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Abstract

Oliveira, Victoria Ramos de; Mello, Carla Gébel Burlamaqui de (Advi-
sor). Search for CP violation in the Dt — 7~ 7" K+ phase space
in the LHCb Experiment. Rio de Janeiro, 2023. 92p. Dissertacao de
Mestrado — Departamento de Fisica, Pontificia Universidade Catélica do
Rio de Janeiro.

The Standard Model (SM) of particle physics is currently the best theory
to describe the interactions between elementary particles and their properties.
The observation of CP violation in a variety of weak processes in the quark
sector — allowing an absolute distinction of particles and antiparticles —
is well explained by the SM (through so-called Cabibbo-Kobayashi-Maskawa
ansatz). CP violation is one of the necessary conditions for baryogenesis and
might be the key to explain the matter-antimatter asymmetry in the universe.

This dissertation presents the search for CP violation in the doubly
Cabibbo suppressed (DCS) Dt — 7 7t K+ decay, using data collected by
LHCb from 2016-2018 of pp collisions with a centre of mass energy of 13
TeV, corresponding to an integrated luminosity of 5.6 fbl. The goal of this
analysis is the implementation of a model-independent technique to perform
a statistical comparison between the phase space, called Dalitz Plot (DP),
of particle and antiparticle decay channel, searching for local differences in
the distribution of events between the two DPs. First, a selection process was
executed to remove background contributions from other charm decays, as
well as a multivariate analysis using machine learning algorithms to reduce
combinatorial background levels. After the selection, a final sample of "6M
signal candidates was obtained, which is nowadays the largest sample ever
obtained for a DCS D™ decay channel, allowing an outstanding sensitivity
for CPV search. This is the first CPV search in the studied decay channel.
This analysis is performed blinded, meaning that there is no actual result for
the signal region at this first stage and in order to guarantee that there are
no nuisance asymmetries, from production and detection effects, tests were
performed using the background region, the control channel Dt — K-7t7™

and the Monte Carlo simulated sample.

Keywords
Charm physics; CP violation; Three-body decay.



Resumo

Oliveira, Victoria Ramos de; Mello, Carla Gobel Burlamaqui de. Busca
de violagao de CP no espaco de fase do decaimento D" —
7t K" no Experimento LHCDb. Rio de Janeiro, 2023. 92p. Dis-
sertacao de Mestrado — Departamento de Fisica, Pontificia Universidade
Catolica do Rio de Janeiro.

O Modelo Padrao (SM) da fisica de particulas é atualmente a melhor
teoria para descrever as interagoes entre particulas elementares e suas propri-
edades. A observacgao da violacao do CP em diversos processos fracos no setor
de quarks - permitindo uma distin¢ao absoluta entre particulas e antiparticulas
- é bem explicada pelo SM (através do chamado Cabibbo-Kobayashi-Maskawa
ansatz). A violagao do CP é uma das condigbes necessérias para a bariogénese
e pode ser a chave para explicar a assimetria matéria-antimatéria no universo.

Esta dissertagdo apresenta a busca por violagado de CP no decaimento
Dt — 7 7" K" duplamente suprimido por Cabibbo (DCS), usando dados
coletados pelo LHCb de 2016-2018 de colisoes pp com uma energia de centro
de massa de 13 TeV, correspondendo a uma luminosidade integrada de 5,6
fb!. O objetivo desta andlise é a implementacio de uma técnica independente
de modelo para realizar uma comparacao estatistica entre o espago de fase,
denominado Dalitz Plot (DP), de particula e antiparticula no canal de de-
caimento, buscando diferencas locais na distribuicao de eventos entre os dois
DPs. Primeiro, foi feito um processo de selegao para remover contribuicoes de
background de outros decaimentos de charme, bem como uma anélise multiva-
riada utilizando algoritmos de aprendizado de maquina para reduzir os niveis
de background combinatoriais. Apds a selecdo, foi obtida uma amostra final
6M de candidatos a sinal, que é hoje a maior amostra ja obtida para um canal
de decaimento DT DCS, permitindo uma excelente sensibilidade para busca
de VCP. Essa é a primeira busca de VCP no canal de decaimento estudado.
Esta andlise é realizada de forma cega, o que significa que nao ha resultado
para a regiao do sinal nesta primeira etapa e, para garantir que nao haja assi-
metrias espurias, como efeitos de producgao e detecgao, foram realizados testes
para a regiao de background, para o canal de controle DT — K~ 7ntx™ e para

a amostra simulada de Monte Carlo.

Palavras-chave

Fisica de Charme; Violagdo de CP; Decaimento de trés corpos.
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1
Introduction

The observed asymmetry between matter and antimatter in the universe
is, nowadays, one of the biggest unanswered problems in physics. One of the
necessary conditions to explain this asymmetry is the violation of the combined
symmetries of charge conjugation (C) and parity (P) [1]. C and P are two
important discrete transformations in particle physics and the product CP was,
for a long time, thought to be an exact symmetry of nature, which is indeed
true for strong and electromagnetic interactions, but not for weak processes [2].
Since the first observation of CP violation in neutral kaons system in 1964 [3],
it was disproved the general belief that particle and antiparticle would behave
in the same way and it brought to light the decay rate asymmetry between a
process and its associated conjugate [4].

The Standard Model (SM) of particle physics is currently the best theory
to describe the interactions between elementary particles, and their properties.
CP violation arises within the SM through a complex phase in the quark mixing
matrix of the weak interaction. Even though this description helps to explain
the baryon asymmetry [5], it is not complete and new sources of CP violation
beyond the SM are necessary [6].

The observation of CP violation in weak interactions is firmly established
for K and B mesons, but it was only recently that it was first observed for
neutral D mesons [7]. The predictions within the SM for charm decays are
very small [4].

For charm decays, according to the SM, CPV occurring directly from
decays (i.e. not associated to D°- D° mixing) is only predicted for so-called
Cabibbo suppressed processes, observed through the different interference
pattern for D°(D*) and D°(D~) between amplitudes leading to the same final
state. Other than that, for three-body decays, the two-dimensional phase space,
called Dalitz plot (DP), may present an ample pattern of interfering resonant
states that might produce local CP asymmetries larger than phase-space
integrated ones. Due to this, one possible approach to search for CP violation
effects around the phase space is by a statistical comparison between the DP
for particle and antiparticle, looking for local differences in the distribution of
events in the two DPs.

For this dissertation, the decay Dt — 7~ 7t K™ is studied. This decay
is doubly Cabibbo suppressed (DCS) and, as such has no expectation of CPV

effects within the SM, so any observation of this phenomena would be an
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indication of new physics (NP). Furthermore, besides the possibility of being
a source of NP effects, DCS decays may play an important role in helping
to understand the weak decay mechanism of charm hadrons [8]. This work
uses data samples obtained in pp collisions with a centre-of-mass energy of 13
TeV collected by the LHCb detector during 2016-2018, that corresponds to an
integrated luminosity of 5.6 fb~1. The D* — 77t K+ sample analysed here
is nowadays the largest sample ever obtained for a DCS D" decay channel,
allowing correspondingly and unprecedented sensitivity for CPV searches.

The remainder of this dissertation is structured as follows. In Chapter 2,
the theoretical fundamentals of particle physics and the SM are briefly dis-
cussed, followed by a discussion of CP violation, the charm sector and 3-body
decays.

In Chapter 3, an overview of the LHCb experiment is presented, with
the description of the technical parts of the detectors and of the LHC
accelerator. Chapter 4 reports the selection processes towards our final samples
of DT — 77T KT decays, with also a description of simulation samples, and
the description of the full requirements applied to reduce the background level
on the samples.

Chapter 5 describes the technique to search for CP violation, the Mi-
randizing, in the DT — 7 7t K* sample. The results of the studies per-
formed to search for asymmetries in the background region, on the control
channel D¥ — K~ 7nt7x" and on simulated samples are also presented, with
the prospects of this analysis for the unblind procedure, that is, the implemen-
tation of the actual method to the signal sample.

Finally, Chapter 6 presents the conclusions of this dissertation. Addi-

tional information concerning this analysis are included as an Appendix.



2
Theoretical Fundamentals

2.1
The Standard Model

The Standard Model (SM) of Particle Physics is currently the theory
best describing the properties of the Universe’s fundamental constituents,
the elementary particles, and their interactions. The SM model particles are
divided into two groups: the bosons and the fermions. The spin-1 (vector)

bosons are called force-carrier particles [9]:

— photon (7): is the gauge boson of the QED (Quantum Electrodynamics)
and has zero mass and zero electric charge. It is responsible to mediate

the electromagnetic interaction.

— gluon (g): is the gauge boson of QCD (Quantum Chromodynamcs), is
massless just like the photon and mediates the strong interaction. The
charge of QCD is the colour.

— W+, W~ and Z°: are the gauge bosons that mediate the weak interaction
described through the electroweak theory. Differently from the photon
and the gluon, these bosons have mass and are in fact much more massive
than a proton. The W* and W~ mediate the weak charged-current
interaction and are responsible for the nuclear (-decay, among others,

while the Z boson is the carrier of the weak neutral-current.

The other group of the SM particles are the fundamental fermions. They
have half-integer spin and are divided into two groups within the SM, the
quarks and the leptons. As can be seen on Fig. 2.1, each group has six particles
gathered in doublets, giving rise to three families of particles (or generations).
The lightest and most stable particles are those from the first generation.
As the generation increases, there is also an increase in the mass. Due to
the charged weak force, the second and third generation represent less stable
particles, that quickly decay to more stable ones. The six known leptons are
denoted by e, v, pt, v, 7,, and v;, and by definition do not take part in strong
interactions. The particles that do take part in strong interactions are the six
quarks u, d, s, c, b, and t. The different species of quarks and leptons are called
flavours. The quarks are defined collectively as ¢ and do not propagate freely
due to a phenomenon called colour confinement and so, they are found only

in compound states, the hadrons. The hadrons are typically baryons (bound
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Figure 2.1: Standard Model of Elementary Particles representation [10].

states of three quarks or antiquarks, like protons - uud - and neutrons - udd) or
mesons (bound state of a quark and an antiquark - ¢g), although recently new
states like tetraquarks (qgqqq) and pentaquarks (ggqqq) have been observed.
The last known element of the SM is the Higgs boson, that is different
from all the other particles. It is a spin-0 particle and is the only scalar boson in
the theory. The Higgs boson has a mass of mpy ~ 125GeV and was discovered
in 2012 by the ATLAS and CMS experiments at the Large Hadron Collider
(LHC) [11, 12]. It is responsible for the mechanism through which all other
particles acquire mass, known as the Brout-Englert-Higgs (BEH) Mechanism.
The SM is a non-abelian gauge theory with spontaneous symmetry
breaking and a gauge symmetry group given by SU(3)c x SU(2), x U(1l)y
before broken. The interactions can be summarised by the transformation
properties with respect to this gauge group and the algebra generators of the

group with whom the gauge bosons are associated with [13]:

SUB)e  x SU©R),  x Uy
Il Il } 1)
8Gﬁ Wy B,
a=1,....8 a=1,2,3

The first part corresponds to QCD and the particles that transform with
respect to this are said to be colour-charged and to interact "strongly" with the
eight gluons represented by the fields G (). The factor SU(2), is associated to
the three spin-1 fields W (z) and the subscript 'L" indicates that this quantum
number is only carried by left-hand fermions!. And finally, the U(1)y term is

!The chirality of a Dirac fermion  is defined through the operator ~°, that has
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associated with one B,(z) and the subscript "Y' is to represent the weak
hypercharge. The SU(2);, x U(1)y part of the group relates to the Glashow-
Salam-Weinberg model, which takes into account the fact that the SM is chiral,
i.e. distinguishes between left-hand and right-hand chirality of the particles.
These four bosons are related to the three gauge bosons of the weak interaction
W, 7% that gain mass after the spontaneous symmetry breaking due the
interaction with the Higgs field, and the photon that remain massless. All

the other fermions also acquire mass through the BEH mechanism.

2.2
CP Violation in the SM

2.2.1
CPT Symmetry

The beauty of a theory is constantly associated with the presence of
symmetries in it and, in fact, the last two centuries of physics research can be
summarised in the search for symmetries in nature and in the laws by which it
is governed. In the study of particle physics two important transformations
are the charge conjugation (C) and the parity conjugation (P). Both are
discrete operations and the combined product of CP plays an important
role in the understanding of not only particle physics but the evolution of
the universe, being CP symmetry violation stated as one of the necessary
conditions for baryogenesis [1]. Withal, other important discrete operation is
the time reversal (T) and with that the studies of CP, CPT and T may provide
answers to fundamental questions such as the observed dominance of matter
over antimatter in the universe [2].

The charge conjugation C can be described as an operation that con-
jugates all additive quantum numbers, like the electric charge, the baryonic
number and the leptonic number. For a generic state |1)) with angular mo-
mentum J and electric charge Q: Cl(J,Q)) = |[(J, —Q)). The parity con-
jugation P, when applied, inverts all spatial coordinates with respect to the
origin, ¥ — —Z. However, this transformation do not affect pseudo-vectors
neither spin. The conjugation of the combined product CP turns particles into
antiparticles and vice-versa. And, at last, the time reversal operation T is
the transformation 7' : t — —t. So, the application of the T operator would
have the effect of changing the velocity sign without changing the position:
t——t, ¥T—T, p— —p.
eigenvalues +1 and -1. The sign of the eigenvalues is equal to the particle’s chirality, being 41

for right-handed particles and -1 for left-handed. By the action of the projection operators
1(1++°) on ¢, any Dirac field can be project into its left- or right-handed component.
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If CP were an exact symmetry the laws of nature for particle and
antiparticle would be the same, and that is indeed true for gravitational,
electromagnetic and strong interactions [14]. But in spite of the general belief
that CP would also be a good symmetry in weak interactions, the observation
of CP violation (CPV) for the first time in processes involving neutral kaons in
1964 [3] brought to light the asymmetry between a process and its associated
conjugate at fundamental level, meaning that particle and antiparticle behave
differently [4] and can be unambiguously distinguished.

On the other hand, the product CPT is believed to be a valid symme-
try and indeed so far all observations indicate that CPT is a fundamental
symmetry of nature. The CPT theorem states that "any quantum field theory
based on a Hermitian, local, normal-ordered Lagrangian which is invariant un-
der Lorentz transformations, and for which the usual field commutation and
anti-commutation rules hold, is also invariant under the transformation cor-
responding to the product of C, P, and T, taken in any order, irrespectively of
its symmetry under the three inversions separately” [15]. The CPT symmetry
establishes that the lifetime of a particle and is antiparticle are the same, and

so thus are the total decay widths.

2.2.2
The CKM Matrix Elements

The SM can be divided into three parts [16]:

£SM = Ekinetic + EHz'ggs + £Yukawa (2_2>

For the first one, considering the quark doublets )7 and the lepton doublets
LL,

£k' fie = Z@Wﬂ (a,u + %gng)\a + %gWIfTb + %g’B“) 5ijQLj s for QL
M Lo (0" + SgWi — L' BY) 6L, for L}
(2-3)

and here G*, W/[* and B* are the same ones presented on Eq. 2-1, g and ¢ are
the coupling constants and +, are the Dirac gamma matrices. Besides that,
there are also the generators, that play a crucial role in defining the behaviour

and interactions of particles and help defining the structure of the Lagrangian:

— L, for the SU(3)¢, with the 3 x 3 Gell-Mann matrices ), for triplets
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and 0 for singlets;

— Ty, for the SU(2)., with the 2 x 2 Pauli matrices 37, for doublets and 0

for singlets;

— Y’s for U(1)y charges.

This first part of the Lagrangian is flavour universal due to the unit matrix in
flavour space d;; and it also conserves CP.
The second term on Eq. 2-2 is associated to the Higgs scalar self-

interactions,

£Higgs - M2¢T¢ - A(¢T¢>2 (2_4>

where ¢ is the Higgs field. This part also conserves CP since the SM scalar
sector has only a single doublet. Last but not least, the Yukawa interaction
terms in Lgys are

o= { }Q?@QZ)DRJ + K?@(iquﬁT)URj + h.c. , for n = q, quark interaction

YSLpipER; + h.c. , for n = 1, lepton interaction
(2-5)

where Y;j are the 3 x 3 complex matrices and ¢, j are the generation labels.
And, in despite of the Lyineric and Lpges terms, this term of the Lagrangian
is CP violating and usually flavour dependent (Y/ ot 1) [16].

In the SM, the quarks masses and mixings arrives from the Yukawa
interactions with the Higgs condensate, present on Eq. 2-5, when ¢ acquires
a vacuum expectation value ({(¢) = (0,v/v/2)) and yields mass terms for the

quarks. Thus, the Yukawa interactions give rise to the mass matrices,

M, = —-Yy* (2-6)

V2

The mass basis corresponds, by definition, to diagonal mass matrices and one

can always find unitary matrices V,;, and Vz such that

iag — v
Vi MyVip =M™ = 252, (2-7)

The four unitary matrices Vyr, Vg, Vi and V, g are then the ones required
to transform to the mass basis. The charged-current W* interactions for
quarks, that is the interactions of the charged SU(2); gauge bosons Wlf =
%(Wﬁ F ZWi), couple to the physical quarks with a more complicated form

in the mass basis,
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9

where Uy, and Dy, are the left-handed quark mass eigenstates of up-type (u, ¢, t)
and down-type (d, s, b), respectively. The V;; above represent the elements of

a 3 X 3 unitary matrix

vud Vus Vub
Verr = | Vea Ves Vi (2-9)
Viae Vis Vi

and this is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix for quarks,
which measures the mis-match between the matrices that diagonalize the U and
D quark mass terms. As a result of Vo not being diagonal, the W+ gauge
bosons can couple to quark mass eingenstates of different generations, with a
strength given by the relative element of the matrix [9]. Although the structure
of the weak interactions of quarks and leptons is the same, the leptonic sector
presents an almost perfect universality in the weak charged-current, that is,
the different leptons, electron (e¢~), muon (x~) and tau (77 ) have the same
interaction strengths. This picture is different in the quark sector since the
weak eigenstates and the mass eigenstates are different.

The CKM matrix is an extension of the 2 x 2 Cabibbo mixing matrix
[17]. In order for the mixing of quarks flavour to restore the universality of
weak interactions, Cabibbo introduced a mixing angle that is now known as
the Cabibbo angle 6. With this, the weak eigenstates d’, s’ are related to the

mass eigenstates by,
d\ [ cosblc sinfc) (d (2:10)
'] \—sin Oc cosOq) \s

However, as 2 x 2, this matrix is real and no CP violation can occur since
CPV requires a complex phase difference between the quark and anti-quark
transitions, which is not possible with only two quark families [18].

A matrix with complex elements would open the possibility for CPV. The
solution to this was proposed in 1973 by Kobayashi and Maskawa [19], who
have included a third family of quarks and extended the 2 x 2 matrix toa 3 x 3
one that is the nowadays known quark mixing matrix. It has a complex phase,

which introduces a mismatch between the quark and anti-quark transitions.
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The CKM matrix is a mandatory ingredient for CPV in the SM in the quark
sector.
The CKM matrix can be parameterised in many equivalent ways by three

mixing angles and a CP-violating phase. A standard choice is [20]

1 0 0 C13 0 513€_i6 C12 S12 0
Voku = 0 o3 So3 0 1 0 —s12 12 0
0 —S893  Co3 —Slgeié 0 C13 0 0 1
—1id
C12€13 S12€13 S13€

i6 i6
—812C23 — €12523513€ C12C23 — 512523513€ 523C13

0 id
512523 — C12C23513€ —C12523 — 512€23513€ C23C13

(2-11)

where s;; = sin6;;, ¢;; = cosf;; and ¢ is the phase that allows CPV to arise
in flavour changing processes in the SM. All the angles can be chosen to lie in
the first quadrant, so s;;,c;; > 0, and each angle is labelled with the indexes
corresponding to the mixing of two families.

From experiments, it is known that s13 < s93 < 15 < 1. This hierarchy
can be evidenced by a parametrization where the four mixing parameters
are (X, A, p,n), instead of the three angles and one complex phase, and
A =sinfe =~ |V,| &= 0.23 plays the role of the expansion parameter whiles 7
accounts for the CPV phase. This is known as the Wolfenstein parametrization

[21]7

1— X% — Xt A AN3(p —in)
Vorm = | =M+ 3A°N[1=2(p+in)] 1 — A% — X1+ 447 AN? +O(\%)
AN (1 —p —in) — AN+ SAN[1 = 2(p+in)] 1 — AN
(2-12)

It is easy to see on matrix 2-12 how different the magnitude of one matrix
element is from the other, and also that the matrix is almost diagonal and
almost real. Likewise, a closer look reveals that the diagonal elements tend to
approach to one while the off diagonal terms tend to get smaller as farther they
get from diagonal. Since the CKM matrix elements are fundamental parameters
of the SM, it is important to determine them precisely. From the unitarity of

the CKM matrix (Vi Verxa = I) some conditions are implied
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i ViiVi=10 , t=u,c,itand j,k=d,s,b

2-13
ZjViij?:éik , j=d,s,band i,k =u,c,t ( )

and from the six vanishing combinations present in Eq. 2-13, the so-called
Unitary Triangles can be constructed and are defined in the complex plane,
all of them with the same area, but most of them very squashed. The most

important one has sides of similar size:

VuaViy + VeaVay + ViaViy, = 0
o ) (2-14)
VuaVip ViaVy,

e 4 2 =
Vid t}; Vid t?i

for which the internal angles can be defined as

a = arg (— “fz“?i> . B=arg (— Ved Cb) , Y =arg <— Vud “b> (2-15)
ua ¥ ub

as can be seen in Fig. 2.2

(0,0) (1,0)

Figure 2.2: Sketch of the unitary triangle [22].

Since the CKM matrix is almost diagonal, quarks have a tendency to

change flavour inside the same family, as illustrated in Fig. 2.3.
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Figure 2.3: Probabilities of quarks decay proportional to |V;;|?.

For the case of non-leptonic weak quark transitions, the decay amplitude is
proportional to the product of the two matrix elements present in the processes.
Furthermore, for charm decays, only the 2 x 2 Cabibbo submatrix is relevant

up to O(\*) and the flavour changes are classified based on their A suppression
as:

— Cabibbo Favoured (CF): both are diagonal elements, ¢ — s(ud)

VesVia ~ O(1)
W+

SY

— Cabibbo Suppressed (CS): one element of the diagonal and one element
off-diagonal, ¢ — s(u3) or ¢ — d(ud)

VesVis ~ O(N)
W+ W+

v
IsH|

— Doubly Cabibbo Suppressed (DCS): both elements are off-diagonal,
¢ — d(us)
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VeaVisy ~ O(X%)
W+

al

2.3
CP violation in decays

As it has been discussed, CPV arises in the SM owing to an irreducible
phase in the CKM matrix. For this phase to be observable, interference is
needed between processes with different weak phase leading to the same final
state. In the context of hadrons decay, there is a rich phenomenology of CP
violation that can be classified in terms of how this complex phase manifests
[15]. Suppose a hadron P decaying into a final state f with decaying amplitude
A(P — f). The associated charge-conjugated process is P — f with amplitude
A(P — f). Three special cases are [2, 18]:

(A) the particle decay rate of P — f differs from the conjugate process
P — f. = Direct CP violation

(B) when both P and P decay to the same final states P — f - P. The CP
asymmetry is a result of these two decay routs interference. This process
is only possible for neutron hadrons. = Indirect CP violation in

mixing

(C) the decay D° — K*xt can occur directly or through the intermediate
process D — D° — K*x* where D° oscillates to D° introducing
a phase difference. Once again, this process only occurs with neutron
hadrons, where particle and antiparticle can oscillate between their
identities . = Indirect CP violation in the interference between

mixing and decay

For charged charm decays (as the DT — 7 7t K™ discussed in this
dissertation), the only possible way this effect could be observed is by direct
CP violation. However, this can only take place if the decay amplitude can be
broken into at least two different paths. This interference produces complex
phases that can be of two types: CP-even and CP-odd, regarding to the change
of sign under a CP transformation. Within the SM, the CP-odd phases come
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strictly from some weak transitions whereas the CP-even phases appear due to
strong or electromagnetic interactions. For this matter, the former is usually
referred to as weak phase and the second as strong phase [4].

The simplest possible case is to consider two decay amplitudes resulting

in the same final state f,

AP — f) = |Al|€z‘(61+¢1) + ’A2’€i(52+¢2)

S, 4 . 2-16
AP = F) = | Ay |90 4 | Ay|eiCe¢2) (2-16)

where 9, 2 are the strong phases, ¢, 2 are the weak phases and A, are the
amplitudes of the intermediate processes. A CP violation observable that can

be defined is the asymmetry Acp,

A(P 2 |A(P = f))?
App = | A( —>f)|2 | (7—>[)|2 (2-17)
|A(P = [)I?+ |A(P — [)]
which, for the example of Eq. 2-16 becomes,
App 2Ay1 sin(d; — do) sin(¢pr — d2) (2-18)

- 1+ A%l + 2A21 COS(51 — 52) COS(¢1 — qbg)
where Ay = |As/Aq]. So, from Eq. 2-18 it is clear that in order for direct

CPV to be observed it must exists a difference between the weak phases of
the two processes and also a difference between the strong phases, resulting
in Acp # 0. Wherefore, both strong and weak phases are necessary for CP
violation. The weak phase has its origins, within the SM, in the CKM matrix
and it is thus possible to predict which decays could potentially manifest CPV
effects. On the other hand, the strong phase origin could be attributed to
two sources: short-distance effects, like due to penguin diagrams (one-loop
processes in which a quark changes flavour, via a W loop) contribution, or

long-distance effects from final-state interactions.

2.3.1
CP violation in charm decays

The study for CP violation is an important tool for the search of
New Physics (NP) beyond the SM. The future leaves room for a variety of
experiments and for additional sources of CP violation [23]. This phenomenon
is already established experimentally for the mesons K and B, involving the
quarks strange and beauty, respectively. Still, it was not until 2019 that it
was observed the direct CPV on the charm sector in D decays, with the
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result AAcp(KK — nw) = Acp(D° — K KT) — Acp(D° — 7 7)) =
(—15.4 £2.9) x 107 by the LHCb Collaboration [7].

Direct CPV effects in the charm sector are predicted to be very small
within the SM, with expectation size of asymmetries in the decay rates of
D and D of order of O(107%) or less [14] and are only possible in singly
Cabibbo suppressed decays, where different amplitudes can produce final
states with the same flavour content [4]. For these decays, the CPV effects
may occur through the interference between the ¢ — d(ud) tree and highly
suppressed ¢ — u(gq) penguin processes, flavour SU(3) symmetry breaking or
rescattering effects. Final state interactions, like rescattering effects, have been
recently demonstrated in theoretical studies to play an important role in CPV
effects [24], producing the interference necessary to magnify the CPV in the
D® — =7t and D° — K~ K" amplitude decays [25].

Therefore, the analysis of DT — 77t K ™' ? that is a doubly Cabibbo
suppressed decay, is a great laboratory to search for new physics effects. Besides
that, the search for direct CPV in three-body charm decays has also the
advantage of potentially being more sensitive to localised effects in the phase

space, since these asymmetries can be larger than the integrated ones [16].
2.3.2
Dt - o atK*

This decay is a doubly-Cabibbo suppressed mode with a quark level tran-
sition ¢ — d(us) that can have mainly three types of topology contributing:
annihilation and tree-level emission of W (with and without colour suppres-

sion), as can be seen in Fig. 2.4.

V. -
c cd _d - d ‘
2 U - K
1 ‘{y i s
D 5 K
Vi§ u +
Zi—y—.—y—a

Via Vaus

Figure 2.4: Dt — 77" K topologies: tree-level emission of W (top left), tree-
level emission of W colour suppressed (bottom left) and annihilation diagram
(Right).

2Charge conjugated decays are implicit, otherwise mentioned explicitly.
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Also, the dd (or wuw) and ds pairs may form different resonances as
intermediate states which decay to 7~ 7" and K*7~, respectively, creating
a pattern in the phase space. These decay combinations are explicit in Fig.
2.5. From a previous analysis [26], the resonant structures are dominated by
p(770)° and K*°(892) and these vector resonances account for about 90% of
the decay fraction, although there is also a presence of the tensor K3(1430) in
the m?2,; mass combination, and of the scalar f3(980) in m2_. In the SM, there
are no processes with different weak phases leading to the same final state and,
hence, no prediction of CPV effects for this decay. Therewith, this study opens
the possibility to search for NP beyond the SM.

».

¢ > > g K*(892) Kt
w* s
u d

t p(770)

c
d < d d <

A\ 4
\ 4

QU

Figure 2.5: DT — 7~ 7t K with main resonances highlighted.

2.4
Tree-body decays

Differently from the two-body decays, where the modulus of the momenta
of the final state particles are determined by the energy-momentum conserva-
tion relations, the three-body final state has a much richer dynamics [27]. For
a mother particle with mass M, spin-0 and 4-momentum P decaying in three
daughter particles with masses mj, ms and ms, 4-momentum p;, ps and p3

and also being spin-0, the energy-momentum conservation constraints are:

Ep=1> E

=1
2 = m? 4 (219
pp = 2. Di

N/pl’ my
P,M \J\\ p27m2
P3, My

Figure 2.6: Schematic of a three-body decay [14].

This system has 12 degrees of freedom (d.o.f.) due to the three 4-vector

for momenta of the final state particles. However, these 12 variables are
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constrained by the four energy-momentum conservation equations and mass
relations constraints, which reduces this number to 5 d.o.f. and, beyond that,
since the initial state is isotropic in the mother’s rest frame, the final state
cannot depend on the three Euler angles describing its orientation as a whole.
For this, the daughters must be produced in an isotropic way [27] and other
three d.o.f. are removed. In this way, only two independent variables are left,
as can be seen on Table 2.1, and the kinematic quantities can be written in

terms of these.

Constraints Degree of freedom
3 four-vectors 12
Energy-Momentum conservation relations -4
3 Masses relations -3
3 Euler angles -3
Remaining d.o.f 2

Table 2.1: Three-body decay degrees of freedom.

For these three particles, the distribution of momenta can populate a
2-dimensional representation called phase space. The phase space defined in
terms of invariant 2-body combination masses is called the Dalitz plot (DP)
and includes all possible momenta configuration that may happen in the decay

in the mother’s centre of mass. These invariant masses are defined as

s12 = (p1 +p2)2 = (P —p3)2
s13 = (1 —i—p3)2 = (P — po)? (2-20)
s23 = (p2 +p3)* = (P — p2)?

and from this, the following relation can be obtained,

12 + 813 + 8593 = 5 + m] +m3 + mj (2-21)

where /s = M is the mother’s mass.
The boundaries of the DP are defined uniquely by M, my, ms and msg.
Since energy and momentum are conserved, there are maximal and minimal

possible values defining these boundaries,

(mi+my)* < sy < (M—my)* , i,5,k=1,23  (2-22)

that is, when s;; is minimal, particles ¢ and j are produced at rest, in the

mother’s centre of mass referential, so p; is maximal. On the other hand, when
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s;; is maximal, particle k is produced at rest and p; and p; are maximal and
moving in opposite directions, so s;; = M — my, and all the kinetic energy is
transferred to the pair ¢5. Choosing s15 and s;3 variables, the DP kinematics
are determined by two functions, sj; and s, [27], the superior and inferior

limits, respectively,

+

1 1
s12 = mi+my—5—[ (s23—s+mi)(s23-+ma—m3)FA2 (s23, 5, m7) A2 (523, M3, M3)]

(2-23)
where A(z,y,2) = (x —y — 2)? is the Kéllén function. A generic DP can be

2823

seen on Fig. 2.7.
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Figure 2.7: Generic Dalitz plot for a three-body final state [14].

Three-body decays in principle could occur through two different topolo-
gies: the three particles of the final state are produced directly from the mother
particle, the so-called non-resonant decay; or by the formation of resonances
as intermediate states that can decay strongly to the final state particles, the
resonant decay. A sketch of these processes is represented on Fig. 2.8, where mg
in the resonant decay is referred to as the companion hadron and is assumed

to not interact with the m; o system.
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M m2 M mz
me m,
Non-Resonant Decay Resonant Decay

Figure 2.8: Representation of a non-resonant and a resonant tree-body decay.

All the information about the dynamics of the decay is given by the
differential decay rate, that is defined by [14]

dl = (271T)3321M,)|A]2d512d313. (2-24)
In Eq. 2-24, |A|? is the square modulus of the decay amplitude and contains
all the decay dynamics information. If this quantity is constant, the events will
uniformly populate the allowed region of the DP. In this sense, a non-uniformity
in the plot provides visually apparent information of the dynamics, for example
in the case of DT — 7 7" K™, bands are seen when my. = mg=(sg2) and
Mrr = My(770), reflecting the appearance of the decay chains Dt — K*(892)7™"
and Dt — p(770) K™, respectively.
The simplest and most common approach to characterize the contribu-
tion of these structures is the Isobar model, in which the total amplitude is
described as a coherent sum of all resonant amplitudes [4], as well as a contri-

bution of non-resonant amplitudes (NR),

Arotar = anpe® " + 3 a;e” 4 (2-25)

where here aype® % describes the NR contribution, and this amplitude is
assumed to be constant for D decays. The summation part ¢ accounts for
all possible resonant amplitudes that could be produced and the a; and ¢;
are, respectively, the magnitude and the complex phase associated with each
resonant contribution, and where the complex phases incorporate both strong
and weak phases effects. This model assumes a quasi-two-body approximation
(241) where the companion hadron is not a product of the resonance and its
interaction with the other two mesons is neglected.

Within the Isobar model, the general form of the individual amplitudes

is,

AR = JFPJFR X JMR X BWR (2—26)
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where J is the spin of the resonance; 7Fjy p are the Blatt-Weisskopf
damping factors [28] and account for the P and R finite sizes; 'Mp =
(=2|px||ps])? Pr(cos 6.7 is the angular factor to ensure angular momentum
conservation, where Pj, is the Legendre polynomial, described by the Zemach
formalism [29]. And finally, BWy is usually a relativistic Breit-Wigner propa-
gator given by,
1

m% — si; — impl'r(s:;)
These 2-body resonances appear on the DP as a band corresponding to

BWpy = (2-27)

the pair of particles that forms the resonance and, from the angular factor,
resonances with different spins have different signatures across the DP. Some

examples can be seen on Fig. 2.9
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Figure 2.9: Example Dalitz plots for a decay M — m,mym,. with (a) phase-
space decay, (b-d) one scalar resonance appearing in various decay channels,
(e, f) vector and tensor resonances. Adapted from [30].

CP violation may arise from the interference between decays through dif-
ferent resonances, potentially introducing differences in the sign and magnitude
of the CPV across the DP. Experimentally, this can be measured by compar-
ing the yields of the particle and antiparticle decays through the so-called raw

asymmetry,

_ NP = f) = N(

==

.
- (2-28)

~l ™~
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which also induces effects caused by production mechanisms for particle and
antiparticle, and charge detection asymmetries. These effects, if there, need to
be quantified or subtracted in order to have acces to Acp.

As already mentioned, 3-body decays are usually dominated by resonant
structures and the distribution of events across the DP is the result of the
superposition of the different amplitudes, and the interference patterns depend
directly on the strong and weak phases involved. Such a rich dynamics allows
for the strong phase to be originated from different sources, enabling localised
CP asymmetries to be stronger than phase space integrated ones, and even to
change sign [4]. In contrast, a two-body decay does not have a phase space since
the daughters momentum is well known and the only possible observable to
search for CP violation is the comparison between the total number of events
for particle and antiparticle decays.

One possible approach for the search for localised CP effects is to separate
the DP for particle (D) and antiparticle (D~) and divide these DPs into small
regions, called bins. Then, a direct comparison is performed between the pairs
of DPs bins to search for significant differences in the distribution of events for
particle and antiparticle. This strategy makes it also possible to pin down the
regions of the phase space where the CP violation is manifested. Although the
SM predicted effect is small for Cabibbo suppressed charm decays, with enough
data it is possible to increase the sensitivity to it. In the cases of existing NP
effects, the sensitivity for it could also be enhanced in higher statistics. This
can be the case of the DCS decay channel DT — 7~ 7t K™, purpose of this

dissertation, for which no search for CPV has yet been carried out.



3
The LHCb Experiment

3.1
The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is a two-ring-superconducting-hadron
accelerator and collider installed in a 27 km tunnel between 45m and 170m
below the surface, localised at CERN (the European Organization for Nuclear
Research) in the border of Switzerland and France. The tunnel was originally
built for LEP (Large Electron-Positron Collider), between 1984 and 1989, and
the existing civil engineering structures were fully used, in addition to some
required modifications. The LHC is linked to the CERN accelerator complex,
that acts as an injector, by two transfer channels of approximately 2.5 km
length each [31]. The accelerator complex is shown in Fig. 3.1. One of the
main goals of this huge machine is to answer fundamental questions of Physics,
regarding the interactions and structure of the elementary particles, within an
attempt to recreate the primordial Universe conditions. Also, it is proposed to
validate the SM of Particle Physics as well as search for NP beyond it.

The accelerator was originally designed for proton-proton (pp) collisions
with a centre-of-mass energy of 14 TeV and a luminosity of 103 cm=2s71,

and could also be used to collide heavy (Pb) ions with an energy of 2.8 TeV
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Figure 3.1: CERN accelerator complex [32]
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per nucleon and a peak luminosity of 10*” cm™2s~! [31]. The luminosity L
relates number of events per second generated in the accelerator, N, and the
cross-section for the event under study, o, by N = Lo. The protons are
extracted from a hydrogen gas by ionisation with an electric field and led
to the accelerator chain using electromagnetic fields. First, these protons are
taken to 50 MeV of energy in a linear accelerator, the Linac2, and then the
beam proceeds to a series of synchrotron accelerators. The first is the Proton
Synchrotron Booster (PSB) where the protons are accelerated to 1.4 GeV, then
on the Proton Synchrotron (PS) they go up to 25 GeV and finally the Super
Proton Synchrotron (SPS) where the beam reaches 450 GeV. After this, the
proton beam is injected in the LHC and separated in two beam pipes that go
on different directions and are accelerated to their maximum energy, currently
6.8 TeV. The two beams are brought into collision in four distinct places, that
are the four main experiments of LHC: ATLAS, CMS, ALICE and LHCb.

ATLAS (A Toroidal LHC ApparatuS) is a general-purpose detector de-
signed to exploit a large range of physics phenomena pushing the full discovery
potential of the LHC, and it is the biggest of the four main experiments. To-
gether with the CMS, ATLAS is responsible for the measurement of the Higgs
boson in 2012. The detector tracks and identifies particles to investigate a large
range of physics, from the study of the Higgs boson and top quark to the search
for extra dimensions and particles that could make up dark matter, as well as
precision measurements of the SM [33].

CMS (Compact Muon Solenoid) is also a general purpose experiment,
but more compact. Although the main goals of the detector are essentially
the same of ATLAS, it uses different techniques and technologies, and also a
different type of magnet-system design [34].

ALICE (A Large Ion Collider Experiment) is an experiment dedicated
to study heavy ion physics, focused on the strong interactions of matter on a
quark-gluon-plasma state, that forms at extreme energy densities. And also,
to better understand the phenomena of confinement and chiral-symmetry
restoration [35].

The LHCDb (Large Hadron Collider beauty) experiment is dedicated to
study the asymmetry between matter and antimatter, searching for CPV
effects on decays involving quarks b and c, as well as studying rare decays
and spectroscopy. It is an arm forward detector, differently from ATLAS and
CMS, that uses a series of sub-detectors to track mainly forward particles [36].

The LHC has finalised two accelerator runs, the Run 1 in 2011-2012, and
the Run 2 from 2015-2018. The LHC Run 3 has started in 2022 breaking a

new energy world record of 13.6 TeV in its first stable-beam collisions and is
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scheduled to last until the end of 2025. A long shutdown period is experienced

between the runs in order to do the maintenance and upgrade of the detectors.

3.2
The LHCb detector

The LHCDb detector, presented in Fig 3.2, is a single-arm forward spec-
trometer that covers the pseudorapidity range 2 < n < 5 (where n = —In[tan g]
and 6 is the angle with respect to the beam axis), in the aim to optimise the
quantity of particles reconstructed in this angular acceptance and based on

the bb production angles at the LHC beam energy, as schematised in Fig 3.3.
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Figure 4.2: The LHCb detector 3D layout, including all its subdetectors.

Figure 3.2: LHCD detector 3D illustration [37].
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Figure 3.3: Distribution of bb production as a function of the angle with respect
to the beam axis (left) and as a function of the pseudorapidity (right) at
/s = 14 TeV, created using PYTHIAS and CTEQ6 NLO considering all the
five flavours (u, d, s, ¢, b) in the PDFs and including the processess, weighted
according to their cross-sections, ¢§ — bb, gg — bb, q§ — bbg (where q # b),
bb — bbg and gg — bbg [38].
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The LHCD is specially designed to study heavy flavour physics, i.e.
physics of the b (and ¢) quark and perform various precision measurements,
CP violation searches, angular observable of the CKM matrix and the study
rare decays. Furthermore, it is also adequate to searches for NP beyond SM
and other exotic effects.

To study heavy hadrons decays, it is important to measure with high
precision the point where the particle is created (the so-called primary vertex,
PV) and the point where it decays (the so-called secondary vertex, SV) in
order to calculate the lifetime of the particle and other topological quantities,
as well as obtaining a first identification of the decays based on the lifetimes.
At the same time, it is crucial to have a good particle identification system to
properly identify and separate the decays.

To perform this measurements, the machine is composed of many subde-
tectors that include a high-precision tracking system comprising a silicon-strip
vertex detector circling the collision point, the Vertex-Locator (VELO); a large-
area silicon-strip detector, the Trigger Tracker (TT), that is located upstream
a dipole magnet (with bending power of approximately 4 Tm and responsi-
ble for deflecting the trajectory of charged particles), and three stations of
silicon-strip detectors and straw drift tubes, T1, T2, T3 located downstream
the magnet. The ring-imaging Cherenkov detectors, RICH1 and RICH2, pro-
vide information on particle identification to distinguish charged hadrons and
the calorimeters (ECAL, HCAL, SPD/PS) are responsible to measure the en-
ergy and position of the particles, also assisting on the identification process
of electrons, hadrons and photons. Finally, the muon stations (M1-M5) are
responsible for identifying the muons. The detector components are illustrated
in Fig. 3.4.

BGAL HEAL M4 M5

Magnet

Figure 3.4: llustration of LHCb detector components [36].
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3.2.1
The tracking system

3.2.1.1
VELO

The VELO [39] is a silicon microstrip detector positioned around the
pp interaction point and provides precise measurements of track coordinates
in order to identify the PV and SV, which are distinctive features of b- and
c-hadron decays. It consists of 42 silicon modules arranged along the beam
axis, each providing a measure of the r and ¢ coordinates, being 21 modules
in each side of the semi-circumference that surrounds the beam. An schematic
representation can be seen in Fig. 3.5. The sensors are positioned only 7mm
from the LHC beams, with a few centimetres space between each module in
the z axis to ensure that each track produced within the 300 mrad LHCDb
acceptance interacts with at least four VELO stations. The VELO sensors are
retractable and remain open while the LHC beams are circulating but closes

very near the interaction point for the collisions.
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Figure 3.5: Schematic representation of the VELO detector and cross section.
The z direction is defined along the beam axis into the detector, y is vertical
and x is horizontal [36].

3.2.1.2
The Magnet

The magnet is responsible for bending the trajectory of charged particles

to extract information about their momenta [40]. It was designed with saddle-
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shaped coils in a window-frame yoke with sloping poles in order to match
the required detector acceptance and generates a magnetic field of 4 Tm
for tracks of 10m length in the y direction [36]. To reduce asymmetries
originating from overall detector efficiencies, systematic errors and nuisance
charge asymmetries, the LHCb inverts the polarity of the magnetic field. In
this way, the data is taking with the direction of the field pointing either up
or down, and this configurations receive the names MagUp and MagDown. An

illustration of the magnet is presented in Fig. 3.6.

B0

Figure 3.6: Illustration of LHCb magnet dipole [36]

3.2.1.3
Tracking stations

The TT is located upstream of the magnets and provides information
about tracks with low momentum. It is composed of four layers of silicon
microstrip sensors, with the two inner layers having rotations of —5° and
+5° relative to the first and last vertically oriented layers to achieve better
resolution. This arrangement is shown in Fig. 3.7. The T'T covers the whole
angular acceptance of LHCDb and is localised between RICH1 and the Magneto.

Each silicon strip has a resolution of 200um.
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Figure 3.7: Schematic view of the four layers of the Trigger Tracker stations
[41].

The other tracking stations, T1-T3, are divided into two regions: the
Inner Tracker (IT) and the Outer Tracker (OT). The I'T’s are located near the
beam pipe, positioned in the centre of the tracking stations and consist of four
boxes, having each box the same four silicon strip layers configuration as the
TT [42]. On the other hand, the OT is located in the outer region and are

arranged into two staggered layers of straw tubes drift chambers [43]. This is

illustrated in Fig. 3.8.
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Figure 3.8: Schematic representation of the top view of a tracking station (left)
with dimensions along the beam axis given in cm [42] and illustration of the
trajectory stations (right) with the IT (purple) and the OT (blue) [41].
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3.2.2
Ring-Imaging Cherenkov System - RICH

As already emphasised, particle identification (PID) has a crucial role
on LHCD operations, whether it is to distinguish between decays with similar
topology, reduce background levels coming from random combination of tracks,
separate hadronic decays from leptonic ones and mainly to distinguish between
pions and kaons which is fundamental to study beauty and charm hadrons.
For this purpose, the RICH detectors are used. At large polar angles the
momentum spectrum is softer while at small polar angles the momentum
spectrum is harder, thus, in order to cover the full momentum range the PID
system consists of two RICH detectors, RICH1 and RICH2.

These detectors utilise the Cherenkov effect, that occurs when a charged
particle cross a dielectric medium with a velocity greater than the phase
velocity of light in that medium causing a momentary polarisation and, as
the medium relaxes back to the ground state, it emits photons (radiation).
These photons form a cone with an angle 6. with respect to the trajectory

given by:

1 1 vVp2c2 + m2ct
cosf, = — = vpetme (3-1)
nB n pc
where n is the refractive index of the material, 5 is the ratio between the

particle’s velocity and the speed of light (c¢), m is the particle’s rest mass and
p is the particle’s momentum.

The combination of the momentum reconstructed by the tracking system
with the Cherenkov angle, which provides information on the particle velocity,
can then be used to discriminate particles of different masses and relate a
probability for PID. In both RICH detectors the focusing of the Cherenkov
light is obtained by a combination of spherical and flat mirrors to reflect
the image out of the spectrometer acceptance [36]. The relation between the

Cherenkov angle and the particle momentum can be seen in Fig. 3.9.
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Figure 3.9: Cherenkov angle versus particle momentum for the RICH detectors
[36].
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The RICHT1 is the upstream detector, located between the VELO and the
TT, and is responsible for the particles in the low momentum range (~ 1 — 60
GeV) using aerogel CyFy, radiators. It has a wide acceptance covering the
full LHCDb acceptance from +25 mrad to £300 mrad (horizontal) and +250
mrad (vertical). The RICH2 uses a C'Fy radiator and is located downstream,
between the T3 and the muon stations. It covers a limited angular acceptance
of ~ £15 mrad to £120 mrad (horizontal) and +100 mrad (vertical) to focus on
the region where the high momentum particles (from ~ 15 GeV up to beyond
100 GeV) are produced. An schematic representation of the RICH detectors

can be seen in Fig. 3.10.
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Figure 3.10: Side view of the schematic layout of RICH1 (left) and top view of
the schematic of RICH2 [36].

3.2.3
Calorimeters

The LHCb calorimeter system is composed by the electromagnetic
(ECAL) and hadronic (HCAL) calorimeters, the Scintilator Pad Detector
(SPD) and the PreShower (PS) and is responsible to measure the transverse en-
ergy Er and position of the particles that produce electromagnetic or hadronic
showers. This information is the basis of the Level 0 trigger and, therefore, has
to be provided with sufficient selectivity and in a very short time. This system
helps on the identification of electrons, photons and hadrons although the most
demanding identification is of the electrons [44].

The ECAL and HCAL are made with plates of 2 mm lead and 16 mm iron
absorber material, respectively, alternating with 4mm scintillating plates. An
incident particle produces new particles with lower energy creating a shower

after travelling a certain distance inside a dense material. These new particles
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pass then through the scintillators producing photons that are collected by
the Photo-Multiplier Tubes (PMT) and the number of photons detected is
proportional to the energy of the incident particle. An illustration of the signal

deposited in different parts of the detector is shown in Fig. 3.11.
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Figure 3.11: Signal deposited on all the parts of the calorimeter by an electron,
a hadron, and a photon [45].

The ECAL purpose is to measure the energy of electrons and photons
and to reconstruct 0. It has an energy resolution of o/E = 10%VE®1%. On
the other hand, the HCAL measures the energy of protons, neutrons, pions and
kaons and has an energy resolution of oz/E = 80%vE ® 10%. The SPD and
PS participate in this process by contributing in the rejection of particles. The
SPD rejects electrons with high transverse momentum in neutral pion decay
and discriminates electrons and photons showers while the PS is responsible for
the rejection of the background of charged pions. The detectors are illustrated
in Fig. 3.12.
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Figure 3.12: [llustration of the SPD/PS and ECAL detectors (left) and HCAL
(rigth). One quarter of the detector front face is shown [44].

3.2.4
Muon stations

Muons are present in the final state on interesting b- and c-hadron decays
at the LHCD detector and thus, muon triggering and offline muon identification
is fundamental for the LHCD analysis. The muons from semi-leptonic b decays
play an important role in CP asymmetry and oscillation measurements by
tagging the initial state flavour of the accompanying neutral B mesons and
these decays can also be sensitivity to NP beyond the SM [36].
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The LHCb muon system is composed of 5 stations (M1-M5) covering
an area of 435 m?, the layout is shown in Fig. 3.13. Each Muon station is
divided into four regions, R1-R4, that increase distance from the beam axis.
M1 is used to improve the pr measurement in the trigger and for this it is
placed in front of the calorimeters. The other stations (M2-M5) are located
downstream the calorimeters and are intercalated with 80 cm iron filter to
select penetrating muons and avoid background from hadrons. The stations
M1-M3 have high spatial resolution on the bending plane and are used to define
the track direction and also to calculate the py of the muon candidate with a
resolution of 20%. Stations M4 and M5, on the other hand, have limited spatial
resolution and are mainly used for identification of penetrating particles. This
is the last piece of the LHCb detector and should, ideally, be crossed only by

muons, which are long-lived quasi-stable particles.
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Figure 3.13: Schematic representation of the muon system side-view [36].

With exception of only M1, that uses Gas Electron Multiplier (GEM)
detectors, all the other stations are constructed with Multi Wire Proportional
Chamber (MWPC) technology. The MWPCs use a gas mixture of Ar, CO, and
C'Fy and the chambers produce an electron shower when a muon passes. These
electrons are directed to the anode while the ions are taken to the cathode
and produce an electrical signal. The GEMs are made of a mixture of Ar,
COy and CFy and three metal layers intercalated between the anode and the
cathode plates and with a high density of holes in order to collect the ionising
electrons. In this way, the trajectory of the muon trespassing the system can

be determined.



Chapter 3. The LHCb Experiment 46

3.2.5
The trigger system

The LHCDb experiment operates at an average luminosity of 2 x 103
em 2571, which is much lower than the maximum design luminosity of LHC
(1 x 10** em™2s7'), in order to limit the number of interactions per beam
crossing, allowing then the reconstruction of the PV and SV and also reducing
the radiation damage to the detectors. Due to the LHC bunch structure and low
luminosity, the crossing frequency with interactions visible by the spectrometer
is about 40 MHz and since this rate cannot be all storage, the trigger system

is responsible for reducing it to a few kHz. This reduction is performed in two
trigger levels: Level-0 (LO) and High Level Trigger (HLT) [34].

3.2.5.1
Level-0 trigger

The first level of trigger is responsible for reducing the LHC beam
crossing rate of 40 MHz to the rate of 1 MHz, which can then be read
out by the entire detector. It is implemented using custom made electronics
and operates synchronously with the 40 MHz bunch crossing frequency. By
combining information of hadrons, electrons and photons with high FEr in the
calorimeters, high pr muons in the muon chambers and number of primary pp
interactions from the VELO in each bunch crossing, the L0 is able to select
the events that are going to be triggered for posterior analysis. This decision
is processed by the L0 decision unit (LODU).

The events that fire the trigger can be classified according to the presence
or not of a signal candidate. If the trigger is fired by the signal candidate track
itself, it is classified as Triggered on Signal (TOS), otherwise if it was triggered
by some other effect in this event, it is classified as Triggered Independent of

Signal (T1IS).

3.2.5.2
High level trigger

Differently from the LO, the HLT trigger is executed asynchronously on
a processor farm by commercially available equipment. After passing through
the L0, to reduce the event rate from 1 MHz down to 2 kHz the HLT uses
the full event data to make the selection. This trigger level is divided in two
stages, HLT1 and HLT2. The TOS and TIS classification are also applied in
this level.

The purpose of HLT1 is to reduce the data rate to ~ 30 KHz by applying

some requirements. It performs the partial reconstruction of the event by
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using information from VELO, the T-stations and the muon chambers. This
reduction is necessary for the HLT2 to perform the full patter recognition on
the remaining events. At the HLT?2 stage, the full event reconstruction is done
and the data rate is reduced to only few kHz. Here, two types of trigger lines
are introduced, exclusive and inclusive. The exclusive lines are optimised for
each decay while for the inclusive lines only generic topological requirements

are imposed. The trigger process is illustrated in Fig.
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Figure 3.14: Overview of the LHCb trigger system [46].

Software trigger

3.3
The LHCb Upgrade |

The LHCb was primarily designed for precision measurements in heavy-
flavour physics and to search for new physics through studies of CP-violation.
However, the experiment has demonstrated excellent capabilities in handling
other domains, like electroweak measurements, heavy ion and fixed target
physics, and is moving towards becoming a general purpose experiment cover-
ing the forward region. To allow for this wider physics program, during CERN’s
Long Shutdown 2 (L.S2) the experiment infrastructure passed through its major
upgrade in both hardware and software level [47]. The layout of the upgraded
LHCb detector is presented in Fig. 3.15.
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Figure 3.15: Side view of the layout of the upgraded LHCDb detector [47].

The VELO detector was almost completely replaced by the VELOPIX
chips. This upgraded detector is a hybrid silicon pixel detector capable of
collecting signal hits from 256 x 256 pixels. It is also closer to the beam axis, 5.1
mm as opposed to the previous 8.4 mm, and offers an improved hit resolution
and simpler tracker reconstruction. The detector is arranged into 52 modules
that brings together the silicon detectors, their cooling, powering, readout and
mechanical supporting into a single repeating unit.

The RICH1 and RICH2 have both been refurbished to cover up the
more challenging data-taking of the LHC Run 3. The photon detection system
has been redesigned with two types of 64-channel multi-anode photomultiplier
tubes being used to select and delete single photons at the same time they
provide excellent spatial resolution and low background noise. Also, the optical
system of RICH1 was redesigned to spread the Cherenkov rings over a large
surface, reducing then the number of photons in the hottest region.

The TT was replaced by a new upstream tracker (UT) that uses in-
novative silicon-microstrip sensors. It is composed of four planes of silicon-
microstrip detectors mounted on both sides of a vertical structure called stave.
As for the T-stations (T1-T3), they were replaced by a new type of station
based on scintillating fibres (SciFi) with silicon photomultiplier (SiPM) read
out.

At the software level, the LHCD trigger system has experienced a radical
change targeting a software-only trigger system. The whole detector will now

read at the full rate of 40 MHz and the new trigger system was designed
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to perform real-time analysis, allowing the event selection to be done in a
more precise and flexible way by the software. This new two stage system is
composed on a first stage by a inclusive high level trigger 1, HLT1, and on a
second stage by HLT2. A summary of the LHCb Upgrade I is presented in Fig.
3.16.
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Mew high granularity silicon Three new scintillating fibre tracker All frant-end electronics {i.e. those
micrastrip upstraam tracker (UT). [Sci-Fil stations. connected directly to the detectors)

have bean modified.

Figure 3.16: LHCb Upgrade I summary [48].



4
Data Sample

This chapter describes the data selection procedure performed to obtain
the final data sample of D¥ — 7 7TK*' used in this work. From now
on, the particles ordering will be defined as Dt — 7= (1)7"(2)K*(3). The
selection process can be divided into two steps: online and offline. The former
is performed by the trigger systems (L0, HLT1 and HLT2) during the data
taking at hardware and software levels. After the trigger, the data sample is
ready to be analysed and, then, an offline selection is performed in order to

remove events that are not of our interest, the so-called background events.

4.1
Selection variables

In order to select the decays of interest, reconstructed information is
used to set up the selection criteria. The variables used are mainly based on
topological characteristics of the decay and on particle identification, and are
associated to physical quantities that are good discriminators such that it is
possible to distinguish between signal and background. In this section, the
relevant variables for this analysis are defined.

The topology of a 3-body decay is shown in Fig. 4.1, with: the primary
vertex (PV), where the D meson is produced; the secondary vertex (SV), where
it decays; the distance between these two points, the so-called flight distance
(FD); and the impact parameter (IP), that is the minimum distance of a
particle’s trajectory to the PV. Along with these quantities, other important
discriminatory information can be obtained from: the Y?p, defined as the
difference in the vertex-fit y? of a given PV reconstructed with and without
the particle being considered; the x%p, defined as the square of FD over the
square of its uncertainty; the momentum (p) and the transverse momentum
(pr), that is the direction perpendicular to the beam axis; the angle (DIRA)
between the reconstructed D candidate momentum of the particle and the flight
direction; the lifetime (7) of the particle; the pseudorapidity 7 = — In[tan £],

that describes the angle of the particle relative to the beam axis; the Pointing =
psin 6

psin 9-1—2? pT;

direction to reconstructed final state particle’s transverse momenta, where @ is

, that is a comparison of D™ momentum perpendicular to the flight

the angle between Dt momentum and the flight direction; and the 7= 7" K™

invariant mass combination (M).
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Figure 4.1: Tllustration of a DT — h~hTh™ decay at LHCb. Courtesy of my
dear friend Felipe Almeida.

The particle identification (PID) criteria comes from the RICH detectors
and are used to distinguish between protons, kaons and pions. These variables
can be either PIDK, that is the delta-log-likelihood of being a kaon with respect
to the pion hypothesis; or can be ProbNNk/ProbNNpi, which are outputs of
multivariate techniques that result in a single probability for the given particle
hypothesis of being a kaon/pion, which is created combining tracking and PID
information. On the other hand, photons, electrons and other hadrons are
identified by a calorimeter system consisting of scintillating-pad (SPD), being
the number of SPD hits (nSPDHits) another selection criteria.

4.2
Data Set

The analysis is performed using the data samples from proton-proton
(pp) collisions with a centre-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 5.6 fb=! collected by the LHCb detector from 2016 to
2018.

These samples come directly from the exclusive HLT2 Turbo line
H1t2CharmHadDpToKpPimPip, that selects the DT — #~x" KT candidates
which require them to be TOS on the HLT1 Track Lines H1t1TrackMVA and
H1t1TwoTrackMVA. The selection criteria are shown in Table 4.1'. The can-
didates are required to be of TIS at LO. This requirements are necessary to
ensure a good control of the online selection and in order for the events to

represent inelastic collisions.

INatural units, A = ¢ = 1, are used throughout this work.
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‘ Variables ‘ cuts ‘

’ Daughter requirements ‘

Track x?/ndf <3.0
pr [MeV] =250
p (PV) >4.0
PIDK (pions) <5
PIDK (kaons) >5
] Combination cuts
Mass [MeV] 1779-1959
S pr [MeV] >3000
pr (2 of 3 tracks) [MeV] >400
pr (1 of 3 tracks) [MeV] >1000
X3p (2 of 3 tracks) >10
X3p (1 of 3 tracks) >50
| Mother cuts
Track vertex x?/DOF <6
lifetime [ps] >0.4
acos(DIRA) [mrad] <10
Mass [MeV] 1789-1949
| TisTosSpec | HLT1.*Track.*Decision % TOS |

Table 4.1: HLT?2 selection criteria.

4.3
Monte Carlo simulated samples

Full LHCb simulations of the signal channel Dt — 7= 7t K were used
as a proxy for signal events in the multivariate analysis, and were also used
to determine the parameters of the signal PDFs for the data mass spectrum
fit, as it will be discussed in Section 4.4.3 and Section 4.5.2, respectively.
Besides that, these samples are also used in the CP violation studies to test for
nuisance charge asymmetries. This data is simulated with the Gauss framework
[49] using specialised programs. The first step is the generation of events
using Pythia 8 [50] to reproduce generic pp collisions at 13 TeV with the
same configuration and operating conditions of the LHCb detectors. These
simulations start from the hard process using parton distribution functions
that describes the relative composition of the protons as a function of the
momentum of incoming protons to the outgoing partons that will produce
showers due to QCD confinement. Then, using EvtGen [51], the hadron decay is
introduced and these generated events pass to the GEANT4 [52, 53] simulating
detector to reproduce the propagation and interaction of the particles with
the detector material. To reconstruct the events, the Moore package is used to
simulate the trigger stages (LO and HLT).
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In order to generate large MC samples, configuration files with generator
level cuts, presented in Table 4.2, are provided and HLT2 filter are use, with
the trigger lines of the signal channel H1t2CharmHadDpToKpPimPip. These MC
samples were generated with resonant structures based on results of previous

analysis [26], which included K*°(892), p°(770), K*(1410), K*°(1430) and
f0(980).

Variable Cut

each daughter p > | 2.0 GeV
each daughter pr > | 0.25 GeV
Dt p> 14.0 GeV
Dt pr > 2.1 GeV

Table 4.2: Cuts applied at generator level.

4.4
Offline selection of Dt — 77t K+

An offline selection with loose requirements was applied on top of the
trigger ones to produce the samples for the analysis. Such requirements can be

seen in Table 4.3.

nSPDHits <1000
L5 <7daughters <5
Pdaughters <100 GeV
Xip <12
D7: 1805 <M <1935 MeV

Table 4.3: Additional pre-selection requirements.

The mass distribution of 7~ 7t K the whole data sample after these pre-
selection requirements is shown in Fig. 4.2, and the total number of events is

given in Table 4.4, separated by year and magnet polarity.
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Figure 4.2: D" — 7~ 7" K mass distribution.

Year  Polarity  N. of candidates (x107)

MagUp 9.4
2016
MagDown 9.2
MagU 8.3
2017 oP
MagDown 8.6
MagU 10.1
2018 0P
MagDown 9.3
Total 55.2

Table 4.4: Number of DT — 7~ KT candidates after the selection.

As can been seen from the mass distribution, this data sample has a
significant level of background contamination that needs to be further reduced
before the analysis, since it can either introduce nuisance charge asymmetries
or dilute potential CP violation signals. The strategy used to treat the
background include requirements applied on some discriminatory variables to
reduce specific backgrounds, such as cross-feed from other channels. After these
requirements were applied, in order to reduce some remaining contamination
and to reduce the combinatorial background level, another study is performed
using maximization of signal significance to define the selection requirement.
Finally, to improve the signal significance and the purity of the data sample, a
multi-variate analysis was applied using machine learning techniques to reduce

even more the combinatorial background.
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4.4.1
Charm background

The specific background contamination comes from the cross-feed from
other decay channels due to a mis-identification (mis-ID) of a daughter particle.
The main sources of background for the Dt — 7= 7t K™ decay are the fully
reconstructed decays Df — K- K*nt, D* — K ntn*, At — 7 7np and
Dt — KYK*, where the K? decays to 7~ 7. The Df — K~ K*n* decay is
the dominant contamination and appears from the K being mis-identified as
a pion. This contamination is visible at the left mass sideband in Fig. 4.2, the
background level on this side being more accentuated than that on the right
side. Now, for the DT — K~ w7t cross-fed there is a double K —7 mis-ID, and
although this contamination is slightly present on the right sideband, it spreads
over the whole mass spectrum. These two backgrounds can be significantly
suppressed by specific PID requirements.

To reduce the Df — K~K*tnt and D* — K 7ntnt contamination,
both pl PIDK and pl ProbNNk variables were tested for particle 1 with
different cut values applied in the invariant mass spectrum, where the events
were reconstructed assigning a kaon or a pion mass to a daughter in order
to match the the decay being studied. It was also compared the effectiveness
between the pl PIDK and the pl ProbNNk requirements. The results for
both requirements can be seen in Figs. 4.3 and 4.4 and the efficiency associated
to each requirement can be seen in Fig. 4.5. The efficiency is calculated as
the ratio between the number of signal candidates after the requirement was
applied and the number of signal candidates before any requirement. From the
invariant mass plots it can be seen that both contamination are reduced to
a small level with pl_ProbNNk < 0.02 and this requirement shows a better
efficiency if compared with the p1_PIDK.
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Figure 4.3: Three-body invariant mass reconstructed by assigning a kaon

mass to particle 1 (77), for multiple values of pl_PIDK and pl_ProbNNk
requirements.
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Figure 4.4: Three-body invariant mass reconstructed by assigning a kaon mass
to the particle 1 (77) and a pion mass to particle 3 (K ), for multiple values
of p1_PIDK and pl ProbNNk requirements.
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Figure 4.5: Signal efficiency associated to each value of pl_ PIDK and
pl_ProbNNk requirements.

After analysing particle 1 and applying the requirement p1_ ProbNNk <
0.02, the approach was to maximise the significance for particle 3 in order
to reduce some remaining contamination from other charm decays, again

comparing PIDK versus ProbNNk, where

Significance = 5 (4-1)

VS+ B’

and S and B are the estimated number of signal and background candidates
with a 40 MeV mass window for the signal region and 20 MeV for each side
band as shown in Table 4.5. The value of S is obtained by sideband subtraction,

assuming a linear background distribution over the mass spectrum.

Signal region 1850 - 1890 MeV
Left wing 1810 - 1830 MeV
Right wing 1910 - 1930 MeV

Table 4.5: DT — 7~ 7t K" signal and background mass windows.

The maximisation of significance shows no peak for p3_ PIDK, while for
for p3_ ProbNNk it is on p3_ ProbNNk > 0.64 as can be seen in Fig. 4.6.
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Figure 4.6: Significance calculated for different requirements of p3_ ProbNNk.

For the A} — 7~ 7tp contamination, although it is not easily visible on
the data mass distribution on a first look, the invariant mass reconstruction
with a proton assigned to particle 3 shows a prominent peak. For this
contamination, the ProbNNk requirements already applied reduce considerably
this cross-fed, being quite small in the signal region. For the D* — KKt
contamination it has the same final state as the main decay channel, not
constituting a mis-ID, and on the mass reconstruction for the 7~ 7" invariant
mass a peak for the K contribution can be seen. All the pre-selection
requirements already applied seems to reduce considerably this unwanted K?.
Both contamination contributions before and after the selection requirements

can be seen in Fig. 4.7.
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Figure 4.7: Invariant mass reconstruction assigning a proton mass to particle
3 (K™T) for the A7 — 7~ 7"p contamination (left) and the invariant mass for
the pair 7~7* for the DT — KK contamination (right).

Besides these important contaminations, another relevant contribution
for the background comes from the D° — 7= 7K™, where the 7° is replaced
by a random 7t that comes from PV. As can be seen in Fig. 4.8, a tight
requirement xip, > 30, to ensure this particle comes from a SV, is sufficient

to remove most of this contamination.
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Figure 4.8: Two-body invariant mass reconstructed for the pair ms; with
different values of xfp, requirements applied.

4.4.2
Monte Carlo simulated samples

All the selection criteria applied on the data sample were applied on
the MC samples, except the PID requirements. The PID criteria need to be
emulated using a data-driven method since the response of the RICH detector
is not well modelled and this could lead to inaccurate results. To obtain this, the
PIDCalib package [54], which is a set of tools used to calculate the efficiency
on the PID requirements, is used and PID selection criteria is derived from
calibration samples. The mass distribution after the data selection criteria
with the PID weight applied and the DP for the MC sample are presented in
Fig. 4.9.
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Figure 4.9: Mass distribution and Dalitz plot for the MC sample after the
selection criteria.

44.2.1
Reweight Procedure

The simulated sample is compared to the data to check for differences in

kinematics, as can be seen in Fig. 4.10 for the variables X%P, p and logIP. In
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order to overcome these differences, a kinematic weight, the "reweight", needs
to be performed and applied to match these distributions. This procedure is
carried out by using the GBReweighter, from hep_m1 library [55], on the same
variables used on the MVA. The training is performed using approximately 1M
events from the MC samples and 1M events from the sPlotted data to select
only signal candidates. The sPlot technique [56] is used to attribute weights to
the data sample in order to distinguish between signal and background events.

The result after the reweight process can be seen in Fig. 4.11.
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Figure 4.10: x{p p, logIP and p3_ P distributions for D* — 7~ 7+ K™ signal
decays before the reweight process.
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Figure 4.11: x{p p, logIP and p3_ P distributions for D* — 7~ 7+ K™ signal
decays after the reweight process.

443
Multi-variate analysis - MVA

After the selection process described previously, a multi-variate analysis
(MVA) that uses a neural network is applied to further reduce the combi-
natorial background and to improve the signal significance and purity of the
samples. The MVA analysis is based on classification learning between what
is signal and what is background and, during this stage, samples are provided
so the algorithm can train, evaluate and apply more precise and efficient re-

quirements to remove the background. The method chosen in this analysis is
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the Boosted Decision Tree (BDT) [57] technique. This technique consists of a
binary tree that takes a set of input features and splits input data recursively
based on those features and the boosting means that each tree is dependent
on prior trees and these trees are combined into a strong classifier. This binary
tree makes decisions one variable at a time in order to classify the input data.

Before the training and testing phase, the samples per each year were
divided into so-called A and B samples, being these samples filled with 50%
of the MagDown samples and 50% of the MagUp samples, as illustrated in
the diagram on Fig. 4.12. This process was executed in order to overcome
kinematic differences between the different years/polarities and it is executed

on both data sample and Monte Carlo simulated samples.

2016_Down 2016_Up
501&/ ko% 50% \io%
2016_A 2016_B 2016_A 2016_B

Figure 4.12: Schematic representation of the divisions of samples A and B.

For the training and testing phase, two sub-samples of 1 million candi-
dates from MC events were used as a proxy for signal and two sub-samples of 1
million candidates from the sidebands were used as proxy for the background.
Of these two 1M samples, one is used on the training stage and the other on
the test. In order to avoid bias, if the training is performed on an A sample,
the test needs to be done on a B sample and vice versa. Nine discriminatory
variables were used by the algorithm: IP,2, logIP, D, FD,., POINTING,
Vertex,2, DIRA, p and pr. The BDT response for the training and testing
samples of 2016 A can be seen in Fig. 4.13.
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Figure 4.13: BDT response for training and testing samples of 2016__A.
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The responses were then applied in the 2016-2018 A and B samples using
the 6-folded approach to avoid overtraining. By this method, for each of the six
samples it is evaluated the response of the other five and each process of this
produces a BDT classifier, creating a new selection variable called valBDT. The
final classifier, the valBDT _mean, is then the average of these five classifiers

produced. This technique is illustrated in Fig. 4.14.
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Figure 4.14: Schematic representation of the construction of the BDT classifier.

The requirement on the value of the valBDT mean classifier was de-
termined by looking at the significance, in Fig. 4.15, and was applied at
valBDT mean > 0.08.
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Figure 4.15: Significance for the valBDT mean requirement for all samples.

This concludes the offline selection applied on the data sample and the

requirements are summarised on Table 4.6.
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Requirements Dt - g ntK*
1805 < M < 1905 [MeV]
Xip <12
Pre-selection nSPDHits <1000

1.5 <77daughters <5
Pdaughters <100 GeV

ProbNNk; <0.02

PID
ProbNNk3 >0.64
Specific background IP,25 >30
BDT valBDT_mean >0.08

Table 4.6: Offline selection requirements summary.

The mass distribution after all the selection requirements is shown in
Fig. 4.16. After the selection process, a mass fit needs to be performed to
determine the number of signal events in the data sample. Some parameters
used on the fit to model the signal events were fixed to those from the MC

samples.
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Figure 4.16: D™ — 7~ 7t K+ mass distribution after all the selection require-
ments.

4.5
Mass spectrum fit and final samples

4.5.1
Monte Carlo simulated samples

After applying the selection criteria, the PIDCalib and reweight weights,

and the MVA | a mass fit was performed on the MC samples to obtain some



Chapter 4. Data Sample 63

parameters for the data sample mass fit. For the mass fit, the Roofit [5§]
package was used and for the signal probability density function (PDF) it was
used a Gaussian and two Crystal Balls (CB) [59],

Psignal<m) - fG X G(,ua UG) + (1 - fG)X

(4-2)
[fes X CBy(p, Riog, a1, N1) + (1 — fep) x CBa(p, Raog, aa, Ny

The CB consist of a Gaussian core portion and a power-law low-end tail,
below a certain threshold, and is used to account for the fact that the mass
distribution is not a perfect Gaussian. In that way, the CBs are used one for
each "tail" of the mass distribution. The results are presented in Table. 4.7 and
in Fig. 4.17.

Parameters Results
Ngig | 7258 030 £ 2 694
Signal components | fg 0.5433 £ 0.0057

fractions’ fes | 0.2080 £ 0.0094
Gaussian 0 1870.41 + 0.0036
parameters oG 5.5197 £+ 0.0165

Ry 1.6788 + 0.0202
Ry 1.6600 £+ 0.0045
Crystal Ball a1 0.6215 £ 0.0469
parameters Q9 -2.1692 + 0.0111
Ny 3.3250 £ 0.4600
Ny 2.9181 + 0.0602

Table 4.7: MC fit results.
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Figure 4.17: Monte Carlo fit using the PDF in Eq. 4-2.
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4.5.2
Mass fit and final sample statistics

After all the selection requirements, the final samples were fitted to obtain
their statistics and purity. As in the MC sample fit, the Roofit package was
used. For the signal PDF it was used a Gaussian and two CB, same expression
as presented in Eq. 4-2, with the CB parameters fixed from the MC sample.
The parameters were presented in Table 4.7. To model the background, a

third-order Bernstein polynomial was used as PDF,

3
3\ . .
Porg(m) = a; <Z,>mZ (1 —=m)*" (4-3)
i=0
The final PDF used for the fit, combining Eqs. 4-2 and 4-3, is then given
by Eq. 4-4,

P = NsigPsig + NokgPoig (4-4)
where Ny, and Ny, represent the number of signal events candidates and
background events candidates, respectively. The fit can be seen in Fig. 4.18
and the results in Table 4.8.
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Figure 4.18: Mass fit of D* — 7~ 7t K™ final sample..
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Parameters Result
1 1869.95 £ 0.0047
e 5.8195 + 0.0048
ao 1.1782 4+ 0.0028
aq 1.1388 4 0.0050
as 1.0041 4+ 0.0035

Table 4.8: Data sample fit results.

An effective sigma o,y can be calculated from the fit standard deviation

g,

Oery =/ faod + (1 = fo) fepodp, + (1= fo)(1 = fop)oty, (4-5)

and thus, from Eq. 4-5, the signal yields can obtained within a region of 20/
showed in Table 4.9

G 7.825 £ 0.006 [MeV]
Signal region 1854.3 - 1885.6 [MeV]
Purity 58.48 + 0.02 (%)

Table 4.9: Signal region obtained from the o.y;.

and the yields are presented in Table 4.10,

Full spectrum yields (x10°) Signal region yields (x10°)

Background Signal Background Signal
16.062 £ 0.006 | 6.351 £ 0.005 || 4.170 & 0.002 | 5.875 £ 0.005

Table 4.10: Signal and background yields obtained from the mass fit for
Dt - o atK+.

4.5.3
Dalitz plot

In the DT — 7 7" K" Dalitz Plot, as mentioned in Chapter 2, there
is a clear sign of the resonant contributions K*(892), on the mass m?2 ., and

p(770), on m?2_, as can be seen in Fig. 4.19.

i
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Figure 4.19: Dalitz plot of the final sample full mass spectrum (left) and 20.¢¢
signal region (right) of DT — 7 7" K.

The observation of the DP shows a beautiful pattern of interference
between these two resonant structures, which creates a region with a higher
density of events around s(7~K*) ~ 0.8 GeV? and s(7~7%) ~ 0.6 GeV?.
In addition, a closer analysis reveals other two regions where a slight linear
concentrations of events can be seen, indicating the presence of another
resonant structures. On the mass s(7~ K1) =~ 2.1 GeV, it may indicate
an interference between the decay chains K*(1410) and K*°(1430), and for
s(m~nt) ~ 0.98 GeV? the contribution of f,(980).

4.6
Control channel: D™ — K~ 77" selection

The decay DT — K~ ntn" is Cabibbo-favoured and, thus, has no CPV
effects predicted within the SM. Therefore, since it can not introduce asymme-
tries resulting from CP violation, this decay was chosen as a control channel
for this analysis in order to check for production and detection asymmetry ef-
fects, as discussed later in Chapter 5. The origin of the production asymmetry
comes from the fact the pp collisions are not charged symmetric which may
result in a particle production being favoured compared to its antiparticle, for
example the D~ (ed) is slightly more produced than the D¥(cd). On the other
hand, detection asymmetry is related to charge asymmetries introduced by the
detector.

The selection criteria used on the control channel are the same ones
adopted for the main channel. The D* — K~ 7" n* has its exclusive Turbo line,
H1t2CharmHadDpToKmPipPip, with the same HLT2 requirements as the main
channel, showed on Table 4.1. Due to large number of events in this channel,
the samples were divided into smaller samples, as showed in Table 4.11, with

trigger level requirements and the additional pre-selection requirements.
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Year Number of samples | Number of events per sample
Down 19 ~ 13M
2016
Up 19 ~ 13M
Down 19 ~ 13M
2017
Up 19 ~ 13M
Down 21 ~ 13M
2018
Up 21 ~ 13M

Table 4.11: D* — K~ n"n" subsamples created for each year/polarity.

These subsamples also went trough the specific requirements of Dt —
7-nt KT the offline selection, applying the PID requirement for the kaon
daughter of the main channel on the kaon daughter of the control channel,
and the PID requirement for particle 1 (77) of the main channel on par-
ticle 3 (7T) of the control channel. The requirement to remove the D° —
7~ 7" K Tcontribution was applied on the second daughter, the 7, as it was on

the main channel. These requirements are summarised on Table 4.12.

Requirements DT -7~ ()7t (2)KT(3) to DT — K~ (1)n+(2)7"(2)

ProbNNkj <0.02

PID
ProbNNk; >0.64

Specific background Xipo >30

Table 4.12: Offline selection requirements applied on DT — K- 7t7t sum-
mary.

To be consistent with the main channel analysis, the subsamples were
also divided into A and B samples and the MVA response obtained on the
main channel was evaluated on them, again using the 6-folded method. After
the MVA application, the BDT requirement valBDT mean > 0.08 was also
applied on the control channel samples.

After this selection process, the yields for the control channel are pre-
sented in Table 4.13 for the full mass spectra and for the signal region, defined
on the same mass window as in Table 4.5. The yields are approximately five
times higher the main channel yields. The invariant mass distribution after the

selection process can be seen in Fig. 4.20.
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Figure 4.20: Invariant mass distribution of the samples: 2016 (top left), 2017
(top right) and 2018 (bottom) for the decay DT — 77t K.

Year Full spectrum (x107) | Signal region (x107)
A 1.798 1.732
2016 B 1.798 1.732
Total 3.596 3.464
A 1.807 1.743
2017 B 1.807 1.743
Total 3.614 3.486
A 1.925 1.858
2018 B 1.925 1.858
Total 3.850 3.716
Total 11.6 10.6

Table 4.13: D™ — K~ 7nt7™" final statistics for the full mass spectrum and the
signal region after the selection process.
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Search for local CPV in the D™ — 77" K+ phase space

5.1
Analysis strategy

One approach to search for CP violation effects across the Dt —
7 nt KT phase space is the Mirandizing method [60, 61], which consists of
a statistical comparison between the DP of particle and antiparticle. This
technique does not depend on the amplitude parameterisation of the decay’s
DP, i.e. it is model independent, and it is a simple and fast tool to search for
local CP violation effects.

The method consists in dividing the DP into sections called bins and a
significance of the difference between D' and D~ candidates is computed bin

per bin,
NY(D") —aN'(D") Niot (D7)
5 5 , = 7Ntot(D—) (5_1>
\/ o (Rgps) + o))
where N‘(D¥) is the observed number of decays in the i* bin of the DP,

Niot(p*) 1s the sum over all bins and 512vi( p+) is are uncertainties. The factor

-
Sep =

« is introduced to account for global asymmetry effects, like production
asymmetry originated from the parent meson, that can lead to an overall
charge asymmetry, or charge detection asymmetries. This effect most of the
times is expected to be constant over the DP. Unfortunately, at the same time
the o may also removes global CP asymmetries. Nevertheless, the technique
is confirmed to be sensitive to the presence of local effects. The other terms in
Eq. 5-1,

For the case where there is no statistically significant local charge
asymmetries, the only difference between the compared phase spaces is be
due to statistical fluctuations. To test this hypothesis, a x? test, which can be
obtained from the S} distribution, is performed,

Nbins
=3 (Ste) (5-2)
1=
and, by using the x? and the number of degrees of freedom (NDOF = Ny -
1, that is equal to the number of bins minus one subtracted from the global
a constraint), a p-value can be obtained. The p-value that results from this
test represents the probability of obtaining, for a given number of d.o.f, and

under the assumption of no CP violation (the null-hypothesis in this case), a
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x? as high as the value observed [62]. This p-value quantifies the confidence
level on the measurement that the DT and D~ Dalitz Plots are statistically
compatible, i.e, that they differ only by statistical fluctuations and not by a
significant difference that could indicate CPV.

A statistical significance in terms of the standard deviation o between
samples can be obtained from the p-value using Gaussian statistics. With
this, a difference of 30 would correspond to a p-value ~ 0.03. In order to
claim an effect of CP violation is observed, a p-value < 3 x 1077 is required,
corresponding to the 5o threshold. However, this method only allows to
verify whether if CP violation is observed or not but does not quantify the
corresponding asymmetry, for this result it would require the calculation of
the Acp mentioned in Chapter 2.

In order to reject the null-hypothesis, it is essential to ensure that the
asymmetry being probed is indeed from CP violation and do not come from
eventual nuisance asymmetries. The control channel DT — K7z, that
has the same final state particles but with different charge, and has a similar
topology to D — 7~ nt K™, was used to study nuisance local effects, such
as differences due to the reconstruction, selection or trigger efficiencies, left-
right detector asymmetries and different production mechanisms for Dt and
D~ . Besides the control channel, the Monte Carlo samples of DT — 7=t K+
are also used to test for detection and production asymmetries (mentioned in
Section 4.6). In addition, another test is performed in the background regions
of the decay of interest to ensure that no effects of charge-asymmetry coming
from these events is introduced to data. If the study probes that no local
asymmetries are observed for the control channel, the MC samples and on the
signal channel’s background, the test can then be applied to the main decay
channel.

As demonstrated in a recent analysis [63], the presence of background
events in the calculation can introduce biases in the Scp, for large samples
and low purity after the selection. Due to this, a new and more accurate
implementation of the original method was used to perform these studies in this
work, the fit-per-bin method. By this approach, the number of events per bin of
the phase space is obtained by fitting the corresponding invariant-mass spectra
of D¥ — 7=t KT in each bin and collecting the signal yields N¢(D*) and
their uncertainties 512\,1-( D) This technique allows to remove the background
effects and also suits to the different signal and background shapes around the
DP.

The definition of the binning scheme is important for increasing the

method sensitivity. Binning schemes with O(20) have been shown to be ideal
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since by increasing the number of bins may additional bin dilute the statistical
precision in the phase space. For these studies, three types of binning schemes
were applied: uniform, adaptive and physics motivated. The uniform binning
is constructed by dividing the phase space into equal-sized bins. Adaptive
binning, on the other hand, has different-sized bins, but all bins have the same
number of events. And finally, the physics motivated binning is designed by
hand using information about the main resonant structures of the decay in
order to be more sensitive to local effects that may be introduced by them.
The configuration of binning schemes chosen was: two pairs of uniform
binning, being one of 5 x 5 grid with 19 effectively occupied bins and one of
8 x 8 grid with 39 occupied bins; one adaptive binning with 25 bins and one
physics motivated with 24 bins. These binning schemes can be seen in Fig.

5.1 where the Dalitz plot for the signal region is displayed after all selection

requirements.
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Figure 5.1: DP binning schemes plotted for the events of the Dt — 77T K+
final sample signal region. Uniform 5 x 5 grid (top left), uniform 8 x 8 grid
(top right), adaptive with 25 bins (bottom left) and physics motivated with 24
bins (bottom right). The binning configuration number is shown.

As it have been adopted by many analysis in the LHCb Collaboration,
in order to ensure that the final result is not driven by experimenter’s bias
[64], this analysis is being carried out blinded. A blinded analysis means that
all necessary steps and checks need to be performed without actually looking
the actual main observable, in this case the Scp values, at the main channel.
Results for the CPV search for Dt — 77" Kt will only be accessed after it is



Chapter 5. Search for local CPV in the Dt — nm~ 7" K+ phase space 72

demonstrated far confidence in the method’s response and any other possible

source of asymmetry is identified, such that it does not spoil the method.

5.2
Null-test

To validate mainly the method of fit-per-bin, a null-test was performed
using samples that were generated dividing the final data sample of Dt —
7 T KT randomly into two parts. The size of the samples 1 and 2 is
proportional to the number of events of DT and D™, respectively, but no
charge distinction was made, characterising a null-test. The statistics of these
samples are presented in Table 5.1. To obtain the N*(D¥) values, an integrated
invariant mass fit, i.e. with no distinction of charge, was performed for each bin
to extract the signal yields and its uncertainties, the fit-per-bin method. An
small asymmetry of the order of 0.5% between the two samples is introduced.
This asymmetry introduces a fake « factor, typical of D™ and D~ decays. For
this test, the physics binning scheme was used. Additionally, as adopted on
previous analysis [65-67], the test was also performed using the total number
of events within the signal region (defined in Table 4.5) in each bin for N*(D¥*)
and the uncertainties were simply the square root of the number of candidates
in each bin. This step was performed also as a comparison to the fit-per-bin
results and all three binning schemes were used here.

This test was performed mainly to verify the quality of fit model for
the different bins of the Dalitz plot. For the fit-per-bin method, the fit for
some bins is shown in Fig. 5.2 and on Appendix A. For all bins, the results
demonstrate that good fits were obtained in all regions of the Dalitz plot. The
result for the null-test of both studies is presented in Table 5.2 and the Scp
distributions can be seen in Fig. 5.3 for the regular event counting and in Fig.
5.4 for the fit-per-bin. As it can be seen, the results for both tests show the

expected result of p-values compatible with null hypothesis.
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Figure 5.2: Invariant mass fit of bin 1 of sample 1 (left) and bin 12 of sample
2 (right), used on the fit-per-bin method.
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Sample || Total events Signal Yield Events in 20.¢ | Purity in 20.5¢
1 11 206 920 | 3 197 590 =4 3808 5 037 490 (58.71 + 0.03)%
2 10 963 930 | 3 124 410 4 3764 4 924 790 (58.68 + 0.03)%

Table 5.1: Statistics of the DT — 7~ 7" KT null-test samples.

o Standard event count fit-per-bin
Binning ) )
x°/ndof  p-value (%) | x*/ndof p-value (%)
. 5x5|31.2/20 5.2 - -
Uniform
8 x 8| 56.5 /41 5.3 - -
Adaptive 25 | 304 /24 13.8 - -
Physics 24 | 43.3 /23 0.6 30.2 / 23 14.3

Table 5.2: Null-test results for DT — 77T K.
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Figure 5.3: D* — 77" Kt null test counting all entries in the bin (standard
Mirandizing test), for uniform 5 x 5 grid (top left), uniform 8 x 8 grid (top
right), adaptive with 25 bins (bottom left) and physics motivated with 24 bins

(bottom right).




Chapter 5. Search for local CPV in the Dt — nm~ 7" K+ phase space 74

a 22p T T 5 &
> LB p-value = 0.143616 %)
(5 E L 4

E 2

O s = == X*Indf 30.2/23 3
B 16
E TE o a2 2

14 =

” LE o 1

E 0
B an wrr -1
08F 1 n " )

06 =
PR I = il o . -3
02 o -4

S
-

2 3
s(nK) [GeV?]

Figure 5.4: Dt — 7 7" K™ null test using the fit-per-bin method for the
physics motivated binning with 24 bins.

5.3
Study of nuisance asymmetries

As part of the blind analysis requirements, tests for the presence nuisance
asymmetries are performed. For these tests, the background region of the
main channel and the signal region of the control channel were analysed, as
well as the MC samples to guarantee the method is not sensitive to nuisance

asymmetries.

5.3.1
Background

The background events of the main channel were also tested to look for
any possible charge-asymmetries in these regions that could cause a fake CP
violation signal in the unblided analysis for main channel.

For this test, the events within the sidebands of the invariant mass spectra
were considered to obtain the N¢(D*) for each bin. The mass windows used
were the same defined in Table 4.5, and the number of events in this region
is 5.3 x 10% in total. The fit-per-bin method was also performed to obtain
the background yields (while maintaining the signal yields blinded) and their
uncertainties to be used on the calculus of the S¢p.

The results for this background study are shown in Table 5.3 and on Fig.
5.5 and Fig. 5.6. All the results presented demonstrate that the method is not

sensitive for local nuisance asymmetries in the background region.
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Standard event count fit-per-bin
x%/ndof  p-value (%) | x*/ndof p-value (%)
5x5|158 /18 59.9 - -

8 x 8| 50.7 /38 8.2 - -
Adaptive 25 23.2 /23 44.6 - -
Physics 24 220/ 23 51.8 29.9 / 23 15.3

Binning

Uniform

Table 5.3: Background check for Dt — 7~ 7t K.
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Figure 5.5: DT — 77" K background test using the fit-per-bin method for
the physics motivated binning with 24 bins.
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Figure 5.6: DT — 7~ 7K' background test using standard event counting in
each bin for uniform 5 x5 grid (top left), uniform 8 x 8 grid (top right), adaptive
with 25 bins (bottom left) and physics motivated with 24 bins (bottom right).
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5.3.2
Monte Carlo

A test was performed on the Monte Carlo samples to look for local
charge asymmetries effects introduced by the detector and asymmetries effects
originated by the parent meson production.

For the MC simulated samples the fit-per-bin was not applied here once
there is no need to remove the background contribution. To determine the
quantities N'(D¥), the total number of entries in the D* and D~ Dalitz plots
are consider for the calculation and the uncertainties are the square root of
the number of candidates in each bin.

For this test, uniform binning scheme with 5 x 5 and 8 x 8 grids, adaptive
binning with 25 bins and physics motivated binning with 24 bins were used.
The number of events is 7.7 x 10% in total after all selection criteria, including
weights for PIDCalib.

The results for the test are shown in Table 5.4 and on Fig. 5.7, and the
test results are compatible with no evidence of local asymmetries present in
the MC samples.
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Figure 5.7: Distribution of p-value responses over the search in the MC samples
for uniform 5 x 5 (top left) and 8 x 8 (top right) grids, adaptive with 25 bins
(bottom left) and physics motivated with 24 bins (bottom right).
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Binning x%/ndof  p-value (%)
5x5 (152 /19 64.7
8x8[41.2 /39 33.1
Adaptive 25 |212/24 566
Physics motivated 24 | 21.1 / 23 57.5

Uniform

Table 5.4: p-value responses over the search for charge asymmetries in the MC
samples after the selection criteria.

5.3.3
Control channel

Last but no least, a test was performed in the control channel Dt —
K~7Tx™ to look for local nuisance asymmetries, like detection and production
asymmetries, since it has the same final state as the main channel excepting for
different charge signs. These samples present a high purity and, thus, just like
on the MC study, there was no need to perform the fit-per-bin to obtain the
Ni(D#*) values. All the samples presented in Table 4.11 were selecting events
within the signal region defined in Table 4.5. After the selection requirements
the statistics for these samples are approximately 5 times larger than the signal
channel.

To perform the search, the uniform and adaptive binning schemes were
applied to the DP, presented in Fig. 5.8, with 5 x 5 and 8 x 8 grids for the
uniform and 25 bins for the adaptive. The total number of entries in the D™
and D~ Dalitz plots are considered to obtain the N'(D¥) and the uncertainties
are the square root of the number of candidates in each bin. The results for
one sample are presented in Fig. 5.9. The p-value distribution for all the
samples can be seen in Fig. 5.10. By the results obtained in this analysis
for DT — K~ n"xt, it can be concluded that there is no evidence of charge

asymmetry present in the control channel.

I
%

= T T e e

n

s(K'n+) [GeV?]

=

300
E 200
100

L o

1 15
s(K'n+) [GeV?]

Figure 5.8: Dalitz plot for one sample of the control channel DT — K~ w7+,
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Figure 5.10: Distribution of p-value responses over the search in all samples of
the control channel for uniform 5 x 5 grid (top left) and 8 x 8 grid (top right)
and adaptive with 25 bins (bottom).
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5.4
Blind analysis: procedure and prospects

Since this is a blind analysis, as already mentioned previously, the only
available results until this point are from the nuisance asymmetries tests
presented in this Chapter. This analysis, as part of a LHCb analysis, follows
the Collaboration procedure. The first stage is the blind analysis, where the
method and all the test results are reviewed by the correspondent Working
Group (WG), which in this analysis is the Charm WG. After this step, the
analysis is authorised to enter the internal Review Committee (RC) process,
where the full analysis is reviewed and is, then, approved to be unblinded.
After this, the analysis is eligible to receive the "approval to go to paper" and
the final paper is reviewed widely by the whole Collaboration. The present
analysis is on the way to start the WG review process.

After receiving the authorisation to unblind this analysis, the method
chosen to take the p-value for the signal region is the fit-per-bin method.

As mentioned, for this analysis to be sensitive to CP violation, the p-value
obtained should be lower than the 5o threshold, i.e., p-value < 3 x 1077,
For a value above this threshold, it indicates that the studied sample is not
statistically sensitive to CP violation in the D™ — 77" K™ channel, as
predicted by the SM for doubly-Cabibbo suppressed decays and no effects
of NP are originated from this decay. On the other hand, a value below this
threshold is an evidence for CPV in the studied channel and this channel is a
possible source for NP beyond the SM.



6

Conclusions

This dissertation reports the analysis of the doubly Cabibbo suppressed
decay DT — 7wt KT for CP violation studies. According to the Standard
Model of particle physics, there is no prediction for CPV effects in DCS charm
decays and in that way this analysis represents a direct search for new physics.

The phase space of a three-body decay, the Dalitz Plot, often presents a
rich dynamics with the presence of resonant structures, and the interference
between these resonant structures may favours the observation of mensurable
local CPV effects higher then the phase space integrated ones. That way, to
perform this search the DPs for DT and D~ can be divided into bins and the
yields can be compared bin per bin (via the Sop observable) to measure how
significantly different they are; this is called the Mirandizing method.

For this analysis, data collected by the LHCb from 2016-2018 was used
and a selection process was performed in order to reduce contributions from
cross-fed of other charm decays, together with a multi-variate analysis to
reduce combinatorial background contributions. This step is necessary in order
to minimise spurious asymmetries that may come from these contamination
and dilute potential CP violation signals, and also increase the statistical
significance of the sample. After the selection process, a final sample of about
6M decays was obtained, with a purity of 58%. This is nowadays the largest
sample ever obtained for a DCS D' decay channel.

The model-independent Mirandizing method chosen for this analysis is
the fit-per-bin method, where the full mass spectra of each bin of the DP
is fitted to obtain the signal yields and their uncertainties and to remove
background contributions in the Sgp calculation. The fit-per-bin method
is used since the presence of large background can introduce biases in the
calculations [63]. For this binned search, three types of binning schemes were
used: uniform, adaptive and physics motivated binning, in order increase the
method’s sensitivity.

A null-test was performed in data divided randomly into two samples
with no distinction of charge to verify the quality of the fit model for the
different bins of the DP and test the internal consistency of the method.

The method was then applied to the background candidates to verify
if any possible charge-asymmetries may come from this region, both using
counting and fit-per-bin method. By using the background yields while not

looking at the signal yields guarantee that the analysis remains blinded. For
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both tests the results are compatible with no asymmetries in the background
region.

A test was also performed on Monte Carlo simulated samples to search
for nuisance asymmetries, like detection and production effects. Since these
samples are composed of only signal candidates, there is no need to remove
the background contribution: to determine the quantities used in the the S¢p
only the total number of entries in the Dt and D~ Dalitz plots were consider
for the calculation. The results for this test present no sensitivity for spurious
asymmetries effects.

A final test for nuisance asymmetries was performed using the Cabibbo
favoured decay Dt — K - 7ntwx"™ as a control channel. The control channel
sample was divided into 59 samples with much higher statistics than the signal
channel. For this test, since the samples had a high purity and it was not
necessary to overcome the background contribution, only the total entries in
each bin were considered for the calculation, just like for the MC test. The
results for the control channel present no sensitivity for nuisance effects.

The final step of this analysis is the unblinding procedure of the results
for the signal channel Dt — w7~ 7+t K™, which has not been performed yet.
Currently, this analysis is on the way to start the Charm WG review process
and follow all the stages until the unblinding approval. After the unblind, the

final results will be reported on the analysis paper submitted for publication.



A
Fits per bin for the null-test

Here are presented the fits to the invariant mass distributions per bin of
the Dalitz Plot of Sample 1, used on the null-test performed on the data (5.2).
The physics motivated binning scheme with 24 total bins is shown in Fig. A.1
and the fit per bin in Figs. A.2 - A.5.
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Figure A.1: Physics motivated binning scheme for the DT — 7~ 7" KT Dalitz
Plot.
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Figure A.2: D* — 7~ 7t KT invariant mass fit per bin of the physics motivated
binning scheme with 24 total bins in sample 1 (bins 1 and 2).
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Figure A.3: D™ — 7~ 7" K invariant mass fit per bin of the physics motivated
binning scheme with 24 total bins in sample 1 (bins 3-10).
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Figure A.4: D* — 7~ 7+t KT invariant mass fit per bin of the physics motivated
binning scheme with 24 total bins in sample 1 (bins 11-18).
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