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Here’s to the fools who dream.



Abstract

This thesis presents the first-ever study of the decay of a neutral kaon into four muons,
K§ — prp~ptp~. Using 5.1 fb™! of data collected by the LHCb experiment between
2016 and 2018, no signal was found. Upper limits of B(KQ — ptu putp~™) < 5.1 x 10712
and B(KY — puTpu~ptp™) < 2.3 x 107 were set. These results also represent, respectively,
the first time a sensitivity of the order of 107!2 is reached by a Large Hadron Collider
experiment, and the first result of a K mode at the LHC.

Additionally, the study of four decays of n and 7’ mesons are presented, using the same
set of LHCb data. The thesis introduces the first-ever experimental study of ' — utu~,
with an expected significance of 2.850 as well as new studies of the branching fractions of
n — ntr putp” and n — pt . Respectively, the new uncertainties on the branching
fractions are expected to be 9.6% and 5.3%. The mode n — nt7~ 't~ was also studied
in this thesis for the first time at LHCb.



ii
Limiar

Esta tese presenta o primeiro estudo da desintegracién dun kaén neutro en catro muons,
K — pTp~ptp~. Usando 5.1 fb~* de datos recollidos polo experimento LHCb entre
2016 e 2018, non se atopou ningun sinal. No seu lugar, fixaronse cotas superiores de
B(KS — ptpptp) <51 x1072 e B(KY — prp~ptu™) < 2.3x1079. Estes resultados
also representan, respectivamente, a primeira vez que se acada unha sensitividade da
orde de 10712 nalgiin experimento do Gran Colisionador de Hadréns, asi como o primeiro
resultado da desintegracién dun mesén K no mesmo colisionador.

Ademais, tamén se presenta o estudo de catro desintegraciéns de meséns n e i’ usando
o mesmo conxunto de datos recollido no LHCb. Esta tese introduce o primeiro estudo
experimental da desintegracién n’ — p*p~, cunha significancia esperada de 2.850, asf
novos estudos das fracciéns de desintegracion dos modos ' — wta~putu~ en — putp~.
Respectivamente, as incertezas medidas das fraccions de desintegracion espéranse que
sexan 9.6% e 5.3%. O modo n — 7nt7~ptu~ tamén se estudou nesta tese con datos do
LHCD por primeira vez.



iii
Resumen

Esta tesis presenta el primer estudio de la desintegracion de un kaén neutro en cuatro
muones, K§ — ptp~ptp~. Usando 5.1 fb~! de datos recogidos por el experimento
LHCDb entre 2016 y 2018, no se encontré ninguna senal. En su lugar, se fijaron cotas
superiores de B(KQ — ptu~ptp™) <51 x 1072 y B(K? — prp~ptp™) < 2.3 x 1077,
Estos resultados también representan, respectivamente, la primera vez que se alcanza una
sensitividad del orden de 107!2 en cualquiera de los experimentos del Gran Colisionador
de Hadrones, asi como el primer resultado de la desintegraciéon de un mesén K? en el
mismo colisionador.

Ademds, también se presenta un estudio de cuatro desintegraciones de mesones 1y 1’
usando el mismo conjunto de datos recogido por el LHCb. Esta tesis introduce el primer
estudio experimental de la desintegracién ' — p* ™, con una significancia esperada de
2.850, asi nuevos estudios de las fracciones de desintegracion de los modos ' — 7wt 7~ putu~
y 1 — ptu~ que anticipan una mejora de sus precisiones experimentales. Respectivamente,
se espera que las incertidumbres finales de estas fracciones de desintegracion sean 9.6% y
5.3%. El modo n — w7~ p*pu~ también se ha estudiado en esta tesis por primera vez en
el LHCb.
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An introduction to particle physics

It is said that the Scottish physicist William Thomson, Lord Kelvin, claimed in 1897
that “There is nothing new to be discovered in physics now. All that remains is more and
more precise measurement.” [1] A few years later, Albert Einstein would turn everything
upside down with the Theory of Special Relativity [2] (which had already been somewhat
conceptualized by earlier works in the field of electromagnetism [3,4]), and even more so,
with the publication of the Theory of General Relativity in 1915 [5].

By then, it had also been proven that matter is made up of tiny elements known as
atoms [6], which include a positively-charged nucleus and negatively-charged particles
moving around it [7]. The physics at this scale, however, seemingly behaved differently
than at human scales. The new paradigm would later be dubbed quantum mechanics [8].

Einstein was awarded the Nobel Prize in 1921 for his understanding of the photoelectric
effect [9], historically one of the first times that a quantum mechanical effect was ever
studied. The formulation of quantum mechanics into a mathematical theory would take
no longer than two decades, and was the subject of a tight race among some of the top
minds working in physics at the beginning of the 20th century [10, 11].

The nucleus contains both protons (positively charged) and neutrons (no electrical
charge). The particles surrounding it are electrons (negative charge). In the early 1930s,
Anderson identified a particle [12] that shared the exact same properties as the electron,
but had an oppositely-signed electric charge. It was called the positron, and it represents
the first time an anti-particle was observed.

The floodgates of research and discovery opened up following the end of World War II.
The topic of understanding the subatomic world would fascinate physicists for decades to
come, both at the theoretical and the experimental level. One of the key ingredients that
make quantum mechanics so different from classical physics (an umbrella term used to
refer to pre-20th century formulations) was the fact that two things can be true at the
same time, as long as a measurement is not performed. This is called the superposition



principle: a (quantum) cat with a 50% chance of having been poisoned is both alive and
dead, as long as a medical exam is not performed.

This idea was one of the key ingredients to the early-days mathematical formulation of
quantum mechanics, done by Schrddinger [10] and Heisenberg [11], among others [13-15].
It led to very precise measurements of subatomic quantities, like the energy spectrum
of an electron orbiting a proton (the Hydrogen atom). Understanding the movements
of particles at this level, though, would soon require an even larger framework, as they
could easily acquire speeds close to that of light. This phenomenon is described at the
macroscopic level by Einstein’s Special Relativity.

Special Relativity and Quantum Mechanics were united to create Quantum Field
Theories (QFTs) [16,17], a set of mathematical formulations that have since led to the
best agreements between theoretical predictions and experimental observations ever. They
also describe the interactions between particles with a set of tools known as Feynman
diagrams [17,18]. Around the same time these were being developed, experimental
particle physics was inside a period known as the “Particle Zoo” [19]. New particles were
being discovered [20-23] at a higher rate than they were being understood as part of a
mathematical model [24].

This theoretical framework, however, has been formulated since then. It was both
informed by experimental observations [25,26] and capable of making predictions of its
own that were later proven right at physics detectors [27]. It is the theory known as the
Standard Model (SM) [28].

1.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics is a mathematical theory that studies the
fundamental particles that make up matter and how they interact between them. (See
Refs. [29-31] for extensive overviews.)

Inside the SM, particles are split into two groups. There are fermions (with half-
integer spin) and bosons (integer spin), which mediate the interactions between fermions.
Fermions themselves are also split into two subgroups: quarks and leptons. Both of
these subgroups are organized in three families, or generations, each one heavier than the
previous one.

Quarks cannot exist by themselves, they need to be paired up with an antiquark
(making up a meson) or with two other quarks (a baryon). This results in the creation
of a conserved quantity for particles known as color charge: by combining three colors,
we achieve a color-neutral bound state, which we also reach by combining a color and an
anti-color.

Particles made up of quarks are hadrons. Protons are baryons, for instance: they are
composed of two up quarks, u, and one down quark, d. Quarks v and d make up the
first generation. The first lepton generation includes the electron, e, and the electronic
neutrino, v, a particle so light it hardly interacts with matter).

Subsequent generations of quarks include charm, ¢, and strange s quarks (second),
and top, t, and bottom, b (third). The rest of the leptons are the muon, p, and the
muonic neutrino, v, (second generation), and the tau, 7, with its corresponding neutrino
v, (third).

Therefore, there are six types, or flavors, of quarks, and six types (flavors) of leptons.
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Figure 1.1: Visual representation of the elementary particles and the interacting bosons that
conform the Standard Model.

The study of the properties of quarks and fermions is called flavor physics. A visual
scheme of the Standard Model is presented in Fig. 1.1.

1.1.1 Quantum Electrodynamics

The interactions between leptons (e, p, 7) are mediated by photons, and the QFT
describing them is called Quantum Electrodynamics (QED). Fermions are subject to a
local phase invariance, ¥(z) — €@ (z), so by the grace of Noether’s theorem [32], QED
must be symmetric under these transformations. The symmetry group most appropriate
seems to be U(1) = {e?|0 € R}.

The strength of the electromagnetic interaction is given by the coupling constant of
the theory, «, which is predicted by perturbation theory to be a = 47:;—0% ~ o

The theory is characterized by the Lagrangian, a function that can yield the equations
of motion of the theory and describe the interactions between the elements in it. Since the
leptons are fermions, they are described by Dirac spinors and their equations of motion
are given by the Dirac equation, (i7y#0, —m)1 = 0. The Lagrangian term is easy to derive
from there, £; = 1 (iy*d, — m)ip.

The photon is described by the gauge field A,, and the kinetic term associated to it
is given by L, = —}lFWF # where F),, = 0,A, — 0,A,. However, to ensure the gauge
invariance of the Lagrangian, and therefore, of the theory, we must add a term that also
turns out to describe the interaction between photons and electrons, £ = —e@(v“Au)d).
We can use this term to define a covariant derivative operator, D, = d, +ieA,, such that

. 1 v
Logp =YD, —m)y — ZFWF“ ) (1.1)



1.1.2 Quantum Chromodynamics

The interactions between quarks are mediated by gluons, and the QFT describing those
interactions is called Quantum Chromodynamics (QCD). The name is given by the role
that the color charge plays in it. To account for symmetries under local transformations,
QCD must be a gauge theory and thus be described by a symmetry group. The easiest
choice, to account for all three color charges*, is SU(3), which contains all unitary, 3 x 3
matrices with a determinant equal to 1. There are eight of them, known as the Gell-Mann
matrices, which in turn yield the eight generators of the group, 7T,,.

In a gauge theory, the generators are associated to the mediating (or gauge) bosons.
This means that in QCD there are eight possible gluons’. The color charge is known as
a local symmetry, since it is applied to each point in spacetime independently of what
happens elsewhere. The fact that there is a color-neutral state in point A does not mean
there cannot be another one in point B.

The strength of interactions in a gauge theory is determined by the coupling constant,
as. We can define the beta function, f(as), as the dependency of the coupling constant
with the energy scale, pu:
dag
ou

For QCD, one can compute, via one-loop Feynman diagrams [29],

Blas) = p

Blay) = — (11 _ gnf) g (1.2)

where ny is the number of quark flavors at the energy scale p. Since in QCD, ny < 16,
B(as) < 0, which means that the coupling becomes really large at low energies, and
therefore, there is no room for a perturbation theory to describe QCD. This also causes the
confinement of quarks inside hadrons. As we increase the energy, or decrease the distance,
however, the coupling becomes much smaller, a phenomenon known as asymptotic freedom.
The boundary between both regimes is given by the fundamental scale of QCD, Agep,
known only experimentally, Agcp >~ 200 — 300 MeV [33,34]. (This is for ny = 5, meaning
up to the b mass scale.)

The missing piece in this breakdown of Quantum Chromodynamics is the introduction
of the Lagrangian. Our theory constituents are the quarks, which are fermions described
by a Dirac spinor, and gluons, which are bosons that can self-interact. The Lagrangian is
constructed by adding together the kinetic terms of both types of particles and a third
term describing how they interact.

We can also fold the interaction between quarks, described by Dirac spinors, v, and
gluons, described by gauge G, fields, inside the quark kinetic term through the introduction

*It is important to note that the concept of color charge is an illusion, an artifice used by mathematics to
describe the grouping of quarks in threes. Quarks of a specific flavor are not green or red based on that
flavor; the color is given by the presence of other quarks. In reality, electric charge, which is much more
ingrained in our culture, is no different. It is simply a sign that we give a particle based on how it reacts
in the presence of an electric field.

"In general, the special unitary group SU(n) has n? — 1 generators. It is easy to see why: an n x n
unitary matrix has n? complex entries, meaning 2n? real degrees of freedom. The unitary condition,
UTU = 1, imposes n? constraints. On top of that, det(U) = 1 adds another constraint, so the number of
degrees of freedom of SU(n), its number of generators, is given by 2n? —n? — 1 =n? — 1.

4



of a covariant derivative, D,,:

Lowark = (YD, —m)y , D, =0, — ig TGy, (1.3)

Here, g, = /4may is the strong coupling constant.
Similarly, the gluon term is given by

1 v a a abc c
Egluon = _ZF,LWFH ) F,LLI/ = auGy - al/Gu + gsf ’ GZGII (14>

Here, f2% are the structure constants of SU(3), the QCD analogous to the Levi-Civita
symbol. With all of the above,

) 1
Locp =@y D,y — m)y — ZFWFW' (1.5)

1.1.3 Weak interactions

All quarks and leptons are subject to the weak interaction, which rules transitions between
them. In 1957, when studying the S-decay of ®°Co, C.S. Wu [35] found that in this decay,
neither parity nor charge conjugation were conserved. Up until then, the theory governing
B decays had been proposed by Fermi in 1933 [36], and it covered parity conservation.

A new theory was formulated later in 1958, known as the V' — A model [37,38], which
also solved the other problem that Fermi’s theory had: it was not renormalizable. Most of
the knowledge we have of weak interactions and the theory that dictates them has been
empirically accumulated.

The helicity is defined as the projection of the particle’s spin onto its momentum,

B — S-p 7
1Pl
which means that massive particles can be boosted to invert its helicity, while massless
particles must always have the same helicity state. Wu’s experiment showed a significant
excess of electrons with helicity —1 (left-handed) over electrons with helicity +1 (right-
handed), indicating that the weak interaction couples to left-handed particles and right-
handed anti-particles.

Following the argument above, neutrinos are always produced left-handed, while
anti-neutrinos are right-handed. Consider the 7= — ¢~7 decay. If neutrinos are always
right handed, their spin is always aligned with their momentum. In the pion’s center
of mass, the neutrino and the lepton are produced back-to-back, so they fly away with
opposite-signed momentum directions. By means of angular momentum conservation, the
lepton’s spin must also be aligned with its momentum, which means that it must also be
right-handed.

Since the electron mass is much lower than the muon’s, using the argument above, it
will be much more complicated for them to invert their helicity state, which means that
7~ — p~ v, is much more likely to happen than 7= — e~ 7.. The ratio of probabilities
between both decays can be computed very precisely theoretically, and has been ratified
experimentally:.

Also experimentally we see that the fermions adopt a doublet structure. Leptons and
their corresponding neutrinos are always seen together in weak decays, but processes

(1.6)



involving an even number of leptons of different flavors have not been observed. Similarly,
quark transitions also seem to favor a doublet structure:

0, 0,0, ), (), @, o

All of the evidence above seems to point towards a SU(2), symmetry group lying
underneath the weak interactions. Furthermore, this would predict three spin—1 force
mediators, which have been observed: W+, governing charged decays [39,40], and Z°,
mediating neutral transitions [41,42]. The conserved quantity in weak interactions is
known as isospin, 1'. Its projection, T3, is T3 = % for particles in the upper side of the
doublets, and T3 = —% in the lower side.

Based on the interacting bosons, weak currents can be either charged, when they
are mediated by W¥, or neutral, when they are mediated by Z°. Charged currents, in
addition to being allowed to violate parity conservation, are also the only interactions
permitted to change a particle’s flavor.

Neutral currents, however, cannot. This means that processes like ¢ +G — ¢ + ¢,
where ¢ is a quark and / is a lepton, cannot happen at tree level inside the SM, since they
would require the exchange of a spin—1 neutral boson. They are called Flavor Changing
Neutral Currents (FCNCs) and they are allowed at loop level inside the theory, though
they are highly suppressed. This is one of the main areas of research in experimental
particle physics, since small deviations from the SM at such low scales would be triggered
by physics beyond our current understanding. One of the decays studied in this thesis is
an FCNC (see Sect. 5).

Mathematically, the generators of the theory are given by the Pauli matrices,
7 = (01,09,03), while the fields of describing the gauge bosons are given by Wu =
(W5, W2, W2), where W+ is described by W, = \%(Wl} +iW7), W is described by
WJ = \%(Wj — ZWE), and the Z boson is described by W;f The coupling constant is
given by
_gw 1
CAr T30
where gy, can be linked to the Fermi constant that was the first weak coupling introduced,

(1.8)

A
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and where my is the mass of the W boson.
The covariant derivative that enters the Lagrangian of this theory is given by

D, =0, —igT-W,.
For a left-handed fermion doublet, x, we have the following kinetic term:
Ekinetic = XLZ"}/HDMXL

With this in mind, and considering a left-handed fermion doublet given by y, we can
write

| o
»Cweak = YLVYHDMXL - ZF;WF“ ) (19>



where ﬁ/w = (%Wy — 6,,WM + gWM x W,,.

It is important to note here how there is no mass term for either the fermions of the
theory, i.e., a term of the form mY . The same happens for the gauge bosons. This would
break gauge symmetry and yield an invalid Lagrangian. The paradox is solved once the
Higgs mechanism is incorporated, which was achieved after the unification with quantum
electrodynamics.

1.1.4 The electroweak unification

QED was successfully folded into the theory describing weak interactions, V' — A, during
the 1960s by Sheldon Glashow, Steven Weinberg, and Abdus Salam [43-45]. The result
was a theory capable of describing both weak and electromagnetic interactions, which
accepts all four gauge bosons, W*, Z°, and photons, as real particles that can be absorbed
and emitted during transitions.

The missing piece is that the electric charge, @, is not a fundamental generator of a
unified SU(2),, x U(1), since it does not preserve gauge symmetry. Instead, we define the
weak hypercharge, Y = 2(Q) — T3), where Tj is the weak isospin, one of the generators of
SU(2)y, as the basis for U(1)y, which can now yield a symmetry group, SU(2), x U(1)y,
that is gauge invariant for all electroweak interactions. Both Y and T3 are conserved
quantities inside this group, which means that only terms with neutral Y and 73 can enter
the Lagrangian.

The new field representing the photon is B),, and the new coupling is ¢’. To construct
the Lagrangian, we simply have the usual two terms. First, the gauge term, that is
extended from QED and the weak interaction theories:

1 1
'Cgauge - —ZF#Z,F“V - ZLBMVB#V? (110)
Local gauge invariance is preserved in the fermionic kinetic term if we define D, =
Oy — F7W, — ig’%BM:
3
Efermion - Zﬂpj(x)V“Du%(x)a (]']'1)

j=1

where, for the first quark family, for instance,

¢1=(§> ,  Ya=ur , Y3=dg.
L

The Lagrangian Lgw = Lgquge + L fermion 1S able to describe the kinematics of all
fermions and gauge bosons in the theory, as well as the interactions between them.
However, this expression does not incorporate mass terms for any of the particles involved,
which would be of the form mun). We know empirically that the leptons are massive, for
instance. So are the W and Z° bosons.

Mass terms can be added if we include an additional, complex doublet field, which in
turn hides four real, scalar fields:

¢_L(¢*)_i(¢f+i¢§)
V2 N\ V2 \dstidl)



It is found that, considering a potential of the form V(¢) = —u2¢'¢ + A\(¢'¢)?, and
—p? <0, A > 0, the Higgs field (¢3), develops a vacuum expectation value:

This is known as spontaneous symmetry breaking (SSB), or the Higgs mechanism, in
honor of Peter Higgs, one of the theoretical physicists who proposed this in 1964 [27],
when applied to this particular topic.

Replacing ¢ = (0,v/+/2) into the Higgs Lagrangian term,

Liiggs = (D,0) (D ¢) — 1i¢Td + Ao $)?,

we find mass terms for the W and Z bosons, but not the photon, consistent with everything
that was known up to this point. The SM also yields precise predicted values for the
masses of these bosons. Measuring differences with respect to these predictions could be
an indicator of physics beyond our current understanding.

A similar Lagrangian can be formulated to give masses to fermions [44]:

['Yukawa = _yuQLq;uR - dequdR + h-C-a

+ - 0
where ¢ = (ﬁo), ¢ = iTip* = (_Q5 (b_), and y; are the Yukawa couplings to each
fermion® and 72 is the second Pauli matrix.

After SSB, we find

Yrv
M; ok (1.12)
The presence of mixed-flavor terms in the Lagrangian is not forbidden by our theory,
which means that My could adopt a 3 x 3 matrix form (there are three generations). And
because these masses are measurable quantities, My must be diagonalizable, i.e., there
are unitary matrices Uy, r such that

(u[[/])TMUUg - Mu - dlag<mua mmmt); (113)

UPTMpUE, = M, = diag(ma, m, my). (1.14)

We shall use capital letters to describe flavor (weak) eigenstates, U, Dy, while
lowercase letters denote mass eigenstates, uy,, dy:

U D
UL,R:uL7RUL,R s DL,R:L[L,RdL,R7 (1.15)
where
Urr=1°¢ ) dL,R =1Ss
t L.R b L,R

iThe Yukawa couplings relate the fermions to the ¢ field, and are allowed (in fact, measured) to be

different for each lepton. Leptons, however, share the same weak coupling constant in the electroweak
model, g. This is known as Lepton Flavor Universality, and it is an essential part of the SM. Small
deviations between lepton couplings could point to the need of a larger theory, so it is currently an active
field of study by experimentalists.



Notice that this means that massive quarks are a mixture of different flavors eigenstates.

We shall define the Cabibbo, Kobayashi, Maskawa (CKM) matrix [46],
Vo = Up)Up, (1.16)

which is a fundamental piece of the SM for various reasons. First, it predicts cross-
generation transitions in weak decays, which have been observed and well measured. It is
also the gateway for CP violation into the SM.

This happens because we can always parametrize a n-dimensional unitary matrices
with n? parameters, which are split between mixing angles and phases. The mixing angles
are described inside the framework of the symmetry subgroup SO(n), which says that
a real rotation in n dimensions in parametrized by n(n — 1)/2 angles. The rest of the
parameters, n(n + 1)/2, are phases.

For n = 3, we have 3 angles (013, 013, 6h3) and 6 phases. They must correspond to
the six quark flavors, and in general, can be reabsorbed into the quark fields. In fact,
we can always do a global phase shift that affects all quarks in the theory and leaves it
unchanged. This means that there are only five independent quark phases, which would
be unmeasurable, as they vanish for gg. It leaves us with only one phase, §, which is
CP-violating since it survives in gg (matter-antimatter) terms.

With this in mind, we can write the CKM matrix as follows:

—is
Vud Vus Vub C12€13 S12C13 S13€
_ B " 5
Vokm = Vcd VCS Vcb = | —S12C23 — C12523513€" C12C23 — S12523513€" S23C13 |,
” "
th Vts V;b 512523 — C12C23513€" —C12523 — S12C23513€" C23C13
(1.17)

where ¢;; = cos8;; and s;; = sin0;;.
The CKM matrix enters the Lagrangian through the charged-currents part, contained
inside the covariant derivative,

ECC = —iﬂL’}/”VCKMdLW: + h.c. (1.18)

V2

So far, it is only known experimentally [47]:

Vud Vus Vub
Vokm = Vcd Vs Vcb
Viae Vis Vi

1.19
0.97435 4+ 0.00016  0.22500 £ 0.00067 0.00369 = 0.00011 (1.19)

= [ 0.22486 4 0.00067 0.97349 +0.00016  0.0418215-500%)
0.00857+0:90029 0.0411073:9008%  0.999118*0-000031
Transitions inside the same generation are very much favored, while transitions between
generations are increasingly less likely as the shift between generations widens. We also
have measurements for the three angles and the C'P-violating phase:

sin 615 = 0.22650 4 0.00048 ,  sinf3 = 0.00361 70 09005

1.20
sin B3 = 0.04053700006 , 6 = 1.19610:053. (20

The SM predicts that Vg is unitary, which represents an excellent experimental test
for the theory.



The CKM matrix was first proposed in 1973, when the authors of Ref. [46] used it to
reason that there must be a total of three fermion families, and that the quark model was
not a quartet, as it had been found until then. For the CP-violating phase § to appear in
the SM Lagrangian, there needed to be two more, then-undiscovered quarks. Across the
history of the SM, theory and experiment have been ahead of the other in alternating
situations.

1.2 Beyond Our Standard Model

The successes of the SM as a fundamental theory that explains the subatomic world have
been many over the years. Chief among them remains the discovery of the Higgs boson
in 2012 [48,49], but as indicated, the model has also accurately predicted the number of
quarks and leptons involved in it [46], as well as the existence and the mass values of
three of the four electroweak bosons (later corroborated by experiments).

However, there remain some inconsistencies between some of the theoretical predictions
and experimental observations, as seen in Sect. 1.2.1. Additionally, there are other aspects
of the theory that remain incomplete or unsatisfying to the community (see Sect. 1.2.2.

1.2.1 Experimental tensions

1.2.1.1 The anomalous magnetic moments of leptons

QED has also been able to predict the value of the anomalous magnetic moment of the
electron, a measure of the contribution of quantum mechanical effects to the magnetic
moment of the particle, with a precision of 12 significant figures [50],

% = 1.001 159 652 180 59(13). (1.21)

Naturally, given the level of precision, this is also a good target for searches of tiny
deviations from the SM.

The Dirac equation predicts an exact value of g. = 2 [51], but precise calculations in
Quantum Electrodynamics using Feynman diagrams with up to four loops have contributed
slight corrections that are later corroborated in experiment (see references inside Ref. [50])

In a similar fashion, QED can also compute precise corrections to the anomalous
magnetic moment of the muon [52], which is also predicted by Dirac to be g, = 2, but which
has been found both experimentally and theoretically to be larger than 2. However, the
excellent agreement found between theory and experiment for g. has not been replicated
for g,. Results published by Fermilab in 2023 [53] concluded a world-average experimental
value of

ex g —2 _
s = “T = 116 592 059(22) x 1071, (1.22)

which represented a 4.20 deviation from the most up-to-date SM prediction (see (8.2)
from Ref. [52] and references therein).

This is known as the (g —2), puzzle, and has historically been a source of disagreement
between the SM and experimental observations (although it must be noted that most of
the discrepancies come from theoretical and systematic uncertainties, rather than being of
statistical nature). It has inspired the creation of its own collaboration, the Muon g — 2

10



Collaboration at Fermilab, which is expected to publish an even more precise value of
this quantity in 2025. Naturally, it is believed that new physics could contribute to these
deviations.

The theoretical calculations needed for the computation of a, are rather complex, and
involve a lot of uncertainties of different sources, including experimental results and also
computational power. The dominant source stems from the hadronic vacuum polarisation
(HVP) at leading order (LO) in the fine-structure constant, which modifies the propagation
of virtual photons in the vacuum. Ref. [54], published in July 2024 and following new
measurements from Ref. [55], updated the LO-HVP contribution to a,, with unprecedented
accuracy. When adding this new value to the rest of SM contributions, they found

aM =116 592 019(38) x 107, (1.23)
This updated value differs from observations in
aspP — aSM
K = = 0.90.

V(0@ + (o(aM)?

Another particularly challenging contribution to the theoretical computations is the
hadronic light-by-light (HLbL) scattering, which involves a process in which four photons
interact through a hadronic intermediate state. Notice how this is theoretically more
complex than HVP, as the contributions involve a four-point function rather than a
two-point one, as is the case with HVP.

At low energies, the exchanged mesons can be light pseudoscalars, like the 7°, n, or 7.
Ref. [56] published an updated computation of the term using lattice QCD,

a,;™ =106.8(14.7) x 107", (1.24)

The 14% uncertainty, which adds in quadrature all systematics carried through the
computations, may be further constrained with additional and more precise experimental
measurements.

The door is not shut yet, though. The Muon g — 2 Collaboration, as mentioned, is
expected to update their results in 2025 [57]. Results from this thesis regarding precise
measurements of branching ratios of n and 1’ decays, could contribute to improving
theoretical calculations of transition form factors that play a key role in the computation
of the hadronic light-by-light scattering.

1.2.1.2 CP violation and the matter-antimatter asymmetry

Shortly after the Big Bang, the universe was a quark-gluon plasma (QGP), which eventually
evolved into the galaxies, planets, and stars we see 13 billion years later. One would
assume that from that state, an equal number of particles and antiparticles emerged,
which would preserve charge and parity.

However, we are only able to see objects made of matter, not anti-mater, which means
that CP was violated at some point. Our SM gateway into CP violation is given by the
corresponding phase in the CKM matrix, J, as well as the 6 term from the strong CP
problem (see Sect. 1.2.3.2).

Neither term is relevant enough to explain such a large discrepancy in the early Universe.
The LHCb experiment was originally conceptualized to tackle this problem, provide a
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better understanding of how CP violation works inside the SM, and possibly discover
some tensions that may yield new physics. The understanding of the early-universe QGP
is also one of the LHCD’s goals (see more in Sect. 3).

1.2.1.3 Additional question marks

e b — s(T{~ transitions: The branching ratio measurements of BT — K*utpu~ [58]
and B? — ¢ut = [59] present, respectively, 4.2—3.60 deviations from SM predictions
in the p* 1~ bins below the J/1) mass. The angular observable P. has also introduced
2.5 — 2.90 tensions with respect to the theory [60].

e The X17 anomaly: The measurement of the relative angle between the ete™
pair emitted by the excited state of ®*Be showed a peak at the invariant mass of
17 MeV/c? with a statistical significance of 6o [61], which could correspond to a
new boson and even be related to the (g — 2), puzzle [62].

e The W boson mass: While some LHC experiements, including ATLAS [63],
CMS [64] and LHCb [65] have measured the value of the W boson mass to be
consistent with the SM prediction [66], in 2022 a result by the CDF II Collaboration,
based on legacy data collected by the Fermilab Tevatron collider showed a 7o tension
with respect to the SM [67]. This remains one of the main focus of the electroweak
programs at the LHC experiments, including LHCb.

e Neutrino masses: The Neutrino Solar problem was solved in the 20th century with
a simple yet still fully unexplained reason. The rate of neutrinos reaching the Earth
was exactly one third of the ones that were supposed to be produced on the surface
of the Sun. This led to the conclusion that there were three families of neutrinos,
each related to one of the leptons. Furthermore, they were able to oscillate between
flavors on their way to Earth, something that can only be explained by quantum
mechanics if they are allowed to have mass. However, the SM Lagrangian does not
include a mass term for the neutrinos. Several BSM theories have presented different
explanations for this phenomenon, but none of them have been proven yet.

e Dark energy: We know that baryonic matter makes up roughly 5% of the known
energy in the universe, while dark matter is responsible for 28%. However, 68% of
the known energy content in the universe is a mysterious form of energy, dubbed
dark energy, which is believed to be responsible for the expansion of the universe. It
is not directly observable, and its true nature is one of physics’ largest blind spots.

1.2.2 Theoretical problems

e The inclusion of gravity: The SM is able to reconcile under one Lagrangian three
of the four fundamental forces, even if QCD has not been unified with the electroweak
theory. However, gravity, with a much weaker coupling constant, remains isolated
from the rest. The effects of quantum gravity would be felt at energy scales way
above our current standards for high-energy physics and detectors, so we are still a
long ways off from being able to understand Einstein’s relativity as a quantum field
theory.
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e The hierarchy problem: Going even further, there is a large discrepancy in the
SM between the energies governing the weak interaction and gravity. This hierarchy
puzzle can be refocused by looking at the Higgs mass. The observed value of this
parameter, which is not protected by any symmetry in the SM, corresponds to that
computed through tree-level Feynman diagrams. Loop-level corrections, however,
can become arbitrarily large, and theorists have not found a suitable explanation to
cancel them so that the actual mass the measurement.

e The gauge couplings in the SM: The SM coupling constants tend to have a
tendency towards unification at an energy scale of ~ 16 GeV, but they do not quite
match. This is due to the arbitrary number of free parameters that conform to the
SM, and is solved by some Beyond the Standard Model theories, like supersymmetry
(see Sect. 1.2.3.3).

1.2.3 Some New Physics models

1.2.3.1 Dark sectors

After decades of hypothesis about the universe possibly being made of more matter than
is actually visible to us, a plethora of astrophysical observations in the 1970s led to
the conclusion that only a small fraction of the matter we are able to see is baryonic
matter. (See Ref. [68] and references therein.) The nature of the rest, dubbed dark matter,
remains a mystery. It is able to interact with gravity, but so far we haven’t observed any
interactions with the SM, which implies at least very weak couplings to it, if any.

There are many simultaneous, ongoing efforts in the particle physics community to
both understand the fundamental elements making up dark matter and also reconcile this
new hidden sector with our SM. If particles from this hidden sector are to interact with
the SM, they must do so through a mediator that would act as a portal between both
sectors. See Refs. [69-72] for a detailed overview.

Several possibilities arise. One of them would be a spin—1 particle similar to the SM’s
photon, a dark photon, that would act as the force carrier of the dark matter equivalent of
electromagnetism. This can be added into the SM Lagrangian by extending its symmetry
group with a U(1)p gauge symmetry [71,73],

LD —iFéyF’“V — %mi/A;A’” +eed;, TN, (1.25)
where m 4 is the mass of the hypothetical dark photon, and e represents the kinetic
mixing strength. These two are the fundamental parameters of the theory; the last term
represents the portal between the SM and DM.

If mys is above the mass scale of the dark matter candidate, it will decay into it and
will not be observable to us. However, if it is below, it will decay into SM particles and we
might be able to observe it. Many searches across many different experiments have targeted
A’ decays, but could only get so far as placing stringent constraints on m(A’) and £ (see
Refs. [74-82]) The LHCb Collaboration conducted a wide-range search for A" — p*pu~
decays [83] with data collected between 2016 — 2018, for both prompt-like and displaced
di-muon resonances, but found no significant excess in 0.214 < m(4’) < 70 GeV/c?.

One of the decays analyzed presented in this thesis, K — pTpu~p*p~, was predicted
by a dark matter model [70,84,85] to have its branching ratio enhanced by two orders
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of magnitude with respect to its SM value. Similar models could also solve some of the
mysteries in the (g — 2), puzzle [85].

1.2.3.2 Axion-like particles

There is an infinite number of topological vacua in QCD, but the true, physical vacuum
of the theory is a superposition of all of them [86,87],

0 = /ew%.

This term, however, translates into a component in the QCD Lagrangian,

96@ [V,Q
;Ceff = »CQCD =+ mFHVﬂF B (126)

where Fra — %e“”""Fpa. Experimentally, 6 is found to be non-zero, but really small. The
Ly term, however, is CP-violating. This is known as the strong CP problem.

Refs. [88,89] introduced a possible solution, where they added a global symmetry
U(1)pg that, in turn, introduced an additional ¢ field. This new symmery forces 6 to
be a dynamic variable rather than a parameter once it is spontaneously broken. It now
depends on the vacuum expectation value of the axion field, a(z), which appears after
SSB, and it can be reworked theoretically to be set to 0.

QCD axions are the Nambu-Goldstone bosons associated to this particular U(1)pq
SSB. Axion-like particles (ALPs) appear whenever a symmetry in a U(1)pg theory is
broken. They can acquire a mass, m,, and can couple to SM particles. Being massive and
feebly interacting with the SM, axions and axion-like particles are perfect candidates for
dark matter.

The precision measurement of B(r — 7ntn~pu™p™), presented in Sect. 6, will also
include a search for potential bumps in the pu*p~ invariant distribution that may be
originated by a — putpu~, where a is an ALP.

1.2.3.3 Supersymmetry

The supersymmetry (SUSY) model [90,91] is based on the assumption that there exists
a symmetry between the bosons and the fermions of the theory. As such, every particle
would have a super-partner, and there would be a unified description independent of
matter and interaction. The R-parity is defined as being R = 1 for SM particles and
R = —1 for their supersymmetric partners.

There are many SUSY models, with the Minimal Supersymmetric Standard Model
being the simplest example: a natural extension of the SM that includes supersymmetric
partners to the known particles and without additional fine-tuning of the parameters.

Supersymmetry, if found, would be able to solve many of the SM problems listed
above, including the hierarchy problem, dark matter, and the unification of the gauge
constants. However, the faith in finding experimental evidence of supersymmetry with
our current accelerators has faded over the years, since no supersymmetry particles have
been observed. If SUSY is to solve the hierarchy problem, its particles should not have
masses beyond the TeV scale.
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Statistical tools in High Energy
Physics

Experimental particle physics is a field built upon the interpretation of many measurements
of processes that happen in nature. These measurements are generally independent of
each other, and a proper framework needs to be put in place for correctly studying and
understanding the collected data.

Before performing a measurement, we only know about the probabilities of each
possible outcome. We are unable to predict with certainty what will happen. Kolmogorov
defined the probability P as a real-valued function that satisfies a set of axioms inside a
set S, called the sample space, and possible subsets A, B, ...

i) For every subset A in S, P(A) > 0.
ii) For disjoint subsets, P(AU B) = P(A) + P(B).
iii) P(S) = 1.

Today, it is more common to speak about probabilities inside the frequentist and
bayesian paradigms. For a frequentist, the probability is given by the number of times
each outcome A, B,... of an experiment is yielded if it was performed an infinite number
of times. For a bayesian, this is a more subjective quantity, as it would be the degree of
belief that the hypothesis A is true.

2.1 Probability density functions

Let x be the possible outcome of a repeatable experiment. This is generally called a
random variable by a frequentist. If x can take only one value inside a continuous range,
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the probability of measuring said random variable being inside [z, x + dz|, for an infinitely
small dx, is given by f(x;6)dx. This function f(x;6) is called the probability density
function (p.d.f.), and it may additionally depend on a set of parameters 6.

If x € [a,b], the p.d.f. must be normalized inside that interval,

/bf(x; 0)dz = 1. 2.1)

Probability density functions will be used in this thesis to describe the behavior of the
data that was obtained experimentally. Some examples include:

¢ Binomial distribution: A random process with only two possible outcomes that
have fixed probabiilties (p for success and 1 — p for failure) is called a Bernouilli
process. The probability of obtaining r successes out of N independent trials is
given by the binomial distribution, whose standard deviation is also indicated below:

ol PL-pN—r: o= l—p) (2.2)

f(T’;N,P):m N

This is often used to compute the uncertainty associated to the efficiency of a given
variable selection.

e Poisson distribution: In the limiting case p — 0, N — oo, Np = v, the binomial
distribution becomes the Poisson distribution, which describes the probability of
observing n independent events in a fixed interval = (space, time, etc.) at an average
rate of v:

;o= (2.3)

Measurements of the times a given process occurs (for instance, events inside a
histogram) are modeled by a Poisson distribution.

e Gaussian distribution: When the average rate is large, the Poisson distribution
approaches the Gaussian distribution,

f(z;p,0) = mjgexp <—%> : (2.4)

where o is the associated standard deviation. A Gaussian p.d.f. may be used, as
a first-order approximation, to model the invariant mass distribution of the decay
products in a process where all the tracks are measurable.

e Crystal Ball distribution: The convolution of a Gaussian p.d.f. with an ex-
ponential that models one of the tails is known as a Crystal Ball. It is defined
as [92]

o (2.5)

pla; p,o,0,n) = {

where



This p.d.f. describes quite well processes that may feature energy losses due to
bremsstrahlung radiation, for instance. The sign of the o parameter dictates whether
the exponential tail is the left one (positive) or right one (negative).

An even more refined model would involve the superposition of two Crystal Balls,
each with a different sign of a. This is known as a double-sided Crystal Ball and is
often used in the thesis, especially in the analysis of n) decays. It can be useful in
cases where the events have different uncertainties on the measured mass, which
could distort the core of the Crystal Ball.

Hypatia distribution: The Hypatia distribution [93] is a generalization of the
Crystal Ball that brings the concept behind the superposition of various Crystal
Ball distributions to the next level. Using the combination of various p.d.f.s is
equivalent to assuming that the per-event uncertainty is a sum of as many delta
functions. Per-event uncertainties are typically continuous functions very different
from the sum of a limited number of deltas.

The following p.d.f. was defined as a generalization of the Crystal Ball with the
goal in mind of addressing these issues, and is used to model the K invariant mass
distributions in Sect. 5:

I(m,u,,a,)\,(,ﬁ,a,n) =

1y 1 2
((m — p)? +A§\(C)02)5)‘ 4 eﬁ(m*“)K/\_% (C 14 (%) ) , if =R > —a

G(p—ao,pu,0,\,C,0) )
(1fm/ (n%,w))" , otherwise
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To understand the model that dictates how our measurable random variable z will
behave we need to find the parameters 6 that best describe our physics case. We
can do this using the maximum likelihood (ML) method, which gives us the set 6 for
which £(0) = P(x;0) is maximum. The problem is usually formulated, instead, as the
minimization of — log £(6), because computers have it easier to minimize than to maximize,
and the properties of the logarithm lend themselves to simplifying complex calculations.

If x is a set of statistically independent quantities, (z1, xg, ..., ), like measurements

in an experiment would be, we can factorize

£(0) = 1] f(::0). (2.8)

If (xq,...,x,) are independent Gaussian random variables,

n

=Y M (2.9)
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follows the x? distribution with n degrees of freedom:

Sn/2—1,—2/2 ‘ \/E
N

EEZENCY R (2.10)

f(z;n)

This p.d.f. is often used to validate the how well a given hypothesis for a p.d.f. describes
the observed data. This is an example of hypothesis testing.

2.2 Cumulative distribution functions

Every p.d.f., P, has an associated cumulative distribution function (c.d.f.), F', defined as
the probability that a random variable X takes a value less or equal to z,

F(z) = P(X < 2). (2.11)

The analysis described in Sect. 5 will use the concept behind cumulative distribution
functions to make data-MC corrections.

The idea is to create a 1 — 1 relation between a given variable, in both data and
simulation, and its c.d.f.,

UMC,Data = PMC,Data(TMC,Data), (2.12)

where Z)\c pata 1S the variable in the corresponding dataset and yaic pata is the c.d. f. We
then define the corrected variable, x ..., as

Leorr = Pl;;ta (PMC(IMC» . (213)

Introduced in Sect. 3.8.1, the LHCb tool known as PIDGen also uses this technique
to correct variables based on particle identification, though the procedure is a bit more
complex since the correction is performed in a three-dimensional binning scheme.

2.3 Confidence intervals and hypothesis testing

In a frequentist approach, if we define a confidence interval [a, b] as a boundary in which,
if we repeated a certain experiment a large number of times, the parameter of interest
0 would fall inside said interval a C.L. % of the times, where C.L. is defined as the
Confidence Level. We can also write

L(a<8<b)=C.L. (2.14)

This can also be rephrased as finding 6 inside [a, b] with a probability of 1 — . Here,
[a,b] contains all values of 6 that cannot be rejected at a significance level a. The
hypothesis Hy : 0 = 6y is rejected at a significance level « if 0y ¢ [a, b].

Note that € can not be precisely known, but rather estimated. Let 0 be the parameter
that maximizes the likelihood. Often times, we can use the profile likelihood ratio,

M) = =, (2.15)



to measure how likely a given 6 is with respect to 6.

The null hypothesis, Hy, is a rule for which a set of data values x is rejected. The
critical region w is that where there is no more than a given probability «, under Hy, of
finding = € w. If the data are observed in w, Hy is rejected.

An immediate application of this reasoning, known as hypothesis testing, can be a new
discovery. Let H state that the observation of 8 is compatible with the SM prediction. If
the hypothesis can be rejected with a 99.73% C.L. , we would say there is evidence of new
physics. This corresponds to 6 being 30 away from the SM expectation. A 5o deviation
would be categorized as an observation.

The alternative hypothesis, H;, in this case would be a new physics case. Wilks’
theorem [94] states that the test statistic

L(x|Hy)

= —2log\(z) = —2——+<
o = A =2 )

(2.16)

follows a x? distribution with one degree of freedom, which is equivalent to the square of
a normal distribution, x? = N(0,1)2. This means that the number of standard deviations,
or significance of Hy, would be given by

S = \/ 2 (L(z|Hy) — L(x|Hp)) (2.17)

Wilks’ theorem will be used in this thesis to estimate the significance of observing
n =

2.3.1 Setting upper limits on branching fractions

The definition of the confidence interval, as given above, can be rewritten as

CL = /bf(x|0)dx. (2.18)

This thesis will attempt to measure the branching fractions of multiple decays. In the
cases in which they are not observed, a confidence interval will be set for those decays.
The lower bound will be 0, and the upper bound will be hereafter referred to as our upper
limit for the given B. Given this definition, we can probe possible values of b until we

find that which provides the desired C.L. Here, f(z|0) = f(B) is the likelihood of the
branching fraction as provided by the fit.

2.4 An introduction to Machine Learning

In all of the analyses presented in this thesis, the dominant source of background is a
combination of random tracks that have satisfied all prior fiducial selections. This is also
the case across many studies in modern High Energy Physics, provided the large statistics.
Computational tools developed for big data problems have therefore found their way into
the treatment of the physics we measure. The predominant one is machine learning (ML).

In reality, machine learning has been present in experimental physics since its inception.
Defining ML as studying the behavior of a dataset to later make educated predictions, one
can differentiate between supervised ML, in which the model knows the correct solutions
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during its learning process, and unsupervised, where there are no labels or pre-defined
answers.

Supervised models are the most common ones, and we have already discussed one of
them. At its most basic level, a maximum-likelihood fit to a dataset simply attempts to
find a set of parameters # that will best describe the behavior of a dataset so that later
we can make a prediction. Take a set of data points (x,y), which follow a linear model,
y = f(z;a,b) = a 4+ bx. The machine learning model attempts at finding @ and b such
that we can later provide an entirely new x and get the corresponding y. The optimal set
of parameters is that which maximizes a likelihood function. Or, in other words, minimize
a loss function.

The definition of a loss function is the key to introducing any new ML algorithm.

2.4.1 An aside on fits

As indicated above, the loss function used to fit a data set of n entries to a given p.d.f.
f(z;0) is given by the negative logarithm of the likelihood

((0) = —log(L(0)) = — Zlog(f(xi;ﬁ))- (2.19)

The process of fitting consists in finding the set of parameters 6 that minimizes £(6).

The minimization process can be done simultaneously for various sets of data, whether
they share some parameters in 6 or not. For data sets D; and D, with a set of parameters
0, and 6, and loss functions ¢;(0;) and ¢5(6s), a simultaneous fit would minimize

(01, 02) = €1(61) + L2(02). (2.20)

In terms of likelihood, the total likelihood would be the product £1(0;) x L2(62). All of
the analyses in this thesis will feature a simultaneous fits to two categories.

In the case where multiple observables are targeted, for instance different mass variables,
there can also be multi-dimensional fits. The p.d.f. would be the product of all individual
p.d.f.s describing each of the observables, as long as these observables are not correlated.
In the case of a bi-dimensional fit,

In this case,
g(emvey) = _Zlog<f(xiayi;ewv‘9y>>' (2'22>
i=1

Constraints can also be set on some of the parameters in 0, by adding an additional
term to the loss function,

gTotal(e) = gData(e) + éConstraint(gj)a (223)

where 0; is the constrained parameter. The only constraints applied on fits in this this

thesis are Gaussian constraints, which originate from a Gaussian likelihood function.
Constraints themselves are independent measurements. In the case of Gaussian-

constraining the parameter ¢;, the values estimated by this measurement are the mean of
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the p.d.f., which is precisely 6;. The variable that defines the Gaussian p.d.f. is given by
the central value provided by previous knowledge used to constraint 6;; the uncertainty is
the width of the Gaussian p.d.f.

In this thesis, Gaussian constraints are used to incorporate information from fits to
simulated into the fit to LHCb data. The central value given by simulation is taken as
the = variable of the gaussian, while its uncertainty (sometimes multiplied by a scaling
factor to ensure fit convergence) is used as the width of the Gaussian p.d.f. Systematic
uncertainties are also introduced via Gaussian constraints on the final fits.

2.4.2 Decision trees

Supervised machine learning problems can be of either a classification or regression nature.
Classification problems consist of labeling a given instance of our dataset as belonging to
one of multiple pre-defined categories. Regression problems are, in essence, fits.

Decision trees are among the simplest instances of classification algorithms. They take
in a set of input features, x, that should be descriptive of our dataset, and create a set of
logical sequences of selections, z; > y, on these.

The structure is similar to a flowchart, with a root node at the beginning on which the
full dataset is asked a question about an input feature z;. Events passing the query will
go on to a decision node in a lower level, while events not passing it will go to a different
node, on the same lower level. There are as many levels as the user wants, though adding
many of them may result in training an algorithm that is specific to this data set, which
can cause problems when generalizing.

Leaf nodes are at the end of the chain. They can be created because we have too
many levels in our tree, or because the likelihood of instances from one of the categories
reaching this node is overwhelming when compared to the rest.

The decision set up at each node is based on the minimization of the following loss
function:

k 2
L(zi,y) = Mg(xi <y)+ N(x]([—;y)g(xi >y) 5 glse)=1-) (%S:Z)) ,

(2.24)
where Nrp is the total number of events that survived through the corresponding node, V;
is the number of events from the category j in that node, and k is the total number of
categories.

Decision trees can later be combined to form more robust predictors. For instance,
we can split our sample into sub-data sets and train different decision trees with each
sub-sample. The final prediction would combine the predictions of each one. Boosted
decision trees (BDTs) are an ensemble of several weak learners (algorithms with a slightly
better performance than random guessing). The ensembling can be done through various
techniques and weighted using a parameter known as the learning rate, which can accelerate
or slow down the process.

BDTs are highly customizable thanks to the input hyperparameters, which address
the levels of depth of each tree, the number of total decision trees, the learning rate, the
minimum number of samples to define a leaf node, the maximum number of leaf nodes per
tree, the size of the sub-samples used to train each decision tree in the ensembling, etc.

J=1
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2.4.3 Testing the performance

In this thesis, BDTs will be used to classify between signal- and background-like events.
Simulation will be used as a proxy for signal candidates, while combinatorial background
will be used as the corresponding proxy. A large part of the data sets, in each case, will
be used to train these models, i.e., find the optimal decisions to be made at each node of
each of the trees involved.

The performance of the models will have to be tested with a separate data set. This is
to ensure that the model is not overtrained, that is, over-specific to the training sample.
To ensure that the full data set is used in the training and performance testing, we use
a method known as k-folding, or cross-validation. It divides the full sample into k£ sub-
samples and systematically rotates them for multiple uses. Besides training and testing, a
third holdout sample is also created. The trained and tested classifying algorithm will be
applied on it.

Several metrics can be used to evaluate the performance. The accuracy, for instance, is
simply the fraction of correct predictions. The precision is the number of correct positive
predictions over the number of positive predictions, while the recall is the number of
positive predictions over the number of positive instances. The harmonic mean of the
precision and recall is the F1 score. This score will be used in Sect. 6 to retrieve the
optimal hyperparameters of the BDT.

The Receiver Operating Characteristic (ROC) curve is often seen as the most reliable
performance indicator. It plots the true positive rate vs. the false positive rate. In
physics terms, it would be the signal efficiency vs. the background efficiency. In this
thesis, however, the horizontal axis will be inverted, and the ROC will represent the signal
efficiency vs. background rejection. The associated metric is the area under the curve
(AUC), which is supposed to be as close to 1 as possible.
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Experimental conditions

3.1 The Large Hadron Collider

One of the key takeaways from Sect. 1 is the idea that, for fermions and gauge bosons to
have mass in the SM, there must exist a field, ¢3, known as the Higgs field. This field
would have an associated spin—0 particle, whose discovery would be the final piece of the
puzzle that was once started when Thomson discovered the electron.

The search for the Higgs boson started shortly after its theoretical prediction, with
the Large Electron-Positron Collider coming close to finding it at the end of the 20th
century [95]. It was also the driving motivation behind the construction of the Large
Hadron Collider (LHC) [96], a massive, 27 km-long circular accelerator built underneath
the border between France and Switzerland, outside the city of Geneva. This is the largest
physics laboratory in the world, and currently operates four experiments at the same time.

e ATLAS [97]: This general-purpose detector concentrates on studying high-pr
physics, as well as precision measurements on the higher-end mass spectrum of the
SM, including the ¢ quark and the Higgs boson. Along with CMS, it operates at
a much higher luminosity that the other two LHC experiments, which allows it to
access these regimes, at the cost of having worse particle identification capabilities.
It reported the discovery of the Higgs boson in 2012 [48].

e CMS [98]: Its physics program has a high overlap with that of ATLAS, and often
they serve as a way of corroborating the other’s observations. This was the case
when CMS also reported the discovery of the Higgs boson in 2012 [49].

e ALICE [99]: This experiment is oriented towards heavy-ion collisions and the studies
of quark-gluon plasma to infer what happened in the early moments of the Universe.
It operates at a much smaller instant luminosity than its LHC counterparts.
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Figure 3.1: Visual representation of the chain of pre-accelerators that the proton beams go
through before being injected into the LHC.

e LHCb [100]: The main goal of LHCD is the study of CP violation and precision
measurements in flavor physics. This thesis will analyze data collected by this
experiment between 2016 and 2018. More details are provided in this chapter.

The LHC collides proton bunches in each of these points of interaction. These protons
are taken from hydrogen atoms and accelerated at the Linac2 [101] linear accelerator.
They are able to reach an energy of 450 MeV, and are subsequently injected into a chain
of circular accelerators that includes the Proton Synchroton Booster (PSB), the Proton
Synchroton (PS), and the Super Proton Synchroton (SPS). The created proton bunches
leave the SPS with an energy of 450 GeV, and enter directly the LHC. The chain of
pre-accelerators is represented in Fig. 3.1.

Each collection of bunches make up a beam. Up to 2808 bunches can be injected
into each beam. At the beginning of the LHC, the spacing between bunches was of
50 ns. Starting in 2015, the spacing was reduced to 25 ns, which allowed to reach higher
luminosities.

Once they enter the LHC, magnetic fields of up to 8.3 T, created by 1232 superconduct-
ing dipole magnets cooled down to 1.9 K, are used to force the beams into their circular
path. Beams are injected into the LHC through interaction points 2 and 8. Interaction
point 4 includes eight superconducting radio-frequency cavities for each beam, which
accelerate the protons from 450 GeV to their target center-of-mass energy: 7 — 8 TeV in
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2011 — 2012, and 13 TeV in 2015 — 2018. This was increased to 13.6 TeV in 2022.

At a rate of 40 MHz, the proton bunches ultimately collide at four interaction points
inside particle physics detectors, associated to each of the experiments above. During
specific periods of data-taking, one or both of the LHC beams can be filled with specific
ion nuclei, as opposed to protons.

All of the LHC experiments have different goals, as explained earlier. The bottom
line for most of them, however, remains the objective of making strenuous tests of our
theory, the Standard Model, to try to poke holes in it that would act as experimental
proof that there are still more boundaries to push in our understanding of the subatomic
world. There are already some isolated pieces of evidence that the SM does not fully
describe nature, though. In the following section we shall describe some, that will also
serve as motivation for this thesis.

3.2 The LHCDb detector

The LHCb detector [100, 102] was originally designed and optimized for the studies of
particles containing b and ¢ quarks. However, in its early days, it was found that it also
acted as a factory of s quarks [103], prompting the Collaboration to focus on other types
of physics as well. In particular, this thesis will introduce studies of decay channels that
involve strange and charm mesons.

The original goal was to study CP violation in b and ¢ decays, as well as rare decays
involving b and ¢ quarks. Over the years, studies involving rare strange decays, on top
of semileptonic searches in b- and c-quark physics, heavy ion and fixed target collisions,
electroweak processes, and exotica searches also turned out to be areas in which the LHCb
detector, and by extension, the Collaboration, could contribute significantly to.

With time, it has evolved into a general physics detector [104, 105] with a special
dedication to heavy flavor physics and expertise in the lower end of invariant-mass particles.
While CMS [98] and ATLAS [97] can study the Higgs boson and processes happening in
the > 20 GeV/c? invariant-mass region, the LHCD is especially interested in what happens
below 10 GeV/c?.

Its original goal of searching for CP violation in b-hadron decays is the main reason
behind its geometry. Unlike its LHC counterparts (aside from Alice [99], which is solely
focused on heavy ion physics), the LHCb is a forward spectrometer, with an angular
coverage between 10 mrad and 300(250) mrad in the bending (non-bending) plane. In
terms of pseudorapidity, a quantity defined as

6
n= —logtan§ (3.1)

that is often used to characterize particle physics detectors, the LHCb covers 2 < n < 5.

This gives it a narrow window of common ground with other general-purpose detectors,
but allows it to focus on a region in which the bb pairs are boosted, and thus the b-
hadron decays are more displaced from the point in which they originated, allowing to
be distinguished in an optimal way from other particles produced immediately after the
collision (prompt).

In addition, the LHCb detector operates at a lower instantaneous luminosity than
ATLAS and CMS, thanks to having a larger §* (the amplitude modulation of the beam at
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the interaction point, a de facto measure of the beam size) than other LHC experiments.
This yields less focused beams, but in turn allows the LHCb a much better reconstruction
of the points in which the collisions took place, and subsequently, the points where
short-lived particles produced promptly decay. These are referred to as primary and
secondary vertices, respectively (PV and SV).

Over the years, the LHCb Collaboration has been able to observe the rare decay of
the B? meson into a pair of oppositely-charged muons [106], has shown evidence of the
pentaquark state [107,108], observed decays of charmed baryons [109], and performed a
wide range of studies of CP violation, including in decays from charm mesons [110] or
the measurement of the CP-violating phase ¢4 [111-114], among many other results. As
discussed later in this thesis, it has also set world-best upper limits on very rare decays
involving strange mesons [115,116].

3.3 Data-taking

Data taking at the Large Hadron Collider is organized in periods of time, called Runs,
in which the accelerator, as well as the individual detectors, do not suffer any major
upgrades. Each Run lasts several years, with a months-long technical stop during the
winter months. From year to year, minor updates to the electronics or the software may
be implemented. The luminosity for each individual detector may also vary.

To date, two runs of data taking have been completed by the LHC. Run 1 span
2010-2012 [102], where LHCD collected 3 fb! of data at a center-of-mass energy of 7
and 8 TeV during 2011 and 2012, respectively. Run 2 started in 2015 and wrapped in
2018, tallying up 5.4 fb™' [117] at \/s = 13 TeV. In 2015, the integrated luminosity was
0.29 fb~ ', well below subsequent years. In this thesis, we shall only study data collected
between 2016 and 2018. A sketch of the detector configuration during this data-taking
period can be found in Fig. 3.2.

The LHCb Run 2 detector only records data such that at least one stable parti-
cle* produced in a given collision (event) satisfies at least one of multiple kinematic and
multiplicity requirements. This is known as the hardware, or Level—0 (L0) trigger, and it
is implemented at hardware level. Software-level selections are later introduced at the
two High Level Trigger (HLT) stages. HLT1 includes a variety of lines (i.e., a group of
selections) that are of general purpose and that are implemented during data-taking, while
HLT?2 tends to get more decay-specific and is performed after the data has been collected!.

Events for which at least one stable particle (or combination of) has successfully passed
each of the three trigger levels is subsequently stored. There is an additional no-bias
filter, where LHCb also stores one of ~ 10° events, with minimal trigger requirements
implemented that simply ensure some multiplicity in the event. This is known as the
Minimum Bias (MB) stream. All of this data is recorded on tape.

To access the data, further selections are implemented. A set of physics case-focused
cuts is called stripping. A stripping line is able to isolate a specific decay from the rest
of the data set, by combining the necessary particles and applying kinematic selections.
A stripping line can also be inclusive of multiple decay channels, by simply imposing

*

*In LHCD, stable particles are muons, charged kaons, pions, electrons, photons, protons, and deuterons.
fIn Run 3, the hardware trigger was removed and the detector is only collecting software-triggered
collisions.
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Figure 3.2: The LHCb detector used during Run 1 and 2 of data-taking, in its yz projection
(non-bending plane). Figure taken from [118] under Creative Commons license.

requirements on combination of two or more particles that may later be grouped with
further selections.

At the analysis stage, LHCb members have only access to data which has passed at
least one stripping line. Updates on the stripping line set are performed periodically,
leading to different versions of the stripping project for each year. In general, to study a
decay at LHCDb it must be available via one of these lines. Offline, further selections may
be applied on the stripping-selected dataset.

3.4 The LHCDb subdetectors

Specifics of the LHCb Run 1 and Run 2 detector are provided here, with a general
overview of the changes that were implemented in Run 3, which started in 2022 and

is planned to end mid-2026 [119]. The LHCb subdetectors include those dedicated to
tracking reconstruction, to particle identification, as well as a dipole magnet.

3.4.1 The VErtex LOcator (VELO)

As it has already been mentioned, the LHCb experiment requires of a near-perfect
reconstruction of the tracks produced immediately after the proton-proton collision, and
this extends to the earliest moments after the bunch crossing. To achieve this, it needs an
excellent tracking system surrounding the pp interaction point so that the primary vertices
are known to analysts very precisely, as well as very good time resolution to account for
CP-violating effects.

This is the VErtex LOcator (VELO) [120,121], the first subdetector particles produced
after the collision go through. In Run 1 and Run 2, it consisted of two halves with 21
stations each. Additionally, each of the stations had two silicon-strip half-circle modules,
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Figure 3.3: Close look at the R — ® sensors. Taken from [121] under Creative Commons license.

surrounding the ¢ = 5.3 cm interaction region. This is an aperture smaller than the one
needed by the Large Hadron Collider when protons are being injected, and therefore
the VELO must be retractable. The VELO must cover the angular acceptance of the
detectors downstream of the magnet, too.

Each of the modules of the VELO contains an R — ® sensor (see Fig. 3.3), which are
then able to provide a (r, ¢) set of coordinates for each particle leaving a hit as it flies
through it. Simulations showed that a r¢ geometry allows for a faster reconstruction in
the LHCD software trigger with enough impact parameter resolution to efficiently select
events with b-hadron [100].

The uncertainty on the primary vertex position is mainly driven by the number of
tracks generated during a pp collision. On average, the resolution on the z-direction is
42 um and 10 um in the direction perpendicular to the beam [120]. Ignoring the influence
of the PVs, the resolution of the impact parameter can reach 20 um for large-momentum
tracks.

The VELO sensors are separated from the LHC vacuum by a 0.5 mm-thin aluminium
RF foil. This allows for shielding against RF pickup from the LHC beams, but it also
introduces an additional layer of material that tracks must go through, which in turn
degrades the resolution.

The VELO subdetector used during Runs 1 and 2 of data-taking was completely
removed at the end of the second period and replaced with a brand-new piece of hardware.
The new VELO, already in use for Run 3 of data taking, consists of 26 layers, each with
two L-shaped modules [122].

3.4.2 Silicon Tracker

There are two subdetectors comprising the silicon tracking system at LHCb during Runs 1
and 2. Upstream of the magnet, and immediately after the VELO, the Tracker Turicensis
(TT) [123] is composed of two rectangular modules with two layers each. On each of them,
the silicon strips are arranged in the vertical direction, which enable a better momentum
resolution in the bending plane. Each layer is reduced into different readout sectors, which
allows for a reduction in the occupancy. The TT was replaced by a new subdetector called
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the Upstream Tracker (UT) at the start of Run 3 [124].

Downstream of the magnet there are three additional tracker stations with the purpose
of measuring the position of the tracks after they are bent, T1 — 3. Based on occupancy,
each of these stations is divided into two areas. Closer to the beam pipe, there is the
Inner Tracker (IT) [125], while the Outer Tracker (OT) [126,127] surrounds them. The
T-stations were replaced in Run 3 by the Scintillating Fibre (SciFi) [124].

The process of track reconstruction, which uses information from the Silicon Tracker
as well as the VELO, is explained in more detail in Sect. 3.7.

3.4.3 The dipole magnet

Measuring the momenta and the charge of the particles produced inside the LHCb is
made possible thanks to the presence of a dipole magnet [128], with a bending power of
4 T - m. The magnetic field is applied in the y direction, causing the particles’ trajectories
to be bent in the horizontal (z) plane.

This is also the reason why particle physics detectors are much better at reconstructing
charged particles than they are neutral particles, like photons or neutrons. Neutral pions
are often a challenge too. Analyses involving these particles can either attempt a full
decay reconstruction or account for missing energy in the invariant mass spectra.

The dipole magnet also allows for the magnetic field to invert its direction, resulting
in two different configurations, Up and Down, across data taking. This allows to minimize
systematic biases associated that may be particularly important when studying CP
violation.

3.4.4 The Ring Imaging Cherenkov detectors

The dipole magnet placed between the T'T and the T1 — 3 stations bends the charged
particles’ trajectories, and allows for their reconstruction as tracks. At this point, however,
the nature of each particle is not known to experimentalists. The particle identification
(PID) is done via the subsystems placed after the tracking stations, with one exception.

The LHCb Run 1 — 2 detector contains two Ring Imaging Cerenkov (RICH) detec-
tors [129], one placed after the VELO (RICH1), and the other one after the T1 — 3
tracking stations (RICH2). See Fig. 3.4 for a scheme of both subdetectors. Cerenkov
light is emitted when a particle travels through a medium with a velocity v that is higher
than that of the light in that medium, ¢,, where n is the refraction index. These emitted
photons form a cone of angle 6 given by

Cn

cosf = (3.2)

ven

RICH1 uses C4F; gas and covers the low-momentum range of 1 — 60 GeV/c. RICH2,
downstream of the magnet, uses CF4 and covers the high-momentum range, p > 15 GeV/c.
However, this second detector has an acceptance limited to the low-angle region, which
means low-momentum particles will not go through. The radiation light is then redirected
into photon detectors thanks to an array of mirrors. Using both detectors allows for PID

determination in a wide momentum range, with the likelihood of correctly identifying
charged hadrons being above 90% [130].
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Figure 3.4: Schematic of the two RICH detectors responsible for particle identification at LHCDb.
RICH1 is placed downstream of the magnet, while RICH2 is placed upstream of the magnet.
Figure taken from [131] under Creative Commons Attribution 4.0 license.

3.4.5 The calorimeter system

The calorimiter system of the LHCb [132,133] is a set of subsystems in charge of retrieving
the transverse energy of incoming hadrons, electrons, and photon candidates, on top of
providing additional information for the identification of these particles, and measuring
their energies and positions. This is necessary information by the detector’s hardware
trigger system (see Sect. 3.5) They also stop the incoming particles by placing the necessary
layers of lead, forcing their electromagnetic showering in various stages.

Four different subdetectors are included inside the calorimeter system. First, the
scintillator pad detector (SPD) and the preshower detector (PS) [134], separated by a lead
layer that is 2.5 radiation lengths thick (12mm), but around 0.06 hadronic interaction
lengths, which means photons and electrons will start showering in the PS, but not
hadrons. Both subdetectors help the calorimeter with good background rejection while
maintaining a reasonably high efficiency when detecting photons, either prompt or from
7% — ~7, and electrons. The SPD allows to identify charged particles and isolate electrons
from photons. The PS helps with identification of electromagnetic particles.

The electromagnetic calorimeter (ECAL) [135] is placed immediately after the PS, and
alternates between scintillator and lead absorber plates, which help it contain the whole
electromagnetic showers; this technology is known as shashlik [136,137]. The ECAL is
25 radiation lengths thick, and is able to fully stop electrons and photons. It contains
a 65 x 65cm? hole at the center due to the substantial radiation around the beam pipe.
The dimensions of the ECAL match those of the tracking system, with 6, < 300 mrad
and 0, < 250 mrad.

The ECAL is subdivided into inner, middle, and outer sections, with 176, 448, and 2688
modules, and 9, 4, and 1 cells per module, respectively. The difference in granularity is to
accommodate the varying multiplicity depending on the azimuthal angle, such that the
gain in calorimeter cells is uniform with £z = E'sinf. The nominal resolution, determined
through electron reconstruction during the CERN test beam in 2007, was determined to

30



be [133,138]

9.0+£0.5 0.003
o5 _ O0L05% o 54 0.9)% @ 2002

E VE Er
where F is given in GeV. The first term is the stochastic measure, the second is the
constant contribution due to mis-calibration, non-linearities, etc., and the third is simply
noise of the electronics.

The last piece of the calorimeter system is the hadronic calorimeter (HCAL) [139],
made up of iron and scintillating tiles that act as absorber and active material, respectively.
In the lateral direction, tiles are placed between 1cm iron spacers; in the longitudinal
direction, both of their lengths correspond to the hadron interaction length in steel. The
scintillation light is transmitted to photo multipliers (PMTs) through wavelength-shifting
fibers.

The HCAL is positioned at 13.33m from the interaction point, and is 8.4m high,
6.8 m wide, and 1.65m deep (5.6\;,). It is segmented into two regions, called inner and
outer sections. Similar to ECAL, their varying granularity fits the different multiplicity
expected in both regions based on the proximity to the beam pipe.

The baseline resolution was measured to be [140]

o(E) (67+£5%
= 9+ 2)%
E \/E EB ( ) 07
where the first term is the stochastic contribution, and the second, the constant one. This
was measured during beam-test results for a prototype of the calorimeter in the year 2000.
A thicker HCAL, with Lg = 7.3\, showed only a slight improvement in the resolution.

3.4.6 The muon stations

The muon system of the LHCb detector [141,142] is comprised of five tracking stations,
M1 — 5, arranged along the beam axis. M1 is placed before the SPD and allows to improve
the pr measurements in the trigger, with the other four stations situated after the HCAL
and separated between them by three 80 cm iron absorbers. M1 uses the Gas Electron
Multiplier (GEM) technology, to account for higher expected multiplicities, while the last
four stations use multi-wire proportional chambers (MWPC) to detect charged particles.
In particular, those that are able to traverse more than one muon chamber are most likely
to be muons, due to their penetration power and minimum ionizing properties.

The total absorber thickness, from M1 to M5 (including the calorimeter) is of around
20A;nt. The detectors provide binary information to the trigger processor by partitioning
the detector into rectangular logical pads. Stations M1 — 3 have a high spatial resolution
and play a crucial role in track reconstruction as well as thee muon pr estimation for the
hardware trigger.

Stations M4 — 5 have a lower spatial resolution, as their main purpose is that of particle
identification. Only muons with pr > 6 GeV/c are able to reach them. Each muon station
is divided into four regions, R1 — 4, of different granularity that also depends on the
distance to the beam pipe.
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Figure 3.5: Overview of the LHCD trigger system in Run 2. Figure taken from Ref. [143] under
CC-BY-4.0 license.

3.5 The LHCb Run 2 trigger system

During Run 2, the LHC ran at a center-of-mass energy of 13 TeV, which, for LHCb
meant working at a frequency of 40 MHz. This means that every 25 ns the hardware
trigger had to make a decision of whether to keep or discard an event (collision) based
on limited information, since the detector cannot be read out at these high rates. The
Level—0 trigger, L0, acts as a filter, and based on physical quantities like the transverse
energy or momentum, along with the occupancy of the SPD chamber, it allows an event
to pass through the High-Level Trigger (HLT) stage. Thanks to this filter, optimized to
select typical signatures of b and c-hadron decays, the rate goes down to 1 MHz. Fig. 3.5
contains a visual scheme of how the Run 2 trigger system worked.

The L0 is divided into three independent triggers [143-145]. The muon trigger looks
for straight-line tracks with a five-fold coincidence between all five stations within a time
window smaller than 25ns, to unanimously identify the bunch crossing.

The trigger decision can be based either the largest pr value (as measured by their track
direction) must be above the LOMuon threshold, or the product of the two largest pr values
must be above the LODiMuon threshold. There are also targeted lines selecting events with
low particle multiplicity, mainly with the goal of studying central exclusive production
and inclusive jet trigger lines. Requirements are also established on the maximum number
of SPD hits in most LO trigger lines to reduce the complexity of events. Additionally, to
minimize the chances of signals produced in the previous collision may last more than
25 ns, a requirement is set on the sum of the transverse energy of all of the clusters in
the HCAL, SumEtPrev < 24 GeV [146], on all lines except for LODiMuon during 2017 and
2018.

The hadron trigger, in the meantime, selects events containing particles with a high
transverse energy deposit in the calorimeters and creates three types of candidates. The
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LOHadron candidate originates from a large Er, 2 x 2-cell cluster in the HCAL, where

4
BEr =) _Ejsing, (3.3)
i=1
such that Fj; is the energy deposited in cell 7 and 6; is the angle between the z-axis and
a line from the cell center to the average pp interaction point. The LOPhoton candidate
is identified as the highest Er cluster in the ECAL, while the LOElectron candidate
requires, on top of that, at least one hit in an SPD cell.

Finally, the LOPileUp trigger is used for luminosity measurements.

Different trigger configurations are implemented throughout data-taking periods. They
are labeled by Trigger Configuration Keys (TCKs), and they are useful offline to know
under which trigger conditions the data was collected.

An event containing a track that has satisfied one of the LO requirements is sent by
the data acquisition network to a processor in the Event Filter Farm (EFF). There, the
software-based High-Level Trigger (HLT) reduces the rate to a much more manageable
12.5kHz.

This process is done in two steps. First, HLT1 performs a reconstruction on long
tracks with a pr > 500 MeV/c. A precise reconstruction of the PV is also performed, and
thanks to their clear signature, muons are also identified. Events passing at least one of
the HLT1 algorithms are then stored in a buffering system. The HLT1 output rate is
around 100 kHz.

The second step of the High-Level Trigger, HLT2, then uses the full detector informa-
tion, including the RICH and the calorimeter systems, to perform a more complete track
reconstruction. This was performed while the data-taking was on hold, meaning between
LHC fills or during technical detector shutdowns [143]. This is also used to calibrate and
align the detector for the next run.

HLT2 selections can either be inclusive, when they target events containing certain
topologies, or exclusive, when they target specific final states. In the latter cases, only
information from the signal particles is saved (as opposed to the full event), and it is
fed directly into the Turbo stream. In the case of inclusive HLT2 lines, which all of the
analyses in this thesis will use, the entire event is saved into the Full stream should it
deliver a positive response on at least one of them.

To make the amount of data used by analysts much more manageable, an additional,
fully offline selection step is introduced. This is called stripping, and it allows to filter
through different physics cases by being optimized for each of them.

In Runs 1 — 2, the majority of positive HLT2 lines were inclusive and most of the data
was saved into the Full stream. This changed once Run 3 started, with approximately
two thirds of the data being stored into the Turbo stream, following a collaboration-wide
effort to vastly increase the number of HLT2 lines to target specific physics cases. A set of
topological, inclusive lines was still kept to accommodate studies that were not considered
before data-taking. Their information is then processed by a new version of the strripping
pre-selection step, called sprucing. A visual scheme of the dataflow in Run 3 can be found
in Fig. 3.6.

In Run 2, there were around 20 HLT1 lines, and 500 HLT?2 lines [143]. Roughly 40%
of the trigger output rate is dedicated to inclusive topological trigger lines, with another
40% dedicated to exclusive c-hadron trigger lines. The rest is divided among dimuon,
electroweak physics, exotica, and exclusive trigger lines.
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Figure 3.6: The LHCDb upgrade dataflow, from bunch crossing to real-time analysis to offline
analysis of the data. Figure taken from [147] under Creative Commons license.

The specific selections of the HLT lines used in the analysis presented in this thesis
are included in the corresponding sections.

3.5.1 TIS and TOS

Information on which part of the detector fired a certain decision is kept. In LHCb
jargon, we define triggered-on-signal (TOS) candidates when one of the signal particles
(or group thereof, in specific cases) was responsible for yielding a positive trigger response.
Whenever another particle outside our signal candidate did so, we speak of an event
triggered independently of signal (TIS). There is a third option that can be most common
in the case of multi-particle selections, where neither the signal candidate alone, nor the
rest of the event by itself, are enough to justify the firing of the trigger. This is called
Triggered-on-Both (TOB), but given its much lower resolution when compared to TIS
and TOS, it is hardly ever used in analyses.

The TIS and TOS form a Venn diagram, such that there will be candidates that are
exclusively triggered on signal, where only particles that fired the trigger are part of the
signal candidate, candidates that are exclusively triggered independently of signal, where
no particle in the signal candidate fired the trigger, and candidates where one ore more
signal particles, on top of one or more non-signal particles, fired the trigger.

The efficiencies of the different trigger stages are computed through simulation. How-
ever, we know that we cannot perfectly model our detector’s response, which often means
that the simulation has to be validated and corrected for.

Trigger efficiencies often need to be ratified through real data. And though this process
may not be obvious, Ref. [148] provided the steps to cross-check them. Take

_ NTrig|Sel

8Trig - NS ; (34)

where Ng is the number of events that have passed a given selection, and Nr,ig|se
is the number of events that have passed a trigger decision after having passed the
aforementioned selection. We can also define the following efficiencies:

_ Nros|sel _ Nrrsise Nr157105|Sel

€T0s = T , Errs = W ) ETISTOS = New ) (3-5)
€ €. €
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where Nrrgiser, N7os|ser, Nristos|ser are the number of events that have been flagged as
TIS, TOS, or TIS and TOS, respectively.

In these definitions, Ng,; is not directly measurable on data, since only events that
have passed the trigger are available, not the number that has been processed. However,
one can play around with these definitions:

NTTi Sel NTISSel NTm' Sel
gl X | = gl X Errs (36)

ETrig = -

Y Nrisgise Nse Nrrsise
Assuming that the TIS efficiency of any subsample of the triggered events is the same

as that of the whole subsample of selected events (in particular, the TOS subsample),

Nrisros _ N

“Nove ETIS = ETIS|ITOS, (3-7)
TOS

and therefore,

Nrvigisel y Nristos

(3.8)

ETrig —
" Nrrsisel Nros

All four of these quantities are directly measured on data. This method of validating
the trigger efficiencies is called the TISTOS method and will be used in this thesis to
estimate systematic uncertainties associated to trigger efficiencies.

3.6 LHCDb simulation

The use of simulation is an essential part of any high-energy physics analysis. If we are
looking for extremely rare signatures, we need to have an accurate expectation of what
we are seeking, to perform a good reduction of the surrounding background contributions.
We also need a good modelling of how our detector will respond to the passing of particles
through it, as well as have a good sense of how the geometry will influence our efficiencies.

The process of simulating the signal channels in this thesis starts with the use of
PYTHIA, which generates proton-proton collisions [149]. In particular, we use a specific
LHCb configuration, the GAUSs framework [150], and the EVTGEN package [151] to
reproduce the decays of hadronic particles, and force the decays of certain particles to a
given final state. Final-state radiation is generated using PHOTOS [152].

EVvTGEN may use several models to force the decays for each random generated event.
The simplest option is the PHSP model, which generates instances such that the available
phase space, as given by the mass of the mother particle, is uniformly populated. The
angular distribution of the decay products is flat, and all spins of particles in the initial
and final states are averaged.

The presence of vector mesons, such as the ¢, introduces the need to use a model
that takes into account the spin of the mother particle. Specifically, the ¢ — putu~ has a
special relevance to this thesis. The VLL model, which tackles decays of a vector meson
to a pair of charged leptons, was used to properly model this decay. Custom models,
covering special cases where the angular distributions may require of a specific theoretical
description, can also be included. The ' — w7 pu*p~ and n — 7ta 't~ decays,
studied in this thesis, needed special attention in this regard.
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Figure 3.7: The full dataflow for LHCb during Run 2, combining the simulation process with
data-taking. Figure taken from Ref. [158] under CC-BY-4.0 license.

This is called the generation process. To maximize the use of the resulting dataset, for
instance to not include events which may fall outside of our acceptance, it is common to
also include cuts at this level that will ignore instances that do not satisfy them.

The detector is then implemented through the GEANT4 package [153, 154], which
includes a good modeling of our detector [155] under each of the conditions that were in
place throughout the data-taking process, and is able to properly reproduce the interaction
between particles and matter.

The simulation framework used in all of the analyses in this thesis is Sim09. This was
replaced in 2022 by Sim10, with the main difference being the upgrade from GEANT4
v9 to GEANT4 v10. By the time the Collaboration transitioned into Sim10, one of the
analysis had already been concluded, and the simulation for the other had already been
requested.

The digitalization of our detector’s response is performed by BOOLE [156, 157], a
software that reads in the output of the detector simulation by GAUSS, adds hits from the
Spillover events and LHC background, and applies the detector response. The output is
digitized data that mimics the real data coming from the actual detector, and subsequent
steps match the processing chain of actual collected data. The full dataflow, combining
data-taking with simulation, that was implemented in Run 2, can be seen in Fig. 3.7.

In simulated data, we are able to access a lot more information than in data. For
instance, we know exactly the true nature of our particles. But we also know that
our reconstruction process is not perfect, and sometimes particles of a specific type are
reconstructed as something else. This originates some background contributions in our
MC, which ideally should be a clean signal.

The process of truth-matching consists in making sure that the particles that were
reconstructed as a certain type are, in fact, of that nature. We do this by making sure
their TRUEID label, assigned at the generation label as the identifier of the nature of the
particle, matches that of the type that the track was reconstructed as. Information from
the decay chain, including the identifiers of the mothers, may also be brought into the
process.

3.7 Track reconstruction and vertexing at LHCb

As particles produced in the aftermath of pp collisions fly through the LHCb detector,
they leave hits in the different tracking stations, which include the VELO, the T-stations,
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and the muon system. Track reconstruction is the process of combining those hits to make
a picture of the trajectories that charged particles (tracks) followed after being produced.

In LHCDb, a track combines a series of track states, which are defined by a state vector,
S = (x,ts,y,ty,q/p), as well as a 5 x 5 covariant matrix. In the definition of S x and Y
are the coordinate positions of the track, while

_ Ox L Jy
S0z Y oz
are the slopes of the track at a given z position; ¢ is the charge, as given by the curvature

of the track due to the magnet bending, and p is the momentum. The process to form
this vector is as follows:

la

1. Pattern recognition: Hits likely to have come from the same traversing particle
are grouped together. In the VELO, for instance, the iterative process begins by
looking at pairs of hits on the VELO modules that are the furthest away from the
interaction region. A straight-line extrapolation is then used to search for additional
hits in earlier modules, and form what is known as a track seed. Track seeds with at
least three hits are passed on to the next step.

2. Track fitting: VELO seeds are then associated to hits in the tracking stations to
form tracks. Starting with a hit in one of the T stations, and neglecting the residual
magnetic field, track candidates are confirmed by looking for narrow clusters with
the same x position. (Low-momentum tracks, however, would produce much wider
clusters, and the straight-line approximation does not hold as well.)

The presence of the magnetic field and the bending of the tracks also allows for a
determination of ¢ and p. This is how long tracks are built (see below), and the
associated hits are removed from the algorithm. The algorithm is called forward
tracking. The alternate seeding algorithm starts from hits in the tracking stations
and back-propagates to VELO seeds.

Once the track is found, it is refitted using the Kalman filter (see Sect. 3.9 and
Refs. [159,160] for more details). Multiple algorithms might try to reconstruct the
same physical track, which results in clone tracks.

3. Cleaning up: Poorly reconstructed tracks, as well as clone tracks are discarded.
Fake tracks can also occur. Known as ghosts, they would be combinations of random,
unrelated hits. They are also discarded here, but neural networks under the names of
TrackGhostProb and ProbNNghost [161] can also take care of them during analysis.

The LHCb classifies tracks based on hits in the different tracking stations (see Fig. 3.8
for a visual explanation):

1. VELO tracks: They only leave hits inside the VELO, and fall out of LHCb

acceptance immediately after.

2. Upstream tracks: They leave hits in the VELO and the T'T, but do not leave hits
beyond the magnet.

3. Downstream tracks: They have no hits in the VELO, only in the tracking stations.
They can be reconstructed using the seeding algorithm.
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Figure 3.8: Different types of tracks defined for LHCb, based on the information collected by
the different tracking subdetectors. Figure taken from Ref. [143] under CC-BY-4.0 license.

4. T-tracks: They only have hits in the T-stations stations. They can also be
reconstructed via seeding.

5. Long tracks: They have hits on all tracking subdetectors.

All analyses present in this thesis use long tracks, as do the majority of studies at LHCDb.
This is due to a much higher momentum resolution, as well as their 95% reconstruction
efficiency [158,162]. This is evaluated using control channels such as J/¢ — ptu.

VELO tracks, however, are used to determine very precisely the location of the primary
vertex. This is another important step of the reconstruction process at LHCb, and of
what is known as vertexing, which consists on finding the 3D positions where the different
particles present in the event were originated (vertices).

Secondary vertices (SVs) are the decay postions of unstable particles produced directly
at the PV. They can be found by combining track candidates and fitting them to a
common origin. The proper-time resolution achieved during Run 2 was of the order of
45 fs [143], which enabled the measurement of the B? mass oscillations (the lifetime of
the BY is 7go ~ 1500 fs.)

3.8 Particle identification at LHCDb

One of the great challenges of the LHCb experiment is correctly identifying the nature of
the particles that are measured by the detector. Particle identification (PID) is crucial to
properly distinguish between exclusive decay modes of an unstable particle. To perform
this task, LHCDb has developed over the years several techniques and algorithms based on
the response of certain subdetectors.

The main challenge here is the high track multiplicity and background levels. For
instance, this makes the identification of separate rings inside the RICH detectors rather
complicated. The association between tracks and rings reconstructed inside the RICH
system, combining information from other subdetectors, is done by a specialized algorithm
that assigns a likelihood that each track is of a particular type.
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Table 3.1: Muon stations required to trigger the IsMuon decision as a function of the momentum
of the particles.

Momentum range ‘ Muon stations
3 GeV/e<p<6 GeV/e M2+M3
6 GeV/e < p <10 GeV/e | M24+M3+(M4.or.M5)
p > 10 GeV/e M2-+M3+M4+M5

This likelihood is then compared to that of the pion, the most abundant particle
produced at LHCb [102]. The logarithm of the ratio of the likelihoods is the basis for the
DLL variables, x)

L(X
DLLX = log [ﬁ(ﬂ)] : (3.9)

Neural networks (specifically, a multilayer perceptron with one hidden layer) were also
trained to assign a 0 — 1 probability that a track is of a given type, ProbNNX [102]. This
is, in general, a more powerful discriminant than the difference in likelihoods.

A boolean variable, IsMuon, is also defined for muons with a momentum higher than
3 GeV/c [163]. Based on their total momentum, the variable yields True if the track has
hits on certain muon stations. See Table 3.1 for the varying thresholds needed to flag
IsMuon. This is the most basic kind of muon identification.

3.8.1 PID Calibration

The response of the particle identification algorithms implemented at LHCb is not perfectly
modeled in simulation. This leads to analysts having to implement offline corrections to
the MC samples to make sure that the studies performed through them are as realistic as
possible.

These corrections can take place in several ways. In cases where a simple, rectangular
cut on a PID variable is implemented, correcting the efficiency of this selection should
suffice. More complex cases, like those using particle identification in a multivariate
classification, may require a full transformation of the corresponding variable.

For either procedure, data from control channels is selected without any PID re-
quirements [164]. For muon identification, B* — J/¢(utp~ ) K™ candidates are used,
while for pion identification, the primary source of calibration samples comes from
D** — DY°(K—n")r". The residual background that may not be rejected through fiducial
requirements is statistically subtracted through the sPlot technique [165].

PIDCalib [166, 167] uses the tag-and-probe method to compute the efficiencies. This
involves tagging one of the tracks (one of the muons from the J/) or the soft pion from
the D*T) that is well identified, and using a list of probe tracks as our PID candidate,
which has no particle identification selection applied. The efficiency of a given selection,
for instance, IsMuon, will be given by the number of probe candidates that pass it over the
number of total candidates. This efficiency is weighted by the sWeight variable provided
by the sPlot.

PIDGen [167], instead, creates a new transformed variable by matching the (sWeight-ed)
cumulative distribution functions of the PID variable to those in our own data sets.
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Instead of performing these procedures on the full sample, both of these packages
divide the calibration samples into kinematic bins, and perform their respective tasks
inside each bin. The corrected efficiencies of our reference samples are then computed per
bin, as are the transformed values of the PID variable.

These corrections will be applied on all of the analyses presented in this thesis.

3.9 Decay Tree Fitter

Let us consider decay chains that contain two generations, meaning a mother particle
that decays into an intermediate, short-lived state, which then decays into some daughter
particles. In high-energy physics detectors, the signature of this decay is reconstructed
from the bottom up. We first focus on the final-state particles, and reconstruct the
vertex where they originated. We then use the information from the intermediate state to
reconstruct the upstream decay.

The parameters of the mother particle at each of these steps (i.e., the resonance in
the first case, and the mother at the top of the chain in the second case) are taken via a
least-squares fit to the daughter particles, with the constraint that they originate from
the same point. However, when doing the first fit, information from the upstream of a
decay vertex is not implemented, despite the fact that it could be useful to improve the
quality of the downstream fit.

Ref. [168] introduced an implementation of a least-squares fit that extracts the full
extent of the parameters of a decay chain simultaneously, using a Kalman filter [159,160],
which they argued is a suitable technique to extract the necessary parameters of a decay
chain (vertex positions, momenta, and decay times) and the corresponding covariance
matrix from the external constraints. It was originally developed for the BaBar experiment,
but has since been implemented by LHCD as well, under the name DecayTreeFitter [169].

The idea is to have a model whose parameters x are minimized via the function x2. This
function contains the framework constraints, which can be external (like measurements
of our data; they carry uncertainties) or internal (conservation of momentum at a decay
vertex, for instance; these are exact). The Kalman filter helps with the minimization of
the 2, which can get quite complicated.

For a measurement constraint k, we take an iterative process. We assume that the
x? with all the k& — 1 previous constraints has already been minimized, which leads to a
prediction of x;_; with covariance C}_;. With this,

Xi = (& = 2-) O (2 — ) + (R () — ma) TV (i () — ),
where hy(z) is the measurement model, Vj is the covariance of the constraint k, and my,
is the measured quantity. We get the updated x; by solving

x> _ _
S =06 Oy (e — @) + BV () = my) =0,
_ on
where we have defined H = %[ .

We can solve the equation by assuming a linear model, hy(z) = hy(z5—1)+ Hy(z—x1_1).
We get:
T =T + Ky !,
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where
Kpy=Cpo  HE(REVDYL it =my — h(oy) ,  RE'=Vi+ HC HY
We can also define the covariant matrix as
Ci, = Cr—1 — Kp(2HyCyoq — RYTK]),
and the y? contribution is given by
&= (R

Perhaps the most interesting part of the DecayTreeFitter method is that, as indicated
above, it allows us to exert certain constraints on our decay tree. These are the internal,
or exact constraints, which we implement through Lagrange multipliers, g(z). This can
be momentum conservation at a decay vertex, a geometrical constraint, like matching the
end position of a mother to the beginning of the daughter’s reconstructed track, forcing
the mother of the tree to come from the primary vertex, or even assign a mass hypothesis
to it.

The process is similar to the measurement constraints, where we now have to assume
a linear model on our Lagrange multipliers,

_ 9%

ge(x) = gr(zp—1) + Gr(x —xp1) + ... 3 G = pe

The x? contribution is given by
Xi = (2 = 2p1)" O (2 — 2am1) + 20 gi(2).
The minimization of this function yields
xp = xp_1 — Krgr(rp—1) ;where Kj = C’k_ng(Gka_lGlzl)_l.

The negative sign in zy, is purely conventional. Finally, the covariant matrix, plus x; are
given by

Cr = (1 — KiGp)Cro1(1 — KiGr)" 5 xi = gr(@r-1)" (GrCy1GY) ' gi(r—1).

The full x? function to be minimized during the fit is given by x* = >, x3.
We find that both types of constraints are equivalent under the transformations

h(l’k,1) — my — gk(l'kfl) ; Vk + chkle]zj — chk,1G£

This method is implemented by LHCb as a way to improve the vertex fit in certain
circumstances. It will be used in this thesis to improve the resolution of resonant mass
peaks, which will help differentiate between two peaks close to each other.
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Objectives and methodology

4.1 Objectives

This thesis is an extensive study of three of the lightest mesons that exist in the Standard
Model (SM) of Particle Physics, and in particular, a search for some of their rarer decay
modes into known particles.

In the case of Kaon studies, we attempt to measure for the first time the probability
that a neutral, short-lived kaon, K{ , decays into four muons. This process is highly
suppressed in the SM, with the chances of it happening estimated to be around 1 in 100
trillion. If the decay is not observed, an upper limit on its branching fraction will be set.
An observation of the decay, and the determination that the probability of happening is
higher than what the SM predicts would result in a direct experimental observation of
Physics Beyond the Standard Model (BSM).

One of the longest-standing tensions between theory and experiment in particle physics
is the disagreement in the value of the anomalous magnetic dipole moment of the muon,
g,- Uncertainties in theoretical calculations involved in computing this quantity could be
minimized thanks to a better understanding of the rare decays of n and n’ decays.

The n — putp~ and ' — 77~ pt ™ decays have both been observed experimentally,
but the uncertainties in their branching ratio measurements are still rather large. This
thesis aims to improve these studies. On the other hand, the decay of an 7’ meson into two
muons has never been analyzed in particle physics experiments. Its chances of happening
are estimated to be around one in 10 million. Its observation, which this thesis aims to
do, would be considered a major feat in the study of these light mesons. Additionally, the
even-less-likely process of an 1 meson decaying into two pions and two muons has also
never been observed. It will also be under study in this thesis.

Finally, when studying the ’ — 777~ "~ channel, searches for potential bumps
in the pu*p~ mass distribution that would correspond to a hypothetical scalar particle
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decaying into two muons, will be performed.

4.2 Methodology

To perform these measurements, the thesis will use data collected after proton-proton
collisions inside the LHCDb experiment of the Large Hadron Collider (LHC) between 2016
and 2018.

The analysis of K§ — p*pu~ptu~ decays will be done with respect to K§ — 7rm~
decays, one of the most common processes that happen in the detector. The analysis
consists of implementing several selections on our variables, which can be either topological
or multivariate, to reduce the combinatorial background contributions that may be hiding
our signal. With a proper examination of the efficiencies of each of these selections, and
after carrying out a detailed overview of the different systematic uncertainties that the
methodology may carry, a global fit to the dataset, accounting for both a hypothetical
signal peak and the background over which it may be standing, will provide us with the
result of either a value of the K§ — pp~ppu~ branching fraction or an upper limit for
it.

In the case of the n and 7’ analyses, we will look for these mesons when they originate
from a heavier charm meson that can be either a D or a D™. The measurements will
be done with respect to D(J;) — ¢(uTp)wT decays, which are also quite abundant at
LHCb and well understood. The biggest challenge of these four analyses is isolating
the ' — pp~ signal from the dominant ¢ — ptp~ peak in the ptp~ invariant mass
distribution. In addition to constraining the combinatorial background leaks through
different selection steps, similar to those used in the K analysis, detailed studies of the
different systematic uncertainties that may arise will be carried out.

The procedure followed will be similar for the rest of the n and n’ decays analyzed.
The search for hypothetical, neutral particles decaying into a di-muon pair will also be
performed in the fit of the ' — 777~ p*p~ channel.
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Neutral kaon decays into four muons

5.1 An introduction to kaon mesons

Kaons [22] are the lightest possible mesons containing a s quark [170,171]. The bound
state us (su) forms a K (K~), while K* = [d5], K° = [sd]. The weak interaction
provides a mechanism through which neutral kaons can mix via K° <+ K° box diagrams
(see Sect. 8.6.3 of Ref. [172] and Sect. 14.4 of Ref. [29], among others).

Because of this mixing process, a neutral kaon produced as a K° will also develop a
K component, and the physical neutral kaon states are the stationary states given by the
Hamiltonian of the whole K° — K system, which includes the weak interaction mixing
Hamiltonian. Neutral kaons, thus, propagate as linear combinations. The physical states
we see are known as the K-short (K§ ) and the K-long (K7 ). Their main differentiating
factor is their lifetimes,

7(KQ) = 0.89540(40) x 107'%s ;  7(K7) = 0.5116(21) x 10~ "s. (5.1)

Kaon decays provided the first experimental evidence of CP violation [173], and remain
an excellent probe in this field, since this is not an exact symmetry in the decays of these
mesons. This can be used to demonstrate why the two most probable decays of the K
are to 777~ and 7070 final states, while K7 decays mostly to at7r~ 7" and 777 (see
Sect. 14.4.1 from Ref. [29]).

Because of their low mass, m(K°) = 497.611(13) MeV/c?, kaons can only decay to
pions, muons, electrons, and neutrinos. Furthermore, kaon decays to a fully leptonic final
state are forbidden by the SM at tree level, and are highly loop-suppressed, given they
are flavor-changing neutral currents.

One of the most interesting and appealing aspects of kaon physics is that most of the
decay modes have branching fractions of the order of 107!° and below, according to the
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Standard Model. This could make them more sensitive to BSM dynamics than other
golden channels at LHCb, like B — pu~ or even B — pu~.

KQ — utp, for instance, is predicted to occur in the SM with a branching fraction of
O(1071?), which makes it very sensitive to various BSM frameworks, including leptoquark
models [174] and supersymmetry [175].

5.1.1 Very rare kaon decays

In general, kaon decays that involve flavor-changing neutral currents or loop diagrams
tend to be a combination of short- and long-distance contributions (SD and LD, respec-
tively) [176-178], depending on whether the intermediate virtual particle has a mass above
or below the ¢ quark, respectively. The SD component is governed by weak interactions
and involves loop diagrams. The V;iV,, term in its effective Hamiltonian causes a strong
suppression.

Meanwhile, the LD component arises from intermediary states, especially when they
are mediated by photons. In the case of K® — p*u~, for instance, we would have the
kaon decaying into two virtual photons, which then decay into a dimuon pair. Since K} is
a CP-odd state, it has a larger coupling to two photons, which means the LD contribution
is dominant in its decays. The LD term is highly negligible in Kg decays.

Ref. [179] used K? — ~v to introduce a form factor that would help with the theoretical
disentanglement of SD and LD,

F (g 2)2F(00){1+a( (I >+ﬁ 11s (5.2)
i) =2 d-Mp T Gg-ME) - M) (- R)]
The parameters a and 3 can be retrieved experimentally via K — v¢¢ and K} —
eTe utp~, and satisfy 1+ 2ay + 8 = 0.3, in the case of K decays, and 1+ 2ag+ 85 = 0
in the case of K .

From a theoretical point of view, one of the main challenges in kaon physics at the
moment is the determination of the sign of the amplitude A(K?Y — ~v) [180,181], which
is not clearly reachable by the theory due to the cancelation of the low-order terms. This
affects, for instance, the computation of B(K? — ptp™) [179].

Experimentally, the sign is not an observable on its own, but rather relative to other
interfering amplitudes. Branching fraction measurements are sensitive to the magnitude of
the decay, which is proportional to the square of the amplitude. A precise determination
of KY — utp~, however, could potentially add more clarity to it.

The sign represents a constructive or destructive interference between the short- and
long-distance contributions in kaon decays, and could become relevant when studying C'P
violation experimentally [181,182].

Taking the K — putpu~ picture a bit further, we can also study K° — ptp—ptp~
decays, which are even more suppressed FCNCs. The Feynman diagrams describing the
interaction are presented in Fig. 5.1. According to the SM, and depending on the values
of a and g [183],

B(Kg = pp ptp™) = (1-4)x107" | B(KY = p'p-ptp”) = (5-9)x 107", (5.3)

The current chapter will later present the first-ever experimental search for this decay,
performed at LHCb and which appeared in arXiv in Dec. 2022 and which was published
in Phys. Rev. D in August 2023 [116].
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Figure 5.1: Feynman diagrams contributing to K — uu=ptu~.

5.1.2 KJ— ptp p'p~ in BSM scenarios

An extension of the SM given by a dark matter (DM) model proposed in Ref. [84] could
allow for an enhancement in the branching fraction of K° — p* = p~. The model adds
a Higgs-like DM boson, ®, to the SM Lagrangian, and also involves a dark charge-neutral
scalar S:

Lps = |D'®|* — %Fé‘”FdW — gFg‘”FW — p* (@T) — A (@Tq))2 — A (1) (HTH)

+0,80"S —m%S* — AyHVHS — A,d10S.

(5.4)

The inclusion of the S scalar is enforced by the presence of the quartic coupling term,
Aa(®T®)(HTH), which can be shown to prevent any signatures in K° — A’A’ in a purely
4-dimesional Higgs portal model. In the \; — 0 limit, the only SM-DM portals are the
kinetic mixing ¢, which allows A" — (/. Additionally, the couplings Ay, mediate the
production on dark photons in kaon decays.

We can compute from the corresponding Feynman diagram the following expression,

1 A! 4
B(KE—)A/A/):5X10_8X(M)X mlg xf(mA>.
o i~y +mart ) e

K

(5.5)
Considering benchmark values of m = 230 MeV/c? and mg = 800 MeV/c?, we get
B(A — pp) = 0.22, and

B(K? = ptp ptp)=25x 107" (5.6)
Since ,
KD A/A/ * T
Bl & A4) _ (ReViViu )", (T2 g 1073, (5.7)
B (K] — A'A') ImViiVy TKY?
we can also reach
B(K§ — ptp ptp™) =22 x 107" (5.8)

5.2 Kaons at LHCDb

As mentioned in Sect. 3, in addition to being a b factory, the LHCb detector has been found
to be optimal for the study of s physics. In particular, it is estimated that on each collision
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at the VELO, 2 — 3 neutral kaons are produced [182]. They are the third most-common
particle species produced directly from pp collisions, only surpassed by charged kaons and
pions. The cross section times the multiplicity is approximately 0.6 barn (with K and
K? each taking 0.3 barn). The LHCb detector would be unable to detect most of K7}
decays, since they fly through the detector leaving no trace. In turn, KJ mesons fly a
few centimeters after being produced in the PV. 40% of them, according to simulation,
decay inside the VELO.

As of the submission of this thesis, the LHCb Collaboration has studied three very
rare kaon modes. Searches for KJ — pup~ have been performed with every new period
of data-taking, with no signal found as of yet. The latest one, Ref. [115], pushed the
expected limit

B(KS — ptp™) < 2.1 x107'° (90% C.L. ) (5.9)

rather close to the SM prediction [181],
B(KS — ptp ) sy = (5.18 £ 1.501p £ 0.02gp) x 1072, (5.10)

Run 2 data taken during 2016 — 2018 was later used to search for K° — ptp=ptp~
decays [116], and K° — 7r7n~puTp~. Details of the study of K° — utpu~pu*p~ will be
presented in this chapter. Neither the K§ mnor the K decays have been seen before,
with upper limits established for the first time for both decays. Though the study was
optimized for the K§ mode, knowing the suppression factor of K7 at LHCb, the upper
limit on the branching fraction of the K mode comes in almost for free.

5.3 Signal selections

The search for K — ptu~ptp~ decays (signal) at LHCb was performed relative to
KQ — 77~ processes. The latter will be hereafter referred to as our normalization mode,
and has a measured branching fraction of [47]

B(K — ntm™) = (69.20 4 0.05)%. (5.11)

KQ — 77~ candidates are reconstructed using trigger-unbiased data collected during
the same period as the triggered signal candidates.

Dedicated stripping lines were written for both decays, attempting to isolate the
candidates from random combinations of tracks which may contaminate our signal. In the
case of our signal, we are looking for four tracks identified as muons (they are required to
satisfy IsMuon, a requirement that asks for hits on a subset of the LHCb muon stations,
depending on the total momentum carried by the track) forming a vertex with an invariant
mass lower than 600 MeV/c?. They must be well reconstructed, with its y? per degree of
freedom below 3.

The particle from which they originate shall be called a K¢ , and it is required to
have a lifetime greater than ~ 4.6 ps (which is the case for ~ 90% of the K that are
produced and which can, in turn, eliminate a lot of background contributions), as well as
an impact parameter with respect to the PV to be below 1 mm and an IP,2 below 100, to
maximize the chances of it coming from the PV. The flight direction of the K and the
sum of the 3-momenta of the daughters must be aligned, which we ask for by requesting
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the cosine of the angle between the two vectors, called the direction angle (DIRA), to be
greater than 0.9999.

The point where the K§ decays is called the secondary vertex, SV, and it is required
to happen inside the VELO. The quality of the SV is ensured by a loose cut on its x?.
The daughter tracks must also have a separation of, at most, 2 mm at the point they
are closest to each other (which would be near the reconstructed SV). This is called the
distance of closest approach (DOCA).

Meanwhile, candidates on the normalization channel consist of two tracks reconstructed
as pions whose invariant mass falls inside the (400 — 600) MeV/c? range, an x3p greater
than 100, and a distance of closest approach between them below 0.1 mm.

They form a secondary vertex, a K , with a positive value on the cosine of its direction
angle and an impact parameter below 0.4 mm. The decay time must be 0.06 x TKY, where
Tk is the average lifetime of the K .

There is a third channel used in the analysis as a control mode for trigger studies,
K° — 7%~ 1,. This decay is also reconstructed from trigger-unbiased data, where tracks
reconstructed as a pion and a muon are required to form a good secondary vertex, inside
the VELO and displaced at least 4 mm from the beam pipe in the transversal plane. The
tracks also have strict cuts on its ghost probability, a neural network-based quantity that
estimates the chances that the reconstructed tracks are not real tracks, but rather random
combinations of hits (ghosts).

Table 5.1 contains a full breakdown of the selections used in all three stripping lines.
The least efficient selection on K9 — p™pu~p ™ is asking the muon candidates to satisfy
IsMuon. This takes away roughly 50% of the signal, mostly due to the requirements on
the total momentum of the tracks. In the case of K{ — 77~ candidates, the requirement
on the DOCA is the least efficient one, at roughly 65%.

Offline selections are implemented on both channels to further suppress combinatorial
and peaking backgrounds. In the case of the signal channel, cuts on track quality variables
are implemented to reduce the number of ghosts, which tend to have larger impact
parameters than real tracks.

As such, we require the x? per degree of freedom of each track to be below 2.5. The
ghost probability of all tracks must be below 0.3, and the ProbNNghost variable must
be under 0.7. The particle identification variable referred to as PIDmu (see Sect. 3.8), is
required to be positive.

The first three selections are aligned on both the signal and normalization channels.
In the latter, two more cuts are implemented to improve the similarities. The transverse
flight distance of the K (defined as the distance that the K flies away from the beam
pipe in the transversal plane) is required to be greater than 5 mm. In addition, we
minimize the inclusion of tracks that may originate from material interactions by creating
and cutting on a variable that maps these. See more in Sect. 5.6.

Finally, one more selection is required in the normalization channel to remove the only
peaking background present in this analysis, A — pr~. See more in Sect. 5.5.

In the case of K° — 7" pu~ 1, additional selections were also applied to isolate the
decay from misidentified K — 77~ candidates. The use of this channel, as well as
its various selection steps, were optimized in the K§ — p*u~ analysis from Ref. [115].
We take K° — 7t u~ 1, candidates where the di-pion mass, mg+,-, i.e., the invariant
mass of both tracks having a pion mass hypothesis, satisfies m +,- < 400 MeV/c? and
Mytr— < (300 + (200 — Ex) x 5/3) MeV/c?. Here, the Er is computed by assuming the
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Table 5.1: Selections used at stripping level for each of the channels used in the analysis. Here,
Ghost Prob. stands for the probability that the input tracks are ghosts. nDoF referes to the
number of degrees of freedom. 6 is the direction angle of the mother, computed as the angle
between the estimated flight direction of the mother and the sum of the four-momentum of the
tracks. DOCA stands for the distance of closest approach between the daughter tracks. PVy
(SVyz) stands for the z coordinate of the primary (secondary) vertex, while SV, stands for its

radial position, v/SVx? + SVy=2.

Channel K — ptpptp K — mtn K — mtu~u,
Input particles Muons Pions Pions and Muons
Daughters IP — — > 0.4 mm
Daughters IP,2 — > 100 —
Daughters Ghost prob. < 0.4 — < 0.1
Daughters Track x?/nDoF <3 — —
Daughters IsMuon True — True (only for u)
Mother mass < 600 MeV/c* € [400,600] MeV/c? < 800 MeV/c?
Mother decay time > 4.59 ps > 0.06 X Tg —
Mother TP <1 mm < 0.4 mm —
Mother cos 6 > 0.9999 >0 >0
Mother DOCA < 2 mm < 0.1 mm < 0.1 mm
Mother SVy < 650 mm < 650 mm < 650 mm
Mother SV, — — > 4 mm
Mother SV, < 50 — <9
Mother IP/(SVz- PVy) — — < 1/60
Mother IP, < 100 — —

KQ is produced at its closest PV and the flight direction is given by the reconstructed
SV. Cuts on the VELO material veto, to minimize candidates coming from material
interactions (see Sect. 5.6), as well as the IP,2(K§) > 256, to ensure that the two-track
combination alone is not pointing back to the PV, are also applied.

To avoid experimenter’s bias when analyzing the collected data, the signal region
was blinded during the main part of the analysis, and only restored once everything
else was satisfactory. To this end, candidates in the interval 490 — 510 MeV/c* were
made unavailable during the bulk of these studies, including all steps of background
removal. The remaining events make up the so-called sidebands, with candidates with
m(K3) < 490 MeV/c? are known as the left sideband, and those with m(KY) > 510 MeV/c?
are the right sideband.

5.4 Triggering K{ — u"p pu'pu~ candidates

In the case of strange decays at LHCb during Run 2, it is observed in simulation that
roughly 50% of the signal candidates picked up by the hardware trigger step, L0, do not
contain tracks responsible for firing the trigger. This motivates the decision to split our
dataset into two trigger categories that will be hereafter studied simultaneously.

On the one hand, the TIS sample contains candidates where other tracks in the event,
other than the four muons selected by our stripping line, are responsible for firing the
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trigger. The TIS subsample is therefore made up of K§ — u*p~ pp~ candidates where
L0 lines targeting muons, di-muon pairs, electrons, photons, and hadrons have been fired
elsewhere in the event.

On the other hand, we have an exclusively triggered-on-signal dataset (xTOS), which
contains candidates where at least one of our four stripping-selected muon tracks fired
the trigger, and no other track in the event did. The vast majority of the candidates
in the xXTOS category come from muons firing the LOMuon line, with a small fraction of
di-muon pairs triggering LODiMuon, and a negligible number passing the low-multiplicity
counterpart.

This split at the LO stage, and kept throughout the entire analysis, until the final fit.
Both datasets are then required to pass either one or two lines at HLT1. As indicated
in Table 5.2 the difference between them lies in a higher total and transverse momentum
threshold in the case of DiMuonLowMass, and a cut on the IP to ensure a detachment from
the PV in the case of DiMuonNoLO. Most of the candidates pass DiMuonNoLO.

Finally, at HLT2 level, they are required to satisfy a specific line targeting di-muons
coming from strange mesons, H1t2DiMuonSoft. Their invariant mass must be below
1 GeV/c?, they must form a good SV that is sufficiently detached from the beam pipe.
Cuts on the probability and PID are also set in place, as is a requirement on the angle
between the two tracks to remove clones (groups of hits reconstructed as two tracks but
that in fact come from the same traversing particle).

At HLT?2 level, there is also a requirement for the K vertex to be inside the VELO,
which forces us to work exclusively with long tracks. This is beneficial to the analysis,
since we need very good track reconstruction, but it also means we are losing a large
portion of our signal, since more than half of the K§ produced at LHCb decay outside of
the VELO.

All of the HLT selections are required to be fired by at least one of the di-muon pairs
in our signal. The efficiencies of each trigger stage can be found in Table 5.3.

5.5 The Armenteros-Podolanski plane

In the 1950s, it was found that two-particle decays of neutral kaons and Lambdas may be
subject to experimental mix-ups. The mis-identification of a proton and a pion may cause
the mis-reconstruction of K§ — 777~ as A — pr—, and vice versa. After understanding
that the energy released in the decay, the ()-value, was not enough to separate the decays,
Ref. [184] defined a new set of transformed kinematic variables to isolate the different
decay schemes.

In the early days of Particle Physics, in cosmic ray experiments [22], particle decays
were studied by looking into the signatures left by the daughter tracks in cloud chambers.
Characteristic, V-shaped marks left behind by pairs of tracks led to the naming of V/
particles as their mother. They have since been classified as kaons, Lambda and Sigma
baryons.

Let us consider a two-body decay V° — h{h; . In the center of mass of the V?,

P\I/LO — (M,O) s Plu = (Elvﬁ‘k) ) P2M = (EZa_p‘k) (512)

Operating, and using conservation of energy,

M =By + By=\/md + 52 4 \fm} + 52, (5.13)
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Table 5.2: Cuts applied by the HLT1 and HLT2 lines used in this analysis. GEC means Global
Event Cuts, a requirement on some of the parameters of the event, like the number of VELO
hits. The Tight state allows up to 3000 VELO hits, while Loose allows up to 6000. 6 is the
angle between tracks.

H1t1DiMuonNoLO | H1t1DiMuonLowMass | H1t2DiMuonSoft

Daughters IP > (0.4 mm — > (0.3 mm
Daughters p >3 GeV/c >6 GeV/e
Daughters pr > 80 MeV/c > 200 MeV/c —
Daughters IP, >9 >9 >9
Daughters Ghost Prob. — — <04
Daughters ProbNNmu — — > 0.05
Daughters track x?/ nDoF <4 <4 —
Myt > 220 MeV/c? (220, 1000] MeV/c? <1 GeV/c?
Mother SV, < 25 < 25 < 25
Mother SV, — — >3 mm
Mother SV — — < 650 mm
DOCA < 0.2 mm < 0.2 mm < 0.3 mm
SV, — PVy — — >0 mm
cosf — — < 0.999998
GEC Tight Loose

Table 5.3: Efficiencies, in %, for each of the trigger stages on both the TIS and xTOS trigger
categories.

Trigger Category LO HLT1 HLT2 Total

TIS 13.00 75.62 92,54  9.10
xTOS 1293 80.71  93.10 9.72

which leads to )
o M2 (4 )+ (m— )

= . 5.14

p Ve (5.14)

In the lab frame, due to the conservation of momentum, the pt of h; and hs is identical,
but with opposite signs, pr(h1) = —pr(h2). This quantity is also invariant under a Lorentz

boost to the V0 center-of-mass frame, pp = p., since the boost is performed along the V°
flight direction, the longitudinal axis.

This is not the case, however, for the longitudinal components, which, under a Lorentz
boost of strength [ from the center of mass to the lab frame, transform as

pri =Y(pL; + BE"). (5.15)

Using
p;, = xp“cosf , pL =psind, (5.16)
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Table 5.4: Values that define the ellipses in the a vs. p plane, also known as the Armenteros-
Podolanski plot. These ellipses provide a kinematic way of isolating Kg — 7T~ candidates
from A — pr~ or its CP counterpart.

Decay p* [GeV/e | Qg Ta

K§ — ntn™ 0.206 0 0.827
A—pr=/ A—=prt 0.101 +0.691 0.181

we can compute the asymmetry in the longitudinal components as

2 2
o — Prai—DPL2 2p my — My

— + ,
prL1+pL2 BM M?

(5.17)

using that £} + E5 = M, and ETA_/IES = m%]\;;ﬂg In the ultra-relativistic case, § — 1, notice
how ) )
_a—ap _mi—mj _2p”
cosf = o : &077 . Ta = i (5.18)

Recalling Eq. (5.16), we find that the identity cos? @ + sin?# = 1 allows us to define an
ellipsis that is unique to each V° decay:

(a ;aom)Q N (%)2 . (5.19)

In the specific case of this analysis, this provides a clear-cut way of isolating K§ — 77~
candidates from A — pm~ misreconstructed decays. Table 5.4 provides values for each
of the parameters on the decays of interest. As seen in Fig. 5.2, the following selection,
fine-tuned via a S/v/S + B figure of merit in Ref. [115], removes the A — pr~ and

A — prT contributions:

Mprg L PR
2p* . /p%(g + M? (p*)?

where now « is given by the value from Table 5.4 for A — pr~ (the £ sign already covers
both the A or A cases), and M stands for the A) mass.

(o £ ap) -1 > 0.3, (5.20)

5.6 Material interactions

Due to the average lifetime of the K , which allows it to fly several centimeters away
from the PV, and often not strictly along the z-axis, effects due to inellastic collisions
with the VELO material must be considered. In the case of K§ — pu*p~ this proved
to be a highly discriminatory variable against background contributions [115], as these
undesired interactions may result in two tracks that may be disguised as muons but which
are not, in fact, coming from an actual K decay vertex.

In the case of K§ — pu™pu~pu~, where four tracks must form a good enough SV, it is
also an important feature to study. To do so, we require an excellent parametrization of
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Figure 5.2: Left: Armenteros-Podolanski plot on truth-matched K§ — 77~ (blue), A — pr~
(green), and A — pr (orange) candidates. Right: Armenteros-Podolanski plot on minimum
bias K — 777~ candidates. The cut to remove the A (A) decays is illustrated through the red
marks. It has been optimized using a figure of merit on simulation.

the subdetector, which may allow us, combined with the decay vertex’s precise position, to
calculate the distance from the SV to the material. The parametrization of the VELO is
documented in Ref. [185], and was performed using proton-gas events collected by LHCb.
As seen in Fig. 5.3, the positions of the SVs perfectly reproduce the shape of the VELO
material. They found that the best metric to test the hypothesis that the true SV location
is compatible with a point in space occupied by the material was given by the harmonic
mean of the uncertainty-weighted material distances,

6
d=6 (Z d;l) :
i=1

\/(sv; —a)? (SVy—w)?, (SVi- z)?‘ |

where

d; = min

2 2 2
o o, lop

The variable that results from performing these computations on our data samples
can be seen in Fig. 5.4.

Two options arise here. On the one hand, we may select candidates with d > d,
where dy would need to be optimized, to veto tracks originated close enough to the
subdetector material. The better option, however, turns out to be including this variable
as an input feature of a multivariate classification algorithm that will also reduce most of
the combinatorial background (see Sect. 5.8).

5.7 MC corrections

5.7.1 Kaon physics corrections to simulation

Kaon physics are not accurately described by the MC tools used in LHCb. In particular, the
momentum spectrum requires correcting, which may trickle down to an underestimation
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Figure 5.3: Parametrization of the VELO and RF-foil using secondary vertices from Run 1 data.

This is then used to calculate the distance to the material from displaced decays, like those of
KQ . Figure from Ref. [185] under Creative Commons Attribution 3.0 license.
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Figure 5.4: Distribution of the minimum uncertainty-weighted distance obtained with the
VeloMaterial tool for the different data samples used in the analysis. Given the lower opening
angle, the vertex resolution of K — pp~uu~ decays is worse than in K§ — n 7, which
causes the K§ — pTp~ptu~ signal to drop much faster. The KJ — nt7~ candidates also have
a cut on the distance of closest approach.

of the efficiencies when using the numbers from plain simulation. It is a problem born at
the generation level, that is then carried over to the stripped datasets. Two methods are
used in this analysis to account for this.

First, we use the accept-reject algorithm, first introduced by John von Neumann in a
1951 lecture [186, 187], to filter out simulated events for which the transverse momentum
of the K is not well reproduced.

In this method, we have a target probability distribution, f(z), and a proposal
distribution, g(x), such that f(z) < Mg(z) for some constant M and for all z. We now
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Figure 5.5: Comparison of the K§ — m7~ peaks as seen in MC and data, before (left) and
after (center) rescaling the daughters’ momenta. The per-bin ratio between both histograms can
be seen on the right, where we notice that the agreement is better after the correction.

draw a candidate sample x(y, compute the acceptance probability,

- f(330)
Mg(zo)’

and flip a coin with success probability r. If head turns up, we accept xg.

In our case, our distributions are the K pr from data (target) and simulation
(proposal) from the K¢ — 77~ control mode. We correct our simulation on each channel
by drawing candidate samples from both KJ — 777~ and KJ — pTu~putp~. See the
corrections on the pr of the K§ in Fig. 5.6, top left.

Second, since the invariant mass of the K¢ is also not well defined in simulation, we
find, looking at K{ — 77~ data-MC comparisons, that the peak is slightly displaced
towards higher masses. This can be corrected by recomputing the invariant mass after
applying a small downscale in the daughters’ momenta in simulation. In particular, we
find that only a factor of s =~ 0.99942700050¢ need be applied. See Fig. 5.5.

5.7.2 'Tracking corrections

On top of all the above, some of the tracking variables in simulation tend not to be well
defined. To correct this, we use K — 77~ once again as our control channel, and match
the cumulative distribution functions of the desired variables between data and MC. These
variables are the track x? per degree of freedom, the track’s ghost probability, as well
as its ProbNNghost. The functions derived from matching the cumulative distribution
functions in the control mode are then used to correct the variables on both the signal
and normalization channels.

Tracking efficiencies are also not accurately described in MC. TrackCalib2 is a tool
developed by LHCD to help with this [188]. We consider, independently, all three years
and both channels. One single correction factor is considered for TIS and xTOS. 20%
of muon tracks, and 51% of K§ — p*pu~ptu~ candidates fall outside the calibration
spectrum (their momentum is below 5 GeV/c). To these, a correction factor of 1 £+ 0.05
is applied. On top of that, each track is assigned a 0.8% systematic uncertainty. Since
muons were used to make the calibration efficiency tables, pion tracks are assigned a 2%
systematic.

The final correction factor to the ratio of efficiencies is

R =1.002+0.012 (5.21)
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Figure 5.6: Corrections to the simulation using Kg — w7~ as a control sample. Top left: pr
of the Kg , which is corrected through the accept-reject method. Top right: Track x? of the
daughters, corrected by matching the CDFs of the simulation control sample to that of the data.
Bottom: Ghost probability of the track (left) and ProbNNghost of the track (right), corrected
the same way as the track x>2.

To account for hypothetical acceptance drops in low opening angles that may appear
in data, but not necessarily in MC, we compare the opening angle of the di-Kaon pair
from BY— J/ip(utp)¢(KK) between simulation and sWeighted data, which is of the
same order of magnitude as the K§ — pTp~utp~ opening angle (see Fig. 5.7). When
comparing these distributions, only tiny differences are observed, which may be attributed
to lack of O — KK decays in simulation, sWeights factorization, or vertex resolution.

5.7.3 PID corrections

The efficiencies computed in simulation corresponding to the different selections on particle
identification need to be corrected, following the arguments presented in Sect. 3.8.1. The
calibration was done using low-pr muons from Bt — J/¢(pTp~) K™ data (see Fig. 5.8
for a comparison between the momentum distribution of the signal and control samples.)
Tracking and kinematic selections are aligned between the calibration samples and our
nominal MC, to ensure that they look as closely as possible. To reinforce this, we also
require our calibration muons to have a pr < 1 GeV/c, which describes most of our signal
and excludes higher-momentum tracks that may not apply to our kinematic spectrum.
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Figure 5.8: Comparison between the momentum of the final-state muons in the reference
(K§ — pTp~ptu) and calibration (J/1 — pp™) samples.
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The calibration is done in bins of total momentum, the pseudorapidity, n, and the
number of hits in the SPD subdetector. The sWeighted efficiency of the corresponding
cuts (in our case, IsMuon & PIDmu > 0), is computed for the calibration data in each
bin. Then, this per-bin efficiency is assigned to each event in the MC. The final, corrected
efficiency, is the average of all the corrected efficiencies of the events.

Also to be considered is the fact that the calibration is done with a two-track channel,
while our signal channel contains four tracks. Efficiencies were computed factorizing two
muons, then three, and finally considering all four, and found no significant differences.

The final correction factor to the nominal MC efficiencies is found to be

Rpip = 1.23 +0.04. (5.22)

5.8 Multivariate Classifier

A Boosted Decision Tree (BDT) was trained in this analysis to filter out combinatorial
background contributions. K§ — p"pu~ptu~ simulated events were taken as a signal
proxy, while data from the sidebands was taken as a background proxy. The following,
discriminatory variables were taken as the input features on the algorithm,

e The distance of closest approach between all four tracks,
e The impact parameter of the K |

e The minimum impact parameter of the four muons with respect to the PV,

The transverse flight distance of the K ,

The distance to the VELO material,

e The minimum angle between two muons.

Fig. 5.9 and Fig. 5.10 include the comparison between the signal and proxy backgrounds
of all six variables that enter the BDT, from the TIS and xTOS samples, respectively.

The dataset is divided in three subsamples. One is used to train the model (training
set). Another is used to examine the properties of the train model (test dataset). A final
subsample is held out of the process until the algorithm is fully trained and characterized.
At that point, it is applied on this third subsample, such that it is free of biases that may
have arisen before.

Half the dataset is used for training and testing, and half is held aside. The split is
done according to the parity of the eventNumber. The first half is, once again, split in
two according to this variable. A PIDmu> 0 requirement is set on the signal proxy, while
the training sample of the background proxy is asked to satisfy PIDmu< 0. The testing
subsample is not required to satisfy this.

To avoid overtraining concerns, and to maximize the use of our full dataset, we do the
training twice (two folds). The first time, we use the candidates with an even eventNumber
for the holdout sample, and the second time, we use the odd subsample.

Various MVA methods have been considered:

e Boosted Decision Trees, with four different settings from TMVA [189]
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Figure 5.10: Representation of the variables in the xXTOS sample used as an input of the BDT.
The ordering is the same as that in Fig. 5.9.

Fisher discriminant
k-Nearest Neighbor
TMVA Likelihood

Geometrical Likelihood from the Urania package [190]

hMatrix

60



= lg——e .\ : ' : - = lg——— 3
S 0999 E 2 0.999 =
Q 3 Q b=
-2, 0.998 = L, 0.998 —
& 0997 LA 3 & 0997 =
Z 099 k E 2 099 =
2 0995 \\ E g 0095 \i
<0994 KN I‘\i 2 0.994 KN I
< I = < I 3
2 0993 HMatrix NE m 0993 HMatrix ] 3
0.992 BDT 15 0.992 BDT =
0.991 f — BDTD = 0.991 f — BDTD =
BDTG IE BDTG E

0.99 ! 0.99 :
0 0.5 1 0 0.5 1
Signal Acceptance Signal Acceptance

Figure 5.11: ROC curves for the two trigger categories, comparing the response from the different
classifying algorithms tested.

0if ' E 01f ' 1
C —— signal J J E —— signal a 4
0.08 :_ —— Background _: 0.08 } 7 | —— Background {
0.06 - 3 0.06 — -
0.04 3 0.04 - -
002~ - 0021 ]
o 1 0 . 1
BDT BDT
(b) TIS, eventNumber even

E T T E| 01 T —
0.09 E- E 1r .
E signal 3 - Signal ]
0.08 E _ B;gcr:(‘:;round E 0.08 = — Blagc"k:;round .
0.07 E- / 3 08 ]
0.06 - E 0.06 L —
0.05E 7 E C 1 ( ]
0.04 = ] 7 E 0ot b- i E
0.03 - r -3 [ ) ]
: : : : | :
0.02 = 7 1 E 0.02 [~ ’ H -
00LE = .y |B 7 ‘ 1
0t I 2 3 0 C | ]
| 0.5 0 05 1 - 05 0 05 1
BDT BDT

(c) xTOS, eventNumber odd (d) xTOS, eventNumber even

Figure 5.12: Distributions of the output BDT variable for each of the two folds and trigger
categories.

The most discriminating variables are found to be the DOCA, the K impact parameter,
and the minimum IP of the tracks. The response of the different classifiers tested can be
seen in the ROC curves, in Fig. 5.11. The distributions of the output BDT variables for
each of the folds are included in Fig. 5.12.

A cut on the output BDT variable is chosen using a figure of merit such that 80% of
the signal survives. With it, only three background candidates on the TIS subsample
remain. All background candidates on the xXTOS subsample are removed.
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5.9 Background studies

All background contributions in this analysis are caused by random combination of tracks
around the K¢ mass window. Very few kaon decays could actually threaten this statement,
and no other SM process would. The 7, the only known particle in the mass window
studied in the analysis, does not satisfy the lifetime requirements if taken as a prompt
decay, and does not satisfy the impact parameter requirements if coming from a heavier
meson.

There are only a handful of possibilities for a K° to decay into four particles. The most
likely one is K§ — mt7~e*e™, which has a measured branching fraction in the order of
107°. The difficulty of reconstructing the soft di-electron pair, combined with a quadruple
misidentification, which also involves a displacement of the mass peak several sigmas away
from our signal region, makes it a negligible contribution.

A similar explanation can be used to rule out K° — p*pu~efe”. The very rare
decay K2 — wrn~pTp~ is even less likely to occur, according to SM predictions, than
K¢ — php~ptp.

5.9.1 The case of K? — utp ptu~

All of the above processes, due to double misIDs, would fall inside the sideband regions
of the analysis. Theoretically, K — p"p~p™p~ is more likely to occur than K§ —
wrp~ptp~, and it would be confused with signal. Should a signal contribution had
been found, it would have been catalogued as K® — utu~putu=, as we would not have
been able to differentiate the specific nature of the mother. However, when studying
KQ — ptp~ptu, the K? decay contributions must be accounted for.

According to the current LHCb acceptance, though, K mesons are suppressed by a
factor ~ 107 with respect to K , so the effective branching fraction of K? — ppu~putpu~
as seen by the detector would be

_ _ _ _ €L
B(KD = ptp~ 't )epr = B(K§ = ptp~ptpm) x =
(KT Jers = B(Kg ) - (5.23)
~ (8.78 x 1071) x (2.3 x 107%) ~ 2 x 107'?,

where eg) is the efficiency of the K (K ) decay, respectively. With this in mind, we will
interpret our final limit in terms of both B(KQ — pmu~ptp™) and B(KY — ptp~ptp™).

Finally, there is the interference between both modes to account for. Theoretically,
the amplitude of the neutral-kaon decay is given by

AK® = ptp-ptpm) = AKS — 't pt ™) + AKD = ph 't u”), (5.24)
so the branching fraction, taken as B(K$ — ptp~putu™) = JA(KS — pTu—utp™))?,
includes a term known as interference, the product of both amplitudes. This term has
a lifetime much shorter than the K7 , being only twice that of the KJ [191], and its
contribution is only nonzero whenever there is a large K° — K° production asymmetry,
which was not the case for the luminosity collected during Run 2 [115,181]. For this
reason, it is neglected.
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Table 5.5: Resulting values for the minimum bias scale factor for 2016, 2017 and 2018.

2016 2017 2018
smp  5.66509 x 1077 5.30689 x 1077 4.43192 x 1077

5.10 Normalization

The number of signal decays is given by
N(K§ = ptp~pp™) = L X ogo x B(KS = pp™ p 17 ey (5.25)

Since we do not know very precisely the production cross section of the K , we are better
off comparing this number to the number of decays produced via a different channel,
which we are calling the normalization mode. K2 — 777~ is very well suited for this, as
its abundance at LHCb allows us to probe very low sensitivities. The difference in the
number of tracks between both channels is accounted for by the use of TrackCalib.

The K — mt7~ candidates are taken from Minimum Bias data, a different stream of
data than our signal which is heavily prescaled during data-taking. This prescaling factor,
syvB, must be factored into the equation, to get

B(Kg — p*pptp”) = aN(K§ — ptu~ptu”), (5.26)
where «, defined as the single event sensitivity (SES), or normalization factor, is given by

SMB S e

a=B(K— ntr) (5.27)

X
N}\(/Igiﬁr R ptpptp ’
where NMB _ represents the number of observed K — 777~ decays in MB data.
Kd—mtnm S
The prescaling factor of the Minimum Bias stream sy varies from year to year, as
seen in Table 5.5. This is defined as the ratio of the integrated luminosity observed by
the minimum bias stream over the total luminosity,
-
SMB = Lint

A fit to the 777~ invariant mass using a Hypatia p.d.f. shows that the background
contributions (accounted for via an exponential) are below 1%. Therefore, we can simply
count the total number of entries in the dataset and add a 1% systematic to the final
number. The efficiencies are split into subsequent steps, following the guidelines indicated
above:

ERY syt p—ptu— = Egen X Ereco X Estrip X Etrig X Esel X EppT X RpID, (5.28)

where the correction factor to the PID efficiencies, Rprp, as given by Eq. (5.22), has been
included. Similarly,
EKY—ntr— = Ereco X Estrip X Esel- (529)

One normalization factor « is computed per trigger category. The breakdown of the
efficiencies can be found in Table 5.6.

63



Table 5.6: Efficiencies for Kg — ptp~ptp and Kg — wTr~ decays from corrected MC.
Minimum bias MC is used for Kg — w7, The L0 TIS efficiency is corrected according to
K g — 7~ data. The efficiencies correspond to a weighted average between 2016, 2017 and
2018 MC, taking into account the luminosity of each year. The uncertainties are statistical only.

‘ KQ — pruptp ‘ KQ — mhm~
Gen. + reco. + sel. | 2.5138(23) x 1073 | 4.585(53) x 10~*
TIS| SEL 0.0746(26) -
xTOS| SEL 0.0965(27) -
MVA 0.8 -

Table 5.7: LO TIS efficiencies computed via Kg — w7~ MB data. They are in good agreement
with the same efficiencies computed for the signal channel. A correction factor, accounting for
the discrepancies in the presacaling factor of the MB stream, is also included. Since the LO
thresholds did not change throughout 2018, no correction is needed.

2016 2017 2018
gPata (%) 11.57 4 0.04 11.36 £ 0.04  9.29 + 0.04
r 0.9924 + 0.0038  0.9819 & 0.0040 1

5.11 Systematic uncertainties

The largest source from systematic uncertainties comes from the computation of the
trigger efficiencies. The L0 TIS efficiency depends, for the most part, on the underlying
event, and is not accurately described in simulation. Assuming that the L0 TIS efficiency
is the same for signal than for K — 77—, we can compute directly on data using the

MB stream, as
NKg —atr

_ Nporis
ELOTIS = k0t - (5.30)

A correction factor, r, is also applied to account for the fact that the minimum bias scale
factor is not consistent throughout the same year:

LOTIS LOTIS LOTIS
- w SLOTIS _ dLror Nrog LOTIS _ N (5.31)
— LLOTIS w - ’ - :
€ N N
o L TCK

Here, dL7 ¢ represents the luminosity of each trigger configuration key (TCK) and £, the
total luminosity. Since the L0 thresholds did not change throughout 2018, no correction
is needed. The results are shows in Table 5.7

The aforementioned assumption of L0 TIS efficiencies being similar for the signal and
control channels, however, does not come freely. Forced decays in MC have different
multiplicities than if generated via MB*, which affects the computation of the efficiency.
L0 TIS efficiencies computed via MB agree well between K° — 7t~ v, and K§ — nhn~.
However, the forced-decay efficiency of K° — ntpu vy, disagrees with the MB value.
Since K§ — ptu~pu~ is always forced, we take a 10% systematic to account for these
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differences.

Meanwhile, the LO xTOS efficiency is validated using the TISTOS method
(see Sect. 3.5.1), with K° — 7tu~p, as a control mode, where the pion has been
misidentified. We take

N:ETOS NTIS&TOS Na:TOS

X (5.32)

LaTOS _ _TOS
NTOS — — NTIS NTOS

The systematic is computed by comparing this quantity in both data (asking for both
tracks to be good muons) and K — pmu~ MC. An 11% difference appears. However,
this is a two-track to two-track comparison, and our signal mode has four muon tracks.
At leading order, since most of the events fire LOMuon,

Eap = €2 + (1 — EQM) X Eous (533)

and therefore,
s(eay) = (2 — 2e9,) X s(e2u) = 21% (5.34)

is our LO xTOS systematic uncertainty.

To validate the HLT efficiencies, we also use the TISTOS method with K° — 7t p~p,
as our control mode. Though we see a good agreement between data and MC, we take
the 11% statistical uncertainty from our MC sample as our systematic. To extend this
into the four-track case, we need to take into account that there are multiple dimuon
combinations that can trigger the HLT dimuon lines, so in this case,

Eap = €ap + (1 — €9,) X 2 + (1 — £9,)° X €9, + (1 — £9,)° X €9, = 3%. (5.35)

We conservatively keep the 11%.

The difference between the corrected and nominal MC efficiencies is also taken into
account for the systematics. There is an 8.3% variation before the BDT, and an additional
3% at the MVA level. We take half the correction size as an uncertainty, 4.4%.

Finally, possible K contributions are also considered. The efficiency ratio between
K? and K is computed by selecting simulated events and weighting them to have the
K? lifetime instead. The ratios are shown in Table 5.8. A systematic covering the full

range is assigned, finding
€KE

=(2.1440.03) x 1073 (5.36)
6Kg

Table 5.9 contains a breakdown of all systematics going into the computation of the
single event sensitivity.

5.12 Results

With all of the above, we can compute

arrs = (4724 0.75) x 1072 | auros = (3.77£0.92) x 1072 (5.37)

*This is because Kaon decays in PYTHIA are also generated via minimum bias simulation. The difference
is that those simulations we refer to as forced decays come from samples where PYTHIA forces the decay
of one of the K produced into the requested final state. However, to reach K — n* 1, candidates
from straight MB simulation, a large number of K is required, given its O(107°) branching fraction.
This leads to much higher multiplicities.
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Table 5.8: Efficiency ratios between K{ — ptpu~pTu~ and Kg — ptp~ptpT according to
lifetime-weighted simulation.

Sample 2016 2017 2018

TIS 215 214 212
xTOS 215 214 2.13

Table 5.9: Full breakdown of the systematic uncertainties going into the computation of the
single event sensitivity, a. We are largely dominated by the LO trigger.

Source Relative effect (%)
B(K$ — 7n7) 0.07

MC Eff. Corrections 4.4

LO Trigger EAff. 10 (TIS) , 21(xTOS)
HLT Trigger Eff. 11

Muon ID 3.3
Tracking 1.2

K2 — mt7~ Signal yield 1

We fit the 4 invariant mass of both datasets simultaneously to a probability density
function that includes a signal and a background component. They are weighted by
respective yield parameters, ngg kg, such that ngg + nyry = np, where np is the total
number of entries in the dataset. In addition, the signal yield is defined as ng;, = B/a,
where B is a shared parameter across both fit categories, but « is the value indicated
above for each one. The systematics are incorporated into the fit as a Gaussian constraint
on the a parameters. The fit can be found in Fig. 5.13.

No signal is observed. We can set an upper limit on our branching fraction by profiling
the likelihood of the B parameter, and integrating up to 90% of the area. As a result, we
obtain

BKS — ptp ptp™) <51 x 1071 (5.38)

Using Eq. (5.36), we can turn our K normalization factors into those corresponding
to KY — ptp~ptp~. We can use this to also compute the expected limit of this decay,
obtaining

B(KY — ptp ptp) <23 x1077, (5.39)

The K§ — ptp~ptp~ result is the most stringent upper limit set by the LHC to date.
If anything, it represents the reaching power of the LHCb detector by the end of Run 2,
and is an encouraging sign for very rare decays searches moving forward.

Prospects plots for future runs of the LHC are provided in Fig. 5.14. By the end of
Run 4 of data-taking, the LHCb experiment is expected to have collected 50 fb™* [192], a
dataset for which the dark-sector model prediction will be in reach. By the end of Run 6,
the LHCb detector is planned to have reached 300 fb™* of collected data, which will be
enough to test the SM prediction.

On the other hand, it is not expected that the increase in luminosity will improve the
chances of observing K? — ptu~pu* ™, as predicted by the Standard Model, even at the
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Figure 5.13: Mass distribution of the unblind data. Mass distribution of the observed candidates
in data. Left (Right): KS — u™pu~ptp~ candidates in the xTOS (TIS) trigger category. The
blue line is a simultaneous exponential fit to both categories, while the red line (null) accounts
for the signal events. The plots above include the selected candidate events for each category,
while the plots below are the corresponding pull histograms. Figure taken from [116] under
Creative Commons license.
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Figure 5.14: Extrapolation of the expected limit for the LHCb upgrades, taking into account that
the trigger efficiency is expected to be very close to 100%. The red band marks approximately
the region where Dark Photon contributions are large, while the green region shows the SM
prediction. In this extrapolation, systematics are assumed to be reduced to a negligible level.
Left: K§ — ptp~ptp~, right: K — ptu—ptu.

end of Run 6, due to the lifetime requirements of the K7 .
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Studies of anomalous 1 and 7’ decays
at LHCb

6.1 Introduction to light-meson decays

6.1.1 Theoretical context

The n and 1’ mesons are an admixture of different possible combinations of quarks.
In particular, n) = ¢, (ut@i + dd) + cy(s3) [47], where ¢;(n) ~ L6, ca(n) =~ _«/lé’ and
ci(n') = ea(n') = 5 [193].

Chiral perturbation theory, yPT, has been proven to be an adequate perturbative
effective theory to describe interactions at low energies, especially those involving light
quarks. The model is built upon neglecting the masses of the lighter quarks, u, d,
and s. While this can be rather accurate for particles containing just v and d quarks,
interactions with particles containing an s, like the n or 1’ mesons, can be harder to
describe theoretically. This makes the study of decays involving these light mesons an
excellent probe for the strong interaction at low energies.

Neglecting the masses of the light quarks means that the left-handed and right-handed
quark fields are decoupled from each other in the QCD Lagrangian, which in classical field
theory means that the axial current Jf' = y*y% is conserved, 0, J¢ = 0. By Noether’s
theorem, this yields the axial symmetry. However, at the quantum level, and involving
loop calculations, the axial current JE is not conserved due to interactions with the gauge
fields F;

)
2

€ vpo
8/“]5 = W&‘M P F;“,Fpa.

This is known as the chiral anomaly.
Two types of Feynman diagrams contribute to this anomaly: three-point (triangle) or
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Figure 6.1: Some of the Feynman diagrams concerning the two- and four-body decays of
pseudoscalar mesons 7 and 7/, generically represented by P.

four-point (box) diagrams (see Fig. 6.1). The triangle anomaly, for instance, explains the
7% — 4+ decay, which would be forbidden if the current was conserved.

The n — ptp~ and 7 — ptp~ decays are also induced by the triangle anomaly, as
seen on the left diagram of Fig. 6.1. They have very small predicted branching fractions
in the SM, which makes both of them sensitive to Beyond the SM (BSM) physics effects.
There are theoretical ambitions to provide a single explanation to the observed branching
fractions and spectra of different 1 and 7’ radiative decays within the framework of
xPT [194]. BSM explanations involving dark photons could help solve this puzzle [195].

The theoretical prediction of the n — p™p~ and ' — p*p~ branching ratios is
challenging, involving complex soft-QCD calculations, and has been subject to an intense
study in the literature [196-209]. Respectively, they range in (4—5)x107% and (1—-2)x107".
We will focus here in the most accurate prediction to date, given in Ref. [209], which uses
the machinery of Canterbury approximants, providing a systematic data-driven description
of the underlying hadronic physics and partly challenging the conclusions reached by a
more simple use of xPT. The predictions from Ref. [209] can be found in Tab. 6.1.

Concerning BSM physics-related effects, these decays are sensitive to both new axial
and pseudoscalar contributions [209]. Interestingly here, these are more likely to appear
in ptp~ final states compared to eTe™. Furthermore, the axial contribution is expected
to contribute equally for the n and 1’ decays, while the pseudoscalar one will depend on
the relative mass of the ' or n compared to the mass of the new particle mediating the
decay. Examples of models which could potentially modify the branching fraction of the
n— utp” orn’ — ptu~ decays are provided in Refs. [210-214].

The ' — 7tn~p*p~ and n — 7ta~ptpu~ decays are induced by the box anomaly
(see right diagram on Fig. 6.1) and can be described through the hidden gauge model [215],
the chiral unitary approach, which extends the use of xPT [216] or, more simply, by
using the vector-meson dominance model [217]. The prediction for the B of these decays
obtained by Ref. [216] can be found in Tab. 6.1. The expectations by all three references
for B(y' — wTn~ptu~) are in the (1.5 — 2.5) x 107° range, while B(n — 7wrm—pu*pu™)
predictions range between (7.5 — 12) x 107°.

As mentioned above, both of these decays exhibit a contribution from the box anomaly,
as well as a dominant p — 77~ contribution. This has implications for the angular
distribution of the final-state particles, and will require the use of a specific generator
model [218], implemented in EVTGEN under the name ETA_LLPIPI [219].

But perhaps the most interesting application of the studies of  and 1’ decays concerns
their contributions to solving the (g — 2), puzzle, as it was alluded in Sect. 1.2.1.1. The
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pseudoscalar transition form factor (TFF) that describes the coupling of 7) to two virtual
photons are very prominent in SM quantum corrections to (g — 2), [52,220,221]. These
mesons, along with the 7°, are the lightest intermediate resonances contributing to the
hadronic light-by-light scattering in (g — 2),. The precision on TFFs can be significantly
improved by measuring branching fractions of 7 and 7’ anomalous decays [206, 221-223].

The dominant contribution to the n — u™p~ and ' — p*p~ decays arises from an
intermediate two-virtual photon state. This connects them directly with the TFFs, as
described above, therefore directly making the measurements their B useful to measure
those and provide important info on the theoretical determination of (¢ — 2),. Both
n — atn ptp” and n — 7w uTpo also provide useful information for the theoretical
calculation of (g —2),, given this decay is related to the TFFs in the context of dispersion
theory [221].

The current chapter of the thesis will present searches for four decays: n — u*u~,
W —=ptp =t utpyT,and y — 7t T ut .

6.1.2 Experimental status

Experimentally, the first observation of the n — u*u~ decay dates back to 1969 [224]. Tts
branching fraction has been measured with increased accuracy since then [225,226], with
the current average being fully dominated by the most recent results of SATURNE II [227],
which measured B(n — ptp~) = (5.7 4+ 0.7+ 0.5) x 107%, where the first uncertainty
is statistical and the second systematic. This result is in statistical agreement with the
theoretical prediction mentioned earlier, with the central value around one sigma above
the prediction. Note the theoretical uncertainty is smaller than the experimental one. As
for n”’ — pTp~, no experimental search, has been performed to date.

Both of these four-body decays have been investigated by the BESIII Collaboration in
recent years. In 2021, they measured B(n' — 777~ ptp™) = (1.974+0.33+£0.18) x 1075 [228],
where the first uncertainty is statistical and the second systematic. This measurement
improved previous searches performed by BESIII [229] and CLEO [230], in the same paper
where the f — ntn~eTe™ decay was measured for the first time.

In January 2025, BESIII also published a new search for n — nt7 p*u~ and
n — wtn~ete” [231]. They set an upper limit for the for n — 7 7 puTu~, B(n —
atr putuT) < 4.0 x 1077, and measured B(n — 7treTe™) = (3.07£0.12+0.19) x 10~

Apart from this, in their results, BESIII also measured the CP-odd 7" 7~ eTe™ decay
planes angular asymmetry for both the n and 1’ decays. They found that in both cases it
was consistent with 0. Ref. [221] suggests these measurements could be extended to the
muonic 7’ sector, as a way to test new unconventional CP-odd mechanisms, beyond the
Kobayashi-Maskawa paradigm.

Finally, these n and 1’ four-body decays could also be mediated by BSM physics
through decays such as ' — ntn~A’, where A" would be a dark photon [232] or an
axion-like particle [233,234], decaying to a pair of muons (A" — p*p™). In their recent
result of B(n — nTn~ete™) [231], BESIII performed a search for these resonances in
the di-electron spectrum, setting upper limits on the branching fraction of n — 77 a,
a — eTe”, with a being an axion-like particle in the mass range of 5 — 200 MeV/c?.

The measurement of ' — 77~ u"p~ performed in this analysis will also include a
search for potential BSM resonances in the u ™~ spectrum. Note the analysis of the ptpu~
spectra will be also useful for the determination of the TFFs described above [216,221].
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Table 6.1: Theoretical predictions and best measurements of the branching fractions of the
decays of interest in this analysis. The corresponding references, explained in the text, appear
next to each result.

Channel ‘ Theoretical prediction ‘ Best measurement of B
n— utp” (4.7275:93) x 1076 [209] (5.7 £0.9) x 1076 [227]
n =t (1.361922) x 107 [209] -
0 = rtrpts | (1L571040) x 107° [216] | (1.97 4 0.38) x 1077 [228]
n— mtr s (7.575%) x 107° [216] < 4.0 x 1077 [231]

6.2 7 and 1’ decays at LHCb

Ref. [222] defines an optimal strategy to measure the n — p*p~ and ' — p*p~ decays at
LHCDb. This consists in searching for these channels through charm meson decays, which
are also available as an excellent source of normalization channels.

Indeed, the high branching fractions of D — ntn, DI — 7 as well as, to a lesser
extent, D* — xtn and DT — 7y, provide a high-statistics, low-background source
of n and 1’ mesons. In the same regard, the D} — 7to(utp™) and DT — 7top(utp™)
decays are excellent for normalization, since their B is known with good precision and
they include the same final-state particles as the signals, which helps cancel most of the
systematic uncertainties.

A similar strategy can be also used to search for ' — 777~ pu*p~ andn — 7tr ptp,
although the signal channel, D} — 7ty/(7"7~ p" ™) includes two additional particles
compared to the normalization, Dy — nt¢(utp™). DF — 7tr 7t ¢ was also studied as
a normalization option for the measurement of the ' — 77 putp™ and n — 7ta 't~
decays, since both signal and normalization channels contain the same final-state particles
and its B is known with reasonable precision. However, the angular distribution of D} —
¢(ptp )rtr ot is hard to parameterize, since the decay contains a significant D} —
p(rtn)p(putp™)w™ contribution (among others) with no proper theoretical description
to our knowledge, which makes the systematic uncertainty on the reconstruction and
trigger efficiencies too large to cope with.

The auxiliary branching fractions needed for the determination of the signal ones are
displayed in Tab. 6.2.

Table 6.2: List of B of the decays relevant for the normalization of the signal channels

Decay B

Df — 7ty (1.69 +0.03)% [235]
D¥ - 7ty (3.95 % 0.08)% [235]
D¥ — 7+ (4.5 £ 0.4)% [47]

Dt — atnp  (3.77£0.09) x 1073 [47]
Dt -ty (4.97£0.19) x 1073 [47]
Dt —wrt¢ (5704 0.14) x 1073 [47]
¢ — prum  (3.045 4 0.156) x 107* [236]
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This analysis will use data collected by the LHCb experiment between the years 2016
and 2018, adding up to 5.1fb™'. Given its small luminosity and high hardware trigger
requirements for low-pr particles, 2015 was not considered.

The signal regions will be removed from the main part of the study to avoid the
experimenter’s bias. Candidates with an invariant n mass in the (535,565) MeV/c?
interval, or an invariant ' mass in the (940, 970) MeV/c? range, were not considered until
the green light was given by an internal reviewing committee (we say we blinded the
signal regions). Before this happened, tests to ensure the robustness of the final fit were
performed using toy experiments dictated by SM predictions of the B.

In the case of the  — 77~ ™~ decay, the di-muon invariant mass was also studied
to perform a search for potential bumps in the g™ p~ distribution that could indicate new
physics contributions.

The goal of the analysis is to improve the precision of B(n — p*p~) and B(n —
7tr~utu™), as well as measuring, for the first time, B(n’ — pTp~). If there is not
enough sensitivity for this, an upper limit will be provided. The same applies to B(n —
)

6.3 Selecting signal candidates

Signal candidates in the p*p~ channels are built through a stripping line targeting
D(t,) — 7t~ signatures, and isolating cases where the p* ™ invariant mass is in the
vicinity of either the n or the n'. The same is true for candidates from the normalization
channel, which are selected by isolating the u*p~ invariant mass region around m(¢) ~
1020 MeV/c?

Dedicated stripping lines were written for the 777~ p* ™ decays.

In terms of trigger selections, only candidates containing either a muon or a pion that
have fired the L0 trigger are considered. Specifically, to align our selections between signal
and control samples, only the pion coming from the D(t) meson is required to have passed
the trigger in the case of 77~ p*p~ channels.

The most efficient HLT'1 strategy is by requiring a positive, on-signal decision on an
inclusive line targeting two-track signatures. A dedicated HLT2 line targeting D(J;) —
7t~ decays was written before data-taking. It was used in the case of the p*pu~
channels as the only HLT2 requirement.

In the case of the 7t7~ p* ™ channels, a combination of two topological lines targeting
decays containing decays containing two muons or three-body final states containing
muons, along with a line targeting displaced dimuon signatures, were used (see Table 6.3).
Once again, to align selections between signal and control samples, D?;) — (6 — ptp)mt
datasets acting as normalization to 7" 7~ "~ signal channels were required to pass the
same HLT2 selections as their ) counterparts.

Since there are, as mentioned, two stripping lines, each targeting a different final-state
set of particles, all of the selections across channels are further aligned offline by applying
the non-corresponding stripping cuts to each sample. This is found to be an efficient
strategy to fight combinatorial background.

Additional cuts, including one on the absolute value of the helicity angle of the put ™
structure to be below 0.97, and a requirement for the pion coming from the DZ;) not not
pass IsMuon, are also applied.
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Table 6.3: Cuts applied by the HLT lines used in this analysis. DLS means Decay Length
Significance. GEC means Global Event Cuts, a requirement on some of the parameters of the
event, like the number of VELO hits. The Tight state allows up to 3000 VELO hits, while Loose
allows up to 6000. The topological lines are best explained in Ref. [237].

The HLTT line selects pairs of tracks that do not come from the PV, as given by the IP,2
requirement, but that do come from a common secondary vertex (though they do not have to
be the only tracks coming from that SV). There is also a selection on a classifying variable to
differentiate them from combinatorial background.

The H1t2RareCharmD2PiMuMuOS line selects p 1~ 7* coming from a D meson, as indicated by the
invariant-mass requirements, while H1t2DiMuonDetached selects u*u~ candidates reconstructed
as good tracks coming from a common parent.

HLT cut Hl1t1TwoTrackMVA Hlt2RareCharmD2PiMuMuOS H1lt2DiMuonDetached
Inv. mass daughters — > 1763 MeV/c? —

Inv. mass ptu~ — > 250 MeV/c? —
Daughters p > 5000 MeV/c > 2000 MeV/c —
Daughters pr > 500 MeV/c > 300 MeV/c —
Daughters IP,2 >4 > 95 >9
Daughters Ghost Prob. < 999 — —
Daughters track x?2 <25 <3 —
Daughters Track Types — Long —
Daughters DLS — — > 17
Muon IsMuon — True True
Muon pr — — > 300 MeV/c
wrpT pr — — > 600 MeV/c
pwhp~ SV,z2/ndof — — <9
Muon Track x> — — <5
Mother ADAMASS — < 200 MeV/c? —
Mother DOCA — < 0.15 mm —
Mother SV,2 /ndof <10 <5 —
Mother FD y? — > 20 —
Mother pr > 2000 MeV/c — —
Mother IP,2 — < 25 —
Mother DIRA — > (0.9999 —

ETA >2, <5 — —
DIRA >0 — —
GEC Loose — —
BDT Cut > 0.95 — —

The combinatorial background is further removed by using a multivariate decision
algorithm, which will be explained in Sect. 6.4.4. This is only needed in the case of three
of the four signal channels. Prior selections on the n — 777~ u* = decay already remove
most of the background contributions to the sidebands, and an optimized selection on the
PID of the muon tracks suffices to reduce it even further.

The efficiencies of all of these selections were computed using dedicated simulated
samples for each of the channel, and can be found in Table 6.4 and Table 6.5.
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Table 6.4: Breakdown of the efficiencies for the u*p~ channels. The efficiency of each step is
computed on top of that of the previous row. The last two rows are split into two because there
are two different sets of normalization samples for each D meson. That indicated with (n) has
the classifier from the corresponding 7 applied, while the (') row has the classifier from that
channel.

Step DY = rty(ptp) DY —aty(ptpm) DY s wtnutp) DT —atp(ptpt) DY = wte(utpt) DY = ato(utur)
Generation 0.19489(10) 0.19560(10) 0.19794(10) 0.19918(12) 0.11749(18) 0.19363(27)
Reconstruction 0.39119(13) 0.38495(13) 0.36670(33) 0.35871(38) 0 46709 0.39458(12)
Stripping 0.11406(14) 0.19041(18) 0.08806(33) 0.14316(47) 15388(21) 0.19989(16)
Lo 0.52112(68) 0.47208(53) 0.5266(19) 0.4878(18) 0 53930(74) 0.47742(45)
HLT1 0.81363(73) 0.81443(59) 0.8270(20) 0.8344(19) 0.53930(74) 0.81652(50)
HLT2 0.80258(58) 0.80132(48) 0.8027(18) 0.8019(15) 0.80319(65) 0.80222(41)
Offline Selection 0.7123(11) 0.80634(83) 0.7343(32) 0.8260(25) 0.7470(11) 0.81912(68)
Classifier (1) . ) 0.8226(11) 0.67787(91)
Classificr (1) 0.7951(11) 0.6726(11) 0.9514(18) 0.9110(21) 0.96278(50) 0.91200(55)

Total Efficiency (n)
Total Efficiency (1)

152.26(52) x 107> 266.71(7.1) x 10~°

. -5 . -5 = -5 = -5
167.93(41) x 107 240.99(64) x 107 156.3(1.2) x 1077 2527(18) x 10775y 071105 io gt - 105

Table 6.5: Breakdown of the efficiencies for the 77~ u*u~ channels. The efficiency of each step
is computed on top of that of the previous row. The ¢ — ™~ modes only differ from Table 6.5
at the HLT2 level. The subsequent offline selection is the same as in the other Table, but the
efficiency of the cuts over HLT?2 differs.

Step Df = wty/(ntnptp) DY = aty(rtaptpm) D = atp(rtrptpT) DY = atp(rtroptuT) DE = wte(utpm) DY — ato(utus)
Generation 0.18956(10) 0.19020(17) 0.20936(19) 0.21008(19) 0.11749(18) 0.19363(28)
Reconstruction 0.121083(87) 0.117383(87) 0.131696(98) 0.126980(84) 0.46709 0.39457(12)
Stripping 0.05092(17) 0.12160(25) 0.06434(20) 0.14192(25) 0.15388(21) 0.19988(16)
Lo 0.3215(16) 0.26561(99) 0.2381(13) 0.19702(75) 0.53930(74) 0.47742(45)
HLT1 0.8422(22) 0.7877(18) 0.6738(31) 0.5819(21) 0.8381(75) 0.85303(46)
HLT2 0.2034(26) 0.3093(23) 0.1058(23) 0.1771(20) 0.27743(99) 0.37340(68)
Offline Selection 0.6938(73) 0.6888(47) 0.554(13) 0.5727(77) 0.97024(72) 0.95352(49)
Classifier 0.9173(51) 0.9204(32) 0.9245(21) 0.9580(72)

Total Efficiency 4.111(74) x 107° 11.29(12) x 107° 1.531(50) x 107° 4.111(74) x 107° 102.51(46) x 107> 222.87(61) x 10~°

6.4 Background contributions

6.4.1 Background sources of 7' — u" ™

The ¢ — ptp~ decay is 2000 times more likely to occur than ' — u*u~, according to
the SM. Both channels are kinematically identical, which makes them even harder to
separate. Selections on the helicity angle of the di-muon system were not found to be
effective, despite the ¢ being a vector meson and the 7’ a pseudoscalar, which yields
different angular structures in their daughters’” momentum distributions.

Instead, the main effort to fight this background involves the kinematic refitting of
the resonant invariant mass peak known as Decay Tree Fitter (see Sect. 3.9). As seen
in Fig. 6.2, this provides a good separation of the ¢ — pu*u~ peak from the blind region
of the n’ — pu™p~ decay. The contribution, which corresponds to the left tail of the
peak, is later modeled through an exponential p.d.f. (added on top of another exponential
accounting for the combinatorial background).

The radiative decay n’ — u*pu~ 7 is also several orders of magnitude more likely to
occur than " — p* ™, according to the SM [47,209]. However, since only the muons are
reconstructed, the parent D meson would not point back to the PV, and thus would have
a larger impact parameter. The aforementioned selections on this variable are expected to
minimize the leakage into the left sideband of the distribution, as is the use of the Decay
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Figure 6.2: Invariant mass distribution of  — p*u~ (blue) and ¢ — putu~ (green) when
using the standard invariant mass (left) and that provided by the DecayTreeFitter (right). The
red curve represents the sum of both components. The relative normalization of the yields is
approximately the one expected if the SM prediction for ' — p™p~ holds. The figure was
computed using 2016 simulated events.

Tree Fitter variable.

6.4.2 Background sources of ' — 7 r utu”

The decay ' — ntn~(n — ptp~) directly impacts our signal region. Provided B(n' —
mtrn) = (42.05 £ 0.5)% [47], we find that

By — atn(n— ptp™)) = (2.4+£0.38) x 107°. (6.1)

However, a cut on m(u*p~) < 520 MeV/c? is found to be 97% efficient and completely
removes the background contribution.

6.4.3 Background sources of 7 — u*pu~

Similarly to what happened in 7" — p* ™, the partially reconstructed channel n — pt =~
would populate the left sideband of the n — p™p~ invariant mass distribution, given
its branching ratio that is roughly 50 times larger than B(n — p™p~). Though its
contributions are expected to be negligible for the same reasons as in " — u*p~, out of
an abundance of caution, the left sideband is taken out of the BDT training.

In turn, this was not done on the 7’ case, which also has a radiative decay potentially
populating its left sideband. This is because otherwise we would not have a combinatorial
background proxy to train the BDT.

6.4.4 Combinatorial background contributions

Aside from physical backgrounds, the main challenge of the analysis is to reduce ran-
dom combinations of tracks that populate our invariant mass distributions. Dedicated
multivariate classifiers were used to address this problem.

An XGBooOsT algorithm from the Python library of the same name [238] was trained
on each of the six data samples to enhance the separation between signal and combinatorial

5



background components: ' — Ty, n — pTpT, ' — 7T uTp, coming from either a
Df ora DT.

Simulated samples of the corresponding decay were used as a proxy for signal, while
data from the mass sidebands of each decay was used as a proxy for background. In the
case of n’ — p*p~ channels, only the left sideband was used, due to leaks from ¢ — put ™
on the upper mass region, while only the right sideband on n — u* = was used out of
caution due to potential leaks from n — p* ™.

The simulation samples were previously reweighted using the corresponding ¢ — putpu~
channels as control samples, to ensure that the simulation properly reproduces the behavior
observed in data.

A six-fold cross-validation scheme was implemented, where, in each rotation, two
thirds of the samples were used in the training, and the other third was split into a testing
sample and a holdout set on which the algorithm is applied after being tested.

From a technical point of view, one of the main accomplishments of this analysis and this
thesis was the development and use of novel techniques to optimize the hyperparameters
of the classifying algorithm in such a way that would maximize the performance and
minimize overtraining.

The optimization package OPTUNA [239] was used for the first time by an LHCb
analysis for this purpose. The procedure consists in finding two flagship identifiers of
separation power between the two samples, as well as the overtraining, measured by the
level of agreement between the training and test samples. These parameters are the F1
score of the classifier and the p-value extracted from comparing the training and test data
sets.

The measure function used by OPTUNA in the optimization procedure is the harmonic
mean of these two parameters. This penalizes hyperparameter configurations where one of
them is really good and the other one is not. The samples used by OPTUNA for this method
are the training data sets. Half the sample is used to train different hyperparameter
configurations, while the other half is used to validate it.

Once the set of hyperparameters is chosen, we train the algorithm with the full training
sample. The set of variables used in the training mixes up kinematic, fit quality, particle
identification, and isolation variables, and can be found in Table 6.6. They are aligned
across all six channels, with the exception of two variables that are only used in the
training of the pu*p~ channels.

The PID variables, instead of being reweighted, are corrected using PIDGen
(see Sect. 3.8.1). The isolation variables are computed by taking one (or two) addi-
tional tracks in the event and creating a new vertex with it. The difference between the
x? value of both the old vertex and the new vertex, using the extra track for which this
difference is the smallest, yields the One (Two) Track x? isolation variables, while the
invariant mass of all of the tracks builds the Mass One (Two) Track x? isolation variables.

Fig. 6.3 shows the distributions of the signal and background proxies (as well as
the comparison with the reweighted signal distributions) for one exemplary channel,
DY — 7wty (uh o).

The ROC curves, as well as the distributions of the output variables, are computed
using the test samples on each of the folds. The output variable is then used to implement
a selection that would remove the highest amount of background while keeping as much
signal as possible. See Fig. 6.4 and Fig. 6.5.

Instead of optimizing this selection, the subsequent part of the analysis was performed
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Figure 6.3: Distributions of all variables used to train D" — 7/ (utpu™)

77

P (p) DY Vertex Isolation



o —
Nel o
oo S

Background Rejection

I
o
=

0.94

0.92

0.90

o —_
Nel (=
oo S

Background Rejection

e
o
=

0.94

0.92

0.90

o —_
o (=3
oo (=}

Background Rejection

e
o
=

0.94

0.92

0.90

Iter0 (AUC: 0.9904)
Iterl (AUC: 0.9849) |
Iter2 (AUC: 0.9924)
Tter3 (AUC: 0.9911)
Iter4 (AUC: 0.9877)
Iter5 (AUC: 0.9926)

0.0

P .
0.8 1.0
Signal Efficiency

0.2 0.4 0.6

(a) Df = atnf (mtrptp”)

Iter0 (AUC: 0.9765)
Tter]1 (AUC: 0.9806)
Iter2 (AUC: 0.9784)
Iter3 (AUC: 0.9755)
Iter4 (AUC: 0.9782)
Iter5 (AUC: 0.975)

| - PR IS S R SR S N PR i
0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency
T T
- — Iter0 (AUC: 0.9855) 7
[ — Iterl (AUC: 0.9895) |
| —— Iter2 (AUC: 0.9867) i
I —— Iter3 (AUC: 0.9834) -
+ Iter4 (AUC: 0.9858) g
r —— Iter5 (AUC: 0.9838) b
| I SN SR [N TR TR SR NN SO TN S ST ST SUN S R S a— |
0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency

(e) DF — mtn(utu”)

= 1.00
S L
)
2098 -
g
£
2096 - ]
0.94 —— TIter0 (AUC: 0.99) 7
—— Tterl (AUC: 0.9927)
— Iter2 (AUC: 0.9953)
092 — lter3 (AUC: 0.9923) _
Iter4 (AUC: 0.9789)
—— Iter5 (AUC: 0.989)
090 | - P PR " | - PR 1 " P " "
0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency
(b) DY — atoy/(wtr ™)
E 1.00 I T T
=z
2098 -
2
2
= 0.96 |- _
0.94 —— TIter0 (AUC: 0.9796) T
—— Tterl (AUC: 0.981)
— TIter2 (AUC: 0.9812)
092 — Tter3 (AUC: 0.9807) _
Iter4 (AUC: 0.9791)
—— Tter5 (AUC: 0.9793)
oot v
0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency
£ 1.00 T
= L
£ 0.98 4
z L
£
“0.96 .
0.94 —— TIter0 (AUC: 0.9828) |
—— Iterl (AUC: 0.9859) \
—— TIter2 (AUC: 0.9858) u
092 —— Iter3 (AUC: 0.9856) ]
Tterd (AUC: 0.9828)
—— Tter5 (AUC: 0.9846)
0.90I...I...I...I...I...I
0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency

(f) D = 7tn(ptp)

Figure 6.4: ROC curves for each of the channels
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Table 6.6: Variables used in the BDT training. The variables in the first block are used separately
for n’ — w7~ ptp~ and ptp~ channels, whereas the rest of the variables are shared across all
channels.

n — T ut T 0 channels

D(*;) and 7" lifetime x>
Both of the muons’ ProbNNk

Both of the muons’ ProbNNmu
Minimum 7 ProbNNpi

7 from D(t)’s ProbNNk

D(J;) lifetime
D(*;) direction angle
D, Vertex x?
D, TP and TP y?
n") PT
D:;) Vertex Isolation x? Mass One Track
D?;) Vertex Isolation x? Mass Two Track
D(t,) Vertex Isolation x? One Track

D(t,) Vertex Isolation y? Two Track

using different possibilities for the cut on this variable. We choose the optimal value for
the selection on 1 — p*p~ as that which gives the highest expected signal sensitivity.
The optimal selection for both n — ™ and ' — 7" 7~ p~ is that for which the total
expected uncertainty is minimal.

Finally, as mentioned earlier, instead of training a Boosted Decision Tree to remove
the combinatorial background from the n — 7t7~ ptu~ channels, it was seen that a
cut on the ProbNNmu of the muons was good enough to perform the signal-background
separation. A similar procedure for optimizing this cut was followed, wherein different
variations were tried, and the optimal cut was given by that which provides the lowest
value of the expected upper limit.

The figures of merit used to optimize these selections are two-dimensional, as there
are selections on both the D} and D7 to be taken into account simultaneously. The
procedures to compute the expected values of the signal sensitivity, the total uncertainty,
and the upper limit are provided in Sect. 6.7. The plots can be found in Fig. 6.6.

6.5 Normalization

The single event sensitivity, as also seen in Eq. (5.27), incorporates the number of
candidates from the normalization channel, the ratio of efficiencies between normalization
and signal, and the known branching fractions involved in the decay,

L Eom B(D{y — ¢1") x B(¢p — ptu”)
Nnorm gsig B(DE;) — 77(/)7T+)

: (6.2)
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Figure 6.5: Distribution of the output BDT variable for each of the channels

such that
6(77(/) — N+N_(7T+7T_)) =aX Nn(’)—>u+u—(7r+7r—)' (63)

The ratio of efficiencies can be computed from Table 6.4 and Table 6.5 for each channel.

The number of candidates in the normalization channel, N,m, is computed indepen-
dently for each topology.

In the case of the u™p~ channels, since we apply the BDT from the corresponding

signal channels (we now have four normalization samples, since we are splitting the D(’;)

modes into two, where each has the corresponding n"» BDT applied), the background
contributions are practically removed by the classifier. In the case of ' — putu~, the
remaining background is completely negligible, while in the case of n — p*u~, where
there are some kinematic differences between signal and normalization channels (which
leaves some combinatorial background behind on the latter, picked up by the fit to the ¢
mass), it is not.

In the case of the 777~ "~ channels, where no BDT is applied on the normalization
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Figure 6.6: Figures of merit for each of the channels. In the case of n — putu~ and ' —
ata~ T, our goal is to minimize the total uncertainty (in the z axis, in 0 — 1 scale), so we
base our FoM on this quantity and choose the cut that yields the minimum value. In the case
of  — uTp~, we want to maximize the expected significance (in the z axis). In the case of
n— mtr~utu~, we want to achieve the lower possible value for the upper limit on the B (in
the z axis, with a 107 scaling factor omitted).

channel, the procedure is the same but the background contributions are larger on both
fits. We take N, as the signal yield of the ¢ fit, and we assign to it a systematic that
accounts for the difference with the D(J;) mass fit.

Fig. 6.7 contains the fits to the normalization channel data. See Table 6.7 for a
breakdown of the fit yields for both D(*;) and ¢.
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Table 6.7: Signal yields for the normalization channels, when the fit is done on the D meson
mass, or the ¢ mass. The nominal value taken will be from the ¢ fit and the difference is taken
as a systematic. Numbers on the systematic uncertainty of the ¢ yield are also provided in the
last column.

Channel Dz;) Dz;) Norm yield ¢ Norm yield Syst. Stat. Unc.

DF  184.4630(13) x 10® 183.98(44) x 10* 0.26% 0.33%

S

/ -
TR D 74.8351(15) x 10° 74.73(28) x 10° 0.14%  0.37%
DF  229.3380(28) x 10° 224.96(56) x 103 1.9%  0.25%

s

T pE o 107.6350(28) x 108 104.94(28) x 10° 2.56%  0.36%

DY 147.31(48) x 103 146.14(48) x 103> 0.86%  0.33%
Dt 84.93(37) x 103 84.94(32) x 103 0.45%  0.38%
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Figure 6.7: Fits to the D meson and ¢ meson invariant masses, for the samples used as
normalization for 777~ T~ channels. These samples have the HLT2 selections aligned with
those of the signal modes (see Sect. 6.3).
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Table 6.8: Values and systematic uncertainty associated with each of the branching fractions
used in Eq. (6.2). They are equally applied to three- and five-daughter final-state channels.

Channel Ratio of BF Uncertainty

DY = qr (79.1+2.8) x 1075 6.15%
D} - y/'m (45.0 £ 1.6) x 107 6.23%
Dt - pr (33.9+1.3) x 107 6.16%
Dt = y'm (34.2+1.6) x 1075 6.85%

6.6 Systematic uncertainties

The dominant source of systematic uncertainties in this analysis comes from the branching
fractions of the decays that have already been measured. Most relevantly, Ref. [230]
recently estimated

B¢ — ptp™) = (3.045 £ 0.156) x 107*, (6.4)

which carries an uncertainty of 5.1%. Additionally [47],

B(Dy = ¢(KK)m™)
B(p — KK)

B(Df — 7t¢) = = 4.50(13)% (6.5)

has an associated 2.9% uncertainty. The full breakdown of the final ratios of branching
fractions for each of the channels and their corresponding systematic uncertainties is given
in Table 6.8.

Another source of systematic uncertainty comes from the computation of the ratio of
efficiencies between normalization and signal channels. These efficiencies are computed
through simulated samples, and the associated binomial uncertainty is dependent on the
size of the sample. This uncertainty is negligible for the pp~ channels, but becomes
larger for 77—t~ modes given the lower efficiency of the trigger selections on these
channels (see Table 6.5).

The value of N,m also has an associated systematic, as provided in Table 6.7.

6.6.1 Systematics associated to data-MC corrections

Three different sources of potential differences between simulation and data were studied,
with corresponding systematics associated to each of them.

6.6.1.1 Trigger efficiencies

To account for possible discrepancies between the ratio of trigger efficiencies between the
signal and normalization channels as computed in MC with respect to data, we compute
a corrected trigger efficiency using the TISTOS method (see Sect. 3.5.1).

We use datasets where all selection requirements are applied except for the trigger
selection. We will split the procedures into trigger levels, and neglect HLT2 corrections,
since selections at this level are performed offline. As such, correction factors for both L0
and HLT1 will be computed. To do so, we compute the following efficiency on our control
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channel data:
Nris&ros

— (6.6)

In the case of the LO correction factor, the TIS selection asks for any firing of the
trigger at any level by at least one particle in the event outside of the signal. In the case
of the HLT'1 correction factor, we first ask for LO TOS. On top of it, we require that at
least one particle in the event outside of the signal has fired the software trigger (global
TIS selection).

The TISTOS method requires the pr spectrum to be binned, and the ratio Eq. (6.6) to
be computed on data for each bin. Since our L0 selection mixes up LOHadron and LOMuon,
the choice for the binning is not immediately clear. Binning on the maximum pt of these
particles may be misleading, since a hadron with a higher pr than the muons may not be
responsible for firing the trigger, given the different thresholds on the respective lines.

Because of that, we split our L0 efficiency into two terms, accounting for the efficiency
of each particle species. Using the formula of the probability of the union,

p(AUB) = p(A) +p(B) = p(AN B) = p(A) + p(B) — p(A) - p(B), (6.7)
where the last equality holds if there is no correlation, we can say:
£(LOMuon U LOHadron) = £(LOMuon) + (LOHadron) — ¢(LOMuon)s(LOHadron).  (6.8)

This way, we can bin on the muons and pions’ pr separately, and freely.

At the HLT1 level there is only one line, which is targeting two-track signatures, so
we compute the combined pr of the different pairs of particles and bin on the maximum
of the three.

For each pt bin, we compute the TISTOS efficiency on data. We assign to each MC
event the efficiency corresponding to the pr bin it belongs to, and average all efficiencies.
As such, we can write the following expression for the corrected trigger efficiency of the
normalization channel:

gtrig,corr -

valsz (phim) ZN: [aDa (p bzn)} x [eMC (phin)] i\f: wi(phim)] x [ € (phim]
N

=1 =1

(6.9)
where N is the total number of MC events, and £(p4") is the TISTOS efficiency computed
(either on data or MC) inside each pr bin. This method relies on the assumption that
w;(p4") will be consistent between the signal and control channels, so we can use the last
equality to also compute the corrected trigger efficiency on the signal channel, where we
do not have access to the data.

With both corrected efficiencies, we compute the ratio of corrected efficiencies per
year. The correction factor we then introduce is defined as R = === where 7o, is the
aforementioned corrected ratio, and 7,,,, is the nominal ratio computed in MC.

A systematic is computed by varying the number of PT bins, and assigned as the
difference between the maximum and minimum values of R for configurations with 5 — 10
PT bins.

Results are presented in Table 6.9.
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Table 6.9: Full results of the trigger correction factor, R. The error in u*pu~ channels is
computed as the difference between the maximum value of R and the minimum for different
binning schemes.

Df D+
LO HLT1 Total LO HLT1 Total

80) 0.996(14) 1.352(20)  1.604(15)  1.081(28)  1.734(48)
92) 1.2825(91) 2.078(19)  1.985(37)  1.544(44)  3.070(10)
16)
13)

Channel

n —rtrptpm 1.3579(
n—=atr utum  1.6200(
n = utp 0.9599(
n— utu 0.9647(

1.0036(19) 0.9633(25) 1.01155(47) 1.0040(17) 1.0156(18)
0.9804(33) 0.9457(35)  0.9920(13)  0.9578(90) 0.9501(90)

6.6.1.2 BDT efficiencies

To compute the systematic uncertainties of the BDT optimal selection, we shall use a
control channel whose MC we will reweight to look as close as possible to the data, and
compute the weighted efficiency of the BDT variable for said cut. In the case of u*pu~
channels, the control channel is the same as the normalization channel we use in the
analysis, D) — (¢ — ptp~)7t.

The input MC datasets of the u™ = channels have already been reweighted to account
for possible MC-data differences. The BDT systematic is computed as the difference
between computing the ratio of normalization over signal channel nominal efficiencies (as
given directly by the MC) and the ratio of the same GBweighted efficiencies. The results
are presented in Table 6.10.

Because of the differences between this normalization channel and D(t,) - (n —
mrr~pt )7t it is unusable as a control mode for this step. In turn, we will be using
to D} — ntr nt¢(ut ™), which we discarded as a normalization possibility because
of the complicated angular distribution as mentioned in Sect. 6.2. Moreover, the phase
space-generated MC does not present a very accurate description of the decay, but we
will assume it is good enough for this purpose.

In this case, the classifier from the signal channel is applied on both the MC and the
data samples from D — 777~ 7t¢(utp™), and the systematic is taken as the difference
between the efficiencies on data and simulation. This is because the simulation on the
control channel does not properly reproduce the angular distributions of the data, and
therefore, using it to reweight our signal MC would not be representative of a good
correction. We only have a stripping line to select D} — 7tn 7nt¢(utp™) candidates,
but not D — 7tr 7w ¢(uT ). For that reason, we will calculate the systematic on the
DY mode and use it on the Dt mode. The results are also presented in Table 6.10.

6.6.1.3 PID efficiencies

We have three PID selections whose efficiencies we are to correct: IsMuon & PIDmu >
-5, on both muons, as well as ! IsMuon on the pion coming from the D?;). In the case of
n — wta pTp~, the muons also have a selection on ProbNNmu>0.11. To do so, we will
compute a corrected efficiency for these selections using PIDCalib samples: J/v — up
with no cut on the muons’ PT in the case of the muon selections and D° — K~ 7+ for

the pion.
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Table 6.10: Full results of the BDT systematic computations. The systematic on the pu™ ™
channels is computed by comparing the ratio of efficiencies (control over signal channels) when
the samples are reweighted and when they are not. The systematic on the 777~ "~ channels
is computed by using DI — 77 7 ¢(ut ™) as a control mode, and comparing the effect of the
optimal cut from the signal channel on the control mode’s data and simulation. No stripping line
selects DT — 7fr 7t ¢(utp), so we assume that DY — 7tn~ 7T ¢(ut ™) is valid for both.
The numbers between the D} and D modes, in this case, are different because the algorithms
applied are different, as are the cutting points. No BDT was trained on 7 — 777~ ™~ modes.

Channel Df DT

n —=atr utum 1.00%  0.36%
n =t 1.29% 0.023%
n— ptpu 0.37% 1.02%

We use two variables for our binning, the track’s total momentum, P, and its pseu-
dorapidity, ETA. To compute the P bins, we divide the spectrum of the variable into a
given number of bins, such that each has a similar sum of sWeights. Subsequently, the
variable ETA is divided into another given number of bins, following the same strategy for
each individual P bin, i.e., for candidates inside the first P bin, we once again divide the
spectrum of the variable into a given number of bins, such that each has a similar sum of
sWeights. This is to account for correlations between both variables, which leave empty
bins in the higher P and lower ETA regions, causing problems should a rectangular binning
be applied.

We assign a weight to each bin equal to the efficiency of the PID cuts computed on
the control data sample.

In our MC, we have reconstruction-only datasets, meaning without any stripping cuts
applied. We apply our stripping selections, except for the PID requirements. Then, we
assign to each event the corresponding efficiency from the calibration according to the 2D
bin it belongs to. Finally, we compute the corrected efficiency by averaging these weights.

Doing this on our signal and normalization channels, we compute a corrected ratio of
the corresponding PID efficiencies for each of the track type (muon or pion). The global
corrected ratio is the product of the corrected ratios of the muons and the pion.

Multiple binning schemes were tested for both variables, with the number of P bins
ranging from 3 to 9, and the number of ETA bins ranging from 3 to 7. Half the difference
between the maximum and the minimum corrections is taken as the systematic. The
central value is assigned as the correction factor computed for 6 P bins and 5 ETA bins,
since it is somewhere in the middle of ranges. The final results are given in Table 6.11.

6.6.2 Mass model systematics

To evaluate a systematic uncertainty associated with the choice of a double-sided Crystal
Ball to model the distribution of the data set, we generated 1500 toys using an alternate
model, a sum of two Gaussian p.d.f.s, and fit them to the same double-sided Crystal
Ball p.d.f.. This is meant to describe a scenario in which the data follows a different
distribution, and to evaluate the error that using our nominal p.d.f. would have.

The systematic is taken by looking at the residuals of the toys, divided by the SM B
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Table 6.11: Full results of the PID systematic computations.

Channel i Corrected ratio 7 Corrected ratio PID Corrected ratio PID systematic
Df — nty/(mtrptp™) 0.975(11) 1.00036(59) 0.975(11) 1.09%
Dt — aty(rtaptp) 1.003(10) 1.00037(76) 1.003(10) 1.02%
Df = atp(rtrnptu™) 0.955(16) 1.00248(91) 0.958(17) 1.73%
Dt = atp(rtaputu) 0.982(16) 1.00299(10) 0.985(17) 1.68%
Df — 7ty (utp™) 0.9699(21) 0.99895(50) 0.9688(22) 0.22%
Dt — 7ty (utu) 0.9951(11) 0.99999(46) 0.9951(11) 0.13%
DF = 7tp(ptu™) 0.9718(23) 0.9991(11) 0.9709(26) 0.27%
DT — atp(ptu™) 0.9983(14) 1.0002(13) 0.9985(19) 0.19%

Table 6.12: Systematics associated to the wrong estimation of the model describing the signal
data set. They are computed by generating 1500 toys with two different p.d.f.s, a double
Gaussian and a double-sided Crystal Ball, and fitting both options to the latter model. The
deviation of the residuals from 0 is taken as a systematic.

Channel Systematic
n —atr T 0.64%

n — putpu 2.6%
n— putps 0.063%

prediction. The systematic is the deviation of the mean of the pulls with respect to 0.

This is done for the three channels where some signal candidates are expected in the
blind region. As seen in Table 6.12, the contribution is negligible. For n — 7#rn~u*tu~,
this method is more complicated to implement. Since no signal candidates are expected
in the blind region, we instead ran the expected limit with either option modeling the
signal component. The result was the same, so we will neglect the systematic. Fig. 6.8
contains the residual plots for each of the channels.

As far as the normalization channels are concerned, the nominal values of N,,,,.,, are
taken from a fit to the ¢ mass to a double-sided Crystal Ball. Since the ¢ has a natural
width, a good alternative is typically a Voigtian p.d.f., which is the convolution of a
Breit-Wigner distribution, which takes into account said natural width, and a Gaussian
function, which models the resolution.

The values of N, were recomputed for the 777~ u™ 4~ normalization channels, since,
as seen in Sect. 6.5, the fits to the ¢ mass in the p™p~ channels have a background
component compatible with 0, and therefore, a fit for this mass variable is not strictly
needed.

Table 6.13 contains a comparison of N, using the different p.d.f.s, and includes
the systematic associated to it. The systematic is added quadratically to that computed
in Sect. 6.5.

6.6.3 Breakdown of all systematics

The main error contribution to the computation of the single event sensitivity comes from
the systematic uncertainties. Only the yields from the fits to the normalization channels
add a statistical uncertainty to «, and since it is highly negligible when compared to the
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Figure 6.8: Residual plots comparing the expected SM value of the B for each channel, with the
one given by the fit, for 1500 toys generated using a sum of two Gaussians. We divide by the
SM prediction to estimate the associated systematic.

Table 6.13: Signal yields on the normalization channels of the 77~ u*u~ samples (i.e., Dé) —

(¢ — pp~)m™ with the corresponding HLT2 selection) for the nominal p.d.f., a double-sided
Crystal Ball (DSCB for short in the table), and a Voigtian. The relative difference is taken as a
systematic.

Channel Nporm from DSCB  N,,,,,, from Voigtian Mass model systematic Total N, Systematic
Df = ntop(utp) 125.57 x 10° 122.96 x 10° 2.1% 2.29%
Dt — who(ptu) 77.11 x 103 7477 x 10° 3.0% 3.03%
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Table 6.14: Breakdown of the systematic uncertainties contributing to the computation of the
single event sensitivity. The main source of systematic comes from the branching fraction ratio.
The Norm fits column refers to the uncertainty assigned to the difference between normalization
fits to DI and ¢ invariant masses. In the case of u*u~ channels, we are applying the BDT
from the corresponding signal channel, so the background is removed and we simply count the
number of surviving candidates. We take a conservative 1% systematic.

Channel BR Ratio Trigger BDT PID Norm fits Eff. Ratio Total
Df - ntp/(wtr—ptp) 6.23% 1.5% 1.0% 1.09% 0.86% 1.84% 6.88%
Dt = oty (wtrptp) 6.85% 2.77%  0.36% 1.02% 0.45% 1.12% 7.56%
Df - atp(rtr—ptu™) 6.15% 0.91% — 1.713% 0.86% 3.26% 7.28%
Dt = atp(rtaputu™) 6.16% 3.3™% — 1.68% 0.45% 1.72% 7.44%
Df - oty (ptu™) 6.23% 0.49% 1.29% 0.22% 1.0% 0.47% 6.48%
Dt — oty (wtp) 6.85% 0.36%  0.02% 0.13% 1.0% 0.37% 6.94%
Df = atn(utp) 6.15% 0.81% 0.38% 0.27% 1.0% 0.84% 6.35%
Dt — nrp(utp™) 6.16% 1.09%  1.02% 0.19% 1.0% 0.75% 6.47%

systematics, we will not take into account. Table 6.14 contains a breakdown of all major
systematic uncertainties contributing to the SES computations.

6.7 The final fit

Each of the four signal channels we are studying the intermediate resonance coming from
both a D} and a D' meson. The enhancement in statistics this provides us is reflected
by performing a simultaneous fit on both datasets.

In this section, we will explain the procedure for the final, post-unblinding invariant
mass fit of the resonance.

The full p.d.f. is a double-sided Crystal Ball, which accounts for the signal contribution),
and a corresponding background p.d.f.: a single exponential, except for  — =, which
has two exponentials, one of them modeling the ¢ — p*u~ contributions and the other
the combinatorial background.

The tails from the signal p.d.f. are fixed from simulation, and both the width and the
mean are Gaussian-constrained to float around their values from simulation.

The width of the signal p.d.f., however, is not always well modeled in simulation. To
extract a more accurate number, we once again take the ¢ control sample and fit it to
a Voigtian p.d.f. instead. This is because the ¢ meson has a natural width, which is
accounted for by the Breit-Wigner model that is then convoluted with a Gaussian p.d.f..

This allows us to extract the o associated to the ¢ in data and simulation. By then
getting the same parameter from the associated signal channel Monte Carlo, we can infer
the expected value of the width of the signal p.d.f. in data.

Finally, instead of introducing a signal yield for each of the two simultaneous fits,

we use - B+ , where B is a common parameter to both fits, and « D}, is the single event
D (s

sensitivity(sgf the corresponding decay, as given by Table 6.19 in Sect. 6.9.1. Both variables
are allowed to float, but the latter is constrained to a Gaussian p.d.f. whose width equals
the uncertainty of a (again, as given by Table 6.19).

As mentioned earlier in the note, in the case of the n/ — 777~ "~ final fit, each of
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Figure 6.9: Sidebands fits to ™ u~ channels.

the DF and D" samples will also be subject to a two-dimensional fit, to the p*p~ and
7t~ pp~ invariant masses, to account for possible resonances in the di-muon spectrum.

The fits to the blinded samples, containing only the modeling of the background
components, can be found in Fig. 6.9 and Fig. 6.10.

6.8 Search for BSM p*u~ resonances in 7' —
UAE AT

In addition to a direct measurement of B(n' — #fn utu~), we will perform a
search for possible bumps in the p*p~ distribution caused by an axion-like par-
ticle (ALP), ' — 7ntn (e — ptp~). Studies were performed for m(a) €
250, 300, 350, 400, 450, 500] MeV/c?.

The selections applied on these simulated samples are the same as those applied
ton — mtx " p~, including the BDT. The normalization samples will be the same as
those used in the B measurement. The parameter of interest in the search is B(n' —
ntn~a) x Bla — ptp~) =aN(n — ntn~(a — ptp™)), where a is given by Eq. (6.2).

The only difference with respect to the single event sensitivity of ' — 7ta~ putu~
will be in the signal efficiency. The values for each possible mass value are provided
in Table 6.15.

The search will be done through a two-dimensional fit to both the ™y~ and 7t7~ ™ p~
masses (the latter is the DTF 7’ mass). In each mass case, the window of the putpu~
dimension will be three times that of the width of the MC fit. Since no signal is expected,
all parameters of the signal p.d.f. will be fixed from simulation. The components of the
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Figure 6.10: Sidebands fits to 77~ u "~ channels.

Table 6.15: Signal efficiencies and single event sensitivity values for each of the considered mass
values of the scalar particle in the search for g™ p~ BSM bumps.

Mass Esig (D) a (DY) Esig (DT) a (DY)

250 3.987 x 107° 29.80(11) x 1075  10.466 x 107° 41.90(19) x 1075
300 5.358 x 107 22.14(83) x 107 14.225 x 105 30.80(14) x 10~
350 6.394x 107 18.56(69) x 10 17.056 x 10 25.70(12) x 10~
400 7.680 x 1077 15.45(58) x 1070 19.826 x 10~° 22.10(10) x 10~
450 9.042 x 1077 13.12(49) x 1070 22.741 x 10~° 19.28(88) x 10~
500 10.116 x 107° 11.73(44) x 107 25.114 x 107° 17.45(80) x 1075

two-dimensional p.d.f. are given in Table 6.16.
After the final fit is performed, an upper limit will be computed for each a mass
value explored, and an interpolation will be made for values in between. The procedure

Table 6.16: Different p.d.f.s used in the two-dimensional fit to both the 7t7~pu*pu™ and p*pu~
masses, in the search for ¢ — p* = bumps in the p™p~ spectrum of ¥ — 77~ ptp~.

Physical component 7tr~put T mass u T mass
n = rtr(a— ptu) Double Crystal Ball Double Crystal Ball
n — T ut T Double Crystal Ball Exponential
7tn~ putp~ Combinatorial Exponential Exponential
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to compute the limit is the same as the one used for ' — ptp~ and n — 7tr ptp~
(see Sect. 6.9.5).
As mentioned, there are three components in each of the categories of the fit:

1. Purely combinatorial background: This is modeled with exponential p.d.f.s
on both the ptu~ and 777~ p*p~ mass dimensions. We extrapolate the expected
number of background candidates from the blind fit to the #*7~ "~ mass, and
generate as many randomly distributed according to the p.d.f. from the blind fit, on
each dimension. (In reality, we generate a random number of candidates given by a
Poisson distribution centered on the expected number of candidates.) The expected
number of background candidates for each of the a mass values and D mesons are
presented in Table 6.17.

2. Background from 1’ — 777 p*p~: While this was a signal channel for us in
the bulk of the analysis, the decay ' — 777~ "~ is an irreducible background in
this search. It is modeled using the signal p.d.f. from the nominal search, in the
7rr” T mass, and an exponential in the ut ™ mass, as given by simulation. The
parameters are allowed to float within a small range of their values from simulation.

Before unblinding, there are no candidates from this background in our sample.
Table 6.17 presents an estimation of how many are expect for each of the fit
categories and a mass values, by taking into account the efficiency of each mass
range (for m(a) = 250 MeV/c?, for instance, we estimate the efficiency of the
225 < m(ptpT) < 275 MeV/c? cut). Just like in the previous case, the numbers
from the table are used as the central value of a random Poisson variable, that is
then used as the number of expected 7’ — #7~ "~ candidates in each case.

3. Signal ' — ntn a(— ptp~) candidates: Using simulation samples for each
of the mass values and D mesons, we extract the signal shapes for both mass
dimensions. We model the peaks as double-sided Crystal Balls. No signal candidates
are generated when computing the expected limit. The parameters of the p.d.f.s
are fixed to the values from simulation, and only the signal yield, disguised as B/a,
is allowed to float.

Using this procedure, we compute the expected limits as provided in Table 6.18.

6.9 Results

After reducing background contributions through all the aforementioned steps and com-
puting the systematic uncertainties of our measurements, we are ready to proceed with
the results of the analysis. Sect. 6.9.1 compiles all of the computations performed so far,
and prints out the expected signal (according to SM predictions) and background events
in the blind region of each decay.

In the case of the ¥ — nt7~ptpu~ and n — p*p~ channels, which have been observed
in other experiments as indicated in Sect. 6.1.2, our goal is to improve upon existing
measurements. Since we expect to see a clear signal peak after unblinding, our main
concern at this point is being able to properly count how many events in the blind region
are signal-like and how many are background-like. See Sect. 6.9.3 for more details on that.
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Table 6.17: Expected number of purely combinatorial background candidates (second and third
columns) and ' — 77~ ™ candidates (last two columns) for each of the studied mass values
for a hypothetical scalar particle a decaying into two muons.

Scalar mass value [MeV/c¢? | Expected Ny, Expected Ny rtr— i+,

D Dt DY D+
250 246 652 433 26.4
300 746 3.69 370 20.6
350 411 755 226 13.1
400 6.16 867 139 7.1
450 552 517 6.7 3.4
500 627 250 21 1.5

Table 6.18: Expected limits for B(n' — n#tn~a(— ptpu™)), for various possible values of the
mass of the scalar particle.

Scalar mass value [ MeV/c? ] 250 300 350 400 450 500
By — rmrra(— ptpo)) [x1079] <1264 <1060 <77.5 <616 <39.0 < 28.0

In the case of ' — p* ™, based on how many events we are expecting in the signal
region, we want to study whether or not we are sensitive to observing this decay for the
first time. See Sect. 6.9.4 for more. In addition, we also want to check the quality of
the fit to convince ourselves that, should we be sensitive, we would be able to properly
characterize it with the models we are using.

Finally, we do not expect to be sensitive to observing n — 77~ utu~. However, we
can introduce an upper threshold for the branching fraction of this decay, as detailed
in Sect. 6.9.5.

6.9.1 Single Event Sensitivity results

The final number for the single event sensitivity for each of the channels is presented
in Table 6.19. With this in mind, we can also compute the expected number of signal
events for each channel according to the SM predictions. Moreover, by integrating the
area under an exponential fit to the sidebands of each channel*, we can also predict how
many background events we expect to see after unblinding. Results of the expected signal
and background events in the blind region are shown in Table 6.20.

6.9.2 Running toy experiments

Pre-unblinding checks involve a series of steps to ensure that our existing machinery is able
to properly characterize the results we expect. In all four channels, we expect a background
component, which is dominant in the cases of ' — p*p~ and n — 77~ T~ and which

*The sidebands are modeled through a single exponential in all channels except for ’ — p*u~, which
includes a second exponential to account for ¢ — u™u~ contributions to the right sideband.
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Table 6.19: Breakdown of the SES computations for all channels. N, is computed as explained
in Sect. 6.5, using a fit for the 77~ T~ channels, and simply counting candidates in the
pwp~ channels.

Channel Eff. Ratio BR Ratio Nyorm «@

Df — atyf(ntn ptp”)  36.21(66)  34.7(22) x 107°  146.14(13) x 10®  1.134(78) x 1077
DY — ity (atamptpT)  28.20(32)  34.9(24) x 107°  84.97(38) x 10°  2.020(14) x 1077
DY — mhip(rta—ptpT)  97.2(32)  81.1(50) x 107°  146.14(13) x 10®  1.074(24) x 107°
Dt = atp(rta—ptu~)  80.8(14)  46.0(28) x 107>  84.97(38) x 10®  1.320(22) x 107°
DY — 7ty (utp) 1.0940(52)  34.7(22) x 107 188.96(19) x 10°  1.96(12) x 107°
DY — mn (ut ) 1.1067(41)  34.9(24) x 107> 76.82(77) x 10*>  5.01(35) x 107°
DY — mhn(utu) 1.381(12)  81.1(50) x 107° 239.10(24) x 10®  4.22(27) x 107
DY — mn(utu) 1.422(11)  46.0(28) x 10™° 113.37(11) x 10®>  5.49(36) x 10~°

Table 6.20: Breakdown of the number of signal and background expected events for each of the
channels in the blinded region.

Channel N,y Expected Ny, Expected Ny, / Ny
DY = wty(ntr ) 138.5(95) 37.5(49) 3.70(54)
DJr — aty(rtrutu) 77.9(59) 37.7(51) 2.07(32)
D+ - rtp(rta— o) 0.00699(51) 0.000001(12)  2432(11)
DY s rtp(rtaptuT)  0.00568(42) 0.78(83) 0.0073(78)
D =t () 69.4(45) 1791(66) 0.0388(28)
D¥ = wtn (it o) 27.1(19) 803(55) 0.0338(33)
D — 1t (,ﬁu ) 1118(71) 788(21) 1.418(97)
D+ — wHy(pt o) 860(56) 559(17) 1.54(11)

we model through an exponential (or a double exponential, in the case of ' — utpu™),
and a signal component, modeled by a double-sided Crystal Ball.

These models have been set by fitting either the Monte Carlo distributions, in the case
of the signal shapes, or the sidebands, in the case of the background PDF's. In the latter
case, we are able to exclude the blind region.

With this in mind, ROOFIT allows us to use these two models to generate however
many events we wish in the given intervals, which means we are able to simulate what
the unblinding may look like, should our expected number of signal- and background-like
events be accurate.

We use this technique to produce a large number of toy experiments, wherein we
generate N, signal events according to the MC-fixed double-sided Crystal Ball, and Ny,
events according to the sidebands-fixed exponential model. Here, both Ng;, and Ny,
are random numbers that follow a Poisson distribution where the mean is given by the
numbers in Table 6.20. This production of toy experiments is done for both D} and D+
channels. The simultaneous fit, as explained in Sect. 6.7, is applied to the toy samples,
which would include a toy version of the expected signal shape.

A total of 1500 toy experiments were performed for each of the channels.
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6.9.3 Signal fit quality

To check the quality of the final fit and assess the need for extra corrections on the final
value of the branching fraction as computed by the simultaneous fit to D} and D, we
compute the difference between the SM prediction of the B and the B as measured by the
simultaneous fit, By;.

With this, we can either compute the residuals plot, which evaluates this difference
plainly as Bgys — By, or the pulls plot, which divides the difference by the error of By,
(Bsar — Byit) /o (Byit)

In an ideal case, both distributions would follow a Gaussian distribution with mean
1 = 0. Additionally, the width of the pulls plot should be close to ¢ = 1.

The residuals plots, and thus the results from their fit to a Gaussian (see Table 6.21),
can help us introduce a correction to the B eventually given by the unblinded fit. Table 6.22
shows the results from the pulls plots. Fig. 6.11 contain these plots for all channels in
which this test is performed.

Table 6.21: Parameters of the Gaussian fit to the residuals plot, i.e., the difference § = Bgyr — Byt
for each channel. The scale is removed, so that for ’ — u ™~ , the numbers should be multiplied
by 10~7, and similarly for other decays.

Channel Mean Width

n =t ptuT —9.7(39) x 1073 0.1505(28)
N — ptu” —0.119(13) 0.5094(93)
n— ptpT —2.3(6.8) x 107 0.2594(52)

Table 6.22: Parameters of the Gaussian fit to the pulls plot, i.e., p = (Bgy — Byit)/s(Byit) for
each channel.

Channel Mean Width

n —atr ptpT 0.021(26)  0.989(19)
0 — utue ~0.191(25)  0.955(19)
n— e 0.012(27)  1.015(20)

6.9.4 Sensitivity to ' — putu”

To evaluate whether or not we are sensitive to observing ' — u*p~ after unblinding, we
compute the likelihood profile of the B variable in the fit.

On each of 1000 pseudoexperiments, we input the number of expected signal events
according to the SM prediction for the B, and later evaluate the significance of the signal
peak using Wilks’ theorem. The median of the distribution is at 2.85¢.

6.9.5 Expected limits

In the case of n — 777~ ™™, where we do not expect to be sensitive to finding signal,
and in ' — p*p~, where we are not certain yet, we integrate 90% of the positive side of
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Figure 6.11: Results of fit-quality tests for all three channels in which we expect to be signal-
sensitive. Left plots are residuals (Bsas — Byit), where the scale of the B for each decay is
removed (i.e., ' — ptp~ isat 1077, 7 — 7Fr~ptp~ is at 107°, and n — ptp~ is at 1079),
while right plots are pulls, (Bsar — Bfit)/o(Byit)

the likelihood profile of the B variable, which gives us the expected branching fraction
for each of the pseudoexperiments. Computing the median of all pseudoexperiments, we
establish an upper limit for both of their respective branching fractions:
Bn—ata utu ) <1.4x107° (6.10)
B — ptu) <225 x1077 (6.11)
Fig. 6.13 shows the distribution of the B results for all toys.
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Figure 6.13: Results of the B expected upper limit from 1500 toys for both n — #ta~u™pu~

and ' — ptpu.
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Figure 6.12: Results significance of ' — p™p~ in 1500 pseudoexperiments.
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6.9.6 Final results

The final results of the analysis, pre-unblinding and including all systematic uncertainties
computed so far, are included in Table 6.23. As seen, we expect to improve upon 1’ —
7t~ pt s 19% uncertainty (now computed to be around 7.7%) and n — putu’s 15%
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(5.5%). We will also establish the first expected limit for ' — p*p~.The limit obtained

forn - 7w

+

result [231].
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Table 6.23: Expected results for the measured B of all four decays. The results remain
unblinded, so all that can be provided are expectations according to toy studies. In the cases of

n — nta pTp” and n — pTpT, zx is a placeholder for the final value of the B.
Channel B Total unc. PDG results PDG unc. Theory
n—atr T <1.4x107 — <4.0x1077 — (7.578%) x 107°
n =t ptps (w4 8.0% +5.2%) x 1075 9.6% (1.97£0.334+0.18) x 1075 19.08%  (1.577039) x 107°
n = ptp <225 x 1077 — — — (1.36703%) x 1077
n— putp (zx 4+ 2.7% + 4.5%) x 1076 5.3% (5.740.74+0.5) x 1076 15.00%  (4.721092) x 1076
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Results and conclusions

In this thesis, the first-ever experimental result of the decay of a neutral kaon into four
muons was presented. Though no signal was observed, the analysis was able to set a
stringent upper limit of B(KJ — pTpu~ptp~) < 5.1 x 1072, the first time this scale has
been reached by an experiment at the Large Hadron Collider. The complementary upper
limit of B(KY — puTpu pTp™) < 2.3 x 107 also represents the first K7 result at the
LHC.

Furthermore, the thesis also presented the first set of measurements of 7 and 7’ decays
by LHCb. Taking the resonances as coming from charm mesons, the first-ever experimental
study of ' — p*pu~ was provided, as well as updated studies on the branching fractions
of both W — n#Fn~putpu™ and n — ptp~.

As of the submission of this thesis, the final results are yet to be unblinded. The
expectation is to measure B(n’ — ptp~) with a significance of 2.80, and to improve
the experimental precision of the branching ratios of n’ — 7t7~ putpu™ and n — ptpu~.
Respectively, the total uncertainties are expected to be, after unblinding, of 9.6% and
5.3%. Additionally, a search of ' — 77~ (a — p"p~), with a representing an axion-like
particle, is introduced, and limits on the branching fraction of the decay for different mass
values of a are presented.

The decay mode n — 77~ p~ was also studied, with the final result expected to
be a validation of previous studies by BESIII.

Lord Kelvin might have never actually stated that the only way forward for physics
would be through more precise measurements, but the sentiment that everything that
was to be found, already has been, has prevailed through the scientific community over a
century later.

The underlying message of this thesis is that there is no shortage of areas to be explored
in high energy physics in the early 21st century. Whether it is to provide more precise
measurements that could shed light on some unresolved puzzles, or continue to search for
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new processes that have not been observed yet, the global picture of the Standard Model
of Particle Physics has not been completed yet.

The Large Hadron Collider provides a unique way for physicists to take on this
challenge, and thanks to the K¢ — utp~u*p~ study presented here, we know the current
ceiling in scale that the detectors were operated under until 2018. With new data being
collected and the detectors continue to get better, this ceiling will move even further up,
possibly increasing the chances of seeing processes that cannot be explained under the
current theory.
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Resumo en galego

8.1 O Modelo Estandar da Fisica de Particulas

Dende a sua introducién a comezos do século XX, a Fisica Cudntica acadou os resultados
mais precisos na historia da ciencia, sendo capaz de predicir correctamente resultados
experimentais con ata doce cifras significativas [50]. As Teorias Cudnticas de Campos
(QFTs) que se derivaron a partir de modelos matematicos presentados por Dirac [13, 14]
e Schrodinger [10] converxeron arredor dos anos 60 e 70 na formalizaciéon do Modelo
Estandar da Fisica de Particulas (SM) [28], unha teoria capaz de estudar con excelente
precision as particulas subatémicas e as stas interacciéns.

Pese aos seus éxitos, os cales inclien, especialmente, o descubrimento do bosén de
Higgs en 2012 [48,49], considerado a peza que faltaba do puzle do SM, ainda quedan
algunhas frontes abertas neste campo. Os neutrinos, por exemplo, non deberian ter masa,
segundo a teoria, o cal choca con resultados experimentais na materia. Observaciéns
astrofisicas tamén concluiron a finais do século pasado que a meirande parte da enerxia
e materia presente no noso universo ¢ de natureza actualmente descofiecida (materia
escura) [68,69]. O momento xiromagnético do mudn, ademais, arrastra un desacordo
histérico entre as prediciéns tedricas feitas con QFTs e os resultados experimentais [52,53].

Estas ideas, xunto con outras pequenas incoherencias atopadas experimentalmente nos
ultimos anos, motivan a busca de procesos cudnticos que puideran rexirse por novos modelos
fisicos mais ala do conecemento actual. Os denominados foténs escuros, equivalentes aos
mediadores da forza electromagnética en modelos tedricos de materia escura, poderian
actuar como intermediarios en procesos moi raros no SM [69]. Outras tensiéns tedricas na
teoria que rixe a fisica de quarks e gluéns, QCD, poderian esconder a existencia de novas
particulas chamadas axiéns [88,89], sobre as cales ainda non hai evidencias experimentais.
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8.2 Condiciéns experimentais

A busca do bosén de Higgs motivou a finais do século XX a construcion do Gran
Colisionador de Hadrones (LHC) [96], un acelerador toroidal de 27 km que fai colisionar
feixes de protons en catro puntos do seu perimetro, correspondentes con catro grandes
experimentos desenados para explorar distintas dreas de coniecemento na fisica de particulas.
ATLAS [97] e CMS [98], por exemplo, descubriron o bosén de Higgs en 2012 de xeito
independente. ALICE [99] estuda colisiéns de proténs contra niicleos para tentar reproducir
as condiciéns do plasma de quarks e gluéns que existiu nos primeiros instantes do universo.

LHCb [100], o experimento cuxos datos analizaronse nesta tese, construfuse coa
intencién de estudar a violacién C'P e desintegracions raras de meséns que contenien quarks
b e c¢. Dende entén, o seu programa de fisica estendeuse moito mais alé ata considerarse
agora un detector (e experimento) de cardcter xeral, e cubre tamén desintegraciéns de
mesons con quarks s, colisions con ions pesados, e a busca de procesos exéticos, como
poden ser novos estados cuanticos coma o tetraquark.

O detector LHCb esta composto por distintos subcomponentes encargados de realizar
distintas tarefas relacionadas co sistema de rastreo das particulas que o atravesan, e a
identificacién das mesmas. O VErtex LOcator (VELO) [120] é o aparello que rodea o
punto de colisién dos feixes de proténs (vértice primario, PV), e realiza unha primeira
labor de seguimento das traxectorias das particulas ai producidas.

Estas particulas logo atravesan a estacion de rastreo conecida como Tracking Turicensis
(TT) [123], que garda méis impactos das particulas no seu percorrido. A continuacién,
as traxectorias das particulas cargadas son curvadas grazas & presencia dun iman [128];
isto tamén axuda ao calculo do momento e mellora a calidade da reconstruccién das
traxectorias, analizando subseguintes impactos nas estaciéns T e nos calorimetros [135,139],
onde hadréns, electréns, e fotons depositan a sia enerxia e se frean.

Os calorfmetros, xunto cos subdetectores RICH [129], baseados na radiacién Cerenkov,
realizan tarefas de identificacién das particulas. As estaciéns de mudns [141], situadas ao
final do detector, sé recollen as particulas mais penetrantes; en xeral, os muons. Estes
subdetectores actian como identificadores e tamén sistemas de rastreo.

A identificacién de particulas no LHCb faise de distintos xeitos. Pddense calcular
variables baseadas en comparar a probabilidade de que unha particula sexa de especie
X coa probabilidade de que sexa un pién (as particulas méis abundantes no detector).
Son as chamadas DLL variables, e calctilanse coas diferenzas dos logaritmos destas duas
probabilidades, que son devoltas polo RICH e os calorimetros.

Os muéns tamén tefien a sia variable booleana propia IsMuon [163], que devolve unha
resposta positiva en funcion dos impactos que tenan nas distintas estacions os candidatos
a muons con distintos rangos de momento.

O LHCb tamén adestra algoritmos de aprendizaxe automética, como redes neuronais,
usando informacion dos detectores para calcular unha resposta mais complexa. Son as
variables ProbNN [102]. A resposta dos distintos algoritmos de identificacién de particulas
non sempre estda ben representada nos nosos eventos simulados, polo que debe calibrarse
usando modos especificos de calibraciéon que deberian devolver unha resposta parecida ao
noso sinal. No caso dos muéns, por exemplo, tsase J/¢ — ptp~.

Durante os periodos de toma de datos, o LHCb non pode almacenar toda a informacién
producida nas colisions proton-protén. Para iso, desenvolveu un sistema de disparo que
ten lugar en varias etapas, que toma decisiéns sobre que produtos das colisions gardar e
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cales non [144]. O primeiro paso ten lugar ao mais baixo nivel (Level-0, L0), e témase
segundo os datos se producen. En funcion de se en cada colisién hai algin produto que
supere determinados umbrais de momento ou enerxia transversa, o evento entero gardarase
ou non.

Esta resposta ¢ moi rapida; ten lugar cada 25 ns, e non pode utilizar ningin tipo
de reconstruccion. Os eventos que pasan esta primeira etapa son logo analizados com-
putacionalmente. Nese momento, reconstrucciéns parciais (primeiro) e totais (segundo)
tefien lugar, permitindo ao sistema de disparo de alto nivel (HLT) tomar decisiéns méis
centradas na fisica das desintegracions que puideran ter lugar. Respectivamente, son os
niveis HLT1 e HLT?2.

Dado que as eficiencias asociadas as selecciéns de disparo non estan sempre ben
reproducidas na simulacién, o LHCb desenvolveu un método, conecido como TISTOS [148],
que permite a sua evaluacion usando datos reais dunha canle de control, que deberia ser
topoloxicamente similar ao noso sinal.

8.3 Meétodos estatisticos na fisica de particulas

Nesta tese tisanse diversas ferramentas estatisiticas, incluindo funciéns de distribucién
de probabilidade, asi como intervalos e niveis de confianza. Usaranse tamén diversos
modelos de aprendizaxe automatico, dende axustes de distribucions de datos a distintas
funciéns, ata algoritmos de clasificacion baseados en arbores de decisién para distinguir
entre candidatos de tipo sinal e de tipo fondo.

8.4 Desintegracions de kaéns neutros no LHCb

Os kaéns neutros poden ter dous autoestados fisicos, segundo a vida media: K (kaén
curto) e K7 (kadn longo). O LHCD produce unha gran cantidade de K , o que proporciona
ao experimento cunhas capacidades tinicas para medir os modos de desintegraciéns mais
raros posibles segundo o Modelo Estandar. Entre eles, esta a desintegracion do kadn
neutro en catro muéns, K° — pu*pu~ptp, que ten unha probabilidade de acontecer,
segundo este modelo tedrico, de [183]

B(Kg = p'p ptp™) = (1-4)x107" | B(K{ = p'p-ptp”) = (5-9)x 107, (8.1)

Esta tese contén o primeiro estudo experimental deste modo de desintegracion, usando
datos recollidos polo LHCb entre 2016 e 2018, que representan arredor de 5.1 fb™'.
Teorias alén do Modelo Estandar, coma un modelo de materia escura ao que se lle
engade o equivalente ao bosén de Higgs (véxase Ref. [84]) predin unha probabilidade de
desintegracion duas ordes de magnitude méis alta, o cal representaria unha evidencia clara
de nova fisica.

A seleccién dos candidatos a sinal consiste en seleccionar catro trazas ben reconstruidas
como muons que formen un bo vértice secundario, dentro do VELO, e cunha masa
invariante arredor de m(KJ) = 497.6 MeV/c?. A particula nai, asociada a este vértice,
terd unha vida media superior a ~ 4.6 ps, un desprazamento no plano perpendicular
ao eixo z (definido como aquel polo que circulan os proténs que logo colisionan), e un
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pardametro de impacto con respecto ao PV inferior a 1 mm, o que maximiza a probabilidade
de que o K2 se orixinase na colisién protén-protén.

A medida de K — ptu~pTu~ realizase con respecto ao numero de K — 7hm~
producidos no LHCb durante o mesmo tempo de toma de datos. Os piéns desta canle
deben ter un IP,» moi alto, de xeito que saibamos que non se produciron na colision, e
unha masa invariante 400 < m(KJ) < 600 MeV/c?. A particula da que venen os piéns
tamén terd unha vida media cun valor preto da medida para o K , e a distancia méis
pequena entre as didas trazas de pidns debe ser inferior a 0.1 mm.

Durante o tratamento dos datos tamén se aplican cortes na calidade das trazas
para minimizar o caso no que sexan pantasmas (conxuntos de impactos que non se
corresponden cunha tnica traza) ou particulas mal reconstruidas. Por ultimo, durante
a meirande parte da analise, os candidatos cunha masa invariante na rexién de sinal,
m(K3) € [490,510] MeV/c?, non se consideraron para minimizar posibles sesgos por parte
do analista.

As selecciéns de disparo L0 no canal de sinal dividense en duias categorias. Nunha
delas, referida como TIS, polo menos unha particula féra do noso candidato de sinal
debe estar rexistrada como que lanzou un sinal de disparo. Na outra, referida como TOS
exclusivo (xTOS), unicamente trazas no noso sinal seran responsables do disparo L0O. A
nivel HLT1, pidese pasar unha de duas seleccions que tenen como obxectivo capturar
pares de muoéns cunha masa invariante ou momento transverso baixo. Por dltimo, en
HLT?2, deberdn pasar unha lina desenada especificamente para pares de mudns que venan
de kaons.

Cada certo nimero de colisiéns protén-protéon no LHCb, gardanse eventos aos que
non se lles require pasar ningunha seleccion de disparo. Conécese como datos con minimo
sesgo (en inglés, minimum bias) faise para poder ter comparativas entre datos que pasan e
non pasan o sistema de disparo, facer mediciéns sobre a luminosidade, ou comprobaciéns
sobre o funcionamento do detector. Tamén é unha gran fonte de datos en canais de
desintegracién moi comuns, como K¢ — 777~ nesta analise.

O tnico fondo de orixe fisica relevante nesta andlise é A — pr~, que contamina
a construcién de candidatos KJ — 7*7w~. Para minimizalo, Armenteros e Podolanski
desenvolveron [184] un razoamento matemético que permite illar os dous modos de
desintegracion cunha sinxela seleccion sobre os momentos das particulas fillas e o momento
transverso da nai.

Debuxando a asimetria nos momentos lineais das fillas fronte ao momento transverso
da particula nai, ambas desintegracions (asi como a conxugada CP A — prt) forman
semi-elipses (véxase a Figura 5.2), de xeito que a seleccion Eq. (5.20) é eficiente ao 99%
en KJ — 777~ e elimina todo rastro de desintegraciéns de \ e A.

Ao mesmo tempo, o tnico fondo relevante na desintegracion K — ptpu~ptpu~ é de
tipo combinatorio, é dicir, trazas de mudns que pasaron as selecciéns anteriores pero que
non necesariamente vefien dun K¢ . Para minimizar estas contribuciéns, adestraronse
varios algoritmos de clasificacién que usaron a informacion do pardmetro do impacto do
K2 , a minima distancia entre as catro trazas, o pardmetro de impacto dos muéns con
respecto ao vértice primario, a distancia de voo do K2 mno plano transverso ao eixo z, o
minimo angulo entre os distintos pares de mudns, e a distancia do punto de desintegracion
do K¢ ao material do VELO, para distinguir entre candidatos de fondo e candidatos de
sinal.

Cunha eficiencia no sinal do 80% conseguiuse eliminar todo o fondo combinatorio da
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rexion de sinal.

As mostras de simulacién, tanto de K — ptpu~pTpu~ como de KJ — 7w, cor-
rixironse usando a informacién obtida nos datos de K§ — 777 ~. En particular, o momento
transverso do K¢ non estd ben descrito na simulacion, e as variables relativas 4 calidade
das trazas tamén requiren un tratamento individualizado que consiste en usar as funciéns
de distribucién cumulativas en datos das correspondentes variables. O pr(KJ) corrixese
usando o método Aceptar-Rexeitar desenvolvido por John von Neumann [186, 187].

Usaronse tamén as ferramentas de LHCb TrackCalib e PIDCalib para corrixir as
eficiencias das seleccions sobre as trazas, asi como o feito de normalizar un modo de
catro trazas usando outro de duas, e sobre as variables de identificacién de particulas,
respectivamente. Respectivamente, estes dous métodos arrastran uns erros sistematicos
do 1% e 3.3%, respectivamente.

A maior fonte de erros sistematicos orixinase nas selecciéns de disparo, especialmente
no LO. Estas selecciéns ratificanse usando como canles de control K — 7t7r~ e K* —
ntp~,, onde ao pién se lle piden seleccidns de identificacién de mudns de xeito que, a
nivel de disparo, é unha canle con dous muoéns. A validacién das eficiencias deste xeito
logo tera que ser extrapolada ao caso no que haxa catro muoéns no estado final, o que
introduce erros sistematicos do 11% (para TIS) e 21% (para xTOS).

O axuste final aos datos é de tipo simultaneo as dias categorias TIS e xXTOS, de xeito
que se minimizan ao mesmo tempo as funciéns de perdas de cada conxunto de datos. O
fondo combinatorio (unicamente tres candidatos sobreviven na categoria TIS, e ningin
na xTOS) estd modelado por unha funcién de distribucién exponencial, mentres que o
posible sinal ven descrito por unha funcién Hypatia cuxos parametros quedan fixos na
simulacion.

Constantes proporcionais relativas ao numero de candidatos de sinal e de fondo moderan
a combinacién das dias componentes. En particular, o nimero de candidatos de sinal
pddese reescribir coma ng, = B/, onde a é a chamada sensibilidade dun tnico evento,
calculada segundo Eq. (5.27) para cada categoria. Os erros sistematicos introdicense
como ligaduras de tipo Gaussiano sobre a. O parametro B é comin as dias categorias, e
o seu resultado tras a minimizacién sera a nosa medida.

O limite superior sobre B(KJ — pp~ 't p~) midese integrando o 90% da 4rea baixo
a curva que deixa o perfil da probabilidade do parametro B tras a minimizacién. Obtivose,
cun 90% C.L. ,

BKS — ptp ptp™) <51 x 10712 (8.2)

A maiores, aplicando un factor de conversién de ~ 2 x 1073 sobre as «, relativo 4 aceptancia
do K7 fronte ao K¢ no LHCb, pddese calcular o limite

BKY — ptp ptp) <23 %1077, (8.3)

Ambos resultados son as primeiras cotas superiores sobre os modos de desintegracion
correspondentes. A maiores, o limite sobre K — pu*p~pu~ resulta ser a primeira vez
que se acada unha sensibilidade de 107'? no LHC, mentres que B(KY — puTu~putp~) é o
primeiro resultado dunha desintegracién con KP no LHCb. Ningin dos dous resultados
permite rexeitar as prediccions tedricas nin do Modelo Estandar nin da teoria de materia
escura mencionada.

A Figura 5.14 presenta estimacions sobre futuros estudos no LHCb de ambos modos.
Calcilase que cara ao final da sia vida, ao acadar luminosidades de 150 — 300 fb™*,
poderase medir con precisiéon o Modelo Estandar.
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8.5 Desintegracions anémalas de meséns 7 e 7/’

A outra andlise presentada nesta tese inclie catro modos de desintegraciéon dos mesons
n e n', sendo os estados finais p*p~ e 77 ptp~. Usdronse novamente datos do LHCb
correspondentes a 5.1 fb™! tomados entre 2016 e 2018. A particularidade adicional é que
estes mesons, de moi curta vida media, procederan de meséns Dt ou Df. Isto é para
minimizar os posibles fondos de caracter fisico que aparecen ao tomar candidatos que
venan directamente do vértice primario, ou de mesons mais pesados.

Dos catro modos,  — p+ ™ non ten rexistrados resultados experimentais no momento
da escritura desta tese de doutoramento. Os modos ' — 7rr utpu~ [228] e n —
't~ [227] estdn medidos con incertezas do 19% e 15% respectivamente. Por ultimo, n —
7tr~utp” estudouse recentemente en Ref. [231].A Tdboa 6.1 presenta unha comparativa
das predicions tedricas e experimentais de cada un destes modos.

Ademais de ser modos de desintegracion raros, cunhas fraccions de desintegracién
entre 107° — 1077, o que significa que poderian estar facilmente suxeitos a desviaciéns
con respecto ao Modelo Estandar, as medidas de precisiéon destes modos pode aportar
informacion ao puzle do (g — 2),, debido a que os seus mecanismos de desintegracién
estan intrinsicamente conectados aos factores de forma de transicién que gobernan as
correcciéns cuanticas do Modelo Estandar nos calculos do momento xiromagnético do
muoén.

Os candidatos de cada canle de sinal constriense combinando trazas de muéns e piéns
na rexién cinemética do mesén 1) correspondente. Este mesén, xunto con outro piém,
venen 4 sia vez dun mesén DT ou Df. As canles de normalizacién en todos os casos son
Dy = mro(utpr).

Requirese que polo menos un dos muéns pasase unha selecciéon do disparo, ou ben o
pion que vén do mesén D a nivel LO. Unha tnica seleccién é requerida a nivel HLT1, que
busca combinaciéns de duas trazas ben reconstruidas e que venan do mesmo punto. A
seleccion HLT?2 é mais complexa. No caso dos modos pt ™, existe unha lifia que selecciona
exclusivamente desintegraciéns do tipo D — 7w ut ™, e que é case 100% eficiente nestes
canais. Unha combinacién de varias linas topoldxicas, e unha lina que busca pares de
muéns con baixo pr, forman a seleccién HLT2 nos modos 77~ ut ™.

A andlise novamente faise “cega”, de xeito que se eliminan os candidatos con masa
invariante 535 < m(n) < 565 MeV/c? e 940 < m(n') < 970 MeV/c?. Estes intervalos son
as rexions de sinal, ou rexions cegas.

O fondo m4dis importante nesta andlise é ¢ — u*pu~, que é varias ordes de magnitude
mais probable que n’ — puTp~ e que contamina a rexién superior da masa invariante
di-mudnica deste modo. A maiores, candidatos de n — ut = poderian popular a banda
esquerda da masa invariante de n — put ™, pero os cortes introducidos para seleccionar
n — ptp~ deberfan eliminar case todo rastro deste modo. Adicionalmente, un corte
m(utp) < 520 MeV/c? introdticese na canle ' — w7~ p~ para eliminar contribuciéns
den = ntn (n— ptu).

Finalmente, o fondo combinatorio é relevante en todos os modos, ainda que con
menor peso no 1 — 7w putu~. Neste caso, unha seleccién sobre a identificacién dos
muons permite eliminar case todas as contribucions non desexadas. No resto dos casos,
adestraronse algoritmos de clasificacién para filtrar estas contaminaciéns.

Estas arbores de decisién usaron un conxunto de variables, disponible na Taboa 6.6,
que combina cinematica, identificacion de particulas, e o illamento das trazas do sinal con
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respecto ao resto do evento. As variables en simulacion corrixironse a base de comparar o
seu comportamento entre datos e simulaciéon no modo de control D(t,) = mrd(ptu).

O corte 6ptimo na figura de mérito obtense estimando o pardmetro obxectivo en cada
unha das busquedas. No caso de ' — p*pu~, téntase optimizar a sensitividade de observar
a desintegracién. No caso de / — 777~ u*p~ e n — ptp~, biscase minimizar os erros
totais da medida do B, mentres que para n — 77~ u"p~ o obxectivo é minimizar o limite
superior do B. Para isto, escanéase unha serie de posibles cortes na variable clasificadora,
tanto no modo do DT como no do Df. A seleccién éptima na variable serd aquela para o
que o parametro obxectivo sexa maximo ou minimo, segundo o que requira a busqueda.

Os erros sistematicos das medidas inclien erros no calculo binomial das eficiencias,
asi coma os debidos polas diferencias entre datos e MC no disparo, a identificacion de
particulas, e o algoritmo clasificador. Estas tres validanse comparando datos e simulacion
nos correspondentes canais de control. A fonte principal de erro sistemédtico, non obstante,
atopase en medidas previas dos distintos coeficientes de ramificacién relevantes na andlise.
En concreto, B(¢ — ptp™) introduce un erro do 5% que é dominante en todos os canais.

O total dos sistematicos esta detallado na Taboa 6.14. Asimesmo, na Taboa 6.20
preséntanse os resultados esperados para cada modo de desintegracion.

O axuste final aos datos é novamente de tipo simultdneo, neste caso aos modos DT e
Df, combinando unha funcién exponencial que modela o fondo combinatorio (no caso de
n' — ptp~ engddese unha segunda exponencial que describe a cola esquerda de ¢ — ptp™)
cunha funcién Crystal Ball dobre modelando o sinal. O parametro que pesa a componente
de sinal, ng,, rescribese novamente como ng, = B/a, onde B é o pardmetro de interese en
cada un dos canais.

A calidade do axuste validase co uso de 1500 pseudo-experimentos, en cada un dos
cales estimase, a partires de extrapolaciéns da simulaciéon e o comportamento dos datos
arredor da rexion de sinal, o comportamento esperado para os datos na rexién cega.

Os resultados esperados preséntanse na Téaboa 6.23.
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and a Voigtian. The relative difference is taken as a systematic. . . . . .
Breakdown of the systematic uncertainties contributing to the computation
of the single event sensitivity. The main source of systematic comes from
the branching fraction ratio. The Norm fits column refers to the uncertainty
assigned to the difference between normalization fits to D} and ¢ invariant
masses. In the case of ptu~ channels, we are applying the BDT from
the corresponding signal channel, so the background is removed and we
simply count the number of surviving candidates. We take a conservative
1% systematic. . . . . . ...
Signal efficiencies and single event sensitivity values for each of the consid-
ered mass values of the scalar particle in the search for u*p~ BSM bumps.
Different p.d.f.s used in the two-dimensional fit to both the 777~ ™~ and
(1~ masses, in the search for @ — pp~ bumps in the p*p~ spectrum of
e L L 7
Expected number of purely combinatorial background candidates (second
and third columns) and " — 777~ p*p~ candidates (last two columns) for
each of the studied mass values for a hypothetical scalar particle a decaying
INtO tWO MUONS. . . . . . . . o o
Expected limits for B(n — #"n~a(— p*p™)), for various possible values
of the mass of the scalar particle. . . . . . .. ... .. ... ... ....
Breakdown of the SES computations for all channels. N, is computed as
explained in Sect. 6.5, using a fit for the 77~ " p~ channels, and simply
counting candidates in the p*p~ channels. . . . . . ... ... ... ...
Breakdown of the number of signal and background expected events for
each of the channels in the blinded region. . . . . . ... ... ... ...
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6.21

6.22

6.23

Parameters of the Gaussian fit to the residuals plot, i.e., the difference
0 = Bgsy — By for each channel. The scale is removed, so that for
n' — ptp~, the numbers should be multiplied by 1077, and similarly for
other decays. . . . . . . ..
Parameters of the Gaussian fit to the pulls plot, i.e., p = (Bsy—Byit) /s(Byit)
for each channel. . . . . . . . .. ...
Expected results for the measured B of all four decays. The results remain
unblinded, so all that can be provided are expectations according to toy
studies. In the cases of ¥ — nt7~putp~ and n — pp~, zx is a placeholder
for the final value of the B. . . . . . . . .. ... ... ... ... ...
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This thesis presents the first-ever study of the decay of a neutral kaon into four muons.
Using data collected by the LHCb experiment between 2016 and 2018, no signal was
found, and stringent upper limits on the branching fractions of both the short- and
long-lived modes were set.

Additionally, the study of four decays of eta and eta prime mesons are presented. The
thesis introduces the first-ever study of the eta prime decaying into a pair of muons, as
well as significant improvements on the precision of the branching fractions of the
di-muon decay of the eta, as well as the decays of both the eta and eta prime mesons
into

two pairs of muons and two pairs of pions.
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