DISSERTATION

submitted to the

Combined Faculty of Mathematics, Engineering and

Natural Sciences of Heidelberg University, Germany

for the degree of

Doctor of Natural Sciences

Put forward by:

Ruth Schafer

born in:

Hamburg, Germany

Oral examination: October 19, 2022



NEW PHYSICS SEARCHES IN FLAVOUR OBSERVABLES

Referees: Prof. Dr. Susanne Westhoff
Prof. Dr. Tilman Plehn



ABSTRACT (IN GERMAN)

In dieser Doktorarbeit verfolgen wir zwei verschiedene Herangehensweisen um mogliche
Theorien der Teilchenphysik jenseits des Standardmodells zu untersuchen, Suchen nach
langlebigen Teilchen und effektive Feldtheorien. Dabei folgen wir meinen Veréffentlich-
ungen wiahrend meiner Zeit als Doktorandin. Wir untersuchen das Potential von Suchen
nach langlebigen Teilchen in den eTe™ Beschleunigern Belle II und ILC und vergle-
ichen ihre Sensitivitdten mit denen anderer Suchen und Detektoren. Wir stellen fest,
dass diese Detektoren sehr sensitiv auf langlebige Teilchenzerfille sind. Wir untersuchen
die Moglichkeit, diese Detektoren mit weit entfernten Detektoren zu erweitern, um ihre
Sensitivitat auf Suchen nach langlebigen Teilchen weiter zu verbessern, stellen aber fest,
dass diese in realistischen Ausmafien keine groflen Verbesserungen erzielen. Wir ver-
gleichen auflerdem die Suche nach langlebigen Teilchen in Suchen nach verschobenen
Zerfallsvertizes mit Suchen nach fehlender Energie und stellen fest, dass beide Suchen
neue Regionen des Parameterraums erkunden. Wahrend Suchen nach fehlender En-
ergie ein breiteres Massenspektrum erkunden kénnen, haben Suchen nach verschobenen
Zerfallsvertizes eine hohere Sensitivitat bei hohen Massen. Mit effektiven Feldtheorien
untersuchen wir die Flavourstruktur der neuen Physik an hohen Energieskalen, indem wir
Wilsonkoeflizienten der SMEFT an Topquark- und Bottomquarkobservablen fitten. In
beiden Herangehensweisen legen wir den Schwerpunkt auf Observablen aus der Flavour-

physik, und insbesondere auf die Zerfille von B-Mesonen.

ABSTRACT (IN ENGLISH)

In this thesis, we follow two approaches to explore the space of possible models of physics
beyond the Standard Model, long-lived particle searches and effective field theories,
following the papers I published during my Ph.D. studies. We explore the potential
of long-lived particle searches at the ete™ colliders Belle II and ILC, comparing their
sensitivities to different other detectors and search methods. We find that these detectors
have a strong sensitivity to these searches. We also explore the possibilities of adding far
detectors to improve their sensitivities and find that realistic far detectors do not offer
a great improvement in sensitivity to the Belle II and ILC detectors. We also compare
the different search strategies of missing energy and displaced vertex searches for an
axion-like particle model at Belle II, finding that both have the potential to explore new
parameter space. While the missing energy search has a broader reach in mass, the
displaced search can reach smaller couplings for heavy masses. We use the effective field
theory approach to explore the flavour structure of UV physics by fitting SMEFT Wilson
coefficients to top and bottom observables. In both approaches, we focus on observables

from flavour physics, specifically B meson decays.
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I. INTRODUCTION

The Standard Model of Particle Physics (SM) describes all particles and their interac-
tions as known to us to this day. It is made up of fermions, spin—% particles that make
up matter, and bosons, spin-1 particles that mediate the interactions between them.
There are two groups of fermions, quarks and leptons, two types of quarks, up-type and
down-type quarks, and two types of leptons, charged leptons and neutrinos. Of each of
these fermion types there are three generations of particles with different masses. The
particles in the different generations are each known by a different name which we refer
to as flavour. The up-type quarks are the up quark, the charm quark, and the top quark.
The down-type quarks are the down quark, the strange quark, and the bottom quark.
The quark flavours are thus given by up, down, strange, charm, bottom, and top. The
charged leptons are electrons, muons, and tau leptons. The neutrinos are the electron

neutrino, the muon neutrino, and the tau neutrino. All fermions also have antiparticles.

There are three interactions in the Standard Model: the strong interaction, the weak

interaction, and the electromagnetic interaction.

The strong interaction is described by the theory of quantum chromodynamics (QCD).
It works only on quarks, not on leptons. Quarks are charged under the strong interaction
as one of three colour states. Anti-quarks, the antiparticles of quarks, are charged as
one of three anti-colours, the complementary charges to each of the colour charges. The
strong interaction is mediated by massless gluons, eight bosons carrying different non-
unity combinations of colour and anti-colour charges. The strong interaction is named
such because at low energies it becomes very strong, gaining a non-perturbative coupling
and confining the quarks and gluons. This means that at low energies, quarks and gluons
only exist in the form of bound state particles called hadrons. There are two classes of
hadrons, mesons and baryonsﬂ Mesons are made up of a quark and an antiquark, while

baryons are made up of three quarks (and antibaryons of three antiquarks).

The weak interaction is mediated by the massive W and Z bosons. The Z boson is
neutral, while the W bosons are charged under the electromagnetic interaction. The Z
boson couples to uncharged, flavour-diagonal fermion currents. Flavour-diagonal means
that both fermions in the current are of the same flavour. The W bosons couple only
to left-handed fermion currents. As they are charged, they couple to charged fermion
currents, like charged lepton neutrino currents or up-type down-type quark currents. In
addition to changing the type of fermion through their coupling, they also change the
flavour, for example coupling a bottom quark to a charm or an up quark. We call this

1 Additional bound states of quarks and antiquarks have been predicted and discovered in the form of
tetraquarks and pentaquarks which are made up of four and five quarks and antiquarks, respectively.



a flavour changing charged current (FCCC). In contrast, we call an interaction which
changes flavour but is not charged, coupling for example a bottom quark to a strange
quark, a flavour changing neutral current (FCNC). Since the Z boson couples flavour-
diagonally, these do not exist at tree-level in the Standard Model, though they can be

loop-induced.

The electromagnetic interaction is described by the theory of quantum electrodynamics

(QED) and mediated by the massless photon. The charged leptons carry a negative

2
3

down-type quarks carry a negative charge of —%. Antiparticles carry a charge given by

charge of —1, neutrinos are neutral, up-type quarks carry a positive charge of %, and
the same magnitude of their corresponding particle but with a flipped sign. The charged

W bosons carry a charge of +1 and —1, respectively, being each others’ antiparticles.

The last particle of the Standard Model is the Higgs boson. It is a scalar particle of
spin 0 and couples to fermion currents with changing chirality, that is of one left-handed
and one right-handed fermion of the same type and flavour, as well as to weak bosons.
Through its coupling, the W and Z bosons, the quarks, and the charged leptons gain
their masses. The Standard Model contains no right-handed neutrinos, so that the Higgs
boson is not predicted to couple to them. The Higgs boson was the last particle of the
Standard Model to be discovered, which happened in 2012 at the LHC [9, [10].

In the decade since the Higgs was discovered, we have not gained any grand new insights
into the nature of the Standard Model. Searches for the famously favoured theory of
supersymmetry [I1] which many expected the LHC to find evidence of [12] have so far
come up empty [I3 14]. And beyond it, we also have not discovered any other particles
or forces beyond the Standard Model (BSM) or any direct particle physics evidence of
new physics (NP) yet.

While the predictions of the Standard Model have mostly been very confirmed by mea-
surements, there are hints of physics beyond it to be found, too. Many experiments
register anomalies in the measurements of some B meson observables [I5 [16]. The
anomalous magnetic moment of the muon [I7], (¢ — 2),, was only recently confirmed by
the Muon g-2 Collaboration at Fermilab [I8]. Through neutrino oscillations [19], we have
determined that neutrinos carry a mass which is unexplained in the Standard Model due
to the absence of right-handed neutrinos therein. The hierarchy of the fermion masses,
and the absence of CP violation in the strong interaction are both unexplained by the
Standard Model. Above all, the indisputable astrophysical evidence for dark matter [20]
shows us that there are parts of particle physics that lie beyond the Standard Model

and that we are yet to discover.



In this thesis, we will focus on two separate ways of exploring the space of physics beyond
the Standard Model in interesting ways. On the one hand, we will consider searches for
long-lived particle decay signatures at collider experiments. On the other, we will use
precision data collected at colliders to illuminate the space of effective field theories to
see what we can tell about possible new physics at currently unobtainably high energies

through obtainable observables. Both cases will involve flavour observables.

With flavour physics and flavour observables we generally mean the decays of mesons
through the weak interaction. The BT meson, a meson made up of an anti-bottom
quark and an up quark, for example, decays through the weak interaction into a multi-
tude of final states which are already and continue to be precisely measured by several
experiments focussing on flavour observables, like LHCb and Belle II. Particularly in-
teresting for new physics searches are observables that are predicted to be very small
in the Standard Model as this means that new physics contributions of the same size
would be easier to detect over the smaller Standard Model expectation. An example for
this are observables involving FCNCs which are loop-suppressed in the Standard Model
but could possibly exist at tree-level in new physics models. The decay BT — KX is
such an FCNC decay, with the BT meson’s bottom quark decaying via a W boson loop

to the kaon K™’s strange quark and other final state particles X.

When looking for light new physics, using a specific well-motivated model to predict a
decay like BT — KX with X being a new particle is often a good strategy. Historically,
these searches have usually been either prompt searches or missing energy searches.
Prompt searches are searches for particles that are produced at the interaction point
(IP) of the collider, in this case, directly from a B meson decay, and decay immediately,
or at least at a distance so close to it that we cannot resolve its decay vertex as different
from its production point in the detector. Missing energy searches on the other hand are
searches for neutral particles produced within the detector that do not decay within it at
all, either decaying far outside of it or being stable themselves. Between these two cases
there are many orders of magnitude in lifetime that are not probed by either approach.
These lifetimes can be probed by long-lived particle searches which have recently become

more popular.

As lifetimes generally depend on coupling anti-proportionally,

1
T X —5, 1
EE (1)
we expect that searches for particles with longer lifetimes let us probe smaller couplings.
Missing energy searches also allow us to look for particles with longer lifetimes than

prompt searches, and even stable particles, which do not decay within the detector
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FIGURE 1: Selection of Standard Model particles, shown in the mass-lifetime plane.
Leptons are marked in red, baryons in blue, mesons in green, the Z and Higgs boson in
orange, and the top quark ¢ in purple. Taken from [21] with credit going to Brian
Shuve [22].

volume. On the other hand, it is difficult to determine much about a model from a
missing energy search as we do not get to measure the particle as directly as we can

when we measure its decay.

We refer to particles as long-lived particles (LLP) if they decay at a measurable distance
from the interaction point of a collider. Figure[I]shows selected Standard Model particles
in the plane of their mass and lifetime. As we can see, the Standard Model contains,
next to the stable electron, proton and neutrinos, several particles with long lifetimes.
Notable among them are the kaons K+, K9, Kg, pions 7% and muons p*. Since we
know the masses and lifetimes of the Standard Model LLPs well, we can expect there
to be little background in other regions of the mass-lifetime parameter space. This is in
contrast to both prompt and missing energy searches which tend to have high Standard
Model backgrounds.

While we are reasonably certain that there are no charged light BSM LLPs that we have
missed, whose tracks would be visible in our tracking detectors and which we would
therefore expect to have already found if they existed, neutral light BSM LLPs are
harder to exclude, as they do not leave tracks in the detector. Instead, we have to search
for the signatures of their decay to find them. In figure [2| we show a number of example
signatures for the decays of long-lived particles. Shown are several notable classes of

signatures.

First, there are signatures where the neutral long-lived particle (shown as a dotted black
line) leaves the detector, leaving behind missing energy. We see this in the first three

decays starting from the top and going clockwise. These are a disappearing track, where



FiGURE 2: Different signatures of long-lived particle decays within a detector. The
decay products shown in red are charged particles, those in yellow are photons, while
dotted black lines signify a neutral long-lived particle. Taken from [21I] with credit
going to Heather Russell [23] 24].

the LLP is produced from a charged particles track by emitting a very soft charged
particle that is not seen as a track due to its softness; a kinked track, where the charged
particle produced in conjunction with the LLP is hard enough to leave a track; and a

single photon which is produced outside of the interaction point.

Second, there are signatures where the LLP decays into pairs of charged particles, like
muons or light mesons that are registered in the tracking detector and the calorimeter.
In addition to pairs of charged particles, an LLP can also decay into a jet or a pair of
jets, or into a shower of charged particles or photons. These decays are generally called
displaced decays and their detection tends to rely on finding the vertex that the decay

products point to, as it is at a distance from the interaction point.

A last signature, the emergent jet shown in the bottom right of figure 2, occurs when
the LLP decays to further particles which are also neutral and invisible to the detector
before all of these particles decay back to measurable Standard Model particles. This
results in a jet or shower of Standard Model particles which may point towards a common

vertex, but whose vertex is not shown by the produced tracks, as the shape of the cone



is determined by decays within a dark sector.

We will focus in this thesis on using displaced LLP decays into charged particle pairs to

explore the parameter spaces of several LLP models, specifically in section [[T]]

The other method we will use for exploring new physics relies on effective field theories.
Effective field theories (EFTs) are a model-independent way of encapsulating the inter-
actions between the relevant degrees of freedom of a theory without needing to define or
know the underlying theory that these interactions follow from. This only works when
none of the degrees of freedom of the new physics are relevant at the scale which we

describe. Thus, this approach works well for very heavy new physics.

Since we do not impose any underlying theory, there is usually a large number of param-
eters. To fit these, we also need to use data from many different observables at many
different experiments, and their predictions expressed in the parameters of the effective
theory. From the fit results and the patterns therein, we then try to reconstruct any

properties of the underlying theory that may become apparent.

In particular, in section [[V] of this thesis, we will try to explore the flavour structure
of high-energy BSM physics through a fit of the Standard Model Effective Field The-
ory (SMEFT) to both high-energy top-quark observables and B meson decay flavour
observables. To include the low-energy observables of flavour physics, we use match the
SMEFT onto the Weak Effective Theory (WET). We express the flavour structure of
the SMEFT operators in terms of Minimal Flavour Violation (MFV).

The two approaches of LLLP searches and global fits to EFTs are complementary. LLP
searches look for direct effects of long-lived particles light enough to be directly produced
within the detector. The EFT approach, on the other hand, deals with new physics
so heavy that it only has indirect effects on observables accessible to us. With the
LLP searches we are proposing new search strategies, whereas in the EFT approach we
are exploring the parameter space of the EFT with already existing data. Still, both
approaches have the potential for uncovering more hints of BSM and possibly discovering

it.

In section [[] of this thesis, we will lay the groundwork for the theory that is necessary in
the following sections. Therein, we will first explain effective field theories in section [[TA]
introducing them with the help of Fermi’s theory of § decay before explaining their
concepts and the specific EFTs we will work with. Then, we will introduce extensions of
the Standard Model in section [[TB] first going over the concept of gauge invariance and
then through several common portal models. Lastly, we will give a short introduction

to the statistics necessary for this thesis in section [[IC] first introducing some basic



concepts of probability and then discussing the setting of limits on parameter spaces.
In section [T, we will go through the work and results of the papers I have written
on long-lived particle searches, with section covering [I], section covering [4]
and [0], and section covering [5]. Section [IV| will then cover my paper on EFTs,
[2], before we conclude with section



II. THEORY

A. Effective Field Theories

The idea behind effective theories is that we do not need to know the full detail of a
theory to be able to make predictions from it. For example, an architect constructing a
skyscraper will need to know about the properties of steel and concrete, but not about
the microscopic forces that keep the materials stable or how their properties come to
be. For the task of constructing a skyscraper, all that is relevant are the macroscopic
properties of the building materials. This is often the case in daily life: if we consider

processes at a specific size scale, we can ignore effects of much smaller sizes.

Similarly, in particle physics we may also want to use effective theories, either because
observables are easier to calculate than in the full theory or because we may not know
the full theory to begin with. To use it in particle physics, our effective theory has to be
a quantum field theory (QFT). It needs a Lagrangian that we can extract Feynman rules
from to calculate observables, and needs to be regularisable and renormalisable [25]. We
call these theories effective field theories (EFTs). In particle physics, the most important
scale in our processes tends to be an energy or momentum, often the centre-of-mass

energy or the transmitted momentum of a process.

1. Fermi’s theory of B decay

The first prominent example of an EFT in particle physics is Fermi’s theory of 8-decay.
When Fermi proposed his “quantitative” theory in 1933ﬂ [26, 27], Wolfgang Pauli had
only just proposed the necessity of the neutrino a few years prior [29]. A pressing
question about 8 decay then was where the electron and neutrino come from, as they
could not otherwise be observed in the nuclei. Fermi boiled the process down to a simple

equation of particles before and after the decay,
n— pte v, (2)

a neutron decaying to a proton, an electron and an (electron anti-)neutrino. This equa-
tion implies that the electron and neutrino are produced rather than just procured from
the nucleon, and that thus their numbers are not constant in time, which Fermi proposed
in analogy to his theory of spectroscopic absorption and emission of photons [2§]. Also
in analogy to the emission of photons, Fermi proposed a structure of vector currents for
both the nucleon and the lepton side [30]. As there was no indication to a substructure

2 He proposed it in 1933 at a conference in Brussels and submitted it to Nature, but was rejected. He
instead published two versions in 1934 in an Italian [20] and a German [27] journal [2§]



yet, Fermi proposed a simple contact interaction between the nucleons and the fermions.
Fermi used the language of second quantisation, but in today’s Lagrangian notation his

theory can be expressed as [28]

‘Cﬁ =9 (&p’yuwn) (lﬁefmwu) (3)

where 1 describe fermion states and the coefficient g was experimentally determined.

Fermi’s interaction turned out to be much more general than just describing S-decay.
With different fermions in the two currents, not only other nuclear phenomena like muon
capture could be explained, but also processes like pion or muon decay [31I]. For this
reason, the term Universal Fermi Interaction (UFI) was coined in the 1940s [32H34]. In
the 1950s, upon closer measurements of many of the relevant observables, UFI was in a
crisis until the tension between theory and experiment was resolved with the introduction

of the now famous V-A structure [35, [36]. With these changes, the Lagrangian for UFI

now looks like [37]
1— 5 1— 5
Ls=Gp <u’y“ 27 d) (e’yu 27 y> . (4)

The coefficient G is today known as the Fermi constant, G = 1.166 - 107> GeV? [38].

Already in 1949, Lee, Yang, and Rosenbluth proposed that there might be an interme-
diate vector boson (IVB) mediating these UFI processes [39]. They labelled this boson
W for its weak interaction. In the 1960s, Glashow [40], Weinberg [41], and Salam [42]
proposed the electroweak theory that contained such a W boson. The W boson was
finally discovered in 1983 at the SppS at CERN [43H4g]. The weak interaction regarding

the interaction between the W boson and fermions is described by the Lagrangian [3§]

g < o

Lyeak = — Ef[ﬁﬂu (WJT+ + Wu T ) JL (5)
with g the weak coupling, W the W bosons, TF the weak isospin raising and lowering
operators, respectively, and the fermions f as flavour eigenstates. Hereby, the four-vertex
of Fermi’s interaction was resolved into the heavy mediator particle, the W boson, that

couples via two three-vertices to pairs of fermions, as illustrated in figure

Here and in the following, we will be treating all quarks in up-alignment, which means
that the up-quark flavour eigenstates are defined to coincide with their mass eigenstates,
while the down-quark flavour eigenstates are related to their mass eigenstates via the
CKM matrix Ve, d(Ln;ass) = %ngnavour). We also only consider the flavour eigenstates

of neutrinos, v, v, and v;.
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FIGURE 3: The resolution of the W-boson mediation of the weak interaction from the
four-point interaction in Fermi’s theory, cmp. [49].

With the discovery of the full theory, we are now able to express G, the parameter
in our effective or quantitative Lagrangian, in terms of the parameters from the full
theory, [50]

V2g?

G p—
F Sm%/V

(6)

where ¢ is the weak coupling and my is the mass of the W-boson. Creating such a
relation between the EFT and the full theory is what we call matching. We will describe
this process more closely in section [[TA 6]

2. EFT concepts and usage

With the analogy of Fermi’s theory of 8 decay from the last section, we can more easily
define some useful terms for EFTs. Scale separation is the difference between the scale
of a process i and the scale of its underlying fundamental physics A. For our example,
the scale of 8 decay is at nuclear energies while the scale of its fundamental underlying
physics, the W boson exchange, is at energies around the W boson mass. If there is no
scale separation, that is, the scale of the process p is close to A, the EFT is generally not
valid anymore. In this case, Fermi’s interaction works well for low-energy observables,
but once we get close in energy to the W boson mass, we can see its resonance in our
observables, which is not explained by Fermi’s theory. We call the scale A near which
the EFT becomes invalid its cut-off scale. For Fermi’s theory, this cut-off is the W boson
mass, A = myy. The finite range of validity of EFTs is a feature that not all QFTs share.
We call QFTs that do not have a cut-off scale UV-complete or full theories. We often
call the theory that an EFT is a low-energy limit of its UV theory, even when it is not
UV-complete.

We generally assume that, as in the case of Fermi’s theory and weak interactions, all

the physics inducing effective operators comes, approximatelylﬂ from the same scale A.

3 In addition to effects from the W* boson at the weak scale, we also have effects from Z° bosons, top
quarks ¢, and the Higgs boson h°. While these all have different masses, they still become relevant at
very similar scales and we can generally say that all their effects on low-energy physics observables are
well-described by a common cut-off scale A ~ myy. If there are significant differences in scale between
different particles in the UV theory, we may find it useful to construct an intermediate EFT of the
effective effects of the heavier particles, to deal with the separation of scales within the UV theory.
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Then, since the cut-off scale is the same for all terms in the Lagrangian of an EFT,
it makes sense for us to separate terms in the Lagrangian into three components: the
operators, which are comprised of all fields and the group structure that connects them,
a power of the cut-off scale A and the Wilson coefficient (WC), which is a dimensionless
scalar that contains the numerical factors that are left over. In the case of Fermi’s theory,
the operator is (15,;7“11},;) (d_JLfyM@ZJL), while G contains both the Wilson-coefficient and
the cut-off scale. Resolving G as seen in equation @, we find the scale coefficient to

be A2 = m%v and the Wilson coefficient @.

In addition to experimentally resolving the vertex or discovering the resonance of the
mediating particle, another way to see at which scale the theory will break down is
through partial wave unitarity. Partial wave unitarity puts a bound on the total growth
possible for a cross section as derived from the optical theorem. This usually means
that at a certain energy near or above the scale A, the calculated cross section is larger
than allowed (by the optical theorem), which simply tells us that a UV completion is

necessary. The derivation is beyond the scope of this work, but may be found in [51].

The success of an effective theory as a stepping stone towards a full theory is shown well
by Fermi’s theory. While the full theory was unknown and kinematically unprobeable at
the time, the effective theory of a four-point interaction was able to describe the data.
It also helped us classify that all weak decays fell under the same kind of interaction,
without knowing what exactly this interaction was. The value for Gr, while at first
experimentally determined, can now, with the knowledge of the full theory, be expressed
by its parameters. This is a great example for why we still use EFTs today. We have
good reasons to believe that physics beyond the Standard Model exists, but since we
have not found supersymmetry (nor any other new particles or strong hints of a specific
UV theory) there has not been an obvious contender for what theory should describe
all new physics. We can (and do) still construct models and explore observables in
their parameter space, and we will go into this in section [[IB] but it is just as valid an
approach to searching for new physics to use an EFT to encapsulate what we observe
today and to look for hints of the full theory from there, as was done with the UFI in
the past.

Another reason to work with EFTs is in cases where the full theory may be very difficult
to calculate [52]. This is the case, for example, with quantum chromodynamics (QCD),
the theory of quarks and gluons, and chiral perturbation theory (xPT), which deals with
light mesons [25]. Since QCD becomes non-perturbative at low energies, calculations on
the basis of quarks and gluons become very difficult if not impossible. Since they form
bound states in the form of mesons, it makes sense to calculate observables at these

low energies directly in terms of the mesons instead of with non-perturbative QCD. In
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FIGURE 4: A range of scales p with the masses of Standard Model particles at those
scales (beneath the axis) and the theories that can be used to describe the interactions
at those scales well (above the axis). More information on the theories shown is given

in the text.

this case, matching the theories to each other is a bit more difficult, since the states of
one theory cannot be neatly described by the other. We thus often use experimentally
determined parameters for the EFT, until it is possible to calculate a matching between
the EFT and its full theory. In xPT specifically, matching is difficult but being improved
continuously [53] [54].

One should keep in mind, that the UV theory of an EFT does not necessarily have to
be a UV-complete theory [52]. Fermi’s theory is the EFT to the theory of the weak
interaction, but the weak interaction is only part of the electroweak theory and the
Standard Model and the Standard Model itself is not complete and may only be the
low-energy EFT of some as-of-yet unknown UV theory itself. Between each of these
theories, there is a separation of scales: at -decay energies, Fermi’s interaction is a good
description, while at energies of the mass of the W-boson, we need the full description
of the weak interaction to describe processes, and at energies much higher than we can

currently access with our experiments, we may resolve even higher-scale physics.

Figure 4] shows different theories at the scales that they are valid at. Fermi’s theory of
the weak interaction is shown there as being valid for scales at around the B-meson mass,
which are well below the mass of the W-boson. If we get closer to it, Fermi’s theory
becomes less valid as the vertex is resolved into a W boson exchange. Then, we instead
use the Standard Model (SM) with its electroweak theory (EW) to make predictions.
Above the scales of the SM, there may be new physics (NP), which may make the SM
calculations invalid from some scale on. To encapsulate well the behaviour at the higher
scales, we can use the Standard Model Effective Field Theory (SMEFT), which we will
go into detail on in section LEFT and WET, which are listed together with
Fermi’s theory at the scale of meson masses, are the Low Energy Effective Theory and
the Weak Effective Theory, respectively, and are a modern approach to Fermi’s theory
using different coefficients for every interaction term to encapsulate possible inconsisten-
cies in the weak interaction that indicates new physics. We will describe it more closely
in section Also shown is chiral perturbation theory (xPT) which describes the
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interactions of light mesons below the scale where the non-perturbativity of the strong
interaction makes the direct calculations from quarks and gluons accessible. For read-
ability’s sake, its UV theory of QCD has not been added. It becomes relevant at scales
of a few GeV.

3. EFT construction

When constructing an EFT, it is important to first determine which the relevant fields
are. In the case of Fermi’s theory, these are fermions — electrons, neutrinos, neutrons
and protons — while for yPT these are light mesons. Often the relevant particles are
obvious from the scale of observations as the particles which can be produced as free,
physical particles at this scale. Then, we need to know the symmetries that are valid
in our EFT. We may know these from observation or if we know the full theory, we can
extract them from it. If we do not know the symmetries of our EFT, we do not impose
any and may find that we see correlations between our coefficients later and learn about
new symmetries that way. Based on the particles and the symmetries, we construct
all possible terms for the EFT’s Lagrangian, making sure to adhere to Lorentz- and

gauge-invariance, leading to Lagrangian like [52]

(9(5
Lgpr = L<a + Z Z A2 e (7)

Do

—£<4+ZZ =

with the operators (’)l(d)

being Lorentz- and gauge-invariant combinations of the fields we
have determined to be relevant for the EFT. We construct these terms mass-dimension
by mass-dimension, and to each one we give a coefficient, the Wilson coefficient, and a
power of a scale A that describes the scale near where the effective theory breaks down
and the full theory is expected to lie. For Fermi’s theory, the scale is A ~ my and
the Wilson coefficient is Gp - m¥,. The scale is used to normalise every term of the

Lagrangian to mass-dimension 4.

The EFT thus works as an expansion in the small parameter of the quotient of scales,
w1/ A, that is, the ratio of the scale of a process and the cut-off scale of the theory, which
describes how much the full theory influences processes that we calculate in the EFT.
This forms an additional dimension of perturbation theory, where EFT observables are
calculated up to a finite order in the operator’s mass dimensions as well as a finite order

in the fundamental couplings.
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4.  Weak Effective Theory

The Weak Effective Theoryﬁ [55, 56] (WET) is an EFT that operates at scales far below
the mass of the W boson, similar to Fermi’s interaction. Throughout the history of
Fermi’s interaction, it became clear that, to the precision available to experiments at
the time, all processes described by it were found to share the same coupling constant,
Gr. As we know, this culminated in the weak theory that confirmed and explained
the value of Gp. Nowadays, we have reasons to expect that there is physics beyond
the Standard Model (BSM) and experiments with much higher precision checking the
validity of the Standard Model’s predictions. For low-energy observables, the WET
encodes all allowed operators between quarks, leptons, photons and gluons, excepting
the top-quark which is heavier than the W boson and thus not a resonant degree of
freedom at low energies. In contrast to the UFI, which has a common coefﬁcientﬂ for
all operators, Gp, the WET introduces separate Wilson coefficients for every one of
its operators. Since the WET can be seen as the low-energy EFT of the SM, we have
predictions for all of these WCs through matching with the SM. However, we want to
use the WET to see possible effects of new physics beyond the SM, which is why we use

free parameters for our WCs.

In addition to the photon field, A*, and the gluon fields, G*, we then have n, = 2 up-
type quarks, ur,, ugr, ng = 3 down-type quarks, dr,, dg., ng = 3 charged leptons, /1.,
LRy, and n, = 3 neutrinos, vy, where L and R denote the particle’s chirality and r is

its flavour. We consider neutrinos as left-handed only and give them no SM mass-term.

The WET Lagrangian is made up of all SU(3). x U(1)q invariant operators, sorted by
their mass dimension. The operators with dimensions smaller or equal 4 are the QED
and QCD Lagrangian [506]
1 1 g? ~
ZF’“’FW — ZGWVGZV +0ocp 32ﬁGa“"GfﬁV (8)
+ Y iy (0" +ieQu A +ig TG 1),

Y=u,d,lvr,

N Z YRy (My),, ¥rs + hec.

p=u,d,L

LoED+QCD = —

with the photon and gluon field strength tensors FH = gFAY — 9V A* and G =
OHG™ — J*GH + g, fP°GG?, the QCD CP phases 0ocp, the dual field strength
tensors of the gluon G = elPr G, the QED coupling e, the QED charge of ¢ as Qy,
the strong coupling g, the generators 7% and f® of SU(3). in the fundamental and

4 This theory is also often referred to as Low-energy Effective Field Theory (LEFT) in the literature.

 While the coefficient G is the same for all currents, flavour-changing quark currents bring CKM-
matrix elements with them that change the overall coupling strength between operators with different
fermions.
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adjoint representation, and the mass matrix My, for 1 in flavour space. Both here and
in the following, we use Greek letters u, v, p, o, etc. for space-time indices, a, b, ¢, etc.
as the colour indices of SU(3)., i, j, k, ¢, etc. as the weak indices of SU(2)r, and p, r,

s, t, etc. as flavour indices.

Beyond QED and QCD, we again construct all operators that are invariant under
SU(3)c x U(1)g, dimension by dimension. We consider here operators up to dimension

six. At mass dimension three, we have the Majorana mass term for neutrinos,
Oy = I/EPCI/LT 9)
pr

where C is the charge conjugation operator and the first neutrino v” is transposed. At

dimension five, we find dipole operators for the quarks and leptons, e. g.
Ouy = (drpo™dry) Fpu, (10)
pr

At dimension six, we find gluon self-interaction operators, e. g.

Og = [ GGG, (11)
and four-fermion operators, e. g.
0% = (dppyder) (Ersuent) - (12)

prst

The four-fermion operators can further be separated by the fermions being coupled
(denoted by a subscript of two to four out of u, d, e, v), their type of currents (denoted
by superscripts of S for scalar currents, V' for vector currents, and T" for tensor currents),
their chiralities (denoted by superscripts of two from L and R after the type of current),
and the gauge-representation of the currents (denoted by a superscript of 1 or 8 between
the current and chirality labels for operators that can have currents that are colour-
octets). For example,

oY

. = ('L_LLp'YHTaqu) (ﬂRs'YuTaURt) (13)
prs

is labelled uw for its two currents of down quarks, V' because they are vector currents, LR
because the first current is left-handed and the second current is right-handed, 8 because
the currents carry colour-charge in the adjoint representation and prst for its quarks’
flavour indices. In addition to these labels, we often differentiate between operators
that conserve the accidental SM symmetries of baryon and lepton number and ones that

violate them.
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For the preceding examples and all others following in section [[I, we use the operator
basis from [56], 57] which is complete, intuitive, and commonly used in the field. In later
chapters of this thesis, we will instead be working with the EOS basis of operators [58] [59]
to ease the use of the EOS software [60]. This basis is constructed to be particularly
convenient for interpreting the measurements of flavour observables, for example by
defining the operators to contain factors of coupling, CKM coefficients, and masses
that commonly appear in the corresponding processes. This is done such that the SM
contribution to these Wilson coefficients is of order one, O(1), and independent of the
relevant quark masses and also dimensionless. We will explore the operators relevant to
our analysis in detail later. To avoid any confusion between SMEFT and WET operators
of the same or similar names, we will denote WET operators as O; and WET Wilson

coefficients as C;.

5. Standard Model EFT

The Standard Model Effective Field Theory [61], 62] (SMEFT) is an EFT of all possible
interaction terms between Standard Model particles. In the absence of knowing the true
UV theory for physics beyond the Standard Model, we can predict observables with
it and fit their experimental values to it, to explore the space of new physics without

imposing®| a model on it.

The SMEFT is constructed from all SM fields using the SM gauge symmetries. Explicitly,
these are the left-handed quark ¢, and lepton ¢, doublets, the right-handed up-quarks ..,
down-quarks d,., and electrons e,., the weak bosons Wlﬁ of the symmetry group SU(2),
the hypercharge boson By, of U(1)y, and the gluons G, of SU(3)., as well as the scalar
Higgs doublet H.

We use the SM operators up to dimension 6 here, as in the WET case. A commonly

used basis for SMEFT is the Warsaw basis [64] which we will also be using.

Under the SM symmetry group, the only allowed dimension 5 operator is
OZZ = €ij€ke (KZ?;CE;W) H;H, (14)

which, after electroweak symmetry breaking, gives a neutrino Majorana mass term sim-

ilar to equation @D and where ¢;;. . is the fully anti-symmetric Levi-Civita tensor.

The dimension five operators we saw in the WET, the dipole operators, are now forbidden

5 While the SMEFT strives to be model-independent, there are some caveats to this. The SMEFT
treats the Higgs doublet as one of its fields, while the Higgs EFT (HEFT) treats the Higgs boson and
its associated Goldstone bosons as independent fields, which is sometimes seen as the more model-
independent approach [63]. In addition, low-energy new physics cannot be modelled through a high-
scale EFT, so for searches for light new physics, a different mode of operations is needed.
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due to the addition of the weak SU(2)r, to the symmetry group. They instead show up

at dimension six with an additional Higgs doublet, for example compare

Ogw = (qo*”d,) " HW,, (15)
pr
with equation . Similar to equation in the WET, we also find gluon self-

interaction operators, e. g.
b b
Og = f* CGZ”G,}’GZ" (16)

though now we find the same type of operator also for the W bosons which are non-

resonant degrees of freedoms at WET scales, e. g.

Oy = MW Wirwhe. (17)
Of course, SMEFT also has many four-fermion operators, for example

O qet = (ij’)/u%’) (és’met) (18)

where we notice that in comparison to equation here we have the right-handed
charged lepton current coupled to a left-handed quark doublet current, that is, both the
left-handed up-quark current and the left-handed down-quark current instead of coupling
to them independently like in the WET. This is a result of the weak SU(2)r being a
part of the SM (and thus the SMEFT) gauge group. As in the WET, the four-fermion
operators are further divided into categories based on the fermions they couple together
(denoted as ¢, ¢, u, d, e) and the gauge-representations of the currents ((1) in case of
a unitary current, if non-unitary versions of the operator exist as otherwise this label
is omitted, (3) for weak-triplet currents in the adjoint representation of SU(2)r, and
(8) for colour-octet currents in the adjoint representation of the strong SU(3).). While
these operators also differ in the types of currents and the chiralities of the fermions,
these do not need to be explicitly labelled as they are easily inferable from the fermion

labels. As an example,

O(Su = (cip’y#Taqr) (s YT uy) (19)

prst
is labelled qu for having a left-handed quark current and a right-handed up-quark current,
(8) for the fact that the two currents are both colour-octets, and prst for its flavour

indices. If the currents have mixed chiralities, all fermions in the corresponding current
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are listed, e. g.

Oreay = (Byer) (dodd) - (20)

prst

Due to the addition of the Higgs boson and the W bosons, which are not resonant
degrees of freedom in the WET, the SMEFT contains additional operators combining

these fields, for example

Oy = (HTH)? (21)

Ogrr = (H'H) (pd,H) (22)
pr

Opywp = HIT"HW}, B* (23)

A full list of operators can be found in [64]. We will discuss the operators relevant for our
analysis in detail later. To avoid any confusion between SMEFT and WET operators of
the same or similar names, we will denote SMEFT operators as O; and SMEFT Wilson

coefficients as C;.

6. Matching and Running in EFTs

Like all other QFTs, EFTs also need to be renormalised. For a review of renormalisation,
the need for it, and renormalisation group equations, see [51] [65]. In consequence, the
couplings of EFTs may run with scale, that is, an EFT’s Wilson coeflicients depend
on the scale u of the observable they are a part of, C; = C;(u). This is in general not
just a prefactor to the original Wilson coefficient at the UV scale A, but often involves
the mixing of operators, that is, the Wilson coefficient of an operator at a scale pu is a

function of all (or many) of the Wilson coefficients at the UV scale,
Ci(p) = Y fij(p. A)C;(A) (24)
J

with f;; being functions specific to the Wilson coefficients. This means that even if a
coefficient is expected to be C;(A) = 0 at the UV scale, it may still be present with
non-zero values at other scales p % A, if it is not explicitly forbidden by a symmetry.
For example, in section we will introduce an EFT with only one coupling at its
UV scale A, a coupling between an ALP a and either W bosons or flavour-universally
to diagonal fermion currents. Later, we will use this model to predict observables at a

lower scale, around the B meson mass, and find that at this scale, the running of the
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WCs has generated a non-zero WC for the flavour changing neutral current b — s,

Cabs(mp) ~ f(mB)Cyryww (A) # 0. (25)

If an EFT is the low-energy limit of a known UV theory, we know that the UV theory
and the EFT have to give the same result for observables that are within the scale of
validity of the EFT. With this, we can determine the Wilson coefficients of the EFT,
by predicting observables with both theories and equating them to solve for the Wilson
coefficients of the low energy EFT as a function of (possibly Wilson) coefficients of the
UV theory (which may also be an EFT). To do this, we of course have to run the UV
theory down to the scale at which the EFT is valid and predict the observable with the
run-down theory. For example, in the case of Fermi’s theory of 5 decay, we can run the
Standard Model down to the scale of 8 decay and compare the resulting formulas for g

decay in both theories to find

V24

pr— 2 .
8miy,

Gr (26)

In general, the running of WCs and the mixing of operators mean that when we match
a low-energy EFT onto a UV theory, we often do not have one-to-one matchings. Often,
this is quite intuitive. For example, the SMEFT treats its fields as being at energies above
electroweak symmetry breaking, meaning that the electroweak interaction is mediated
by W and B bosons, while in the WET, we have interactions with photons instead
and the interactions with W bosons are completely integrated out. Thus, the matching
condition for an operator of the WET to the SMEFT may look like [56]

O (1) = —= (cos O CP (1) — sin By By (11)) (27)

T2

for

Oy, = (drpo"dry) Flu (28)
pr

Ogw = (qo*”d,) HT'W, (29)
pr

OdB = (quNVdT> HBuV (30)
p'r

and where p the matching scale, v the Higgs vacuum expectation value and 6Oy the
weak mixing angle, both of which get contributions from SMEFT Wilson coefficients
themselves. In addition, throughout their running from the high cutoff-scale of SMEFT
the SMEFT operators also get contributions from additional operators [66]. Similarly,
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if we keep running the WET operator further down to other scales, we will again get

admixtures of additional operators [55].

Due to the complex nature of the renormalisation group (RG) evolution of these and
other EFTs, we will not be explicitly calculating any running of Wilson coefficients or
matching between EFTs in the course of this thesis. Wherever we encounter observ-
ables and theories of different scales, we will use numerical computational tools to run
couplings and match theories to each other. The tools we use are wilson [67] and [6§].
They use matching relations and anomalous dimensions for running parameters to the
highest theoretical precision known. We will still be discussing the consequences of the
RG running and results of the matching wherever they are relevant and interesting, but

will not show the details of the calculations.

B. Extensions of the Standard Model

1. Gauge Invariance and Portal Models

As we have established earlier, the Standard Model has the gauge group SU(3). x
SU(2)r, x U(1)y. The colour gauge group SU (3). corresponds to the strong interaction
which all quarks are charged under (in the fundamental representation 3 of SU(3)) and
which is transmitted by gluons G, (in the adjoint representation 8 of SU(3)). The
SU(2)r, x U(1)y correspond to the electroweak interaction. The weak isospin gauge
group SU(2)y is transmitted by the W bosons W) (in the adjoint representation 3
of the SU(2)) and acts on the left-handed quarks and leptons (in the fundamental
representation 2). The hypercharge gauge group U(1)y acts on all fermions and the

Higgs doublet. We can write down the finite gauge transformations of the fields as [51]

2
B, — B, + g—&,ﬂ (31)
1
ty 2 f
Wa = UW,Ut + 00,0 (32)
2
Gy — VG,V + givzm/T (33)
H = it — e PUH (34)
T\ hotvting €
2
0 = ( L ) — U1y, (35)
€L
qr = ur — e‘igUVqL (36)
dr,

er — e2Pep (37)



uR — e_%quR (38)

dp — e3%Vdp (39)

with € the U(1)y gauge phase, U the unitary 2 x 2 SU(2);, gauge transformation ma-
trix, and V' the unitary 3 x 3 SU(3). gauge transformation matrix. When we said we
constructed gauge-invariant operators in the last section, what we meant is that we con-
struct operators such that the operator is unchanged under the gauge transformations

of the constituent fields,
0; = O;. (40)

Gauge invariance not only needs to hold for EFTs, but for all QFTs. When constructing
new models of new physics beyond the Standard Model, we can first look at what gauge-

invariant combinations of fields we can form to inform our model building.

We will now consider some of the combinations with the lowest mass dimensions. The

first of which is the field strength tensor for the B boson,

F/.Ll/ = asz/ - &JBM (41>
2 2
— 0,By + —8,0,0 — 0,B, — —08,0,0
g1 91

= F,

which is SM gauge- but not Lorentz-invariant. While the B boson has a gauge-invariant
field strength tensor, the same is not true for the W boson and gluon field strength

tensors, which transform as

W — UW,, U 4 W, (42)
Gu — VGV £ G (43)

After electroweak symmetry breaking, that is, under the gauge group SU(3). X U(1)em,
the photon also follows equation , even though it is a mixture between the W and B
bosons. This is because after electroweak symmetry breaking, the electroweak symmetry
group SU(2);, x U(1)y is reduced to U(1)em, so the W’s gauge non-invariance under
SU(2)r is not relevant anymore. We can also directly see this by pointing out that the
photon is the gauge boson of U(1)ep,.

Another gauge-invariant field combination is

H'H - (e PUH) e %UH (44)
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= e W HUTUH
— H'H
which is additionally also Lorentz-invariant.

Other gauge-invariant combinations involve fermions, like

aytqL — e e s Vvt UV, (45)
= q7"qr
and similarly
Cryter — Coy™ey, (46)

upy'ur — urY'ugr
dry"dr — dry"dR

éR’y“eR — éRv“eR.
and also

ZLZ‘O'QH* — €i967iegLUTZ’02U*H* (47)

= lriooH*.

You may notice that terms of the form f; JRIR/L OF fr /RO [R/1 are not gauge-invariant.
This is due to the incompatibility of the left- and right-handed fermion fields’ transfor-
mations under SU(2)r. These combination are gauge-invariant only after electroweak
symmetry breaking where SU(2)r, x U(1)y breaks down to the electromagnetic interac-
tion U(1)em, which is why we saw dipole operators only in the operators of the WET
and not for the SMEFT and we otherwise saw scalar currents only in pairs to balance

each other out.

Having built these gauge-invariant field combinations, we can now think about how
physics beyond the Standard Model could look. The small deviations we have so far
detected from Standard Model physics as well as our evidence for dark matter indicate
that new physics is probably at most weakly coupled to the Standard Model — or
alternatively that it is very heavy, so that it has very little effective consequences on
our comparatively low-energy observables, in which case we may have a good chance of
exploring it with the EFT approach covered in the last section. Whether the new physics
is weakly coupled or not, however, we usually want to couple any new particles to the

Standard Model gauge-invariantly and with operators of low mass dimension. Often, we
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assume that there may be a number of new particles, but that only one of them interacts
with the SM. We call these models portal models. In the following, I will introduce a

few commonly used portals.

2.  Scalar Portal

A common portal is based on equation and couples a new real SM gauge singlet
scalar ¢ to the Standard Model Higgs via terms

) )

LD — éHwa - ;HTHQZ)qﬁ (48)
where the cubic coupling §; has mass-dimension one and the quartic coupling ds is
dimensionless. Due to its coupling to the scalar (or Higgs) sector of the Standard Model,
this portal is usually called the scalar portal or Higgs portal. We now follow [69] in

introducing the mixing between the SM Higgs and the new scalar, using unitary gauge,

1 0
HZ\@(hQ—I—U)‘ (49)

With electroweak symmetry breaking, the Higgs vacuum expectation value (vev) v is

introduced and the Lagrangian turns into
1., 1., 1 1
LD — 55111 ¢ — 55211 ¢¢ — 61vhod — 551h0h0¢ — 02vhopp — 552h0h0¢¢- (50)

In addition to the cubic and quartic coupling terms for the field combinations hg—hg— ¢,
ho— ¢ — ¢, and hg — hg — ¢ — ¢, there are also terms with two fields only. These are mass
terms. An additional mass term, that has not shown up yet, comes from the Higgs-only
part of the Lagrangian and gives the Higgs boson hg its mass. With it, the complete

mass Lagrangian is given by

m 52’02

2
" boho — S1vhod — =00 (51)

ED—2

The first and third term here are mass terms for the fields hg and ¢. The second term
is a mixing term between hg and ¢, signalling that these terms are not stable under
propagation and are not the mass eigenstates of the Lagrangian. To find these instead,

and with them states that propagate stably, we can first write equation as

1 m}QLO 61’0 ho
£3—2<h0¢>(51v 5QU2><¢>. (52)
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FIGURE 5: Diagrams showing the basis change from the Lagrangian basis of hg and ¢
coupling the new scalar ¢ to fermions via propagator mixing, to the mass basis of A
and S where the new scalar S couples to fermions directly through its hg component.

From this we can find the mass eigenstates of the systems as the field mixtures that
are stable under propagation by identifying the eigenvalues and eigenvectors of the mass

matrix. The two physical, non-mixing, states are given by
h _ cosf sinf ho (53)
S —sinf cosf 10)

m? + 6yv> m2 — §yv2
mz/sz ho 1727 4 ho — 2 V14 a2 (54)

with the masses

2

the mixing angle

tanf = —— (55)
1+v1i+z
and
51’0
, 56
v (56)

Equation (53)) rotates the fields from the basis of fields in which the Lagrangian is defined
to the basis of mass eigenstates. There, h is the physical Standard Model Higgs boson in
contrast to the Lagrangian field hg and S is the new physical scalar particle. Neither of
them now mix into each other during propagation. In equation , we have assumed
that S will be lighter than h because this is true for the model in section [[ITA] Except
for + — F in equation , nothing else changes when S is the heavier particle.

Through its mixing with the Higgs boson, the new scalar gains couplings to the other

Standard Model fields with the suppressionm factor of the mixing angle, for example to

" We can generally assume that portal couplings are small as their effects have not yet been detected,
which is why we can speak of suppression here.
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fermions
LD ypsindffs (57)

with yy the Yukawa coupling between fermions and the Higgs boson. We show this
diagrammatically in figure If we couple our new scalar ¢ to anything else outside
the Standard Model, we of course also induce a coupling to this in the Higgs boson.
These couplings are suppressed with a factor of sin 8, just like the coupling S gains to
SM fermions. If, for example, ¢ is a mediator to a dark sector which includes dark
matter, searching for invisible Higgs decays may be a way of probing this model. If such

a connection to dark matter exists, the scalar is often called the dark scalar.

There are many ways to construct a scalar portal in different ways or to add onto the
simple model we just introduced. We could introduce self-coupling terms between the

scalars,

LD = 03099 = 01999, (58)

an explicit mass for the scalar independent of the Higgs vacuum expectation value,
L 5
LD — §m¢¢¢, (59)
give the new scalar a vacuum expectation value as well
o — ¢ + vy, (60)
or impose a Zo symmetry on it,

such that the cubic term in equation is forbidden. There is also the possibility
to introduce more particles into the model, for example dark sector particles that only
the dark scalar starts out as coupling to. Instead of a real singlet scalar, we could also
introduce a more complicated scalar, like a complex scalar or a scalar doublet. The latter
are used in two Higgs doublet models, which are utilised for example in supersymmetry.
All of these changes of course change the explicit dependence of the mixing angle on
the Lagrangian parameters, but the general formalism of the new scalar mixing with the

Higgs still follows this calculation.
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3. Vector Portal

Another common portal is based on the gauge-invariance of the photon’s field strength
tensor, equation . We introduce an additional U(1) symmetry, often called U(1)x,
with its own gauge boson X,. The symmetry group of our new vector mediator is often
based on one of the accidental global symmetries of the Standard model, e.g. B— L [70].
The new boson is often called the dark or hidden photon A’, especially when it has a very
low mass [70], or the Z’, especially when it has a mass closer to the weak scale |71} [72].
The boson has the field strength tensor X,,,. With this, we can construct a gauge- and

Lorentz-invariant operator, 70, [73]
6/
Lo = 5P, (62)

the so-called kinetic mixing term. Depending on whether the SM fermions are charged

under the new U(1), we may have additional terms
L~ fy"fX, (63)

as well. These terms show up even when we do not put them into the initial Lagrangian
explicitly, because the kinetic mixing term lets the dark photon couple to the SM fermions
via the insertion of a SM photon. We can compare this to the mixing of the Higgs boson
with another scalar via mass mixing, which has a similar effect of giving the new particle
a coupling to SM fermions. Like in the scalar portal case, we can also redefine our vector
fields with a mixing angle to get a description with no kinetic mixing but instead explicit
couplings between the sectors [73]. While in the scalar case, we need to first break the
electroweak symmetry before mass mixing happens, here we preserve both U(1)s. For a
more detailed review of vector portals, which we will not be using further in this thesis,
see [TOHT3].

4. Neutrino Portal

Another common portal makes use of equation to couple the SM gauge-invariant
term (that is missing a second fermion to be Lorentz-invariant) to a new SM singlet
fermion N, [74]

L~ yplricoH*N. (64)

The new fermion is often called a sterile neutrino, as it does not interact directly via
any of the Standard Model interactions, or a heavy neutral lepton (HNL), since these

particles are often constructed to be much heavier than neutrinos.
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In the low-energy limit after electroweak symmetry breaking, equation translates
(with the introduction of the Higgs vacuum expectation value) to a coupling between

neutrinos and N directly, as a mass mixing term [74]

Ynv

LD =—vrN. 65
i, (65)
Additionally, we have couplings of the new fermion N to the Higgs boson and the
neutrino, and to the neutrino or the charged lepton together with a neutral or charged

Goldstone boson, respectively.

From the mass mixing term in equation , we gain a mixing between the SM and the
sterile neutrinos, similar to the mixing in the scalar portal earlier in this section. Through
this mixing, the sterile neutrino gains access to the SM interactions proportional to the
neutrino’s interactions. We will not be working with HNLs in this thesis, but refer to [74]

for a deeper look at their theory and current status.

5. Axions and Axion-Like Particles

Axion-like particles (ALPs) [75] differ from our portal discussions so far in the fact that
they do not generally come from Lagrangian terms with a mass dimension of four or less.
While there are models that UV-complete ALPs, the interaction terms of the ALPs
with Standard Model particles are usually of mass dimension 5. Axion-like particles
a are pseudo-scalars that are pseudo-Nambu-Goldstone bosons of approximate global
symmetries beyond the Standard Model broken at a scale f, much higher than the
electroweak scale. They have a shift symmetry a — a + ¢ that is softly broken by their
mass m,. The mass can be explained from UV models as well [76]. The name axion-like
particle refers to the QCD axion [77H79], a specific ALP constructed to solve the strong
CP problem.

The general effective Lagrangian for ALPs looks like [76], [80]

o,a - g2 y
LD ﬁ E ¢p7“CF¢F+CGG T6r Zf—G‘l Gau (66)
F
e 2o, y
fWZ WWV -———B,,B"
+CWW16 2f +CBBIG7T2 fa 1%

where F' € {qr,l,uR,dr,er} are the fermion fields, the Wilson coefficients/couplings
cp are hermitian matrices in flavour/generation space, and the dual tensor is defined
as XM = %8“” P? X ,-. We can see that all the terms in this Lagrangian are invariant
under the ALP’s shift symmetry. Terms of higher mass dimension can be neglected since

they would be further suppressed by higher orders of the symmetry breaking scale f,.
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Specific UV models of the ALP may impose relations between the ALP mass m, and its
symmetry breaking scale f, or any of the couplings in equation , but we will treat

them as free, independent parameters for now.

The couplings in equation run with the scale of the process they are used in. If
we only introduce few couplings in the UV, we will still induce other couplings through
renormalisation group running, as described in section[[TA 6l The renormalisation group
evolution of the couplings in equation is described in [76] and we will use the code [68]

for its calculation.

Later, we will use two ALP models in which either a universal diagonal fermion coupling
cyy or a coupling to the W bosons cyw is the only nonzero coupling in the UV. The

Lagrangians in the UV are then

0

L= ;achfl/;F’YuwF (67)
¢ F

and

2
a L
L= e A A 68
CWW 1672 fa uv ( )
We will also use A = 4rf, as a cut-off scale in analogy to the usage in the EFT sec-
tion. The running of the Wilson coefficients in the ALP Lagrangian generates effective

couplings that are not initially put in, giving terms of the form

oua

Lp<A)D cpsbyH's (69)

a

scale-dependently coupling the ALP to flavour-changing quark transition. The flavour
changing coupling ¢ is a function of the scale p of the process that it is used in, the cut-

off scale A and the UV coupling(s) it is generated from, in this case csf(A) or eyww (A).

C. Statistics

In particle physics, we are often concerned with using experiments to determine which
theories are more likely to be true than others. To handle and understand the data from
these experiments properly, we need an understanding of probabilities and statistics. In
the first part of this section, section [[TC 1], we will introduce some of the basics of statis-
tics in the form of probabilities and probability distributions. Then, in section [[IC?2
we will explain how to set limits on specific hypothesis. We will follow the pedagogical

treatment found in [38] 81 [82].
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1. Probability Distributions

In statistics, a random variable X describes the outcome of a single experiment. This
can for example be the number rolled on a die, the card pulled from a well-shuffled deck
of cards, or the set of particles a specific particle decays into. These events are described
by probability distributions that tell us how likely each outcome is. For example, the

probability for rolling a specific number, say 3, on a six-sided die is
P(X =3)=—. (70)

We can also define probabilities for the case of more than one outcome, for example the
probability that we draw a card of a specific suit, say heart, from a standard deck of

cards is given by the sum of probabilities of drawing each individual heart card,

1 1
P(X =Q) QQ_C%;MHD(X i) o-gf;sﬁ? T (71)
In addition to discrete variables like cards or integers, we can also have continuous
distributions of probability defined with a probability density function (PDF) p. Its
left-sided integral is the cumulative distribution function (CDF). The probability for
any specific range of values is also given by an integral over the PDF in this range or

equivalently by the difference between values of the CDF.

As an example, let us compute the probability that a radioactive decay of a single atom
happens between the times ty and ¢;. We begin with the observation that the rate of
spontaneous decay per unit time is a constant A. In other words, this process is one
in which the instantaneous probability for decay is independent of how much time has
elapsed. The rate of decays per unit time is given by this constant probability times the

number of radioactive atoms IV,

dN

— = _AN 2
= , (72)

where the minus sign signifies depletion of the population. The number of atoms N that

are still undecayed after a time ¢ when starting out with Ny atoms is then given by
N(t) = Noe . (73)

From this, we can extract the probability that a single atom is undecayed after a time ¢

as

P(t)y= —2 =M. (74)
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We are instead interested in the probability that a single atom has decayed,

_ No—N(¥)

Pl ==

=1—e (75)
This is the CDF. It describes the probability that a single atom decays at any point
before the time t after observing it at ¢ = 0. The PDF instead describes the probability
that a single atom decays at any specific point in time. It is given by the normalised

derivative of the CDF, that is,

P(t) = /0 at' p(t", (76)

such that,

p(t) = —. (77)

Therefore, the probability that a single atom decays in a range of time between ¢y and

t; is given by,

Pto<t<t)) = /tldt’ p(t) (78)

0
= P(t1) — P(to)
6_>\t0 _ 6—)\t1

A

In the first line, we express the probability as an integral over the PDF| in the second
line as a difference of values of the CDF, both of which give us the resulting closed form

of the probability given in the third line.

Until now, we have described the probability that a single atom decays within a range
of time. We have found that this decay process is spontaneous and independent of any
of its surrounding atoms. We can now consider the probability of the distribution of
the number of particle decays within a range of time instead. Processes like radioactive
decay, in which events are spontaneous and independent of history, are part of a class of
processes known as Poisson processes. The Poisson distribution describes the probability
of a discrete random variable X which is usually interpreted as a point-count. In the
case of radioactive decay, X is the number of atoms that decay in a specific range of
time. The probability that the distribution yields a point-count of exactly k, which in
our example corresponds to exactly k atoms decaying, is given by [3§]

DL

P(X = k)= fre (79)
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FIGURE 6: Poisson distributions with different mean values .

This is the probability mass function (PMF) of the Poisson distribution. It is the discrete
analogue of the PDF. As in the previous example, A can be interpreted as the constant
independent count rate or more generally as the average or expected count. Its CDF
corresponds to the probability that the point-count is k or lower, which in our example
means that up to k£ atoms decay. It is given, due to the Poisson distribution’s discrete
nature, by a sum over the PMF,
A\
P(X<k)=) P(X=i)=) Ze? (80)

7!
i<k i<k

Later in this thesis, we will look at particle collisions with specific final state particles and
placing them in a parameter space of several kinematic variables. We will place cuts on
this parameter space, and the placement of an event inside or outside of that region can
also be described by the Poisson distribution. A sample of several Poisson distributions
is shown in figure [} Notice that the Poisson distribution describes a discrete count.
However, when A becomes very large, the distribution may be treated as approximately

continuous. We will come back to this case later in the section.

We now turn to the normal distribution. The normal, or Gaussian, distribution de-
scribes the symmetric probability of a random variable X about a mean value p with a
characteristic spread given by its standard deviation o which is related to the variance
V as V = o2. This is the distribution often assumed for symmetric experimental errors.
The PDF for the normal distribution is given by [3§]

1 _@=w?
p(x) = et (81)
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FIGURE 7: Gaussian distributions with different means p and standard deviations o.
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FiGure 8: Comparison between a Poisson distribution of A = 8 and its Gaussian
approximation. While the two functions look very similar, it is clearly visible that the
Poisson distribution is not fully symmetric and curves differently in its slopes than the

Gaussian does.

Since this is a continuous distribution, its CDF is given by the left-sided integral over

its PDF. It is related to the error function erf as

b
Pl <b) = /_ dz p(x) (82)

=2 (e (57))
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The probability that the value of z lies in a specific range a < x < b is given by

Pla<o<t)— [de e (83)
a X = x e 20 .
T a V2o

A few sample Gaussian distributions are shown in figure [7l As shown in figure [§ for

large A the Poisson distribution is also well-approximated by a normal distribution with

V=p=A

The peak probability happens for the mean p and its width is described by o. Specifically,
1 £ o are the positions of the inflection points of the symmetric function and the half
width at half measure is given by v2In20. The standard deviation has another useful
property. Within one standard deviation (1o) of the mean value, one finds approximately
68 % of the probability. Similarly, 95 % is enclosed within 20 and 99.7 % within 30. In
the following, we will use the number of “sigmas” and their corresponding enclosed

probability interchangeably.

It should be noted that we need to differentiate between one-sided and two-sided inter-
vals. As shown in the left frame of figure [0 a two-sided interval is one in which the
PDF has been integrated symmetrically about the mean such that the quoted value of
xo + Az encloses the given probability. Therefore, two-sided intervals are interpreted
such that the value of x lies between zg — Ax and xg + Az with a given probability. As
shown in the right frame of figure [0] a one-sided probability is one in which the PDF
has been integrated from negative infinity as in the CDF. Therefore, one-side intervals

are interpreted such that the value of x lies below = < xg with a given probability.

2. Hypotheses and setting limits

A statistical hypothesis is a theory about the shape of a probability distribution for a
specific problem. For example, if we look at a specific particle decay, we may have the
hypothesis that the Standard Model is true. We would calculate a decay rate based on
this hypothesis and base our probability distribution on a Poisson distribution depending

on this decay rate.

Often, we have several competing hypotheses. The currently accepted theory Hj is
usually called the null or default hypothesis. In our case in particle physics, this is
usually the Standard Model. Another hypothesis may be, for example, that in addition
to the Standard Model we have a Higgs portal with an additional scalar particle, as
discussed in section [IB2l This will give us another prediction for the decay rate and,
following from that, a different probability distribution. We may call this hypothesis

H,,, where m is a parameter (or a set of parameters) of our hypothesis. In our example
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FiGURE 9: Comparison between the one-sided and two-sided intervals spanning one
and two o worth of events, both for the Gaussian probability density function. The
two-sided interval is symmetric around the mean while the one-sided interval starts at
—oo and reaches only part of the way down the second slope.

of the Higgs portal, this could for example be the mass of the new scalar. A hypothesis
test is the process by which we try to distinguish which of the hypotheses is true given

some data, and the determination of the certainty with which we can say this.

Say we have a counting experiment, where we have some decays happening in a parameter
space and we try to determine if they are explainable fully by Standard Model processes.
This is our null hypothesis. Otherwise, they may be explained by some physics beyond
the Standard Model (BSM). If we have a specific BSM model, we may call this additional
hypothesis H,,. Say we do an experiment that we expect could show hints of BSM
physics. We can now do two separate things: look for a discovery, or set exclusion

bounds.

When we look for a discovery, we are talking about the probability that a specific BSM
model is true. For exclusion bounds, we instead mean to determine the probability that
the Standard Model is wrong. That is, that there are signs of BSM in the data at all, not
necessarily of a specific model. For discovery, we need more proof than for exclusions,
since we need data that fits with the specific model rather than just not fitting with
the Standard Model. In addition, we tend to ask for a higher level of confidence for
discoveries than for exclusions. Discovery is usually claimed when the significance of
a measurement interpreted in the context of H,, instead of Hy is 5o, that is, with a
probability greater than 1 — 6-107°. On the other hand, for exclusion regions, we use
90 % or 95% (20).

To set a limit of a minimal number & > n,,;, of events necessary for our null hypothesis
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to be rejected with a confidence level CL, we require
P (X > nmin) = CDF(Poisson) (X > np,) > CL. (84)

The inversion of the CDF of the Poisson distribution is not a trivial matter, but can been
performed numerically and is accessible through tables and can be computed iteratively
relatively easily. A common example of this minimal value n,,;, is that for zero predicted
background (A = 0), one needs to find 3 or more events to be confident to a CL of 95 %
that the result is not in agreement with the prediction of zero background. That is, to be
95 % confident that the null hypothesis is wrong or incomplete the minimum measured
value must be at least 3. In particle physics, this finding would usually mean that there
is physics beyond the Standard Model that is relevant for predicting this process. For a

confidence level of 30 at zero background, we need six or more events.

In a collider counting experiment such as described above, the number of expected
background events and thus the minimal number of signal events needed to bound or
discover a theory, depends on the kinematic cuts we place on the parameter space. This
is because we count the number of events that land within the critical region. We choose
our kinematic variables such that signal and background are situated in parts of the
parameter space that are as separable as possible. We know that a set of cuts is better

when it contains fewer background events and more signal events.

A good formula to optimise when choosing cuts is the one introduced by Punzi in [81]. He
uses a Gaussian approximation for the Poisson distribution and defines a as the number
of sigmas corresponding to the desired confidence level, (t) as the signal efficiency and
B(t) as the number of background events based on the cuts ¢. The signal efficiency
is defined as the fraction of signal events that lie within the region whose boundary is
delineated by the cuts, that is, what remains after cuts. The function to be optimised
is then [81]
e(t)

oy TOf (85)

[\CliS}

Since this uses the signal efficiency and not the number of signal events in the region
within the cuts .S, we do not need to make assumptions on the total number of signal

events produced and can leave this open as a parameter of our hypothesis. This is not the

case for another common optimisation function, which requires this knowledge.

S
vB+S
Another advantage of Punzi’s formula is that it works even for very low background
counts whereas %, which is also often used for optimisation, is biased towards regions

of low background at the cost of over-depleting signal.
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FI1GURE 10: Schematic view of the Belle IT detector and its various components. Taken

from [83].

III. LONG-LIVED PARTICLES

A. Long-lived scalars at Belle 11

In my first paper [I] on long-lived particle decays, we consider a scalar portal model as
described in section and its long-lived decays at the Belle IT detector. This section
will fully be based on [I]. After introducing the detector Belle II in section we next
go into the scalar portal model we consider and its meson decays in section [[ITTA2] before
finally predicting the sensitivity of Belle II to long-lived particle decays in section

1. Belle II

Belle II is a detector at the ete™ collider SuperKEKB. The collider is tuned to the
collision energy of the Y (4S) resonance, which decays into B™ B~ and B°B pairs with
a joint probability of 96 % [38] or more. Due to this, it is often called a B-factory. Its
physics case is strongly supported by its strong potential to precisely measure rare B
meson decays, and other flavour physics observables. Over the first 8 years, the expected
luminosity is 50ab™! and the expected number of B meson pairs to be produced is
5-10' [83]. A schematic view of the detector layout is shown in figure
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The acceleration of the beams is asymmetric such that the centre-of-mass system is
boosted in the forward direction (for the electron beam) [83]. There is also a slight
angle between the two beams of 83 mrad [83]. The average boost of the B mesons is
(vB) = 0.3 [83], which is low in comparison with B mesons produced at the LHC, which
have an average boost of (v3) ~ 15 [84]. That is to say, while B mesons at the LHC
move on average with a velocity of (v) = 0.97¢, B mesons at Belle IT move at a much
slower velocity of (v) = 0.3¢. Since they move much slower, they stay inside of the
detector for longer. This is not only useful for the precise measurement of B and D

meson lifetimes and mixing angles [83], but also for BSM long-lived particle searches.

In comparison to the LHC, it is also important to note that Belle II has a much lower
background rate and much cleaner decay processes since the colliding particles are elec-
trons and positrons and not hadrons. At a hadron collider like the LHC, the centre-
of-mass energy of a specific process is also harder to determine because the particles
colliding are the quarks and gluons inside of the hadrons which carry only part of the
full collision energy. At an electron positron collider, we do not have this additional

complication. A schematic view of the detector layout is shown in figure [10}

The subdetectors we will focus on now are the silicon pixel detector (PXD), silicon vertex
detector (SVD) and the central drift chamber (CDC). While they all have different
specifications and precisions to their measurements, they all are able to detect charged
particle tracks and thus detect displaced particle pairs in this analysis. Thus, we will
refer to all three of them together as the tracker or tracking detector, Here, we will
simplify the tracker to be in the region between ¥,,;, = 17° and Jy,4, = 150° in polar
angle, unrestricted in ¢, and have a radius between p,;, = 0.05cm and ppq, = 113 cm.
This simplification of the tracking detector at Belle II is shown in figure For a more

complete introduction to the Belle IT detector and its research goals, see [83].

2. Scalar portal and meson decays

Now that we have introduced the detector whose sensitivity we will explore here, let
us specify what model we use. We work with a scalar portal model close to how we
introduced it in section Its Lagrangian is

1
LD — §mi¢2 — 6 H'Hg (86)

which means that in comparison to out earlier model we neglect the quartic term, but

add an explicit mass term. As described before, the scalars mix with the mixing angle
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FIGURE 11: Simplification of the tracking detector of Belle II (CDC) which we use for
the analysis in this section.

0 into the physical states h and S, as

1
mi/s =5 (mi — m,%o + Amz) (87)
2 2
1 ms< —m
2 o) h
(Am2)2 = 40%67 + (mé —mj,)>. (89)

This leads to the following couplings of the scalars to SM fermions

L= —Zw(coseffh—i—sineffS). (90)
v
f
As we can see, not only does the mixing give our new scalar S a suppressed coupling to
the Standard Model fermions, it also slightly diminishes the coupling of the Higgs boson
to them. While this also opens avenue for searches to probe this model’s parameter

space, we will hear focus exclusively on the interactions between S and fermions.

The decay rate of S into leptons can be easily determined to be

3
2 2\ 2
4 2
s = ms—_Ls sin® 6 (1 - ”;4) (91)
8mv mg

which is simply the rate of the SM Higgs boson decaying to fermions scaled by the mixing
angle sin? . Due to confinement, the rate of S decaying to quarks is more difficult to

calculate, such that we use the hadronic rates calculated in [85].

While the scalar S does couple to electrons and could thus be produced directly from the
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F1GURE 12: The dominant loop diagram that induces the effective b-s-S coupling as
part of the full process of S production and displaced decay to a muon pair.

me

. sin 0 ~

collision, it would be suppressed by the small electron mass in the coupling,
10~ %sin@. Since there are a lot of B mesons produced at Belle I, it is a reasonable next
step to check the production of scalars S in B meson decays. This proceeds via a loop
diagram, since the scalar has no flavour-changing coupling. The dominant diagram is
the one shown in figure[T2] The branching ratio of B to a kaon K and a scalar S is then
given by

2 o 2
Br (B K*g) = Y2Crlon (mb m) 72 (m3) (m% — m)> A} (i, mi, m3)

N 647TFBim?j3 mp + mg

(92)
with the effective loop-induced flavour-changing coupling cps at lowest order in HT—; being

_ 3ﬂGFm%

Cps — 1671'2 th‘/?; sin (9, (93)

the form factor fo(q?) from [86], the full B¥ meson decay rate I'g=, and
Ma, b, ¢) = a® +b* 4 ¢? — 2ab — 2bc — 2ca. (94)

The branching ratio turns out to be quite sizeable, Br (B* — K*8) ~ 0.5sin?6, so B

decays are a very good option with which to produce the new scalar at Belle II.

Seeing as all decays of S come from the Standard Model Higgs boson through mixing,
its decay will also always be suppressed by a factor of sin?€6. Thus, the full process of
production and decay of the scalar is proportional to the fourth power of the mixing
angle sin 6. Since a scalar S produced in a B meson decay will always decay to particles

lighter than 2myen < mp — mg, we get a suppression of the decay of S in comparison

Miight

to its production by a factor of e

from the mass hierarchical coupling of the Higgs
boson, see figure That means that the lifetime of S is longer than in a similar model
with non-hierarchical couplings, and that we can still retain a good production rate of

scalars S even while they have a long lifetime and thus decay displaced.
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While prompt decays have been well-explored in these models before [87], a better limit
still comes from LHCb’s displaced muon searches, B — KS, S — ¢/~ [88, [89]. Since
particles at Belle II are boosted less than at LHCb, particles of longer lifetimes would
have a higher likelihood of still decaying within the tracker, allowing us to probe smaller
couplings/mixing angles. Belle II also has a much larger solid angle than LHCb which

is situated in forward direction with an opening angle of 250 mrad [90].

To compare with the LHCD results, let us first consider a displaced decay into a muon
pair. The number of expected displaced muon pairs from S decays produced in B* —

K#* decays within the detector can be expressed as

1sind
N,+,- = 2Np+p-Br (B* — K*S5) Br (S — /ﬁ/f)/ dr ddg 3 el
Belle 1T S

e s (95)

with Ng+p- the number of BT pairs produced at Belle II. Since each pair is made up
of two mesons, either of which can decay into K .S, we multiply this number by a factor
of two. The integral over the decay rate with the lifetime dg = vg8g¢Ts determines how
many of the decays of S happen within the volume of the detector where they can be
detected. g is the polar angle of the momentum direction of S in the rest frame of the
B meson that produced it. The full derivation and calculation of this integral can be
found in [91].

Now, seeing as only about half of the B mesons produced at Belle II are charged, we
can adapt this formula to add the contribution of the neutral process, B® — KYS,
S — ptu~ as well. Due to the decay rates of the Y(4S5) from which the B mesons are
produced, 51.4 % of the produced pairs are charged while 48.6 % are neutral [38]. While
the decay rate of B — K S is the same for both charged and neutral B mesons, since the
only difference are in the spectator quark that is not directly involved in the decay and
the masses of the charged and neutral B meson differ very little, the two particles do
have different lifetimes. This means that their branching ratios differ accordingly. We

can summarise this as

TB+

Nyty- = 2Npp (0.486 + 0.514> Br (BjE — KiS) Br (S N HJF,U*) (96)

TBO
1sindg -

x/ dr diy = 05
Belle IT 2 dg

lsindy -
= 1.93Ny5Br (B* — K*S) Br (S — uﬂf)/ dr dg L5000
Belle II 2 ds

In addition to using both neutral and charged B mesons, we can also add additional kaon
resonances to our search. While K, the lowest kaon resonance, is a pseudoscalar particle,

the other relevant resonances are not. Thus, we use other production branching ratios
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FIGURE 13: Shown are exclusion bounds in the parameter space of the mass mg and
the mixing angle 6 of our new scalar. In blue, we see the 95 % CL exclusion bounds

from the search for BT — K+S, S — utu~ at LHCb [88,89]. In yellow and orange,

we have the 90 % CL exclusions from the inclusive displaced BaBar searches for pion
and muon pairs, B — XS, S — 77, uTp~ [95]. In green we see the sensitivity

region of Belle II with the final states of a muon pair, a pair of pions or kaons, or a tau
pair, which is defined as the region where 3 or more events are expected, which

corresponds to a CL of 95 % at zero background. As a comparison, we also show a

scaled up version of the LHCD search for the High Luminosity LHC (HL-LHC) as a

blue line. Taken from [I].

as calculated in [92], 03]. The kaon resonances we consider are the pseudoscalar kaon
K, the scalar kaons K(700) and K (1430), the vector kaons K(1270) and K;(1400),
and the axial vector kaons K*(892) and K*(1410) [38]. We neglect any other kaon
resonances as they are either too little known to predict or reconstruct them well, or
do not give a big enough contribution to include. This is particularly true for heavier
kaon resonances whose sensitivity range lies at small scalar masses mg where, as we will
see in the following section, we already have a very strong sensitivity. In addition to
differing in their production branching ratios, they also have different form factors. For
the pseudoscalar kaon we use the form factors from [94], for the vector kaons we use [86],
and for the other kaons we follow [93].
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3. Displaced decay sensitivity

In figure we show the sensitivity region of this search. It is defined as the region
where at least 3 signal events are predicted, which corresponds to a rejection of the
background-only hypothesis at 95 % CL, that is, if 3 or more events are found, which we
would expect from this model in the shown area, then we are confident at 95 % that this
cannot be explained by purely the Standard Model. This is valid under the assumption
that all events are measured with 100 % efficiency and that there is no background in
this channel. Due to this, the full realistic experimental reach is likely a little smaller.
An efficiency e smaller than 100 % has an effect of changing the sensitivity by a factor
of v/, while a small background of N, < 3 only changes the bound strength by a factor
of around 2. A dedicated study of the detector response and the background predictions

would have to be done to fully work out a realistic sensitivity region.

In addition to the displaced decay into muon pairs, we also consider the channels into
displaced tau pairs and displaced pairs of pions or kaons. The pion and kaon channel
ends abruptly at a scalar mass of 1 GeV because this is where our model of calculating
the branching ratio into them breaks down [85]. The tau channel starts late because
the mass m, is much higher than that of the muons, pions, and kaons. A DD channel
would likely have a similar reach to the 777~ channel, but its predictions have a very
high uncertainty due to the charmonium resonances in the region [85]. This uncertainty
also affects the sensitivity regions for the taus and muons through the lifetime, so the
predicted sensitivity region near charmonium resonances should be treated with a little

less certainty then the rest of the mass range.

The sensitivity region spans a range of mixing angles from 1072 to 10~°. On the upper
edge of the curve, the region ends because most of the scalars produced decay too far
inward inside the detector, in the prompt region (p < 0.05cm). Most of the area where
this is the case is already excluded by prompt searches and the LHCb search. The
sensitivity at the lower edge of the curve is doubly suppressed. On the one hand, at
such small mixing angles only very few scalars are even produced in the first place. On
the other, the few scalars that are produced also have a very long lifetime and tend to

decay outside of the viable detector region.

The shape of the contours is explained by the lifetime of the scalar. At 1 GeV, there is
a dip in the upper edge of the contour, a lessening of reach in the lower edge for muons,
and a heightening for pions and kaons. This is due to the fact that there is a resonance
in the decay of S. Near 1GeV lies the scalar hadronic resonance f,(980) which decays
to pion or kaon pairs and makes up a large amount of the decay width of S at this

mass. Thus, the lifetime is lower and the upper bound thus shrinks. On the other end,
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the muon branching ratio gets smaller and so does its bound, but the branching ratio
to pions and kaons increases significantly and so they have an improved bound around
this resonance, too. Similarly, the tau channel makes a big improvement over the muon
channel once it is kinematically viable, since its branching ratio is much larger due to
the mass-hierarchical couplings. We can see from the sensitivity regions for our three
channels that while muons may seem the most promising overall, the meson and tau

channels add regions of the parameter space that the muon cannot explore.

The BaBar search shown in figure [13| was the first search for long-lived particles at an
ete™ collider. It is an inclusive search, meaning that instead of choosing specific mesons
for the B meson to decay into like we do, they only require that the hadronic particles
that are produced contain an s quark, B — X3S. They then look for displaced decays

T, uTp~. Their results are quite

of the scalar into pion pairs or muon pairs, S — 7
promising, even though they look small in comparison to our predictions, as they had to
cut out the mass regions around known Standard Model resonances due to their inclusive
search strategy and had only a limited data set available that was not optimised for long-
lived particle searches. In particular, the luminosity available for the BaBar search was

489 fb~! [05], while our Belle II sensitivity region is projected for 50 ab~!.

The LHCb bound shown in ﬁgureis a reinterpretation of the studies [88][89] which look
for displaced muon pairs from long-lived scalars in the processes B* — K+5, S — uTu~
and B® — K*S, S — pu*pu~. The cut out regions for the SM resonances Kg, 1(25) and
1 (3770) are partly covered by the combination of the two searches in our reinterpretation.
To predict the improvement of the bound through the high luminosity run of the LHC
(HL-LHC), we have scaled up the current LHCb bounds with the additional luminosity
of the HL-LHC following [96] under the assumption that the displaced region stays
background free. Even with this scaled HL-LHCb bound, Belle II’s sensitivity region
still reaches lower mixing angles. This is due to the lower boost of Belle II, that allows
its particles a longer effective lifetime to traverse the detector. While at LHCb only
particles of lifetimes up to about ¢7 = 30 cm decay inside the vertex detector in relevant
amounts, at Belle II the scalars regularly decay within the tracker with lifetimes of up

to about ¢ ~ 10 m.

It is interesting to compare the results in figure where we use all relevant kaon
resonances with a scenario where we look for just the simplest case, only the charged
process with the lightest pseudoscalar kaon, B¥ — K*S. We show this comparison
in figure The inclusion of the neutral processes and the addition of the other kaon
resonances leads to an improvement over the simple case of a factor of two or more
for most of the lower edge of the sensitivity region. A full reconstruction of all kaon

resonances, especially the heavier ones, is experimentally quite difficult, so that not
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F1GURE 14: Comparison between the full sensitivity region for a search with all
relevant kaon resonances and both charged and neutral processes, shown with a solid
line, and the simpler case of only the charged process B¥ — K*S with the lowest-mass
pseudoscalar kaon, shown with a dashed line. Both cases are shown for all three
channels, as labelled in the plot. Taken from [I].

all resonances may be able to contribute as much as is shown here in a fully realistic

scenario. The true reach of Belle II likely lies between the two scenarios shown here.

At the time of the writing of this paper, Belle II had not yet started taking data, which
is why we found it important to compare it with other experiments whose run-time
would also lie in the future. One of these is the high-luminosity run of the LHC, the
LHCD prediction of which we have already shown in figure In figure we compile
more such experimental predictions, comparing the full sensitivity region of all three
channels with running, funded, and proposed future experiments. The bounds from the
beam-dump mode of NA62 come from [85, 7], the ones for the funded long-baseline
experiment FASER from [98] and its proposed future stage from [98], [99]. The bounds
for the other proposed long-baseline experiments come from [I00] for SHiP, [101] for
CODEXb, and [102] for MATHUSLA.

It is impressive that Belle II has a similar sensitivity to many of these long-baseline
experiments while using just the tracker with a total extension of 113 cm in transversal
direction p. Still, the large proposed long-baseline experiments would be able to explore

more than an additional order of magnitude in the mixing angle and thus greatly improve
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FicUrE 15: Comparison between our projections for the Belle II sensitivity and
proposed future experiments (dashed lines) and running or future funded experiments
(solid lines). More details in the text. Taken from [1].

on this result. As they are still awaiting funding, though, the promise of Belle II, which
is at this point taking data and releasing first analyses [I03-105], is a great step in the

direction of uncovering new parameter space through displaced decays.

Overall, we have shown the suitability of Belle II as an experiment for long-lived particle
searches. It benefits from its low boost and large solid angle, as well as from the clean
background. Doing a search for displaced pairs of muons, pions, and kaons would follow
through on the promise we saw in the BaBar search [95] and probe a large region of the
parameter space. It could especially explore parameter space beyond what searches at
the LHC seem to be able to achieve, and probe parameter regions that are usually seen
as the purview of long-baseline detectors. This paper’s promising result of a large reach
for long-lived particle searches at Belle II has greatly inspired the papers in the rest of
this section [[IIl It has also lead to increased interest within the Belle II collaboration to

work on long-lived particle searches in this and other models.

B. Far Detectors at electron-positron colliders

As we saw in the last section, Belle II outcompetes prompt and displaced measurements

at the main detectors of the LHC, but far detectors at the LHC are expected to do
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FIGURE 16: Signatures of a long-lived particle decaying into two charged particles in a
far detector, with (right) or without (left) the addition of neutral particles. Taken
from [4].

at least as well if not better than Belle II in looking for displaced decays, at least
in the specific Higgs portal model we considered in the last section. This naturally
begs the question whether a far detector placed at Belle II would also be able to greatly
improve on its sensitivity. In this section, we will be going through [4] exploring this very
question. We will first cover the design of the far detectors for Belle II in section [[II B I
then moving on to the benchmark models and the detector modelling in section
before exploring the reach of the far detectors in comparison to the main detector in
section Lastly, in section we will follow [6] in comparing far detectors and
the main detector for the International Linear Collider (ILC). Anything not otherwise

cited will come from these two references.

The signatures of long-lived particle decay we will be considering in this section are
displaced decays into charged particle pairs, just like the decay of S to two muons or
pions in the last section. We show a sketch of these signatures in figure We know
that Belle II can detect these kinds of signatures well. Now we want to construct far

detectors that can do the same and are still cost-effective and realistic.

1. Detector Design

Let us start with the experimental requirements needed to detect charged particle tracks.
For that, we first and foremost need a tracking system with a sufficiently high vertex
resolution. As we intend to make far detectors, the exact precision of the vertices is not
of a high importance, such that we settled on a vertex resolution of 10 cm. To make sure
that we have, in fact, an incoming neutral particle decaying into two charged particles
and not an incoming charged particle decaying into another charged particle and neutral
particles, we want to be able to tell the flight direction of the tracks in the detector.
For this, we need a timing resolution. This can also be used to determine the velocities
of the particles leaving tracks. To measure the velocities of these particles well, we set
this timing resolution requirement at 100 ps. As a last requirement, we need the latency

of the detector response to be around 1 us so that the far detector can be included in
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the Belle II trigger. The trigger is the system of the detector that uses information
about an event that is currently occurring in the detector to decide whether to save or
discard it. Including the far detector in the trigger means that the far detector could
trigger both itself and Belle II, and also that it would be triggered when an interesting
event is detected in the main detector of Belle II. It might even open the possibility for
defining more complicated states to trigger on where specific conditions are detected in
both Belle IT and the far detector.

While I will not go into specifics here on how such a detector can be achieved, these
detector capabilities are possible and affordable and are discussed in [4]. Particularly the
absence of a calorimeter and a magnetic field spanning the detector reduce the cost for
such a far detector. A calorimeter would allow us to detect further final states including
photons and neutral hadrons, which would broaden the physics possibilities a little but
come at a large price increase. A magnetic field spanning the detector would allow us to
fully reconstruct the momenta of particle tracks rather than just their velocities. While
this would again broaden the physics case, allowing for additional and more specialised
searches, it is simply not feasible for detectors of the size we propose. The cost of
the potential far detector is especially crucial as it would be an addition to an already

existing detector and as such has a much smaller budget.

A detector with these components can tell us a lot about the charged particle tracks
we measure within them. From the charged particle tracks, we can first determine the
vertex that they are produced at. From the direction of the two tracks, we can then
also reconstruct the direction of our long-lived particle (LLP) and thus whether it came
from the direction of the collision point at the centre of Belle II. From the opening angle
between the tracks and the velocities of the particles that make them, we can reconstruct
the mass of the LLP. We can also tell the absolute time, which we can use to check if the
event seen happened coincidentally with a collision at Belle IT and can thus be connected

to it.

We can already see that these properties of the detector will greatly help in suppressing
much of the background in the far detector. There are roughly three types of backgrounds
that we need to take into account. The first is neutral hadrons coming from the main
collision, shown on the upper left of figure Kg mesons are long-lived enough that
they could be a background for a far detector, depending on its exact distance, and
they dominantly decay into 7£¢¥v, [38], making them an obvious background for our
far detector. Most of the mesons get caught in the shielding around Belle II, though,
so that they would not make up a big proportion of the background. A bigger problem
are muons produced in the primary collision or as secondary decay products of the

produced particles that interact with the shielding. There, they can produce new Kg



48

-

-

\! -
- Be\\e -

H

FIGURE 17: Signatures of backgrounds from kaon decays at Belle IT’s far detector. On
the upper left, we see a Kg background from direct production in the main collision.
On the lower left, we see a Kg background induced by a muon g from the main
collision. On the right, we see a K% background induced by a muon from cosmic rays.
Taken from [4].

and other neutral hadrons like K9 and A° that would not otherwise be long-lived enough
to be backgrounds to the far detector on their own, were they produced in the primary
collision. This is shown on the lower left of figure Since this background originates
from muons that are produced in the main detector, rejecting all events that look like
an LLP but point in the direction of a coincident muon in the main detector can reduce

this background significantly.

The second source of background events are cosmic rays. While the fraction of neutral
hadronic Standard Model LLPs is negligible, there is a high amount of muons in cosmic
rays that can induce neutral hadrons in the shielding and surroundings of the far detector
as discussed in the last paragraph. This is shown on the right in figure Since these
muons do not come from a source that we measure, we have to find another way to reject
such background events. Luckily, the cosmic ray muons come from the direction of the
sky, meaning that the direction the tracks point to is very likely to not be the collision

point of Belle II.

A third background of note is the misreconstruction of a muon decay as the decay of a
neutral particle into two charged tracks, shown in figure The time resolution of the
far detector should usually get rid of this, and we have the additional bonus of being able
to reject decays of muons produced in the main detector based on the wrong direction
they point towards. This may not be the case for muons from cosmic rays, but there we
find that the mass of the misreconstructed LLP is usually too high to have been produced
at SuperKEKB. Signal events have additional properties that these background events

do not have. They are related in time to the collisions at Belle II, though the exact time



49

GAZELLE / GAZELLE /

H 5 - U -
\ Sesel 0 et .
Be\\e/ ........ "

FI1GURE 18: Signatures of backgrounds from muon decays at Belle II's far detector,
shown for muons from the primary collision on the left and for cosmic muons on the
right. Taken from [4].

difference between the initial collision and the LLP decay in the far detector depends
on the LLP mass and can thus not be restricted too closely. When the event in the far
detector is coincident with a primary collision in the main detector, we can also check if
the momentum of the LLP that we reconstruct matches the missing momentum found in
the Belle IT detector. For models in which the LLP decays only into two charged particle
tracks and not into any additional neutral particles, the tracks and the line between the
reconstructed decay vertex and the collision point at Belle IT all lie on a plane, which is

very unlikely to be the case for background events, where it can only happen by chance.

As we can see, the placement of the shielding in relation to the far detector is somewhat
of an optimisation problem between placing enough of it to shield the detector from
neutral particles and placing it far enough away that any muon-induced hadrons do not
decay within the detector. The cosmic ray backgrounds could be reduced by adding an
active veto on top of the detector, such that we can reject muon-induced backgrounds
better. Overall, we are optimistic that the background is reducible to a very low level,
though a full background study would be needed to produce quantitative results. For
the remainder of this section, we will be assuming zero background events and 100 %

efficiency in detecting and reconstructing signal events.

Due to the low background expected and the long-lived particle search aim of it, we
call the far detector we propose here GAZELLE. GAZELLE is the Approximately Zero-

background Experiment for Long-Lived Exotics. Its name is a recursive acronym.

Let us now consider the specific shape and positioning of GAZELLE. To propose a
realistic detector, we need to consider the space around Belle II and how much of it is
unoccupied enough to place another detector into. Within the confines of Tsukuba hall,
the hall in which Belle II resides, we propose two designs, with a third detector proposed
close-by.

The first detector, which we will call BabyGAZELLE (labelled BG for short) on account
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FIGURE 19: Schematic sideview (left) and topview (right) of the proposed far detector
BabyGAZELLE at Belle II. Taken from [4].
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FIGURE 20: Schematic sideview (left) and topview (right) of the proposed far detector
L-GAZELLE at Belle II. Taken from [4].

of it being the smallest, is a cube of 4m side-length positioned on the floor of Tsukuba
hall as close to the beam-line as possible and as forward as possible. This detector would
also work well as a proof-of-concept first stage for a larger GAZELLE, like FASER is to
FASER 2 [98] or CODEX-3 to CODEX-b [106].

The second detector design we propose will be called L-GAZELLE (labelled LG for
short) for its shape. It would be constructed along two of the walls in Tsukuba hall, the
wall in forward beam direction and the one on the far side of the hall from the detector,
parallel to the beam. We label these two parts of the detector B1 and B2 respectively.
The detectors would span the whole height and length of the walls and have a depth of

6m in the case of B1 and 3m in the case of B2.

The last detector proposed is also the biggest, which is why it is named GODZILLA
(labelled GZ for short). Instead of being inside of Tsukuba hall, it would occupy an
empty plot close to it, taking up the space of a whole building.
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FIGURE 21: Schematic sideview (top) and topview (bottom) of the proposed far
detector Godzilla at Belle II. Taken from [4].

The full measurements of all three detectors are shown in table [ Their coordinate
system is built around the collision point within Belle II as its origin with the z axis
following the forward beam direction, the y direction pointing straight up, and the x
direction pointing towards the far end of Tsukuba hall, perpendicularly to the other two.
The detectors are also shown along with their placement in or around Tsukuba hall and
the Belle IT detector in the figures 19| (BG), 20| (LG), and 21| (GZ).
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Detector Size [m] | Position [m]|Solid angle €
Name Abbr. |z y z|lxz y =z |[st]  [%]
BabyGAZELLE BG |4 4 4|10 -3.7 10 |0.12 0.95
L-GAZELLE B1 LG-B1|6 16 24{35 2.3 0 (0.34 2.7
L-GAZELLE B2 LG-B2{26 16 3 |19 2.3 10.5/0.76 6.0
GODZILLA GZ 12510 50[-27 18 20 [0.74 5.9

TABLE I: The size and position of all three GAZELLESs, as well as their solid angles
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FIGURE 22: The representation of Belle II's tracker, the CDC, in the two-dimensional
plane of p and z.

For our comparison to Belle II we use the measurements

17° < ¥

< 150°

—55cm < z < 140 cm

0.9cm < p < 60 cm.

(97)

It is shown in figure In comparison with the tracking system described in sec-
tion and shown in figure the radial extension here is chosen to be much

smaller. This is due to the fact that to detect tracks and to reconstruct vertices, a

certain amount of hits in the detector are needed. So while particles decaying at a ra-

dial distance of, say, 80 cm from the central collision point still decay in the detector,

their tracks may not be able to be reconstructed to find their decay vertex with a high

certainty, which is why we limit the detector size here. The solid angle of the Belle 11
tracker is = 11.5sr (90 %). We will abbreviate the Belle II tracker in the following

as CDC, since most of its volume is given by the CDC subdetector, as described in

section [[TTA Tl
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2. Models and Modelling

Now we have to consider how to compare the different detectors with each other. We
use three different models as benchmarks for different LLP scenarios. We generate
samples for each benchmark model and several representative parameter points. Lastly,
we analyse their behaviour regarding the different detectors with a with a software I
wrote. In this section, we will first introduce the benchmark models and then move onto

the analysis software.

The models we use to probe the LLP response are an HNL model [107, 108, an ALP
model [109, 110] and a model with inelastic dark matter (iDM) [IT1], in which a dark
scalar is the LLP. These models were chosen as a representative sample of LLP models
as they all involve the use of portals and are commonly used in LLP analyses. They also
nicely span the parameter space not only through their different model structures but
also through the different production channels they are produced in and the different
kinematics that follow from them. The HNL couples to the 7 lepton through a mixing
angle with the tau neutrino v, and is thus produced in the decay of the 7 leptons that
are abundantly produced at Belle II. The ALP is produced in the decays of the equally
abundant B mesons, similar to the dark scalar we discussed in section [[ITA] The dark
scalar of the iDM model, lastly, is produced in association with a dark photon directly
from the eTe™ collision. While we have considered all three models with the same care

in [4], T will mostly limit this section to the ALP model with which I worked most closely.

The ALP model used here follows the effective Lagrangian

L= — 291‘]‘%&1"7“%‘ + %%%“7% (98)
giving the ALP an effective coupling to down-quark FCNCs and a diagonal coupling to
leptons. As discussed in section [[IB5] these couplings may either come directly from the
UV theory of this ALP, or may instead only come about through its RG evolution. For
simplicity, we will only set the couplings go3 = gs and ¢, = ¢, = c. to nonzero values
here. While other configurations will surely have a similar qualitative behaviour, their
dependence of the parameters may be significantly different and more complicated. As
this is not a study focussed on exploring the full parameter space of the ALP, but the

space of possible far detectors, we will work only with this specific model configuration.

In this model, the production rate of the ALP in rare B* — K decays is [112]

2 m2 — m2 2
e icea = 1000 1 )P Bk

1
2 , , 99
-} (mp, MK, Ma) (99)
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FI1GURE 23: The production and decay of the ALP a defined by the Lagrangian in

equation .

with the scalar hadronic form factor fo (¢*) [86] and A(a, b, c) defined in equation .
The ALP’s decay rate to leptons is [76] 113]

m2 |cg|? 4m?
Cysrte = 8377 Az M 1—m—2@. (100)
a

In figure we show the Feynman diagram of the ALP production and decay.

Now that we have our model in place, we generate 10,000 sample events for every
choice of parameters in each model with the help of EvtGen [I14] (or, in the cases
of iDM and HNLs, MadGraph [115]). The resulting .hepmc-files are then run through a
MadAnalysis5 [I16H123] script I wrote to read out the LLP’s momentum and production
vertex and write them to another file that is the input for the analysis program. I wrote
the main program in Mathematica [I124] and while we focus on the ALP case here it was

used for the analyses of all three models.

After reading in the momenta and production vertices of the LLPs in every event, the
program determines the probability that the LLP decays within a given detector. For
this, the three GAZELLEs are coded into the program as cuboids and the code first
checks if the ray given by an LLP’s production vertex &y and its momentum p’intersects

with any of the cuboid’s faces,
To+r-p=fo+s-fi+t-fo (101)

where ﬁ) is one of the corners of the cuboid’s face, and fi and ﬁ are vectors pointing
along opposite edges of the cuboid away from f_{), generating the surface. The variables
r, s, and t are determined via Mathematica’s Solve function. If there is an intersection,
we then check if it happens on the cuboid’s surface rather than just in the plane of it,

i.e.,

(102)
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and whether it happens in the flight direction of the particle,
r>1. (103)

If this is the case for any of the faces of the cuboid, then we know that the particle
intersects with the detector as a whole. We then determine from the intersection points
where the particle enters (Z;,) and exits (Zyy) the detector. From this, we determine

the length of flight of the LLP at the moment of entering,

bin = |Zin — Tol, (104)
and exiting,

bout = |Zout — T, (105)

the detector. The probability that the LLP decays within a given detector is 0 if it
does not intersect with in. Otherwise, the probability that the LLP decays within the
detector is given by the difference in probabilities of it not decaying before entering the

detector and it only decaying after the detector,

0 7 misses detector
]P’L = _ Z7."n. _ Zout (106>
e it — e Piet §intersects between £, < £ < Loyt

The probability is then averaged over all available samples,
(P) = iZ]P- (107)
=¥ i ”

This procedure works well for the cuboid GAZELLEs but is less applicable to the cylin-
drical Belle II itself, where the faces are less easy to work with in Cartesian coordinates.
For Belle II, then, I wrote another version of the code following the same principals.
There, Belle II is translated into cylindrical coordinates as already defined above, with
rho describing the radius in transversal direction, z being the direction of the beam-line
and thus the barrel direction, and the angle around the barrel being given by ¢. Since
Belle II is (approximately) invariant in ¢, we can reduce the detector down to a shape

in p-z space as shown in figure

We then similarly reduce the particle ray’s coordinates to the transversal and longitudinal

directions as well. Then, for every edge of the irregular polygon that is the Belle II
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tracker, we check if the particle ray intersects with it by solving

<p>+r-<ZT>=<€§>+s-<ef) (108)
z z €0 €1

where €j is one of the corners of the edge and €] points in the direction of the other all
along the edge. As before, there is an intersection if > 0 and 0 < s < 1. From the
intersections with the edge we can again get ¢;, and f,, from which the probability

definitions follow as above.

Since we want to compare the reaches of the different GAZELLESs to the reach at Belle II,
we will later look at probability ratios instead of probabilities themselves, normalising
(P)sa/Lc/az by (P)ope to discuss the different ways these probabilities evolve with
the LLP couplings. In addition, we will also look at the absolute number of events that
we expect to decay in each of the GAZELLESs or in the Belle II tracker. This can be
defined, here for the ALP case, as

Nevents = Ngg X Brp+_gctq (Ma, gsp) X Bro_yp+o— (Ma, o) X (P) (Mg, co) . (109)

This is valid with the assumptions of there being no background events and the efficiency
in detecting any event being 100 %. Comparing equation with equation , we
can see that we here switch out the integration over the volume of the detector with an
average over a large sample size of particles probing just this detector volume. For the
ALP, we use the maximal non-excluded value of g4 in the calculation of Neyents. These

values are extracted from [125].

3. Long-Lived Particle Reach

Now that we have introduced our model and our analysis procedure, let us take a look
at the results we receive. In figure we see the probability ratio of GAZELLE over
Belle II for each of the three GAZELLEs and a range of ALP masses m,. As we can
clearly see, for small couplings which corresponds to long lifetimes GODZILLA (and for
mg = 4GeV also L-GAZELLE) outperform Belle II, i.e., it is more likely for a very
long-lived ALP to decay within GODZILLA than Belle II. In contrast, the probability
for an ALP to decay within BabyGAZELLE reaches barely 10 % of the decay probability

within Belle II even for the highest mass.

The drop in the probability ratio corresponds to the couplings where the ALP becomes
short-lived enough to decay dominantly within the Belle II tracker. There is a notice-

able difference in probability between the light masses and the m, = 4GeV case in
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FIGURE 24: The ratio of the mean probability to decay within any of the three
GAZELLEs normalised by that of decaying within the CDC as a function of the
effective ALP coupling to leptons, % and several ALP masses mg,. Taken from [4].
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ma [GeV]|gs [107°]|L-GAZELLE Belle II [LG/CDC
0.3 3.9 14-107° 1.2-107°| 1.2
2.0 3.8 1.7-107¢ 14.1076] 1.3
4.0 3.5 44-1077 45-1077] 1.0

TABLE II: The projected reach of L-GAZELLE and Belle II in the effective ALP
coupling to leptons, §{ for several ALP masses m,. The second column shows the
maximal allowed FCNC coupling from [125]. The last column shows the ratio between
the reach of L-GAZELLE and Belle II. A number smaller than one means that
L-GAZELLE has a stronger sensitivity than Belle II, while a number larger than one
means that Belle II has the stronger sensitivity. Taken from [4].

L-GAZELLE and BabyGAZELLE. At m, = 4 GeV, the ALP has to carry most of the
momentum of the B meson that decays into it, and thus inherits most of its forward
boost. Since both detectors are in the forward beam direction and get close to the
beam, their probability to have the more forward ALP decay in them rises, in contrast
to the lower, more isotropic masses, and GODZILLA, which is not placed in the forward

direction.

Figure [25 shows the number of events expected for the GAZELLEs and the different
mass benchmarks. Also shown is the 3 events line which corresponds to a confidence
level of 95 % that such an occurrence could not be explained by the null hypothesis, that
is, without the ALP. We see that for higher masses, the probeable region of coupling
becomes lower, as we also saw in figure [[3] of section [[TT A] While the lifetime gets smaller
as the particle gets heavier and more decay channels open up, the velocity of the particle
also gets much slower and it thus spends more time within the detector, giving us access
to lower couplings. In table [[I, we show not only the maximal allowed value of gg
from [125] for three masses, but also the lowest probeable coupling ¢, for both Belle 1T
and L-GAZELLE at this mass, and the ratio of the two. This ratio tells us how much
we can improve on the Belle II prediction with GAZELLES.

From both figure[24] and table[[T} we can see that the GAZELLESs do not offer significant
improvements over what we predict for Belle II. This turns out to be for geometric
reasons. For particles that are very long-lived with regard to the detector we consider,

d = ~vBer > Ui, D, the probability approximates to

Lin Lin+D
P=e"d —¢ 4 (110)
D
~ QX — 111
= (1)

in the limit of a fully isotropic angular distribution. The “goodness” of the detector,
its fiducial acceptance, is given fully by its geometric properties, its solid angle ) and

its radial depth D. With the values from table [, we can now calculate the fiducial
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acceptances for all three GAZELLEs and for Belle II's tracker in comparison. They are

Belle IT:  11.5sr x 0.6m = 6.9srm, (112)
BabyGAZELLE : 0.12sr x 2.5m = 0.3srm,
L-GAZELLE : 0.34sr x 5.3m + 0.76sr x 4.1m = 4.9srm,
GODZILLA : 0.76sr x 4.1m = 8.9srm.

As in the earlier plots, we see that BabyGAZELLE has a much smaller acceptance than
the other detectors. It is both too thin and has too small of a solid angle as seen from
the collision point to make much of an impact. On the other hand, L-GAZELLE and
GODZILLA have fiducial acceptances of the order of Belle II's, explaining the closeness

of their predicted number of events and lower bounds on the coupling, too.

Of course the fiducial acceptance does not always equal the probability quite as easily
as in the very long-lived case, and not all models (under all choices of parameters)
have isotropic distributions of LLPs, as we saw for the heavy ALP. Still, the fiducial
acceptance is a good measure for comparing different detectors and their reach for long-
lived particle searches. We can now see, that there is no possibility of an improvement
of an order of magnitude or more without improving either the solid angle or the radial
thickness of any of the detectors by an order of magnitude as well. Unfortunately, this is
not possible within the constraints of Belle IT’s existing placement in Tsukuba hall. In
the next section, we will thus discuss the usefulness of far detectors for a detector that

is still in development, the International Linear collider (ILC).

Before that, however, let us quickly gather what we have concluded so far. Far detectors
at Belle II, specifically L-GAZELLE and GODZILLA, are able to add O(1) contribu-
tions to the sensitivity to long-lived particle decays. While this is no overwhelming
improvement, it is also not negligible. In addition to this small improvement, there
are non-isotropic models and models with different signatures than the simple displaced
decay vertex that one could discuss that would gain still more from a far detector, as
shown in section 6 of our paper [4]. Even for the models shown here, there may be
improvements our simple analysis could not encapsulate, like effects from the connection
of the triggers of Belle II and GAZELLE which might lead to a higher chance of catching
interesting missing energy signatures in the main detector and connecting them with the
decay of the missing particles in GAZELLE. A third advantage to a far detector would
be the measurement of LLP properties should one be detected, especially if it is first
detected in missing energy searches that are not able to characterise their finds as well
as a directly measured displaced decay. We will study the complementarity of displaced

searches and missing energy searches for LLPs in more detail in section [[ITC|
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Detector Size [m] |Position [m] Fiducial acceptance
Name Abbr.| z y 2z |z y =z % (%] (r) [m] - (r) [srm]
Shaft S 18 30 18 1045 O 2.6 16 5
Tunnel T |140 10 10 |0 -5 -35 4.6 11 6
Ground G |1000 10 1000{0 75 0 44 23 126

TABLE III: The size and position of all three far detectors for the ILC, as well as their
solid angles (2, average radial depths (r), and fiducial acceptances € - (r).

4. Far Detectors at the ILC

Now let us take a quick look at the reach of far detectors at the International Linear
Collider (ILC) [126], a proposed ete™ collider that would be run primarily as a Higgs
boson factory in contrast to the B factory that Belle IT is. We will work with the 250 GeV
ILC with unpolarised beams and consider the ILD as its main detector. In this section,

we will follow [6].

While the ILC has not been built yet, there is already a very complete plan for it and
its surrounding structures. Thus, we have to take take the surroundings into account
in a similar way as at Belle II. After trying out several more designs, we finally settled
on three. The first of these would be placed in the vertical shaft above the collision
point, through which the main detector ILD will be lowered down. The second detector
would be placed along the length of an access tunnel that runs in parallel to the cavern
with the main detector. The third detector would be placed on the ground above the
detector. While we construct the first two, which we call Shaft and Tunnel, respectively,
with realistic dimensions, the third, named Ground, serves as an upper limit for large
detectors and as such is itself larger than is realistic. The measurements of all three far

detectors are shown in table [[TI} Their size and positioning is shown in figure

The ILD is made up of multiple subdetectors. The ones relevant for the tracking system
and which we will consider here are the multi-layer vertex pixel detector (VTX) and the
time projection chamber (TPC). Together they form a cylindrical decay volume which,

in cylindrical coordinates, is given by

8° < ¥ <172° (113)
—235cm < z < 235cm

0.6cm < p < 180.8cm

and shown in figure The ILD’s solid angle is /47 = 99.9%, its average radial
thickness (r) = 2.2m, and its fiducial acceptance Q - (r) = 27srm. From this and the
values in table [[TI, we would expect, to first order, that isotropic LLPs have a higher



62

Ground

[IShaft

|—°_I£:Tunnel

| AShaft

Tunnel

FIGURE 26: The three proposed far detectors for the ILC shown around the
interaction point (IP) in side view (upper plot) and in top view (lower plot), with the
Shaft detector in green, the Tunnel detector in red and the Ground detector in orange,
as well as the ILD in blue. As the Ground detector is very large in the x-z plane, it is

not shown in the top view. It is centred around (z, z) = (0,0). Taken from [6].

chance to decay within the ILD than in the Shaft or Tunnel detectors, but a higher
chance still to decay in the Ground detector. To verify this, we now need to introduce

a benchmark model to test our prediction with.

As for GAZELLE, we again use an ALP model. Since the ILC is not tuned to produce B
mesons, we choose different production channels for our ALP, eTe™ — ay and eTe™ —
Z~ — (a7y)y. The two production channels are shown in figure We use the following
Lagrangian (at high scales beyond the weak scale)

Cyy 0

Oty 50 4 oy 020

= Wi/ 114
2 f. 4r f, w (114)

L(p> py) =
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FIGURE 27: Schematic view of the ILD detector in the coordinates of the
transverse/outward detector direction p and the beam direction z.

FI1GURE 28: Feynman diagrams for the production channels considered for the ALP at
the ILC.

which after electroweak symmetry breaking leads to terms of the form

L(p < prw) D %fﬁ (cWFWFW +2- 92 p 7y CQZCZQ ZWZW> (115)
a

SwCw Swlw

with the couplings

ey = erw (116
Cyg = Cq%)CWW (117)
czz = Copeww (118)

and s, = sin#, and ¢, = cosf, the sine and cosine of the weak mixing angle 6,,,

respectively.

The process ete™ — a7y couples the ALP through the photon coupling, ¢, while ete™ —
Z~ — (a7y)y with its physical intermediate Z boson couples it through the mixed photon-
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Z boson coupling, cyz. The cross sections to both processes are numerically given by

2
o(ete” = ay) ~ 298 <J;V[VTVZW) b (119)
2
o(efe” = Zy = (ay)y) ~ 144 <fGCIE‘:I’VeVV]) tb. (120)

We only allow the decay of the ALP to light leptons, so that

mamz [ cop 2
Tomstre- = —g— (f) . (121)
a

In the following, we will work with the mass benchmark m, = 0.3 GeV and the coupling
benchmark cyyw/fo =1 TeV~!. Then, the lifetime of the ALP is

Ty = ——— (122)
~ 50 (fa[TeV]>2 pm. (123)

While the production cross sections and the resulting kinematics do not change much
with the mass of the ALP, the decay rate and lifetime do, so re-interpreting our following

results for other masses should be done with care for the changing lifetime.

Kinematics are the reason that we consider two different production processes here. In
the case of eTe~™ — a7y, the ALP and photon are produced back to back and have a
well-defined energy of exactly F, = E, = 125GeV, as well as a maximal pr of roughly
the same value. The angular distribution of the ALP is biased toward the transverse
direction near ¥, ~ 5. On the other hand, eTe™ — Zv — (ay)7y has a very different
kinematic distribution. Since the ALP is here produced together with two photons, its
energy is distributed over a wider range of values, with £, = 125 GeV as the endpoint.
The cross section for ete™ — Zv is collinearly enhanced in beam direction [127], such
that the ALP inherits the forward boost of the Z and is produced with bias in forward
direction, in contrast to the other production channel. These kinematic distributions

are shown in figure 29

Now that we have detectors and a benchmark model, we can determine their reach for
displaced decays. Using the same procedure as described above, though the program
itself was ported to Python [128] and Jupyter [129], we generate 100,000 events with
MadGraph5.aMC@NLO [I15] [130] for each production channel and calculate first their mean
decay probability within the detectors, (IP), and then their expected number of events,

Ny = Lo (efe” = aX) (P), (124)
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F1GURE 29: The kinematic distributions of energy E, on the upper left, transverse
momentum p% on the upper right, and scattering angle 6, in the lower plot of an ALP
with m, = 300 MeV, produced via ee™ — a7y (blue) or eTe™ — (ay)y (red) at the
ILC with /s = 250 GeV. Taken from [0].

where £ = 250 fb~! is the luminosity of the ILC.

In figure [30] we see the expected number of events for the four detectors. Table[[V]shows
the reach of the four detectors in the coupling, ¢y /f,. The reach corresponds to the
lowest coupling at which we expect at least 3 events, as this is the 95 % confidence level
of not being caused by the SM alone, assuming zero background and 100 % efficiency.

Figure [31] shows the reach in terms of the production cross section and the lifetime of
the ALP.

As we expected from the fiducial acceptances, more ALPs decay within the ILD than
at the smaller far detectors Shaft and Tunnel, and the huge Ground detector does have
more events than the ILD for a significant range of couplings. We can also see that
the Shaft detector has a very different response to the second production channel with
the intermediate Z boson than the others, predicting much fewer events in comparison.
This is due to the different kinematics in the two channels, with the Z channel having

ALPs that are produced much more forward, which does not diminish the number of
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Ficure 30: The expected number of signal events N, in the three far detectors
(Ground in orange, Shaft in green, Tunnel in red) and the main detector ILD (in blue)
at the ILC as a function of the effective coupling to leptons, cg/ fo, with
eww/fa = 1/TeV and m, = 300 MeV. On the left, we have the production channel
ete” — ay and on the right eTe™ — Zv — (a7)y. Taken from [6].

coe/ fa [107%/TeV]|ILD Ground Shaft Tunnel
ete” — ay 1.3 058 3.1 24
ete” = (ay)y |12 054 3.0 22

TABLE IV: The expected reach of the four detectors in the two production channels in
the ALP-lepton coupling ¢/ f, for cyww/fo = 1/TeV and m, = 0.3 GeV. Taken
from [6].

events in the Tunnel detector which is centred around the beam line, but does so for
the Shaft detector, which is placed at a distance perpendicular to the beam. While the
Ground detector is also placed in the transverse direction, there is very little change in
its response due to its enormous size. A third feature of note is the plateau seen in the
event distribution of the ILD. This is due to the fact that it is thick in comparison to its
distance to the interaction point, %, spanning several orders of magnitude in lifetime

for ALPs to decay within it.

In conclusion, while far detectors at the ILC can measure displaced decays, the realistic
options do not add much sensitivity to what the main detector ILD can already achieve
on its own, and even the massive Ground detector adds only a very small improvement.
Like at Belle II before it, this is a sign that eTe™ detectors are themselves already very
well-suited to detecting long-lived particles due to their low background rates and, here
even more strongly the case than for Belle II, the large solid angle of the main detectors.
Of course, for a fully realistic comparison of far detectors and the main detector, a full
background study would be needed. This, though, is beyond the scope of both [6] and
this thesis.
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FiGurE 31: Contours of N, = 3 for the two production channels of ALPs the three far
detectors (Ground in orange, Shaft in green, Tunnel in red) and the main detector ILD
(in blue) as a function of the ALP production cross section, o, and its lifetime, c7,.
Taken from [6].

Instead, it makes sense to compare the two main detectors we have considered during this
section, the ILD at the ILC and Belle II at SuperKEKB. To compare the above results
with Belle II, we use the production of the ALP through a W-loop induced B* — K+
transition, using

oua

Eef'f(/v‘ < Uw) D) Csb(:u’) f

a

(§L"}/'ubL) (125)

with the FCNC coupling [70]

ap 3a 1 —x+xilna

Csb(uw) = - VE‘;V%[) EQWSQ (1 — xt>2 CWW(MU}) ) (126)

where oy = y7 /4w, zx = m7/m3,, and further running below the electroweak scale can

be neglected. With this, the ALP’s production rate is

2 2
I'(B — Ka) = %’; (cb;mb)> 18 (m2) (1 — m%f) A2 (m%,m3,m2),  (127)

with fo (qg) from [86] and A defined in equation .

We generate 10,000 events with EvtGen [I14] and follow the same procedure as be-
fore. The comparison between the N, = 3 contours of Belle II and the two production
processes at the ILC are shown in figure It should be noted that while the ILC
bound is taken at a much higher centre-of-mass energy, /s;; = 250 GeV, than Belle II,
VSBele 1 = 10.6 GeV, Belle II’s prediction is for a luminosity of £ = 50ab~! compared
to ILC’s £ = 250fb~ 1. The ILC not only gains an O(1) improvement over Belle 11 in
both channels in ¢y, it also reaches around an order of magnitude further in cyy than

the ILC. The ILC has the advantage that due to its higher centre-of-mass energy it can
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FIGURE 32: The sensitivity projections of displaced ALP decays at the ILC (in red
and blue for its two production channels with and without an intermediate physical Z
boson) and Belle II (in green, produced via the rare B decay B* — K¥) as a function
of the lepton and W boson couplings, ¢/ f, and cyw/ fa, respectively. Taken from [6].

probe ALPs of higher masses than Belle II can. A study of ALPs directly produced
from the electron-positron collision at Belle IT might help it gain additional sensitivity

on cyw as well.

In conclusion of this section, we can say that ete™ colliders are very good long-lived
particle detectors, and that it is very difficult to construct realistic far detectors that
improve significantly upon the sensitivity of the main detectors. In the next section, we
will then explore more closely the different signatures of long-lived particle searches that

we can explore at Belle II, comparing displaced searches and invisible searches.

C. Complementary LLP signatures

So far, we have focussed solely on one of the common signatures used to search for
long-lived particles, displaced decays, while neglecting another that is at least equally
as commonly used and that similarly able to illuminate the parameter space of LLP
models, missing energy searches. We will explore this signature at the Belle I detector.
In the last two sections we have seen that its large solid angle is very advantageous
for displaced decay searches. Now we will see that it is also crucial for missing energy

searches looking for long-lived particles.

In this section, we will first introduce the specific ALP model we work with in sec-
tion then introduce the background modelling and cut selection for our missing
energy search in section and then finally compare the sensitivity region of the
missing energy search with a range of previous searches as well as to a displaced decay
search at Belle II in section Throughout the section, we will be following [5].
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1. Long-Lived ALP Decays

As for the exploration of possible GAZELLE detectors, we will be working with an ALP
model, compare sections [[IB5| and [[ITTB 2| here with the Lagrangian

¢ a - 4 Q2 i i
Leprp) =Y 7 fQ(M) fov“vf)f + CWW(“)TT;T Wi, Wi (128)
7 a a

with the flavour universal and diagonal fermion coupling, cs¢(p), and the coupling to W
bosons, cyw (1), which are both scale dependent, and the ALP scale f, = ﬁ = 1TeV.
We will be considering two scenarios, the csf scenario, in which we set csr(A) =1 and
cww (A) = 0 and the cyyw scenario, where ¢y (A) = 1 and ¢fp(A) = 0. In addition to
this coupling, other couplings will be induced at lower scales p < A via renormalisation
group (RG) running [76, 131HI33]. We will calculate the values of all relevant couplings
at the relevant scales with the help of a numerical code [68]. In the rest of this section, we
will give some approximate formulas for the RG-induced couplings at low-energy scales

as well. Our results, however, will be based on the full numerical calculations.

The decay signatures we plan to compare are

BT = K*a,a — inv. (129)
for the missing energy search and

B* — K*a,a — 010~ (130)

for the displaced decay. We use B decays, as in the last two sections, because Belle 11
is a B factory and as such both produces a very high rate of B mesons to produce the
ALP this way. It is also constructed in such a way to be able to reconstruct B decays

well.

As we have seen, both decay signatures rely on an ALPs produced in B* — K+ decays.

The decay rate of this process is

2 2\ 2
T |Csh b 2 m 1
Cosea = 3 U5 o ()P (1= 7 ) A% (i) (130
mp

with the scalar hadronic form factor fy(q?) from [86] and the RG-induced flavour chang-
ing neutral current coupling cs (1) approximately being described by [70]

o (1 ,u?u 1 31—z;+Inzy

csb(pw) = VigViy | (1 = R (paw, A)) Ctt(A)E <2 In m? 4 2(1—%)2> (132)
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1
Ry (o, A) et (A) — ey
gt s Ay eud) = eww o — 5

o 3a 1—x +xtlnmt]

where oy = y? /4, zx = m?/m%, and the function [76]

Ru(pug, A) = 2 0 t0) <1 - ( as(A) )) (133)

T2 s () s ()

encapsulates the RG effects between the cutoff scale A and the weak scale p,, on the top
quark coupling c; where ¢y (A) = cfr(A). The running between the weak scale and the
scale of B meson decay is small, cg(11p) ~ csp(fi), but we will nonetheless include it in

our numerical analysis.

With these formulas, the branching ratio for the ALP production is numerically

fo (m2)\ " AZ (m3, m3, m2)
fO(O) 2 2

Br (B* — K*a) = 0.25 (cy¢(A) + 0.0032cyw (A)) (
mp — Mg

(134)

in terms of the UV Lagrangian parameters cy f(A) and cyw (A) and the meson and ALP
masses. It should be noted that for m, — 0, A3 (mQB, m%(, mg) — mQB - m%o such that

all terms are well normalised.

The ALP decay rate depends on its mass. Since we will be considering 12 different mass

benchmark values,

me € {5 MeV,50 MeV, 70 MeV, 0.1 GeV, 0.2 GeV, (135)
0.25GeV,0.3GeV,0.5GeV,1GeV,2GeV,3GeV,4GeV},

we will now go over the range of different decay modes the ALPs can decay into. For

light ALPs, m, < 2m,, the ALP decays only to photons via [76]

2,13
o“my,

Famn = Jope

2

off , (136)

Sy (Ma)

with the mass-dependent effective ALP-photon coupling [76]

m2
Cyy(ma) + NJQ% crf(me)Bi <4 f) mg > 1GeV
fe{t.Q}

mg
4m?
Cyy(mg) + NIQ%cir(m B< f)
Sy (ma) = (ma) f€§Q} ¢ @y errtma) Bi| S (137)
_ mg Cuu(ma)_cdd(ma) mg < 1 GeV,
7,2
mz—mg ) 2

_ (5 m mg—my
(3 + m?r—ﬁm(% md+mu> CGG(ma)
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which has contributions from the explicit photon coupling ¢y, = cww, fermion loop
contributions, which are suppressed for fermions with masses above the ALP mass, and
contributions from chiral perturbation theory (seen in the third line), that is, contribu-
tions to the ALP-photon coupling from mixing between the ALP and the neutral pion.
In the above equation and in the following, ¢ € {e, u, 7}, Q € {c,b,t}, and [76]

Bi(1) = 1—1f3(7) (138)

in L
arcsin 7 T>1

f(r) =

L i 1++v1—7

5+ 51n v T < 1

Since ALPs are pseudoscalar particles, the lowest number of pions they can decay to
are three. Thus, the ALP decay rate between the electron threshold and the three pion
threshold, 2m, < mg < 3my, is determined by ALP decays to electrons and muons in

addition to a — v,
2 2
‘Caf (ma)‘ My 4m

2 T2
A mg

FQHEJVZ* = 27rma (139)
where the effective ALP-lepton coupling is mostly c??(u) ~ cyy(p) with a small additional

loop contribution by cyyy .

The decay of the ALP to hadrons can be separated into to regions. Below 1 GeV, we will
use the decay of the ALP to three pions, a — 777 70 or @ — 797970, as predicted by
chiral perturbation theory. Above 1 GeV, we treat the quarks and gluons perturbatively.

The ALP decay rate to pions is given by [76]

mem?

2 2
mg —m m
Foortrin m (Cuu(ma) — Caa(ma) + QCGG(ma)T —|—mz> % (m%) ’

(140)
with [76]
(v —
doo(r) = (1_274)2/4 dz 41— 45 VATZ ) (141)

12 U=V r
g+—(r) = W/4sz 1—4;\/)\(1,2,7”) (z —1)2.

The perturbative decay to hadrons is given by [70]

202m3 |t (mq) 2 97  Tng\ «
Fa—>had. = ;_ h } GGA2 . ‘ (1 + <4 - 6q> TI'S) + ZFa—)qu (142)
q
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F1GURE 33: Branching ratios of ALPs decaying to different final states, a — X in the
cyy scenario on the left and the cyy scenario on the right. Taken from [5].
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FIGURE 34: Proper decay length c7, of the ALP in the cy; scenario in blue and the
cww scenario in orange as a function of the ALP mass m,. Taken from [5].

where ngy = 3 is the number of light quarks ¢ € {u,d, s} and the effective gluon coupling
is given by [76]

4m2,

CeGi’CfG(ma) = CGG(ma) + Z Cq’q’éma) By < q > . (143)

2
q Ma

The last decay channel is that to heavy quarks, meaning charm and bottom quarks,
Q € {c,b}, for which the rate is

2
‘Ceﬁ (ma)| m? 4m2
QQ a f m
T\ 0 = 67ma 2 1— m2Q (144)

which equals the decay rate into leptons with the additional colour factor N, = 3 and

where again C%HQ(AL) ~ocrr(p).
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The branching ratios of the ALP in the two coupling scenarios are shown in figure
and the corresponding lifetimes of the ALP are shown in figure As we can clearly
see, the ¢y scenario is dominated entirely by the decay rate into photons. This makes
sense as its contributions to the lepton and quark couplings are loop-suppressed. Thus,
it is unsurprising that the ALP generally has a longer lifetime in the ¢y scenario. The
ALP of the ¢y scenario decays dominantly into lepton pairs from the electron threshold
until m, = 1GeV and into hadrons and heavy quarks that decay into them for higher
masses. Here, the ALP couples to fermions directly, but its coupling to photons is loop-
suppressed which can be seen in its rapidly rising lifetime at masses below the electron
threshold.

In the course of this analysis, we will only look at ALP decays to leptons or photons

explicitly, though the ALP lifetime, which contains all decay rates,

c
= C 14
cT, T (145)

C
ZX 11aHX® (ma - mX)

will have the largest effect on our results. Here ©(x) is the Heaviside function ensuring

that only kinematically allowed processes are included.

As we introduced in the last section, the probability that an LLP of boost 3 and lifetime

7 has not decayed yet at the distance r from its production point is
P(r) = e 79, (146)

If r; is the distance an ALP ¢ traverses between its production vertex and leaving Belle II,
then we can average over a representative sample of generated ALP events to define the

average probability of an ALP leaving the detector undecayed,
1
) =+ S P(r). (147)

The distance between the particle’s production and when it leaves the detector are
calculated in the same way as in the last section. As explained in detail there, the
particle’s line of movement is defined by its production vertex ¥y and its momentum p.
We check the intersection of this ray with every edge of the detector, working again in
the two-dimensional place of p and z. If there are no interaction points, the particle is
always undecayed by the time it leaves the detector because it spends no time within
the detector. If there are intersection points, the intersection point with the furthest

distance to the production vertex defines the distance r, corresponding to £y, in our
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FIGURE 35: Schematic representation of Belle II as used for the selection of invisible
ALP decays, including the calorimeter as well as the tracking system. Taken from [5].

earlier notation.

Now, we need to differentiate between displaced decays and missing energy searches. For
prompt and displaced decays, the events that interest us are those where the ALP decays
before the edge of the tracking detector. Thus, we use the same definition of Belle II
as in the previous section, see figure for our determination of (IP). The number of

expected events is then
N, (B* - K*a,a + X) = NggBr (B* - K*a) Br(a — X) (1 — (P)) (148)
where X is any visible final state.

For missing energy searches, which we will focus on in this section, our signal is defined
by an ALP leaving the detector without decaying. As they are called missing energy
searches, it is clear that in addition to the tracking detector, the ALP can also not
decay within the calorimeter and still be considered a signal event. That is why in
contrast to the displaced vertex search, we here use an extended model of Belle II which
includes the volume of its electromagnetic calorimeter (ECL), as seen in figure To
differentiate between the probability regarding the tracker and the probability regarding
the calorimeter in addition, we will label the latter as P’ while keeping the former as IP.

With this probability, we can calculate the number of expected events as

N, (B* = K* +inv.) = NggBr (B* — K*a) (Br (a — inv.) + Br (a — X) (P"))
(149)

if there is an invisible ALP decay rate. Since we do not assume this to exist here, the
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number of events simplifies to
N, (B* = K* +inv.) = NyzBr (B* — K*a) (P') (150)

since without any invisible rate, the branching ratio of the ALP to visible final states is
1.

The calculation of the probability, as well as the rest of the analysis that follows in
the next section, is done in Python [128]/Jupyter [129] in code based on my framework
from section but refactored and rewritten by me into Python to work with [68],
the package for numerically calculating the ALP couplings at the scale of the ALP

production and decay.

2. Missing Energy Signatures

While for displaced decays at Belle 1T we have only a negligible amount of background
events, missing energy signatures have a variety of backgrounds. Neutrinos are an ob-
vious background for invisible particles, but visible particles that are produced in the
collision can be produced in the forward direction and leave the detector without detec-
tion. In addition, we have detector inefficiencies, the non-zero probability that a particle
is just not detected by the detector, and particles that are too soft to be detected. Thus,
to study the potential for probing the ALP parameter space in missing energy searches

at Belle II, we perform an involved background study.

The signal we are looking for is the process B — Ka where a decays invisibly, that
is, we are looking for a kaon and missing energy. Thus, we want to take into account
any other background channels that can also produce an event with a kaon and missing
energy. Kaons are a very common decay product of not only B decays, but also of
hadronisation at the energies at Belle II, as well as being a common final state of 7
decays. Missing energy, as mentioned above, comes not only in the form of neutrinos,
which are frequently produced in all kinds of meson decays, but also in the form of
missing the angular acceptance of the detector or particles simply being missed by the

detector.

To estimate the frequency of events that look signal-like, we generate 10,000,000 events
for each of the relevant background channelsﬂ those being B meson pairs, ete™ —
Y(4S) — BB, both charged and neutral, continuum production of quark anti-quark

pairs, eTe~ — ¢g, and continuum production of T lepton pairs, ete™ — 77. For each of

8 While beam-induced backgrounds are also expected to give a relevant contribution, their inclusion is
beyond the scope of this work.
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Channel|o [nb] Programs
B*YB~ | 0.54 EvtGen [114]

BB | 0.51 EvtGen [114]
ut | 1.61 [KKMC [136], PYTHIAS.2 [137], EvtGen [114
dd | 0.4 |KKMC [I36], PYTHIAS.2 [137], EvtGen [114
ss | 0.38 |[KKMC [136], PYTHIAS.2 [137], EvtGen [114
cc 1.3 |KKMC [136], PYTHIAS.2 [137], EvtGen [114
7 0.919 KKMC [136], TAUOLA [13§]

[ilam i) s Y e Y .

TABLE V: The different background channels we use, their production cross section for
normalisation [83], and the programs that were used to generate the samples.

these channels, we let the produced particles decay until only particles considered stable
on the detector scale are left. These particles, we then base our analysis on. In table [V]
we quote the production cross sections for each of the background channels, as well as

the programs used in their production.

For the signal, we produce 10,000 events for every mass benchmark using the Belle 11
analysis software framework [134], 135] and EvtGen [II4]. The number of background
samples we produce is much higher than the number of signal events, as many of the
events produced will not actually be a background for our signal, while most of the signal

events will work as such for us.

While we do not use the full Belle II detector simulation, we do attempt to handle the
sample events in a realistic manner. The particles left over at the end of the decay
chain are photons, electrons, muons, charged pions, charged kaons, protons, neutrons,
long-lived neutral kaons K9, as well as neutrinos. We consider the last three neutral

particles to be invisible to the detector.

For the photon, we impose a minimum energy of £, > 50 MeV to be considered visible,
for the other charged particles a minimal transverse momentum pr > 0.2 GeV. Of course,
the particles also have to be within the angular acceptance of the detector, 17° > 6 >
150°. For particles that clear these conditions, we assume an efficiency of 100% of
detecting photons and of 99 % to detect other charged particle tracks. We also smear
the momenta of charged particles and the energy of photons with a normal distribution
using % = 0.5% [139] for charged particles and A—EE = 5% [83] to simulate the slight

error in measuring these parameters.

Lastly, we apply misidentification rates to the pions and kaons. Following [140], we set
the probability that a kaon is identified as a kaon at 80 %, and the probability that a
pion is misidentified as a kaon at 5%. All of these conditions are used for signal events

just as for background events.
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Now that we have an understanding of how we approximate Belle II, let us think about
how we can choose our signal region to contain as much signal and as little background
as possible. In a full experimental analysis, this would involve using many kinematic
variables and boosted decision trees to construct complicated cuts to find the optimal
regions. As this is a phenomenological study, we will go about it with fewer kinematic
variables and cuts. This may hinder our sensitivity a little, but should still give us a

good approximation of what is possible with a full experimental study.

Before we can set cuts, we need to think about the properties of our signal. As we
mentioned above, the signal is a B meson decaying into a kaon and an ALP that stays
invisible by decaying outside of the detector. The two important parameters of this event
are the momenta of the two decay particles, px and p,. Due to the invisible nature of
the ALP, we need to reconstruct its momentum from the particles we do measure as
best as we can. Assuming we could measure all other particles 7, the ALP momentum
would be given by the difference between the initial momentum of the Y(45) resonance
that the B that decays into the ALP is produced from, and the sum of all the other
particles. Given that we will not be able to fully and correctly measure the momenta of

all particles, we instead use p,,iss as an estimate for p,, where
Pa = Pmiss = PY(4S) — Zpi- (151)
i

and the sum goes over all visible and detected particles i.

Another complication is that many events will contain more than one kaon, even in the
signal case, as the second B meson in the event often decays to a number of particles that
also contain a kaon. Studying the kinematic distributions shown in figures [36| and
we find that the kaon produced in B — Ka is usually the kaon with the highest pr, at
least for light ALPs. This makes sense as generic B decays often decay into more than
two particles such that any momentum and energy has to also be divided among more
particles, leaving the kaon less likely to gain as large a momentum. We will call the kaon
with the highest pr the leading kaon and assume it to be the kaon associated with the
ALP.

Having reconstructed both our kaon and ALP momentum, we can now choose our kine-
matic variables. For this, let us consider the properties of our signal events. We have
already mentioned the high likelihood of the kaon with the highest pr to be the true sig-
nal kaon, the kaon that is produced together with the ALP in a B decay. It thus makes
sense to choose the leading kaon’s transverse momentum, pp(K), as one of our variables
for making cuts. Another property of the signal is that the momenta of the ALP and

the kaon reconstruct the B meson mass, (p, + px)? = m%. Since we will not be able
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FIGURE 36: The distributions of properly reconstructed (solid lines) and
misreconstructed (dotted lines) signal events in the three kinematic variables chosen
for cutting for a representative selection of benchmark masses: the reconstructed B

meson mass M]_% in the top left, the opening angle between the leading kaon’s
momentum and the missing momentum, ¢, in the top right, and the leading
kaon’s transverse momentum pp(K) on the lower left. The thin black dotted lines and
arrows show the kinematic cuts to be made. Taken from [5].

to access the real p,, we can instead use pp,;ss to estimate the B mass reconstruction,
Mfg = (Pmiss + pK)Z. We expect this to be another good indicator for whether an event
is a signal event. As a third kinematic variable, we choose the angle between the leading
kaon’s momentum and the missing momentum, ¢x, ., as an estimate for the opening

angle of the decay products of the B meson decay.

As we can gather from the definitions of our kinematic variables and their underlying
momenta, as well as the detector response, not all signal events will be recognised as
such. If the leading kaon is not the signal side kaon, then we refer to this event as a
misreconstructed signal event. We will label these [misrec.] in the following. Another
option is that no kaon appears to exist in the event. This could be the case because
the signal kaon is outside of the angular acceptance of the detector, because it was
misidentified as a pion (20% chance), or because its track was missed (1% chance).

Table [VI shows the number of signal events that are recognised as such and the number
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FIGURE 37: The distributions of properly reconstructed (orange-red line) and
misreconstructed (yellow line) signal events for a mass of m, = 0.3 GeV and for the
different background channels (stacked, in solid colours) in the three kinematic
variables chosen for cutting: the reconstructed B meson mass M% in the top left, the
opening angle between the leading kaon’s momentum and the missing momentum,
OKpmise 0 the top right, and the leading kaon’s transverse momentum pr(K) on the
lower left. The background event numbers are normalised to the expected number for a
luminosity of 50 ab™!, while the signal events are normalised to be a tenth of the shown
background events and the misreconstructed events scale with the signal events. The
thin black dotted lines and arrows show the kinematic cuts to be made. Taken from [5].

of misreconstructed signal events.

Figure [36] shows the distribution of the kinematic variables of the signal event, B — Ka
for four representative ALP masses. Figure shows the kinematic distributions of
the different background channels in comparison to the signal and misreconstructed
signal for a mass m, = 0.3 GeV, which is the benchmark we will be using throughout
these plots to compare signal and background distributions. Figure [38] shows scatter
plots comparing the full background distribution not separated into channels in two-

dimensional parameter space with the signal and misreconstructed signal distributions.

The two-body decay structure is well-reflected in the plots for the signal events. As we
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FIGURE 38: The two-dimensional distributions of properly reconstructed (orange-red
dots) and misreconstructed (yellow dots) signal events displayed as points for every of
the 10,000 generated events, and the distribution of the full background as a
two-dimensional histogram (black area) in the three kinematic variables chosen for
cutting for a representative selection of benchmark masses: the reconstructed B meson
mass Ml% in the top left, the opening angle between the leading kaon’s momentum and
the missing momentum, ¢, ... in the top right, and the leading kaon’s transverse
momentum pr(K) on the lower left. The thin black dotted lines and arrows show the
kinematic cuts to be made. Taken from [5].

have already mentioned, the kaon’s transverse momentum peaks at high values, and so
does the opening angle between the kaon and missing momentum. Both peaks broaden
for high ALP masses, where the kinematic endpoint for the kaon momentum is lower
and both particles point in the direction of the B meson more to compensate its boost.

For ALPs with low masses, m, < 0.5 GeV, the kinematic distributions strongly resemble

~

that of the (near-)massless ALP, m, = 5MeV.

The reconstructed B meson mass distribution starts at its true value, M% = sz ~

27.9GeV?, peaks at slightly higher M% and has a long tail. When all particles are
counted as visible and perfectly reconstructed, the distribution is a sharp peak at the B
meson mass. The introduction of invisible and missed particles leads to the shift of part

of the distribution to higher masses, while the momentum and energy smearing smooths
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the distribution and introduces a negligible number of events with a reconstructed B

meson mass that is smaller than expected.

In general, the signal distribution looks well-separable from both the background from
misreconstructed signal events and the background from generic non-signal events. This
can be seen especially well in the two-dimensional plots. It should here be noted that
while it looks like there is no background at all in the regions where the signal events are
concentrated, this is at least partly due to the depiction of the background. Due to the
sheer magnitude of background events, we depict the background as a two-dimensional
histogram with linear scaling of the opacity, while the signal (and misreconstructed
signal) events are shown with a point for every event in the generated set of samples.
The visibility of a low number of events is thus more pronounced for signal events than

for background events.

To decide on the cuts shown in the preceding figures, we use the Punzi figure of merit [81]
for a 50 discovery introduced in section [TC| and optimise the cuts for it. For this, we
choose cuts that seem to divide the signal and backgrounds well from each other as seen
in the plots in the figures [B7 and [38] We express these as functions in one or two
of the kinematic parameters, with variable cut-parameters, which we vary to find the

optimal Punzi value. Using this procedure, we settle on the selection cuts

1.75 < pp(K) < 2.75 GeV, (152)
pr(K) > 3.2GeV —0.01 GeV/® - dKp,iass
pr(K) > 3.0GeV — 0.0165 % . M3,
130° < PKp,nies < 1607,
27 < M% < 60 GeV?,
M?% >105GeV? - 0.55GeV2/° - dgp. .,

M3 < —100GeV? +0.992 GeV2/* - drcp... -

The one- and two-dimensional distributions of the signal and background distributions
after applying the cuts are shown in the figures [39 and [40] There, we apply all cuts that

are not in the variable(s) on the plot axes, while leaving the shown directions uncut.

The only background events left after the cuts are 39 from the charged B meson and
28 from the neutral B meson backgrounds, none of the continuum backgrounds nor the
misreconstructed signal events produce any events that survive the cuts. Of the signal
events, we get an efficiency of about 10 %, that is, ca. 10 % of the generated signal events

are recognisable as signal events and are within the signal region defined by the cuts.
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FIGURE 39: The distributions of properly reconstructed (orange-red line) and
misreconstructed (yellow line) signal events for a mass of m, = 0.3 GeV and for the
different background channels (stacked, in solid colours) with all cuts applied that are
not shown in the three kinematic variables chosen for cutting: the reconstructed B
meson mass M% in the top left, the opening angle between the leading kaon’s
momentum and the missing momentum, ¢, in the top right, and the leading
kaon’s transverse momentum pr(K) on the lower left. The background event numbers
are normalised to the expected number for a luminosity of 50 ab—1, while the signal
events are normalised to be a tenth of the shown background events and the
misreconstructed events scale with the signal events. The light dotted lines show the
kinematic cuts to be made. Taken from [5].

As we see in table [VI] the signal efficiency is smaller for higher masses, falling off to 0
for mg > 3 GeV. A different set of cuts optimised specifically for the higher masses could
lead to a better signal efficiency for them. Overall, this is a very strong background

reduction that, as we will soon see, leads to strong bounds.

Using the leftover background events and the signal efficiency after cuts, we can now
define the lower bound to which we expect this search could probe the ALP parameter
space. For this, we normalise the remaining background events with their respective
cross sections, see tablem We then determine the minimum number of signal events N,

necessary to reject the background-only hypothesis at 90 % CL based on the number of



83

0 50 100 150 0 50 100 150
¢Kpmiss [ °] ¢Kpm,-55 [ °]

e Bt-K*a
=  backgrounds

0 25 50 75 100 125
M2 [GeV?]

FIGURE 40: The two-dimensional distributions of properly reconstructed (orange-red
dots) and misreconstructed (yellow dots) signal events displayed as points for every of
the 10,000 generated events, and the distribution of the full background as a
two-dimensional histogram (black area) with all cuts applied that are not shown in the
three kinematic variables chosen for cutting for a representative selection of benchmark
masses: the reconstructed B meson mass Mé in the top left, the opening angle
between the leading kaon’s momentum and the missing momentum, ¢, ;.. in the top

right, and the leading kaon’s transverse momentum pr(K) on the lower left. The light
dotted lines show the kinematic cuts to be made. Taken from [3].

background events as described in section[[IC] From this, we can derive an upper bound

on the branching ratio and lifetime as
Nig > NppBr (B* — K*a) (P(c7)). (153)

In figure we show the corresponding bound in the parameter space of the ALP
production branching ratio Br (B* — K*a) and its lifetime c¢r. We then, in figure
interpret the bounds in terms of the couplings cyw and cyy and the ALP mass m,,
using the root finding algorithm scipy.optimize.fsolve [141]. For both projections,
we use both the full 50ab~! of Belle II's luminosity, and additionally a smaller value of

0.5ab~! which roughly corresponds to the luminosity of BaBar and is expected to be
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before selection | after selection
Mg [GGV] Nsignal Nmisrec. Nsignal Nmisrec.
0.005 7802 1442 | 1091 0
0.3 7823 1453 | 1022 0
1 7737 1460 770 0
7568 1649 0 0

TABLE VI: The number of properly reconstructed and misreconstructed signal events
for a representative sample of ALP masses, before and after cuts. Taken from [5].
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FIGURE 41: The projected 90 % CL upper bounds on the production branching ratio

Br (B* — K%*a) of the invisibly decaying ALP a — inv. from missing energy searches

at Belle II for luminosities of 0.5ab~! (shown as dashed lines) and 50 ab~! (shown as
solid lines). Taken from [5].

collected soon. In addition to these two lines, we also add a line at the full luminosity
with zero background, since we are optimistic that a full experimental analysis would be

able to improve upon our cuts somewhat.

All three plots show a transition from a stronger to a weaker bound. This transition
corresponds to the coupling or lifetime for which the decay length of the ALP becomes
short-lived on the scale of Belle II, meaning that most of the ALPs decay within the
detector and thus visibly. Through the angular acceptance of the detector that is large
but not fully complete and the fallibility of the detector that misses some tracks, we
still get ALP events that appear as invisible decays. Their existence can also still be
an excess over the number of such invisible decays we expect from generic events at
Belle II, especially because the signal region, as defined by the cuts, is inhabited by so
few generic events. Thus, even for short-lived ALPs this analysis can still set a bound
on their coupling or production cross section, if not as strong of one as for the long-lived
ALPs. In the next section, we will compare these results with a displaced search at

Belle II and several other prompt, displaced, and invisible search results.
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FIGURE 42: The projected 90 % CL upper bounds on the ALP UV coupling cs(A) (on
the left) or ey (A) from missing energy searches at Belle II for luminosities of
0.5ab~! (shown as dashed lines) and 50 ab~! (shown as solid lines), both with

background as predicted from our analysis, and 50 ab™! with zero background events
(shown as dotted lines). The shaded grey region shows the exclusion from the BaBar
bound on B* — K*vw [125]. Taken from [5].

3. Comparing LLP Signatures

To compare the results in figure we reinterpreted many results from different sig-
natures and experiments for this ALP model. As the main focus of our study was the
missing energy search, I will go through the different bounds quickly, referring to [5]
for details. Figure shows the parameter space for the ALP with the limit from the
missing energy search described in the last section and other bounds as described in the

following.

We show three different types of bounds. The first are bounds from lepton searches,
probing the a — ¢T¢~ decay. These are shown in figure in green. Here, we have
considered bounds from LHCb [88] 89, [147] and show the strongest bound from displaced
B — KX, X — ptu~ decays [R9], with the larger couplings excluded by searches of
prompt and less displaced muons in [88]. We also take into account reinterpreted [146]
sterile neutrino bounds from CHARM [I48], also on the process B — KX, X — putp~.
We have checked the bounds of additional experiments: BaBar’s search of displaced
muon and pion pairs [95], CHARM’s search for displaced muon pairs in kaon decays [85],
and NA48/2’s search for B — Ka, a — ¢7¢~ [149,[150]. The regions of parameter space
they exclude are already excluded by other experiments. For clarity and readability, we

only include the leading bounds in figure 3] so that they are not shown there.

The second type of bounds come from photon searches, which are shown in blue. We use
the BaBar analysis of ALPs in B¥ — K¥vv decays [144] which is expectedly a much

stronger constraint in the cyw scenario, but is still impressively constraining even in
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FIGURE 43: Collected bounds on the ALP parameter space of the css scenario (top)
and the cyyw scenario (bottom). The dotted orange line shows the bound for the
missing energy search described in section for a luminosity of 50ab~! and zero
background events. The blue and green outlined regions are reinterpretations of [I] of
displaced decays of the ALP into electron (blue) or muon (green) pairs. The upper tan
region is a reinterpretation of the missing energy search for B*¥ — K*uv at
BaBar [125]. The lower tan region reinterprets the search K* — ntvw at
NAG62 [142], 143]. The upper blue region is a reinterpretation of the search for
B* — K*v~y at BaBar [144], while the lower blue region in the cyy scenario plot is a
reinterpretation of a beamdump search for diphotons at NuCal, CHARM and
E137 [145]. The green regions are reinterpretations of the prompt and displaced
searches for K — KX, X — uu~ at LHCb [88, [89] and CHARM [146]. Taken
from [5].
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the cyy scenario, given that it operates purely at loop level there. From the beamdump
experiments NuCal, CHARM, and E137, we reinterpret the bounds from [145] for the
cww scenario. Unfortunately, they cannot be directly translated into the cf¢ scenario.
In addition, we have also analysed the bounds from E949’s K' — 77y~ search [151] as well
as the direct search for ete™ — a7y, a — 77 at Belle II [152], which are both subleading.
The Belle II search is expected to become much stronger in the future as more data is
taken at Belle II.

The third type of bound we consider are missing energy searches, a — inv., which are
shown in yellow/tan. The BaBar search for B — Kvi [125] allows us to reconstruct
limits that are not only shown in figure but also, as its most direct corresponding
previous measurement, in the invisible bounds predicted by our analysis in figure
A similar Belle study [153] also exists, but their modelling is optimised for three-body
decays without resonances, such that we cannot reinterpret it for a decay with an inter-
mediate ALP. This is a problem that also hindered our reinterpretations of the subleading
bounds from photon searches at E949 [I51] and lepton searches at NA48/2 [149, [150].
The second invisible bound shown comes from the search K — wvv at NA62 and the
collaboration’s own interpretation of it as a bound on long-lived particles X produced
as K — nX [142, [143].

The last regions, then, that we have not yet discussed, are the unfilled regions labelled
Belle IT ee and pp in blue and green. These correspond to the limits from long-lived
ALPs decaying at Belle II into displaced electron or muon pairs. For these, we simply
redo the analysis of section [[ITT A] with the ALP production and decay rates used instead

of the dark scalar’s.

In conclusion, we find that searches for long-lived particles at Belle II are a good way
to probe parameter space that is not yet excluded by other experiments. We find,
that a search for B — Ka, a — inv. has a strong reach for a large mass range, with
additional improvements expected from optimising the search for light and heavy ALPs
separately. We could also expect the bound to become even stronger when additional
kaon resonances and neutral B — K decays are included, as we saw in section [[IT A]
While the displaced search shows a smaller overall sensitivity to new parameter space
than the invisible search, it still probes it and is especially strong in the high mass region
where the missing energy bound falters. Due to the loop-induced coupling to fermions,
the displaced decays are more suppressed in the ¢y scenario. Again, further parameter
space is expected to be probeable with the addition of heavier final state particles, like
777 pairs or D mesons, as we saw in section and also through a dedicated missing

energy background analysis for heavier ALPs.



88

IV. SMEFT

Now, instead of exploring a specific model in a specific experiment, we want to instead
use data from several experiments to explore the parameter space of the SMEFT. A
recent paper [154] made a fit of SMEFT Wilson coefficients to a collection of top quark
observables measured at the LHC. To alleviate some of its blind directions, we will add
flavour observables to the fit. We will also analyse how much the flavour structure of
the SMEFT, and thus of new physics in the UV, can be probed by a combined fit of top
and flavour observables. Due to their high precision, we will use B meson decays. This

section is based on my paper [2].

We will first define the operators of the SMEFT, in section [VA] and the WET, in
section [[VB] Then, we will formalise our notion of the flavour structure and introduce
Minimal Flavour Violation (MFV) in section With this, we will then express the
relevant SMEFT operators in this new formalism, in section [VD] and use SMEFT-
to-WET matching to do the same with the WET operators, in section |IV E| Then, we
will quickly introduce our fitting setup and the used observables, in section [[VE] before
showing and analysing the results in section [V G|

A. SMEFT operators

We assume in this analysis that the new physics couples to the quark sector and that
SMEFT operators of dimension six are sufficient to capture it. Additionally, we assume
that the Lagrangian of SMEFT conserves CP, which implies that all our Wilson coeffi-
cients are real-valued. All SMEFT operators in this section (and this thesis) are defined

as in the Warsaw basis [64].

We then focus our analysis on the following 23 effective quark interaction operators, of

which 11 contain two quark fields,

0;53? = (cb* iD, ¢> (@ ar) O = (40" ur) & By (154)
oY) = (eb* iD} ¢> (@70, o = (G0 uy) TEW,
o0
05, = (41 D 0) (w7 107, = (g0 Tou,) 56,
0, = (¢ iD, 0 (a7 108, = (G0 dy) ¢ B
for = (5* iD, ¢> (py"dy) fony, = (go'vdy) T W),

torr, = (gt T°d,) ¢ G,
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the two-quark operators, and 12 contain four quark fields,

0y = @n"ar) (@) OBt = (@) (i) (155)
prs
3 _ i _ 7 TS 7 7
0% = Gr'r'a) @owr'n) 0% = (@) (A
O(;’BL = (‘7}77“(17“) (a87uut) 0(1131 = (ﬁp'wur) (Js'mdt)
prst prst
0<§gt — (" Tq) (wsy,Tuy) 0¥ = (a T u,) (dyy,Td:)
prs prst
1 _ 7 1 _q _q
ogzlt — (@ qr) (dsyudy) iogui,g — (@ ur) 255 (a0 dr)
prs prs
0% = (G:7"T°q,) (dgy, T"dy) O = (3T, ey (@ T°dy)
qd pY qr sTu t quqd dp r) €ij \ds t) -
prst prst

the four-quark operators. The ¥ that precedes some of these operators denotes them as

non-hermitian. The SMEFT Lagrangian of mass-dimension six operators is then

CuOq C
LsmprT = T ) <AI2)¢OI; + h. c.) (156)
b

a

with the hermitian operators in the first sum and the non-hermitian operators in the
second sum. We will not mark the non-hermitian operators with O from this point

forward, simply denoting them as Oy.

The Wilson coefficients C)., Cprst of the operators Oy, Oprst have generally fully inde-
pendent elements for different flavour indices pr(st). The symmetric four-quark opera-

tors Oé?, O((IZ;), Oy, and O, however, fulfil the additional relation

prst stpr

due to their identical gauge and Lorentz structures in the two quark bilinears. In the
SMEFT Lagrangian, we sum not over all flavour indices, but instead over the indepen-
dent degrees of freedom of each Wilson coefficient. For these four operators, then, we

include only one of the combinations prst and stpr.

B. WET operators

For B meson decay observables, specifically in the decays b — s7v, b — sg, and b — s~

the WET operators directly involved are

4G . € — w

O7 = \/g‘/}bvts 62 (50" Prb) Fy,, (158)
4G . € o

07/ = \/§F ‘/tb‘/;s 1671'2 my (S O"u PLb) FHV
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Os 43; VsV g; my (50" T4 Pgb) G2,

Oy = 45; ViVt g; my (50" TAPLb) G2,

Oy = 4\C/;f Vin Vi 1222 (87 PrLb) (A" 1)

Oy = 4\% Vo Vi 1622 (8 VuPrb) (17" 11

O10 = 4% Vin Vi 1222 (87 PrLb) (A s 1)
4GF e?

as defined in EOS basis [59] [60].

In the Standard Model, the processes b — sy and b — sg are dominated by the operators
O7 and Og, respectively, while the operators Og and 019 dominate b — s+ ¢~ transitions.
The primed operators have opposite chiralities from the unprimed ones. In the Standard

model, the unprimed operators have the values [60]
Co~—03,  C&~-02, CiH;~+42, Ci'~—43, (159)

the operators Oy and Og are suppressed in comparison to O7 and Og by a factor of
ms/my each, and the operators Og and Ojq are absent due to the weak interaction only

coupling to left-chirality fermions.

In addition to Og and Oy, there are six more semi-leptonic operators of scalar, pseu-
doscalar and tensor structures in the WET. Since we use the WET as a low-energy
theory of the SMEFT and only use operators that are produced from its matching,
these operators are not considered. For the scalar and pseudoscalar operators Og, Ogr,
Op, and Ops, this is due to the fact that they match only to semi-leptonic SMEFT
operators, which we neglect in this analysis. For the tensor operators Or and Ors, it is
because they are produced only from SMEFT operators of higher mass dimensions than

six [155 [156], leaving us with no contribution from the ones we consider.

Beyond these operators, four more WET operators can contribute to the above processes,

these being the four-quark operators

4G

01 = \/f Vs Vit (6" PLTAb) (5y,PL T c) (160)
4GF m A

Oy = N VoV (6" PRTAb) (57, PrTc)
4G

Oy = — 2V Vs (6y"PLb) (57, Pro)

V2
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4GF . _
Oy = W%ths (" Prb) (57yuPre) .

In the Standard Model, O; and Q2 are produced via a W boson exchange and are quite
sizeable, [60]

Coy~—03,  C3~1 (161)
and contribute to the observables through operator mixing and non-local contributions.

Due to the connection between the top and B observables in this analysis, our WET
Wilson coeflicients are run down from the weak scale to the scale of B decays at up ~
mp. Thus, we need to take into account the operator mixing from the running. Under
the RG evolution [55], [157], the four-quark operators @; and Oy mix into the dipole
operators O7 and Og and the semi-leptonic operator Oy, while the four-quark operators
Oy and Oy similarly mix into Oz, Og/, and Og.. Due to their lepton current’s axial-
vector nature, Oy and O1¢r do not receive any mixing contributions. In the Standard
model, these are significant contributions, making up approximately 50 % of Cy (mp),
10% of C7, and 3% of Cs.

The non-local contributions are given by the production of intermediate resonant mesons
in decays of the shape B — K{T(~, for example B — KJ/1¢ — K{T¢~. The best way
to treat these contributions to minimise systematic uncertainties is an area of active
research [I58HI65], and as such, we avoid observables that have a large non-local con-
tribution in this analysis, using only the processes B — X,y and Bs — u* ", but not
B— Kutpu~.

C. Flavour structure and Minimal Flavour Violation

Before we get to matching the two EFTs to each other, let us first specify what we mean
by flavour structures and define Minimal Flavour Violation (MFV) [166, [167], the specific
flavour structure we will focus on in this analysis. Then, in the next section, [[V D] we
can first explore its impact on the considered SMEFT operators before matching them

to the WET and seeing the impact on the WET operators in section [V E]

A flavour structure is the pattern of the Wilson coefficient matrices in flavour space. For
example, a flavour-diagonal flavour structure allows only Wilson coefficients with quark
bilinears coupling quarks within the same generation, while a flavour-universal structure

is given by a flavour-diagonal structure in which all flavours couple with the same value.
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The Standard Model is invariant under the flavour transformations
U(3)g x UB)s x UB3)p (162)

in its gauge interactions, but its flavour symmetry is broken by the Yukawa couplings
Yy and Yp in the quark’s mass terms and Higgs couplings. We can construct the flavour
structure that we call Minimal Flavour Violation [166] [167] by requiring that any flavour
symmetry breaking beyond the Standard Model is also propagated by the same Yukawa
matrices. We can treat the Yukawa matrices as fictitious fields, so-called spurions, that

transform under flavour symmetry as

Yy (3,3,1) Yp: (3,1,3) (163)

and construct operators with them that then do not violate flavour symmetry explicitly.
For example, the current qrug is made up of the left-handed quark doublet that is
charged under U(3)qg and the right-handed up quark that is charged under U(3)y, such
that

qr : (3,1,1) ur: (1,3,1) qrug : (3,3,1). (164)

The current thus breaks flavour symmetry. With the up-type Yukawa spurion Yy, we

can restore the flavour symmetry, as
qrLYuuR : (3 X 3,3 X g, 1) > (1, 1, 1) (165)

that is, the combination contains a flavour-symmetric term as 3 x 3 =3 x 3 =1+ 8.

We construct three spurions that are singlets in all but one flavour direction
Ag: (3x3,1,1) Ay (1,3 x 3,1) Ap: (1,1,3 x 3). (166)
in terms of Yukawa matrices and to first order as
Ag=al+bYyY! +eYpY) + ... (167)

and based on it

Ay = al+ Y AgYy = al +bY Yy + Y YpY Yy + ... (168)
Ap =al+ Y AgYp =al +bY YY) Yp + eV Yp + ...

where A governs currents between left-handed quarks, Ay those between right-handed
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up-type quarks, and Ap those between right-handed down-type quarks. Here, we only
take into account the leading terms in Yy and Yp, and label the coefficient of the universal
diagonal term a, the coefficient of the leading Yy contribution as b and the coefficient of

the leading Yp contribution as c.

With these definitions, we can now describe the flavour structures of general quark

currents as

(AQ),r (@pyuar) (Av)p, (Tpypur) (169)
(AQYU>pT (Qpauuur) (‘AD)pr (Jp’m dr)
(AQYD)pT (on';wdr) (YJ.AQYD> o (ﬂp’}/“ dr) .

The Yukawa matrices Yy and Yp are diagonalisable to the Yukawa matrices Y, =

diag (Yu, Ye, Yt), Ya = diag (ya, Ys, yp) with the help of unitary matrices Ug 1, and Dpr 1,
Yy = UpY, U, Yp = DY, Dl,. (170)
With these definitions, the CKM matrix is given by
V =UlDr. (171)

Without loss of generality, we will work in the up-quark mass basis, where

Urp
qp = Up = UR d, = dR 172
p ( ‘/p’]"dLT ) P P P P ( )

and the Yukawa matrices are
Yo=Y, Yp =VY,. (173)

We will call this setup as up-alignment. As long as there are no additional sources of
flavour breaking, the choice of basis has no impact on observables and is not accessible by
experiment. This is the case here, as we assume the flavour breaking Yukawa couplings
of the Standard Model as our only sources of flavour breaking. It should be noted that
in the following we will label specific elements of the CKM matrix by the generation
number of the participating quarks rather than the quark’s abbreviation, that is, Va3

instead of V4, to avoid confusion with the variable flavour indices p, r, s, t.



94

D. MFV in SMEFT

Now that we have introduced MFV, let us see what impact it has on the Wilson co-
efficients of the SMEFT operators introduced in section [[V'A] For every operator with
a quark current as shown in equation , we express the Wilson coefficient by the
corresponding combination of spurions. For example, the two-quark operator qu is
defined as

0y = (qﬁ iD, ¢) (agur) (174)
pr

with a right-handed up-type current, such that following equation (169) its Wilson co-

efficient is

pr
= Qgu Opr + b(bu (YJYU) + Cou <YJYDY£YD> +...
pr pr

= g S + bgu (V] Yu)pr e (YIVYa¥) VL) o

pr

in up-alignment MFV. Now, we simplify this by neglecting the Yukawa couplings of light
quarks (y. or lighter) and keeping only the leading contribution in the Yukawa couplings,

Cpu = Qg Opr + bou U7 Op3 0r3 + Couyiyi VazVasdpsdys + O (y7) (176)
pr

= Qg¢y 5pr + bqbu yt2 5p3 or3 + O (?/1?) .

In the last step, we also neglect the yg term as it only adds a sub-leading contribution
to the p = 3, r = 3 component of the Wilson coefficient and does not add a new flavour
structure. These are approximations that we will be using for the other operators, too.
The full set of two-quark operators with their flavour structure degrees of freedom under
up-alignment MFV is shown in table [VII Due to its common occurrence, we will label

the combination a + by? of MFV coefficients as A in the following sections.

Since the top-quark Yukawa coupling is not a small parameter, neglecting higher powers
O (y7') of it is not as well-justified as for the other quarks. We only include them in cases
where they add additional flavour structures, which is only the case for the four-quark

operators we will look at next. For a full study of O (y}*) terms, see [168] [169].

Four-quark operators are made up of two quark bilinears. In addition to using one flavour
structure as seen in equation ((169)) for each of the bilinears and multiplying them, we
can also cross the flavour structure between the bilinears, giving us a structure (pt)(sr)

as well as (pr)(st). We will label this second structure A to distinguish it from A. The
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(1) (3)
C¢>q C¢>q Cqsu Cqsd C¢ud Cux Cax
i T pr pr pr pr pr
p=r<3 a a a a 0 0 0
p=r=3 a+by} | a+by} |a+by?| a |(a+by?)yey:Vas|(a+by?) ye| (o + byi) ysVsa
p>1 |cyiVpsVi|cyi VsVl 0 0 0 0 0
p <1 =3|cy;VpsVis|cypVpsVas| 0 | 0 0 cypyeVpsVas|  aysVps
# 3 3 2 1 1 2 2

TABLE VII: Shown are the components of the Wilson coefficients of two-quark SMEFT
operators under up-alignment MFV, as explained in the text, and the total degrees of
freedom #, that is, number of independent parameters in the operator’s flavour
structure. Taken from [2]

bilinears are then defined by the flavour structures

((AQMAQ) + (AQn(AQ)mt) (9" d') @ ua")  (77)

(A0t (A0 + (A A ) (@) (@)

((AD )it (AD) o + (AD)n (A D)ml> ( 1Eph dl) (d™ . d")
((AQ)g (A0 + (AQY0)in (VI At ) (@9 ) (@)
(4004 (AD) s + (AQYD)in VALYt ) (@7 d') (@™ ")

(A0t (AD) s + (Vi AQYD)in (VALY )i ) (70! ) (@™, d")
((AQY0) 1 (AQYD) y + (AQYD)in(AQYi ) (a"u') (@™ "),

When expanding the products of spurions, we label the flavour parameters as (aa), (aa),

(ab), etc., such that

(AQ)k1(AQ)mn = (aa)dk10mn + (ba)y7k30130mn + (ab)Y70kiOm30ns + - - - (178)
(AQ)kn (AQ)mi = (@) OOt + (Ba) Y2 0k30n36m1 + (AB) Y7 OnOmadis + - -

and similarly for the other combinations. The full set of four-quark operators with their

flavour structure degrees of freedom under up-alignment MFV is shown in table [VIII]

We find that in MFV, two-quark operators are described by at most 3 independent
degrees of freedom, and often less, while four-quark operators have a richer flavour
structure with up to 9 degrees of freedom. We note that overall, operators with left-
handed quarks have the highest number of degrees of freedom while operators with, and
even more so with exclusively, down quarks have the least degrees of freedom. This is
due to the suppression through Y, and Yy in both right-handed quark fields, and due to

the additional suppression of V. in the down-quark case.
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Cla , ' C C u
prst prst prst prst
p=r=s=t<3 |(aa)+ (aa) (aa) + (aa) (aa) + (aa)
3>p=r#s=t<3|(aa) (aa) (aa)
3>p=t#r=s<3|(aa) (aa) (aa)
3=p=r>s=t |(aa)+ (ba)y? (aa) + (ba)y; (aa)
3=p=t>r=s |(aa)+ (ba)y; (aa) + (ba)yi (aa)
p=r=s=t=3 |(aa)+ (aa)+ 2((ba) + (ba))yi + O(y})|(aa) + (aa) +2((ba) + (Ba))y; + O(y{) |(aa) + (aa)
3>p=r#s#t |(ac)yiVssVy 0 0
3>p=t#r#s |(ac)yVisVy 0 0
3=p=r#s#t |((ac) + (be)y} )y VssVis 0 0
3=p=t#r#s |((ac)+ (B)y7)y;VssVis 0 0
Z 9 5 2
[P [OIZIC)] [OIPC) @ ®
Coaty O Caty Ot Oty Oty |
p=r=s=t<3 |(aa) (aa) (aa) 0
3>p=r+#s=t<3|(aa) (aa) (aa) 0
p=r<s=t=3 |(aa)+ (ab)y? (aa) (aa) 0
3=p=r>s=t |(aa)+ (ba)y? (aa) + (ba)y? (aa) + (ba)y; |0
p=r=s=t=3 |(aa) (aa) + (ba)y? (aa) + (ba)y? | ((aa) + (aa) + (ab)y?
+((ab) + (ba) + (@))5? +(ba) + (@) + (50))1?)
+0(yf) xypyeVaz + O(yy)
pArAs=t<3 |(canViVh (ca)yVisa Vs 0 0
prra=t=d (o (@hiivers | (e (adrons | 0
p<r=s—t=3 | ((co)+ ()= (@)yp) | (ca) + (@) + (@) |0 (@) + (@) wsiVes
Xy VosVss + O(yy) Xy Vpdvss
r<p=s—t=3 |((ca)+((ch)+ (@)s?) | ((ca) + (a) + (Baf) |0 0
xypVasVi + O(y}) Xy V’HV
s<p=r=t=3 |0 0 0 ((aa) + (ba)y?)ypy: Vss
Z 8 6 2 3

TABLE VIII: Shown are the components of the Wilson coefficients of four-quark
SMEFT operators under up-alignment MFV, as explained in the text, and the total
degrees of freedom #, that is, number of independent parameters in the operator’s
flavour structure. Taken from [2]

E. Matching SMEFT to WET

Now that we have defined the structure of our SMEFT Wilson coefficients in up-
alignment MFV, we want to know how the SMEFT (and UV) flavour structure of MFV

imprints itself onto the Wilson coefficients of the WET operators.

For this, we use

SMEFT-to-WET matching [56, I70HI72] following [I7I] to first match the WET op-

erators to their SMEFT counterparts and then translate their Wilson coefficients into

the MFV parameters accordingly. While the CKM matrix also gains contributions from

SMEFT operators and UV new physics, we neglect this here, referring instead to [173].

From the two-quark SMEFT operators there are both tree-level and loop-level contribu-

tions to the WET operators considered, while the four-quark operators only contribute

at loop level. In table we show the flavour coefficients with which the SMEFT op-

erators contribute to the WET operators at tree level. These are only operators with

unsuppressed b — s currents.
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Cr Cs Cg Clo
T T T
T
C¢>q - ) o b¢q yt b¢q yt
Cap |bapyi | — - -
Caw |baw 7| — — -
Cac| — |bacyl| — —

TABLE IX: Tree-level contributing two-quark SMEFT operators and the WET
operators they contribute to as well as the MFV flavour coefficients they contribute
with. Taken from [2].

tt  single top W tzZ ttZ HW  |#
1) - _ . 1) (1) ( )
g(f’r?) 40 40 :'3 Ay ??> (?3 6 z
¢q Upq s g dq  Yoq ;A Qg » ¢q ¢q
C¢u - - - A¢u Ay A¢u - 2
C¢d — — — — Ggd — 1
CuB - - - AuB Yt AuB Yt - 1
CuW - AuW Yt AuW Yt AuW Yt AuW Yt - 1
Cuc [Auc Yt - Auc Yt - Avayr Aucye|l

TABLE X: Loop-level contributing two-quark SMEFT operators and the WET
operators they contribute to as well as the MFV flavour coefficients they contribute
with. Taken from [2].

The loop-induced decays in two-quark operators come from either loops with a W boson
and a t quark or loops with a Z boson and a b or s quark. In the tW loop, the flavour
change is mediated by the Standard Model flavour changing W boson, while in the b/sZ
loop the flavour change comes from a new physics effect leading to a flavour changing
neutral current SMEFT operator. Both diagrams are shown, with the vertices where the
SMEFT operators can be inserted marked with unfilled circles, in figure [f4a] and [44D] In
table[X] we show the contributions from the two-quark operators via these two different
loops to the WET operators separately, each with the MFV coefficients that the matching

brings with it. We detail the specific mixing relations more closely in [2].

For four-quark operators, there are no tree-level contributions as none of the WET
operators we take into account are four-quark operators. Instead, we deal with two
different types of loop-induced contributions, as shown in the figures [44d and [#4d] We
differentiate here between operators where the b and s come from the same bilinear and
from different ones. The first case corresponds to two quark currents with one going
through the loop and the other being the b-s transition. In the other case, the currents
flow from the b quark into the loop and out of the loop into the s quark.
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t t
b, s b, s
X v,z

FIGURE 44: Feynman diagrams showing the loops through which the SMEFT
operators match onto the WET. In (a), we have a tW loop, in (b) a b/sZ loop, and in
(c) and (d) four-quark loops in which flavour either changes through the loop or
separately. X is either an on-shell photon or gluon, when matching onto the WET
operators Oy and Og, or virtual photons that couple to a lepton pair for the purposes
of matching onto Qg and Ojg. Taken from [2].

The operators ch};) and Oé?é) give three different quark current combinations,

(aLuL)(ﬂLUL)a (deL)(JLdL) : C(gé) + C(gg) (179)
(apur)(drdr) : Ciq) — Cly

(ﬁLdL)(dLuL) : C(gg)

Only the second and third of these combinations are inserted at one-loop in the matching

of SMEFT operators to the b — s WET operators, such that it is useful to redefine

AL = (aa)l/?) + (ba) Ly A = AL — A, (180)
121”%/3) (aa)(l/g) + (ba)'} (1/3),) A( ) — A(l) jéq)’

1/3) _ 1/3 1/3 _ 3
Btgq/ )= (ba)t(zq/ )+ (M)gq/ ) ’ Bt(zq) - Bcgq) ( )‘

In the WET operators Og and 01y we also notice contributions of the form

Fy) = AL + Byt = (Vi3Viy) 12( W OB ViV (181)
Fiy) = AR + By =%%1Z A AT
F) = ((aa)Q) + 0a)0)y; = (VasVip) _lchu PPV Vs s

p

from the SMEFT operators Ogé), O(([:}), and Oéb) , while the WET operators O7 and Og

get contributions

1 8 * \ — 1), 333 8),p333
Cr: (F(U()]d + 3Fq(m)]d) Yoyt = (V33‘/32) ! Z <C(§u21§ 3C(§uz]§ > p2‘/173 (182>
p
. 1) (8) _ *\—1 (1),p333 (8),p333
CB N (Fquqd - 6Fquqd> ybyt - (‘/33‘/32) Z <Cquq§ - gcqqu > p2‘/;l)3’
p
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Cr Cs Co Cio
SM 20.337 20.183 127 417
afb‘),bg,;)) (0,-0.008) (0,0.025)  |(-0.01,-2.07)| (0.1,24.73)
aly, bfﬁj) (-0.034, 0.061) |(-0.017,0.091)| (0.25, -4.18) |(-0.82, 48.67)
(agus bgu) (0,0) (0,0) (0.01,0.01) | (-0.1,-0.1)
Agpud -0.033 -0.015 0 0
Aup -0.188 0 0.148 0
Auw 0 0.024 0.115 -0.440
Auc 0 -0.055 0 0
(aan, bap) |(-0.056,19.814)| (0,-0.005) (0,0) (0,0)
(aaw, baw) |(0.059,-10.796) | (0.118,0.064) |  (0,0) (0,0)
(adc, bac) (0,0)  |(-0.016,5.816)|  (0,0) (0,0)
Fy) 0 0 0.1 0.59
Y 0 0 -0.12 0.7
F 0 0 -0.01 -0.59
(1)
Fq(léc)ld -0.019 10.028
FY, 10.025 0.005

TABLE XI: The numerical one-loop matching relations between SMEFT and WET in
up-alignment MFV for a new physics scale of A = 1TeV. Taken from [2].

with

FO) = (aa) o) + ((ab) ) + (b)) + (Ba) ) )y (183)

from the SMEFT operators Ogb)q 4 and Oéi)q 4 For more details, see [2].

In table [XI] we show the numerical results for the SMEFT-to-WET matching relations.
It has been calculated with wilson [67]. In addition to the matching itself, we also take
the SMEFT running from the top scale of our high-energy observables to the Z scale
where we match into account, as well as the running of the WET operators [55, [157]
between the matching scale and the B meson scale of the flavour observables. This is not
shown here, but can be found in addition to more details on the matching and running
in [2].

F. Observables

With all this in place, we can now have a detailed look at the observables we work with.
For the top sector, we refer mostly to [154], but we will have a closer look at the flavour

sector here.

The two flavour observables we take into account for our fit are the branching ratios of
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the processes Bs — utp~ and B — Xyv. In the WET, they are given by [60]

Br (By = p ™) = (357 - 171G +0.21C%) x (14 1.2%| ; +1.5% x 107

’ fB. }CKM>

Br (B — Xsv) = (3.26 — 15.17C; — 0.77Cs 4 1.66C7Cs + 1.36C7Cy (184)
+18.03(C% + C3) + 0.20C3 + 0.09C5) x (1 £5%) x 107*

where the constant factor contains the Standard Model contributions C5M of each of the
operators, so that the shown part C, is only the contribution coming through matching
from the SMEFT, and thus from new physics. As we can see, both processes probe
different operators, which also match to SMEFT differently, such that we can expect
them to probe different directions in flavour space and to break blind directions in the
SMEFT.

In addition to their potential to break blind directions in the top fit [I54], we choose

these two observables because they are precisely measured,

Br(Bs — pt i exp = (2.69£0.37) x 1077 (185)
Br(B — XsY)exp = (3.49+0.19) x 1074,

by several experiments, and also because they introduce few additional nuisance pa-
rameters to the fit. We use for By — ppu~ the combined value [174] of the measure-
ments from ATLAS [I75], CMS [176], and LHCb [I77]. For B — X7, we use the
world average [38, [I78] built on the experimental measurements by BaBar [179-I8T],
Belle [182] [183], and CLEO [I84]. In addition to the experimental uncertainties above,
we also consider theory uncertainties. For B, — p*u~, we add 1.5 % for the uncertainty
of the theory elements and 1.2% for the uncertainty of the Bs decay constant. For
B — X4, the theory uncertainty is taken from [I85] as 5%. Additional details can be
found in [2] and particularly the appendices A and B therein.

In the top sector, we take into account the same observables as the analysis [I54]. These

are:

e the production cross section of ¢t in 87 measurements,

e the charge asymmetry of ¢¢ in five measurements,

e the production cross sections of ttZ and ttW in four measurements,

e the production cross sections of a single ¢ in the s- or t-channel in 13 measurements,
e the production cross sections of tZ and tW in seven measurements

e the helicity fractions of the W in t decay in eight measurements.
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tt  single top tW tz ttZz tHW | #
€)) O 40O @O 4@

C‘é’:?) T e ,e e & A?:% “t A?:% o |
C(bq o Upq > Aqﬁq A¢q Agq » A¢q Agq » A¢>q Ugq 2
Coul — - — Agy  Qpus Ay — |2
C¢d — — — — a¢d — 1
CuB - - - AuB Yt AuB Yt - 1
CuW - Auw Ye Auw Yt Auw Yi Auw Yi - 1
CuG’ AuG’ Yt - AuG Yt - AuG Yt AuG Yt 1

TABLE XII: Contributions of the two-quark SMEFT operators to the top observables
in terms of the MFV coefficients, as well as the total number of probeable degrees of
freedom for each Wilson coefficient. Independently probed coefficients are separated by
commas. Taken from [2].

As we saw in the last section for the matching of the SMEFT onto the WET coefficients,
for calculating the cross sections of the top observables we need to take into account
both single and double operator insertions, as well as taking into account interference
terms between the Standard Model and SMEFT amplitudes.

Using the dependence of the observables on the considered SMEFT parameters, we can
determine their dependence on the MFV parameters. In table[XII] we show all two-quark
operators and the combinations of MF'V parameters they contribute to the different top
observables. For the more involved contributions of the MFV parameters of the SMEFT

four-quark operators, we refer to [2].

G. Fit and fit results

For the numerical analysis, we work with the statistical framework sfitter [I86HI8S],
just like the previous paper establishing the top quark dataset we use [154]. We follow
the Rfit scheme [I89] for our error handling, which treats theoretical and non-data-
driven systematic uncertainties as a flat central core region and experimental statistical
and data-driven systematic uncertainties as half-Gaussian tails attaching at the edges of
this core region. When showing contours, we choose the contours that, in a completely
Gaussian case, correspond to 68 % (solid) and 95 % (dashed) CL regions. We show blue
contours for the fit result with only top observables, green contours for the case of top
observables and the process Bs — pu* 1™, and a solid orange region (of two opacities for

the two intervals) for the fit with all observables, that is, also including B — Xy7.

The first result we find is that, as expected, the top and bottom observables probe

different spaces of parameters,

bottom: Oy, Oy Ogpy Ogws Oua (186)
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top: O¢U’ OuB’ OuW’ OuG’ OUU’ O‘(Ii)’ Olgld)’ ngl)’ Oz(le)’ Oz(fd)

top & bottom: Oéq), O(Ej;), Oéq)7 0513), Oé})

L H®

quqd’> " quq
observables. The operators in the first row are probed only in bottom observables and

though the operators O g and Ogq still remain unprobed through all of our

contain right-handed down-quark currents that induce tree-level effects in the bottom
observables. The operators in the second row are probed dominantly by top quarks, with
the operators with right-handed top-quarks also contributing to the bottom observables
at loop-level. The third row contains those operators which are probed similarly well
by both sets of observables. These operators all have a left-handed quark current, thus
correlating their top and bottom quark couplings through these operators to each other.

We will focus on these operators that are best constrained in this section.

In particular we test flavour universality in the sectors of left-handed quark current

two-quark operators, Oélq) and OS;;)’ and four-quark operators, O((Itll) and O((J‘Z).
For the two-quark operators, the relevant degrees of freedom are

=) =), B (3)
Uhg's Dpy's Qgqs by (187)

The observables, expressed in these parameters, come out to be

or [pb] = 126 + 15.1[a) + AP] + 0.5[a) + AP))? (185)
ow [pb] =753 +9. 1A( ) +0. 27(A(3(’1))2
_ , ,
otz [pb] = 0.78 +0.17[a,, () + 487 +0.01al,) +0.10(al)* + 0.02(AP)
o1z [Pb] = 0.679 + 0.023(1;; ~ 007045 1 0.008(aS.))” + 0.004 26 + o]’
[pb] = 0.446 + (0.054 + 0.008)aly) + 0.062(al))?,

for the top observables and

Br(B — X,y) = (3.26 +0.36a%) —0.76 bf;’q)) x 1074 (189)

Br(Bs — ptu~) = (3.57 — 41,0 (2bqu) + bqu)) +117.8 (2b(3) +b, )> ) x 1079

for the bottom observables. We can see that while in the top observables, the flavour-
violating MFV coefficients b only appear in the combination A = a + by?, the bottom
observables probe it directly, too. In figure we show three two-dimensional represen-

tation of the four-dimensional fitting space.

In all three plots we can clearly see that the addition of the flavour observables has
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b, /A% [Tev 2]

b, /A2 [Tev 2]
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6 4 2 2 1 6 -6 4 -
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FIGURE 45: Two-dimensional projections of the four-dimensional likelihood
distribution we gain from fitting the considered observables to the left-handed
quark-current two-quark Wilson coefficients Cé;)(mt) = Céiz) - Cg;) and Cd()?;) (my) in

up-alignment MFV. On the left, we show the test of flavour universality in the weak
triplet interaction, a((;;), b((;l). In the middle, we show the comparison between the
flavour-breaking coefficient in the charged current b((;’q) and the corresponding neutral
(=)

current coefficient b e On the right, we show the interplay of the flavour-diagonal

charged current a®) and the neutral flavour-breaking up-quark current bg);). The blue
contour corresponds to the fit with only the top data taken into account, the green
contours take into account the By — u™pu~ as well, and the orange region shows the fit
region with all observables included in the fit. Taken from [2].

helped resolve blind directions of the fit with only the top observables. In particular,
we can see that the addition of flavour observables strongly confines our fit results in
areas almost perpendicular to the least constrained top fit regions. For a more detailed
discussion of the results and their implications, see [2]. Therein, we also take a closer

look at fits in the four-quark operator sector.

Overall, we find that the addition of flavour observables to the top fit strongly constrains
the remaining parameter region in fits of two Wilson coefficients. The fit results also
imply that there are flavour breaking effects as defined in MFV. In the future, an in-
clusion of further flavour observables like neutral B meson mixing or semi-leptonic B
decays would be very interesting to include, though the handling of their uncertainties

and non-local effects is non-trivial.
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V. CONCLUSIONS

In the course of this thesis, we have explored two approaches of searching for new physics,

through long-lived particle searches at colliders and through EFT fits.

We have seen that searches for displaced decays can illuminate a larger amount of pa-
rameter space of many models than only searching for prompt decays. Specifically, we
have made these analyses for long-lived axion-like particles and dark scalars. We have
seen this to be the case particularly for eTe™ colliders in the form of our analyses based
on Belle IT and the ILC. Our analysis [I] has caught the interest of researchers of the
Belle II collaboration, who are now establishing a working group on long-lived particle
searches. Hopefully in the near future we will see an increasing number of experimen-
tal analyses for long-lived particle searches, particularly at B factories and other eTe™
colliders which we have found to have a great potential in exploring long-lived particle

signatures.

We have also seen that far detectors, while clearly very promising for long-lived particle
searches at the LHC, do not improve the potential for long-lived particle searches at
ete™ colliders significantly. We have come to this conclusion specifically for the two
detectors Belle II and ILC, which both also have very large solid angles which has a
large impact on this result. Our study of several realistic, and one unrealistically large,
far detector designs have shown improvements of only up to order one, unlike those
expected at far detectors proposed for the LHC. This is due to the cleaner background
of ete™ colliders in comparison to hadron colliders. While far detectors could still be
an interesting addition to these detectors, for example through connecting them to the
main detector’s trigger and allowing for the capture of more elusive events that might
show up as missing energy in the main detector but shed light on the missing particle in
the far detector, this result has confirmed our earlier finding that Belle II is a detector

with a great potential for detecting long-lived particles signatures.

Our third finding came from the comparison of invisible and displaced decays, that is,
missing energy searches and searches for displaced vertices in charged particle tracks.
We compared, in the same model, the search strategies for these two searches, including
a dedicated background analysis for the missing energy search, and found that the reach
of missing energy searches is very strong over a larger range of long-lived particle masses,
but that displaced decay searches can probe the coupling down to similar or even lower
values for high masses, and give us additional information about the long-lived particle.
This analysis happened for the case of axion-like particles with specific UV couplings
and at the Belle II detector. It would be very interesting to see further studies of the

complementarity of displaced and missing energy searches in other models and at other
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detectors.

In the EFT approach, we found that including flavour observables in a fit of top quark
observables on the SMEFT parameter space allowed us to resolve blind directions that
cannot easily be probed in the high-energy observables. We used this better resolu-
tion to explore the flavour structure of SMEFT operators that have strong contribution
to both classes of observables. To do this, we imposed Minimal Flavour Violation on
the operators and compared the matching to its different flavour structure coefficients.
We found that the flavour-breaking coefficients of left-handed quarks are strongly con-
strained in fits of a pair of Wilson coefficients. This opens up many areas of future
research, through the addition of more flavour observables and the exploration of bigger
groups of Wilson coefficients, as well as through imposing and comparing different types
of flavour structures. We conclude that the flavour structure of UV physics really can
be explored through SMEFT fits of a wide range of observables, particularly including

flavour observables.

In general, we have found these to be two interesting and fruitful approaches to explore
the possibilities of new physics beyond the Standard Model of particle physics, and I am

eager to see the future work that is done using both approaches.
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