CENTRO BRASILEIRO DE PESQUISAS FISICAS

MASTER’S THESIS

CP-asymmetry measurements in
charmless three-body B= decays in the

LHCDb experiment
Author: Supervisor:
Gabriel GOMES Dr. Ignacio Alfonso de
da Silva BEDIAGA e Hickman

A thesis submitted in fulfilment of the requirements
for the degree of Master of Science
in the Brazilian Centre For Physics Research (CBPF)

CBPF

Rio de Janeiro
September, 2020


http://portal.cbpf.br/pt-br/
http://lattes.cnpq.br/3543595664976552
http://lattes.cnpq.br/3543595664976552
http://lattes.cnpq.br/2391150803081508
http://lattes.cnpq.br/2391150803081508




iii

“ And this two-pronged investigation into the nature of the world and the nature of our selves
is, to a very major degree, I believe, what the human enterprise is about.”

Carl Edward Sagan [1]
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Abstract
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Master of Science

CP-asymmetry measurements in
charmless three-body B* decays in the LHCb experiment

by Gabriel GOMES
da Silva

In this thesis, new results and studies are presented on the charge asymmetry of B-
meson decays, which constitute a rich laboratory to investigate CP-violation mech-
anisms. The work focused on charmless three-body B* decays: B* — K*rtn~,
B* — K*K*K~, B*¥ — nfntn~ and B* — nFK*K~. The LHCb experiment pro-
vided a data set corresponding to an integrated luminosity of 5.9 fb~! acquired dur-
ing Run 2 (2015-2018) of LHC when proton-proton collisions were produced at a
centre-of-mass energy of 13 TeV. The B* — h*h™h~ data samples were subjected to
two analyses.

First, a simultaneous fit to B* and B~ invariant-mass distributions was per-
formed in each decay channel in order to determine the number of B candidates and
the raw charge asymmetry. The inclusive CP asymmetry was finally obtained by cor-
recting the raw asymmetry from acceptance effects and experimentally-introduced
asymmetries. In a second analysis, a simple, model-independent method was em-
ployed to extract CP asymmetries from B — PV decays, meaning processes result-
ing in a pseudoscalar and a vector resonance, without the expense of standard ap-
proaches such as amplitude analyses. The method proved to be satisfactory and
reliable.
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Resumo

Nesta disserta¢do, novos resultados e estudos sdo apresentados sobre a assimetria de
carga de decaimentos envolvendo o méson B, que constituem um rico laboratério
para a investigacdo de mecanismos de violacdo CP. O trabalho se concentrou em
decaimentos sem charme de B em trés Corpos: B* - K*ntmn—, B¥f —» K*KTK-,
B* - 't e B — nFKTK™. A fébrica de mésons B responsavel pelos dados
utilizados foi o experimento LHCb, que forneceu um conjunto de dados correspon-
dendo a uma luminosidade integrada de 5.9 fb~ ' adquirida durante o Run 2 (2015-
2018) do LHC, quando colisdes préton-préton foram produzidas com uma energia
de centro de massa de 13 TeV. As amostras de dado de B* — h*hth~ foram sub-
metidas a duas andlises.

Primeiro, um ajuste simultaneo as distribui¢des de massa invariante de BT eB™
foi executado em cada canal de decaimento com o objetivo de determinar o ntimero
de mésons B candidatos e a assimetria de carga bruta. A assimetria CP inclusiva
foi finalmente obtida corrigindo a assimetria bruta de efeitos de eficiéncia do sinal
e de assimetrias experimentalmente introduzidas. Segundo, um método simples,
independente de modelo, foi empregado para extrair assimetrias CP de decaimentos
B — PV sem o custo de abordagens padrdo como anélises de amplitude. O método
se provou satisfatorio e confidvel.

Palavras-chave: assimetria CP, decaimentos sem charme de B* em trés corpos, mé-
son vetorial, LHCb
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Introduction

The origin of the endeavour of particle physics can be traced back to the early tradi-
tion of philosophical atomism. The term atomism is derived from the Greek word
atoma — “things that cannot be cut or divided” — and refers to any doctrine that
explains complex phenomena in terms of aggregates of fixed particles or units. This
philosophy has found its most successful application as a metaphysical thesis in nat-
ural science: according to the atomistic view, the material universe is composed of
atoms, minute particles considered to be relatively simple and immutable and too
small to be visible; along with the void in which atoms move [2]. The multiplicity of
visible forms in nature, then, would be based upon differences in these particles and
in their configurations; consequently, any observable changes in the universe must
be reduced to changes in atomic configurations.

Not only the general idea of atomism but also the whole spectrum of its different
forms originated in ancient Greece. As early as the 5th century BCE, atomism was
found in its strict sense in the ideas of Leucippus and his student Democritus: the
atoms are absolutely indivisible, qualitatively identical (i.e., distinct only in shape,
size, and motion), and combinable with each other only by juxtaposition. Other
qualitative forms of atomism are found in the hypotheses of Empedocles, based on
the doctrine of the four elements, and that of Anaxagoras, with as many qualitatively
different atoms as there are different substances. Yet, in spite of its successful start,
atomism did not gain predominance in Greek thought. This is mainly because Plato
and Aristotle were not satisfied with atomism as a general solution for the problems
of change.

The ideas of atomism would resurface throughout history, but it was only in the
nineteenth century that they became fruitful in science with the emergence of atomic
chemistry and the kinetic theory of gases. The work of experimentalists Robert Boyle
and Antoine Lavoisier, two of the main founders of modern chemistry, allowed John
Dalton to hold that there are as many different kinds of elementary atoms as there
are chemical elements. By the end of the century, the fact that the properties of
chemical compounds are due to an atomic structure that can be represented by a
structural formula was undisputed, as well as the kinetic theory of gases was met
with impressive empirical success from the mid 1800s onwards. However, there was
the emergence and success of phenomenological thermodynamics, which made it
possible to deal with a range of thermal and chemical phenomena without resorting
to an underlying structure of matter. Consequently, atomism was rejected by leading
scientists and philosophers up to the end of the nineteenth century and beyond [3].

Further scientific findings on the structure of matter would disagree with Dal-
ton’s notions of chemical atoms at the turn of the century, therefore atomic models
were forced to evolve. Atoms were no longer considered indivisible: J. J. Thomson’s
discovery of the electron [4] revealed the existence of particles with masses much
smaller than the lightest atom, and Rutherford’s scattering experiment [5] proved
the atom had substructure, namely, a nucleus. Atoms were also disproved to be im-
mutable as molecules were no longer seen as a mere juxtaposition of atoms: when
entering into a compound, atoms became ions. Finally, any remaining opposition



2 Introduction

from the scientific community against an atomic theory was ultimately dismissed
by Einstein’s theoretical work on Brownian motion [6], together with Jean Perrin’s
subsequent experimental findings on the topic [7].

The enormous development of particle physics as a field of research that took
place in the 20th century is unquestionably coupled with the rapid technological
developments. Most notably, the increase in the energies accessible by particle ac-
celerators would immediately be followed by the discovery of new particles. The
accomplishments garnered in this period were abundant and radical: the detection
of the positron [8], the antiparticle of the electron; the discovery of the neutron [9],
a neutral constituent of the nucleus alongside the positive proton; the theoretical
proposition [10,11] and ensuing experimental evidence [12,13] in favour of the quark
model; in addition to the detection of a multitude of short-lived particles.

Until its development in the third decade of the 20th century, the scientific atomic
theory did not differ philosophically very much from that of Dalton, although at first
sight the difference may appear large. Early twentieth-century atomism, in a sense,
represents the achievement of the ancient Greek ideal insofar as it is a theory of the
properties of matter in terms of more elementary subatomic particles, electrons, pro-
tons and neutrons, characterised in terms of a few basic properties. The major differ-
ence is that the nature of the particles and the laws governing them were arrived at
empirically, rather than by a priori philosophical argument. In contemporary atomic
theory nonetheless, the differences from Dalton are much more fundamental. The
hypothesis of the existence of immutable elementary particles has been abandoned:
elementary particles can be transformed into radiation and vice versa; and the par-
ticles do not even necessarily preserve their identity.

The current, best theory that describes the behaviour of electrons, quarks, and
the other fundamental particles of the Universe is referred to as the Standard Model
(SM) of particle physics. The SM is the culmination of almost a century of theoretical
and experimental development and has shown itself to be both fantastically predic-
tive and accurate throughout the years. This is best exemplified by achievements
such as the SM prediction for the electron anomalous magnetic moment, which
matches experiment to ten significant figures [14,15], and the discoveries of many
particles that were first predicted by the SM, such as the discovery of the Higgs bo-
son by the ATLAS [16] and CMS experiments [17] at LHC in 2012.

The field of high-energy physics, however, aims to tackle the unsolved questions
of the SM, either by directly searching for particles that are not predicted by the
SM or by high-precision measurements looking for deviations from SM predictions.
For instance, a description of gravity is not included in the Standard Model: it is
still an open problem to seamlessly combine a quantum theory like the SM to the
current theory of gravity, Einstein’s General Relativity. The exclusion of gravity in
the SM framework is not its only shortcoming as this becomes evident when the
theory clashes with cosmological evidence. A number of astronomical observations
in the last hundred years have led to the hypothesis that the particles described by
the Standard Model constitute but a small fraction of the total mass content of the
Universe. The current estimate for the fraction of the total mass that is composed of
‘ordinary matter” is ~ 16% [18]; the remaining mass is in the form of ‘dark matter’,
of which very little is known.

Another gap in the model is the natural assumption from the standard cosmo-
logical model, known as the ACDM (Lambda Cold Dark Matter) model, that mat-
ter and antimatter should have been produced in equal amounts at the Big Bang.
In such Universe, there would be nothing except for ‘light’, since interacting mat-
ter and antimatter annihilate into radiation. Evidently, the present-day cosmos is
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matter-dominated, which raises the question of what processes in the early Universe
privileged one kind of matter over the other. However, this imbalance manifests due
to a tiniest preference, from nature, to matter: it is estimated that for each 10 billion
particles of antimatter generated in the Big Bang, 10 billion plus 1 matter particles
were simultaneously produced. This matter surplus survived, i.e., did not become
light, and originated mostly everything we know: galaxies, stars, planets, living be-
ings, etc. Ultimately, one might claim that the Universe as we know it exists because
of a natural ‘imperfection’.

The precise mechanism that creates this asymmetry, known as baryogenesis, is
still unknown. However, three requirements, the ‘Sakharov conditions’, are known
to be necessary in any theory of baryogenesis [19]:

(i) particle interactions that violate baryon number must exist;

(ii) interactions that violate CP symmetry, i.e., the symmetry between particles and
antiparticles, must exist;

(iii) these interactions must have occurred at a time when the Universe was out of
thermal equilibrium;

The Standard Model can technically satisfy these three conditions, although for
(ii) at an order of magnitude lower than what is necessary to elucidate the observed
matter-antimatter asymmetry [20]. This discrepancy implies that additional sources
of CP violation must exist that are not accounted for in the SM, and any disagreement
between reliable predictions of CP violation in the SM and experimental results may
reveal new physics.

The study of known CP-violating processes and searches for new sources of CP
violation are a significant part of the physics programme of the LHCb experiment.
The decay channels studied in this thesis have already shown themselves as a rich
laboratory for CP-violating effects [21-23]. Thus, the CP-asymmetry measurements
presented in this work represent an additional step towards a better understanding
of these decay channels. First, phase-space integrated CP-asymmetry measurements
to charmless three-body B decays, which include B* — K*nt7~, B* — K*KTK~,
B* - n*ntn~ and B* — mtKTK~, were performed and served as an update to
the ones presented in Ref. [21]. Second, a complementary set of measurements was
carried out over B decays involving neutral vector resonances.

This thesis is organised as follows. Chapter 1 provides an overview of the Stan-
dard Model and the mechanisms through which CP violation occurs. The theoret-
ical motivation for the measurement and existing predictions are also discussed.
In Chapter 2, a description of the LHCb detector and its operating components is
given. The strategies employed to identify signal candidates against different back-
ground sources are detailed in Chapter 3. The fitting strategy used to determine
the yields of the four signal channels and their subsequent CP-asymmetry mea-
surements is presented in Chapter 4. Finally, Chapter 5 introduces an alternative,
model-independent method to perform CP-asymmetry measurements of vector me-
son decays. The results obtained and their relation to existing measurements are also
examined.

The work presented in this thesis is currently under review within the LHCb
collaboration.






Chapter 1

Theoretical and Experimental
Overview

This chapter covers relevant theoretical background and motivation for the work
presented in this thesis. The framework of the Standard Model is described first, in
Section 1.1, followed by a summary of the distinct properties of decays involving
three final-state particles in Section 1.2. A short outline of the manifestations of CP
violation in B* decays is given in Section 1.3. Finally, an overview of the decays ex-
plored in this thesis is presented in Section 1.4. A bulk of the information presented
is derived from Ref. [24]; other sources are indicated throughout.

1.1 The Standard Model

The Standard Model (SM) of particle physics is a relativistic quantum field theory
that respects the symmetries of the gauge group SU(3)c ® SU2)w ® U(1)y, where
the subscripts denote the associated charges conserved by each group: C standing
for colour, W for weak isospin, and Y for weak hypercharge. The result is a theory
that describes the interactions of matter under the strong, weak, and electromagnetic
forces. Both nuclear forces are mostly inaccessible in our daily lives, however, the
strong force plays an important role in matter stability, whereas the weak force is
responsible for radioactive decays. Gravity, the remaining fundamental force, is still
unformulated as a quantum theory and therefore persists outside the framework of
the SM.

While the fundamental objects in the theory are the quantum fields themselves,
their properties are uncovered through the study of their excitations, i.e., the parti-
cles associated with each of them. There are currently twelve different particles in
the SM identified to constituting the matter in the Universe; another four, the gauge
bosons, i.e., which follow the Bose-Einstein statistics, serve as mediators of the three
contemplated fundamental forces. A final particle, the Higgs boson, is associated
with the mechanism responsible for generating particles” masses. The SM particles
are displayed in Figure 1.1 alongside their mass, electric charge, and spin.

The twelve matter particles are spin-1 fermions, i.e., which obey the Fermi-Dirac
statistics, and can be partitioned into six quarks, which feel the strong force, and six
leptons, which do not. The leptons can be further divided into charged leptons and
neutrinos; the latter only interact via the weak force. The columns in Figure 1.1 also
present another possible categorisation of fermions, into generations. In reality, all
the stable matter in the Universe is built up of first-generation fermions only, with
their heavier counterparts in other generations holding identical quantum numbers.
Finally, there exists an associated antimatter partner to each fermion with same mass
and lifetime, but opposite quantum numbers.
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FIGURE 1.1: Diagram of the elementary particles of the Standard
Model and their physical properties [25].

The six quarks experience the strong nuclear force because they carry the colour
charge, of which three states — red, blue, green — exist. The symmetry in the SM as-
sociated with the strong force is SU(3)c and the theory that models its interactions
is called Quantum Chromodynamics (QCD). In the QCD framework, strong inter-
actions are mediated by gluons, which are spin-1 massless bosons that also carry
colour charge themselves. The gluon self-interaction leads to a peculiar feature of
the strong interaction: the strength of the force is low at short distances but high at
long distances. This means, for instance, that the potential increases as two quarks
are being separated, and it rapidly becomes more favourable to form a new pair of
quarks. It results in ‘colour confinement” — neither quarks nor gluons can propagate
individually but only within bound states, called hadrons, which must have zero
colour charge. Predominantly, this is achieved in one of two different ways: mesons
are quark-antiquark (g7) states and baryons are three-quark (gg4) states; exotic states
with four or five quarks/antiquarks are possible and have been observed [26,27].

In the SM, the electromagnetic and weak forces are unified into a common ‘elec-
troweak” (EW) framework [28-30], the Glashow-Weinberg-Salam (GWS) theory, as-
sociated with the symmetry SU(2)iy ® U(1)y. The electromagnetic force is medi-
ated by the massless photon (), while the weak force is mediated by three massive
spin-1 bosons (W* and Z). The evidence that in nature the three weak bosons are
observed as having mass, or equivalently, that the weak force is short-range, is a
priori a dilemma for any gauge theory describing the weak interaction, since the
inclusion of any boson mass terms is forbidden by gauge symmetry. An elegant
mechanism to solve this conundrum was published almost simultaneously by Brout
and Englert [31], Higgs [32], and Guralnik, Hagen, and Kibble [33], in which all par-
ticles are massless at high energies, and below the electroweak scale their masses are
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dynamically generated by the spontaneous breaking of the electroweak symmetry
SUR)w @ U(1)y.

1.1.1 CPT Symmetries

In the physics framework, a system’s symmetries represent transformations that
leave it invariant. Also, continuous symmetries play a significant role as they are
associated with conservation laws according to Noether’s theorem [34].

Beyond its gauge symmetries, the SM can also display three discrete symmetries:
parity inversion (P), charge conjugation (C), and time reversal (T). These three can
be associated together, being CP and CPT the most relevant combinations. The SM
must stay invariant under the CPT combination, as this can be shown to be equiv-
alent with Lorentz invariance for a relativistic quantum field theory. Previously, all
three discrete symmetries were assumed to be individually conserved, however both
P and C were found to maximally violated in weak interactions.

The parity operator inverts the sign of all three spatial coordinates, i.e., vector a
becomes P(a) = —a. Parity is a good symmetry of both electromagnetic and strong
interactions. However, it was first predicted by Lee and Yang [35] that it could be
violated in weak interactions as a solution for the 7-0 puzzle. Indeed, it was later
demonstrated by Wu [36], using the beta decay of cobalt-60, that parity was (max-
imally) violated by the weak interaction. The charge conjugation operation flips
the sign of all quantum numbers of a particle, that is, it converts a particle into its
antiparticle. It can be seen to be violated by the weak force by noting that the ap-
plication of C to left-handed neutrinos results in left-handed antineutrinos, which
are still to been seen experimentally and are not described in the SM. Time reversal
corresponds to the inversion of the time coordinate.

It was then expected that at least the CP combination would instead be a good
symmetry for weak interactions —e.g., a left-handed neutrino converted into a right-
handed antineutrino, both perfectly able to take part in weak interactions. A com-
pelling argument in favour of CP was that, rigorously trusting CPT symmetry, the
reversibility of time would naturally imply CP conservation. The observation of
CP violation would suggest, for the first time in physics, the irreversibility of some
processes at the fundamental level. Surprisingly though, CP was also revealed to be
violated, first in the decays of KE mesons [37] and later in the BY system [38,39]. Since
then, CP violation has also been seen to manifest in the B* and B! systems [40,41],
the AY baryon decays [42], and most recently in charm decays [43].

1.1.2 The CKM Matrix

The CKM (Cabibbo-Kobayashi-Maskawa) matrix is a 3x3 complex unitary matrix
that describes the possible mixings between the six different quarks and consists of
the model to accommodate CP violation in electroweak theory. It was developed
by Kobayashi and Maskawa [44] as an addition of a third quark generation to the
Cabibbo matrix [45], which comprised at the time only half the quarks known today.
In a general fashion, the mixing between the down-type quarks” mass and weak
eigenstates can be written as

d/ Vud Vus Vub d
s'| = Vo Vs Vi 51, (1.1)
v Vie Vis Vi) i \P

where the primed states are the weak eigenstates.
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In the CKM matrix, five out of nine components correspond to phases that can
be absorbed into the phases of the quark fields. Four parameters remain: three real
mixing angles and the KM complex phase, the only source of CP violation in the SM.
The CKM matrix can be rewritten in terms of these parameters only, known as the
‘standard parametrisation”:

i0

€12€13 512€13 513"
_ i6 is
Vokm = | —512023 — C12523513€"°  C12C23 — S12523513€°  523C13 | (1.2)
s i
$12523 — €12€23513€"°  —C12523 — $12023513€"°  €23C13

where c¢;; = cos0;; and s;; = sin0;;, 8;; corresponds to the Euler angles between
families i and j, and ¢ is the KM phase.

In addition, Wolfenstein [46] reached another useful parametrisation by noticing
that s13 < sp33 < s12 < 1 and expanding in terms of s;p = A ~ 0.23. The CKM
matrix can then be described using parameters A, A, p, and 1, which are frequently
defined in relation to Equation 1.2 through sy3 = AA?, and s;3¢® = AA3(p — iny).
These definitions ensure that this parametrisation remains unitary to all orders in A.
The CKM matrix in the Wolfenstein parametrisation is given, up to O (A%), by

1— 1A% A AN3(p —in)
Verm = iy — 1A A)2 + O(AY). (1.3)
AN (1 —p—in) —AA? 1

In this parametrisation, the hierarchy of the CKM matrix easily presents itself:
intra-generational couplings are strong, O (1), whereas couplings between first and
third generations are very feeble.

The unitarity of the CKM matrix allows the construction of six orthogonality
triangle relations between its different components, given by

Y ViVik =0k 3 ViV = O (1.4)
i j

in the cases where dj, dj = 0. The six triangles have the same area, which is a
measure of the total amount of CP violation in the SM.

It is conventional to take one of these relations in which all terms are of the same
order in the expansion parameter A,

ViaViip + VeaVy + ViaVip = 0, (15)

and dividing it by the best-determined term, V4V , such that one of the sides is
of unit length and the apex is the point g + i = —V,4V, / V.4V, . The parameters p
and 7] are defined in terms of the other Wolfenstein parameters via

V1— A2\ (p +i7f)
V1= A2[1— A2\4(5 +i77)]’
from which the approximations g ~ p(1 — %2) and 7j ~ (1 — %2) can be derived.
Equation 1.5, normalised by V,; V7, is often referred to as the “unitarity triangle’

relation, whose illustration is shown in Figure 1.2. The three angles of the unitarity
triangle are also accessible to experimental determination and are defined as:

Vi V;Z Vea Vc*b Vid thb
- — = — = — . 1.7
“a%<mmz’ﬁa% VaVy ) TV, 0

p+in = (1.6)
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FIGURE 1.2: The unitarity relation given by Equation 1.5 drawn in
the complex [p, 77] plane [47].

The parameters of the CKM matrix cannot be determined from first principles
in the SM, but must be determined a posteriori. This turns their experimental de-
termination a central goal in modern particle physics. The same CKM parameters
can be evaluated by a handful of distinct measurements, which helps both to refine
the precision on these parameters and to ‘stress test’ the theory, with the hope of
uncovering effects beyond the Standard Model.

At this point, the particles of interest for this work are introduced by Table 1.1.

Meson  Quark content Rest mass (MeV/c?)  Lifetime (s)

Bt (B7) ub (i1b) 5279.32 4 0.14 ~ 1.64 x10712
B (BY) db (db) 5279.63 £ 0.15 ~ 1.52 x10~12
BY (BY) sb (3b) 5366.89 + 0.19 ~ 151 x10712
K+ (K7) us (its) 493.677 4+ 0.016 ~1.24 x10~8
() ud (iid) 139.57061 4 0.00024 ~ 2.60 x10~8

TABLE 1.1: Summary of relevant pseudoscalar mesons and their
physical properties [40].

B mesons are pseudoscalars, i.e., they have zero total spin and odd parity (usually
noted as J* = 07), and are composed of a beauty quark (or antiquark) and a light
(u,d,s) antiquark (quark). Since the t-quark is too heavy to hadronise, B mesons
are the heaviest ones found in nature. K mesons, or kaons, are distinguished by
a quantum number called strangeness as they constitute bound states of a strange
quark (or antiquark) and an up or down antiquark (or quark). Lastly, 77 mesons,
or pions, consist of quarks (and antiquarks) from the first generation and are the
lightest mesons.

1.2 Three-Body Kinematics

Electrons and protons and their antimatter counterparts are established as the only
stable subatomic particles found in nature; all the remaining ones decay, i.e., go
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through the spontaneous process of transforming into other particles. Unstable par-
ticles will usually have multiple ways of decaying, or ‘decay channels’, each with its
own associated probability.

The particles which were created in this phenomenon, also known as the final
state of the decay, must each be less massive than the original, and the total invariant
mass of the system must be conserved (see Subsection 3.1.1). Also, the final-state
particles may themselves be unstable and prone to additional decays. In the SM,
decays are mediated by one or a few of the fundamental forces.

In the decay context, a particle’s crucial observable is its mean lifetime 7. It is
firmly associated with the dominant interaction type that conducts the transition to
its final state. The lifetime of a particle is given by the inverse of its total decay rate,
the probability per unit time that the particle will decay, T = 1/Tota1- 'total is in turn
defined as I'iota1 = )_; I';, where I'; corresponds to the decay rate of each channel.

From the Fermi’s golden rule, the specific differential decay rate of a particle with
mass M and four-momentum P, bringing about a n final-state particles, each with
mass m; and four-momenta p; and energy E; is given by [40]:

_ ’M’ n d3—'l
dr = 20 (2n)s! ( ZP> 55 TeTatr (1.8)

M2

where the term 53~ refers to the dynamics of the particular decay, embedded
in the ‘amplitude” M, and the rest of the expression corresponds to an element of
the ‘phase space’, i.e., the space in which all accessible final states of the decay are
represented.

In two-body decays of spin-0 particles, conservation of momentum ensures that
the momenta of the decay products are equal and oppositely-directed in the rest
frame of the original particle. Given the isotropy of the problem, the only actual de-
gree of freedom is the arbitrary choice of decay axis. By contrast, three-body decays
— or more generally, any multi-body decay — possess additional degrees of freedom
and each decay product can seize different amounts of the total energy available.

A generic set of three spin-0 particles holds 12 degrees of freedom in full: all
the three four-momenta components. Three degrees of freedom are removed by
means of information regarding the three particles” masses, while conservation of
four-momentum removes another four. In the specific case where both initial and
all final-state particles are spin-0, the angular dependence is eliminated, that is, the
decay distribution must be isotropic in the rest frame of the decaying particle, and
this gets rid of three additional degrees of freedom. In conclusion, a spinless three-
body decay can be fully described by just a pair of variables.

In 1953, Richard Dalitz established a technique to make use of these two variables
and conveniently represent three-body decays in a two-dimensional plot [48], where
characteristic patterns express information about the spin and parity of the decaying
particles. It was first employed to describe and investigate the T — 7" w771~ decay,
revealing the nature of the T-meson by determining its spin and parity.

Contemporarily, these Dalitz plots (DP) are constructed using pairs of two-body
invariant mass combinations as the coordinate axes. Consider a three-body decay
whose final-state particles are labelled as P;, with i € {1,2,3}. The available com-
binations of two particles are: PP, P,P; and P;P;. Then, the Dalitz variables are
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defined as:

s12 = mip = (p1+ p2)?,
s23 = my3 = (p2 + p3)?, (1.9)

s13 = miz = (p1+ pa)?,

where p; are the four-momenta of the P; particle, and s;; correspond to Mandel-
stam variables.

The choice among the available pairs (m?,, m3,, m3;) for representing the DP
depends on the specific decay being studied. In particular, for a decay with three
identical particles, two of them have the same charge and so are indistinguishable. In
this case, the DP is symmetrised and its axes are chosen as the lower and the higher
values of the possible Dalitz variables. Taking, for instance, the B* > ntatn
decay, the DP chosen axes are: m?(7t* 71~ )10, and m?(r* 7T )high-

Finally, the Dalitz plot is a two-dimensional representation of the decay phase
space, which means that each accessible final-state configuration corresponds to a
dot in the DP and that the distribution of events is directly proportional to the total
amplitude squared. Furthermore, the boundaries of the phase space are delimited
by the kinematics of the decay, i.e., the four-momentum conservation, as illustrated
in Figure 1.3.
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FIGURE 1.3: The Dalitz plot kinematic boundaries and the corre-
sponding momentum configurations of the three final-state particles
in B) — DK~ 7" decays at points of interest in the DP [49].

As a special case of Equation 1.8, the differential decay rate of a three-body decay
is given by

1
s M
32(27m)3M3 M|

If M is constant, the allowed phase space is uniformly populated with events
and any minor variation in event distribution over the DP is due to dynamic effects
resulting from the interference of the quantum-mechanical amplitudes of the final
state particles.

dr = 2dm3,dm3,. (1.10)
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For the most part, however, a three-body decay goes on by way of a number of
intermediate quasi-two-body decays, e.g., B* — m*RY% where R is a neutral res-
onant state such as p(770)° or f,(1270), which decays through R — 7+ 71~. These
resonances are particles that interact via the strong force and have a very short life-
time (~ 1072s), in contrast to situations where the decaying particle disintegrates
directly into three final-state particles as displayed in Figure 1.4.

P P

P . P
R . I . P

Py Py

FIGURE 1.4: Illustration of a resonant (left) and a non-resonant (right)
three-body decay [50].

The contributions of different resonant states manifest themselves in the DP as
bands at the value of the resonance mass squared in the corresponding mzz] variable,
stretching across the other DP axis. Moreover, the resonance’s spin will show in the
shape of the resonant band: a scalar (J* = 0*), will generate a uniformly populated
band, a vector (J¥ = 17) generates a two-lobe structure, and a tensor (J” = 2*+) gen-
erates three-lobe bands. Lastly, interference effects between different intermediate
states are also reflected in the Dalitz plot. An example of a Dalitz plot with multiple
contributing resonances is provided in Figure 1.5 to the left.
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FIGURE 1.5: Illustration of the BY — DK~ 7+ decay Dalitz plot with

intermediate scalar (green), vector (yellow), and tensor (red and blue)

highlighted contributions. Interference effects are not included in this

illustration. Both conventional (left), and square (right) representa-
tions are displayed [49].

In B-meson decays, events largely fall near the kinematic boundaries of the Dalitz
plot. Thus, it is convenient in these cases to apply a coordinate transformation that
expands the edge regions such that variations resulting from resonance interference
and/or experimental effects can be studied more easily. The ‘square Dalitz plot’
(SDP) is a transformation of the kind, which reshapes the kinematically-allowed re-
gion into a square with unit-length sides. The coordinates of this new representation
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are defined as

1 mij — min
m' = —cos (2t 1,
7T mij — mi].
1
' =-6
7T

(1.11)
ijr

where mg?i“ = m; + m;, mg-‘ax = Mg — my, and 0;; is the angle between i and k in
the rest frame of ij , i.e., the resonance rest frame. The effect of the SDP transforma-
tion on the different regions of the conventional DP can be seen in Figure 1.5 to the
right.

1.3 CP Violation in B* Decays

1.3.1 Direct CP Violation

The complex phase in the CKM matrix is the exclusive source of CP violation in the
SM. Although, a non-zero CKM phase, or ‘weak phase’, is not a sufficient condition
for observable CP-violating effects in the quark sector. CP violation can only man-
ifest itself in processes to which multiple amplitudes contribute, as resolved in the
following.

The mechanisms for generating such interferences in B decays fall into three cat-
egories:

1. CP violation in decays: also known as ‘direct” CP violation, happens to both
neutral and charged B mesons when the decay rate of a particle P to a given
final state f differs from the conjugate process:

T(P— f) £T(P = f). (1.12)

2. CP violation in the mixing: also called indirect CP violation, occurs when the
transition of a neutral meson to its antiparticle, e.g., B% — BY, has a different
probability with respect to its CP-conjugate process, B’ — B°.

r(P° — P #£T1(P° — P°) (1.13)

3. CP violation in the interference between mixing and decay: occurs in decays
whose final states are common to, for instance, B? and BC. In other words, this
type of CP violation is a result from the fact that BY can either directly decay
into the final state f or first oscillate to B’ and then decay to the same state f.

(P’ — f) AT(P° — P° — f) (1.14)

Charged particles are prohibited to mix due to charge conservation, thus the last
two types of CP violation are restricted to neutral meson decays. Since this work
concerns charged B-meson decays, this thesis will focus on direct CP violation, about
which a more detailed discussion is given hereafter.

In terms of the decay amplitudes, CP violation in a decay corresponds to the
situation when

|A(P — )P = |A(P — f)IP #0 (1.15)
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This supplementary requirement can be shown by considering that the ampli-
tudes for the two processes can be generally written as

Af=AP— f) = Xk: |ag|e' O te0),
Ap= AP = f) = Llarle =,

(1.16)

where ¢ are weak phases, which change sign under CP (CP-odd), é; are ‘strong
phases’, the phase components largely produced by strong-force effects, e.g., quark
loops and hadronic final-state interactions, which do not change sign under CP (CP-
even), and k labels the possible contributing processes. It is the relative phase be-
tween two partial amplitudes, rather than the individual phase, that generally leads
to observable consequences. In the situation where the decay proceeds via a single
amplitude, it is trivial that there can be no CP-violating amplitude difference:

A2 — A2 = a2 i G1F1) p=i014d1) _ |5.12 pi(01=¢1) p=i(61—¢1)

|Af|" = [Af|" = | 1|2 ) || 1.17)
= |a1|" — ;| =0.

Thus, CP violation emerges naturally when multiple amplitudes can interfere

with each other, e.g., tree- and loop-level contributions (later described in Section 1.4).

Consider now the following amplitudes:
Af — ‘al‘ei(%ﬂbl) + |a2|ei(52+¢2)
_f_ = ‘al‘ei(‘sl*‘l)l) + |a2|ei(52*¢2)_ (1.18)

These interfering amplitudes may represent, for instance, two different Feynman
diagrams resulting in the same final state. Note that:

|Af? = |Af|* = 2|ay|[az| sin(é1 — &2) sin(¢1 — ¢a). (1.19)

Thus, CP violation arises from processes with interfering amplitudes with differ-
ent weak and strong phases. A more interesting quantity that can be observed by
experiments is the CP asymmetry, Acp, which can be written as:

A [Af? — [Af|? (1.20)
CP= 17 o i .
|Af]? + [ Af]?
Substituting Egs. 1.18 into Eq. 1.20, it gives:
.Acp 2|a1|\a2|sin((51 —(52) Sil’l((P] —(Pz) (1.21)

" a2+ |a2]2 + 2]az||az] cos(6; — 52) cos(y — 2

One even notes that the size of the CP asymmetry depends not only on phase
differences but also on the relative size of the two amplitudes.

Finally, although the usual observable when searching for CP violation in decays
is the CP asymmetry, experimentally, in the case of B* mesons for instance, one
measures the particle and antiparticle yields, N, o and N, respectively, which are
affected by a chain of effects from production, reconstruction, and final selection of
events. Then, the observed raw charge asymmetry is defined as
Nojg — N (1.22)

Ny, +N.i,”

ARaw =
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which still needs to be corrected for eventual production and detection asymme-
tries.

1.3.2 CPT Constraint

For a particle decaying exclusively via weak force, the initial state is stable under
strong (and electromagnetic) interactions. Conversely, after the weak transition, the
final state is the potential result of strong processes associating states with the same
quantum numbers. As mentioned earlier, strong phases are in fact also the result of
these final-state interactions (FSI). For instance, the total amplitude of the decay of
P to a given final state f may include contributions as P — f; — f,i € {1,2,..,n},
where P — f; incorporates the weak transition, and f; — f the strong processes
(elastic or inelastic scatterings). At this point, it is interesting to discuss CP violation
in the context of CPT constraints.

The CPT symmetry establishes that the lifetimes, 7, (therefore, the total decay
widths, I'iota1) of both particle and its antiparticle are the same. On the other hand,
CP violation allows for different partial decay widths, I';. Evidently, preserving the
equality of total widths for particle and antiparticle while allowing partial widths to
be different requires a ‘communication” between the different decay modes, and this
can only happen within modes that have the same flavour quantum numbers.

Thus, final-state interactions which connect states via strong (or electromagnetic)
force provide the natural strong phases for CP violation to be observable, and are also
the key ingredient to allow the preservation of CPT symmetry. The central message
here is that CPT constrains not only the total widths of particle and antiparticle to be
the same, but also the sum of partial widths to final states with the same quantum
numbers.

Y AT(P — f;) =0 (1.23)

This means, for instance, that if a sizeable positive CP asymmetry is found in a
given decay mode, there should be strongly-coupled final states with negative CP
asymmetry to compensate.

1.3.3 Theoretical and Experimental Approaches

From the theory side, direct CP asymmetry in charmless heavy-meson decays has
served as a long and fascinating puzzle over the last decades. It has been exten-
sively examined ever since the seminal Bander, Silverman and Soni’s article [51],
published in the late '70s, which introduced the hypothesis now established as the
‘BSS mechanism’ (see Section 1.4). A reasonable consensus states that the strong
phases coming from short-distance effects should be small. If these are taken to be
the primary source of strong phases, the level of direct CP violation should be corre-
spondingly limited. On the other hand, if one considers that long-distance processes
in non-leptonic decays, involving FSI, introduce substantial strong-phase shifts, po-
tentially large direct CP-violation effects should be expected.

The current most commonly adopted method to calculate branching fractions
and CP asymmetries of charmless B-meson decays is the factorization of the decay
amplitude, which was disseminated by the ‘naive’ factorization approach [52]. The
breakthrough came in the ‘80s by the influential work of Lepage and Brodsky [53],
which constitutes the basis for the main frameworks developed to study exclusive
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heavy-meson decays. For the B meson, those main approaches are: QCD factoriza-
tion (QCDF) [54], perturbative QCD (pQCD) [55] and soft-collinear effective theory
(SCET) [56].

Overall, these approaches overlook the constraint that CPT invariance imposes
on CP asymmetry at the hadronic level by only considering short-distance ampli-
tudes. For along time, it was presumed that B mesons would generate many hadron-
ic decay channels with a homogeneous momentum distribution over the phase space:
from the allowed rescattering processes up to several hadronic channels. These
possible FSI, involving two, three or more hadrons, suggested that CPT constraints
would not be of practical application in charmless B decays [57]. Nonetheless, more
recently, a more abundant sample of experimental data coming from B factories, at
first BaBar and Belle and now LHCb, showed that these multi-meson rescattering
processes are not dominant in charmless multi-body B decays [58,59].

In the extensive compilation of B charmless processes presented in Ref. [60], one
finds a fair agreement between theories based on factorization techniques and ex-
perimental results available for several branching fractions of B — PP and B — PV
decays, involving pseudoscalar P and vector V mesons. Yet, the same agreement
fails to be seen for values of CP asymmetries from such channels. In fact, there are
many discrepancies not only among the different models but also from comparing
their results to experimental CP-asymmetry measurements. Although this situation
is worse for B — PV decays, it is important to emphasise that issues are present for
both theoretical and experimental descriptions. In the latter, B — PV processes are
indeed three-body decays and consequently the observables are determined inside
the complexity of a three-body phase space.

Experimentally, given the CKM matrix hierarchy (Equation 1.3), the natural sec-
tors to observe CP violation are processes involving strange and beauty hadrons.
For three or more final-state particles, besides the measurement of the (total) charge
asymmetry, CP violation can be studied through the decay phase-space distribu-
tion. As mentioned in Section 1.2, regarding B-meson decays, the process is mostly
dominated by the formation of resonances as intermediate states, which then decay
strongly or electromagnetically to form the detectable final state. The distribution of
events throughout the phase space is the result of the superposition of the various
amplitudes, and the interference pattern depends directly on the strong and weak
phases involved. The rich dynamics potentially allow different sources of strong
phases to appear. It is then natural to expect localised CP asymmetries to be stronger
than phase-space integrated ones, and they can even change sign. Altogether these
features make multi-body decays an excellent tool for studying CP violation in the
hadronic sector.

With the intent of measuring or searching for CP violation over the phase space,
one seeks two approaches: model-dependent and model-independent analyses. The
former is based on an amplitude-analysis fit: the decay amplitude is modelled as a
coherent sum of intermediate states such that their relative contributions can differ
for particle and antiparticle decays. In model-independent strategies, phase-space
distributions for particle and antiparticle decays are directly compared to look for
regions where there are statistically significant differences, and then localised asym-
metries can be measured. The two procedures are complementary: while model-
independent techniques can specify the phase-space regions where CP violation man-
ifests, amplitude analysis can identify its dynamical source.

The simplest and most common approach for an amplitude analysis is the so-
called “isobar model’, where the total amplitude is described as a coherent sum of a
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number of amplitudes describing the different intermediate states:

M (i, m ZCRFR g, m (1.24)

where Fr encapsulates the dynamics (such as the lineshape and spin-dependence)
of the intermediate state R, and cr describes the relative magnitude and phase of the
different states — such parameters to be determined by the amplitude fit. The decay
amplitude of the CP-conjugate state, M, can be constructed in terms of ¢g and Fg .

For phase-space integrated measurements in multi-body decays, Acp is obtained
directly from the event yields from particle and antiparticle decays, correcting for
experimental asymmetries when applicable; while for resonant intermediate states,
model-independent techniques may be exploited.

1.4 Charmless Three-Body B* Decays

The charmless three-body decays of a charged B meson, hereafter designated as
B* — h*h*h~, where h* represent charged pions and kaons, have collectively stood
as an active area of experimental study for the last thirty years. The following decays
areincluded: B* — K*nt7n—,B* — K*K*K—,B* —» ¥t~ and B* — nt*K+tK~.
Yet, CP violation in local regions of the Dalitz plot for B* — h*hth™ decays was
first observed in 2013 by the LHCb collaboration [61, 62]. Integrated CP asymme-
tries along the phase space were then measured by the same collaboration in the
next year [21], using the total available sample taken between 2011 and 2012. The
studies have uncovered sizeable integrated CP asymmetries but also confirmed rich
structures of CP asymmetries across the phase space. The results for the integrated
CP asymmetries were

Acp (B — K" r~) = +0.025 4 0.004 % 0.004 =+ 0.007,
(B* — K*K'K™) = —0.036 = 0.004 + 0.002 & 0.007,
o (B* — nrmt ) = +0.058 4 0.008 £ 0.009 + 0.007, (1.25)
o (B* — mKTK™) = —0.123 £0.017 £ 0.012 +0.007,
N N N
UOstat Osyst T kE

where the first uncertainties are statistical, the second, systematic and the third
comes from the CP asymmetry of the B — ]/ K= reference mode. The statistical
significances of the CP asymmetries were respectively 2.8, 4.3, 4.2, and 5.60. The B*
candidates found were about 180 thousand for B* — K7tz —, 110 thousand for
B* — K*K+tK~, 25 thousand for B* — 771~ and 6 thousand for B* — 7+*KtK~.

Table 1.2 lists the B — h*h*h~ channels with their corresponding ‘branching
fractions’, determined by the channel decay rate divided by the total decay rate
(T'i/Tiota1), i.e., it represents the probability for that decay to happen. These decays
channels are so rare that their analyses is only made possible by high-luminosity
experiments, such as the LHCb (described in Chapter 2).

As previously discussed, the presence of at least two amplitudes, with different
weak and strong phases, is a requirement for the manifestation of CP violation in
decays. While weak phases in the SM appear from specific CKM matrix elements,
strong phases can appear from different sources. At short distances, a CP asym-
metry may come from the BSS mechanism, namely, interference between ‘tree” and
‘penguin’ quark-level diagrams owning different weak and strong phases.
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Decay BF

B* — K*fnfn~  (51040.29) x 107
B* — K*K*K~ (3.4040.14) x 1075
B* — nrfmtr  (1.524+0.14) x 107°
B* —» n*K*K~  (52404) x107°

TABLE 1.2: Branching fractions for the B* — h*h*h~ decay channels
[40].

Hadronic B decays are mediated by b — 1424 (s) quark-level transitions, with
q1,92 € {u,d, c,s}. The topologies of weak-decay Feynman diagrams that contribute
to B decays are generally divided into two sorts: tree and penguin diagrams.

Tree diagrams are processes that emit a W* boson, which decays into two new
quarks, and do not involve internal loops. The penguin processes are those which
include internal loops: a W boson is reabsorbed on the same quark line from which
it originates, and a gluon is emitted, which decays into two quarks. The diagram
types are illustrated in Figure 1.6.

|44
u,c,t
b q1 b d(s)
1% 42 G 92 =q
d(s) a1

(a) Tree diagram (41,92 € {u,c}). (b) QCD penguin diagram (41 = g2 € {u,d, c,s}).
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