector during data-taking. This allows us to understand the detector’s experi-
mental conditions and performance, while also providing Monte Carlo simulations
of decay channels of interest. This is fundamental in many decay analyses, including
the analysis that is the subject of this dissertation. The Gauss simulation program

is composed of two separate phases using three dedicated applications: Pythia (see

[87], [88] and [89]), EvtGen (see [90]) and Geantj (see [91] and [92]).

The first phase is the Generator Phase, where the Pythia and EvtGen applications
generate the proton-proton collisions, produced particles and their subsequent de-
cays. The second is the Simulation Phase, where the detector and its experimental
setup are simulated in the Geant4 application. The result of these two stages is
simulated information, that attempts to "mimic” in the most accurate way possible
not only the particles that are produced at the interaction point, but also the LHCb

detector’s performance in measuring them.

e Brunel (see [93]) is the LHCDb’s event reconstruction application, which is capa-
ble of processing either real data coming from the LHCb detector or the output
of the LHCb’s dedicated simulation packages. The application creates protoparti-
cles, which only contain information on particle momentum and trajectory, using
information coming from detector hits. As output, the Brunel application generates
reduced Data Summary Tapes (rDST’s), which are datasets that only contain pri-
mary information on particle identification and their reconstructed tracks (see next
subsection). These datasets are then submitted to the stripping process, which is

discussed in subsection 3.5.2.

e The DaVinci (see [94]) package is the physics analysis software used in the LHCb
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experiment. It is capable of event selection, vertex and unstable particle reconstruc-
tion. Its output information is saved in data files (ntuples, trees, and histograms
are common examples) that are subsequently analyzed using the ROOT (see [95])

framework.

3.5.1 Track Reconstruction

Correct particle identification is fundamental for proper event reconstruction. There are
only a few particles that can be directly detected by particle detectors: protons, neutrons,
pions, kaons, photons, electrons and muons, and the first step to determining the momen-
tum of these particles is to accurately reconstruct their tracks, or trajectories, through the
detector, from the VELO to the calorimeters. The combination of particle identification
(provided by the sub-detectors) and correct determination of their momentum (from their
tracks) allows for the discovery of numerous other variables and quantities of interest.

A single measured event in the LHCDb detector can possess more than 100 individ-
ual tracks, which may not even pass through the entire spectrometer, due to its unique
geometrical design. This makes correct track reconstruction a complicated affair, and
individual tracks are thus categorized into 5 different types (see Figure 3.27), based on

how they are detected by the tracking system:

e Long Tracks pass through all sub-detectors in the tracking system: VELO, TT
and the tracking stations. Since these are the tracks with the largest amount of
information (being therefore well-measured), they are very important and useful for

decay reconstructions.

e Upstream Tracks only pass through the VELO and TT stations, and generally are
created by particles with lower momentum, which have their trajectories ”bent”
by the LHCb magnet’s field out of the detector’s acceptance. Since these tracks

only pass through part of the tracking system, their momentum resolution is poor,
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Figure 3.27: (bottom) Schematic of different track types and (top) y-component of the
LHCb magnet’s magnetic field through the entirety of the tracking system.

but they can also be used for decay reconstructions, flavor tagging and the study
of background noise in the RICH1, one of the sub-detectors that these tracks pass

through.

e Downstream Tracks only pass through the TT and Tracking stations, and are usually

products of particles that decay outside of the VELO’s acceptance.

e VELO Tracks are only measured in the VELO, usually being large angle tracks
(which quickly leave the detector acceptance) or backward tracks (which move in
the opposite direction as the detector layout). These tracks are useful for primary

vertex reconstruction.

e T Tracks are only measured in the Tracking stations, and are mainly produced in
secondary interactions that occur after the main collisions at the interaction point,

and are used in the RICH2 sub-detector.
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While the specific decay algorithm is different for each type of track, they all use the
same fitting strategy, known as the Kalman Filter (see [96]), which is designed to fit
tracks in systems that take track measurements at different times. During the fitting
process, new measurements can be added to the Kalman Filter, progressively increasing
fit quality. The Kalman Filter also accounts for multiple scattering and energy loss due
to particle interaction with sub-detector materials, and the quality of the reconstructed
tracks is measured by both the x? and pull distributions of track parameters.

The Kalman Filter is bi-directional, and the fitting process starts at the farthest
possible position from the interaction point and develops in the opposite direction to the
particle’s trajectory, until it reaches the closest possible position. After reaching this
point, the fitting process reverses direction and updates the fit. This process may occur
multiple times for each track.

Of the five different types of tracks, only the Long and Downstream Tracks are used
for any actual physical analysis of a decay, since they are the only tracks that interact with
Tracking system sub-detectors placed before and after the LHCb magnet, and therefore
are the only tracks that can be used to determine momentum for event reconstruction.
However, since Long Tracks have more sub-detector information than Downstream Tracks,
their reconstruction efficiency is larger.

On average, the efficiency for Long Track particles with momentum above 10GeV/c
is ~ 94%, while the momentum resolution varies from op/p = 0.35% to dp/p = 0.55% for
momentum values above 10GeV/c and below 140GeV /c, respectively. For Downstream
Tracks with momentum above 5GeV /c, the same efficiency is &~ 80% and the resolution

momentum is 0.43%.

3.5.2 Stripping

The reduced Data Summary Tapes that are generated by the Brunel application (for real

or simulated collisions and decays) and automatically recorded and saved are only referred
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to as reduced because of the small amount of information they possess on individual
particles (only reconstructed tracks and particle identification). However, even with this
small amount of information, rDST’s represent a volume of data that is too large to be
directly analyzed, and they must still be submitted to a final pre-selection phase in order
to form complete DST’s. This pre-selection phase is known as the stripping phase, in
which the data in the rDST’s is further catalogued using a series of loose cuts that are
specific to different decays and studies, such as B-meson decay channel cuts, or inclusive
cuts to select displaced decay vertexes due to high invariant mass, for example.

Due to the various different cuts and requirements for each channel, the stripping
phase cuts are organized into stripping lines that are subsequently grouped into streams,
and each stream is used for decay channels that share common characteristics. The details
pertaining to the stripping line used for the Bf — K*KTx* analysis will be discussed
in section 4.1.2.

The stripping phase produces analyzable data, and recording, generating, and sup-
plying the data that is needed by CERN’s multiple experiments requires considerable
computing power (see Figure 3.28). This computing power is accomplished through the
Worldwide LHC Computing Grid (WLCG), or simply Grid (see [97]). The Grid is an
international computer network that automatically spreads the computing tasks required
by different analyses and users to computers located across the planet. This allows re-
searchers in locations without dedicated computing banks to carry out potentially complex
data analysis remotely.

The trigger phase is carried out in the online system at CERN, but all data produc-
tion having to do with the reconstruction and stripping stages are spread across different
regions, organized into Tiers. The only Tier-0 region is CERN itself, where main pro-
cessing occurs and from which raw data is distributed to the seven Tier-1 regions. There

are also Tier-2 regions'!, which exclusively produce Monte Carlo simulations.

1 An example of which is the Centro Brasileiro de Pesquisas Fisicas (CBPF), located in Rio de Janeiro,
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Figure 3.28: Data flow in LHCD software, from raw real /simulated data to fully analyzable
Data Summary Tapes.
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Chapter 4
The Search for B* — KTKFr*

This chapter will detail the steps of the B¥ — K*KTx* analysis. The main source
for the information contained in the following sections is the LHCb note for the analy-
sis, the current version of which can be found in [98]. Section 4.1 will summarize the
data/simulation samples used and the steps of the selection process. The determination
and application of the fit model is described in Section 4.2.

It is important to note that in analyses of this kind, all stages of data selection are
performed using data sets in which the signal region is excluded. This is referred to as
blinding!, and it is done to avoid any bias by the researchers. No information on the
signal region is permitted during blinding, and the analysts must seek to fully understand
and optimize the contributions to the regions immediately above and below the signal
region (called side-bands) after the selection process is fully completed before unblinding
is allowed by LHCb Collaboration reviewers.

It is also worth mentioning that the B.’s b quark fragmentation fraction has never
been measured, and consequently its value is still unknown. Therefore, the measurement
that will be performed in this analysis is the ratio of the product of the fragmentation
and branching fractions between two different channels. One of these channels is B¥ —
K*K¥r*, while the other must be a channel whose fractions have already been measured

and established. Channels that are used in this way are referred to as control channels,

!The analysis itself is also called a blind analysis.
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and they allow for normalization of the observed signal to a known, measured quantity.
In this way, depending on the significance of the final measurement, the fragmentation
fraction for the B, can be inferred, or its upper limit determined.

The determination of the optimal fit strategy for this analysis is discussed in Sec-
tion 4.3, and the blinded fit tests are detailed in Section 4.4. The possible control channels
for this analysis are discussed in Section 4.5. The acceptances of the simulation samples
are shown after the discussion on the control channels, in Section 4.6, and Section 4.7
closes the chapter with discussions on the efficiencies, the systematic uncertainties per-
taining to the study, and the final steps of the analysis strategy after permission is given

for unblinding.

4.1 Selection

As was discussed in section 2.2, the objective of this analysis is to observe the B, meson’s
decay to the three-body K K final state. This final state can be achieved in a number of
different ways, and in this case the search is for the direct annihilation process. However,
the data samples which are used in the analysis are not completely specific to certain decay
channels, meaning that many channels with the same final state can be included in the
same sample. Separating the the desired annihilation process from all other contributions
is the first goal of the analysis, and it is accomplished through the selection process, which
is arguably the most important step in any high-energy physics analysis based on data
samples.

As the objective of an analysis such as this one is the isolation of a rare signal, the
selection process’ goal is to reduce as much as possible any events that do not come from
the desired decay process (called noise), while at the same time preserving as much as
possible the amount of desired signal candidates. However, most strategies that seek to
eliminate noise have the side effect of also affecting signal events. Because of this, there

are two relevant quantities that the selection process seeks to maximize, and the first is
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purity, the ratio of the number of signal events and the total amount of events (signal or
otherwise) in a data sample. The higher the purity value, the easier it is to significantly
observe the desired signal. The second quantity is the efficiency, which is the ratio of
signal events before and after the selection process. However, it is usually challenging
to maximize both quantities simultaneously, and in the context of very rare decays that
use data with limited statistics, it is desirable to sacrifice efficiency in order to obtain the
highest possible purity.

The performance of the selection is characterized by these two quantities, and its
optimization is an essential stage of the analysis. As calculating the purity and efficiency
separately can be difficult and inefficient, the optimization of the selection is accomplished
through the use of a Figure of Merit. The FoM is a quantity that is a function of a number
of parameters, such as efficiency and number of events, and the main way of establishing
the best selection configuration is the maximization of this quantity (see section 4.1.5).

This section will first describe the samples used and the chosen trigger/preselection
configuration (subsections 4.1.1 and 4.1.2), followed by the multivariate analysis (sub-
section 4.1.3), particle identification (subsection 4.1.4), and the optimization of the final
selection (subsection 4.1.5). More technical information regarding these subsections can

be found in Appendix A.

4.1.1 Data and Simulation Samples

This analysis used the full data sample collected by LHCb in Run I of the LHC, which
took place in 2011 and 2012. This represents an integrated luminosity of approximately

3.0 tb™!, separated as follows:

e 2011 data: 559.86 +9.57 pb~! (MagDown) and 418.23 4 7.15 pb~! (MagUp), total:
978.09 & 16.72 pb~ L.

e 2012 data: 991.264+11.50 pb~! (MagDown) and 999.42+11.59 pb~! (MagUp), total:
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1990.68 + 23.09 pb~ 1.

Numerous 2011 and 2012 Monte Carlo simulations were also used, representing not
only the Bf — K*KTr* signal, but also many background contributions coming from
cross-feeds and partially reconstructed events, as well as the B* — K*K¥x* control

channel (see Section 4.5). Detailed information on all the simulated samples can be seen

in Tables A.1 and A.2.

4.1.2 Triggers and Pre-selection

The data recorded by the LHCDb detector is organized into reduced Data Summary Tapes
(as mentioned in subsection 3.5), that are then submitted to an additional pre-selection
stage called the stripping phase, further cataloguing the data using loose cuts that are
specific to each decay study. However, before the stripping phase the decay information
collected by the detector must first pass a series of trigger decisions. In the case of the
B — K*KTn* analysis, as the final state is composed of three hadrons, trigger decision
requirements are applied at all trigger levels (L0, HLT1, and HLT2) to select hadronic
decays. It is important to note that trigger decisions that accept an event can be classified
into two types: Trigger on Signal (TOS) if the trigger objects associated with the signal
are enough to trigger the event, and Trigger Independent of Signal (TIS) if the event
could have been triggered by trigger objects that are not associated with the signal. A
TIS-type decision is desirable, as it carries less bias associated with the chosen signal.
Specifically, the high-level trigger lines are requested to be Hlt1TrackAll TOS [99] for the
HLT1 decision and Hlt2Topo(2- or 3-Body) TOS [100] for the HLT2 decision. At the L0
level events are permitted to be selected by either the hadron line (LO Hadron TOS) or
selected independently of the signal by any LO line (LO Global TIS). Tables 4.1 and 4.2
show the selection criteria for the high-level trigger lines used.

The next step is the stripping phase, that further specifies and prepares the data for

analysis using loose kinematical and topological cuts that are performed for a series of



Selection Criterion AlILO Line
LO Channel All Physics
Triggers
VELO Track IP > 125pum
VELO Track Hits >0
Missed VELO Track <3
Hits
Track Momentum > 12.5GeV
Track pr > 1.5GeV
Track > <3
Track IP x? > 36

Table 4.1: Values of selection cuts used in HLT1 decision.
difference between the number of hits associated with the VELO track and the number

of expected hits, according to the track’s direction and its first measured point.
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Missed hits refers to the

different variables (21 in all). These cuts attempt to select, for each event, two oppositely-

charged kaons and a pion that are produced at the same secondary vertex (SV)? and

that also have invariant mass in the B, mass window. The invariant mass is calculated

using energy and momentum measurements of the identified final state particles, through

relativistic kinematical equations.

Ep, = Ex + Ex + Ex

PB. = Pk + Dk + Pr

1
mp, = g\/E?sc — (pB.)*c?

(4.1)

The B. meson has a relatively short lifetime, and its flight distance (distance between

the primary and secondary vertices) is directly related to this time. Therefore, the strip-

2The secondary vertex marks the location where the B. meson decays, and the location where the

meson itself is produced is called the primary vertex.



Quantity

Selection Criteria

All input particle transverse
momenta

pIrin > 500MeV

All input particle momenta

p™in > 5GeV

All input particle track y? values

track x2,,, <5

All input particle IP x? values

IP X2, > 16

B candidate corrected mass

4GeV/c? < Megrrectea < 7GeV /2

Hardest daughter momentum

PR > 1.5GeV

Best daughter track x?

Track x2,, < 3

Sum of daughter transverse
momenta

S pr > 4,4.25GeV (2, 3-body)

Sum of daughter IP x?

ST IPy? > 100, 150 (2, 3-body)

Particle/Particle and
Particle/n-body DOCA

DOCA < 0.15 mm

B candidate flight distance y?

FDy? > 64

B candidate signed flight
distance

FD >0

Prompt D veto

M > 2.5GeV/c? or 2, 3-body IP
X2 > 16
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Table 4.2: Selection criteria used in the HLT2 topological lines.

ping cuts for this analysis take this into account by accepting more events with lower
flight distances and lifetimes. Many other variables are used in the stripping lines, and
are related to particle track momentum, the minimum distance between tracks (DOCA3),
particle identification probability (ProbNN variables), track and B, candidate impact pa-
rameter (the smallest distance between a track and its vertex), and finally the quality of
reconstructed variables, which is represented by the x? quantity. The data samples used
by this analysis were selected by the StrippingBc2hhh kkpi_exclLine stripping line

that contains all performed cuts, which can be seen on Table 4.3. Not listed in the table

3Distance Of Close Approach
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is the additional requirement that all selected tracks not be muons, using information
from the muon subdetector.

After the online application of the trigger lines and stripping requirements, the sim-
ulation and data samples are produced with their own offline trigger variables. These
variables are used by the researchers to perform offline trigger cuts, which are specific to
each analysis and can be modified if necessary. The cut values chosen for this study are
shown in Table 4.4.

While they are important aspects of the analysis, it is worth mentioning that the def-
inition of the trigger lines, stripping requirements, and offline trigger cuts was performed
by the LHCb Collaboration, and not by the author of this dissertation. The existing
trigger lines were studied, and the chosen line was the one most adequate for this study.

The following subsections detail the steps that are specific to this analysis.

4.1.3 Multi-Variate Analysis

The B. signal is contained in the data samples, hidden underneath much more numerous
contributions that need to be excluded in order for any signal observation to be possi-
ble. The most important noise contribution is the combinatorial background, and it is
reduced primarily through a second set of cuts on kinematical and topological variables.
Many different quantities can be used to reduce noise, but individual variables do not
have large separation power, and their cuts are thus not very efficient at achieving this re-
jection. In fact, it is impossible to achieve the required purity and efficiency using cuts on
only one variable, and therefore methods that combine many different variables and their
cuts are necessary. Many successful attempts to perform event classification simultane-
ously with multiple variables were made by high-energy physics collaborations, and many
different methods were developed. These methods were organized into a C++ package
called the Toolkit for Multivariate Analysis (TMVA) [101], which today is automatically

implemented into the ROOT framework and specifically designed for high-energy physics



Variables Stripping cuts
Tracks pr > 0.25 GeV/c
Tracks p > 2.5 GeV/c
Tracks IPy? > 1

Tracks x?/n.d.f. <3
ProbNNghost (track) < 0.5
ProbNNk (Kaon) > 0.2
ProbNNpi (pion) > 0.15
Maximum DOCA between tracks < 0.2 mm

pr of the highest-pr track > 1.5 GeV/c
Sum of pr of tracks > 4.5 GeV/e
Sum of p of tracks > 22 GeV/e
Sum of IPy? of tracks > 200

B* candidate My g, window

My e window for control channels
B candidate TP x?

BZ candidate P

Distance from SV to any PV
Secondary Vertex y?

BF candidate pointing angle

BZ Flight Distance x?

Number of long tracks in the event

6.0,6.5] GeV/c?
[5.1,5.5] GeV/c?
< 10

> 1 GeV/e

> 1.5 mm

< 20

> (0.9998

> 150

< 200

Table 4.3: Stripping selection criteria for BE decays to K=K Tr*.
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Offline Trigger Variable Cut Value
B LOHadronDecision TO0S2 1
B_L0OGlobal TIS2 1
B H1tlTrackAllLODecision TO0S2 >0
B_H1t2Topo2BodyBBDTDecision_T0S2 >0
B_H1t2Topo3BodyBBDTDecision_T0S2 >0
B_H1t2Topo4BodyBBDTDecision_TO0S2 >0

Table 4.4: Values of selection cuts used for the offline trigger variables.
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applications. The MVA techniques are based on supervised learning algorithms, that use
training events with a known output to "teach” the algorithm to produce a function. This
function, if trained correctly, is then capable of generalizing from the training data to new

situations without bias.

In this case, the variables with highest separation power contained in the data sets
are used as input to produce a single function, that by itself has more separation power
than the variables used to train it. This allows for noise rejection using cuts on only one
"variable”, specifically generated for that purpose. The TMVA package automatically
selects variables with the highest desired separation, and in this case 23 were chosen to be
used as input. This constitutes a set of variables in which there is a hierarchy of separation
power that does not exceed two orders of magnitude, i.e. the less separating variable has
a separation power of at least 1% of the most separating variable. Of these 23 variables,
9 are related to single-track quantities (x? per degree of freedom, ghost* probabilities and
momenta), 7 are associated with the B, candidate (p, pr, vertex x?, impact parameter,
impact parameter y?, flight distance, and cosine of the angle between the flight vector

and momentum), and 7 deal with track combinations (pointing pr, pm®, ped, impact

parameter of the track with pJ'**, sum of impact parameters, sum of impact parameter
x?%, maximum distance of closest approach between any pair of tracks). Some of the
variables are quite highly correlated, which is usually something to be avoided, but they
are all found to positively impact the discriminating power of the MVA function, and are
therefore all kept in the training process. More detailed descriptions of the 23 variables,

the table ranking them by separation power, and the correlation coefficient matrices can

be seen in A.2.

When training a MVA function, the input data needs to clearly discriminate between

signal and background events, in order to properly teach the algorithm what kinds of

4Pseudo-random combinations of hits, formed by the reconstruction algorithms and that do not rep-
resent real particles.
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events it needs to select. Therefore the signal events are represented by a flat phase
space Bf — K™K~ n" three-body simulation, while the background events are taken
from the side-bands in the data samples, defined as ranges in the mg+ -+ invariant
mass. Since the signal region is excluded from the data sets, these ranges correspond to
My+x--+ = [6,6.15] GeV/c?, [6.35,6.5] GeV/c?. Graphs generated by the TMVA showing
signal and background distributions of the input variables can be seen in Figures 4.1
and 4.2.

With clearly defined signal and background events, the MVA’s calculation of the sep-

aration power for a given variable is thus:

<52> _ %/ (:yAS(?D — ?;: (y))2d (4.2)

where s and yp are the signal and background probability density functions for a
given variable y. In principle there is no difference between background input data from
the lower and higher-mass side-bands, but in this case, due to observed fluctuations in the
lower side-band that could possibly represent peaking structures® (see Figure 4.3), only
events in the upper-mass side-band were used in the MVA training.

There are many functions that the MVA training can produce, and for this analysis,
the performance of 5 different ones were compared: Boosted Decision Tree (BDT) [102],
Fisher [103], Likelihood Principal Component Analysis (LikelihoodPCA) [104], Likelihood
[105], and Multi Layer Perceptron paradigm (MLPCE). Graphs generated by the TMVA
showing background rejection versus signal efficiency curves for each MVA technique can
be seen in Figure 4.4. Optimally, the chosen MVA technique should maximize both
background rejection and signal efficiency, and in this case the BDT technique is clearly

seen to be the best choice. When compared to linear methods the BDT has noticeably

5Contributions coming from other decay channels that are incorrectly identified in the reconstruction
process.
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0

Figure 4.1: First part of the distributions of the input variables for the multivariate
analysis training. The signal is represented in plain blue and the background in hatched

red.

better performance, and in comparison with the MLPCE technique the BDT performs

similarly but with much less computing time for the training. Checks were performed

after the training to make sure there was no bias due to overtraining or sample specificity,
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Figure 4.2: Second part of the distributions of the input variables for the multivariate
analysis training. The signal is represented in plain blue and the background in hatched

red.

and are detailed in subsection A.2.3.
After the overtraining check, the final two BDT shapes (one for each year) are obtained

using full statistics (both side-bands), and then compared when applied to the data and
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Figure 4.4: Background rejection vs. signal efficiency curves for (left) BDT and linear
methods and (right) BDT and Multi Layer Perceptron paradigm.

Monte Carlo samples for both years (BDTg91; applied to year 2012 and vice versa). The
BDT shapes for each year are not expected to differ in a significant way, and the result of
the comparison is shown in Figure 4.5. Cuts on the final BDT variables are successful in

reducing unwanted background contributions, but cuts that are too tight (i.e. at relatively
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high values of the BDT) may accomplish this at the cost of also rejecting signal events.
The optimal cut is determined through a simultaneous study of the BDT and particle

identification variables, which are discussed below.

1
BDT 2012 Signal 2011
------- BDT 2012 Signal 2012
= BDT 2012 Background 2011
0.04 A BDT 2012 Background 2012

1 1 1 1 T
BDT 2011 Signal 2011 -
------- BDT 2011 Signal 2012
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Figure 4.5: Superimposition of (left) BDTyg1; and (right) BDTy;5 for both 2011 and 2012
simulation and data samples, represented by red and black, respectively.

4.1.4 Particle Identification

As mentioned previously, the data and simulation samples that are used in the analysis
contain a series of kinematical and topological variables, with values for each entry in
the sample. However, these are not the only kinds of variables contained in the samples.
The final tool used in the selection process are particle identification (PID) variables, that
use information from the LHCb detector subsystems to give values of probability on the
particle identity of any given entry. These variables allow for offline optimization of PID
cuts, and are widely used in high-energy physics analyses.

There are two different kinds of PID variables, and both were tested in this analysis.
The first kind are called Difference in Log Likelihood (DLL) variables, which are produced
using particle identification information taken from the muon, RICH, and calorimeter
systems of the LHCb detector (see 3.3). This information is in the form of likelihoods
whose logarithms are then added linearly, forming a combined set. The variable then

describes the probability that a given track belongs to a particle of certain mass, relative
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to the hypothesis that the track belongs to a pion®, as pions are the most commonly
produced particles in hadronic detectors.

The second kind are the ProbNN variables, which are newer and use more data than the
DLL variables, adding information from the tracking system with the information from the
RICH, calorimeter, and muon detector. This data is then combined with a MVA, and the
final ProbNN variables are obtained through training using simulation samples. Since they
are trained, the performance of the obtained ProbNN variables depends on the simulation

samples used. In this case, the MCTuneV2 version of the variables are used.

4.1.5 Optimization

As the final state for this analysis includes both pions and kaons, the criterion for their
identification is studied separately, and for each class of particle, a range of PID vari-
able cuts are tested and simultaneously optimized with cuts in the BDT variable. This
optimization is accomplished through the use of the Punzi criterion[106] as a figure of

merit:

€s

a/2+\/§

In this equation, €g is the product of the BDT cut and PID efficiencies, B is the ex-
pected number of background events in the signal region my+ g+ = [6.15,6.35] GeV/c?,
and a is the number of sigma for the signal significance (a = 3 or 5, representing evidence
and observation levels, respectively). The determination of the other quantities is detailed

below.

e BDT Cut Efficiency - Determined using signal simulation samples. The BDT

variable is added to the samples and various cuts are performed. For each cut, the

For instance, DLL (u — ) expresses how likely a chosen track belongs to a particle with the mass of
a muon, relative to the hypothesis that the same track belongs to a particle with the mass of a pion.



79

BDT efficiency is the ratio between the number of events that “pass” the cut and
the total number of events (before any cut is performed). In general, the BDT

efficiency decreases as the cut value increases.

e PID Efficiency - The previously discussed PID variables are also present in the
Monte Carlo simulation samples, but they are not used for the efficiency calcula-
tion. This is because the PID variables are not well described by the simulations,
varying from those found in data. Instead, PID efficiencies are obtained through
the use of a series of specific decay channels whose reconstruction is possible using
only kinematical information, and therefore does not rely on particle identification.
These channels are called calibration samples, as their decays can be used to study
other processes with similar characteristics. The efficiencies of PID variable cuts
can therefore be estimated for simulated samples, and for this purpose the ROOT
framework is equipped with the PIDCalib package [107]. The PIDCalib package
produces variables specific to both the simulation sample and the desired PID con-
figuration, and these variables, once added to the simulation samples, contain the
PID efficiency for each entry. The final PID efficiency for each BDT cut is then the
mean of the PID efficiencies for all the entries that pass the cut. For this analysis,

the Dx — DY(Kr)n" calibration sample was used.

e B - The expected number of background events in the signal region is determined
using the upper side-band of the data samples. For each BDT cut, the distribution
of surviving events is fitted using a linear function (see Figure 4.6), which is then
properly normalized ®. The normalized function is then integrated in the signal

region, giving an estimation of the number of background events for each BDT cut.

"There are many other decay modes that can be used for calibration, K% — 77~ and A° — pr~ are
two examples.
8 As event distributions are shown in histograms, in this case the normalization is due to bin width.
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Figure 4.6: Example of an upper mass side-band distribution following a BDT-PID com-
bination cut, and the fitted linear function (in red). The sudden drop-off at the right side
of the distribution is an artificial edge effect, which is why the fit does not take it into
account.

The optimization process is accomplished by testing various BDT cuts and PID con-
figurations, and finding which BDT-PID combination maximizes the Punzi figure of
merit. The kaon identification was studied first, by freezing the pion PID variable at
DLL (K —m) < -5 and testing four ProbNNk(kaon) > z cuts, with z = 0.2, 0.3,
0.4, and 0.5. Simultaneously, 11 BDT > =z cuts are analyzed, with z € [0,0.2]. Both
2011 and 2012 simulation and data samples were studied, but the 2011 data samples in
particular have smaller statistics than those for 2012, and at tight cuts the background
estimation is unreliable at best. Therefore, the frozen pion study’s conclusions were taken
from the 2012 test results. The Punzi criterion values of all 44 BDT-PID combinations
for 2012, with both a = 3 and 5, are shown in Figure 4.7. Table 4.5 shows the BDT-PID
combinations that supplied the highest Punzi criterion value, for both years and values of

a. From these results, the final PID variable cut for kaons is chosen to be ProbNNk (kaon)
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ProbNNk
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Figure 4.7: Variation of the frozen pion study’s 2012 Punzi figure of merit as a function
of the BDT and PID requirements, for (left) a=3 and (right) a=>5. The color scale on the
right indicates the values of the figure of merit for each cell, and the highest-valued cell
is circled in purple.

FoM Year 2011 Year 2012
Punzi a = 3 BDT = 0.20 0.20
ProbNNk = 0.3 0.4
Punzia=5 BDT = 0.20 0.18
ProbNNk = 0.3 0.4

Table 4.5: Positions of the maximum of Punzi figures of merit for the frozen pion study.

With the determination of the optimal kaon PID cut, the pion PID configuration is
studied next. Two cuts are analyzed for DLL (K —m) < z, with z = 0 and —5, and five cuts
are analyzed for ProbNNpi (pion) > y, with y = 0.15, 0.2, 0.3, 0.4, and 0.5. The BDT is
analyzed in the same fashion as the frozen pion study, with 11 cuts ranging from 0 to 0.2.
Also similarly to the pion study, the lack of statistics for the background estimation with
tight cuts for year 2011 makes its results less reliable. The values of the Punzi criterion

for all 77 BDT-PID combinations of 2012, with a = 3 and 5, are shown in Figure 4.8, and
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Table 4.6 shows the optimal configurations. All highest-value combinations have BDT
values close to the tightest considered cut (BDT > 0.2), and the reason for not testing
even tighter configurations is the amount of events that pass the cuts. At BDT > 0.2 the
number of surviving events is minimal, making it difficult to fit properly and extrapolate
any physically meaningful number of events in the signal region.

From the results of these two identification studies, the final BDT-PID combination

is chosen to be:

e BDT > 0.18
e ProbNNk(kaon) > 0.4

e ProbNNpi(pion) > 0.5

This configuration represents the optimal tight cut scenario. However, in order to
seek maximum statistical significance in the final result, two more BDT bins in the region

BDT € [0.04,0.18] will be considered for a simultaneous fit (see subsection 4.3.2).

PID Configuration
PID Configuration

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
BDT BDT

Figure 4.8: Variation of the frozen kaon study’s 2012 Punzi figure of merit as a function
of the BDT and PID requirements, for (left) a=3 and (right) a=5. The color scale on the
right indicates the values of the figure of merit for each cell, and the highest-valued cell is
circled in purple. PID Configurations 1 and 2 are for the DLL variable, while 2-7 are for
the ProbNNpi variable.
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FoM Year 2011 Year 2012
Punzi a = 3 BDT = 0.20 0.18
ProbNNpi = 0.2 0.5
Punzi a =5 BDT = 0.20 0.18
ProbNNpi = 0.2 0.5

Table 4.6: Positions of the maximum of Punzi figures of merit for the frozen kaon study.

4.2 Fit Model

With the final BDT and frozen PID variable cuts, the following stage in the analysis is the
determination of the fit models for all the components present in the B, mass window, in
order to construct a fit probability density function (PDF) capable of fully modelling the
post-cut mass distribution. This means finding mathematical functions that best describe
the expected distribution of events (“shapes”) for these components, which include the
signal, combinatorial background, cross-feeds, and partially reconstructed decays. The
most optimal fit model is determined through the maximum likelihood method, which is
implemented through the RooFit Toolkit for Data Modeling [108], a collection of packages
incorporated into the ROOT framework, which automatically attempts to fit distributions®
using user-specified functions. The ranges of the function’s parameters are also specified,
and the fitting process is composed of the RooF'it package’s attempts to vary the values of
these parameters in such a way as to make the PDF match the data distribution as well
as possible, using the maximization of the likelihood as a criterion. Studies are performed
to discover which components actually have contributions to the mass window, and those
that do are modeled and added to the final fit function. In the following subsections, each

component is discussed separately.

9RooFit also automatically performs other convenient functions during fitting, such as normalization.
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4.2.1 BFf - K*K¥n*signal

The shape of the signal component is provided by the simulation samples, and it is mod-
elled using a Double Crystal Ball (DBC) function. The Crystal Ball function consists of a
Gaussian core portion and an exponential tail, and the DBC is simply two of these func-
tions used simultaneously, in order to properly describe asymmetric tails. Each Crystal

Ball function is described as:

where A = (ﬁ)”.exp(g), B= - ||, p is the mean and o the width of the Gaussian
core portion, n is the exponent of the exponential tail, and « the transition point at which
the function “switches” from the exponential to the Gaussian regimes. Each Crystal Ball
function in the DBC has its own parameter values, with the only exception being i, which

in this case is chosen to be equal for both functions.

Figure 4.9 shows the Double Crystal Ball fits (in linear and logarithmic scales) to the
2011 and 2012 simulated samples for the m g+ -+ invariant mass, as well as the pulls'® of
the fits. Tables 4.7 and 4.8 show the parameters for both fits, where frac(1/2) represents

the ratio between the tail exponents (n) of each Crystal Ball function.

4.2.2 Combinatorial Background

The combinatorial background is the simplest component to model, as its shape is con-

ventionally described by a simple offset exponential function o exp(c.(m — 6.079)).

10The pull is the difference between the value of the fit function at a certain point and the value of the
actual data at that point. Therefore, small pulls are desirable, as they indicate a good-quality fit.
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Figure 4.9: Double Crystal Ball mass fits to (left) 2011 and (right) 2012 simulation
samples, with (top) linear and (middle) logarithmic scales, while (bottom) shows the
pulls. The relatively large pulls present for the 2012 fit are acceptable, as the signal shape
is in general very well described.
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Parameter Value
s 6.27817 4 0.00014GeV /c?
o} 0.01580 4= 0.00056GeV /c?
oy 0.02164 4= 0.00059GeV /c?
1 1.37£0.11
N9 2.96 £0.42
aq 1.40 +0.11
Qg —1.9846 4+ 0.091
frac(1/2) 0.428 £+ 0.047

Table 4.7: Parameters of the Double Crystal Ball signal model, for year 2011.

Parameter Value
s 6.277370 £ 0.000095GeV /2
oy 0.0245 £ 0.0014GeV /2
oy 0.01818 £ 0.00044
o 1.439 4+ 0.094
no 2.03 4 0.45
o 1.35+£0.12
Qg —-2.19+0.17
frac(1/2) 0.353 £ 0.049

Table 4.8: Parameters of the Double Crystal Ball signal model, for year 2012.

4.2.3 Bf - K*KTK® cross-feed

Cross-feeds are decay channels whose final states are similar to that of the decay be-
ing studied. In this case, the cross-feeds under consideration are the BE’s decays to
K*KTK* K*n¥n* and nnTn*. Their contributions to the mpg+ -+ mass win-
dow are due to one or two of their final state particles being mis-identified, which is a
somewhat common occurrence in many decays, due to the inherent complexity and un-
certainty of the particle track reconstruction and identification process. In the case of

the Bf — KTKTK* cross-feed, the third kaon is incorrectly identified as a pion. As the
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kaon has a higher mass than the pion, when this misidentification occurs the shape of the
cross-feed is shifted to a lower mass, appearing slightly to the left of the signal component
in this case.

The contribution of the K*KTK® final state coming from annihilation processes is

expected to be Cabbibo-suppressed by the CKM matrix parameters related to the changes

Vs |
’ |Vud|2 )

in flavor between first and second generation quarks In order to study this contri-
bution, a B¥ — K*KTK* simulation sample is produced and a PID efficiency pollution
map (seen on Table 4.9) is inferred through PIDCalib mis-identification (misID) rates of
simulated events that pass our chosen PID cuts. In other words, PIDCalib produces a
variable expressing the efficiency of our final PID cuts for each entry in the simulated

samples, as in 4.1.5. However, seeing how this is a wholly incorrect and unwanted final

state, this efficiency is called the misID rate, and the smaller it is, the better.

ol

. K
B! 1 K
C L3;K+

Figure 4.10: Tree Feynman diagram for the B — KTK~ K™ channel.

The efficiency map shows that this channel engenders a small remnant after PID
selection, which may impact the final B, mass distribution. Therefore, this cross-feed is

modelled using the same model and methodology as 4.2.1, and the Double Crystal Ball
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fits to the 2011 and 2012 simulated B — K*KTK* samples can be seen in Figure 4.11,
where the distributions have been fully reweighed by the misID rates. This means that
the number of entries in each histogram bin have been multiplied by the misID percentage
of that bin, more accurately representing the actual number of events that pass the PID

selection, as well as the correct final shape of the distribution.
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Figure 4.11: Double Crystal Ball function invariant mass fits to Bf — K*KTK* sim-
ulated events, for (left) 2011 and (right) 2012 samples. Both distributions have been
reweighed by the misID rates.

4.2.4 BF — K*nTn* cross-feed

As in the previous section, this cross-feed contribution is due to mis-identification of one
of the final state particles, which in this case wrong identification of the first pion as a
kaon. Its annihilation contribution is also expected to be Cabbibo-suppressed by %,
however this same final state is also obtainable through the B — DY(K*#¥)r* charm
decay (see Section 4.2.6). A PID efficiency pollution study (Table 4.9) is also performed
for this channel, where it is seen that the final PID selection engenders a remnant ap-
proximately an order of magnitude smaller than the Bf — K*K¥K=*. Nevertheless, this

cross-feed is modelled anyway for both documentation and to test against the possible

B — DY(K*rF)r* contribution, using simulation samples and the same model and
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methodology as 4.2.1. As the lower-mass pion is incorrectly identified as a kaon, the dis-
tribution for this cross-feed is shifted in the opposite direction as the Bf — K*KTK=*

appearing slightly to the right of the signal component.

K+

ol
cwn

Tt

O

C d
G TC

Figure 4.12: Tree Feynman diagram for the B — K7~ 7" channel.

The Double Crystal Ball fits to the 2011 and 2012 simulated B — KEnFx* samples
can be seen in Figure 4.13. As was done in 4.2.3, the mass distributions have been

reweighed with the misID rates.

4.2.5 BFf — 77T x* cross-feed

The Bf — nfrTn* channel is the third and final possible cross-feed contribution, and
unlike the previous two, it is not expected to be Cabbibo-suppressed by % In this case,
as two pions are simultaneously mis-identified as kaons, the distribution of the cross-feed
would be shifted to an even higher mass as the previous cross-feed channel, appearing near
the right edge of the mass window. A study of the PID efficiency pollution (Table 4.9)
shows that the final PID cuts are successful at reducing this channel to a truly negligible

amount. For this reason, the channel is not modelled, as its minimal contribution would

be hidden (or absorbed) by the combinatorial background.
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Figure 4.13: Double Crystal Ball function invariant mass fits to Bf — K*rFr* simulated
events, for (left) 2011 and (right) 2012 samples.
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Figure 4.14: Tree Feynman diagram for the B — 77~ 7" channel.

Contribution/Pollution from Charm

There are two charm decays whose contributions are important to note in this study:

Bf — DY(K*n¥)r* and Bf — DY(K*rT)K®*, which are themselves the subject of a

dedicated LHCD study (see [109]) and whose diagrams can be seen in Figure 2.2. These

decay processes have a D° meson as an intermediate resonance particle, and are therefore
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Channel PID Efficiency / misID Rate

2011 Bf —» K*KTrn* 53%

2012 Bf —» K*KTrn* 52%
2011 Bf - K*K¥K* 12%
2012 Bf - K*K¥K* 11%

2011 B — K*r¥r 1.8%

2012 B — K*r¥r® 2%

2011 B — ptr¥qpt 0.07%

2012 B — pir¥qrt 0.09%

Table 4.9: Approximate PID efficiencies for simulation samples and cross-feed simula-
tion samples, after chosen PID cuts. The first two rows show the efficiency for correct
identification, all the others show the % of cross-feed channels that pass the PID cuts.

not annihilation processes. However, their final states are similar to that of the B —
K*K7¥r%, and they may contribute part of the signal in the K*7¥7% and K*KTr*
channels, as well as the K*¥rFnT — KTK¥71* cross-feed!'. It is worthwhile mentioning,
however, that the misID rate (see Table 4.9 shows that the K=nF7T is suppressed in this
case. In particular, the Bf — D°(K*7T)K¥ is also relevant to this analysis, as it is a

possible control channel (see Section 4.5).

4.2.7 Bf - K*K7r*7" Partially Reconstructed Background

The final decay processes that can contribute to the mg+ -+ mass window are 4-body
decays of the form hhhn®, where h represents kaons and pions, and the 7° particle is “lost”
during the reconstruction process. For this reason, these contributions are called partially
reconstructed backgrounds, and they appear in the mass window due to their reconstructed

final state being K K. The possible contributions from four of these channels have been

H'Where the first pion is mis-identified as a kaon.
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studied, although only two are expected to have any significant contributions. As was
done with the cross-feed channels, all the distributions of the partially reconstructed
backgrounds have been weighted with their mis-identification rates.

The first of these is the BY — K*KTr*n? channel, whose expected peaking back-
ground is located in the lower side-band of the m g+ -+ mass window. A fit is performed
for this channel using an Argus shape (created by the ARGUS Collaboration, see [110])

convolved with a Gaussian function, and the results can be seen in Figure 4.15.
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Figure 4.15: Argus@Gaussian invariant mass fits to Bf — K* K579 simulated events,
for (left) 2011 and (right) 2012 samples.

4.2.8 Bf - K*KTK*n° Partially Reconstructed Background

The Bf — K*KTK*70 channel is the second partially reconstructed channel which is
expected to contribute a peaking background in the lower side-band of the m g+ x- .+ mass
window. As its shape is similar to that of the B¥ — K*K¥r%n0 channel, this channel
was fit with the same model and methodology as in subsection 4.2.7, and the results can
be seen in Figure 4.16. However, during blinded fit tests of the entire mpg+ -+ mass
window, it was seen that the addition of this channel did not impact the fit quality. As
the expected yield for this channel is smaller than that of the Bf — K*K¥r%n0 channel

and its peaking background’s location is in the same region of the lower side-band, this
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channel’s contribution is absorbed by both the Bf — K*KTx*7" and the combinatorial

background. Therefore, this channel is disregarded in the final fit.
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Figure 4.16: Argus@Gaussian invariant mass fits to B — K* KT K7 simulated events,

for (left) 2011 and (right) 2012 samples.

4.2.9 Bf —» K*¥7TK*¥7" and Bf — 7*aTK*7" Partially Recon-

structed Backgrounds

The Bf — K*rTK*71% and B — 77T K*7% channels are not expected to have any

meaningful contribution to the mpg+x-,+ mass window, as their yields are negligible

after the selection process. Furthermore, their distributions, which can be seen in Fig-

ures 4.17 and 4.18, are broad and extend across the mg+ -+ window. For these reasons,

these two channels end up being absorbed by either the combinatorial background or the

Bf - K*KFr*70 component, and therefore no fit is performed for them, and they are

disregarded in the final mass fit.

4.3 Expectations and Fit Strategy

4.3.1 Expectations

For annihilation decay processes that occur through be — W, it is difficult to predict

an expected yield due to the imprecise, if not unavailable, theoretical predictions and
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knowledge on the b-quark’s fragmentation fraction into BY. Any predictions are at this

point little more than educated guesswork, but the order of magnitude of the number of

expected events can be inferred from the LHCb analysis on the B — ppr® decay [111],

which shares numerous similarities with the Bf — K*KTx+.

In particular the B. — J/v¢m decay is of interest. Its branching fraction is &~ 1073,

while the J/v — pp process’ is &~ 2 x 1073. The combined order of magnitude for the

B. — J/v¥(pp)m decay’s branching fraction is thus ~ 107%. For the J/¢) — KK process,
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the rate is even smaller: 2.37 x 1074, giving an order of magnitude of ~ 10~" to the rate
of the B, — J/Y(KK)m decay. This rate is compatible with predictions (using K K*
decays) of the branching fractions of mesonic channel annihilation diagrams, which can

be anywhere between 1078 and 1076.

However, the B, — J/¢(pp)m decay was not observed using the LHC’s Run I data.
This makes an observation of the Bf — K*KTzn* annihilation decay very unlikely, as
its branching fraction is expected to be similar to that of the B. — J/¢(K K)r process,
which is itself already an order of magnitude smaller than that of the B. — J/¢(pp)m
decay. Therefore for the statistics produced in Run I, no more than O(10) events with

K*K¥r* final states are expected, coming mostly from the B — D(K*7F)K* decays.

4.3.2 BDT Divisions and the Simultaneous Fit

The optimal selection configuration described in subsection 4.1.5 includes a BDT cut
> 0.18, which represents nearly 30% of the BDT shape area (or BDT cut efficiency).
This type of cut is referred to as a “tight” selection scenario, which is defined through
its maximization of the Punzi criterion. However, there is an alternative way to extract
a signal, in which a simultaneous fit is performed in adjacent BDT bins, who all have
approximately the same area (and therefore approximately the same signal yield). The
simultaneous fit therefore requires the definition of component yields and shapes for each
BDT bin. In order to deal with the proportionally large amount of background events, the
entire region BDT > 0.04, which represents approximately 80% of the total BDT area, is
chosen for this exercise!?. The three bins with similar areas to be used in the simultaneous

fit are defined as: 0.04 < BDT < 0.12, 0.12 < BDT < 0.18, and 0.18 < BDT.

12The entire BDT area is not used because below the 0.04 threshold, there is no sensitivity for signal
extraction.
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4.3.3 Toy Monte Carlo and the Choice of Fit Strategy

The tight cut and simultaneous fit scenarios are two possible strategies for signal extrac-
tion, and in order to evaluate which is the most statistically sensitive method for this case,
a Toy Monte Carlo (Toy MC) study is performed. This is done through numerous (in this
case, 1000) simulated experiments, where the number of signal and background events are
pre-defined, and which are done with and without the addition of a signal component.
After the simulated experiments, distributions are generated for component yields, pulls,
and most importantly, —log(L) for signal sensitivity, for both of these configurations. The
mean for each likelihood distribution is obtained through a fit using a Gaussian function,

and for each test the significance of the signal component is obtained through:

o= \/—2 X log(f&) (4.5)

sig+bkg

Where L, and Ly, are the means of the likelihood distributions for the simulations
with and without the addition of the signal component, respectively. In the Toy MC
exercise done for this analysis, as the objective is to simply compare the significance of
each method, only the shapes of the signal and combinatorial background components
are used, and they are taken from the fits shown in Section 4.2.

For the number of signal events used in the simulations, three signal yield cases are con-
sidered inside the BD'T > 0.04 region, following the discussion in the previous subsection.
These yields represent respectively the realistic, cautiously optimistic and unrealistically
optimistic scenarios: Ng = 10, 25, and 50 events. These yields represent the total number
of events in the entire BDT > 0.04 region, so for the simultaneous fit each BDT bin has
1/3 of the total yield. The tight fit scenario, on the other hand, only has a signal yield of
1/3 of the total number of events, as it is akin to only fitting the BDT > 0.18 bin.

The number of background events is estimated in a similar fashion as in subsec-
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tion 4.1.5, i.e. through a fit to these side-bands. In this case, the same exponential
function used to model the combinatorial background is used to fit both side-bands '3,
which is then normalized and integrated in both the blinded signal region and the entire
M+ -+ Mass window to obtain the estimated yields. The exponential fit extrapolations
to the side-bands for data samples in which the signal region is blinded can be seen in
Figure 4.19, while the background yields are described in Table 4.10. The Gaussian-fitted
distributions of yields and pulls for signal events can be seen in Section A.3, for both fit
methods.

The results of the Toy MC significance tests are shown in Table 4.11, which shows
that the simultaneous fit method offers similar or better statistical significances than the
tight cut scenario, especially in the most realistic case of 10 signal events. Therefore, the

chosen fit strategy for this analysis is the simultaneous fit to adjacent BDT bins.

BDT bin Year 2011 | Year 2012 All
[0.04,0.12] Signal Region 1547.7 4738.59 6286.5
Full fit range 3947.6 12068.60 16016.7
[0.12,0.18] Signal Region 135.3 553.17 694.7
Full fit range 373.6 1416.28 1799.2
> (.18 Signal Region 35.6 86.27 122.2
Full fit range 97.2 226.71 324.3

Table 4.10: Estimated background yields.

4.4 Blind Fits

Following the determination of the most statistically sensitive fit strategy, the next step
is a series of blind fit tests to the full data samples, using the component models defined

in subsection 4.2, and in which the signal region is blinded during the fit. This is an

13Previously, for simplicity only the upper side-band was fitted with a linear function.
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Figure 4.19: Exponential mass fits to (left) 2011, (center) 2012, and (right) combined
side-band data samples for (top) BDT € [0.04,0.12], (middle) BDT € [0.12,0.18], and
(bottom) BDT > 0.18.

important point to clarify, as to this point the data samples used all had the events in
the signal region ezcluded. Now the complete data sets are used, which is necessary for
the fit tests, as the fit must now take the signal component into account. If data samples
without any events in the signal region are used, the fitting process will not have any
events to fit in this region, and any produced results will not be sensible. However, the
signal region is still blinded to the researchers, who have no access to any quantitative
or visual information from the fit. Therefore, even though the events in the signal region
are taken into account during the fit, they are not shown in the produced graphs of the

results.
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Expected overall signal yield — 10 25 50
2011 1.068 1.273 1.581
2012 1.342 1.334 1.631
All 1.136 1.572 2.519
2011 1.149 1.249 1.661
2012 1.543 1.249 1.691
All 1.200 1.549 2.546

Table 4.11: Expected average statistical significances (in o) against fit method and ex-
pected signal yields. Tight BDT cut and Simultaneous fit methods are shown in the
second and third lines, respectively.

This section thus presents the blind fit tests performed in the [6.0,6.5] GeV/c* mass
range, for three spectrum configurations, two of which have cuts performed on the m g+ x -
and my—.+ invariant mass: full spectrum (no cuts); B regions (mpg+x- and myg— +
< 5 GeV/c?) excluded; and with both B and D° regions excluded (the D° region being
M-+ values within the [1.834,1.894] GeV/c? mass window). The invariant mass cuts
are used to eliminate the possibility of events coming from the decays of B°, B*, and D°
particles.

The blind fit tests of the three different spectrum configurations are all performed
using the same methodology, starting with only the signal and combinatorial background
components, and including the relevant cross-feed and partially reconstructed components
(Section 4.2) in succession. All fits use the combined 2011 and 2012 data samples, and
are performed over the full mass range, using the simultaneous fit method. Furthermore,
all the fits have fixed signal, cross-feed, and partially reconstructed shapes, allowing only
the background slope parameter of the combinatorial component and the event yields to
fluctuate. However, as the yields of the cross-feed components are related to the signal

yield 4, they are treated by Gaussian constraints based on the misID rates. The cross-

14 As the cross-feeds result from B, meson decays, the yields for these components only make sense if
they are smaller than the signal yield itself.



100

feed yields are allowed to fluctuate within a range of values which is represented by a
Gaussian function, whose mean and o depend on the product of the signal yield and the
ratio of the misID rate (for that specific cross-feed channel) and the PID efficiency.

Tables 4.12 and 4.13 summarize all the tests performed, showing the values of —logL
and x? per degree of freedom'® in all the blind fits. In both tables, (a) represents signal
and combinatorial background components, (b) represents the K*KFr®n? partially re-
constructed component, and (c) and (d) represent the K* KTK* and K*7F1* cross-feed
components, respectively. This exercise has the objective of showing the relevance of each
fit component, depending on the cuts and vetoes in the B region and D° band.

It is also important to mention that the values of —logL and x? per degree of freedom
can only be compared between different component combinations in the same spectrum
configuration. Different spectrum configurations have different numbers of events (due
to the invariant mass cuts), and therefore it makes no sense to compare their values of
—logL and x?%. Only within a specific spectrum configuration does a comparison of these
quantities have any physical significance. Figures 4.20 and 4.21 show the blind fit tests
for the full spectrum configuration. The blind fit tests for the other configurations are
very similar (visually speaking) and are not included, as their truly relevant information
is contained in the aforementioned tables. From the tables it can be seen that all compo-
nents contribute positively to the values of minimum —logL, and that the fit itself is of

acceptable quality. In both figures, the components are represented as per the following:

e Solid red line - The full, combined PDF model;
e Dashed blue line - Combinatorial background;
e Dashed magenta line - Bf — K*KT7* 7 partially reconstructed component;

e Dashed green line - Bf -+ KTKTK* cross-feed component

5Both of these quantities are allowed to be printed in the blind fits, as they are related to fit quality
and give no information regarding signal yield or significance.
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e Dashed yellow line - B¥ — K7 T cross-feed component
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Figure 4.20: Full mass blind fit tests performed using the full spectrum and combined
201142012 data, using signal and background components only (left); signal, background
and partially reconstructed components (middle); signal, background, partially recon-
structed and K*KFK?* cross-feed components (right); for BDT bins (top) [0.04,0.12],
(middle) [0.12,0.18] and (bottom) > [0.18].

4.5 Control Channel Fits

4.5.1 Fit to B* - K*KTr* Signal

With the interest of normalizing any B, signal to a known measured quantity, the BT —

K*TK~n" decay is the immediate first candidate as a control channel, as it possesses the

same final state, similar topology, and was the subject of a dedicated LHCb study (see
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Figure 4.21: Full mass blind fit tests performed using the full spectrum and com-
bined 201142012 data, using signal, background, partially reconstructed and K*7Fx*
cross-feed components (left); signal, background, partially reconstructed, K*KTK*
and K*nFr* cross-feed components (right); for BDT bins (top) [0.04,0.12], (middle)

[0.12,0.18] and (bottom) > [0.18].
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Components No Dalitz | mKK <5 | mKrm <5 | mKrm and | mKr and
Cuts GeV/c? GeV/c? mKK <5 | mKK <5

GeV/c? GeV/c?

and DO

Veto

(a) —T71784.2 —51450.2 —64161.8 —44108.8 —43645.7
(a)+(b) —71785.9 | —51452.3 | —64163.2 | —44110.4 | —43647.3
(a)+(b)+(c) | —71790.2 | —51456.6 | —64167.8 | —44114.7 | —43651.9
(a)+(b)+(d) —71791 | —51457.4 | —64168.3 | —441155 | —43652.4
All components | —71795.3 —51461.7 —64172.6 —44119.8 —43656.7

Table 4.12: Values of minimum NLL returned by the full spectrum blind fit tests, for
various Dalitz mass cuts (columns) and components used in the fit (lines). Here (a) rep-
resents signal and combinatorial background components, (b) represents the K* K ¥r*x?
partially reconstructed component, (c¢) and (d) represent the K*KT¥K* and K*nFr*
cross-feed components, respectively.

Components No Dalitz | mKK <5 | mKr <5 mK7m and | mKn and
Cuts GeV/c? GeV/c? mKK <5 | mKK < 5

GeV/c? GeV/c?

and DO

Veto

(a) 1.01665 1.01461 0.945736 0.977125 0.949031
(a)+(b) 0.995286 0.978098 0.927391 0.948254 0.949031
(a)+(b)+(c) 0.997417 0.979635 0.929261 0.949592 0.921076
(a)+(b)+(d) 0.990329 0.977979 0.927243 0.948109 0.91969
All components | 0.997269 0.979469 0.929107 0.949436 0.920923

Table 4.13: Values of y? per degree of freedom returned by the full spectrum blind fit
tests, for various Dalitz mass cuts (columns) and components used in the fit (lines).
Here (a) represents signal and combinatorial background components, (b) represents the
K*KF7r%70 partially reconstructed component, (c) and (d) represent the K*KTK* and

K*1Fr* cross-feed components, respectively.
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[112]). The B* invariant mass window was included in the stripping line used for this
analysis (see subsection 4.1.2) for this reason, and the B* signal is estimated from a fit
to this mass window using almost the same configuration as in the aforementioned study.
The exception is the signal function, which in our case is a Double Crystal Ball instead of a
Cruijff function. The B™ signal is defined over the spectrum, with the exclusion of the D°
band ([1.834,1.894] GeV/c?) in both the m g+ - and mg- .+ invariant mass distributions.
With the phase space defined this way, the branching fraction for this process is known
[50]: B(B* - K*K¥r*) = (5.040.7) x 1075.

For the selection, the same BDT (variable and) cut > 0.04 as for the Bl region
is applied. The chosen PID is the same as is applied in the dedicated study [112]:
ProbNNk (kaon) > (.45, ProbNNpi (kaon) < 00.5, ProbNNpi (pion) > 0.5, and ProbNNpi (kaon)
< 0.05. For the fit, the following components are used: a Double Crystal Ball function
for the signal in which the mean and o of the first CB are allowed to float; an exponen-
tial function for the combinatorial background; two partially reconstructed K*KFr*70
backgrounds (decaying from B* and Bg mesons), both fit with Cruijff functions [113];
and a B* — K*rFr* cross-feed component, which is also fit with a Cruijff function.
Originally there was also a B* — K*KTK¥ cross-feed component, which in this case
was found to have a negligible impact on the fit due to efficient PID rejection, and was

thus not considered.

The results of the fit are shown in Figures 4.22 and 4.23 (log scale and pulls), while
Table 4.14 lists the yields of all components used. A separate fit was performed on the
Monte Carlo simulated B* signal, and Table 4.15 compares the resolution parameters
from the full fit and the MC signal. For the full fit, the cross-feed component yields are
treated in similar fashion as in 4.4, i.e. Gaussian constraints based on misID rates. For this
control mode, further details regarding the signal and background modelling performed
for the B* fit can be seen in Section A.4, and the acceptances for the B¥ — K*KTr*

simulation samples can be seen in Section A.5.
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A further consistency check is performed using signal sWeights generated from the fit
via the sPlot tool [114]. Using information from the full fit, covariance-weighted quantities
(called sWeights) are generated for every event in such a way that their sum is equal to
the total number of events of the type that the weights are generated for - in this case, the
signal, and as it is obtained from the fit, this yield already takes into account the BDT
and PID selection. Distributions can thus be taken from the data and weighted with the
sWeights in order to obtain the shape of the distribution for only the signal component.
With the sWeights, a data/simulation comparison has been performed for the B* P, IP,
and IP x? variables, as shown in Figure 4.24. The variable distributions taken from the
simulation samples also undergo the full selection, with the PID effect simulated in this
case by the same PIDCalib method used in subsection 4.1.5. The shapes are in very good

agreement, indicating that the B* model is consistent.

Component, Yield
Bt — K*K7¥r* signal 5182.4 +226.8
Combinatorial background 16242.6 + 1150.1
B* —+ K*KTK* cross-feed 159.6 £ 18.6
B* — K*nF1% cross-feed 347.6 + 36.1
By — 4body partially reconstructed 5174.6 & 788.8
B — 4body partially reconstructed 150.3 £+ 83.8

Table 4.14: Component yields for the B* — K*K¥r+ fit.

4.5.2 Fit to B* — DY(KFK¥)r*

The fit performed to the B*¥ — K* KTr* shown in the previous subsection was performed
excluding any charm contributions coming from the D° bands, through cuts in the mg= g+

and Mg+, invariant mass distributions. Alternatively, the B* — KTK¥r* signals
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Parameter

Fitted

MC Expectation

HcB
0cB

5.28365 £+ 0.00014
0.0213339 £ 0.0003617

5.280240 £ 0.000082
0.02224 4= 0.00057

Table 4.15: Fit parameters for the B* signal component, comparing values coming from
the full mass fit (second column) and the MC simulation sample fit (third column).
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Figure 4.24: B* P, IP and IP x? distributions for (solid black line) background subtracted
data and (dashed red line) simulation.

coming from the D° bands themselves could be used through the following decays:

e B* — DO(K*rT)K*, with branching fractions B(B* — D°K®) = (3.70 4 0.17) x

10~4 and B(D° — K—x+) = (3.93 & 0.04)

e B* — DY(K*K¥)r*, with branching fractions B(B* — D%*) = (4.81 4 0.15) x
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103 and B(D° — K~ K*) = (4.01 £ 0.07) [50]

In particular, it is found that for the B* — DO(K*KT)r* signal, besides the fact
that its branching fraction (1.93 x 107%) is significantly higher than for B* — K*KTr*
((5.0 & 0.7) x 1079), it also offers a much cleaner signal (i.e. much higher purity). For
these reasons, this channel is considered to be a possible (an possibly even preferable)
alternative normalization channel for the B¥ — DY(K*K¥)r* decay.

A fit is therefore performed after selecting the D° band in the mg= g+ spectrum, and
the results (with and without log scales) and pulls can be seen in Figures 4.25 and 4.26.
The component yields can be seen in Table 4.16, in which the B, partially reconstructed
channel is not included, as its contribution is largely reduced in the D° band. All other

components used in the previous B* are present.

Component Yield
B* - K*K¥n* signal 8577.01 +109.44
Combinatorial background 1200.55 4+ 72.76
B* —+ K*KTK* cross-feed 32.79 + 8.55
B* — K*n¥n% cross-feed 117.00 4+ 43.10
B — 4body partially reconstructed 1293.76 + 51.10

Table 4.16: Component yields for the DY band in the B¥ — KT KTx* fit.

4.6 Acceptances

The acceptances for the B¥ — K*KTx* simulation samples are obtained using a similar
methodology as in [115]. The two-dimensional acceptance histograms are generated by
dividing histograms filled with events that pass each “step” by the histogram filled with

the events of the previous step. This division is done bin-by-bin, and the result is a
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Figure 4.25: Full mass fit to the D° band of the B¥ — K*K ¥+ signal using combined
201142012 data.

representation of the efficiency of each step. The final acceptance histograms were then
smoothed over by fitting with a two-dimensional fourth-order polynomial:

ij=4

P(z,y) = Z a;z'y’ (4.6)

1,J=0

which represent in total 15 parameters to fit. Here a;; represents the constant of
proportionality of each z'y’ coordinate pair, while z and y are coordinates in the m3
and m?%_ invariant mass distributions. This is done in order to both generate histograms

without un-physical border fluctuations and to obtain fit functions for the acceptances,
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which allow for the precise determination of efficiencies at any point in the histogram

distributions. The effect of triggers, BDT, and PID are studied separately.

4.6.1 Preselection

The preselection acceptance includes the reconstruction from generated events and the
stripping requirements. A two-dimensional histogram with the distributions of the m32 -
and m?2._ invariant masses was produced from the simulation samples, representing the
events after reconstruction and stripping. This histogram was divided by a similar his-
togram generated from the complete generator samples, where no reconstruction or strip-
ping had yet taken place (with the full number of events, as shown in Table A.1). The
results are shown in Figure 4.27, where each histogram bin represents the efficiency of the
reconstruction and stripping process for a specific invariant mass coordinate pair. The

fitted histograms show that the efficiency for this step is, on average, between 6 and 7%.

4.6.2 Triggers

The trigger acceptances are obtained using only the post-reconstruction and stripping

simulation samples. A two-dimensional histogram is filled with the m%,, and m3. invari-
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Figure 4.27: (Top) Raw, (middle) fitted and (bottom) pull distributions of the preselection
acceptances for (left) 2011 and (right) 2012.

ant mass distributions after the offline trigger cuts shown in Table 4.4 are applied. This
histogram is then divided by another two-dimensional histogram that is filled by the same
mass distributions taken from the simulation samples, this time without any cuts (i.e. the
first histogram of the previous subsection). The results are shown in Figure 4.28, and in

this case each histogram bin represents the efficiency of the offline trigger selection for a
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specific invariant mass coordinate pair. The fitted histograms for this step show that the

average efficiency of the offline trigger selection is between 30 and 35%.
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Figure 4.28: (Top) Raw, (middle) fitted and (bottom) pull distributions of the trigger

acceptances for (left) 2011 and (right) 2012.



113

4.6.3 BDT

The acceptances for the BDT selection are obtained in similar fashion as the acceptances
for the previous two steps. In this case, two two-dimensional histograms are filled with
the distributions of the m2 - and m?2._ invariant masses, separately for both “loose” (>
0.04) and “tight” (> 0.18) BDT (see Section 4.1.3) cut configurations. These histograms
are then divided by the invariant mass histogram after only the offline trigger selection.
The acceptances for the loose and tight BDT cuts are shown in Figures 4.29 and 4.30,
respectively. Here each bin represents the efficiency of the chosen BDT cut for a specific
invariant mass coordinate pair. On average, the efficiency of the loose and tight BDT

cuts are between 80-90% and 40-45%, respectively.

4.6.4 PID

The final acceptance histograms are obtained through application of the kaon and pion
identification cuts discussed in Section 4.1.4. The PID efficiency variable produced by
the PIDCalib package simulates the effect of the PID cuts, and each bin of the two-
dimensional histogram filled with the post-loose BDT cut distributions of the m?% - and
m?_ invariant masses are weighed with this variable. This weighted histogram is then
divided by the histogram filled with the post-loose BDT cut invariant mass distributions.
The results are shown in Figure 4.31. Here the value of each bin represents the efficiency

of the PID variable cuts for a specific invariant mass coordinate pair, which on average is

between 40 and 45%.
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Figure 4.29: (Top) Raw, (middle) fitted and (bottom) pull distributions of the loose BDT
acceptances for (left) 2011 and (right) 2012.



115

| (2012) Bc Tight BDT Acceptance

(2011) Bc Tight BDT Acceptance

Efficiency
Efficiency

Efficiency
o O o

o
)

30
E 0.
(8]

W o
0.

Pull
Pull

Figure 4.30: (Top) Raw, (middle) fitted and (bottom) pull distributions of the tight BDT
acceptances for (left) 2011 and (right) 2012.
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4.7 Efficiencies, Systematics and Unblinding

The observable whose measurement is the objective of this analysis is the ratio between
the products of the fragmentation and branching fractions for the B¥ — K*KTx* mode

and the chosen control channel. For the B control mode, this ratio is expressed as:

fo x B(Bf - K*K¥r%) N, . Eu (47)
fu x B(B* - K*K¥g%) N, e '

where f. = f(b — B,) (x = u for BT and ¢ for Bf), €, are the average efficiencies and
N, are the fitted yields. For the control modes including a D° intermediate resonance,

the equation involves secondary branching fractions:

fe x B(Bf — [D]K*) x B([D°] = K*r%)  Npo L o
fu X B(B* - K*K¥7%) N, epo

(4.8)

Therefore, the measurement of this ratio and subsequent inference of the BX —
K*K¥r* branching fraction requires knowledge of the efficiencies and yields for each
decay channel. The efficiencies are estimated using the simulation samples, and will be
discussed in the following subsection, while the yields are obtained through the fits to
the mg+g-,+ invariant mass. For the control channels, the yields are already known
(see Section 4.5), while for the B¥ — K*K¥r%, the yields (if any) will only be known
after unblinding is permitted. The analysis strategy following unblinding is discussed in
subsection 4.7.3.

As in any physical measurement, there is statistical uncertainty associated with the
measuring process. These systematic uncertainties are worth mentioning and their sources

(and their respective errors) are identifiable, being shown in subsection 4.7.2.



118
4.7.1 Efficiencies

Efficiencies are calculated for the Bf — K*K¥n* and Bf — D°(K*7F)K* decays,
and also for both B¥ — K*K¥7* and B¥ — D(K*K¥)r* control channels. For the
B — K*K¥n* channel, efficiencies are derived using the fit functions for the acceptances
shown in the previous section. In the absence of any information on the signal, a simple
average of the efficiencies is calculated for both the region below the D° spectrum in
the my-—,+ invariant mass distribution (mg, < 1.834 GeV/c?) and for the full mass
distribution, excluding the B region (mgx and mg, < 5GeV/c?) and D° band from the
M-+ invariant mass distribution (1.834 < mg, < 1.894 GeV/c?). Tables 4.17 and 4.18

show the calculated efficiencies for each step, for both configurations.

Selection type 2011 2012
Reco & stripping 6.29 + 0.03 5.66 + 0.02
Triggers/Reco 32.39 £0.18 33.67£0.15
BDT > 0.04 87.75+0.23 88.20 +0.18
PID/Sel 51.29 +0.31 49.01 + 0.24

Table 4.17: Efficiencies (in %) of the different steps, for both years, below the D° region
in the mg, distribution. The efficiencies of the L0, HLT1, and HLT2 trigger levels are

53.24, 77.19, 78.57 and 50.71, 77.87, 83.21 for 2011 and 2012, respectively.

Selection type 2011 2012
Reco & stripping 7.1540.03 6.37 + 0.02
Triggers/Reco 32.27+0.18 33.69 +0.15
BDT > 0.04 89.29 + 0.23 90.52 +0.18
PID/Sel 54.70 + 0.31 52.19 4+ 0.24

Table 4.18: Efficiencies (in %) of the different steps, for both years, excluding the D°
band from the myg, spectrum and B regions from the mg, and mgg spectrums. The
efficiencies of the LO, HLT1, and HLT2 trigger levels are 52.45, 77.23, 79.57 and 51.92,
76.97, 83.45, for 2011 and 2012, respectively.
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For the B* — KT KTr*, a combined efficiency is calculated by performing a weighted
average using the sWeights extracted from the fits shown in Section 4.5.1, in which the
1.834 < mg, < 1.894 GeV/c? band is removed, and the efficiencies for each step derived
through the fitted B* acceptances (see Section A.5). This weighted average follows the

harmonic average formula:

>~ sWeight;

€= 125“,@ (4.9)

where ¢; is the product of the efficiencies of all steps, for each entry i. With this
method, the combined efficiency for B¥ — K*KTr* is found to be €, = (1.71 £ 0.12)%,
where the uncertainty is calculated through the errors in the two-dimensional histogram
bins. This efficiency is higher than the combined efficiency for the B} modes ~ 0.9-1%,
due to the larger lifetime of the BT (7(B*) > 2 x 7(BJ)), that consequently grant it

better triggering and selection capabilities. The efficiencies of the offline trigger variable

cuts for the B¥ — K*K¥n* channel are shown in Table 4.19.

Selection type 2011 2012
— LO/HIt1/HIt2 53.63/82.10/86.64 47.09/81.43/92.25

Table 4.19: Trigger efficiencies (in %) for both years, for the B* — K* K¥7r* normaliza-
tion mode.

For the efficiencies of the B — DY(K*K¥)r* and B — D°(K*rF)K* channels, no
acceptance histograms are produced as these processes respectively only occur inside the
1.834 < mgx ormg, < 1.894 GeV/c? invariant mass band, and thus the efficiencies for
each entry can be expected to be reasonably similar. Therefore, complete two-dimensional

histogram representations of these invariant mass distributions are unnecessary, and the
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efficiencies are calculated through the simple ratio between the number of events that pass

each selection stage and the number of events before that stage. Tables 4.20 and 4.21 show

the efficiencies for both modes.

Selection type 2011 2012
Reco & stripping 8.43 £0.03 7.67 £ 0.02
Triggers/Reco 37.83 £0.18 38.07£0.15
BDT > 0.04 81.954+0.23 79.95 +0.18
PID/Sel 50.76 £ 0.31 48.87 £ 0.24

Table 4.20: Efficiencies (in %) of the different steps, for both years, for the B*¥ —
DY(K*K7)r* simulation samples. The efficiencies of the L0, HLT1, and HLT2 trigger

levels are 54.02, 74.36, 71.72 and 51.61, 74.88, 77.70, for 2011 and 2012, respectively.

Selection type 2011 2012
Reco & stripping 5.90 £ 0.03 5.42 +£0.02
Triggers/Reco 28.81 +£0.18 30.03 £ 0.15
BDT > 0.04 76.89 + 0.23 78.53 +0.18
PID/Sel 50.76 + 0.31 48.87 +0.24

Table 4.21: Efficiencies (in %) of the different steps, for both years, for the BX —
DY(K*#¥)K* simulation samples. The efficiencies of the L0, HLT1, and HLT2 trigger

levels are 54.02, 74.36, 71.72 and 51.61, 74.89, 77.70, for 2011 and 2012, respectively.

4.7.2 Systematics and Corrections

The systematic uncertainties present in this analysis come from a number of different

predictable sources. In this case, as the measured observable is a ratio, the systematic

uncertainty is essentially the uncertainty on the ratio of the efficiencies * (and is therefore

called relative uncertainty). Therefore, any systematics common to both effiencies will

cancel out in the ratio. The sources of systematic uncertainty relevant to this analysis are
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discussed below, where it is important to note that the percentage of relative statistical

error for some sources is not yet known, requiring first the approval to unblind.

e PID: This uncertainty is obtained through the PIDCalib package. Due to the
precise binning scheme and abundant calibration sample size, the relative PID un-

certainty for the PID is estimated to be less than 1%.

e Limited MC statistics and acceptance: For the B* — K*K¥r* decay, the

limited sample of simulated events yields a relative uncertainty of 0.6%.

e Fit model: With current statistics, the impact of the fit function on the signal
extraction is not expected to be substantial. The effect of varying some parameters
of the signal and partially reconstructed background functions will be studied after

unblinding.

e Generator: The relative uncertainty is extracted from the generator numbers

shown in Table A.1. It is 0.2% for all B modes.

e Correction to B[ lifetime: The derivation of this uncertainty is explained in

detail below, and it reaches 2%.

e BDT shape: The fractions of the signal yields measured in each BDT bin (see
subsection 4.3.2) will be varied by small amounts after unblinding to infer the impact
of the uncertainty on the BDT shape. In the case of an absence of signal, this source

of systematics will be discarded.

Furthermore, corrections are applied that take into account known errors in MC sim-
ulations. The first of these corrections is for the lifetime of the B, meson. The life-
time used in the simulated samples is 0.454 ps while the current (HFAG) average is
0.507 4+ 0.009ps: this means that the B, efficiency is underestimated. To correct for this,

the simulated events that passed the stripping selection are reweighed using correction
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factor Teim/Turac X exp(—t/Turac)/exp(—t/Tsim), where T represents the B, lifetime
and t represents the measured lifetime of each simulated event. The reweighed lifetime
and BDT variable distributions are shown in Figure 4.32. The full selection cuts are per-
formed to the reweighed events, and a correction factor is applied. This correction factor
is calculated by first fitting the lifetime acceptance (ratio between the lifetime distribu-
tions of the post-stripping simulation samples and the pre-stripping generated samples),

as shown in Figure 4.33. The function used for the fit is:

1
1—-1/(1 + (Sit)» — offset)

C(t) = Norm X X (1 — Sqt) (4.10)

The parameters of the final function used are on Table 4.22. The correction to the
stripping efficiency is then calculated by manually generating equal numbers of events
with both 74, and 7yraq lifetimes, applying the fitted acceptance function to both dis-
tributions and then integrating the result. The ratio between the integrated values for
both lifetimes provides the efficiency ratio, which is found to be 1.132 + 0.022. The final
check performed is to see whether the time distribution reweighing changes the BDT vari-
able during the TMVA training. Figure 4.34 shows the comparison between the default
BDT variable and the BDT obtained through training using reweighed signal events: the

two shapes are fully compatible.

Parameter Value
St 1.716 £ 0.006
S —0.05302 £ 0.0081
P 5.039 £ 0.038
offset —1.621e-05 £ 3.73e-06
Norm 0.2253 4 0.0021

Table 4.22: Parameters of the time acceptance fit function.
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Figure 4.32: (left) True lifetime and (right) BDT variable distributions for (solid black
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Figure 4.33: Lifetime acceptance for the stripping selection.

The tracking information used to simulate the MC samples also needs correcting.
The tracking data/MC correction values are taken from [116], and Figures 4.35 and 4.36
show the maps of the correction factors for B*¥ — K*KT¥r* and B* — KT*KTr*,
respectively. sWeights are used to weigh the correction to the B* channel, and the ratio
between the corrections of the B* to B channels, for both spectrum configurations, is
shown in Table 4.23. The average track correction values for the B¥ — D°(K*7T)K* and
B* — DY(K*K¥)n*, as well as the sWeighed track corrections to the BX — K*KTr*,
can be seen in Table 4.24.

The final correction concerns the LO Hadron TOS trigger efficiency. The efficiency
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Figure 4.35: Distribution of the (left) 2011 and (right) 2012 tracking efficiency correction

factor for Bf — KT*K¥r* decays.

Channel Year 2011 Year 2012

Below D° band in mp, distribution 1.00197 £+ 1.00791 £
0.00004 0.00003

Excluding D° band and B region 1.00197 + 1.00890 +
0.00004 0.00003

Table 4.23: Ratio of sWeighted correction for B¥ — K*K¥7n* to average correction for

Bf - K*K¥gt,
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Figure 4.36: Distribution of the (left) 2011 and (right) 2012 tracking efficiency correction
factor for B* — K*K¥7n* decays.

Channel Year 2011 Year 2012
BCi — DO(KinF)KjE 1.016 & 8.345e-05 1.015 + 8.163e-05
B —» K*KFn* 1.020 £ 2.213e-05 1.020 &£ 2.246e-05
BT — DO(KquE)WjE 1.018 £ 9.8e-05 1.016 = 9.7e-05

Table 4.24: Average track corrections to B¥ — DY(K*n¥)K* B* — DY(K*KT)r*,
and sWeighted track corrections to B* — KT K¥r*.

tables for individual tracks (see [117]) are used to derive the probability that a given B
decay passes the LOHadron TOS requirement, by using the condition that at least one
track is selected by the trigger. A Dalitz distribution of this probability is generated and
compared to the efficiency map used in the simulated samples. The ratio of these two
distributions provides the variation of the correction as a function of the position in the
Dalitz plane, and this variation map is then used to compute the correction. The ratio of
sWeighed correction to B — KTKTr* to average correction for Bf — KT*K¥r*, for

both spectrum configurations, is shown in Table 4.25. The L0 data/MC corrections for
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the Bf — DY K*n7)K* B* — DY(K*KT)r*, and B* — K*KTr* channels can be
seen in Table 4.26.

Configuration Year 2011 Year 2012

Below D° band in mg, spectrum 1.085 £ 0.035 1.108540.032

Excluding D band and B region 0.859 £ 0.032 0.899 + 0.017

Table 4.25: Ratio of sWeighted L0 correction for B¥ — K* KT+ to average L0 correction
for Bf - K*K¥n*.

Channel Year 2011 Year 2012
Bci — DO(KiW:F)Ki 0.7499 + 0.1307 0.8131 £0.1924
B - KE*KTn+ 0.7890 £+ 0.0197 0.7234 £+ 0.0123
B* — DO(KjEKJF)WjE 0.7563 £ 0.0144 0.8100 £ 0.0103

Table 4.26: Average data/MC L0 corrections to B¥ — DY(K*g¥)K* B* —
D°(K*K7F)r%, and sWeighted data/MC L0 corrections to B* — K*K¥r*.

4.7.3 Unblinding

Up to this point, every step in the analysis was performed without the researchers having
access to any visual or quantitative information from the [6.15,6.35] GeV/c* range of
the mg+ -+ invariant mass distribution contained in the data samples. After the full
selection is completed and the fit model confidently determined, permission to unblind this

mass window must come from the LHCb Collaboration reviewers. Once this permission
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is granted, the full mass fits are re-done with the full spectrum and the final steps of the

study are performed.

As mentioned in Section 4.7, the objective of this analysis is to measure a ratio of
the products of the fragmentation and branching fractions, for which a determination of
the signal yield is necessary. Following unblinding, there are two possible signal yield
cases for this analysis. The first is the case where a measurement of signal events is
accomplished (see Figure 4.37). Depending on the quantity of measured events and the
purity of the final samples, the significance (in o) of the measurement is determined. By
convention, significance levels of 3 0 and 5 o represent “evidence” and “observation” levels,
respectively. For this analysis, significances above 2 ¢ are unlikely for both annihilation
decays and processes with intermediate D° mesons, so even if there are observed signal
events, the only physically significant measurement that will be obtained is an upper limit

on the observable ratio.

To accomplish this, based on the selected data and the final fit model, a series of
“signal + background vs. background” hypotheses tests are performed for a range of
possible values of signal events (Ng,). These statistical tests are implemented through
the RooStats [118, 119] package. RooStats is a comprehensive collection of statistical
tools which is incorporated into the ROOT framework that allows for, among other things,
hypothesis testing and the determination of confidence intervals in statistical analyses.
For each value of Ny, the RooStats package constructs likelihood distributions of the
chosen observable. In this case the observable is the aforementioned ratio, and from the
likelihood distributions, p-values are calculated. The p-value is a measure of significance,
using Gaussian standard deviations applied to the likelihood distributions, and p-values
for both hypotheses are calculated and compared. The upper limit of the observable
ratio is defined as the point where the p-value falls below the 5% level (i.e. above two
Gaussian standard deviations), which defines the 95% confidence level (CL). Through the

CL method, the upper limit of the observable ratio can be determined.
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Figure 4.37: Representations of (left) blinded and (right) two post-unblinding scenarios.
In the right image the blue line represents the lack of any signal events, while the red
“bump” represents a concentration of events in the signal region.

The second case is the complete lack of any observable signal events (see Figure 4.37),
which means that not enough B, events passed the selection process in order to be visible
among the other background contributions. In this case, it is impossible to ascertain
with certainty the quantity of events that did survive (if any), but an upper limit of this
quantity is possible to obtain, and therefore an upper limit on the observable ratio can
also be determined using the RooStats package, in similar fashion to the first signal yield
case. Therefore, even if no signal events are measured, a physically significant quantity
will still be determined.

In conclusion, even though the final measurement will, in all likelihood, be only an
upper limit of the observable ratio, any observation of B, events will be an accomplishment

in itself, due to the rarity of its decay processes and the relatively low statistics used for

this study.
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Chapter 5

Conclusion

This analysis represents the first search for B} annihilation decays, performed for
K*TK~n" final states. The objective of this dissertation was to detail the steps of the
blind analysis leading up unblinding, when the observation of signal events (if any) will
occur.

For the B — KTK~7nt decay analysis, the full selection has been prepared and
applied. Monte Carlo simulation samples of the Bf — KT K~ 7" decay were produced,
with a reconstruction and stripping efficiency of ~ 6%. The signal trigger efficiency ap-
plied to the simulation samples was found to be ~ 33%. In a comparison of multivariate
techniques, the Boosted Decision Tree method was chosen, as it offers higher signal ef-
ficiency and background rejection than the other tested methods. The training of the
BDT variable was accomplished using the simulation samples to represent the B, signal,
while the background was represented by the side-bands taken from LHCb data samples.
The BDT variable was applied to both simulation and data samples, and the BDT signal
efficiency was found to be ~ 88% for loose cuts (BDT > 0.04) and ~ 40% for tight cuts
(BDT > 0.18). The efficiencies of the particle identification variables were studied using
calibration samples processed through the PIDCalib package, as the variables contained
in the simulation samples themselves are not well simulated, and therefore are not reliable
for efficiency studies. Through this method, the PID signal efficiency was found to be

~ 50%. Combining all the selection cuts (with BDT > 0.04), the final estimated signal
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efficiency is =~ 0.9%.

In addition, the optimal fit model was determined. In the fit study, the combinato-
rial background was found to give the largest contribution to the data side-bands. The
contributions from other decay channels were studied through simulation samples. The
full selection was applied to these samples, in order to determine if their contributions
were sizable enough to warrant the inclusion of specific fit functions in the final model.
The Bf — K*KTr*70 partially reconstructed channel was found to have a significant
contribution in the lower mass side-band, and it was therefore modeled in the final fit.
Two cross-feed channels were also included, B¥ — K*K¥K* and Bf — K*rFr*. Their
contributions can not be completely determined before unblinding, as their yields are re-
lated to that of the Bf — KTK¥r* decay itself. However, PID efficiencies for these
channels were determined using simulation samples, and were found to be ~ 12% and
2%, respectively. Their addition to the fit model was found to increase the overall fit
quality, further warranting their inclusion.

Two possible control channels have also been presented and studied. The BT —
K*K¥7r* and B* — DY(K*K7T)r* channels have both been studied in previous LHCb
analyses, and their fragmentation and branching fractions measured. The fit models for
both of these channels were studied and applied, using the full selection utilized for the
Bf - K*K¥7n* decay.

At this point, preparations have been completed for a possible observation of the B
signal coming from both annihilation decays and processes including an intermediate D°
meson. An attempt at signal measurement is now possible, and now only the approval
of the LHCb Collaboration is required to implement this final step of the analysis. It is
important to stress that independently of any actual B[ signal observation, a physically
significant measurement will be obtained. Furthermore, the selection performed for this
analysis will also be able to be implemented in future studies into these decay channels,

using data samples with greatly increased statistics coming from future runs of the LHC.
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Appendix A

Supplementary Analysis Information

This appendix consists of important information related to the analysis, but which is

not entirely relevant to the main text.

A.1 Simulated Samples and Generator Efficiency

Below are the tables with information on all simulated samples used in the analysis
as well as the simulated generator efficiencies for each sample, as briefly discussed in
subsection 4.1.1.

The numbers for the simulated samples are obtained after the generator efficiency [120]

has been applied, which is mainly related to the geometrical acceptance of the detector.
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Decay

Number of events (2011)

Number of events (2012)

Non-resonant BT — K*K¥r*
Bf - K*KTK*

Bf —» K*nFqnt

B — rEgFqat

Bf - K*KTK*r"

Bf - K*KTn*r"

Bf — K*r¥ntqa0

Bci — mEaF g0

Bf — DY(K*nF)n*

Non-resonant B*¥ — KT K¥r+

1006425 (MD)
+ 1052632 (MU)
1040948 (MD)
+ 1030823 (MU)
1013926 (MD)
+ 1061385 (MU)
1034964 (MD)
+ 1061097 (MU)
1010984 (MD)
+ 1001461 (MU)
1008162 (MD)
+ 1037790 (MU)
1034167 (MD)
+ 1003223 (MU)
1038087 (MD)
+ 1027479 (MU)
505943 (MD)
+ 520410 (MU)
269996 (MD)
+ 253000 (MU)

2004911 (MD)
+ 2009211 (MU)
2092303 (MD)
+ 2006147 (MU)
2042698 (MD)
+ 2042540 (MU)
2068599 (MD)
+ 2060223 (MU)
2021501 (MD)
+ 2035316 (MU)
2009568 (MD)
+ 2013695 (MU)
2009749 (MD)
+ 2044381 (MU)
2015499 (MD)
+ 2047593 (MU)
1000506 (MD)
+ 1000360 (MU)
519250 (MD)
+ 519999 (MU)

Table A.1: Number of generated events for the different samples. Non resonant implies
here in a flat phase space. MU and MD denote Magnet Up and Magnet Down configura-

tions, respectively.

Decay

Generator efficiency (2011/2012) (%)

Non resonant B — K=K Tr+
Bf - K*KTK*

Bf - K*rFnt

B — rEpFqt

Bf - K*KTK*xr?

Bf —» K*KFn*n0

Bf — K*rFptrd

Bf — ntnFata0

Bf — DY(K*n¥)r

Non resonant B* — K*KFr+

14.336 4+ 0.029/14.738 £+ 0.03
14.793 + 0.030/15.201 4 0.030
13.942 + 0.028/14.38 4 0.030
13.571 +0.028/13.952 4+ 0.028
13.365 +0.017/13.833 4+ 0.018
12.871 4 0.017/13.352 £+ 0.018
12.415+0.016/12.865 4 0.018
11.995 + 0.016/12.441 £+ 0.017
14.183 + 0.020/14.560 4 0.030
16.825 + 0.031/16.915 4+ 0.031

Table A.2: Generator efficiencies for the simulated modes (Sim08e/Sim08f/Sim08h, pythia
6, BcVegPy).
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A.2 Multi-Variate Analysis Variables and Graphs

A.2.1 Discriminating Variables and Separation Power

Rank Variable Separation
1 pointingp, 4.493e-01
2 MAXDOCA 3.293e-01
3 pr(B) 3.026e-01
4 PR 2.775e-01
) IP sum 2.421e-01
6 ped 2.079e-01
7 B vertex x? 2.051e-01
8 cos(6) 1.853e-01
9 ds track GhostProb 1.730e-01

10 ds track GhostProb 1.569¢-01
11 d; track GhostProb 1.564e-01
12 1IP of pjpa 1.131e-01
13 B FD 9.900e-02
14 IP x? sum 7.094e-02
15 B IP 6.038e-02
16 B IP 2 5.287e-02
17 BP 2.795e-02
18 ds track x?/NDoF  2.354e-02
19 d; track x?/NDoF  1.780e-02
20 dy track x?/NDoF  1.639¢-02
21 ds P 3.972¢-03
22 dy P 3.941e-03
22 d, P 3.371e-03

Table A.3: Discriminating variables used in the MVA training, sorted according to their
decreasing separation power. In this case, d; = K+ or K~, dy = K~ or K*, and d3 = 7™.

e pointing, - Variable defined as per the following equation:

ppsin(6)
pesin(f) + > pp

(A.1)

pointing, =

Where 6 is the angle between the B, candidate flight vector and its momentum, pg

is the momentum of the B. candidate, and ), p% is the sum over the transverse
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momentum of all the tracks of the decay. In order of separation power, the variables
are defined below. Titles of the variables are written in parentheses as they are

defined in the data sets.

MAXDOCA (B_AMAXDOCA) - Maximum value of the Distance Of Close Approach
(DOCA) variable.

pr(B) (B_PT) - Transverse momentum of the B, candidate.

max

PR (ptmax) - Maximum transverse momentum among the three daughter tracks.

IP sum (ipownpvsum) - Sum of the tracks’ impact parameters.

pmed (ptmed) - The second largest transverse momentum among the three daughter

tracks.

B vertex x? (B_ENDVERTEX_CHI2) - x? associated with the B. candidate vertex’s

reconstruction.

cos(f) (B_DIRA_OWNPV) - Cosine of the angle (0) between the B. candidate flight

vector and its momentum.

d3 track GhostProb (d3_TRACK_GhostProb) - Probability that the third daughter’s

track belongs to a ghost particle.

ds track GhostProb (d2_TRACK_GhostProb) - Probability that the second daughter’s

track belongs to a ghost particle.

dy track GhostProb (d1_TRACK_GhostProb) - Probability that the first daughter’s

track belongs to a ghost particle.

IP of p/'** (ip_ptmax) - Impact parameter of the daughter track with highest trans-

verse momentum.
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B FD (B_FD_OWNPV) - Flight distance of the B, candidate.

IP x? sum (ipchi2ownpvsum) - Sum of x? associated with the impact parameters

of the tracks.
B 1P (B_IP_OWNPV) - Impact parameter of the B, candidate.

B TP x? (B_IPCHI2_ OWNPV) - x? associated with the impact parameter of the B,

candidate.
BP (B_P) - Momentum of the B, candidate.

ds track x?/NDoF (d3_TRACK_CHI2NDOF) - x? per degree of freedom associated with

the reconstruction of the third daughter’s track.

ds track x?/NDoF (d2_TRACK_CHI2NDOF) - x? per degree of freedom associated with

the reconstruction of the second daughter’s track.

d; track x?/NDoF (d1_TRACK_CHI2NDOF) - x? per degree of freedom associated with

the reconstruction of the first daughter’s track.
d3 P (d3_P) - Momentum of the third daughter.
dy P (d2_P) - Momentum of the second daughter.

dy P (d1_P) - Momentum of the first daughter.
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A.2.2 Correlation Matrices for Discriminating Variables

Correlation matrices showing the degree of correlation (in %) are generated by the TMVA
for both signal and background events, and are shown below for both 2011 and 2012

training.

d3_TRACK_GhostProb
d2_TRACK_GhostProb
d1_TRACK_GhostProb
d3_TRACK_CHI2NDOF
d2_TRACK_CHI2NDOF .
d1_TRACK_CHI2NDOF g i a4 - . 100

a3 P [ i =61 100 J91!
d2_p - 100 4261
dp [ : 2 ] 9 -19
ip_ptmax - 00 §8 5 1
ptmed [T 78
ptmax - =200
ipownpvsum - 2
ipchi2zownpvsum = o 1
pointing_pt 50 - 0 - 10 -3
B_DIRA_OWNPV - 0 15 -4
B_IPCHI2_OWNPV 1 6 -1
B _AMAXDOCA - %9 - B -2
_OWNPV 2 0 15 -3 -60
B_| ENDVERTEX CHI2 195047 100 20980 3 1 1
B_IP_OWNPV [T/ T g CIBE - 11 -2 -80
=HL i S 100 $2200 19+ 1 5 77 -31 2 -
CEC 100 W8I 071 28 1127 -21- 61- 12

-100
8p 8p8 afmedpul P72 o L r,gjb (N %r,ggbrg

olgmg,/ ’?r /PCHD/,Q%II "‘V]Iv” ,,Vs %
\C
H/Q,VCM Cﬁlz,‘%lgswhggtpﬁ%smr%

Figure A.1: Background correlation matrix for the 23 variables selected for the 2011 BDT
training.

d3_TRACK_GhostProb
d2_TRACK_GhostProb
d1_TRACK_GhostProb
d3_TRACK_CHI2NDOF
d2_TRACK_CHI2NDOF
d1_TRACK_CHI2NDOF

d3_p - -9
d2_p -10
di_p 8 -10
ip_ptmax -18 J0IENEIE 23 -10 100
ptmed - =2 =15 998 100 Fi0
ptmax 8 - 1 -2 100- -23
ipownpvsum [T 76 100 352
ipchizownpvsum [ 100 976, »2
pointing_pt -32 -34 - -21 -18
B_DIRA_OWNPV P 23 26
B_IPCHI2_OWNPV
B_AMAXDOCA
B_FD_OWNPV
B_ENDVERTEX_CHI2
B_IP_OWNPV 5 12 -80
B_PT - - 37 79 =19 f24 25 23

Bp 2 -4 WBIN80I -15 | 66 | 67 (64 ~100
&r %»r&\lp\gﬁv@ 04,144 D/Rp"/naé,/"ch, t;puf,,"'l;"yﬂ""‘”p'"’ edpingle R p %P U i ’i‘zb ’?Zlc"?z%{&
VR Sum ?NC'"’?N su> "Osm,gg&rp,ab

Figure A.2: Signal correlation matrix for the 23 variables selected for the 2011 BDT
training.
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nd)

Linear correlation coefficients in %

d3_TRACK_GhostProb
d2_TRACK_GhostProb
d1_TRACK_GhostProb
d3_TRACK_CHI2NDOF
d2_TRACK_CHI2NDOF
d1_TRACK_CHI2NDOF

ipownpvsum
ipchizownpvsum
pointing_pt
B_DIRA_OWNPV
B_IPCHI2_OWNPV
B_AMAXDOCA
B_FD_OWNPV
B_ENDVERTEX_CHI2
TNV 6 508 100

BPT [ PO 4 3 3
~F l 8 1 - 8 Py a; a: a; a] Uk =Y
ﬂc e &4 2 3 77y I3
v UsHling va"(,:é’gm?’@ 'o "’? "’"ﬁgs"f* e o Rp Bp U n ’?4c"?4b"?4b"?4gk o
a,go D é'lv 05,5os eaStPy
Or 'OOF" 'ob 1o Top

Figure A.3: Background correlation matrix for the 23 variables selected for the 2012 BDT
training.

Correlation Matrix (signal)

Linear correlation coefficients in %

d3_TRACK_GhostProb
d2_TRACK_GhostProb
d1_TRACK_GhostProb
d3_TRACK_CHI2NDOF
d2_TRACK_CHIZNDOF
d1_TRACK_CHIZNDOF

|pownpvsum
ipchizownpvsum
pointing_pt
B_DIRA_OWNPV
B_IPCHI2_OWNPV
B_AMAXDOCA
B_FD_OWNPV
B_ENDVERTEX_CHI2
B_IP_OWNPV

B_PT - 100 §98 o = 1 38 79 -16 1261112611126 2 K
CA 100 MBENTS - -1 WS4NN821 12 66 66 | 63 ~100
20w, Plma, P Dy, p 92 p 93 p 9L
,/Doc4 ”’n:'ﬁg ng; mepimil.p R p % p T;;Ac 77964 /16 7'745;??40?% k'?,q
U ~Ch;
NGRS "“"’r 05 Prop

Figure A.4: Signal correlation matrix for the 23 variables selected for the 2012 BDT
training.

A.2.3 BDT Variable Overtraining Checks

The first overtraining check is provided by the TMVA itself, comparing test and training
samples. Figure A.5 shows the generated graphs with these comparisons, where there is

no observed overtraining.

A second check was performed in order to make sure that there were no noticeable
biases due to sample specificity. Signal and background samples were divided into different

subsamples with the following configurations:
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TMVA overtraining check for classifier: BDT TMVA overtraining check for classifier: BDT

3 (5T Signal (test sample) ' | | | '+l Signal (training sampie) 3 Slgnal (tdst sample) | | | o Signal (raining'samplé) ]
E 5 f@ Background (test sample) ¢ Background (training sample)—| E Background (test sample) e Background (training sample)
E ] 2 [ Kolmogorov-Smirnov test: signal (background) probability = 0.257 (0.262) ]
z ] g s 3
S 4 - = i

1z r 1z

19 9

3 E sf- =

1 [ Jje

15 c 1z

2 B 2k =k

b de r Je

1< r 1<

Jz r 13

12 r e

g <) ; 4 . d9

b AANA A A : 5 0 aurd AA A s 4 5
-04 -03 -02 -01 0 0.1 0.2 0.3 0.4 -05 -04 -03 02 01 0 01 0.2 0.3 0.4
BDT response BDT response

Figure A.5: Overtraining check performed by the TMVA for (left) BDT 2011 and (right)
BDT 2012.

e Configuration A: signal represented by events having even event numbers from the

signal sample and background from magnet down sample.

e Configuration B: signal represented by events having odd event numbers from the

signal sample and background from magnet up sample.

e Configuration C: building samples with events having even event numbers in the

full signal and background samples.

e Configuration D: building samples with events having odd event numbers in the full

signal and background samples.

For each configuration, a BDT is obtained and tested against the samples of the

complementary configuration. No significant overtraining was observed, as shown in Fig-

ures A.6 and A.7.
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Figure A.6: BDT splitting exercise test sample A (left) and test sample B (right) against
trained BDTA and BDTB.
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Figure A.7: BDT splitting exercise test sample C (left) and test sample D (right) against
trained BDTC and BDTD.

A.3 Toy MC Studies for B Signal Extraction

A.3.1 Tight BDT Cut Fit

The distributions of yields and pulls are shown in Figs. A.8. Even for the low signal yield

case, Ng = 10, there is no significant bias.

A.3.2 Simultaneous fit

The distributions of yields and pulls are shown in Figs. A.9. As was the case for the Tight

BDT cut fit, here there is no significant bias, even for the low signal yield case.
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Figure A.8: (Left) yields and (right) pulls toy results for Ng input = (Top) 10, (Middle)
25 and (Bottom) 50 for the tight BDT cut fit.

A.4 BT mass fit components

In this appendix, the component models used for the B* full mass fit shown in Sec-
tion 4.5.1 will be detailed, followed by the acceptances for the B — K*KTFr* simulation

samples.
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Figure A.9: (Left) yields and (right) pulls toy results for Ng input = (Top) 10, (Middle)
25 and (Bottom) 50 for the simultaneous fit.

A.4.1 B* signal model

The B* signal is modeled using a Double Crystal Ball function, in a similar fashion to

what is shown in Section 4.2.1. The CB function is described as:
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(m—p)?y . m—p
exp(—"55—) : > —a
f(m;/“L?U?a?n) X {A(B . 2)1;/4,)7774 . m—u S — (A2)

o

The fits to the B¥ signal coming from MC simulation samples are shown in Fig-

ure A.10, while the fit parameters are shown in Tables A.4 and A.5.

Parameter Value
HeB 5.28043 4= 0.00013GeV /c?
ocB 0.01410 £ 0.00044GeV /c?
ol g 0.0194 4 0.0013GeV /c?
n 1.04 £0.15
N9 4.00 £ 0.56
o 1.83+0.15
Qg —1.750 £ 0.093
frac(1/2) 0.568 £ 0.070

Table A.4: Parameters of the Double Crystal Ball B* signal model, for year 2011.

Parameter Value
e B 5.280240 = 0.000082GeV /c?
ocB 0.02224 + 0.00057GeV /c?
ol p 0.01371 £ 0.00033
n 1.41 +£0.11
N9 1.00 +0.04
o 1.624 £ 0.070
o —2.528 £ 0.061
frac(1/2) 0.473 £ 0.040

Table A.5: Parameters of the Double Crystal Ball B* signal model, for year 2012

A.4.2 Combinatorial background

The combinatorial background is modeled by a simple exponential function o exp(c.(m —

5.080)).
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Figure A.10: B¥* signal fits to MC simulation samples, for (left) 2011 and (right) 2012.
(top) Fits, (middle) Fits with Log-scale on Y axis, (bottom) pulls.

A.4.3 B* 5> K*KTK* and B* —» K*nTn* cross-feeds

The K*KTK* and K*n 77 cross-feed components are both modeled in the same fashion

as in (reference note), i.e. using a Cruijff function. The Cruijff function C(m) is a Gaussian
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function with different left-right resolutions (oy,02) and non-Gaussian tails (a1,a2). The

expression for the Cruijff function is:

1=21ifm > myg

(A.3)

o 2
C(m;mg, 01,09, a1, as) = €xp 2012 iz(mﬂ?koy] where {

The parameters (which are extracted from [112]) for both channels can be seen on

Tables A.6 and A.7.

Parameter Value
Lbi 5.2283 £ 0.0064GeV /c?
OrLi 0.01505 4 0.00738GeV /c?
ORi 0.02355 £+ 0.00578
ar; 1.33+0.23

Table A.6: Parameters of the Cruijff function used to model the B* — K*KTK* cross-
feed component.

Parameter Value
L 5.3159 £ 0.0051GeV /c?
oL 0.02011 4 0.00345GeV /c?
ORi 0.02038 £ 0.01059
ari 0.14 +£0.03
api 0.26 4+ 0.02

Table A.7: Parameters of the Cruijff function used to model the B¥ — K*nF ¥ cross-feed
component.

A.4.4 Partially reconstructed channels

In the B* fit, two partially reconstructed channels are modeled: Bg — 4body and B —

4body. Both channels are modeled in the same way, using a convolution of an Argus shape
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and a Gaussian function. The parameters for both channels can be seen on Tables A.8

and A.9.
Parameter Value
m0 5.24471 £ 0.00109GeV /
slope —5.005 £+ 6.950

Table A.8: Parameters of the convolution function returned by the fitter for the Bg —
4body partially reconstructed component.

Parameter Value
m0 5.12235 £ 0.03987GeV /c?
slope —44.48 + 20.54

Table A.9: Parameters of the convolution function returned by the fitter for the B —
4body partially reconstructed component.

A.5 Acceptances for B¥ - K*KTr*

A.5.1 Preselection and reconstruction

Figure A.11 shows the reconstruction and preselection acceptances.
A.5.2 Triggers

See Figure A.12.

A.5.3 BDT

See Figure A.13.

A.5.4 PID

See Figure A.14.
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Figure A.11: (Top) Raw, (middle) fitted and (bottom) pull distributions of the preselec-
tion acceptances for (left) 2011 and (right) 2012, for B* — K*KTx*.
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Figure A.12: (Top) Raw, (middle) fitted and (bottom) pull distributions of the trigger
acceptances for (left) 2011 and (right) 2012, for B* — K*KTFr+.
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Figure A.13: (Top) Raw, (middle) fitted and (bottom) pull distributions of the loose BDT
acceptances for (left) 2011 and (right) 2012, for B* — K*KTFr+.
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Figure A.14: (Top) Raw, (middle) fitted and (bottom) pull distributions of the PID
acceptances for (left) 2011 and (right) 2012, for B* — K*K¥r*.
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