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Summary

The aim of this dissertation was to analyze a decay of the beauty meson B, which is made
of a quark-antiquark pair (up quark and b antiquark). It is an unstable particle, which means it
decays very rapidly and this decay can proceed in very different ways. In one of the scenarios,
B’decays to K™ (down quark and strange antiquark pair, decaying to kaon K" and pion " ) and a
muon-antimuon pair p p*. The angular analysis of the final state particles, which is a study of how
particles propagate in a detector, can tell a lot about the B® decay. Along with the decay angles, the
B’ meson decay is described by a number of measurable quantities (observables) that can be
compared to the SM predictions. The quantities of those observables could be modified by the
presence of new, unknown particles. The analysis is based on the data collected by the LHCb
experiment in 2016, 2017 and 2018 (Run2), when protons collided at the center of mass energy of
13 TeV (teraelectronovolts).

This dissertation presents an analysis of the B - K'm p'p~ decay and is focused on the
higher invariant mass range of the Km system (1330-1530 MeV/c® ), where heavy resonant
contributions could be found. The first four chapters are devoted to the introduction, the theoretical
description of the Standard Model, and the description of the LHCb detector and the B’ - K'mp'p~
decay. This is followed by the analysis, whose first stage is proper data selection, because the signal
candidates are also accompanied by background events, such as those with misidentified particles.
The data selection is described in chapter five, which is followed by the proper reweighting of the
candidates to ensure the compatibility between the data and Monte Carlo simulated samples. In
order to account for a distortion in kinematic distributions caused by the data selection, the angular
acceptance was corrected by weighting the candidates with the inverse of the five dimensional
efficiency parametrization calculated with the simulated B° - K'm p*p~ sample. Chapters eight and
nine are devoted to the branching fraction calculations and the angular analysis of the B decay. In
order to extract the angular observables the method of moments was used. In chapter ten six
different sources of systematic uncertainties are described. Chapters eleven and twelve show the
results of the analysis where the latter compare them with previous results from Run1 analysis.

The results of the branching fraction measurements and angular moments are compatible
with the previous Runl results and have lower statistical uncertainty. Unfortunately, the level of
systematic uncertainties is relatively high. The main reason for that is a low number of simulated
samples of the B’ K'mp'n~ decay used in the acceptance correction calculations. New results
make it possible to estimate a contribution from the resonant K,"(1430) component, which can
appear in the decay. Unfortunately, the level of the uncertainty is still high and the result is
inconclusive, as more data are needed.



Streszczenie

Celem niniejszej roprawy doktorskiej jest badanie tzw. mezonu pieknego B°, ktéry sktada
sie z pary kwark-antykwark (kwarka dolnego i antykwarka pieknego). Jest to czastka nietrwala,
czyli rozpadajaca sie bardzo szybko, a jej rozpad moze przebiegac¢ na rézne sposoby. W jednym ze
scenariuszy po jej rozpadzie pozostaje czastka K'(K-star - ztozona z kwarka dolnego i antykwarka
dziwnego, ktory z kolei rozada sie na kaon K*i pion m) i para mion-antymion p'p*. Wiele o samym
rozpadzie moze powiedzie¢ analiza katowa produktéw rozpadu, czyli badanie w jaki sposdb czastki
po rozpadzie mezonu B’ propaguja sie w detektorze. Oprocz samych katéw rozpad jest opisywany
przez pewne wielkoSci mierzalne (obserwable), ktorych wartoSci mozna poréwnaé
z przewidywaniami Modelu Standardowego. Te wtlasnie wielkosci moga by¢ modyfikowane
poprzez obecno$¢ nowych, nieznanych do tej pory czastek.

Analiza jest oparta o dane zebrane przez eksperyment LHCb w 2016, 2017 i 2018 roku (tzw.
Run2), gdzie zderzano protony o energii 13 TeV (teraelektronowoltow) w ukladzie srodka masy.

Niniejsza roprawa doktorska poswiecona analizie rozpadu B°-K'mp'p jest
skoncentrowana na wyzszej warto$ci masy niezmienniczej uktadu Kmn (1330-1530 MeV/c?), gdzie
moga zosta¢ wykryte przyczynki od ciezszych rezonanséw. Pierwsze cztery rozdzialy poswiecone
sq wstepowi, teoretycznemu opisowi Modelu Standardowego i opisom eksperymentu LHCb wraz z
rozpadem B’ K'mp‘p. Zaraz potem przedstawiona zostala analiza. Pierwszy jej etap jest
poswiecony selekcji danych, poniewaz czastkom pochodzacym od sygnatu towarzysza takze czastki
tta na przyklad takie, gdzie czastki zostaly blednie zidentyfikowane. Selekcja danych jest
przedstawiona w rozdziale piatym, a nastepnie, rozdziale széstym, zostala uzyskana
kompatybilno$¢ miedzy danymi eksperymentalnymi a symulowanymi. W celu wziecia pod uwage
wptywu selekcji przypadkéw na rozklady kinematyczne, zostala obliczona korekcja akceptancji
katowej poprzez przewazenie przypadkow odwrotnoscia pieciowymiarowej parametryzacji
wyznaczonej przy uzyciu probki symulowanych danych B° - K'p“p. Rozdziat 6smy i dziewiaty
sq poSwiecone obliczeniom rézniczkowego wspdétczynnika rozgatezienia i analizie katowej rozpadu
mezonu B°’. Do wyznaczenia wspétczynikéw katowych zostata uzyta metoda momentow.
W rozdziale dziesigtym zostalo opisanych szes¢ réznych Zrédel niepewnosci systematycznych.
Rozdzialy jedenascie i dwanascie poswiecone zostaly na przedstawienie koncowych wynikdw,
gdzie w dwunastym rozdziale uzyskane wyniki zostaly por6wnane z poprzednimi z analizy danych
Runl.

Uzyskane wyniki sq kompatybilne z poprzednimi i majg mniejsza niepewnos$¢ statystyczna.
Niestety poziom niepewnosSci systematycznych jest relatywnie wysoki. Powodem jest mata ilo$¢
przypadkéw w symulowanej prébce B’ K'mp'p uzytej do obliczenia korekcji akceptancji
katowej. Nowe wyniki analizy katowej pozwolily takze na doktadniejsze wyznaczenie przyczynku
od rezonansu K,'(1430), ktéry moze pojawi¢ sie w badanym rozpadzie. Jednak z powodu wysokiej
niepewno$ci pomiarowej wynik w dalszym ciggu nie jest konkluzywny, gdyz potrzebna jest
wieksza liczba danych.



Contents

(1__Introduction!

[2

Standard Model of Particle Physics|

(2.1 Building blocks of the Standard Model] . . . . .
[2.2  Matter particles| . . . . . ... ... ... ..

[2.4 Electromagnetic interactions| . . . . . . . . . ..
[2.4.1 Gauge theory| . . . . . . ... ... ...
[2.5 Strong interactions| . . . . . ... ... L.
[2.5.1 Gauge theoryl . . . . . . ... ... ...
2.6 Weak interactions| . . . . . ... ... ... ..

[2.6.2  Gauge theory| . . . . . ... ... .. ..

[2.7  Flavour physics Lagrangian| . . . . . . ... ..
[2.8  Effective Field Theory in particle physics . . . .
2.9 FCNCs and GIM mechanisml|. . . . . . . .. ..
[2.10 Beyond the Standard Model| . . . . . . . . . ..

Characterization of B’ — K7~ "y~ decays|

[3.1  Angle definitions| . . . . . ... ... ... ...
[3.1.1 Conventions for angular variables| . . . .
[3.2  Differential decay rate] . . . . . ... ... ...

[3.4 Higher K7 mass region| . . . . . . ... ... ..
[3.5 Methodology| . . . . ... ... ... ... ...

[4

Experimental setup/Large Hadron Collider|

41 LHCDb detectorn LHCI . . .. ... ... .. ..

[4.1.2  Tracking system|. . . . . . ... ... ..

4.1.3 Ring Imaging Cherenkov Detectors (RICH)|




[M.1.6  Trigger|. . . . . . . .
b__Data Selectionl
b1 LHCbdatal . .. .. oo
b2 Simulation| . . . . . ..
[5.3  Trigger requirements| . . . . . .. ...
(0.4 Strippingl. . . . ...
5.5 Preselectionl . . . . . . . ...
[5.6 Peaking background vetoes|. . . . . .. ..o o000
5.6.1 Strange and charm resonances| . . . . . . . .. ...
5.6.2 AY — pK uTp decay| . . ...
5.6.3 BY — outpu decay| . ...
564 BT - K uTpu decay|. . . . ... ...
5.6.5 Misidentified B — J/¢Km and B” = ¢(2S)Kn| . . . . ... .. ..
5.6.6 Misidentified B — K 7w~ p ™| . . . ...
0.6.7 Other sources . . . . . . . . . ... ...
[>.6.8 Efficiencies and residual yields| . . . . . ... ... ... ... ..
b7 Control model . . . . . . . . ..
(.8 Multivariate classifier] . . . . . . . . ..o oo
[>.8.1 k-Folding of the data sample] . . . . . . . ... ... ... ... ...
[b.8.2 ROC curve and BDT response|. . . . . .. ... ... ... .....
0.9 BDT optimization| . . . . . . ... ... ...
[6 Data and simulation agreement|
[6.1 Particle identification resamplingl . . . . . . . ... ... 000
6.2 Reweighting of the candidates| . . . . . . . ... ... ... ... ......
6.3 Cross check with the BY — J/¢Kr candidates| . . . . ... ... ... ...
[7 Angular acceptance correction|
[7.1 Phase space distributions|. . . . . . . . . ... ...
[r.2 Method of moments|. . . . . . . . ... ...
[(.3 Projections| . . . . . . . . ...
7.4 Distribution of the weights indatal] . . . .. .. ... ... ... ......
7.5 Cross check with the B’ — K*'u™ ™ candidates| . . . . . . ... ... ...
[8  Angular analysis of B decays|
BRI Method of momentd. . . . . . . . ...
[8.2  The consistency relations| . . . . . . .. . ... ... ..
[9 Branching ratio of B decay|
9.1 Signal yield] . . . . . ... o
[9.2  High statistic control mode fit| . . . . . . . . . ... ... ... 0.
[9.3 Scaling factor| . . . . . .. ...

[9.4 Candidate yields| . . . . . .. .. ...




[9.5 Differential branching fraction| . . . . . . . .. ... 0000

[9.6  Acceptance-corrected yield| . . . . . .. ..o

(L0 Systematic uncertainties|

[10.1 Uncertainties due to contributions from peaking background candidates| . .

[10.2 Statistical uncertainty on the acceptance correction| . . . . . . . . .. ...

[10.3 Higher order acceptance correction| . . . . . . . ... . ... ... .....

[10.4 Residual mismodeling of MC simulation| . . . . . . .. ... .. ... ...

[10.5 Uncertainty due to resolutions in the angular variables) . . . . . ... . ..

[10.6 Uncertainty on a signal mass model| . . . . . . . ... ... ... ... ...

[10.7 Systematic uncertainties for the branching fraction measurement{. . . . . .

[10.8 Systematic uncertainties for angular analysis| . . . . . . .. ... ... ...

11 Results|

(11.1 Daifferential branching fraction . . . . . . . . . . ... .. ... ... ....

(11.2 Angular analysis| . . .

(12 Runl and Run2 comparison|

(12.1 Daifferential branching fraction| . . . . . . . . . . . ... ... ... ... ..

[12.2 Angular analysis| . . .

(12.2.1 The consistency relations|. . . . . . . .. .. ... ... ... .. ..

12.2.2 D-wave fractionl

(13 Conclusions|

[A Decay description|
[A.1 Angular distribution| .
[A.2 Decay amplitudes| . . .

(B BDT overtraining checkl
(B.1 BDT optimization| . .

[B.2  Agreement between data and simulation for BDT input variables] . . . . .

[C 1D projections|

[D Scaling factor calculations|

[EE Systematic plots|

.1 Toy studies for the branching fractions| . . . . . . .. ... ... ... ...

[E.2  Toy studies for the angular analysis| . . . . . . . ... ... ... ... ...

(E.3  Alternative mass modell

75
75
76

79
79
80
80
81

82

83
83
84

85
86
91

93






Chapter 1

Introduction

The Standard Model (SM) [I] of particle physics describes almost all phenomena in sub-
atomic scale and is one of the most extraordinary achievements in science of the last
century. This model describes three of the four fundamental interactions: strong inter-
action and weak with electromagnetic interactions as a unified electroweak interaction.
The SM classifies all known elementary particles in to: 12 fermions and 13 gauge bosons,
where the latter comprises a well known photon, taking part in electromagnetic inter-
actions, W* and Z° bosons, which partake in weak interactions, 8 gluons which bind
quarks within hadrons, and the so-called Higgs boson, which is related to the phenomena
of giving mass to particles. As a result of the Higgs boson discovery [2], by the ATLAS
and CMS Collaborations, the existence of all fundamental Standard Model particles has
been proven. Despite its great success, the SM does not explain several phenomena. First
of all, it does not include gravitational interactions. Secondly, the SM does not agree
with several known experimental observations. Almost all of our Universe is built of mat-
ter, but according to the Big Bang theory matter and antimatter should be produced
equally. CP violation, which occurs in the SM, alone cannot explain that amount of
matter-antimatter asymmetry. There must exist some new mechanism that is responsible
for that asymmetry but is not included in the SM. Many experiments have proven that
most of our matter in the Universe interacts only gravitationally but not electromagneti-
cally. For this reason this matter is called dark matter. Still, there is no evidence for such
particles. Additionally, neutrinos were thought to be massless particles in the SM, but
experimental results of neutrino oscillations have shown that they actually have a very
tiny mass [3], so a new component generating neutrino masses has to be added to the
framework of the SM.

Bearing these problems in mind, we need to search for a new theory extending the
Standard Model, the so-called Beyond the Standard Model (BSM). In many BSM theories
new particles are introduced to explain the discrepancies in measurements with the SM
predictions. The reason why those new particles have not yet been observed is the fact
that they can be so heavy that the present LHC experiments cannot detect them directly.
However, they can be studied indirectly, as they can contribute virtually at lower energy
scales via loops. The main role in searching for new phenomena is played by a high enough
number of collected decays. This helps to perform more and more precise measurements.



That is why the infrastructure of each experiment at the LHC is being constantly improved
in order to increase the luminosity and detection efficiency. More efficient data storage
is also very important for analyses. One of the many ways to search for BSM effects is
to analyze rare decays such as B® — K*0u+u~ [, where K** — K*n ] This decay is
a flavour changing neutral current (FCNC) process, where a fermion changes its flavour
without changing its electric charge, which in the SM can proceed through electroweak
penguin or box diagrams. In the BSM theories, angular observables and branching fraction
can be modified by new, yet undiscovered particles, even if the NP scale is inaccessible for
direct searches. The B® — K7~ pu*pu~ decay provides a sufficient number of observables
for an analysis of this kind and the main goal of this dissertation is to investigate the
aforementioned B® meson decay.

The structure of this dissertation is as follows: after the introduction given above, the
second chapter describes the main concepts of the particle physics theory, where mostly
weak interactions are presented in terms of the Effective Field Theory, and the main ideas
of BSM phenomena are outlined. The third chapter presents the angular description of
the B® — KTn~u*p~ decay. Chapter four contains essential information about the Large
Hadron Collider and the LHCb detector.In chapter five information about the collected
data samples and candidates selection, where background candidates are subtracted, is
presented. Chapter six describes the methods used to obtain the compatibility between
real data from the LHCb experiment and simulated Monte Carlo (MC) samples. Chap-
ter seven deals with acceptance correction which accounts for the distortions caused by
performed data selections. Chapters eight and nine provide the angular analysis and
branching fraction calculations of the B® meson decay. Chapter ten is dedicated to de-
scribing the calculations of systematic uncertainties. Chapter eleven and twelve contain
all results obtained in this analysis and is followed by chapter thirteen where the final
conclusions are presented.

L Contribution of charge conjugate processes is implied to all decays, unless otherwise stated.



Chapter 2
Standard Model of Particle Physics

The Standard Model of Particle Physics was formulated in the 1970s. It is a quantum
field theory that describes all matter that we know built from several elementary particles
of spin 1/2 called fermions: 6 quarks and 6 leptons. The SM also describes fundamental
interactions: electromagnetic, weak and strong, but it does not incorporate gravitational
interactions. In the quantum theory an interaction is described as an exchange of gauge
bosons which have integer spin. The description of fermions and bosons is provided in
the next sections.

2.1 Building blocks of the Standard Model

The SM is built up from three main elements:
e a gauge group,
e fermion fields
e spontaneous symmetry breaking.

A gauge group incorporates two parts: SU(3)¢, which represents the colour group describ-
ing strong interactions, and SU(2)w x U(1)y, which is the electroweak group describing
electromagnetic and weak interactions. The SM particle sector contains a number of
fields: left-handed quark doublet (Qr), right-handed up-type quark (Uy), right-handed
down-type quark (Dg), left-handed lepton doublet (L), and the right-handed charged
lepton (Eg) with the following representations:

QiL(3>2)1/67 U;%(3>1)2/3> D%<3>1)*1/37 LiL(LQ)*l/Q’ Ej%(Ll)*l' (2.1)

where i iterates over three generations (i=1,2,3). In addition to fermionic fields there
is one additional scalar Higgs field ¢ with the representation (1,2);/,. The scalar Higgs
field generates masses of particles through spontaneous symmetry breaking and has non-
zero ground state. The excitation of the Higgs field is represented by the Higgs boson
of a mass equal to V2\v ~ 125 GeV/c?, where A > 0 represents the coupling of a four



particle vertex and v is the vacuum expectation value, equal approximately to 246 GeV.
This addition to the theory helps to implement spontaneous symmetry breaking of the
SM group to SU(3)c x U(1)q, where the charge Q, as a sum of hypercharge and the third
component of isospin, is conserved.

2.2 Matter particles

The group of fermions is divided into two parts: quarks and leptons, and also three
generations as in Table 2.1]

Quarks come in six types, the so-called flavours: up(u), down(d), charm(c), strange(s),
top(t), bottom(b) and each of them has fractional charge. Those unusual names come
from the process of model development. Quarks u and d are described in terms of isospin
symmetry, where both have isospin 1/2 with eigenvalues +1/2. Quark s is a part of strange
particles, which were discovered in cosmic radiation. They are characterized by strange
behaviour: as observations have shown, they decay very slowly through weak interactions.
To explain this phenomenon, a new quantum number S(strangeness) was proposed, which
is conserved in strong interactions. Later on, a ¢ quark was discovered in produced J/v
mesons. The charm’s name match the name of the strange quark. The names of top
and bottom quarks correspond to the names of up and down quarks. All observations
indicate that quarks cannot be separated. Strong interactions have this special property,
according to which quarks always appear in specific combinations: barions (qqq) and
mesons (qq). There are also other possibilities such as recently discovered tetraquarks
and pentaquarks [5, [6].

The second type of fermions are leptons. Three of them are negatively charged: elec-
tron, muon(u) and lepton tau (7), and for each charged lepton there is one neutrino
partner with the same flavour (ve, v, v;). Both muons and taus are unstable particles,
but they decay differently. While muons decay to electrons and neutrinos, taus decay
mostly to hadronic final state with additional neutrinos.

[ [ II 10D | Q/le]
Quarks | u | ¢ | t | 4+2/3

d| s -1/3
Leptons | e | p | T -1

Ve | Vy | Vr 0

Table 2.1: List of the SM fermions, quarks and leptons divided into three generations.

2.3 Interactions

There are four fundamental types of interactions and each can be represented by a particle
responsible for a given interaction (Table [2.2).

4



Electromagnetic force describes interactions of charged particles as an exchange of
photons. Strong interactions hold quarks within hadrons as well as protons and neutrons
within nucleus. The most classic example of a weak interaction is a radioactive g decay,
where in atomic nucleus a neutron decays to a proton, electron and antineutrino. Weak
interactions consist in the exchange of massive vector bosons W* and Z°, which are almost
hundred times as massive as a proton.

All massive particles interact gravitationally and this force is dominant in cosmic scale,
but it is the weakest of all forces. It has been postulated that gravity can be described
as an exchange of a spin 2 graviton, but the incorporation of gravity into the quantum
description of the world is still an open subject. The last part of the SM is the Higgs
boson, the only scalar particle connected to the process of giving mass to particles.

For many years scientists have debated that all elementary interactions are only a low
energy manifestation of a single unified field. In the same way in high energies a specific
symmetry between electromagnetic and weak interactions appear and they can be treated
as one electroweak force. In even higher energies it is theorized that an electroweak inter-
action and strong interaction unify into singular electronuclear force, where interactions
are described by one gauge symmetry with a single coupling constant. This model is
known under the name of the Grand Unified Theory (GUT*). The next step towards
the unified theory is adding gravity to GUT’s framework, having in result the Theory of
Everything fully explaining the fundamentals of our Universe.

Force Particle | Spin-parity
Electromagnetic ~ 1~
Weak w+ Z9 1-,1°F
Strong g 1~
gravitation graviton 2t
Scalar particle
Higgs boson HY 0+

Table 2.2: List of spin-1 gauge bosons corresponding to each fundamental type of inter-
action along with hipothetical spin-2 graviton and scalar particle Higgs boson.

2.4 Electromagnetic interactions

All charged particles interact with each other owing to electromagnetic force, which man-
ifests itself as an exchange of virtual particles called photons. The photon is a massless,
vector boson with spin-parity J¥ = 17. The theory of quantum electrodynamics (QED)
describes an interaction between charged matter particles and photons combining both
quantum mechanics and the theory of special relativity.



2.4.1 Gauge theory

The QED is a gauge theory based on the symmetry group U(1) and its Lagrangian is
given by:

o 1 )
LOED Y(iy" D, — m)p — ZFWF“ , (2.2)

gauge

where ¢ is the fermionic field incorporating all relevant representations from Eq. 2.1}
~# are gamma matrices and m is the mass of a particle. Lagrangian’s invariance under
U(1) is ensured using the covariant derivative:

D, = 8, +ieA,, (2.3)

where A, is an electromagnetic four-potential. The last part of Eq. contains electro-
magnetic strength tensor which prevents the gauge invariance from breaking:

F,, = 0,A, — 0,A,. (2.4)

2.5 Strong interactions

Quantum field theory, which describes interactions between quarks and gluons is called
Quantum Chromodynamics (QCD). It is a non-abelian gauge theory, with a symmetry
group SU(3) (special, unitary group of degree 3). Apart from charge, quarks have an ad-
ditional quantum number called colour (conventionally red, green, blue) and they interact
with each other thanks to the exchange of 8 massless gluons, which carry both colour and
anticolour charge. Strong interaction has two very important properties:

e asymptotic freedom: in comparison to any other interaction, strong force gets weaker
at short distances between particles, and when a distance increases, coupling in-
creases as well,

e confinement: is a consequence of asymptotic freedom, where quarks are always com-
bined in hadrons, therefore single quarks do not exist. In high energy interactions,
when two quarks are being separated, it is more likely that a new pair quark-
antiquark would be created. Isolation of particles with colour charge is impossible
and only ”colourless” hadrons exist.

2.5.1 Gauge theory
QCD Lagrangian is given by:

8
A 1 a v
Eg%zi?e = 1/}<Z’YMDM - m)w - Z Z G,uuGg ) (25)
a=1
with the corresponding covariance derivative:

8
D, =0, —ig. » LG, (2.6)
a=1

6



where G, is the gluon’s field strength tensor, G}, are eight gluon fields, L, terms are the
generators of the SU(3)¢ (the 3 x 3 Gell-Mann matrices) and gs is a coupling constant.
Index i iterates over three colour charges (i=1,2,3) and a iterates over eight gluon states
(a=1...8).

2.6 Weak interactions

There are two types of weak interactions: those where involved particles change their
flavour and those where the flavour is unaffected. In the first scenario a particle, for
example a down quark, can transform to an up quark with the emission of a vector boson
particle W~ with a mass of 80.4 GeV/c2. This process is called flavour changing charged
current and can occur also in reverse direction, so in a more general way we can write
q — W*q/, where also an anti-W boson is presented. In the scenario where in a weak
interaction the flavour of particles does not change, particles exchange the neutral vector
boson Z° which has a mass of around 91.2 GeV/c?. Owing to the fact that the force
carriers W* and Z° have very large masses, their lifetime is very short, i.e. under 10~2*
seconds. In contrast to a photon and gluon, W* and Z° obtain their masses through
Higgs mechanism.

2.6.1 CMK matrix

The strength of flavour changing charged currents is governed by the corresponding matrix
element V of the Cabbibo, Kobayashi, Maskawa matrix (CKM matrix) [7]. It is a 3x3
complex and unitary matrix which contains four physical parameters: three real angles
and one phase:

Vud Vus Vub C12 S126mS 0 1 0 0 C13 0 5136"5
V=|Vu Vs V| =[-s126 12 0 0 C23 Soz€™ 0 1 0
Viae Vis Vi 0 0 1 0 —so3e™™ o3 —s13¢7 0 ¢
(2.7)

where ¢;; = cos(6y) and s;; = sin(#;;) (1,j=1,2,3 and i#j), 65 are the three rotation angles
and 0 is a complex phase. This complex phase is the only source of CP-violation in the
SM. In CP transformation operation C stands for charge conjugation which inverts a
particle’s charge, and P is a parity operator changing the sign of spatial dimension in a
vector. There are no theoretical predictions on the elements of the CKM matrix and they
have to be measured experimentally. In this context, it is very useful to present the CKM
matrix in terms of the Wolfenstein parametrisation [§], where it is expanded in powers of
the small parameter \, also known as the Cabbibo parameter sinf, ~ 0.22, where angle
65 is called the Cabbibo angle:

1- )‘72 A AN(p—in)
V= )\ - AN? : (2.8)
AN(1 —p—in) —AN 1



In this form, the CKM matrix shows its hierarchical structure. Three real parameters
A, X, p and one imaginary part 1 can be defined as follows:

2 |Vus|2 2\4 |Vcb|2 — L Vud Jb
S T e N EARC A B T AT i T (29)

where p = p(1 — ’\—22) and 7 = n(1 — /\72) Having those four parameters one can fully
determine the CKM matrix in the SM. The quantities p and 7 determine the apex of
the unitarity triangle (Figure , which is just a graphical representation of unitarity
relation:

VudVJb + Vch”,; + Via tz =0 (2.10)

C

AN

N
V:."d ‘/;.‘b

*
‘/ud' ‘/ub

o

Vea Vip

.o nm
Figure 2.1: The CKM unitarity triangle.

2.6.2 Gauge theory

The weak interaction is based on the SU(2)w symmetry, to which only left-handed
fermions 1y, are sensitive. In SU(2)w the left-handed fermions are represented as doublets
with weak isospin I =1/2 and right-handed fermions are represented as singlets with weak
isospin I=0. The Lagrangian of weak interactions is given by:

3 3
= — ;1 o
Chuge = V100 +9 Y 0y o)Wy — 2 > W, W, (2.11)
=1 i=1

where g is a coupling constant, o; terms are the SU(2)w generators (the Pauli matrices),
WL are the three gauge fields of SU(2)w and ) = 4#D,, is called Feynman slash notation.
The last term in EqJ2.11| describes the dynamics of weak fields, where W}, is described
by:

Wi, =0W, — 0,W, + ge?* WIW, (2.12)

where i iterates over three generations of fermions and € are the SU(2)w structure
constants. It should be mentioned that there is no mass term in Eqf2.11], which would not
be invariant under the SU(2)w symmetry otherwise. This means that in theory fermions
are massless. We know from experiments, however, that they actually have masses, and
they are given to particles through Higgs mechanism.



2.6.3 Electroweak unification

Thanks to Glashow, Weinberg and Salam, new theories of electromagnetism and weak
interaction have been proposed [9]. Those two theories have been unified to a single one
called the electroweak theory. It is a symmetry group SU(2)w x U(1)y, with the weak
isospin I and weak hipercharge Y = 2(Q — I3), where Q is the electric charge and I3 is
the third component of weak isospin. To have electroweak Lagrangian invariant under
SU(2)w x U(1)y, the following covariant derivative needs to be used:

D_

=

3
Z W —i—ngQB (2.13)

MIQ

which is built from weak hypercharge field B and weak isospin fields W', W2 and W3.
Factors g and g’ are the coupling constants of the SU(2)w and U(1)y symmetries, respec-
tively. The covariant derivative given in Eq[2.13| is valid only for left-handed fermions,
because for right-handed fermions the weak part has to be omitted. Given all above, the
electroweak Lagrangian is described by:

3

i 1 ) v 1 v

L"gEaIz/ge = wlmw - Z Z W;;,VVVZ‘# - ZLB,LWBH ) (214)
i=1

where W and B,,, are the field strength tensors of weak isospin and weak hypercharge

fields, respectively. In this description of electroweak interactions, the bosons B and W3

combine into two neutral particles: a photon and Z°, while the bosons W' and W? produce
charged bosons W+:

(Au> B ( cosOyy sin@w) (Bu
Zy)  \—sinbw cosby ) \W;
2.15
+ 1 1 2 (2.15)
WE = —_ (W iw?),

V2
where 6w is the Weinberg mixing angle, which shows the difference between the masses

of the W* and Z° bosons:

cosby = —. (2.16)

2.7 Flavour physics Lagrangian

Combining all elementary particle interactions: electromagnetic, weak and strong, apart
from the gravitational one, the fermion current is given by:

gauge iﬁZlDiﬂ I Z Ga GMV - = Z Wl W,uu - —B BMV (217)



where the three components GJ,, WLV and B, represent the field strength tensors of
gluon, weak isospin and weak hypercharge fields, respectively. In the the flavour sector

the covariant derivative is given by:

8 3
Dy, =0, +ig.» GuL*+ig» W' +ig'B,Y, (2.18)

a=1 b=1

where G, are the eight gluon fields, WB the three bosons of the weak interaction and B,
is a single hypercharge boson, all of which are also massless. The terms g , g, and g’
correspond to gauge coupling constants.

In Eq. and in Eq. mass terms are responsible for breaking U(1)y and SU(3)c
gauge invariance, respectively. Just like in Eq. and Eq. [2.14] mass terms should be
absent, which provides an explanation why in theory fermions are initially massless.

2.8 Effective Field Theory in particle physics

As we already know weak, interactions are governed by an exchange of massive gauge
bosons. As those bosons are very massive particles, their lifetime is very short. This
means that the distances over which they can interact are also very small. Effective
theories can be used to model processes at a given energy scale i relevant to the particles
involved in the process. The best example of this approach is the Fermi’s effective theory
of the # decay. In 1934 Enrico Fermi proposed to describe the n — pe~v interaction as
effectively point-like, because of its short range, using the Fermi constant Gp = g?/m%;,
where g represents the weak charge and myy is the mass of the W boson. According to
this theory, weak interactions can be described by a matrix element defined as a product
of two currents:

3
<f‘H€ff’i> =G Z Jl?ar.‘]lip. ~ GF(&PPYaPLwn)(&ePYaPLwV)' (219)

a=1

With this approach in mind, we can choose the energy scale (u ~ my/) at which the
process takes place. In other words, we integrate out all contributions from the particles
of masses greater than the W boson mass.

This approach can also be applied to weak decays of heavy particles involving b quarks.
In this scenario we want to focus on processes active at p & my, scale. It is also important
that for example in flavour changing neutral currents QCD corrections have to be taken
into account. In the case of the b — s¢*¢~ decays an effective Hamiltonian is given by:

10,S,P
__AGras Xy A0 o0
Hers = =5 1 Z NG (O] (). (2.20)

where ); is the relevant combination of CKM matrix elements, C; are the so-called Wilson
Coefficients (WC), which are the effective couplings and O; are the effective operators.
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The prime sign indicates right-handed contributions. The sum runs over all relevant
operators, which are: O 5 - tree-level, O3 ¢ g - strong penguin, Oy - photon penguin, Og 19
- electroweak penguin and Ogp - scalar, pseudoscalar contribution. Wilson coefficients
are complex numbers in which high energy, short distance contribution is encoded. The
O;, called local operators, are matrix elements describing physics acting at lower ranges.
The renormalization scale p separates the short and long distance corrections.

Processes of particle decays are described by the matrix element of a given process
(f|He|1), where the Hamiltonian H.ss is defined by the theory Lagrangian. In this so-
called Operator Product Expansion formalism, Wilson coefficients contain large energy
scales contributions, so the effects from New Physics particles, which are expected to
be heavy, would change the values of Wilson coefficients. This means that any relevant
deviation from SM values of WCs would indicate some kind of NP effect.

2.9 FCNGCs and GIM mechanism

As it was mentioned in Section [2.6, neutral currents do not change a particle’s flavour. In
fact, in the SM flavour changing neutral currents are forbidden at the tree level by the so-
called GIM mechanism [10]. This concept, named after Glashow, Iliopoulos, and Maiani,
tells us that, at the tree level, there are no processes between quarks with different flavour
and the same charge. In neutral currents, there is no difference between up type quarks
matrix and down quark type matrix. The FCNC processes are, however, allowed in higher
orders in perturbation theory, when two charged currents are combined constructing a loop
diagram, called penguin or box diagram. This is possible thanks to a difference between
masses of up and down type quarks. Figure shows an example of FCNC processes of
b — s¢t¢~, where ¢ is a lepton. Even if an NP particle is very heavy, it can enter the
loop, which can be seen as a difference in the values of the corresponding WC’s. The only
thing one needs to do is to compare the measured WCs with their SM predictions.

Figure 2.2: Feynman diagrams of FCNC processes of b — s¢*¢~ in form of loops, elec-
troweak penguin (left) and box diagram (right).

The effective Hamiltonian (Eq. [2.20)) relevant for processes shown in Fig. [2.2|is defined
with A\; = Vy, Vi, and with the following operators:

i my ” ! — 0, ! 3 2
oy = ?bsa“ PriybFr,  OF = sy"Pypblyl,  Of = 59" Prmbly,n°l.  (2.21)
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The term Pr,g) corresponds to the left and right handed chiral projections, respectively,
in the form of (1 F+°)/2. The right-handed versions of the operator, marked with a
prime sign, are suppressed in the SM by a factor of mg/my, and could be enhanced by yet
unknown NP effects. The operator O; describes the emission of a photon, which then
produces leptonic final state ¢*¢~. The vector operator Oy , and the axial operator Oy
contribute to interactions involving the W* and Z° bosons in loops.

2.10 Beyond the Standard Model

There is no doubt that the SM is an incredibly successful theory, but it is not without
flaws. One of the most clear indicators of the SM not being the final theory is that it
does not contain gravity. Gravitational interaction is expected to be relevant to particle
physics at Planck scale (10 GeV), which is much higher than the Fermi scale (~100
GeV) accessible for current experiments.

Another problem is the fact that according to experiments most of the matter in our
Universe interacts only gravitationally, and it does not interact electromagnetically. This
type of matter is called dark matter and the SM does not involve a dark matter candidate.

We know that almost all of our Universe is built of matter, whereas, according to the
theory of the Big Bang, matter and antimatter should be produced equally. In theory,
the SM has a mechanism which could explain this asymmetry- the CP violation, but the
observed CP violation contribution is not enough to explain the current matter-antimatter
asymmetry.

Moreover, in the SM neutrinos are massless particles, but scientists have observed
neutrino oscillations [11], which could only be possible if they had mass. There are
also several recent anomalies in Lepton Universality (LU) ratios [12] and angular observ-
ables [13], which could be explained as manifestations of new heavy particles, such as
leptoquarks [14] or electroweak neutral, heavy boson Z’ [I5]. Leptoquarks are particles
carrying both lepton and barion quantum number, which allow interactions between lep-
tons and quarks to take place. Figure shows how b — s¢*¢~ processes would look like
with those NP contributions.

Figure 2.3: Possible NP contributions to b — s/T¢~ decays, such as electroweak heavy
boson Z’ (left), or leptoquark (right).

Taking into consideration these shortcomings it is clear that we need a new theory.
However, based on the SM’s success it makes much more sense to assume that the present
form of the SM might be just a low energy effective version of some higher scale complete
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theory. These BSM theories will inevitably have new degrees of freedom and the discovery
of such particles will be a clearly visible signal of BSM physics or New Physics (NP).
However, we have not yet observed such processes at high energy colliders, and perhaps
NP particles are beyond their present energy reach. Luckily, there exists another method
to infer their presence indirectly. In this method, we look at decay modes that are loop
dominated and are suppressed or rare in the SM. Being loop dominated, higher degrees
of freedom could contribute to them virtually and these effects could be sizable as the
original amplitudes are itself suppressed in the SM.
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Chapter 3

Characterization of B" — KTr—putu~
decays

The B® — K*(— K*7 )u*yu~ final state (Figl3.1)) is described by the invariant mass
squared of a dimuon system q?, the three decay angles: cos(fy), cos(f;) and ¢, and by
the invariant mass of the K7~ system [16]. In the BY rest frame hadronic and leptonic
systems are back-to-back moving in opposite directions of Z axis. Decay angles are defined
as follows:

e 0y - the angle between the direction of K+ (K~) and the direction of B° (B°) in
K0 rest frame,

e 0, - the angle between the direction of " (1~) and the direction opposite to that
of the B® (BY) in the rest frame of the dimuon system,

e X - the angle between planes constructed from the Km system and dimuon pair in
the BY (BY) rest frame.

(a) (b)

Figure 3.1: Angle conventions for the B® — K*7~u*pu~ decay.
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3.1 Angle definitions

The angle definitions are equivalent to the Gilman-Singleton definitions [I7]. Figure
shows that there are two sets of coordinate axes: (Xy ,yn , Zn ) for the hadronic system
[K7] and (%X, ,§¢ , Z¢) for the leptonic system [up]. To measure all three angles, particle
momenta are first boosted to the B®(BY) rest frame.

In the case of fy and 6, the momenta are boosted to the [Kx] and [pu] rest frames,
respectively, and then the polar angles of the direction of the kaon and muon can be
measured.

The dihedral angle x = ¢k @[y is obtained by fixing the muon azimuthal angle ¢y,
to zero in the leptonic helicity frame. Then the hadronic azimuthal angle in the hadronic
helicity frame equals Y.

The explicit definitions of the B® decay angles are given below, where a superscript on
any 3-vector denotes the reference frame. For B® — K~7Fu~ " we define the following
momentum vectors:

—

Ppy- = ﬁu* + ﬁu‘>

Qu*u* = Put — Pu—>

- (3.1)
Py—p+ = P- + Dot
QK*WJF - ﬁK* _ﬁﬂ+'
Using that, we can calculate cosfy and cosf:
_'K*O _’K*O
cosy = — Qe D
QR 1P
Ko (3.2)
je pee :
costy = ———F~ Kom

3 I

For the dihedral angle we need to define vectors perpendicular to two decay planes ([K]
and[pp]):

- — 50 =50
Nyt~ = Pf‘*u‘ X Qfﬂf’ (3.3)
Nyre = PP % O |
which then allow us to define the angle y:
Noen - Non Ny x Ny P2
cosy = — 4T TKTTT iy = (s D K Jgo“ : (3.4)
N = | [Nt | [Nt~ INk=m+ | [P

The angles cosfy and cosb, z take values from range [-1,1] and x from range [—7, w]. The
sign of x is flipped during the CP conjugation.

CP conjugation does not change angular observables in terms of its corresponding
amplitudes but the amplitudes are related as follows:

H (0w, 0s) = H_X(—6w, ds), (3.5)
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where A is the helicity of the hadronic system, n = 1(—1) denotes right-handed (left-
handed) amplitudes, and dy (ds) is the weak(strong) phase. To have the same observables
for the BY and B° decays, the sign of y has to be flipped during CP conjugation.

3.1.1 Conventions for angular variables

Existing LHCb measurements of B® — K*°u* i~ provide different angle convention than
that described in Sec. namely 0k, 0, and ¢ (e.g. [13]). Also, there are some theory
papers using yet another convention [I8]. Different conventions are listed in Table

Angle | LHCb | Theory
Ok 05> 05>
6, 055 | — 055
¢ _XGS XGS

Table 3.1: Translation between Gilman-Singleton [I7], LHCb [I3] and theory [18] angle
conventions for the electroweak penguin B decay.

In order to match other LHCDb analyses, throughout this dissertation the dihedral
angle will be depicted as ¢, which is equal to —y, and the hadronic system angle 6y will
be written as 6.

3.2 Differential decay rate

Summing up, the B® — K¥7~u*u~ decay is described by the invariant mass squared
of a dimuon system q2, invariant mass of K*7~ system and three decay angles () =
(cosbOg, cosby, ¢). The differential decay rates of the B® and B° decays are given by [19]:

dT(B® — K-ntptp~) 9 o . =
! (3.6)
d'T(B® —» Kt ptp™) 9 '

dq2d§> - 327 -

= —
where I; and I; are the angular observables and f;(€}) are combinations of spherical
harmonics. There are twelve I; coefficients, which can be expressed in terms of six complex

amplitudes: A‘I‘J’R, AIL’R and AI(j R corresponding to the various transversity states of the

K*® meson as well as left- and right-handed chiralities of the dimuon system. Muons
in the final state can be considered massless when q? is large enough (q*> 21 GeV?/c?).
Two additional amplitudes can also be present: A; for the massive case and Ag for
scalar contribution. Those amplitudes are functions of the Wilson coefficients, containing
information about short distance effects, and functions called form factors, governing the
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B? — K*0 transition which can include long distance effects. Form factors are scalar
functions of 2, which originate from Lorentz decomposition of the hadronic transition
matrix elements. Explicit formulas for differential decay rate, ¢ dependent I; functions
and complex amplitudes along with their dependence on Wilson coefficients and form
factors are given in Appendix [A]

It is possible to separate CP-conserving and CP-violating effects by introducing a set
of observables:

_.,.dr dr

5= 1/ G+ g
L i=1,.,9) (3.7)

_,dr dr

A= (L - Ii)/<d_qg + d_q2)'

In literature [13], the commonly used observables are forward-backward asymmetry
Apg and K*¥ fraction of longitudinal and transverse polarization, F; and Fr, which are
related to CP-averages as follows:

3
AFB = 1557
Fy = S5 = =S5, (3.8)
Fp = 485,

where additional superscripts ¢ and s indicate variables’ dependence on cos?fk and sin?fx,
respectively. CP-averages, along with the differential decay width ;—;, are known as Form
Factor Dependent(FFD) observables at leading order (LO), which means that they suffer
from hadronic uncertainties. In order to eliminate the leading B° — K*° form-factor
uncertainties, an additional set of observables P o3 and ]34'7576,8 was proposed [20], which
are Form Factor Independent(FFI). Those theoretically clean observables are constructed
from ratios of CP-averaged angular observables S; and thanks to that form factors are

completely canceled at LO:

S3
P=2
1 1_FL7
2 Arsp
31— Fy
Sg
Py=——
3 1_FL7
/ 54,5,7,8

P -0
4,5,6,8 Fi(l— Fy)

In many publications an angular analysis is based on the determination of the FFD
angular observables S; (or A;) with an unbinned maximum likelihood fit of the B® mass
and the decay angles. From the obtained CP-averages it is then possible to obtain FFI
observables. In the recent past Pf observable became very interesting since distinct dis-
crepancies from the SM were found in the B® — K*°u* ;= LHCb analysis [13].

2
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3.3 Method of moments

It is possible to determine the angular observables without using the likelihood fit of the
angular distribution. This analysis is focused on such approach, where the method of
moments is applied [21]. In this method a proper angular function is used as a weight to
the collected data, which in result projects out any necessary observable.

When we compare the method of moments with a likelihood fit, it appears that the
former has some interesting advantages. When we study decays like B® — Kt7=putpu~,
which is a FCNC process suppressed in the SM, we are dealing with small data sample
sizes and in that case a likelihood fit can suffer from convergence issues. Those prob-
lems can be dealt with by using reparametrizations or approximations. The method of
moments does not need them and gives satisfactory results for a small number of can-
didates. A successful fit cannot be achieved if a physical model is not fully known and
some additional information, such as relations between observables, has to be used as an
input. In the method of moments no additional information is needed, and what is more a
correlation between angular observables is given as a result. Additionally, there is no need
to formulate the likelihood and each angular observable can be measured independently.
In the method of moments, for any number of candidates the estimate is unbiased, but
this results in a variance increase in the sampling distribution of the estimator. Thus, the
method of moments suffers from bigger uncertainties than the likelihood fit.

The method of moments starts with the definition of the probability density function
(PDF), which in this case depends on q? and three decay angles:

PDF(¢,9) ZM ) f:(), (3.10)

where () = {0s,0K, ¢}, the angular dependence is factored out as the angular function
f(Q) and coefficient M; is referred as i-th moment of the PDF. It is implied that angular
functions are orthonormal:

/ Fi( ) f;(9)dQ = 6, (3.11)

Then the observables M; can be projected out:
M) = [ PP D) f(6Dadk (312)
and the q? dependence integrated out:

(M;) :/dQQMi(QQ) (3.13)

Now, the analytical integration can be replaced by the Monte Carlo estimator:

(M;) — @ = %Z filzr) (3.14)



where N is the number of candidates in a dataset and according to the law of large
numbers, for N — oo data points are distributed as the corresponding PDF, so the
method of moments comes down to a simple counting measurement. As it was mentioned
before it is also possible to calculate the covariance matrix:

Cov[M;, M;) ——Z filw) — M) [f; () — M), (3.15)

from which the calculation of statistical uncertainty is straightforward.

3.4 Higher Km mass region

Most of B® — K*0uTp~ decay analyses (e.g. [13, [19]) are focused on K*(892)° resonance
mass region where candidates come predominantly from the P-wave process K*(892)° —
K*7~. However, this resonance is not the only one in the K*#~ mass distribution. In
high energy physics the term ”P-wave” stands for a particle with total angular momentum
J = 1. Therefore, for spin J = 0,1,2 we can distinguish between S-, P- and D-wave,
respectively. Figure shows the candidates after preselection and BDT cut described
in Chapter . Above the K*(892)° resonance, in a higher mass region 1330 < mg, < 1530
MeV /c? a distinct structure is visible, where contributions from the S-, P- and D-waves
could be found (Table . This analysis is a continuation of the previous one performed
by the LHCb Collaboration based on Runl data set [22] and is focused on this higher
K*7~ invariant mass range using data from Run2 data taking period (2016, 2017, 2018).

For the limit where the muon mass can be neglected comparing to q2, the CP-averaged
differential decay rate of the B — K*7~ " ;1~, where the Kr system is in the S-, P- or D-
wave configuration can be expanded in an orthonormal basis of 41 angular functions [16]:

41

d*T’
M v 0 ’ 97 ) 1
dq?dcosty cost,dg Z ) filcoshi, costi, ) (3.16)

where M; is the i-th moment. It is Worth mentioning here that with the method of
moments it is easily possible to derive both FFD and FFI observables. Here are several
examples:

355 — 357 — S5 + S

My = ,
’ 43/107
3
My = ——=S5 .
2= 0 (3.17)
3
Mss = 55.

457

Interestingly, using only the moments M;, M3, and M35, the famous P% observable can be
calculated when non-P-wave components are absent:

P! = >
P\ (M + VEM;) (M — VEM;/2)
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Figure 3.2: Invariant mass distribution of the K7~ system for B® — (K** — K™7~)utpu~
decays after preselection and BDT cut.

Resonance | JF | Mass (MeV/c?) | Width (MeV /c?)
K*(1410) | 1~ 1414+15 232421
K3(1430) |07 | 1425450 570480
K3(1430) | 27 | 1432.4=13 100%5

Table 3.2: Predicted resonant contributions in the 1330 < mg, < 1530 MeV /c? range.
Each contains information about spin-parity J¥, invariant mass and decay width [23].

3.5 Methodology

There are two main goals of this study: to perform an angular measurement and differ-
ential branching fraction calculation of B® — K*7~ "~ candidates in the higher mass
region of 1330 < my, < 1530 MeV /c?. As it is depicted in Table , the angular analysis
(Chapter [§) is performed only in a single g bin, [1.1,6.0] GeV?/c* and comprises the
calculation of 41 angular moments. On the other hand, the differential branching fraction
measurement, described in Chapter [9] is performed in six q? bins.

q” ranges [GeV?/c]

Angular analysis

[1.1,6.0]

Differential branching fraction

[0.1,0.98], [1.1,2.5], [2.5,4.0], [4.0,6.0], [6.0,3.0], [1.1,6.0]

Table 3.3: Bins of g2 used in both angular analysis and differential branching fraction

measurements.
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Chapter 4

Experimental setup/Large Hadron
Collider

The Large Hadron Collider (LHC) is the biggest accelerator in the world (Figd.q]). Its
26.7 km circular tunnel is located 100 meters beneath the France-Switzerland border
near Geneva. In the tunnel proton bunches travel through two beam pipes in opposite
directions, and when they are accelerated to a designated energy they collide in four main
crossing points. The acceleration process comes in several stages. After the hydrogen
atoms are stripped from the electrons, they are accelerated by the Linear Accelerator
2 (Linac2) to the energy of 50 MeV. Next, the protons go to the Proton Synchrotron
Booster, then to the Proton Sychrotron (SP) and further to the Super Proton Sychrotron
(SPS), which increases the energy up to 1.4, 25 and 450 GeV, respectively. In the final
stage, the proton bunches are injected to the main LHC beam pipe and reach the energy
of 13 TeV.

Currently, there are nine different experiments located at the LHC. The first four are
located in the main caverns where proton bunches collide:

e LHCDb (LHC beauty) - dedicated to study flavour physics,
e Alice (A Large Ion Collider Experiment) - dedicated to heavy ion collisions,

e Atlas (A Thoroidal LHC Apparatus) and CMS (Compact Muon Solenoid) - detec-
tors of general purpose involved in the discovery of the Higgs boson,

e TOTEM - focused on the measurement of total cross section, elastic scattering, and
diffraction processes,

e LHCf (LHC forward) - for studies of neutral particles generated in the forward
direction of pp beam,

e MoEDAL (Monopole and Exotics Detector At the LHC)- its primary goal is to
search for magnetic monopole or other highly ionizing stable massive particles
(SMPs)
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e FASER (ForwArd Search ExpeRiment) - searching for new light and weakly coupled
elementary particles,

e SND (Scattering and Neutrino Detector) - designed to study neutrinos, and as the
first attempt to detect neutrinos directly in the collider.

The CERN accelerator complex
Complexe des accélérateurs du CERN

Neutrino
Platform

LHC

TT42

SPS

AWAKE

TI2

HiRadMat
TT66
b L MEDICIS

AD ELENA
1999 (182 m) Jf 2020 GTm) | ISOLDE
[ 1992 | N .
10 @ REX/HIE- i East Area :

]
'
'rm JIIE 1 /-I—C
n_TOF A :
[ 2001 | ! PS :
R A N 95 (626 m) [ !
I N‘.’}(f 4

CLEAR
LINAC 3 LEIR
lons ¢
} H™ (hydrogen anions) p ions » RIBs (Radioactive lon Beams) P n (neutrons) P p @ntiprotons) P e (electrons) P p (muons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
n_TOF - Neutrons Time Of Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform

Figure 4.1: The layout of the CERN accelerator complex [24].

4.1 LHCDb detector in LHC

The LHCD detector [25] is a single-arm forward spectrometer designed to study heavy
flavour physics. It covers a pseudorapidity range of 2 < n < 5, which corresponds to the
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range of [10,300] mrad. This is dictated by the fact that most of the final state particles
from bb pairs are produced in both forward and backward direction.

The LHCb detector is built up from several sub-detectors responsible for providing
different information about passing particles. It contains tracking detectors of high preci-
sion (vertex locator - VELO, TT and T1-T3), ring-imaging Cherenkov detectors (RICH1,
RICH2) for particle identification, hadronic and electromagnetic calorimeters (HCAL,
ECAL), which measure the energies and directions of particles, and muon identification
system (M1-M5). Particles inside the LHCD detector experience a bending magnetic field
of around 4 Tm. All those components of the LHCb, which can be seen in Figure are
described in the next few subsections.

A oo TR
¥ / M5 NN
M4
/ M3
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Magnet
= T3 RICH2 M
T"i
1
RICHI
Veri® ;
Locato i

Figure 4.2: The LHCD detector [25].

4.1.1 Vertex locator

The closest to the Interaction Point (IP) is the VErtex LOcator (VELO)[26], which is
responsible for measuring particle trajectories. Its main purpose is to measure the distance
between IP and the point where the particles containing b quark decay. It contains 84
silicon strip sensors divided in two halves (Fig. [4.3). The strip sensors consist of two
types: the R-type sensor measures the radial coordinate and the ¢-type sensor measures
the azimuthal coordinate of a particle. Both halves are separated from the primary
vacuum of the LHC by a 300-pm aluminum RF-foil. In order to prevent any damage
from the proton beams, VELO is able to move. When the protons are injected, two
halves of VELO are in opened position, and after the injection they are moved of around
8 mm to the beam axis. VELO provides a primary vertex resolution of 10 ym transverse
to the beam axis and 60 pm along the beam axis.
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Figure 4.3: Upper side: Vertex Locator layout. Lower side: VELO in closed (left) and
opened (right) position.

4.1.2 Tracking system

The tracking system [27, 28] is divided into two parts: the Tracker Turicensis (TT),
which is located upstream of the dipole magnets, and the Outer Tracker (OT) composed
of three tracking stations (T1-T3) located downstream of the dipole magnets. The TT is
constructed out of four layers of silicon microstrip detectors with a strip pitch of approx-
imately 200 ym and provides 50 pum resolution for a single hit. Its area of 150 cm wide
and 130 cm high covers the full acceptance of the LHCb. The same silicon strips are used
in the Inner Tracker (IT) located around the beam pipe in stations T1-T3, which covers
a region 120 cm wide and 40 cm high. Each of four silicon trackers has four detection
layers which are tilted by 5° angle.

The OT is based on straw-tubes drift chambers, with each tube of 4.9 mm in diameter
containing a mixture of 70% argon and 30% CO,. It provides a drift time faster than 50
ns, and 200 pm of drift-coordinate resolution. Each OT station contains four layers of 64
straw-tubes also tilted by 5° angle and covers the area of 5971 x4850 mm?.
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side: schematic view of T'T layers (left) and IT layer (right).

4.1.3 Ring Imaging Cherenkov Detectors (RICH)

Efficient Particle Identification (PID) is crucial for a selection of final state particles com-
ing from B decays. The LHCb is equipped with two Ring Imaging Cherenkov detectors
(RICH1 and RICH2) [29] to cover both low and high momentum charged particles. These
detectors measure the emission of Cherenkov radiation. This phenomenon occurs when
a particle travels through a dense material faster than the speed of light in this mate-
rial, producing a cone of light in the direction of a particle. Both RICH detectors use
a combination of spherical and flat mirrors to focus the Cherenkov light coming from pass-
ing particles which is then reflected onto the photodetectors. Hybrid Photon Detectors
(HPDs) are used to detect the Cherenkov photons in the wavelength range of 195-700
nm.
The RICH1 detector is placed between VELO and the TT (Fig. [£.2)). It is filled with
aerogel and fluorobutane (C4F10) gas radiators and is sensitive to low momentum charged
particles in the range of 1-60 GeV/c. It has a very convenient acceptance, which covers
the full LHCb acceptance up to £300 mrad horizontally and up to 4250 mrad vertically.
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The RICH2 detector, which is located downstream of the dipole magnet right after
the OT, is dedicated to identify particles with high momentum range from 15 GeV/c up
to and beyond 100 GeV/c. Its angular acceptance covers the angular range up to +120
mrad, horizontally and up to 100 mrad vertically and it uses a carbon tetrafluoride CF,
radiator.
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Figure 4.5: The layout of the RICH1 detector (left) and RICH2 detector (right) at LHCb.

4.1.4 Calorimeters

The calorimeter system [30] comprises four different layers: the Scintillating Pad Detector
(SPD), the Pre-Shower Detector (PS), the Electromagnetic Calorimeter (ECAL), and the
Hadronic Calorimeter (HCAL). The purpose of the SPD is to distinguish between charged
and neutral particles while the PS gives information whether a particle is a photon or an
electron. Both SPD and PS are composed of 15 mm thick scintillating pads separated by a
lead converter of 2.5 X (X, - radiation length). A signal in the form of light is transmitted
using wavelength-shifting fibers (WLS) to multi-anode photomultipliers (MAPMTSs). The
ECAL consists of alternating layers of 4 mm thick scintillating pads and 2 mm thick lead
plates, which correspond to 25 X,. With the information from the SPD and PS, the
main objective is a photon-electron separation. The HCAL detector, placed behind the
ECAL, comprises the layers of 3 mm thick scintillators and 1 c¢m thick iron plates which
are arranged parallel to the beam pipe. Its length is equivalent to 5.6 Xj.
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4.1.5 Muon identification system

The LHCDb detector is equipped with a crucial component for identifying the final state
of the investigated B® decay. The muon system [31] comprises five rectangular shaped
stations, which gradually increase in size and are placed at the end of the LHCb detector
(Fig. |4.2)). The first station M1, placed upstream of the SPD, comprises triple-GEM
detectors and the rest of the stations M2-M5 are built up from multi wire proportional
chambers separated by 80 cm thick iron plates. The chambers are filled with three gases
combined: argon, carbon dioxide, and carbon tetrafluoride. As it is depicted in Fig. [4.6]
the muon stations are divided into four regions (R1, R2, R3, R4). Each region has differ-
ent granularity corresponding to particle flux in given region to keep relatively constant
occupancy over the muon detector system. Information from the muon stations is used
in the LO trigger and for muon identification in the high-level trigger (HLT).
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Figure 4.6: The layout of muon stations at LHCb.

4.1.6 Trigger

The frequency of proton-proton collisions at the LHC is equal to 40 MHz, but only a
fraction of interesting candidates has final state particles within the acceptance of the
LHCDb detector. As the offline computing capacity is limited, the candidates detected by
the LHCD need to be filtered before recording on tape. The trigger system [32] is dedicated
to reduce the number of candidates and is divided into two stages: First Level Trigger
(LO) and High Level Trigger (HLT'). The L0 is a hardware trigger using information from
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the calorimeters and muon system which can efficiently select high-pt particles coming
from the decays of interest. It reduces the collison rate to 1 MHz. The HLT is a software
trigger divided into two stages: HLT1 and HLT?2.

The HLT1 performs a partial candidate reconstruction where it confirms the high-pr
LO candidate particles and uses information from VELO and the tracking stations to
select particles with properties characteristic to a specific decay. Because of the relatively
long life-time of B mesons or B baryons, the impact parameter is relatively high to the
proton-proton interaction vertex.

The HLT?2 performs a full candidate reconstruction comprising three steps: the track
reconstruction of charged particles, the reconstruction of neutral particles, and particle
identification (PID).

During Run2 the LHC provided a higher number of interesting candidates, compared
with Runl, which was due to increased production cross-section. Having a higher number
of candidates is challenging because of limited computing resources. That is why in 2015
the LHCb introduced the Turbo stream. In Run2 the HLT2 and offline reconstructions
are the same, but selections can be different. With the Turbo stream selected candidates
from HLT2 can be saved to disk and be available for analysis without additional offline
reconstruction.
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Chapter 5

Data Selection

The data samples for this analysis come from the LHCDb experiment and were collected in
2016, 2017 and 2018, where proton-proton collisions reached the center of mass energy of
13 TeV. In those collisions pairs of b quark and b antiquark, denoted as b, are produced.
Next, each b quark separates from the other and in consequence it hadronizes, which
means that another quark-antiquark pair appears. At the LHC a bb pair is dominantly
produced via gluon fusion, where momenta of the incoming partons are asymmetric in
a laboratory frame. Therefore, the center of mass of a bb pair is boosted along the
direction of a gluon with higher momentum, and consequently both produced hadrons
have the same, forward or backward, direction. The forward geometry of the LHCb makes
it possible to detect all products of the BY decay and sometimes the decay products of
another b hadron can be detected. This additional detection can be used for the flavour

tagging.

5.1 LHCDb data

Table shows the details about each data sample for a corresponding year. The inte-
grated luminosity is equivalent to the collected data size. It is expressed as an inverse of
the cross section (fb™! & 7 x 10" pp collisions). Information about the reconstruction
configuration and stripping version is also given. Stripping is a set of selections used for
data filtering. Data is divided into stripping streams, which helps to speed up access to
the files and to save disk space. All data samples come in two versions that correspond
to different magnet polarity (MagDown, MagUp).
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year | Integrated luminosity | Reconstruction Stripping
2016 1.67/tb recol6 Stripping28rl
2017 1.71/tb recol? Stripping29
2018 2.19/fb recol8 Stripping34

Table 5.1: Data obtained for analysis. Integrated luminosity for a given year, along with
the information about reconstruction and stripping. Each sample comes in two versions
of magnet polarity (MagDown, MagUp).

5.2 Simulation

After obtaining the data samples, the simulated data need to be used to take into ac-
count the effects of trigger, reconstruction and selection on the angular distributions of
the signal and normalization mode. Additional samples of background processes will be
generated in order to estimate their contributions. In a simulation, pp collisions are gen-
erated using Pythia8 [33] with a specific LHCb configuration [34]. Decays of hadronic
particles are described by EvtGen [35], in which final-state radiation is generated using
Photos [36]. The interaction of the generated particles with the detector and its response
are implemented using the Geant4 toolkit [37]. To efficiently model distortion effects on
angular distributions caused by the trigger, reconstruction and selection, it is crucial to
have the data and simulated candidates compatible with each other. All simulated sam-
ples were filtered on the StrippingB2XMuMu stripping line and produced with SimType
Sim09. Just like real data, they come in two versions (MagDown, MagUp) for each given
year. The simulated samples for this analysis are summarized in Table [5.2]

No. Decay Event type Model | Number of candidates
1 | B® = Ktnputp~ | TGenPhaseSpace | PHSP 100 M
2 | B Ktoputu~ 11114000 PHSP 114 M
3 BY — K*0J /4 11144001 Phys 4.0 M
4 B — K*utpu~ 11114002 Phys 9.2 M
5 BY — J/yKmr 11144050 PHSP 9.8 M
6 BY — (29)Kr 11144051 PHSP 52 M
7 Bt — Ktptu~ 12113002 Phys 0.6 M
8 Ay — pKptu~ 15114011 PHSP 1.9 M
9 BY — ¢utu~ 13114002 Phys 3.1 M

Table 5.2: Simulated samples obtained for analysis. Each decay channel comes in two
versions (MagDown, MagUp)for each given year.

Each simulated sample has a different event type number. An event type number is
a numerical representation of a specific decay channel. TGenPhaseSpace is a utility class

from the ROOT package [38] that can generate all possible solutions of a given decay. The
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simulation samples come in two versions: phase space and physical. Candidates of the
phase space sample are generated based purely on kinematics and phase space constraints
on the final state particles. The phase space sample does not incorporate any detailed
physical processes. On the other hand, the physical simulation samples are more realistic
and reflect representative physical effects, such as the detector responses.

5.3 'Trigger requirements

The LHCbD trigger system, described in Section [4.1.6] allows the most interesting candi-
dates to be collected. There are several trigger requirements that the candidates have
to pass and at each stage the candidates are required to be ”triggered independent of
signal” (TIS) or “triggered on signal” (TOS). A candidate is considered TIS when, if it
is removed from the decay, this decay would still be accepted by the trigger selection.
There is another particle in this decay that also is accepted. The candidate is considered
TOS only when it is accepted by the trigger selection. Only TOS candidates are used in
this analysis since they are better simulated in MC. The trigger lines are taken with the
logical or, which means that in each trigger stage a particle has to pass at least one of
the listed trigger lines to be considered a candidate. The trigger requirements are listed

in Tab. B.3l

Stage Trigger lines
LO LOMuon
Hlt1TrackAllLO or
HLT1 Hlt1TrackMuon

Hlt2Topo|[2,3,4|BodyBBDT,
Hlt2TopoMu|2,3,4|BodyBBDT,
Hlt2SingleMuon or
HIt2DiMuonDetached

HLT?2

Table 5.3: Trigger requirements for signal candidates.

5.4 Stripping

Candidates that have passed the trigger requirements are stored on a tape. Still, this
produces a lot of data, so in order to make it easier to analyze stripping selection is per-
formed, after which the data is stored on storage disks. All B — K*7~ ™~ candidates
are required to pass the stripping requirements contained in StrippingB2XMuMu stripping
line. Each data sample from 2016, 2017 and 2018 corresponds to different stripping and
reconstruction versions (Table [5.1)). The stripping requirements are listed in Table [5.4]
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Candidate | Stripping 28r1, 29 and 34
IP x* < 16 (best PV)
flight distance x? > 121

BY vertex x*/ndf < 8
DIRA angle <14 mrad
4900 < m < 7000 MeV /c?
m(K7) < 6200 MeV /c?

K*0 vertex x?/ndf < 12
flight distance x? > 16

Lo m(pt ) < 7100 MeV /c?
alks vertex x2/ndf < 9
tracks ghost Prob <0.5
hadron min IP x? > 6
muon min IP x2 > 9
on IsMuon

DLL,, > —3
GEC SPD Mult.<600

Table 5.4: Selection criteria in StrippingB2XMuMu for stripping 28r1, 29 and 34.

In Table 5.4 the DLLxy refers to the Delta Log Likelihood representing the difference
in the logarithm of the likelihood function between two models: first with the X particle
mass hypothesis and second with the Y particle mass hypothesis.

5.5 Preselection

Further preselection is performed on the obtained stripped data sample to get rid of most
of not interesting background. The preselection requirements are listed in Tab. [5.5, where
¢ stands for the opening angle from the beam, the 6, is the opening angle between two
track pairs and the variables < X >, <Y >, < Z > denote the mean position of the
primary vertex.

A single wide requirement on invariant mass of the Km system is used, in order to
cover contribution from the normalization channel B® — J/¢K*(892)% and the higher
partial waves in the B — KT7~u* ™~ decay mode:

630 MeV/c? < my, < 1630 MeV /c*. (5.1)

The B® — K*7~p*p~ MC sample is used for the acceptance correction. This sample
contains MC generator level transverse momentum requirement of pr > 1500 MeV /c for
the BY candidates. The same requirement is applied to both data and simulated samples.
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Candidate Selection
B0 4960 < m < 6000 MeV /c?
pr > 1500 MeV/c
K*0 630 < m(Kn) < 1630 MeV /c?
track 0 < 0 < 400 mrad
Track Pairs Opair > 1 mrad
K hasRich True
DLLk, > —5
- hasRich True
DLLk, < 25
T IsMuon True
X— <X >|<5mm
PV Y- <Y >|<5mm
|Z— <7 > ] < 200 mm

Table 5.5: Preselection cuts applied to stripped candidates.

5.6 Peaking background vetoes

There are several contributions from decay modes that can be present at or near the
signal region and can consequently distort angular and mass distributions. Those decays
are described in the following subsections.

5.6.1 Strange and charm resonances

This analysis is focused on invariant mass of muon pair squared region of 0.1 < ¢ < 8.0
[GeV?/ct], therefore any contributions from charm resonances in the B® — (J/¢ —
ptp”)KTr~ and B — (¢(2S) — ptp”)KT 7w~ decays are not present. Additionally, the
chosen q? binning shown in Table excludes the contribution from strange resonance
in the B — (¢(1020) — p*p")K 7~ decays.

5.6.2 A) - pK ptu~ decay

A peaking background from the AY — pK~u"u~ decays appears when a proton is recon-
structed as a pion or in another scenario a proton is identified as a kaon and simultaneously
a kaon is identified as a pion. To take this into account, by using PID information and
alternative mass hypotheses, new mass hypotheses have to be constructed: they are de-
noted as M(r—p)Kup aNd MK _p)(r—K)u- 10 the first scenario a pion is given the proton
mass hypothesis, in the second scenario a kaon is given the proton mass hypothesis, and a
pion is given the kaon mass hypothesis. Candidates from a given A? — pK~puTp~ decay
are expected to have those two new masses consistent with the known A mass.
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In order to reject contributions from both peaking backgrounds, the following vetoes
are constructed using new mass hypotheses and PID information:

(5575 < M(pp)kun < 5665) MeV/c? and mDLLy, > 0

5.2
(5575 < M(K—sp) (rsiyun < D665) MeV /c? and TDLLg, > 0 (5:2)

The effects of the first veto from the above equation is shown in Fig[5.1] The upper plot
presents the plane of m )k, and 7DLLy;, for A) — pK~pp~ candidates in simulation
before applying the veto. The lower plot in Fig shows the impact of the corresponding
veto on BY — K*7~utpu~ candidates in simulation.
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Figure 5.1: The 2D distributions of Ag candidates mass (m(,Hp)KW) and pion candidate
DLL,, for simulated background AY — pK~u*p~ candidates before veto (upper) and for
simulated BY — K7~ p"u~ candidates after veto (lower).
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The effects of the second veto from EqJ5.2] is shown in Fig.[5.2] The upper plot presents
the plane of mx_p)(r—r)uu and mDLLg, for Ag — pK~p™p~ candidates in simulation
before applying the veto. The lower plot in Fig. shows the impact of the corresponding
veto on B® — K7~ u~ candidates in simulation.
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Figure 5.2: The 2D distributions of A} candidates mass (m_p)r—K)uu) and kaon can-
didate DLLg, for simulated background A{ — pK~p"u~ candidates before veto (upper)
and for simulated signal B® — K*7~u*pu~ candidates after veto (lower).

5.6.3 B! — ¢utu~ decay

The decay BY — ¢uTu~ with ¢ — KTK~ can contribute as peaking background if one
kaon from this decay is misidentified as a pion. When the reconstructed pion is assigned
the nominal mass of a kaon, the invariant mass m_x)x should then be consistent with
the mass of ¢ and in the same way the Kmpupu invariant mass m k), should be
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consistent with the mass of BY. Knowing that the following vetoes are used:

5321 < M(rr)Ku < 5411 MeV /c?

5.3
and 1010 < m(;kyx < 1030 MeV/c” (5:3)

with the pion satisfying DLLk, > —10, or
5321 < M(ror)Ku < 5411 MeV /c? (5.4)

and 1030 < m(;_ k) < 1050 MeV /¢’

with the pion satisfying DLLk, > 10.

The reason for vetoing two separate regions of m(,_kk is to reduce the number of the
removed B’ — K+~ u*u~ decays. The result of the applied veto is shown in Figl5.3]
The upper plot presents the plane of m(,_,xk) and 1DLLk, for B} — ¢p*p~ candidates
in simulation before applying the veto. The lower plot in Fig shows the impact of the
corresponding veto on BY — K*7~u*u~ candidates in simulation. The upper plot has a
limited x axis range for better visualization.
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Figure 5.3: The 2D distribution of B‘s) candidates mass m_kx and pion candidate
DLLg, for simulated B! — ¢u*pu~ candidates before veto (upper) and for simulated
signal B — K™n~pu"u~ candidates after veto (lower). Different x axis ranges are used
for better visualization.
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5.6.4 BT — KtuTu~ decay

Sometimes it is possible that a pion from elsewhere in the collision is added to a proper
BT — K*u*tu~ decay and forms the final state with four tracks. These candidates are
expected to reside in the upper mgg,, sideband and the invariant mass mg,, should
be consistent with the nominal B mass. The following vetoes are used to reject those
candidates:

MK, > 5380 MeV /c? and 5220 < mg,,, < 5340 MeV /c? (5.5)

The result of the applied veto is shown in Figure The upper plot presents the
plane of mg,,, and mgy,,, for Bt — K*utpu~ candidates in simulation before applying
the veto. The lower plot in Fig [5.4] shows the impact of the corresponding veto on
B? — K*7~u*pu~ candidates in simulation. The upper plot has a limited x axis range for
better visualization.
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Figure 5.4: The 2D distributions of Bt candidates mass m,, and BY candidates mass
Micrpy for simulated BY — K pt ™ candidates before veto (upper) and simulated B —
Kt7~ptp~ candidates after veto (lower). Different x axis ranges are used for better
visualization.
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5.6.5 Misidentified B® — J/¢Kr and B’ — ¢ (2S)Kn

In the case when 7~ (K™) is misidentified as p~ (u*) and g~ (™) is misidentified as 7= (K1)
decays BY — J/¢Km and B® — ¢(2S)Kr can contribute as a peaking background.

In the = <> 7~ scenario, after assigning a muon mass hypothesis to a pion, the invariant
mass of 7~ and the p* should be consistent with the known J/¢ or ¥(2S) masses. In
a similar p* <> KT scenario, after assigning a muon mass hypothesis to a kaon , the
invariant mass of K* and p~ should also be consistent with the known J/v or ¢(2S)
masses. These new mass hypotheses are denoted as m(,_,,), and m_,,), respectively.
The following vetoes to remove the misidentified B — J/¢Knr candidates are used:

2996 < M (r_,), < 3196 MeV/c® and (rIsMuon||rDLL,,, > 0.0)

5.6
2996 < MK, < 3196 MeV/c* and (KIsMuon|[KDLL,,, > 0.0) (5:6)

The following vetoes to remove the misidentified B® — 1(2S)K7 candidates are used:

3626 < My, < 3746 MeV /c* and (wIsMuon||7DLL,,, > 5.0)

2 (5.7)
3626 < Mk, < 3746 MeV/c? and (KIsMuon||KDLL,,, > 5.0)

5.6.6 Misidentified B — Kt7—utu~

The misidentification of the B® — K7~ u*u~ decay, where two hadron hypotheses are
swapped, can lead to a situation where BY candidates are incorrectly reconstructed as B°
candidates and vice versa. Candidates which have gone through double misidentification
of the form K — 7 and m — K are rejected using the following cut:

KDLLy, — 7DLLg, > 10, (5.8)

whose effect on data is presented in Fig. [5.5]

KDLL,,

Figure 5.5: The 2D distributions of pion candidate DLLg, and kaon candidate DLLg,
for simulated B® — K*7~u* ™ candidates before veto (left) and after veto (right).
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5.6.7 Other sources

There are two more modes which can contribute to the background. The first one is the
decay B* — K**utu~ where K*t — K+ 70, It can happen that simultaneously 7° is not
reconstructed and 7, coming from elsewhere in the collision, is added to form the final
state with four tracks. It is not possible to isolate those candidates from B — K*p T~
with another requirement on invariant mass or DLL. No veto is used to remove this
background contribution, which is expected to be at the level of 1.5% of the signal yield
in the full mg,,, range and 0.5% within the signal mass window.

The second additional contribution comes from the BY — pu*p~ decay, with p°(—
7rm™). It can contribute to peaking background if a pion is misidentified as a kaon. This
decay is suppressed by the ratio of CKM factors:

Vcd
Ves

th 2
Vts 12233

<2, ~ 005, | ~ 0.05, (5.9)

where the additional subscripts J /¢ and pp refer to the resonant and non-resonant modes,
respectively. The contribution from the B® — p°u* 1~ is expected to be less than 1% of
the signal yield and for that reason it is neglected.

5.6.8 Efficiencies and residual yields

Using simulated MC samples, the efficiencies of the full set of peaking background vetoes
are calculated for each relevant channel. Each efficiency, given in Tab.[5.6] is calculated for
candidates fulfilling requirements given by the trigger, stripping, preselection and BDT,
where the latter is described in Sec[5.9.

Even if all described vetoes were used, there would always be some remnants of peak-
ing background candidates. To determine the residual yield of peaking background, firstly
full data selection is applied to data apart from the specific veto. The yield of peaking
background before applying the veto is obtained from maximum likelihood fit performed
to a relevant variable. The yield is then combined with the corresponding efficiency taken
from a simulation, giving in result the residual yield. In the case of A) — pK~u™u~ back-
ground contribution, with p — 7 swaps, the application of an inverse PID requirement
of m DLL,, > 5 in simulation is necessary to isolate the peaking component. To account
for that, a scaling factor has to be calculated, because this additional requirement is ab-
sent in the data sample. The fraction of candidates in simulation selected by the inverse
PID requirement is first determined, and its inverse is the scaling factor. The maximum
likelihood fits to the peaking background candidates in data are shown in Figs. 5. 11}
The measured yield, efficiency of the veto, scaling factor and calculated residual yield of
each peaking background component are shown in Tab.
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Figure 5.6: The maximum likelihood fit to extract the yield of Bt — K*u*u~ not
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Figure 5.9: The maximum likelihood fit to extract the yield of B® — J/¢Kr with (7 — p)
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Decay Yield Efficiency[%] | Scaling factor | Residual yield
Ay — pKu+u(;)_>7r) 152.84+14.0 8.17+0.07 1.0540.01 13.14+1.2
Ny = PEUT G g | 1040£20.7 | 8.82+0.11 - 9.3%+2.6
BY — Kt~ ptp~ swaps | 1282.8464.4 | 2.4640.02 - 31.6+1.6
BY — J/@DK?T(,T_W) 4034.2+68.0 0.35+0.38 - 14.1£15.3
BY & J/0Kmy, | 42024234 | 0.34£0.16 - 1440.7
BY — V(2S)K(rsp 512.9+£24.1 3.344+0.13 - 17.1£1.0
BY = 4(25)Kr k- 348493 | 2.57+0.09 : 0.940.2
BT — Ktutu~ 28.8+7.3 6.26+0.15 - 1.840.5
Bg — out 95.1+23.7 4.1640.11 - 4.0£1.0

Table 5.6: The measured yield, efficiency of the veto, scaling factor and calculated residual

yield of each peaking background component.
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5.7 Control mode

For the purpose of removing most of the combinatorial background, the BY — J/¢K*°
control mode with a high number of candidates is prepared.

In the data sample there are two sources of candidates: signal and background. By
using likelihood fit of a known probability density function (PDF) of the so-called dis-
criminating variables, it is possible to determine the yields of those sources. The Kmuu
mass distribution model used here is a double Crystal Ball function:

fonl ) o 7N o)
cB\M; [, 0,, 1) = N X a? m— mi ) 5.10
(ap)"e = % (i — laf = mophy-ny  mon

with the common mean of B® meson mass (p), width (), tail parameters (a, n) and N as
the normalization factor. Above ao quantity Crystal Ball contains a Gaussian core and
below ao it has a power-law end tail. The combinatorial background is described by an
exponential function. The total PDF is given by:

PDFtot = nsig[flfCB(m; W, 01, Q, n) + (1 - fl)fCB(m; W, 02, &, n)] + nbk!]e)\m’ (511)

where ng, stands for the number of fitted signal candidates, and nyy, is the number of
fitted background candidates, f; is the fraction of the first Crystal Ball function. To bet-
ter model the B? mass distribution, an additional component is included to model the
contribution from BY — J/¢K*| which has the same final state. After a fit to the mass
distribution of the BY — J/¢K*® process (independently for 2016, 2017 and 2018 data,
sample Fig. the sPlot [39] technique is used in order to calculate weights called
sWeights. Those weights are derived based on the covariance matrix of the fit parameters
and they correspond to the likelihood of the candidate belonging to the signal or back-
ground component. The application of the sWeights to the B® — J/¢K** candidates in
the data sample can statistically remove the majority of background without performing
any cut. The data samples with B® — J/¢K*® candidates can be then considered as

background free (Fig. [5.13)).

Parameter 2016 2017 2018
ngo 370245+£723 377646722 464146 £+805
npo 4675.18+156.04 | 4654.51 £ 149.95 | 5769.64+172.90
Dpkg 60136.04+482.49 58736.44+468.8 759624526
p [MeV /c?] 5279.77+ 0.04 5279.6240.04 5280.4940.04
o1 [MeV/c?| 15.554+0.17 15.414+0.14 15.6340.12
oy [MeV/c?| 26.371+0.66 26.71£0.68 27.38£0.72
« 1.384+0.01 1.354+0.01 1.34+0.01
n 100498 1204101 120489
f 0.6940.03 0.7540.02 0.784+0.02
A [¢?/MeV] | -0.00350+0.00004 | -0.0036140.00004 | -0.0035840.00004

Table 5.7: Fit parameters from the fits to B® — J/9K*° data candidates for each year.
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Fit parameters from the BY — J/¢K*? fits are presented in the Tab .
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5.8 Multivariate classifier

To remove the majority of the combinatorial background, a Toolkit for Multivariate Anal-
ysis (TMVA) software package is used. Classification is implemented with the boosted
decision tree classifier (BDT) [40] with the Adaboost algorithm [41]. The Multivariate
Analysis (MVA) presented here is an example of supervised learning where control sam-
ples need to be provided in order to distinguish between the signal and combinatorial
background candidates.

To train the BDT classifier, two data samples are used. The first comprises the
BY — K*YJ/¢ candidates weighted using an sPlot technique (Sec.Therefore, they
are considered as free from background. The second sample comes from the upper mass
sideband of the B® — K*°u*u~ used as combinatorial background. The discriminating
variables used in the BDT are as follows:

e the B candidate lifetime, momentum and transverse momentum,

e the BY direction angle, defined as the cosine of the angle between the direction of B®
meson flight and the vector between the primary vertex and the B° decay vertex,

o the K*m~putu~ vertex x2, which represents the quality of the fit of the hypothesis
that the final state particles originated from a common vertex,

e the DLLk, of the kaon and pion,
e the DLL,, of the muons,

e the isolation variables, describing the separation of the signal tracks from tracks
originating from other sources.

5.8.1 k-Folding of the data sample

For training the BDT classifier, the k-Fold technique is used. In this method all data
samples are randomly divided into k=10 subsamples of equal size, both for the sWeighted
BY — J/¥K*® sample, used as a signal proxy, and for the background sample. Each
classifier is trained using 9 samples of signal and background and the response is evaluated
on a corresponding sample which is omitted from the training (Fig. .

It is worth mentioning that in a standard case a data sample is split in half between
the training and validation part. Here, instead of having 5:5 splitting, 9:1 splitting is used
which helps to optimise the classifier better.
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Figure 5.14: A schematic diagram of the k-Folding technique, where k=10. The whole
data sample is split randomly into 10 subsets. The MVA for the first sample (blue) is
trained and tested on rest of the samples (white), then this response is evaluated on this
one sample. This method allows 90% of the dataset for every BDT training to be used in
an unbiased way.

5.8.2 ROC curve and BDT response

The results of the training are depicted in Fig. [5.15] where an example of one of the
folds is shown. The ROC curve (Receiver Operating Characteristic curve) shows the
true positive rate (correctly identified signal) versus the false positive rate (background
incorrectly identified as signal). The performance of the classifier is often characterized by
the area under the curve (AUC), where the bigger AUC means the better classifier. The
BDT response on the right side of the Fig. [5.15] shows how candidates were divided into
the signal and background class. The BDT overtraining check is presented in Appendix [B]
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Figure 5.15: ROC curve(left) and BDT response(right) for one fold of the test set.
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5.9 BDT optimization

The BDT is optimised by fitting the B® — J/¢K*® candidates in three regions:
e the signal region - mg,,, € [5230,5330] MeV /c?,
e the lower mass sideband - mgy,,, € [5000,5180] MeV /c?,
e the upper mass sideband - mg,,, € [5500, 7000] MeV /c?,

using several BDT requirements from -0.15 to 0.5.

For signal model, the double Crystal Ball function is used, and the exponential function

models the background (Fig. The signal yield, obtained from the fit, is scaled by

the ratio of the total efficiency taken from simulation and the ratio of branching fractions

between B — J/¢YK* and B® — K*°uu~, taken from the PDG [42]:
eMC B(BO N K*O,u+,u_)

S. _ S |t
nsig,, =1n 1gJ/¢€§% B(BO N JwK*O)B(Jw —>M+/F)’

(5.12)

where the subscripts pp and J /1 indicate the non-resonant and resonant modes, respec-
tively.

Background yield is obtained from the fit to both lower and upper sidebands and
then extrapolated to the signal region. Fits are performed for each given BDT require-
ment (Appendix . Using the number of signal candidates nSig,,, and the number of
background candidates nBkg,,, from each fit, a figure of merit (FOM) can be calculated
using the formula:
nSig,,,

\/1nSigy, + angW’

which determines the performance of the classification cut.

FOM =

(5.13)
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47



¥
S

s/{s+b FOM
=

g

.5_|_IIIIIIIIIIIIII|IIII|IIII|IIII|I

(%]
=]

=
)

o®
(=]

~
)

=y
=

0.2 04 BDT

Figure 5.17: The figure of merit, for the best BDT performance.

In order to have the most efficient BDT cut with the best separation between the signal
and background candidates, one has to choose the highest value of the FOM (Fig. .
Since the FOM is relatively stable around the optimum value, the results of the B® —
K*7~ptpu~ analysis are not biased by a certain BDT cut value. Small changes in the BDT
cut value around the optimum region have little effect on the FOM. From all calculated

significances the highest one is chosen, which corresponds to the BDT cut value equal to
0.05.
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Chapter 6

Data and simulation agreement

The use of simulated data samples throughout the analysis is crucial for the best modeling
of the angular distributions distortions caused by the trigger, reconstruction and selec-
tion. In order to have the compatibility between the data and simulation, the particle
identification (PID) distributions of simulated candidates are corrected using the so-called
PID resampling method and after that the simulated candidates are properly reweighted
to match the distributions in the data.

6.1 Particle identification resampling

Each PID variable distribution of a kaon, pion and muon is resampled using the MCRe-
sampling package in Urania/PIDCalib [43]. This package provides high purity data sam-
ples containing the D** — D%(— K=7")r~ , A — pr~ and J/v — utp~ decays.

The resampling consists of two stages:

e histograms of PID variables are produced in bins of the number of tracks in the
decay (nTracks), pseudorapidity () and transverse momentum (pr),

e produced histograms are used as a PDF to draw a new value. This new value
replaces the PID variable for the simulated candidate.

Next, the original PID distribution is replaced by the resampled one, which is then used
throughout the whole analysis. Additionally for muons, the PID correction is done only
for those particles with pr > 700 GeV /¢, since the corresponding PIDCalib sample holds
the same requirement. For the candidates with pr < 700 GeV /c the original PID is kept.
The resampling procedure is applied to MC simulated samples for each year and each
magnet polarity. It is important that the resampling procedure has to be done before any
requirement is applied on PID variables. Therefore the resampling takes place before the
preselection described in Sec. The method is validated using sWeighted B — JypK*°
candidates taken from the data and simulated B® — JyK*? candidates, which is presented

in Fig. [6.1] and Fig. 6.2
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6.2 Reweighting of the candidates

To get a better agreement between the data and simulation, the candidates weights are
derived by comparing the sWeighted decay B® — J/¢K*? from data with the simulated
B® — J/4K*° using three variables (Fig.[6.3):

e the transverse momentum pr of the BY candidate,
e the number of tracks in the decay,
e quality of the Ktw~ ™y~ vertex.

Two requirements on the invariant mass of Km system and ¢? have to be satisfied:
796 < mr. < 996 MeV/c? and 9.22 < ¢® < 9.96 GeV?/ct. The weights are deter-
mined sequentially, where the previous weight is applied before the subsequent weight is
derived. The obtained weights are applied to all simulation samples. Figure shows the
results of this method on three variables used to determine the candidate weights. Figure
shows the agreement between data and simulation of the BDT response before and
after reweighting. The results for each variable used for the BDT training are presented
in Appendix [B.2]
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weights.
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6.3 Cross check with the B’ — J/yKr candidates

This analysis is focused on the ranges of mg, and q? different from those used for obtaining
the weights. Namely, the weights are derived in the BY — J/¢K*(892)° region and are
applied to the B® — KT7~u"u~ MC candidates where the interesting region is quite
different (1330 < mg, < 1530 MeV/c? and 0.1 < ¢* < 8.0 GeV?/c?). To be completely
sure that the agreement between data and simulation is maintained in the higher mg,
region, two sets of data are compared: sWeighted BY — J/¢Kn taken from data and
reweighted B — K*7~u"p~ taken from simulation, where both meet the same selection
requirements (1330 < mg, < 1530 MeV/c? and 9.22 < ¢ < 9.96 GeV?/c*). The BDT
distribution for those two samples is shown in Fig. [6.6] where a good agreement between
the two samples can be seen.
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sponse. Black points represent the distributions for sWeighted B — J/¢K** data in

higher mg, region and red histogram correspond to resampled B® — K*#x~putpu~ MC
with applied weights.
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Chapter 7

Angular acceptance correction

The distortions in the distributions of ¢? , cosfk , cosf, , ¢ and mg, caused by the
triggering, reconstruction and selection are taken into account by calculating the weight
as the inverse of the efficiency:

1

= 7.1
w €(q?, cosly, cosOp, &, mpcr)’ (7.1)

where € is a five dimensional efficiency parameterized in terms of Legendre polynomials
P,(x) of order n:

e(¢% , cosOx, costy, ¢, mly. ) = Z i P (q% ) Py(cosOx ) Pj(cosly) Po(6) Py (). (7.2)
hijkl

As the acceptance correction has to be used for both the differential branching fraction
measurements and the angular analysis, it is calculated in a broad range of ¢ and mg,
(0.1 < ¢* < 10.0 GeV?/ct, 795 < mg, < 1530 MeV/c?) in order to cover the full
range of the studied invariant masses. A similar weight is used in e.g. Ref.[13], but
here additional my, dimension has to be added because in the wider mg, window the
efficiency distribution is no longer flat. Owing to the fact that Legendre polynomials
P(x) are defined in the range —1 < x < +1, the observables ¢, ¢ and mg, have to be
transformed to this range as well and are denoted as q*, ¢ and my... The Legendre
polynomials in cosf, and mj are up to third order, in q% and ¢ up to fifth order and in
cosfk up to seventh order.

7.1 Phase space distributions

Since the distributions of the three variables cosf, cosf, and ¢ are flat at the MC
generator level, after the reconstruction and selection the shape of these distributions will
become the shape of the efficiency. The distributions of ¢ and m g, are non-flat at the MC
generator level. To get the efficiency shape for these two variables, the two dimensional
distribution of ¢? and mg, (Fig. is used from which weights are determined as the
inverse of 2D distribution. Those weights help to transform the reconstructed distributions
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of ¢*> and mg,. The MC generator level and the reconstructed distributions for those
two variables before and after applying the weights are shown in Fig. [7.2] and Fig. [7.3]
respectively.
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Figure 7.1: 2D distributions of > —mg; (left) and derived weights (right) at MC generator
level.
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Figure 7.2: Distributions of my, (left Jand g* (right) before applying candidate weights
to account for non flat distribution. Red points depict the MC generator level candidates
and black histogram the reconstructed candidates.
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7.2 Method of moments

The coefficients cpiju (Eq. are determined from the simulated B — Kta—pupu~
decays using the method of moments:

1 SN 2h+1.2+1 2j+1 2k+1_20+1

Chz’jkl:ngwn< 5 )( 9 )( 9 ) 9 ) 9 ) (7.3)

X P(¢*, h)P(costi, i) P(costy, ) P(¢', k) P(mig,., 1),
where w, is the per-candidate weight which takes into account weights from the non-flat
phase space distribution of ¢? and Mg, (Sec, and the kinematic candidate weights
(Secl6.2). The factors (2a+1)/2 come from the orthogonality of the Legendre polynomials:

1 / 9
/_1 P(z,a)P(x,d")dx = Yt 15aa/. (7.4)
The number of coefficients that have to be calculated depends on the orders of every
Legendre polynomial. There are two relations helping to reduce the number of coefficients.
Firstly, cost, and ¢ are assumed to be even, so only the even orders of the corresponding
Legendre polynomials are kept. Secondly, both cosf, and mg, are assumed to factorize,
so only the terms with only cosfl, or only mg, are calculated. This approach reduces the
number of coefficients from 4608 to just 720, thus reducing the systematic uncertainty.

7.3 Projections

The agreement between the shape of parametrisation with the reweighted simulated can-
didates is presented in one-dimensional projections of 5D acceptance parametrisation.
The comparison of the 5D acceptance parametrisation for each of the variables is shown
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in Fig.[7.4l A goood agreement is shown between the parametrisation and the reweighted
simulated candidates. The one-dimensional projections in bins of mg, and q? are pre-
sented in Appendix [C]
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Figure 7.4: 1D projections of the 5D acceptance parametrization for ¢? , coslx, cos, and
¢, and mg,. The black data points indicate the reweighted simulated candidates and the
red curve shows the parametrization.

7.4 Distribution of the weights in data

It is possible that some weights can be very large or even negative in certain parts of
the phase space. This is the case for |cos#y| — 1 at low g* and for cosfx — 1. In
order to take that into account, the weights in data are required to be in the range [0,5].
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As it is shown in Fig. [7.5] the weight distribution is investigated in two regions. The
first region contains the B® — J/¢K*® candidates, and the second region contains the
B? — K*7 " u~ candidates. A requirement of having weights in the range [0,5] removes
0.18% of the candidates in the first region and has no effect on the second region.
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Figure 7.5: Weight distribution in data for B® — J/¢K*® candidates (left) and B® —
K7~ ptpu~ candidates (right).

7.5 Cross check with the B — K* "~ candidates

The acceptance correction has been cross-checked by calculating several observables: Fy,,
Ss, S4, S5, App, S7, Sg and Sy as a function of q? described in Sec. and by comparing
the results with the CP-averages measured in [I3] (Fig. . Only statistical uncertainty
is taken into account in the new results. In most q? regions a good agreement is shown
between those two measurements. The discrepancies have their sources in the differences
between the data selections and in the methods used in the analyses. In [I3] the observ-
ables are obtained using likelihood fit and the current measurements are based on the
method of moments described in Sec. 3.3
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Chapter 8

Angular analysis of B decays

The CP-averaged differential decay rate of the B® and B? decays with the K7 system in
the S-, P-, and D-wave configurations is expanded in an orthonormal basis of angular
functions f;(€2) [16]:

d;ié% X Z?il M;i(¢?) fi(9),

(8.1)

Mi(q*) = M (¢?) +nf M (¢?)
where d§2 = dcosfkdcostede, f;(€2) are constructed out of spherical harmonics YJ*(6y, ¢)
and reduced spherical harmonics P = /21Y/"(,0). The letters L and R stand for
left- and right-handed chirality of the dimuon system. The sign of n“~# depends on the
fi’s sign when 6, — 7w + 6,. The angular observables are measured in 1330 < mg, <
1530 MeV/c? range in a large-recoil region 1.1 < ¢ < 6.0 GeV?/c*. The basis of the
transversity amplitudes is defined in terms of the helicity amplitudes as:

HT +H!
V2o

and 41 moments in this basis are shown in Tab. 8.1} The transversity amplitudes corre-

spond to the BY decay and amplitudes for the BY decay are obtained by flipping the signs

of the helicities and weak phases. The transversity amplitudes of the S-, P- and D-wave

are denoted as S{&f} H{{é: "‘i}} and D% ’”Ri}, respectively.

HIIJ,L — (8.2)

8.1 Method of moments

In some previous analyses of the B® — K**u* 1~ decay [13, [19], the determination of an-
gular observables is based on the simultaneous fit to the mass distribution m(K "7~ ™)
and three decay angles cosfy, cosfy and ¢. In this analysis the method of moments is
used to extract angular observables, as described in Sec. [3.3] This method takes into ac-
count the fact of orthonormality of spherical harmonics. The advantage of this approach
over the maximum likelihood fit is that it can provide good results even for a small data
sample. However, maximum likelihood fit gives more accurate results.
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) ME" () [nf2" ]
1 PyYy [H >+ [H P + [HI[? + ST + [DF* + [D[* + [D° +1
2 PYYY [\%Re(HOLDL*)+Re(SLH({“*) \/gRe(H”LDHL*+HLDL*)] +1
3 PYy 2D+ IDL1?) — =(H[ P + [HE?) + ZIH1? + - 2|Dg” + 2Re(S"DF*) | +1
4 PYY £ Re(H‘LDﬁ* + HIDD¥) +\/§Re(HOLD )] +1
5 Yy Z[=2(D[* + [DL?) + 3ID§ ] +1
6 PyYy 5z (DI + [DI? ) (IH |2+|H ?) — 2[S** — 2|D§|* — 2|Hy ] +1
7 PYYY [£2 Re(HHLDﬁ* + HfDﬁ*) — Z-Re(STHy*) — tRe(Hy D§™)] +1
8 PYy [ (IDJI? + ID ? ) DG — (H P+ [HIP) — SIHF P — ZRe(SYD{™)] | +1
9 PYYY [Re(HLDﬁ* + HEDE*) + 2/3Re(HE D§)) +1
10 PYYY [|D |+ |DY|? + 3|DF|?] +1
11 | PLV2Re(Yy) — ERe(HLSL*)— 2 Re(HE DE*) + |/ 2Re(DEHE?)) +1
12 | PIV2Re(Y3) —$[Re(HEHE) + \/§Re(DLSL*) 2=Re(D} D{*)] 41
13 | P{V2Re(Yy) r[QRe(DLHL*) +V3Re(H[ D§™)] +1
14 | PIV2Re(Yy) —5 Re(Dj D§*) +1
15 | PIV2Im(Yy) 3[=1n (HfSL*)Jr Im(DLH *) = sz Im(HE D§")] +1
16 | PIV2Im(Yy) 3[z5 Im(DTD§*) + ;,Im(HjHOL*) —=Im(D}5™)] +1
17 | PIV2Im(Yy) = 2Im(DY Hi™) + V3Im(H{ D§™)] +1
18 | PHV2Im(Yy) =05 Im(DL D§") +1
19 | Fgv2Re(Yy) —2315[(|H * —[H[?) + (IDff|> = DT ]?)] +1
20 | PPV2Re(Y) S[Re(H[ D) - Re(DLHL*)] +1
21 | PYV2Re(Y5) @[*%(\DLP [DEP?) + s(1H[ PP - [HE?)] +1
22 | PYV2Re(YR) 8\ /3Re(H} D) = Re(DYHE?)] +1
23 | PYVZRe(YZ) 2,/3(DfP - D% P) +1
24 | POV2Im(Y2) V EUIm(HEHE) + Im(DY DE*)] +1
25 | PO\2Im(Y) EIm(HT D +DLHH ) +1
26 | P9V2Im(YZ) VB[ Im(DIDF*) = Lim(HEH[)] +1
27 | PON2Im(Y2) 9\/§1m(DLHHL* + HEDE") +1
28 | PO\2Im(Y2) —4\ /4 m(Dt DE) +1
29 PIYY f\/ﬁ[Re(HfHHL*) + Re(DTDF¥)] -1
30 PYD 2 Re(HYD[* + H DT") 1
31 PYYY [z Re(DLDﬁ*) Re(HTH[™)] -1
32 PYYD fo Re(HYDI* + HI DY) -1
33 POYD 43 Re(DY DE) -1
34 | P}V2Re(Y}) \/é[\/gRe(HfSL*) + V3Re(DL HI*) — Re(HL DE*))] -1
35 | PivVZRe(Y}) 3l Re(HIHE") + S Re(DES™) + 51\ /2Re(DE D)) 1
36 | Pjv2Re(Y]) 2 [2Re(DYHE™) + V3Re(HY DE*)) -1
37 | PIV2Re(Y}) 310 Re(DE DE*) -1
38 | Plv2Im(Y}) —\/3 VEIm(HPS™) +V/3Im(DF HY*) — Im(H [ D§*)] -1
39 | PIvV2Im(YY) —\[\flm H{Hg*) +V/5Im(DfS"*) + 2Im(Dj D§)] -1
40 | PHvV2Im(YE) —61/ 75 [2Im(D[ H§™) + V/3Im(H{ D§*)] -1
41 | PiV2Im(Y)) - \ﬁIm(DLDL*) -1
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Table 8.1: The transversity-basis moments of 41 orthonormal angular functions f;(2)

in Eq. 8.1}



The moments in the presence of background are estimated as:

Nsig Npkg

My =) wnfiQ) — 2> wr i), (8.3)
k=1 k=1

and the corresponding covariance matrix is given by:

Cij = Z wi fi(U) () + 2 Z W Fi () £ (), (8.4)
k=1 k=1

where ng, and npy, are the numbers of signal and background candidates, x is the ratio
of the estimated number of background candidates in the signal region over the number
of candidates in the background region, and the weights wy are the inverses of candidates
efficiencies. This analysis comprises 40 normalized angular moments with 40x40 reduced
covariance matrix for i,j € {2, ...,41} as:

M
M, = —/, 8.9
- 5)
= MM, M;Cy; + M;Cy;, 1
Ci; = |Cy; Iy — =2 ki 8.6
J [ J+ M12 11 M1 ]M12 ( )

The first moment M; corresponds to the total decay rate.

8.2 The consistency relations

The angular analysis formalism can be checked by taking advantage of the fact that 41
moments M; are not independent of each other. A set of seven relations is used:

Rs = /Mo + My = 0,
Ry = My + f(3M23+M19) =0 (8.7)
Ry =22 2t Ms+3 2[(vBMyo + Ms) + (M1+\/_M6)] 0,
R6 = 4\/7M28+ 12\/> Moy + V/5Mag) =
= 1Mz + e (Mg + V5Ms;) = 0.
As it is depicted in Eq. 8.7 the observables R; should be equal to zero and any

significant deviation from this value would imply a departure from the SPD-wave model
assumptions.
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Chapter 9

Branching ratio of B decay

9.1 Signal yield

To discriminate between signal and background candidates, a fit to the Kmpp invariant
mass distribution is performed in the region 5170 < mgy,, < 5700 MeV/ c?
is modeled by a double Crystal Ball function with a common mean and tail parameters
(Eq. . Generally, a Crystal Ball function consists of a Gaussian core and a power-law

tail. The combinatorial background is described by an exponential function.

. The signal

T>2 10° + Dua E Parameter Run2
L Total fit i
= B K ] ngo 1137900 £ 1160
2 10° [ | g;;ljﬁ;:inal bkg. E nt 13478 4 198
= E nbkg 58154 + 516
_ﬁg 0 ] MeV/c? | 5279.98 + 0.02
E 1 | o1 [MeV/c?] 15.50 £ 0.07
S 1 [op [MeV/? | 26.61 £ 0.34
107
5200 5400 5600 « 1.36 & 0.01
My gy [MeV/C] n 140 £ 27
; f 0.75 £ 0.01
e ¢ ﬁﬁ“ﬁ 1
%‘ W e a"" “"‘vfﬁwﬂ‘ﬁwvmé X [2/MeV] | -0.0054040.00005

a0 sem

Figure 9.1: Fit to the Kruu invariant mass of the control mode B® — JyK* (blue area)
with an additional component of the B? — JyYK* (cyan area) Combinatorial background

is indicated by the green area. The table on the right contains fit parameters.
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9.2 High statistic control mode fit

The first thing is to perform a fit to the high statistic control mode B® — JyYK*? to reduce
the number of degrees of freedom in the invariant mass fit to the B® — K*7~u*u~ mass
distribution (Fig.[0.1). As in the Sec. 5.7, an additional component of the B — JyK**
is added for better fitting, as it has the same final state as the control mode. The fit
parameters, given in Figure 9.1, are fixed when performing a fit to the B® — KTn—putpu~.
The cut value on the BDT is chosen to be 0.05, based on the optimization described in

Sec. .9

9.3 Scaling factor

It is important to take into account possible variations in the signal mass lineshape that
could be due to the difference in q* and mg, in the fit to the B® — JYK*° (¢* € [9.22,
9.96] GeV?/ct, myg, € [796, 996] MeV/c?) and the BY — KFa—utu~ (q* € [0.1, 8.0]
GeV?/ct, my, € [1330, 1530] MeV/c?). To do that a single scaling factor s, is applied to
both oy and o5 in the Crystal Ball function when fitting the B® — K™7~u"u~ candidates.
This scaling factor is determined by first fitting the Kmwup mass distribution using the
B — Ktr—putp~ MC in the B® — JYK*© region. Then, all fit parameters are fixed,
except for the s, which is allowed to float in the next few fits to the mgy,, distribution
in all studied g2 bins in the B® — K*7~u*u~ signal region. All fits to the Kruu mass
distribution for obtaining the s, are presented in Appendix [D]

o E 0 T T ]
Y 01F =

1 =

L

0.98F
0.97F =

0.96 =

E ) ) . ) | . ) ) . | ]
0'950 5 10
q? [GeV¥c*]

Figure 9.2: Scaling factor s, for 7 q2 values for candidates in 1330 < mg, < 1530 MeV /c?.

Figure 9.2 shows the distribution of the s, in several q® values within the range mg, €

[1330, 1530] MeV /c? and Table 9.1/ shows the values of the s,.
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q® [GeV?/cl] So
[0.01,0.98] | 0.992 + 0.007
1.10,2.50] | 1.007 = 0.005
2.50,4.00] | 0.987 = 0.005
[4.00,6.00] | 0.993 + 0.004
[6.00,8.00] | 0.988 & 0.005
1.10,6.00] | 0.995 = 0.003
9.22,9.96] | 0.982 + 0.008

Table 9.1: Values of the scaling factors s, for corresponding ¢ bin for candidates in 1330
< mg, < 1530 MeV/c? .

9.4 Candidate yields

The invariant mass fits to the B® — K 7~ pu*p~ candidates in six different g2 bins are
shown in Figure. 9.3. The determined signal and background yields are given in Table
in the regions 5170 < mgy,, < 5700 MeV /c? and 1330 < mg, < 1530 MeV/c?.

q? [GeV?/ct] | Signal | Background
0.01,0.98] | 268+ 21| 463+ 25
1.10,2.50] | 222423 | 897+ 35
2.50,4.00] | 176+ 23| 1151+ 39
[4.00,6.00] | 343429 | 1504 + 45
[6.00,8.00] | 284 £29 | 1954 £ 50
[1.10,6.00] | 741 +43 | 3552 +68

Table 9.2: Yields of signal and background of the B® — K*7~u* ™~ candidates in six ¢?
bins in the regions 5170 < myy,, < 5700 MeV /c? and 1330 < mg, < 1530 MeV /c?.
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Figure 9.3: Maximum likelihood fits to the Krpuu invariant mass of the B — KTa~putu~
candidates in six q? bins. The signal and combinatorial background are indicated by the
blue and green area, respectively.
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9.5 Differential branching fraction

The branching fraction B(BY — K™n~u* ™) is a fraction of particles that decay through
a given decay mode. The differential branching fraction dB/dq? of the B — K™n~pu*u~
decay is measured in six ¢? bins for the my, region 1330 < mg, < 1530 MeV/c? and
the decay B — J/9K*? is used as a normalization channel selected in the regions 9.22 <
q? < 9.96 GeV?/ct and 796 < mg, < 996 MeV /c%:

% - me*(sgz)oB(Bo — J/YKO)B(J /) — pt )
"(892)0 K ) et 0.1)
xB(K*(892)" — K'm )(1—FSJI/(¢K*O§N7 ;

J/’l[)K*O

where Niey . and N, Jxc-0 are the acceptance-corrected yields of the B — Ktn—utu~

wtp
and B® — J/¢K*" decays, respectively. Fg/wx*o is an S-wave fraction of the BY — J/yK*°
decay. The fraction fr(sgp is used for scaling the value of B(K*(892)° — K*n ™) to the
range 796 < mpg, < 996 MeV/c?. The values of the above fractions along with the
branching fractions used in Eq. are listed below:

Frev(sozo = 0.894 0,001, [22]

F/Y5 = 0.084 £ 0.01, [22]

B(B® — J/$K*) = (1.19 4 0.01 = 0.08) x 10-3 [44], (9.2)
B(J/Y — ptp~) = (5.961 4 0.033) x 10~2[42],

B(K*(892)° = K+rx-) = 2/3,

9.6 Acceptance-corrected yield
The measured yield is corrected using the average acceptance weight, where each weight

is the inverse of the candidate-by-candidate efficiency.
The average weight is given by:

1 N

where w; is the candidate-by-candidate weight and N is the number of candidates. An
estimate for an error of the average weight is given by:

N
1
N i — )2, 9.4
o=\ iy ) 2 =) (94)
The average weight calculated in the signal mass window is an admixture of the signal
and background candidates:
Nsig@sig + kagu—-}bkg

- ) 9.5
Nsig + kag ( )

Wiz
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where Ng,; and Ny, are the number of signal and background candidates in the signal
mass window, respectively. In order to obtain signal corrected yield, the above formula
needs to be rearranged:

NyigWsig = (Nsig + Nokg)@miz — NokgWphg- (9.6)
The signal and background regions are defined as follows:
e signal window - 5230 < myn,, < 5330 MeV /c?,
e background window - 5350 < mgx,, < 5700 MeV/c2,
e background window - 5450 < mgy,, < 5700 MeV /c? (resonant mode only).

A different background region for resonant decay mode is used in order to prevent any
potential contribution from the B{(JS) — J/YK*® candidates. The values of the signal
yield Ny, and the average signal weight g, along with the acceptance corrected yield
for both B® — K7~ utu~ and B® — J/9K** candidates are shown in Table [0.3] The
corresponding yields are slightly different from those obtained in the previous part of the
analysis since this time the signal and background yields are projected onto the signal
mass region.

q2[G6V2/C4] Nsig kag C‘_jsig Nsigwsig
[0.10,0.98] 261420 1307 1.21 315+31
[1.10,2.50] 216+22 257410 | 1.22 264+34
2.50,4.00] 171422 335+11 | 1.09 18628
[4.00,6.00] 334428 442413 | 1.08 309+31
[6.00,8.00] 277+29 56715 | 1.00 276£29
[1.10,6.00] 720+42 1033+£20 | 1.12 807+5H4
[9.22,9.96] | 110390041120 | 18620+£165 | 0.96 | 1059900+1140

Table 9.3: The signal yield Ngg, the background yield Ny, the average signal weight wgs
and acceptance corrected yield Ngowg, for the B® — KT7~ 't~ in six different q* bins
and the B® — J/¢K** candidates.
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Chapter 10

Systematic uncertainties

For the differential branching fraction and angular moments measurements it is necessary
to calculate the following systematic uncertainties:

e uncertainties resulting from contributions from peaking background candidates,
e statistical uncertainty on the acceptance correction,

e uncertainties resulting from the chosen order of the acceptance correction,

e uncertainties resulting from the residual mismodeling of MC simulation,

e uncertainty resulting from the resolutions in the angular variables,

e uncertainty on a chosen signal mass model.

For both the differential branching fraction and angular moment measurements, the
systematic uncertainty is evaluated as a difference between the nominal sample and the
sample where one or more parameters are systematically varied.

10.1 Uncertainties due to contributions from peaking
background candidates

Section is dedicated to a description of a selection applied to isolate the peaking
background candidates. The effect of those peaking backgrounds is determined using
pseudoexperiments, where specific peaking background components are generated along
with the signal and the combinatorial background. The selections described in Section [5.6]
are used to isolate the corresponding peaking background.

The observed difference in both results with and without additional peaking back-
ground contributions is considered as a systematic uncertainty.
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10.2 Statistical uncertainty on the acceptance cor-
rection

As it was described in Section the five-dimensional acceptance function is derived us-
ing the Legendre coefficients determined from a simulated sample of the B® — K7~ pu*pu~
candidates. The covariance matrix of the coefficients is also determined and is used to per-
form the so-called toy studies. In the toy studies, a number of new sets of coefficients are
generated and each set is transformed using the Cholesky decomposition. In this method
the original covariance matrix is decomposed to the product of the lower triangular ma-
trix and its conjugate transpose. The product of the generated set of coefficients with the
lower triangular matrix gives in result a new set of coefficients. These new coefficients are
correlated in the same way as the original set of coefficients. The angular moments and
differential branching fractions are then measured using both the original acceptance and
the new one. The difference between the two measurements is distributed around 0 and

the standard deviations of those distributions are considered as a systematic uncertainty.
The results of the toy studies are presented in Appendices [E.I} [E.2]

10.3 Higher order acceptance correction

To account for uncertainties that are due to the number of the order in polynomials
in Eq. [7.2] a new acceptance correction is calculated with an increased order of the
polynomials by two. The angular moments and differential branching fraction are then
measured using both the nominal acceptance and the new one with the higher order. The
difference between the two measurements is considered as a systematic uncertainty.

10.4 Residual mismodeling of MC simulation

The candidates’ weights calculated in Section also have an influence on the accep-
tance correction. As it was described in Section [6.2] three variables are used to obtain
a good agreement between the data and simulation: the number of tracks in the decay
(nTracks), the transverse momentum pr of the B candidate and the quality of the Kmpuu
vertex (x?/ndf). To evaluate the effect of this correction on the acceptance, a new ac-
ceptance is calculated, where the reweighting is recalculated using yet another variable:
the impact parameter of the B meson candidate with respect to its best own parent
vertex. Figure 10.1 shows the results of the candidates’ weights determination. This
calculated weights are incorporated into the new acceptance correction. The angular mo-
ments and the differential branching fractions are then measured using both the nominal
acceptance and the new one. The difference between the two measurements is considered
as a systematic uncertainty.
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Figure 10.1: Distribution of the impact parameter of the B® meson candidate with respect
to its best own parent vertex used to derive weights. The red histogram corresponds to
the sWeighted BY — J/¢K*® data, the blue histogram shows the B® — J/K*® MC and

the green points represent the calculated weights.

10.5 Uncertainty due to resolutions in the angular

variables

The resolution of a particular angular variable is calculated using a simulated sample
as a difference between the generated and reconstructed angle. Figure 10.2 shows the
resolution histograms of three decay angles and the standard deviation of each histogram

is taken as a resolution (listed in Table [10.1]).
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Figure 10.2: Global angular resolutions in three decay angles: 6,, 6k and ¢.

71



angle | resolution (rad.)
6, 0.0058
Ok 0.0078
& 0.0119

Table 10.1: Global angular resolutions in three decay angles: 6,, Ok and ¢. Each is taken
as a standard deviation of histograms from Figure [10.5]

The determined resolutions are used to perturb each angular variable in order to obtain
the deviation in Eq. [3.11}

/f(eﬁv O, ) (00 + 0(00), 0k + (0 ), o + 0(9)))dS2 = bij + Ay (10.1)

where d€2 = dcosfkdcost,de, f(0s, 0k, @) is a true angular distribution in data and f((0,+
0(6r),0k+0(0k), p+0(¢))) is a function constructed from smeared angles used to calculate
the angular moments. Aj; acts as a deviation from the orthonormality conditions. The
angular moments are in result shifted because of a deviation from the orthonormality
conditions, and the difference is interpreted as a systematic uncertainty.

10.6 Uncertainty on a signal mass model

In order to account for uncertainties that are due to the chosen signal mass model, a double
Gaussian is used as an alternative model. The comparison between those two models is
shown in Appendix [E.3] The angular moments and the differential branching fractions
are measured using both the original Crystal Ball function and the double Gaussian. The
difference between the two measurements is considered as a systematic uncertainty.

10.7 Systematic uncertainties for the branching frac-
tion measurement

The summary in Table shows the results of the systematic uncertainties in the
branching fraction measurements. The largest contribution comes from the statisti-
cal uncertainty on the acceptance correction due to the limited size of the simulated
B? — K*7~ ™~ sample. The last row in the table shows total systematic uncertainties
calculated as a sum in quadrature.
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Q? [GeV?/cT] 0.1,0.98] | [1.1,2.5] [ [2.5,4.0] | [4.0,6.0] [ [6.0,8.0] [ [1.1,6.0]
Acceptance 0.162 | 0.092 | 0.064 | 0.068 | 0.061 | 0.060
correction
Alternative 0.003 | 0.000 | 0.002 | 0.001 | 0.001 | 0.000
mass model
Data-MC 0.001 | 0.002 | 0.000 | 0.0l | 0.000 | 0.001
correction
Higher 0.039 | 0.049 | 0.003 | 0.015 | 0.007 | 0.022
order
Peaking 0.001 0.018 | 0.079 | 0.035 | 0.014 | 0.017
background
Sum in quadrature 0.167 0.106 0.102 0.078 0.063 0.067

Table 10.2: Systematic uncertainties for the differential branching fraction measurements
in bins of ¢?. All results are in units of 1078[c?/GeV?].

10.8 Systematic uncertainties for angular analysis

The summary in Table shows the results of the systematic uncertainties in the angular
moment measurements. The largest contribution comes from the statistical uncertainty
on the acceptance correction due to the limited size of the simulated B® — K¥a~putpu~

sample.

The last column in the table shows the total systematic uncertainties calculated as a sum

in quadrature.
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Acceptance | Alternative | Data-MC | Higher Peaking Angular Sum in

correction | mass model | correction | order | background | resolution || quadrature
M, 0.050 0.000 0.001 0.003 0.003 0.011 0.051
M3 0.056 0.002 0.001 0.025 0.001 0.004 0.062
My 0.055 0.000 0.001 0.002 0.004 0.005 0.055
M; 0.050 0.002 0.001 0.003 0.005 0.002 0.051
Mg 0.053 0.004 0.000 0.018 0.007 0.001 0.057
My 0.053 0.001 0.000 0.009 0.008 0.001 0.054
Mg 0.053 0.000 0.001 0.035 0.001 0.001 0.064
My 0.052 0.000 0.000 0.022 0.006 0.001 0.057
Mg 0.049 0.000 0.000 0.013 0.008 0.003 0.052
My 0.039 0.000 0.000 0.005 0.002 0.000 0.039
Mo 0.043 0.001 0.000 0.011 0.001 0.002 0.044
M3 0.046 0.000 0.001 0.002 0.001 0.003 0.046
My, 0.046 0.001 0.001 0.009 0.003 0.003 0.048
M5 0.031 0.000 0.000 0.006 0.002 0.000 0.032
Mg 0.035 0.000 0.000 0.000 0.005 0.002 0.035
M, 0.037 0.000 0.000 0.019 0.005 0.000 0.041
Mg 0.038 0.000 0.000 0.004 0.002 0.003 0.039
Mg 0.040 0.001 0.001 0.012 0.003 0.001 0.042
Mayg 0.042 0.000 0.000 0.010 0.004 0.002 0.043
Moy 0.046 0.000 0.000 0.009 0.001 0.003 0.047
Moo 0.044 0.000 0.000 0.007 0.001 0.003 0.045
Mo 0.043 0.000 0.001 0.008 0.002 0.000 0.044
Moy 0.025 0.000 0.000 0.002 0.001 0.002 0.025
Moys 0.034 0.000 0.000 0.001 0.002 0.001 0.034
Mag 0.038 0.000 0.000 0.001 0.002 0.000 0.038
Mayr 0.039 0.000 0.001 0.000 0.001 0.002 0.039
Mg 0.038 0.001 0.000 0.001 0.001 0.000 0.038
Mag 0.044 0.002 0.000 0.028 0.006 0.008 0.053
M3g 0.026 0.001 0.000 0.008 0.003 0.000 0.027
M3, 0.051 0.001 0.001 0.026 0.000 0.004 0.057
M3y 0.050 0.001 0.001 0.028 0.006 0.002 0.057
M3s3 0.051 0.001 0.001 0.015 0.008 0.003 0.054
M3y 0.047 0.000 0.000 0.002 0.000 0.000 0.048
M3ss 0.042 0.000 0.000 0.001 0.000 0.003 0.042
Mag 0.046 0.001 0.000 0.001 0.002 0.002 0.046
M3z 0.050 0.001 0.001 0.016 0.002 0.002 0.052
Mg 0.024 0.000 0.000 0.009 0.002 0.001 0.025
M3y 0.029 0.001 0.000 0.004 0.003 0.000 0.029
My 0.038 0.000 0.000 0.006 0.005 0.004 0.039
My 0.033 0.000 0.000 0.011 0.002 0.001 0.035

Table 10.3: Systematic uncertainties for 40 normalized angular moments in a single q?
range [1.1,6.0] GeV?/c?.
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Chapter 11

Results

The results of both the angular analysis and the differential branching fractions are pre-
sented in the subsequent sections. The measurements were performed for the B® —
K*7n~p"u~ candidates with the invariant mass range 1330 < m(K*7~) < 1530 MeV/c?,
where the angular analysis was focused on a single bin of dimuon invariant mass squared:
1.1 < q? < 6.0 GeV?/c*, whereas differential branching fraction was calculated in six g,
as it is depicted in Table [3.3] Chapter [12] covers the interpretation of the results.

11.1 Differential branching fraction

The results of the differential branching fraction are shown in Figurdll.1|and Table [11.1]
The first uncertainty is statistical, the second is systematic and the third is due to the
uncertainty on the branching fraction of the normalization channel B® — J/4K*(892)°.

Differential branching fraction

e 2 o =
L - RO )
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Figure 11.1: The differential branching fraction of the B® — K™#n~uTu~ in bins of ¢?
in 1330 < m(K*7~) < 1530 MeV/c? range. The error bars correspond to the sums in
quadrature of the statistical and systematic uncertainties.
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’[GeV?/cl | dB/dq*1078 [ct/GeV?]

0.01,0.98] | 1.56 = 0.15 £ 0.17 £ 0.10
[1.10,2.50] | 0.824+0.11+0.11 £ 0.06
2.50,4.00] | 0.54 4 0.08 + 0.10 + 0.04
[4.00,6.00] | 0.78 +0.07 + 0.08 £+ 0.05
[ ]
[ ]

6.00,8.00] | 0.60 £ 0.06 = 0.06 &= 0.04
1.10,6.00] | 0.72 £0.05£0.07 £ 0.05

Table 11.1: The differential branching fraction of the B — K*#~u*u~ in bins of q?
in 1330 < m(K*7~) < 1530 MeV/c? range. The first uncertainty is statistical, the
second is systematic and the third is due to the uncertainty on the branching fraction of

BY — J/¥K*(892)° channel.

11.2 Angular analysis

The results of the angular analysis where 40 normalized moments are calculated are shown
in Figurel/l1.2] and Table [11.2] The first uncertainty is statistical and the second is sys-
tematic. The statistical uncertainty is calculated based on the reduced covariance matrix

from Equation[8.6] (Fig. [I1.3)). Figure shows the results of calculating correlation

matrix, where no strong correlation between the angular moments is observed.
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Figure 11.2: Measurement of 40 normalized moments, M; , of the B® — K*7~pu* i~ decay
in the 1.1 < ¢* < 6.0 GeV?/c* and 1330 < m(KT7~) < 1530 MeV /c? ranges. The error
bars correspond to the sums in quadrature of the statistical and systematic uncertainties.
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Obs. Value Obs. Value

M, | -0.20+0.08+0.05 My | -0.01£0.07+0.05
M;s | -0.30+0.114£0.06 M3 | -0.02-40.0740.04
M, | 0.044+0.0840.06 My, | 0.03£0.06+0.03
M; | 0.33+0.08£0.05 My | -0.0840.07+0.03
Mg |-0.2340.0940.06 My | 0.0540.07-+0.04
M, | 0.064£0.09£0.05 My; |-0.034+0.074+0.04
Ms | 0.034+0.09£0.06  Mag | -0.0940.0740.04
My | 0.01£0.094£0.06 My | 0.0840.0940.05
Mg | -0.10+0.0940.05 Mso | 0.1240.0440.03
My; | 0.05+£0.0840.04 My |-0.01£0.10+0.06
My | -0.0540.084£0.04 Ms, |-0.10+£0.10+0.06
M3 | -0.08£0.0940.05 Mais | 0.184+0.1040.05
My | -0.16+0.094£0.05 Msy | 0.0240.0740.05
M5 | -0.064+0.08+0.03  M;s | -0.04+0.07+0.04
Mg | 0.00+£0.084£0.04 Ms | 0.114+0.0740.05
M7 | 0.0440.094£0.04 Ms,; | -0.15+0.07+0.05
Mg | -0.0540.0940.04 Mass | 0.00+0.0740.03
Mg | -0.0940.06+£0.04  Msg |-0.15+0.07+0.03
My | 0.07+0.07£0.04 My | 0.0040.0940.04
My | -0.054+0.07+0.05 My | -0.0440.07+0.04

Table 11.2: Measurement of 40 normalized moments, M; , of the B® — K*7~u* 1~ decay
in the 1.1 < ¢* < 6.0 GeV?/c* and 1330 < m(KT7~) < 1530 MeV /c? ranges. The first
uncertainty is statistical and the second is systematic.
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Covariance matrix

Figure 11.3: The reduced covariance matrix Cy (i,je€ {2,..,41}) used to calculate the
statistical uncertainty of the angular moments, based on Equation [8.6]

Correlation matrix

Figure 11.4: The reduced correalation matrix Corry (i,je€ {2,..,41}) derived from the
covariance matrix Cj;.
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Chapter 12

Runl and Run2 comparison

12.1 Differential branching fraction

Based on the Runl data set, the differential branching fraction distribution shows a regular
shape. A slightly different result is obtained with the Run2 data set, where there is an
excess in two q? regions, [4,6] and [6,8] GeV?/c?, when compared to the lower ¢? ranges.
However the compatibility with the Runl results is maintained. The smaller error bars
in these new results are due to the lower statistical uncertainty.

Differential branching fraction
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Figure 12.1: Comparison between Runl(red triangles) and Run2(black circles) differential
branching fraction measurements of B — K*7~p* 1~ in bins of % in 1330 < m(K™7~) <
1530 MeV /c? range. The error bars correspond to the sums in quadrature of the statistical
and systematic uncertainties.

79



12.2 Angular analysis

A comparison between the results from the analyses based on the Runl data set [22] and
new Run2 data set shows the consistency between them. It is clearly visible that the
Run2 data analysis is more precise because of a higher number of candidates.

Upon analysis of the results, a few features can be observed directly, even without any
information about the physical model. Still, the values of normalized moments M, and Ms
may indicate the presence of interference effects between the contributions from the S-; P-
and D-waves. Some of the moments are proportional to sing. These moments correspond
to the complex right-handed admixture in the weak hadronic current, absent in the SM.
In line with Ref. [I6], any statistical significance found in the moments corresponding to
Im(Y)" 7é0) would lead to tensions with the SM. After checking those moments, namely:
M5 — Mg, Moy — Mg and Mss — My;, no clear contribution was found.
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Figure 12.2: A comparison between Runl(red triangles) and Run2(black circles) measure-
ments of 40 normalized moments, M;, of the B — K+7~put ™ decay in the 1.1 < 2 < 6.0
GeV?/ct and 1330 < m(K 7)) < 1530 MeV /c? ranges. The error bars correspond to the
sums in quadrature of the statistical and systematic uncertainties.

12.2.1 The consistency relations

As it is described in Sec. [8.2] normalized angular moments are not independent variables
but they are related through seven formulas (Eq. [8.7). Each R; should be equal to zero
and any significant deviation from that value would suggest a departure from assumptions
of the SPD-wave model in which the considered m(K*7~) region contains contribution
from the S-wave K(1430), the P-wave K}(1410) and the D-wave K3(1430). Figure [12.3]
presents the values and significances of the seven R; variables and they are all consistent
with zero.
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Figure 12.3: Values (left) and significances (right) for the consistency relations R; defined
in Eq. 8.7 integrated over the ranges ¢? € [1.1,6.0] GeV?/c* and mg, € [1330,1530]
MeV /c?.

12.2.2 D-wave fraction

As it is depicted in Table the amplitudes can be derived using angular moments. It is
not possible to extract the S- or the P-wave component alone, since those two amplitudes
are always together. That is not the case of the D-wave component, and information from
Table helps to calculate the following amplitudes:

7 7 5
DI} = g(Ms = 2V5Mug),  |DIL = =15 (M5 + VoMo & \/;Mgg). (12.1)

3¢
The formulas above tell us that the fraction of the D-wave component Fp can be
calculated using only the moments M5 and M q:

Fp = —%(2%, +5v/5My). (12.2)
The analysis based on the Runl data set [22] gave the Fp fraction equal to -1.26+0.78.
Thus, only an upper limit was provided on the D-wave fraction of Fp < 0.29 at 95%
confidence level because of a limited number of candidates. This analysis gives better
results and for the B® — K*7~ "~ decay the D-wave fraction is equal to 0.18 4= 0.45.
However, taking into account the level of uncertainty, this result is unfortunately still
inconclusive.
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Chapter 13

Conclusions

This dissertation is devoted to measuring 40 normalized angular moments and the dif-
ferential branching fraction of the B — K*7~u*u~ decay in the K*7~ invariant mass
range 1330 < mg, < 1530 MeV /c?.

The new results based on the Run2 data set are consistent with the previous Runl
analysis. No clear signal from NP effects was observed despite the fact of using a bigger
data sample than in the previous analysis. The D-wave fraction Fp was calculated using
normalized moments M and My, and is equal to 0.18 £ 0.45.

The FCNC processes, such as the presented one, are rare decays and their analysis
can pose a challenge because of a low number of candidates detected by the experiment.
An increase in this number may benefit future results. That is why a natural continu-
ation would be to perform a combined analysis of Runl and Run2, and further in the
future, even the Run3 data set. A bigger data set will result in a higher number of signal
candidates and will allow us to explore the higher mass of the K*7~ system with greater
precision. For example, instead of exploring the presented wide range of the mass spec-
trum, it will be possible to do it in several smaller ranges, separating P-wave contribution
from S- and D-wave contributions.

Although this work has brought only raw results without any comparison with the
SM predictions, it is enough to explore several characteristics of the B® — K*n—pu*pu~
decay. However, additional information from the theory would definitely increase our un-
derstanding of rare b — su™ p~ processes and, perhaps, it would lead us to yet unexplored
fields of New Physics beyond the Standard Model.
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Appendix A

Decay description

A.1 Angular distribution

The differential decay rate of the B’ = K¢+~ can be written as:
(Mms‘i;m e - [I1481n20K + I1.c05205 + (155510205 + I5.c0s20x )cos20,

+ 1351020k sin20,c052¢ + 1451020 sin20,cos¢ + 55120 sinbycosp

+(Igs8in20K + I5.c0520 )cosOy + I75in20 sinbysing

+1Igsin20 sin20psing + Igsin20x sin20,sin2¢).

(A1)

Twelve q? dependent angular coefficients I;(q?) from Eq. in terms of transversity
amplitudes (A;) are given by:

2+ﬁﬁ m?

I, = AL+ [Af[? + |AT]? + A + Re(AY AT + AR AT, (A.2)
o= 1A+ 1S + 5L + 2R A§AT ) + 1A (A3)
oo = BEAL P 1 AL + A5 + 0 (A1)
Lo = — R AL + | AR, (A.5)
Iy = L2 AL = AR 4 |AR2 AR (A.6)
I = %@2[3@(/15,4{ )+ Re(ARARY], (A7)

Iy = V2B[Re(ALAY) — Re(ARAR) —

Nz
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Re(Af A5 + ARAZ)], (A.8)



o, = 20 [Re(AFAL') = Re(AfAT)], (A.9)

m
Ige = 4@\/—%[36(14514’;) + Re(Ag Ag)], (A.10)
* * m

I = V2B,[Im(AFA[") — Im(AFAf") + —= Im(AL A5 + AT AY)), (A.11)

Ve

1 * *
Iy = Eﬁ?[fm(AéAi ) + Im(AF AT, (A.12)
Iy = BIm(Af" AT) + Im(Al" AT)), (A.13)
and
2

fo=[1- 202 (A.14)

q

A.2 Decay amplitudes

The decay amplitudes shown in can be expressed in terms of the most relevant Wilson
coefficients Cf |, and q* dependent form factors V(q?), Ag12(q®) T1,2,3(q?). The effective
Wilson coefficients in their effective form contain contributions from four quark operators:
L,R e ‘e e ‘e V(q?
AP = NV2AY2 [{(Cgff +C Iy T (Ci + C10ff)}m+% (A.15)
+2 (e + ¢ T ()]

q
AP = —NV2(m3; — mi.) [{(CSH =& F (R - (A.16)
+ 2505+ ()] |

Ap" = 2 (G - e F (- )
x{(mQB —m%. — ¢*)(mp + m)A1(q?) — Trg‘j—ﬂ}—i— (A.17)
+2my(C5 = N (m3y + 3mi. — AITale?) — a2 To(a) .
)‘1/2 e ‘e
Ay=N {Q(Clgf - C1off)}Ao(q2)> (A.18)
V7

where

G%a? 4m?
N = | s |V V22212 [1 — L A.19
J 3 * 2107r5m%| wViil q> ( )

A =mp +mie +¢* = 2(mEmi. + mi.q*> + mpq?) (A.20)
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Appendix B

BDT overtraining check

The dataset is divided into k=10 subsets(folds) of an approximately equal size, with
which the BDT classifier is trained 10 times, each time using 9 folds for training and 1
fold for testing. This is repeated for each fold that is used for testing exactly once. The
overtraining check is basically a comparison of the classifier’s performance of the training
and testing data sets. Overfitting manifests itself in a significantly better performance on
the training dataset compared to the testing set.

(1/N) dN / dx

TMVA overtraining check for classifier: BDT

(1/N) dN / dx

f- §ig‘na‘| (l'esi 5§mblel) FrTT. biﬂnél (l'ra#nir‘lg éar‘npie)‘ T ]
[£7] Background {test sample) Backg (training _
-Smil test: signal gl d) pi ility = 0.902 (0.226) 4

0.4 0.6
BDT response

a) BDT for k=0

i biﬂnél (Ilesk 5‘arr|‘plt‘=.) T T T Silgn‘al |‘:In*in‘ing:jI sa‘mble‘) T t
:@ Background {test sample) *« Background (training |
C Smirnav test: signal ground) ility = 0.019 (0.269) ]
.4 -0.2 0 0.2 0.4 0.6 0.8

BDT response

c¢) BDT for k=3

UO-flow (S.B): (0.0, 0.0)% 7 (0.0, 0.0)%

U/O-flow (S.B): (0.0, 0.0)% / (0.0, 0.0)%

(1/N) dN/ dx
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Figure B.1: The TMVA overtraining check for k= 0-5. Red colour (hashed) indicates the
background and blue colour (shadowed) indicates the signal candidates.

85



TMVA overtraining check for classifier: BDT TMVA overtraining check for classifier: BDT

'E i ‘Sig‘na‘l (I‘esk sémlnlel) T " §iglnall (I‘rlihin‘g slian‘mlle) j 'E i éig‘nal‘ (lésl‘ F.nlmp‘nlla)I T s §i§nai (l;'aiﬁinlg éaﬁlplla) ' B
E 3 :@ g d (test Ll (] ini ) E 5 -@ Background (test sample) - gl ining sample)—]|
= Lk S test: signal (background) ility = 0.75 (0.082) ] = K Smirnov test: signal (background) probability = 0.218 (0.034) e
< it 1 < F " ]
= 7 E z 4 .

12 n ] £

g - —18

< 3 —jE

= - q1g

1< - Hs

12 . £

-8 2 s

Jag C Jg

H{< [ 1e

e Uiy ¢

Je C Je

= 0 =

0.4 0.6 0.4 0.6

BDT response BDT response

a) BDT for k=4 b) BDT for k=5

TMVA overtraining check for classifier: BDT

-E 5 i §igr‘|alkle‘st Ea}np‘le)‘ RN éig‘nai (l‘rai"\inlg éaﬁpie) m I_— "u‘ 5 i é‘;ig‘na‘l (lt‘asi salmlplel) rT " ISilgn‘al I(lrgini‘ng‘ sa‘mble‘) T i
E :@ g d (test = g init ] E Background (test sample) = Background (training sample) T
= r ov-Smirnov test: signal (b d) p ility = 0.751 (0.164) b = ["Kolmogorov-Smirnov test: signal (background) probability = 0.524 (0.022) 1
< C - Z - o 4
= 4 — I — = 4— —
= r 7 z r ]

L 1z L 1=

- BE 3C =t

L 18 = g

L 1e L =3

r 18 B 18

20 ] 2 EH

r R - Ei=

- 1€ - He

i 3 i %

" 13 C 12

C 12 C 3

0 E 0 bl A A 3
0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8
BDT response BDT response

d) BDT for k=7

TMVA overtraining check for classifier: BDT

'EI‘ i éiglna‘l (l'es{ 5$mblé) rr " ‘Si‘gn'al (‘lraﬁnihg‘sa'mﬁlej T j 'E i big‘na‘l (t‘es{ sémblé) rr s ﬁiénall (t‘ra#nir‘lg ;;allnpie)‘ S
E 5 :@ Background (test sample) = Background (training snmple)__ E 5 :@ Background (test sample) + Background (training sample) |
2 L Smirnav test: signal d) pi ility = 0.582 (0.003) ] 2 [ Kolmogorov-Smirnov test: signal (background) probability = 0.687 (0.001) ]
z A € ,C _‘
= 4 bt L i

S C 12

] - 2

= r g

1€ r 1e

J g!‘; n ] 9‘5

13 2 s

Ja F 4

4 - 42

2 " 4

é L 1

E o 4 E

0.4 0.6 0.8 0.4 -0.2 0 0.2 0.4 0.6

BDT response BDT response

e) BDT for k=8 ) BDT for k=9

Figure B.2: The TMVA overtraining check for k= 6-9. Red colour (hashed) indicates the
background and blue colour (shadowed) indicates the signal candidates.

B.1 BDT optimization

As it is described in Section[5.9] the BDT cut value is optimized to check which cut is
the best for extracting signal candidates. The invariant mass distribution of the BO —
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K™~ p"u~ candidates in the ranges 796 < my, < 996 MeV/c? and 9.22 < ¢* < 9.96
GeV?/ct is fitted with the BDT cut value increasing from -0.15 to 0.5. This is presented in
Figs. [B.3}[B.7 The number of signal and the number of background candidates obtained
from the fit is used to calculate the significance Sv/S + B (Eq. , which is presented
as a function of BDT cut values in Fig. [5.9
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Figure B.3: Fits to the B — J/¢K* (left) and the B® — K**u*p~ sidebands (right)
used in the BDT optimization for several different BDT cuts. The BDT optimization is
described in Sec/5.9
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B.2 Agreement between data and simulation for BDT

Figure [B.2]presents the results of the reweighting of the candidates described in Section [6.2
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for each variable used as an input to the BDT training.
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Figure B.8: Agreement between data and simulation for all variables used as an input
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histogram shows the resampled B? — J/¢K*® MC distribution. Green histogram shows
the distribution for resampled B® — J/¥K*® MC with applied candidates weights.
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Appendix C

1D projections

Figures -- presents 1- dlmensmnal projections of the acceptance parametrization,

described in Chapter I, 7| for variables q* , cosfik, costy, ¢, and my, in bins of mg, and

q>.
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Figure C.1: The 1D projections of the 5D acceptance parametrization for cosfk in bins
of mg,. The black data points show the reweighted simulated B® — K*7n~ptp~ MC and
the red curve shows the parametrization.
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Appendix D

Scaling factor calculations

Figure [D]1 depicts the fits to the mi,,, distribution in the B — K*z~p*p~ MC for
scaling factor calculations described in Sec. [9.3]
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Figure D.1: Fits to the Kmuu invariant mass of the B® — K7~ = candidates in three
q? bins using MC simulation.
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Appendix E

Systematic plots

The figures in and show the results of the toy studies for the branching fraction

calculations and the angular analysis, as it is described in Section [10.2]

E.1 Toy studies for the branching fractions
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E.2

Toy studies for the angular analysis
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Figure E.3: Distributions of a difference between the measured angular moments with
original acceptance and the results based on generated toy datasets with new acceptance.
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Figure E.6: Distributions of a difference between the measured angular moments with
original acceptance and the results based on generated toy datasets with new acceptance.
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Figure E.7: Distributions of a difference between the measured angular moments with
original acceptance and the results based on generated toy datasets with new acceptance.
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E.3 Alternative mass model

Figure [E.3] shows the results of the comparison between two mass models: Crystal Ball
function and Gaussian function, as it is described in Section [10.6|
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