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“First of all, the beauty that he sees

is available to other people and to me [...].

At the same time, I see much more

about the flower than he sees.

I could imagine the cells in there, the complicated actions inside [...],
there is also beauty at smaller dimensions”.

Richard P. Feynman
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Abstract

Effective field theories (EFTS) are ubiquitous in theoretical physics and in particular
in field theory descriptions of quantum systems probed at energies much lower than
one or few characterizing scales. More recently, EF'Ts have gained a prominent role
in the study of fundamental interactions and in particular in the parametriasation of
new physics beyond the Standard Model, which would occur at scales A, much larger
than the electroweak scale. In this thesis, EFTs are employed to study three different
physics cases. First, we consider light-by-light scattering as a possible probe of new
physics. At low energies it can be described by dimension-8 operators, leading to
the well-known Euler-Heisenberg Lagrangian. We consider the explicit dependence
of matching coefficients on type of particle running in the loop, confirming the
sensitiveness to the spin, mass, and interactions of possibly new particles. Second,
we consider EFTs to describe Dark Matter (DM) interactions with SM particles.
We consider a phenomenologically motivated case, i.e., a new fermion state that
couples to the Hypercharge through a form factor and has no interactions with
photons and the Z boson. Results from direct, indirect and collider searches for
DM are used to constrain the parameter space of the model. Third, we consider
EFTs that describe axion-like particles (ALPs), whose phenomenology is inspired
by the Peccei-Quinn solution to strong CP problem. ALPs generically couple to
ordinary matter through dimension-5 operators. In our case study, we investigate
the rather unique phenomenological implications of ALPs with enhanced couplings
to the top quark.
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Introduction

The twentieth century has been a period of great discoveries in physics. In a time
span of about 80 years, the understanding of Nature has rapidly accelerated, from
classical mechanics and electromagnetism to general relativity, quantum mechan-
ics, and the rise of quantum field theory as the framework to study fundamental
interactions. Among the most glaring successes of quantum field theory, the elec-
troweak theory has achieved an overwhelming experimental confirmation, to some
extent even unexpected, to the point of being renamed, along with Quantum Chro-
modynamics, the Standard Model (SM) of elementary particles. In order to explore
phenomena described by the Standard Model, it is necessary to carry out research
at extremely high energies. For this purpose, particle accelerators were built, the
last and more energetic of which, is the LHC at CERN in Geneva, which achieved
worldwide visibility in 2012 with the discovery of the Higgs boson, the last missing
ingredient of the SM, theorized about 50 years earlier.

Despite the successes of SM and, naturally, of those scientists who contributed
to its conception, nowadays we know that it is not a complete theory of fundamental
interactions. Not only does gravity lacks a quantum description yet, thus escaping
classification within SM, but also several other observations, such as neutrino masses
and baryonic asymmetry, cannot be predicted while others do not find a description
at all, such as Dark Matter and Dark Energy.

Search for physics beyond the Standard Model, therefore still attract a consid-
erable attention, and many high-energy physicists, either theorists or experimental-
ists, are involved in activities meant at establishing in the laboratory clear evidence
of new phenomena. These searches have been traditionally performed with some
specific models in mind, one leading example being supersymmetry, and then work-
ing out all phenomenological consequences top-down. However, the lack of a clear
indication on what model of new physics might be lurking at high scales, leaves
so much freedom that it is difficult to identify clear model independent signatures.
In this endeavor, more and more interest has grown around the idea of proceeding
bottom-up and considering effective field theory descriptions of UV complete the-
ories, extending the Standard Model with either a few light states and/or just by
adding higher-dimensional operators.

The work collected in this thesis fits exactly into this context, leveraging on the
use of effective field theories to attack some specific problems in particle physics. In
the first chapter, the Standard Model is introduced and its critical issues highlighted.
Chapter 2 is devoted to the description of effective field theories, presenting the most
salient features of the method. The remaining chapters represent the original part



of the work, and illustrate three different applications of the effective field theories.
In particular, in chapter 3, EFTs are used to study light-by-light scattering, while
in chapter 4 we consider it in several models describing dark matter, assuming that
it is composed by at least one stable flavor. Finally, in chapter 5, EFT is used to
study the interactions of a new pseudo-scalar particle, an axion-like particle, which
could not only resolve some of the fundamental issued of the Standard Model, i.e.,
the strong CP problem, but could also provide an ideal candidate for dark matter.









CHAPTER

The Standard Model

The Standard Model® of particle physics (SM) is the theory used to describe Nature
at subatomic scales. It depicts a world ruled by electromagnetic and nuclear forces,
since gravity appears to be relevant only at the macroscopic level. The Stand-
ard Model also provides a complete pattern to classify all particles discovered by
experiments until today.

The first steps towards SM can be traced back to the late 1920s, with quantum
electrodynamics; research, however, continued over a time span of about fifty years,
during which the initial theories were abandoned and then restored several times.
The current formulation was only achieved in the mid-1970s, after the experimental
proof of quark model for strong interactions and the implementation of Higgs mech-
anism to explain particle masses.

An increasing number of experiments have been conducted to stress test the
SM, which gained credibility as more empirical confirmations came through. The
Standard Model reached a widespread acknowledgement in 2012 with the discovery
of Higgs boson at CERN, in Geneva. Although the Standard Model has demon-
strated great accuracy in foreseeing experimental outcomes, it leaves some phenom-
ena unexplained and fails to be a complete theory of fundamental interactions.

This chapter retraces the present state-of-the-art of the Standard Model without
claiming to be a complete description of it, for which we refer to well-known books
such as Peskin & Schroeder [3] or Schwartz [4]. However, we will dwell on some
features of SM that will prove useful in the following chapters.

1.1 Fundamental Principles

The Standard Model is a relativistic quantum field theory based on gauge invari-
ance that aims to describe fundamental interactions in flat Minkowski space-time?.
On one hand, the request for a relativistic theory is fulfilled by covariant formu-
lation, that automatically embeds Einstein’s Relativity Principle, introducing the
symmetries of Poincaré group, a non-Abelian Lie group of ten generators. Noether’s

1The name “Standard Model” was first coined by A. Pais and S. Treiman in 1975 for the
Electroweak theory with four quarks.

2The flat Minkowski space-time is a four-dimensional manifold arising from the combination
of the three-dimensional Euclidean space and the time coordinate. The chosen signature for its
metric is the widely-adopted in particle physics, i.e., (+, —, —, —). Vectors in Minkowski space
are denoted by italic type, while bold symbol merely indicates spatial components.



theorem makes the rest: ten conservation laws arise, one for each generator, includ-
ing energy and momentum conservation — besides conservation of total angular
momentum and center of mass velocity. On the other hand, unitary is necessary to
deal with a quantum theory that yearns to be predictable. The convergence point
is accounted by the irreducible unitary representations of Poincaré group, called
fields, that appears to be infinite-dimensional.

According to Wigner’s classification, each irreducible unitary representation is
characterised by the mass and the spin, the latter is an integer number for bosons
and a half-integer number for fermions. In addition, at the accelerators, such as the
Large Hadron Collider (LHC) in Geneva, physicists track composed and elementary
particles, therefore reducible representations are understood as composed objects,
being irreducible representations associated with fundamental particles. A brief
overhaul of how particles are embedded in fields is given in Appendix A.4.

In classical field theory as well as in its quantum counterpart, every law describ-
ing the behavior of a physical system can be derived from the fundamental action
principle. The action § is nothing but a dimensionless real quantity related to the
Lagrangian density £(z), or merely Lagrangian for brevity, by the equation:

S— /d%ﬁ(x).

The Lagrangian must be Lorentz invariant and transforms covariantly under trans-
lations to ensure the principles of Special Relativity, therefore in absence of back-
ground fields it can not explicitly depend on the space-time coordinates, otherwise
translation invariance would be violated. In other words, Lagrangian is a function
of the fields and their first partial derivatives only:

L(z) = L(9(x), 0up(x), (2), utp(x), ...),

where dots indicate that we can introduce every other field, up to its first derivat-
ive, we need to describe the physical system under consideration. The constraint
on derivative order greatly reduces the number of allowed operators and is dictated
by causality: a third order differential equation in time acting on fields will lead to
solutions where causality is violated, indeed the uniqueness of the related Cauchy
problem is fulfilled by a system of second order derivative in time, at most. The
Abraham-Lorentz equation of electrodynamics is a well-known example of third
order differential equation where a-causal effects arise, such as pre-acceleration
of charged particles, even before they have been hit by radiation. Another con-
straint comes from dimensional analysis: the Lagrangian must have the dimension
of [length]_4 as well as any combination of fields that aspires to appear in it.
While in classical field theory, the space-time evolution of a system follows the
Euler-Lagrangian equations of motion (EOMs) obtained by Hamilton’s principle of
stationary action, in quantum field theory the physics of a system is understood in
terms of the path integral which enables the direct calculation of scattering amp-
litudes — the latter being the generalisation of the former. The original suggestion
of the path integral is due to P. M. Dirac in 1933 but it was successfully elaborated
by R. P. Feynman in the 1940s. The simple idea behind it can be figured out recall-
ing the superposition principle of quantum mechanics: the amplitude of a process
that can take place in multiple ways is given by the coherent sum of the probability



associated to each path, moreover if such a process occurs as a succession of steps,
one has to multiply the probability of each step. This probability can be written as
a pure phase that in non-relativistic limit is equal to the classical action since only
one path is allowed, i.e., the classical path. In quantum field theory (QFT), the
path integral for a real scalar field evolving from the configuration ¢;(x) at t = 0
to ¢¢(x) at t =T, reads:

(6060l 1040 = [ D6 exp [ [ c] ,

where H is the Hamiltonian function, i.e., the time evolution operator, while [ D¢
is the sum over all configurations.

The wide use of path integral in QFT is due to its link with correlation functions,
indeed for a certain ground state |Q2), the n-point correlation function can be written

as:

QT (o). ol e = L20OED. o) w1 [ L]
[ D¢ exp i [diz L] ’
where T is the time-ordering operator. Taking advantage of this equation, the
Feynman rules of the theory can be derived directly. In fact, for the two-points
correlation function the computation of the right-hand side of this equation returns
the Feynman propagator. Once the Feynman rules of a specific theory have been
obtained, they can be assembled to draw any desired diagram that connects the
initial and final configurations of fields.

Scattering amplitude is a physical quantity that plays a fundamental role in
particle physics experiments; the general relation linking Feynman diagrams, or al-
ternatively correlation functions, to scattering amplitude was obtained by H. Leh-
man, K. Symanzik and W. Zimmermann, and is nowadays known as LSZ reduction
formula. In terms of Feynman diagrams, it states that only connected diagrams
with amputated external lines® enter in the computation of S-matrix elements,
moreover each external field with a non-null spin value involves a multiplication for
a polarization spinor or vector. The reduction formula can also be applied when the
fundamental particles of a theory are unknown; for example, as long as we are not
interested in the nucleons substructure, we can treat them as elementary particles
by introducing the corresponding fields in the Lagrangian and calculating the S-
matrix elements in perturbation theory. This general technique, called effective field
theory (EFT), is very useful and represent the main content of this thesis.

The computation of Feynman diagrams often leads to ultraviolet divergences,
however there is a class of QFTs where these divergences can be systematically
removed. This feature, named renormalizability, ensures that divergences never
show up in observable quantities and enables the use of measured parameters to
make predictions of further experiments. Practically, it results as a constraint for
the Lagrangian: in front of interaction operators only dimensionless constants can
appear, likewise the electric charge e.

In the 1970s, the picture that was emerging from experiments was about a
matter composed by a set of fermions, leptons and quarks, mainly interacting by

3Disconnected Feynman diagrams should be disregarded as they do not carry the singularity
structure, while the multiplication of external lines by a factor p? +m? together with the on-shell
limit p? — —m?2, automatically amputates all external lines.



the exchange of boson particles. Three fundamental forces have been identified:
electromagnetic, strong and weak interactions. The electromagnetic interaction
couples charged fermions, the strong interaction is responsible for atomic nuclei
formation and quarks interaction, while the weak interaction is accountable for
beta decay.

The great success of Quantum FElectrodynamics (QED) as a description for elec-
tromagnetic interactions persuaded physicists that strong and weak interactions
could be explained with similar theories. QED is an Abelian gauge theory in which
the interaction between charged particles simply arises from the request of Lag-
rangian invariance under the local U(1) transformation. The natural extension of
QED is provided by non-Abelian gauge theories, also termed Yang-Mills theories,
based on the SU(N) gauge groups. The story of these theories was troubled. They
were first developed in 1954 but suddenly abandoned since experiments suggested
the presence of massive bosons for weak interactions, that could not be predicted
by these theories. One decade later, the idea of spontaneous symmetry breaking
(SSB) restored Yang-Mills theories: the Higgs mechanism, i.e., the SSB of gauge
symmetries, enables weak bosons to acquire mass; it also suggests the presence of
a new particle, named Higgs boson, detected at CERN in 2012.

The present formulation of SM is based on gauge theories, in particular the
combined SU(3). x SU(2);, x U(1)y gauge group is that of the SM. The indices c,
L and Y denote the charges that belong to each group: the color, the left-handed
weak isospin and the hypercharge, respectively. Nowadays, SM consists in two
sectors: the Quantum Chromodynamics (QCD), based on SU(3),, that provides a
theoretical description for strong forces, and the Electroweak (EW) theory, related
to SU(2)r x U(1)y, that provides a unified model for electromagnetic and weak
interactions.

1.2 Gauge Theories

The Standard Model is based on the key concept of gauge theories. An early indic-
ation that gauge theories could have a physical application was given by Maxwell
equations, which in terms of scalar and vector potentials show gauge invariance.
Subsequently, the success of QED in predicting electromagnetic phenomena defin-
itively paved the way for these theories.

1.2.1 The Abelian Case: QED

The simplest example of a gauge theory is provided by the Abelian case related to
the local group U(1), that furnishes the theoretical framework to build QED.
Quantum Electrodynamics can explain almost all the observed electromagnetic
phenomena. Not only can QED — as a quantum theory — explain events happen-
ing at a femtometer scale, but also at a macroscopic one, since it embeds Maxwell
equations. At the same time, QED represents the first complete quantum field the-
ory and its birth dates back to the publication of Quantum theory of emission and
absorption of radiation, by Dirac in 1927 [2]. Dirac described the quantized elec-
tromagnetic field as an ensemble of harmonic oscillators and introduced the idea
of creation and annihilation operators of particles. In the following years, many



physicists contributed to the development of an elegant formulation for the the-
ory. Even though they initially believed that QED would enable every calculation
of processes involving photons and charged particles, they soon realized that from
higher-order computations some infinities were emerging, thus making calculations
meaningless and even casting doubts on the internal consistency of the theory. At
first, the problem was overcome by H. Bethe in 1947 who, while traveling on a train,
back from the famous Shelter Island conference, computed the line shift of hydrogen
atom as measured by Lamb and Rutherford. Bethe’s idea of relating infinities to
the mass and charge corrections represents the foundations of the modern renor-
malization procedure that ensures finite results at any order in perturbation series.
Due to its large success in predicting experimental outcomes, QED has served as
basic template for all subsequent quantum field theories.

The starting point to build QED is provided by Dirac Lagrangian for a massive
fermion

L= (i —m)y,
whose derivation is shown in Appendix A.4.3. Dirac Lagrangian is symmetric under
the global U(1) transformation, that acts on the fermion field as 1 (z) — e¢'*¢(z). In
quantum mechanics, changes in phase of the wave function must be unobservable
thus the symmetry under a unitary transformation is demanded to express the
conservation of probability.

Nevertheless, the Dirac Lagrangian describes a free fermion field, while the aim
of QED is to build a theoretical framework for interacting particles since charged
particles interact among them and with photons. Furthermore, classical electro-
magnetism suggests that gauge theories are suitable for describing an interacting
theory because Maxwell equations are blind to the addition of a gradient to the
four-vector potential, i.e., they are symmetric under a gauge transformation. In
addition, Maxwell equations are expected to rise as equations of motion from the
appropriate QED Lagrangian.

The simple way to get a gauge — or local — transformation from the global unitary
U(1) is just to make the phase dependent on the space-time, such that o — «(x).
The gauge transformation of Dirac field is:

Y(a) = D (x) = Ux) y(x). (1.1)

The Dirac Lagrangian, however, does not remain unchanged under a local trans-
formation since the derivative operator does not transform homogeneously with the
field. The symmetric property is restored once the extra term, generated by deriving
the phase, is absorbed by the suitable derivation operator. The latter, named gauge
covariant derivative, D,,, must transforms under the local U(1) homogeneously with
the field

D,(xz) = U(z) Dup(z). (1.2)
The simplest choice for such gauge covariant derivative is dictated by minimal coup-
ling:
D, =0,+ieA,,
where the constant e, i.e., the classical electric charge, represents the strength of
the interaction between the photon and the charged fermion, whose charge is indeed



e. Moreover, a new gauge vector field, A,(x), is introduced, that accordingly to
equation (1.2) transforms as

Au(@) = 4(0) = (Oyala).

The QED Lagrangian is nothing but Dirac Lagrangian with the minimal sub-
stitution, namely @ — D, plus the kinetic term for the new gauge vector boson,
derived in Appendix A.4.2. In absence of external sources, the QED Lagrangian for
a single fermion flavor is

Lopp =1 (i) —m)y — iF;wFW, (1.3)

where F,,, = 0,4, — 0,4, = —% [D,, D,] is the field strength tensor. One can
notice that a mass term for gauge vector field would break local symmetry. In other
words, requiring an invariant Lagrangian under the local U(1) automatically fixes
at zero the mass of A,(z). The gauge vector field is understood as the photon
field since its equations of motion are, as expected, the inhomogeneous Maxwell
equations:

O™ = el v,
while the EOM for Dirac field is the well-known Dirac equation:

(i) —m) = 0.

Since QED Lagrangian is symmetric under a gauge transformation of fields,
consequently, a conserved current arises via Noether theorem

a,uj# = 0,

which is nothing but the continuity equation with j# = ¥~*1. The related con-

served charge is:
Q= [dsvto= [y

where p is the electric charge density.

Since gauge theories are equivalent to constrained Hamiltonian systems, the
derivation of their Feynman rules is not straightforward. Specifically, the propagator
of the photon field cannot be obtained from the kinetic as it appears in equation
(1.3). At first, we have to rearrange the kinetic term as

— iFWF’“’ — %A“ (gl“, 97 — 8ﬂ8,,) A", (1.4)
which is not an equality since total derivatives were suppressed. The term in the
brackets, being singular, does not admit an inverse operator, i.e., its determinant is
null, thereby the photon propagator cannot be defined. The motivation for that still
lies in gauge symmetry, indeed the same operator appears in Maxwell equations,
which can be recast as (g#,, 0% — 8#81,) AY = ej,. Maxwell equations show that
a specified vector current j¥(x) does not uniquely define the field A”(z). The

10



technique to solve this issue was identified by L. D. Faddeev and A. S. Popov and
consists in the introduction of the a gauge fixing term

1
= 5%
where ¢ is a free parameter. Adding together equations (1.4) and (1.5), the complete
Lagrangian for the photon field reads:

Lyp = =~ A"9,0,A", (1.5)

1
Le= §A“ (9 ?—(1-¢™ 0,0,) AY,

where the operator inside the brackets now admits an inverse, leading to the defin-
ition of the photon propagator iIl,,, that, in the so-called R¢-gauge, is:

. —1 v
My = 5 (= (- 97282, (16)
Remarkably, all observables in QED are independent from the parameter £, whose
value can be arbitrarily chosen to simplify computations; indeed, selecting a specific
value of £, we are fizing the gauge.

The Faddeev and Popov’s method is not the only known solving strategy to fix
the issue, the same result can be achieved by introducing an auxiliary field*, however
it is the widely adopted since it appears to be particularly useful in non-Abelian
gauge theories.

The other Feynman rules for QED directly follow from the Lagrangian. The
internal lines, or propagators, including again the photon in Feynman gauge (£ = 1),
are

uf\/vvvv»]/ == 77:9“1/
p p? +ig’
i)
P p2 —m?2 +ie

while external lines give the polarization vectors for the boson field, with €, (p)
for an incoming and eZ(p) for an outgoing photon, and spinors for the fermion
fields, with u®(p) (v*(p)) and uw®(p) (v®(p)) for an incoming and outgoing particle
(antiparticle), respectively. External lines are forced by LSZ formula to be on-shell,
thus they satisfy the equations of motion.

The interaction vertex of QED is

= iey”,

4The equation (1.5) can be obtained by introducing the auxiliary scalar field, B(x), whose
Lagrangian is L5 = €B2/2+ A9, B. Since the equation of motion for the scalar field is 9, A* =
£B, the Lagrangian of the auxiliary field can be written, up to a total derivative, as equation (1.5),
where the auxiliary field does not even appear.

11



which does not depend on the momenta of the interacting particles. Two extra
rules should be added: a -1 factor for the interchange of external identical fermions
that is related to Wick’s contraction, and a -1 factor for each fermion loop, as it
involves a trace operation over spinor indices, reflecting the anti-commuting nature
of spinors.

Feynman rules lead to a direct computation of observables, for both tree-level
and higher-orders diagrams. In four dimensions, QED is, in fact, a renormalizable
theory as it brings a finite number of ultraviolet divergences related to the electron
self-energy, the vacuum polarization and the correction to vertex interaction, whose
diagrams are

_ Ty M@
Whenever another diagram shows up a divergence, that means it contains as com-
ponents one, or more, of previous diagrams. Thus, renormalization procedure aims
to remove just the primary divergences by absorbing them into unobservable Lag-
rangian parameters.
Despite QED predicts experimental outcomes with great accuracy, it cannot be

the ultimate theory of electromagnetic interactions. From the vacuum polarization
diagram, the effective fine structure constant is:

)
e p(—p%) = ar {1 4 0.00077 In (niﬂ ,

€

where ap = €% /(4r), while p is the momentum of the external photon and m, the
mass of the electron running in the loop. The correction term introduces a weak
dependence on photon momentum, expressed by the logarithmic function in the
previous equation. The positive sign of logarithm entails an increasing behavior
in energy for the fine structure constant, even though only high-precision experi-
ments are sensitive to it, due to the numerically tiny magnitude of its coefficient.
Nevertheless, one can wonder what is the energy scale at which the correction be-
comes comparable to the leading term, i.e., 0.00077 In (—p?) ~ 1. The result is an
extremely high-energy level, Q% = —p? ~ 10?86 eV, far away from the maximum
energies accessible at Large Hadron Collider (LHC), around 102 eV. At such high
scale, the perturbation theory breaks down as higher-order diagrams become lar-
ger than lower ones, identifying the so-called Landau Pole for QED. Thus, QED
allows to make predictions at relatively large distances, since at shot scales the
perturbation theory for electromagnetism becomes meaningless.

Within the framework of the SM, QED is included alongside to the theory of
weak interactions, in the Electroweak theory, which is associated to the gauge group
U(1)y x SU(2), where Y and L denote the hypercharge® and the left-handed weak
isospin, respectively. This unified model describes the weak and the electromagnetic
forces as two different aspects of the same interaction, merging them at the energy
scales above 246 GeV.

5Landau pole persists in U(1)y gauge group.

12



1.2.2 The non-Abelian Case: QCD

The straight extension for Abelian case is provided by Yang-Mills theory, that is
non-Abelian gauge theory associated to the local symmetry group SU(N). Quantum
Chromodynamics serves as a concrete example to explain non-Abelian gauge theory
since it is associated to the local SU(3).

Quantum Chromodynamics is the theory that describes strong interactions. The
elementary fermions affected by strong force are named quarks, while gluons are the
force-carries. On the contrary of photon, gluons are themselves affected by strong
interaction since they are charged under SU(3). The charge of SU(3) is called color
charge, even though the analogy with real colors is limited to the number 3: a single
quark of a specific flavor can appear in three different states of color as three is the
number of basic colors in the additive RGB-model.

In the 1950s, the number of new particles considerably picked up due to the
invention of the bubble chamber, however physicists were convinced that not all
of these new states were fundamental. New particles, later called hadrons and
mesons, were classified in many different frameworks for the purpose of understand
the connections between them, however, pieces began to fall into place, only in
1963 thanks to Gell-Mann and Zweig, who hypothesized the existence of three new
fundamental fermion flavors, i.e., the quarks. The two physicists introduced three
quark flavors, called up, down and strange, whom in different combinations form
mesons and hadrons. In 1968, performing deep inelastic scattering processes, at
SLAC, was gather the first evidence of proton as a composed particle.

The need for introducing a new gauge freedom, i.e., the color charge, became
quite evident when physicists tried to explain the ATT baryon with quark theory,
indeed such a state is understood to be composed of three quarks up, which due to
Pauli exclusion principle cannot have the same quantum numbers in a bound state.

The mathematical framework for QCD was built in the early 1970s, again by
Gell-Mann and others, that employed the non-Abelian field theory developed in
1954 by Chen Ning Yang and Robert Mills, to explain an interaction where also the
mediator takes part in it by radiating further force carriers.

Nevertheless, experiments were not able to identify single quarks, thus dischar-
ging the theory. The discovery that asymptotic freedom and color confinement
are directly embedded in non-Abelian gauge theory gave back credibility to QCD.
First experimental evidences of gluons were obtained at PETRA in 1979, while the
number of quark flavors was increased in the following years, up to six, with the
discoveries of charm (1974), bottom (1977) and top (1995) quarks.

Quantum Chromodynamics appears to be well-defined once the appropriate
gauge group and fermion representation under a selected group have been defined.
Since color charge was introduced just to restore Fermi-Dirac statistics for quarks,
but does not bring any fundamental physical role, it was identified as the quantum
number for the gauge group. Based on this assumption, the choice for SU(3) ap-
peared straightforward, and further experiments provided support to it, for instance,
eight states of gluon were identified as predicted by SU(3)°.

The derivation of Quantum Chromodynamics Lagrangian starts with Dirac Lag-
rangian, likewise in QED. For a single flavor of quark ¢ (z) that can appear in three

6The dimension of the adjoint representation for SU(N) to which vector bosons belong is N2 —1.
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different states of color, Dirac Lagrangian reads
3 —
L=t (id —m) v,
i

where 4 is the color index. This Lagrangian is invariant under the global SU(3)
transformation of the field

Pi(x) = ()i ()

where w,, with a = {1, ..., 8}, are the group parameters and T* are 3 x 3 Hermitian
matrices, that span the 3-dimensional representation of the SU(3) Lie algebra, i.e.,
they are the generators of the fundamental representation of SU(3). In particular,
T are half of the Gell-Mann matrices, usually labeled as \*, see Appendix A.3.

Similarly to the Abelian case, even in the non-Abelian one the global transform-
ation describes a non-interacting theory; once again, the coupling arises from the
demand for invariance of Lagrangian under a local transformation. Using a less
pedantic notation that drops out spinor color indices

Y(z) = Ulz) () = (" OT) y(a), (1.7)

where 9(z) stands for a column of three Dirac spinors. Looking for a derivative
operator that transforms homogeneously with the field

Dyip(x) = U(x) Dy (),
we can introduce a new field through the minimal coupling
D, =0y —igsAu(x) = 0y — igs Ay (x) T,

where the constant gs represents the strength of the coupling. The gauge bosons
A, (x) is a vector of eight real potentials. Its transformation under SU(3) is:

- i
Ay(x) = U(x) Au(z) U (x) — 0 [0, U(z)] Ut(x), (1.8)
that in terms of components is

A%(2) = A%(2) + — 8,000 (x) — [ () AS(z).

S

Since we have introduced a new field in the Lagrangian, we require a kinetic
term to describe its dynamics. According to the Abelian case, we can build the
tensor field strength by using the covariant derivative:

Guv(@) = G, () T = é Dy D] = 0, A (2) = 0, Ay () —igs[Au (@), Au(@)],

which, due to the presence of the very last term, does not fulfill the commutative
property. Each component of the tensor field strength is:

G () = 0, A (2) — D, Aj(x) + g5 f27°A] () A ().

nv
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Its transformation law is completely fixed by that of covariant derivative, which in
turn is set by equation (1.7) and is D,, — U(x) D, U'(z). Then the transformation
law for G, reads

G () = U(x) G (2) Ul(z),

in other words, the tensor field strength transforms accordingly to the adjoint rep-
resentation of gauge group. The kinetic term of the gauge potentials is equivalent
to that found for the photon, since even in non-Abelian case is the square of the
tensor field strength, i.e., G\, GMV.

The Lagrangian of Quantum Chromodynamics” for a single quark flavor, making
explicit color indices, is

3
T . @ rha 1 a a pv
EQCD = Z P; [(Za — m) 5ij +gSA T”] ¢j — ZGHVG My (1.9)

i,j=1
This theory just depends upon two parameters, namely the mass of the fermion
and the coupling constant. Since QCD Lagrangian is symmetric under the local
transformations of the fields, identified by equation (1.7) and equation (1.8), a
conserved vector of currents® arises due to Noether theorem
JH (@) = = i)y T s(x) + fCA () GO (),

J

which satisfies 9, J** = 0, for each value of a. Nevertheless, the vector of currents,
i.e., JH(x), is not gauge invariant, hence it does not have any physical meaning and
no charge can be associated to it, according to Weinberg-Witten theorem?. In fact,
in QCD as in any non-Abelian gauge theory, gauge fields are related to matter fields
in a non-linear way and the characteristic current of charged particles does not even
exist. Only the fermionic part of the previous current, defined as

1 (x) = = i) v T s (2),

proves to be gauge invariant. It satisfies the continuity equation Vzb j*0 = 0, where
Vzb =0,0%+g f‘“’cAﬁ, is the adjoint covariant derivative.

The EOM for the matter field is again the Dirac equation for each single state
of color, while that for gauge fields are:

vab G/u/b — jl/a
“ .

"In the Standard Model a mass term for fermion is forbidden due to the chiral gauge symmetry
SU(2); fermions are indeed introduced massless, but their mass arise from the interaction with
Higgs boson. In the massless limit, QCD satisfies the global chiral symmetry SU(N) x SU(N)g,
where left-handed and right-handed chiral components of N flavors of quark can be independently
rotated among themselves. The symmetry is spontaneously broken by the vacuum expectation
value of the bilinear operator i qr that being different from zero, acts as an effective mass for
quark. The residual symmetry is SU(N), that identically rotates the two chiral components. Due
to Goldstone theorem, one should expect to find N2 — 1 massless states. Nonetheless, QCD does
not embed massless matter particles, but it contains a relatively light pseudoscalar triplet: the
pions. These mesons are the pseudo Nambu-Goldstone bosons since the symmetry is explicitly
broken by quark masses, explaining the relatively small mass of pions compared to that of other
mesons with similar quark content.

8In non-Abelian gauge theories there are N2 — 1 conserved currents, one for each symmetry
direction w?, thus in QCD the vector of currents has eight components.

9The Weinberg-Witten theorem states that a non-Abelian theory involving massless 1-spin
bosons does not admit any conserved current that is gauge invariant.
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All Feynman rules of QCD follow from the Lagrangian with the exception of the
gluon propagator, that, as the photon propagator, requires a special attention in
order to be defined. The Faddeev and Popov trick can be used again to identify the
gluon propagator; however, in the non-Abelian case is necessary to add not only a
gauge-fixing term — equivalent to equation (1.5) — but also a ghosts Lagrangian

Lo = 2—1514‘“‘ 0,0, A*Y +¢c* (—82 0%¢ — go* fabcAZ) s, (1.10)
where ¢(z) and ¢(z) are the ghost and anti-ghost fields, respectively. The ghost part
of Ly is simply given by a kinetic term, plus the interaction between ghosts and
gluons. Note that for each gauge field exists one associated ghost'®. The Faddeev
and Popov ghosts are an artifact due to the insistence on describing Nature with
gauge theories. In fact, the path integral formulation of a gauge theory is ambiguous
and singular since we are overcounting the field configurations corresponding to the
same physical state. Nevertheless, Faddeev and Popov method fix this issue, but
the price to be paid is the appearance of ghosts. These fields might be included
in higher orders of perturbation series and then in Feynman diagrams, although as
virtual states. Ghosts are not physical particles since they violate the spin-statistics
theorem, indeed they are anti-commuting complex scalars. In loops diagrams, where
a gauge field can go off-shell and acquiring non-physical degrees of freedom, the
ghost acts by counterbalancing this effect, thus the fermionic rule of -1 factor in
loops must hold for ghosts.

The Faddeev and Popov ghosts do not appear in all gauges, indeed in the so-
called Dirac compatible gauges they are unnecessary. A Dirac-type gauge is a proper
functional of canonical variables, in other words it cannot include Lagrange multi-
pliers associated to primary constraints. The standard choices for gauge, namely
the Lorenz gauge (9, A* = 0), but even the temporal gauge (4¢ = 0), do not be-
long to Dirac-type, on the contrary, axial (A3 = 0) and Coulomb gauge (V-A = 0)
do. The equation (1.10) clarifies why ghosts are not required in QED: in Abelian
theories the structure constants are null, leading to a ghost Lagrangian with just
the kinetic term.

The Lagrangian resulting from the sum of QCD and the gauge fixing terms,
namely equations (1.9) and (1.10), does no longer satisfy the gauge invariance, it,
however, fulfills a global symmetry, called BRST. The total Lagrangian is invariant
under the transformation

AZ(.T) — AZ(x) + éeD#c“(x),
(x) = (x)+ig0c T (x),
c(x) = (x) — %Of“bccbcc,

c(z) = c*(x) — ;9 % o Aj (),

where 6 is a Grassmann number. In BRST, fc(z) plays the same role as a(z) in a

10The gauge field and its ghost have a very close connection. In a theory with spontaneous
symmetry breaking, if the gauge field becomes massive through Higgs mechanism, then its ghost
acquires an equal value of mass.
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gauge transformation, then we can state that the former is a generalization of the
latter. Moreover, BRST still holds despite the gauge fixing term.

The BRST operator, which is accountable for the transformation of fields, is
a nilpotent operator that commutes with the Hamiltonian. In charge of that, it
divides the eigenstates of J{ into three subgroups; two of them, including forward
and backward polarizations of gauge bosons as well as ghost and anti-ghost, are
non-physical, while the third subgroup is that of physical states, in fact longitudinal
polarizations of the gluons belongs to it.

A paramount implication of BRST symmetry is the renormalization of non-
Abelian gauge theories. In fact, not only BRST is preserved in loop since it is
an exact symmetry of the Lagrangian, but the most general BRST-invariant Lag-
rangian also appears to have all the required parameters in order to absorb the
infinities.

The gauge fixing term for QCD leads to the definition of the Feynman propagator
for the gluon field in the R¢-gauge, that is:

; Sab
ab 10 PuPv
i = p? +ie <g;w -(1=9 p? ) .

The Feynman propagators for QCD, including the gluon propagator in Feynman
gauge, are:

H, ammy, b _ —iGu (.Sabj
2 p? +ie
i Jj _ Z(p+m) 51‘3‘
D p? —m?2 +ig’
a ............. b _ iéab
P Cop2tie’

while the interaction vertices between gauge fields only, are

p27’/7b
P1, B, @ abe [ v P vp " P v
=—gs [ (9" (p1 — p2)" + 9" (P2 — p3)" + 9" (s — P1)"],
b3, p; C
K, a l/,b
2 abe pcde( up ,vo _ o vp ace pbde( pv _po _ _po vp
= —igy | [T — g7 g ) + [ g g — g1 g")
ade gbce( uv po  _up vo
o d e + [T = 99 |
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while those between gluon and matter, including the non-physical ghosts, are

i b

=ig" Tj, ST, = —g, f20¢pH.
J ¢ p

The computation of next to leading order Feynman diagrams in QCD could
lead to divergent results. However, like QED, even Quantum Chromodynamics is
a renormalizable theory since it embeds a finite number of primary divergences,
related to the radiative correction of the two and three-point correlation functions,
that can be absorbed in unobservable Lagrangian parameters'’. The renormaliz-
ation of QCD gauge coupling introduces a scale dependence with opposite beha-
vior to that identified in QED. In fact, Quantum Chromodynamics becomes non-
perturbative at energies below one GeV, where a, = g2/(47) ~ 0.4, while at high
energy is well-defined. This property, known as asymptotic freedom, also leads to
quark confinement: quarks cannot be observed as free particles since the potential
between colored states grows linearly with the separation until the energy involved
is enough to create a new couple of quarks.

Not only the property of asymptotic freedom has been shown to be a common
feature of the whole set of non-Abelian gauge theories, but also a prerogative of
it since among renormalizable theories in four dimensions is exclusive to this set.
If on one side, the running constant in QED is interpreted as the production of
virtual electron—positron pairs by a background electromagnetic field, causing a
screening effect of the bare charge, on the other side, in QCD the asymptotic freedom
introduces an additional effect of anti-screening. The two effects, on balance, do
not have the same magnitude, with the anti-screening that is almost twelve times
greater than screening. The overall impact is a decreasing value of the coupling
constants at high-energy scales.

At the energy scale below one GeV, where the perturbation theory breaks down,
the adopted technique for Quantum Chromodynamics computations is the Lattice
QCD, introduced by K. Wilson, where the space-time is discretized in a grid of
points. Perturbative QCD is recovered when the lattice is taken infinitely large and
its points infinitesimally close to each other.

1.3 Electroweak Theory

The electroweak (EW) theory provides a unified description of weak and electro-
magnetic interactions. The gauge group of EW theory is the local SU(2), xSU(1)y .
However, a non-Abelian gauge theory alone fails in describing experimental obser-
vations, since short-range nature of the interaction requires massive force-carries.
A further ingredient is needed for bosons to gain mass: spontaneous symmetry
breaking.

11In QED the number of required counter-terms is three, while QCD needs eight counter-terms
to be renormalized.
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The electroweak theory achieved its present formulation after more than forty
years of research and efforts by several physicists. The starting point is Fermi theory
of weak interaction, outlined by the Italian Nobel physicists in 1933. Subsequently,
Feynman and Gell-Mann implemented the theory giving rise to the famous V-A
theory [5], that, however, is a non renormalizable theory of dimension-6 operators
(see chapter 2). Despite its moderate success in describing experimental observa-
tions, the theory proved unfruitful at sufficiently high energies. Furthermore, in
1956 Wu observed parity and charge violations in weak interaction, a fact that led
to the search for a unified framework for weak and electromagnetic interactions.

In 1961 Glashow proposed a model based on the gauge group SU(2) x SU(1), he
predicted two neutral vectors, the massless photon and the massive Z; however, at
that time spontaneous broken symmetry was not known yet, and the breaking was
enforced by the explicit addition of mass terms for vector boson and for leptons [6].
Moreover, Glashow’s theory was not renormalizable. In the mid-1960s, Salam and
Ward made a similar attempt, obtaining a theory with four bosons, three massive
and one massless [7]; nonetheless, their theory suffered from the same problem as
that of Glashow: the symmetry had to be broken by hand.

The breakthrough came in 1967, when Weinberg integrated the spontaneous
symmetry breaking research of Englert [8], Higgs [9] and others into the model of
electroweak interactions [10]. Finally, in 1971 ’t Hooft showed that gauge theories
with spontaneous symmetry breaking are renormalizable [11].

The model of electroweak interactions theorized the existence of W and Z bosons
and predicted their mass values even before they were experimentally identified. The
collaborations UA1 and UA2, at CERN, confirmed the existence of these particles
only in the early 1980s, while the Higgs boson had to wait until 2012, when it was
tracked by the ATLAS and CMS experiments, once again at CERN.

The EW theory is based on the key concept of spontaneous symmetry breaking,
which is caused by the non-vanishing vacuum expectation value of a scalar field,
that at low energy shatters the gauge group of the theory leaving just a residual
symmetry that is the electromagnetic U(1)gps, discussed in section 1.2.1

SU(Q)L X U(l)y — U(l)E]y]. (111)

At high energy, where the symmetry in unbroken, the gauge structure of the group is
given by the combination of SU(2),, which has similar properties to those discussed
in previous section for SU(3)'?, and U(1)y that is equivalent to the phase change
of QED, but with a different charge, named the hypercharge Y. Thus EW includes
four gauge bosons, named WZW and B,,. The former is similar to the gluon field
strength tensor Gy, while the latter to the electromagnetic field strength tensor
F,,. In EW theory the gauge group is broken by the vacuum expectation value
(vev) of a complex SU(2)y, doublet H, named Higgs doublet, with hypercharge 1/2.
The electroweak Lagrangian for gauge bososn and Higgs doublet is:

Lpw = —%Wi Wi iBWB‘“’ + (D, H)(D"H) + p*H'H — \(HTH)?. (1.12)

pv

The covariant derivative, that couples the gauge fields to Higgs doublet, is
1
2

12The group generators in SU (2) are half of Pauli matrices, while the completely antisymmetric
structure constants are €%,

D, = 0, —igWit" — ig' By, (1.13)
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where g and ¢’ are the SU(2)r and U(1)y coupling constants, respectively. The
factor 1/2, in front of B, comes from the fact that Higgs doublet has hypercharge
Y =1/2.

The potential V(H) = —p?HYH + X\(H'H)? induces a non null vev to the Higgs
doublet, that is v = pA\~1/2. Furthermore, it allows to write the field H as:

i 0
H =% <v+h) : (1.14)
V2

where 7’ are the massless Goldstone bosons, which are responsible for the mass of
the weak vector bosons. The real scalar fields h is the renowned Higgs bosons.

Expanding the EW Lagrangian by equations (1.13) and (1.14) and assuming the
unitary gauge for the latter so that 7 = 0; for the kinetic terms we get

L yauge = —% (W) —o,wWr) (8.W, —0,W, ) — iF,“,F‘“’ - %Z,“,Z‘“’,

where the fields has been defined as
Z,, = cos F)wW5’ —sin 6, B,
A, =sin HwW,f +cos 8, B,
1 I
7 (W FiW,5)
with the weak angle that is

tan @, = (1.15)

@ =

Moreover, some massive terms arises
1 _ 1
Emasses = imQZZ;LZ,J + m%}[/VV;rW B im%hZa
while the field A,, remains massless. Moreover, one can notice that the masses of
weak bosons are related to the parameters of the theory

g’U
mwy = —,
W=

mw

cos By’
mp =V 2)\1}2.

These equations introduce a hierarchy in the masses of weak bosons, since mz must
be greater than my,. Moreover, rewriting the covariant derivative in terms of the
mass eigenstate, it becomes

D, =08, - %(W;# FWr) - cozsg9 (73 — sin? 0,Q)Z, — ieQA,, (1.16)

where 7% = (71 £i72), Q = T? + Y and g = e/sin f,,. Even if the free parameters
of the electroweak theory are g, ¢’, 1 and A, from the experimental point of view it
is more straightforward to make use of

mz = 91.19 GeV, mw = 80.38 GeV,
mp = 125 GeV, Gp = 1.166 x 107° GeV 2,
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where the Fermi constant is related to the vev via v = (vV2Gp)~Y/? = 246 GeV.
As we will see in chapter 2, the value of Gr can be obtained from muon decay.

The complete expansion of the EW Lagrangian shows that several interactions
are allowed among gauge bosons and between gauge and Higgs field. The propagator
of Z and W is the Proca propagator for massive gauge bosons, while the Higgs boson
has the typical propagator of a scalar field.

The covariant derivative, in equation (1.16), also determines the coupling of
gauge fields with fermions. Nevertheless, experimental evidences show that W
boson only couple to left-handed fermion (and right handed anti-fermion), thus we
have to treat 1 and g separately, see appendix A.4.3. Left-handed leptons and
left-handed quarks transform under the fundamental representation of SU(2)1'?,
thus they are arranged in doublets. The Standard Model includes three generation
of leptons and three generation of quarks, namely

() 6,00, o

where 7 = {1, 2, 3}. On the contrary, right-handed fermions does not transform
under SU(2)y, i.e., they form the singlets
eiR = {6R7 KR, TR}? U% = {uRa CR, tR}v d,j% = {dR7 SR, bR}7 (118)

where right-handed neutrinos have not been included for reasons we will explain
shortly. Since all fermions couple to hypercharge gauge bosons, but with different
hypercharge, we distinguish between ()7, and QQr. The fermion Lagrangian is:

L= ibn(@—igW"r* —ig'YLB)ypr + ) ir(@ —ig'Ye)yr,  (1.19)
(27 YR

where ¥y, =1, ¢ and Ygr = er, ugr, dr. Notice that, no mass term has been intro-
duced, in fact, an explicit term like ¥, ¥ violates the SU(2), invariance. Fermions
are introduced as massless in electroweak theory, but the Yukawa-like interaction
with Higgs doublet will be responsible for their mass after the EW symmetry break-
ing. A distinction between quarks and leptons is necessary. Starting with the former

;Cyujg = —Yi?cjiHTde — Y;IJL@FIURJ + h.c. 5 (1.20)

where i and j run over the three generations and the dual Higgs doublet H has
hypercharge —1/2. After the EW symmetry breaking all the mass terms become

v

Ly uk, quark = — drYadg +urY,ug) + hec..

Yuk, quark NG ( LYqdRr L R)

The Yukawa matrices in this expression can be diagonalized
YaY) = UaM3UT, VY, = U, M2U],

where the matrices U; are unitary while the matrix (YiYiT) is Hermitian and thus
has real eigenvalues. Additionally, in a general way we can write:

Yy = UgMyK}, Y, = U,M,K}, (1.21)

13Now, the meaning of subscript L is clear.
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where K; are others unitary matrices. The Yukawa couplings become
L oa PR i
LYuk,quark = _% (dLUdeKddR + ULUuMuKu’LLR) + h.c. s (122)

where the freedom of changing phase can be used in order to remove the matrices
U and K from the Yukawa term. Rotating the left-handed quark as d;, — Uydy,
and the right-handed as dr — Kydg — the same holds for up-type quarks — each
term in equation (1.22) becomes diagonal

Emass,quark = —My) (&LwR + &Rwl/) ; (123)

where 1 = u, d. The coefficients m,, are the diagonal elements of the matrices
UMw/ \/i

The rotation affects also the kinetics and the interactions terms; in particular,
in the so-called flavor basis, defined by equations (1.17) and (1.18), the interaction
with W= boson is diagonal, see equation (1.19), while in the mass bases, where the
quarks acquired a mass, the interaction is no longer diagonal

Emass,int = m (Wj alL’Y#V'ijd]L + W;; dlLfY#VzJ;u]L) ’ (124)
where V = U} U, is a unitary matrix known as Cabibbo-Kobayashi-Maskawa (CKM)
matrix. This matrix counts for all the mixing effects of weak interactions in the
mass basis. Although CKM is a complex 3 x 3 matrix, it is characterized by just
four'* real parameters: 3 angles #; and one complex phase d¢p, that accounts for
CP-violation in charged-current interactions. On the contrary, the neutral current
is unaffected by this rotation and therefore is CP-conserving. Given that the angles
0; are quite small, CKM matrix results almost diagonal, therefore flavor and mass
basis are nearly overlapping!®. Additionally, in EW theory CKM matrix is unitarity
by construction, but assuming, for instance, the existence of a fourth generation of
quarks, it loses this feature, therefore, we can understand how accurate the present
theoretical description is by experimentally testing CKM unitarity. Finally, we have
to introduce a Yukawa-like interaction between Higgs doublet and leptons. Similar
to up-type quark, for charged leptons, we have

EYuk,fermion = _}/E‘ZHeR + h.C., (125)

that will generate a mass term like that in equation (1.23), with m, that are the
diagonal elements of vM,/+/2. On the contrary, neutral leptons are massless in
Electroweak theory, indeed the second term of equation (1.19) is simply missing for
right-handed neutrinos since they are neutral and the lack of vr does not allow to
introduce a Yukawa-like mass term. Nonetheless, neutrino oscillations, theoretically
predicted by Pontecorvo in 1957 and observed by Super-Kamiokande in 2015, can
be only explained by massive neutrinos. Including a mass term for neutrinos, an
equivalent mixing to that discussed for quarks, arises for leptons, with the analog-
ous to CKM matrix that is known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

14 A general 3 x 3 complex matrices has 18 parameters, however unitarity halves them. Moreover,
each quark field can be redefined up to a phase, fixing further 5 parameters.
15Flavor and mass bases would be equivalent if CKM were diagonal.
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Sector Fields SU@B3). | SU2)L Ul)y Qem
(uﬂ d)L 3 2 1/6 (2/37 *1/3)
un 3 1 2/3 2/3
Fermion dr 3 1 -1/3 -1/3
(ve, €)1 1 2 ~1/2 (0, —1)
R 1 1 1 -1
G° 8 - - 0
Gauge W+ - l4ir? - +1
e Z - 73 Y 0
A - 73 Y
Higgs H 1 2 1/2

Table 1.1: The Standard Model fields with their gauge quantum numbers and the
electric charge.. The fermion sector is repeated over 3 generations.

matrix. A compelling theory for massive neutrinos has not been identified yet,
some attempts, based on effective field theory include, not without any problems,
a dimension-5 mass term for neutrinos, which breaks lepton and baryon numbers.

The matter content and gauge mediators of the Standard Model are collected
in table 1.1, according to their Lorentz transformation properties and quantum
numbers under the three gauge groups of the theory

1.4 Physics Beyond the Standard Model

The Standard Model is, undoubtedly, the most successful theoretical framework
for describing Nature. It provides a pattern to outlines all the composed particles
observed in Nature or produced at the accelerators, in term of a few!'® elementary
particles that interacts among them with the electroweak and strong interactions.
Despite this, SM leaves some phenomena unexplained and fails to be a complete
theory of fundamental interactions. In fact, several problems do not find any ex-
planation within the SM; to name a few:

e Neutrino masses: right-handed neutrinos are not included in the SM, therefore
is not possible to build — after electroweak symmetry breaking — a Yukawa-like
term for neutrino masses. On the contrary, neutrino oscillations pointed out
that they are light but massive particles.

e Dark Matter: assuming that the A-CDM model correctly describes our Uni-
verse and taking into account only its matter content, a measly 20% of the
whole matter can be explained by the SM. Experimental observations, such
as rotational curves of hydrogen clusters around galaxies, Cosmic Microwave
Background and galaxies merging, show that a large amount of stable and
electrically neutral matter is located inside galaxies.

e Strong CP problem: the SU(3). sector of the SM Lagrangian does not take

into account the CP violation term 6G*¥G,, while it is allowed by gauge

16Here we refer to flavors.
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invariance. In fact, CP violations have never been observed in experiments
involving strong interactions, moreover the measurement of the neutron’s elec-
tric dipole moment enables us to state that the coefficient of such a term is
very small, § < 10710,

e Baryon asymmetry: in the Universe only one kind of matter is widely present —
what we refer to as matter — while anti-matter is almost absent. Nevertheless,
matter and antimatter are produced together, therefore a large amount of
anti-matter is missing. The explanation of this phenomenon requires a large
amount of CP violation. The SU(2), sector of the SM Lagrangian includes
such term — the complex phase of CKM matrix — but its magnitude is not
enough to explain observations.

e Gravity: SM describes Nature in a space-time with a flat metric, therefore
gravity is not included. In order to unify SM with gravity, a quantum theory
of the latter is needed, but so far, all the efforts have been inconclusive.

e Hierarchy problem: SM requires the manual insertion of some basic paramet-
ers!” (such as coupling constants and masses, measured by the experiments),
which are far apart in terms of magnitude. For example, the strength of strong
interaction compared to gravity is about 10*! times grater and the theory does
not provide any clues to explain that.

Experimental observations, as well as theoretical hints, seem to converge on the
conclusion that SM is a low-energy approximation of a more fundamental theory.
In the next chapter we will present a compelling method, i.e., the effective field
theories, that can be employed to overcome these ope problems.

17The free parameters of the Standard Model are 18: 1 strong coupling constant, 4 EW para-
meters, 9 Yukawa couplings and 4 mixing parameters of quark.
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CHAPTER | Effective Field
2 Theories

In this chapter we will introduce the key concept of effective field theories. At first,
we will dwell on the need for EFTs in the search for new physics, then we will
explain how to build an effective Lagrangian and, giving a few examples, clarify
how to perform the matching procedure with the full theory. We will also discuss
next to leading order EFTs focusing in particular on decoupling of heavy states. In
the final part a basic introduction to SMEFT is given.

The main references for this chapter are [12, 13, 14, 15, 16, 17], while for
SMEFT [12, 18, 23].

2.1 Introduction to EFTs

Universe, superclusters, galaxies, solar systems, planets, continents, countries, cit-
ies, human beings, apparatus, body tissues, molecules, atoms, subatomic particles
and strings (maybe): Nature comes to us in different scales. It is a matter of fact
that we can investigate and make predictions on a specific scale by considering one
relevant scale at a time, without caring or even knowing the theory that rules at
smaller size. Engineers are able to build skyscrapers like Burj Khalifa' without any
knowledge on QED or quantum gravity; on the contrary, a thorough understanding
of the laws of classical mechanics, specifically, gravity, fluid dynamics and theory of
elasticity is necessary to prevent the structure from collapsing. The needed para-
meters, such as compressive strength of materials, are measured at macroscopic
scale; engineers do not ask high-energy physicists to measure steel density from
collision at LHC. In some way, we can assert that effective field theories are the
path we have always followed to discover even more fundamental laws of Nature
and any theory formulated so far is undoubtedly an EFT, since it is nothing more
than an approximation of an underlying theory, which, in turn, will — probably —
be an effective field theory.

In this thesis, we will only focus on EFTs that are quantum field theories and
which admit a Lagrangian description, thus a regularization and renormalization
scheme are necessary to deal with predictive theories. Likewise QED, that requires
two input parameters, namely the charge and the mass of the electron, EFTs allow
us to compute measurable quantities only when the free parameters are fixed. Since

1With a total height of 829.8 meters, Burj Khalifa, sometimes called Burj Dubai because of its
location, is the tallest structure and building in the world.
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an EFT is an approximation for an underlying full theory, it automatically embeds
a finite error, which is tracked in the power counting parameter, denoted by ¢. If
the EFT Lagrangian is an expansion in ¢ up to some order n, then the error will
be of order §"*1. It is clear that we can arbitrarily reduce the error by increasing
n to a sufficiently large number and then including higher-order corrections in the
Lagrangian.

According to [17], we can split EFTs in two sets:

o type I: EFTs of which we know the underlying theory,
o type II: EFTs of which we ignore the underlying theory.

EFTs of type I may, at first glance, represent a nonsense since one might won-
der why we are using an approximate theory if the underlying theory is available;
however, in the same way we add velocities much lower than the speed of light
with Galilean composition without disturbing special relativity, the EFTs of type I
provide the required level of accuracy with simplified computations. Some examples
are the Heavy Quark Effective Theory (HQET), the Four Fermi theory for weak in-
teractions, the non-relativistic quantum field theories, such as NRQED or NRQCD,
Heuler-Einsenberg theory of low-energy QED, and even QED itself; the latter to-
gether with QCD represents the effective field theory for the Standard Model below
the energy-scale of myy and mz.

Some examples of EFTs of type II are the Standard Model, described in the
previous chapter, the General Relativity and the Cosmological model, called A-
CDM that we will introduce in chapter 4, but even all the EFTs that we build to
implement SM and GR.

2.2 EFT Lagrangian

The action S, being a scalar, fixes the engineering dimension of the Lagrangian. In
a D-dimensional space we have

[S}Z[M]OEO, [ﬁ]:[M]DED, [de]:[M]fDE—D,

In general, the Lagrangian is given by the sum of local, gauge and Lorentz invariant
operators

Q@:E:qa@% (2.1)

whose engineering dimension is [O] = d, while the coefficients ¢; have [¢] = D — d.
The fields that appear in the operators are the usual scalar, fermion and vector fields.
Their engineering dimensions, determined by the corresponding kinetic terms, are

 D-2 D-1  D-2

e A

4—-D
[¢] 9] = ——
where the dimension of the coupling constant is obtained from the covariant deriv-
ative, that is D, = 0, — igA,, thus [D,] = 1.

Based on their dimension d, the operators are classified in three ensembles, called

relevant operators for d < D, marginal operators for d = D and irrelevant operators
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for d > D. The claim for renormalization is equivalent to discarding operators whose
coefficients have negative mass dimensions, i.e., irrelevant operators. In terms of
the Lagrangian, this is a strong constraint, namely d < D. Making explicit the
dimensions of operators and their coefficients, equation (2.1) becomes

D
L=> "0
7

0

11

In the usual four-dimensional space-time, the dimensions of the fields and the coup-
ling constant are

6] = [, =1, W=,
thus in this space-time the allowed gauge and Lorentz invariant operators are those
with d < 4, namely

On the contrary, in EFT the validity limits of the theory are ‘a priori’ estab-
lished, therefore the constraint of being renormalizable at all orders in the perturb-
ation series is not required. Renormalization, strictly speaking?, guarantees that
the theory is valid at arbitrarily short scales. Nevertheless, this assumption leads
to a twofold problem: theoretically because we are assuming that the theory is ex-
act at all scales and experimentally because is impossible to reach arbitrarily short
distances.

Discarding renormalization, the Lagrangian will admit also higher-dimensional
operators, that are, however, multiplied by coefficients of negative mass power. The
coefficients ,c;, are often written as the product between dimensionless constant and
a negative power of the energy scale A that represents the validity limit above which
the effective theory is meaningless, namely ¢; = C;/A. Moreover, this convention on
coefficients allows us to easily recognize operator of decreasing significance. Then
the most general Lagrangian of an EFT is:

C; L
Lerr = Z NI D O = Lacp + Z M%[ﬁ (2.2)

i,d>0 d>D
which in four-dimensional space-time becomes

Ly L
LEFT—E4+T+F+ o

2Here nomenclature is a bit confusing, indeed “renormalizable” means that the theory embeds
a finite number of amplitudes that superficially diverge. However, as we will see in the following
of this chapter, we can perform the renormalization procedure at fixed order for an EFT, that on
the contrary, belongs to the set of non-renormalizable theories.
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where the sum is over infinite terms which, however, will produce even smaller
contributions to observables as the dimension increase. Hence, only a few terms
are needed to reproduce the experimental outcomes of a fixed level of accuracy.
This explains why non-renormalizable theories are as good as renormalizable ones:
by truncating an infinite series of operators, we are selecting a finite number of
parameters to make predictions, which is what happens when dealing with renor-
malizable theories. It is important to emphasize that, in theoretical computations as
well as in experimental measurements, the relevant quantity is the product ¢; AP~¢
and not ¢; and AP~ taken individually.

2.2.1 Power Counting

Once the Lagrangian has been defined, we can figure out how an operator contrib-
utes to physical observables like the amplitudes. Assuming that in a D-dimensional
space the amplitude M is dimensionless for a certain momentum scale p, then if a
single operator of dimension d competes to the tree-level amplitude, we have

1 1 p\d-D
M~ () (o) - ()7
From dimensional analysis the power of A is fixed by the dimension of the operator,

see equation (2.2), while kinematic factors, such as external momenta, determine
the power of p. Higher-dimensional operators, still at tree-level, give

,MN(%YQ n=3(d - D). (2.3)

K3

where i runs over all required operators. Equation (2.3) is known as EFT power
counting formula and furnishes the information about the suppression of a given
diagram. In four-dimensional space, it reduces to

n=> (d—4).

%

A remarkable aspect of equation (2.3) must be highlighted since it represents the
key-point to understand the difference between a renormalizable theory and an
EFT: let us consider the four-dimensional space where a diagram is given by two
insertions of dimension-5 operators, or a double insertion of the same operator, from
L5. The contribution to the amplitude is proportional to (p/A)?, which is equivalent
to a single insertion of dimension-6 operator, from Lg. Moreover, if such a diagram
with insertion of dimension-5 operators presents a loop, then we expected it to be
divergent, hence a counter-term is necessary to renormalize it. In this case, the
renormalization term is a dimension 6-operator, indeed for L4>p we can generate
arbitrarily high-dimensional operators by multiple insertions of lower-dimensional
operators, but still with d — D > 0. On the contrary, starting with the operators
that appears in Lq<p, we cannot generate higher-dimensional operators since we
do not need counter-terms of operators of negative mass-dimensions, thus we are,
in such a case, restricted to the set of operators whose dimension is d — D < 0,
i.e., the same size of those already included in the Lagrangian. From this point
of view, renormalizable theories are a subset of EFT, where the limit A — oo
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has been performed, which means that we can compute amplitudes of arbitrary
accuracy, since there are no p/A corrections. In EFT, including the whole series of
operators with d > D, an infinite number of higher-dimension counter-term would
be required, however, such a series is, in practice, truncated and only a finite number
of counter-terms is necessary to perform the renormalization procedure.

The Blue Sky

The blue color of sky was explained by J. W. S. Rayleigh, who demonstrated that
the light intensity of low-energy radiation scattered by atoms from the atmosphere
is proportional to the fourth inverse power of light wavelength. Blue light, being
the one with the smallest wavelength, scatters the most. The derivation of Rayleigh
scattering formula is rather complicated and long; however, we can achieve the same
result more directly by power counting in EFT.

Assuming that a photon is going to scatter with an atom from the atmosphere
and that its energy F, is much smaller than the excitation energy F, of the atom,
which in turn is much smaller than the inverse size of the atom and its mass, namely

E, < E, <ay' < M,

then we can ignore the atom recoil and consider the interaction as an elastic scat-
tering. The Lagrangian for the EFT will include all the allowed operators that
describe an elastic interaction between the photon and the atom, and that, at the
same time, respect the symmetries of Nature, namely Lorentz and gauge symmet-
ries. Moreover, the atom is electrically neutral, a condition that combined with
gauge invariance, does not allow for a direct interaction with A,. The only avail-
able object for describing the photon is the tensor field strength, thus given that
the atom is a fermion W, the lowest-order operator is of dimension-7 and it is

Line = ag¥' (cgE* + c5B?) T. (2.4)

A term proportional to E - B is forbidden by parity conservation. This interaction
Lagrangian leads to the scattering amplitude M ~ ajE? since the electric and
magnetic fields are gradients of the vector potential, therefore each factor E or B
produces a factor E,. The cross section is

Or—atom X aQES, (2.5)
thus blue light, having twice the frequency, will scatter 16 times stronger than red
light, in agreement with Rayleigh formula.

2.2.2 Tree-Level Matching

Before going further, we present some examples of matching at tree level between the
the full theory and its low-energy EFT, which will clarify what has been discussed
so far.

Yukawa Toy Model

Assume that a massless fermion exists in Nature and that a certain experimental
apparatus, working at energy scale Ej, has traced the interaction of four of these

29



¥ | v |
@ @
" | 0 |

] —>——+——»—— 3 1 3

Figure 2.1: Tree-level Feynman diagrams proportional to A? that contribute to
1) — i) scattering.

fermions. A high-energy physicist will describe the process with the Lagrangian:
o
Lppr = i@y + §(¢¢)27

where C' is the coupling constant. Computing the Feynman diagram of the process
he finds

2 4
(4

(4
1 3

= iMEFT = ﬂ(pg)u(pl)ﬂ(p4)u(p2) (’LC) — {3 <~ 4} (26)

Now, imagine that, with the increasing of technology, a new energy threshold Ej,
with E; < FEj can be achieved in experiments. Repeating the collision of four
fermions, experimental physicists discover that the interaction is mediated by an
heavy scalar ® of mass M, such that E; < M < Ej. Then assuming a Yukawa-like
coupling, the new theory reads

_ 1 1 _
Lp = ipdp + 5a,tcpauop — 5M?<I>2 — \DyYn).

At leading order, the scattering process 1) — 1) in the new theory is obtained by
computing the Feynman diagrams represented in figure 2.1. The amplitude is:

1
(p1 —ps)? — M?

However, before the discovery of the heavy mediator, the Lagrangian Lgpr well
described observations, just as the Lagrangian £ does after the increasing of energy
threshold. Thus, the new “full theory” must reproduce, in the low-energy limit the
result of equation (2.6). Performing the limit (p; — p3)? < M?, the amplitude of
the full theory becomes

iMp = a(ps)u(pr)a(ps)u(pz)(—id)® —{3e4}, (2.7)

i 2
M2
The matching procedure requires that equations (2.8) and (2.6) must describe the
same physics

IME, 10w = u(p3)u(p1)u(ps)u(p2) — {3+ 4}. (2.8)

. . A2
Mpiow — Meprr =0, implies C = e (2.9)
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Figure 2.2: Muon decay, u~ — ve~ i, at tree-level. On the left in Fermi theory, on
the right in electroweak theory.

The matching procedure just described is simple and straight, however, it also holds
in more complex cases, for instance in tuning the low-energy electroweak theory with
the four-fermion Fermi interaction.

Fermi Theory

Nowadays, Fermi theory belongs to what we call EFT of type I, since its underlying
theory is available. However, when E. Fermi tried to describe 5-decay, the W boson
had not been discovered yet. Taking as an example the muon decay, p~ — v, e~ e,
in Fermi theory the interaction is described by the Lagrangian

EFermi = (\;/g [17# Vp(l - 75) p’] [éf)/p(l - 75) Ve] )

where Gr = 1.166 x 107° GeV~2 is the Fermi constant. The Feynman diagram for
muon decay in Fermi theory is represented in figure 2.2, on the left. The amplitude
of the process is

. iGrp _ _

Z-/\/lFewni = _7VM’YP(1_75)/167/1(1_75)1/5- (210)

V2

Within the SM, muon decay is understood by considering an intermediate virtual
state of W boson, see the right diagram in figure 2.2. The mediator W~ couples to
the weak charged current as

w9
= v, 1-— /.
w=57 eV (1 —5)

In Feynman-"t Hooft gauge, the amplitude of the process is

iMpw = (2‘\/*‘;) (=26 (25 ) @ (1= 260,

My

which in the low energy limit, defined by p < m3,, becomes

. 2 .
. —ig\ "~ _ i9po ,— o
M ow = | —= (1 — 1-— 2.11
Mo ion = (75) G070 =) W22 @ (=) (21
The amplitude obtained with Fermi theory, in equation (2.10), must be equal to
that computed in low-energy electroweak, hence
GF 92

Gr_ 9 _ L (2.12)
V2 8m¥, 202’ '
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Figure 2.3: One-loop contribution of Lg to ¢¢ scattering.

with v ~ 246 GeV, that is the vev of the Higgs. Thus, at energies well below
the mass of W boson, Fermi theory can be employed to describe weak interaction.
In particular, in the region where W is no longer a degree of freedom — it has
been integrated out of Lagrangian — the effects of an exchange of this particle are
absorbed into the four-fermion operator.

2.2.3 Loops

EFTs not only simplify the derivation of tree-level amplitudes, but also prove to
be useful in performing loop calculations. First of all, it must be emphasized that
equation (2.3) holds even for loop diagrams. This is anything but straight, in
EFT the computation of loop diagrams represents a conceptual problem since the
integration domain is extended to the whole phase space, including the breaks down
regions of EFT.

For simplicity, we consider the Lagrangian for a massive scalar field, that up to
dimension-8 is: Co 68 Cy 6°(0,0)°

515%4*%@*,& s

where Lg operator contributes to ¢¢ scattering with the diagram represented in
figure 2.3. The amplitude of the process is:

G [ dM 1
iMo =35 / (2m)* 12 —m2’

however, the validity region of this EFT is defined by I < A, thus the introduc-
tion of a cut-off momentum A;, with A; < A, seems the most reasonable choice.
Additionally, for mg << A, we have

which diverges with the square of the cut-off momentum since the integral was
quadratically divergent. Computing in the same way the contribution of dimension-
8 operator, we get

, iCs d4l 12 iCs A}
iMs=-——7 | o173~ ~77 T2
At ] (2m)t 12— m3 A% 167

which diverges with the fourth power of the cut-off momentum. When A; ~ A, the
theory is no longer predictive since both contributions are of order O(1), thus the
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power counting formula is lost. Moreover, being A; an artificial scale without any
connection to physical world, it cannot appear in observables, therefore the cut-off
regularization does not seem to be the right tool for loop computations in EFTs. In
order to retain the EF'T power counting, the regularization scheme cannot introduce
any contribution that depends on A;, thus dimensional regularization seems to be
the suitable one, given also the feature of preserving gauge invariance.
Dimensional regularization is implemented via the integration master formula

= . (2.13)

om)D (12 — A)b (4m) 7 T ()T (b)

[ O e BT )
( >

where A does not depend on loop momentum and I'(z) is the Euler Gamma function.
Since D = 4 — 2¢, the expansion of Gamma around e is give by:

1
T(e) = - E + O(e), (2.14)
where vg = 0.577 is the Euler-Mascheroni constant.

If we consider again the the two contribution of Lg and Lg, in dimensional
regularisation we have:

o [ dPI 1 im
T =
/ (2m)P 12 —m? 1672

s [ dPL 12 imd
/(27T)D 12 —m3 1672

)

1 ~2
— +log <'u2> +1+0(e)
€ mg

1 ~2
—Hog('u >+1+O(e)

(2.15)

2
€ m¢

where fi> = 4me~# 2. These integrals depend on mg, which defines an infrared
(IR) scale, while all the UV divergences are embedded in 1/e, that we expected to
cancel by adding the counter-terms. Moreover, fi appears only in the argument of
the logarithm, and since there are no power of this parameter in previous equation,
the only source of fi is the parameter p2¢ in front of the integrals. One remarkable
property of dimensional regularization is that scaleless integral vanishes, indeed in
the limit mg — 0, equation (2.13), returns a null result.

In EFTs, the choice for dimensional regularization was made because it complies
with the power counting formula. Consider a loop diagram with the insertions of
effective operators that lead to vertices of order 1/A%, 1/A® and others, then the
amplitude will be dependent on A as

1

indeed, as we have seen from equation (2.15), the only scales that can appear in the
numerator come from the poles of Feynman propagators, which are much smaller
than the cut-off scale.

2.2.4 Matching

For a better understanding of this point, we can perform an explicit matching
procedure between an EFT and its full underlying theory. Imagine that in the
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Figure 2.4: One loop Feynman diagram for the full theory where two light fields
(external solid lines) interact by exchanging a heavy (thick dotted line) and a light
(thin dashed line) scalar fields.

theory discussed above, two scalar fields with different masses are involved in a
loop diagram as represented in figure 2.4. In the full theory the integral describing

the diagram is
dPi 1
Ir=g° 26/ 2.17
FEIHR ] nD 2 - M2 —m2)’ (2.17)

with m << M, where M represents the UV scale, while m the IR scale. This
integral depends on both energy scales since they appear in the denominator of the
scalar propagators. Using Feynman parameters and the master formula (2.13), we

get:
;9 ~2 2 2
tg 1 I m m
Ip = - +1 — —1 — 1 2.1
P~ 16n2 [e+0g(M2)+M2—m2 Og<M2>Jr } (2.18)
here the dependence on the IR and UV scales is expressed by the argument of the
logarithms: the first depends only upon the UV scale, while the second one on both
of them.
On the contrary, in the low-energy EFT the heavy particle does not show up,

therefore we have to integrate it out by expanding the propagator of the heavy
particle as:

1 1 2 I
roawe- e\t tam T )
and substituting in equation (2.17). This procedure removes the UV scale from the

theory, therefore we will end up with a low-energy EFT, where the loop integral
reads

2, 2€ le 1 l2 l4

IEFT:_gZ\ZLQ /(271-)D Ep <1+J\42+J\44+ >
ig?>m? 1 Q2
=— | —~—-log|—=]—-1).
1672 (M? — m?) < € <m2> )

Note that, as expected, the argument of the logarithm does not present the UV
scale. This result must be compared with equation (2.18), obtained within the full
theory. It is clear that the two results are different, in particular the coefficients
of the divergent terms do not match. In fact, the full theory and the EFT are two
independent theories that we can regulate with different schemes, thus the divergent
terms will be fixed by different counter-terms. As if that were not enough, we can
also choose different values for the gauge-fixing parameters. As said before, the EFT

is only tuned with the full theory in order to reproduce the same matrix element,
while being a completely independent theory.

(2.19)
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Assuming that divergent terms have been fixed in both theories by making use
of the MS-scheme, then we can compute the matching integral named I,

Iy =1Ip — IgFT

. 9 ) 2 )
g 15 m 15

= 1 — 14+ — (1 — 1
1672 {Og(JW)Jr e (Og (M2>+ >+ } (2.20)
. 9 ~9 oo 2 n

_ iy 2 m

~io o2 (i) 1 5 (5)

from which it emerges that the logarithm inside square brackets, that is analytic
in the IR scale, represents a correction to operators of order M ~2". What is re-
markable is that we can read the result from a completely different point of view
by writing the full underlying theory, which embeds both the UV and IR scales, as
the sum of two one-scales theories, i.e., [r = Ip; + Igpr. If on one hand the IR
scale affects the EFT theory, as highlighted by equation (2.19); on the other hand,
the matching integral, in equation (2.20), depends only on the UV scale. Hence, by
using the parameter [i, we can write

m2 /742 /742
log (W) = log (A/[Q) —log (7712) . (2.21)

full theory matching EFT

The separation of the two energy-scales leads to easier computations, since integrals
with multi-scales require a more attention and techniques compared to single-scale
ones.

In this derivation we have obtained the matching integral as a result, but we may
wonder whether there is another way to obtain the I, integral. Both the integrals
Ir and Igp7 contain non-analytic terms in the IR scale, while their difference, i.e.,
the integral I;;, is analytic in this scale. Thus, we can remove the IR scale both in
the full theory and in EFT, by expanding them in m << [, hence

D 2
(IR) _ 2 2¢ d~l 1 1 m
IF *g/u’ /(27T)D 12—M2 <l2+l4 + ... 5

D 2 2
(IR) _ 2 2 d~l 1 m 1 l

Now, as expected, the denominators do not depend on m anymore. Note that, in
dimensional regularization the non-analytic terms in m are proportional to

(2.22)

m—ezl[me—&—eme_l—i— },
€ €

where we first expanded in the IR scale m and then respect to the parameter e¢. In
the limit m — 0, it returns a null contribution.

We can obtain the same outcome starting from I gﬁ%, in equation (2.22), which
is composed by scaleless terms, since two expansion took place; therefore, its con-
tribution is null. This result is completely general.

On the contrary, the integral in IgR) still depends on a specific scale, i.e., the
UV scale, and its integration will produce the same result of equation (2.20), since

Iy =140 — 0B witn 108 < 0.
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In order to perform a general derivation, it is sufficient to split the UV and IR
divergences of a scaleless integral

Pl 1 i 1 1
— ) =0. 2.23
/(QTI')D k4 167‘(’2 (EUV E]R) ( )

Moreover, the integrals that appear in the full theory and in the EFT after the
expansion in the IR scale, can always be written as

N A B®)
IgR)(m) = Zm”[l(p) = Zmn ( + + Cm)) )

EUv €IR
(IR) n 7(n) .(_ B™  B™
Ippp(m) = Zm EFT = Zm v + an )
n n

where A", B™ are the UV and IR divergent integrals respectively, while C" is the
finite part. Adopting once again the MS-scheme to remove the UV divergences, we
get

1§ = [~ 120] - [15h — 15, ] =

where I, ;. are the counter-terms. The last equation states that to obtain the match-
ing condition we simply have to expand the integral of the full theory in the IR scale
and keep only the finite part of it.

2.2.5 Fields Redefinition and Equations of Motion

Four-dimensional operators, as well as lower-dimensional ones, are common in
quantum field theory and we are used to deal with them; on the contrary, we
cannot state the same for higher-dimensional operators. First of all, for a given
dimension we have to identify a basis which can only contain local operators that
are also gauge and Lorentz invariant. Usually, we have to handle redundant terms
that have to be eliminated. If on one side, a redefinition of fields does not prove ef-
ficient in this task; on the other side, by making use of equation of motions (EOMs)
we can fulfill the assignment directly. In fact, operator proportional to EOMs can
be deleted, since they do not affect the S-matrix. We can prove this statement by
recalling that EOMs are a special case of redefinition of fields.

First of all, we recall that the redefinition of fields has no physical implications:
assuming that a certain theory depends on the scalar field ¢, then the map

p(x) = flo(x)].

will affects the correlation functions, but will leave the observables, such as S-
matrix, unmodified. This is true as long as (p|f[¢]|0) # 0, where |p) is the one-
particle state created by the field ¢, since the LSZ reduction formula, which con-
nects correlation functions to S-matrix elements, still holds and identifies the poles
corresponding to the external physical states in scattering amplitudes.

From their side, equations of motion are a special case of redefinition of fields.
They can be written in a compact manner as

E[¢] = 5‘2‘?
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If we deal with an operator of ¢, which is proportional to the EOMs, it can be
recast as

0S
Ol = f161 Bl6) = flo) 52
Thus, operating the redefinition of the scalar field
¢ — &+ ef[d],
where € < 1, the Lagrangian turns to
1)
£16] = L)+ S0 50 +0() = L16] +<0lo] + 0(),

proving that an operator proportional to the EOMs can always be removed from
the Lagrangian since it disappears when we perform a specific redefinition of the
fields.

A concrete example of this procedure can be shown within the scalar theory. Up
to dimension-4 the Lagrangian for a massive scalar particle is

1 1 1
_ - woh s 022 0 oy 4
L= 30,00"6 = Sm?6? — A",

whose EOMs are
2 2 L 3
(0°+m )¢+§¢ =0.
Now suppose that we want to include some dimension-6 operators to build a new

EFT Lagrangian. Among other, these operators might be ¢%, ¢30%¢ and (92¢)2.
Nevertheless, EOMs shows that only one of them is independent

(9°¢)* ~ ¢°,

¢*(6%9) ~ ¢°,
where ~ stands for equivalence between operators. Thus, there is no need to include
the operators ¢90%¢ and (9%¢)? in the Lagrangian. In an equivalent manner, we
can remove the redundant operators by making use of field redefinition. Let us

imagine that we have already removed the operator (9%¢)?, then the Lagrangian
for the effective field theory of dimension six is

1

1 1 C C
Lppr = 50,0016 — om*¢® — 200" = 56°0%6 — 26° + O(1/AY).

Under the field redefinition
o= o— 597, (2.24)

the Lagrangian becomes

1 1 A Cym? Cix  C
Lerr = §3u¢8”¢ - §m2¢2 - ( - = ) ¢t — (3&\2 - A§> ¢° + O(1/A%).

which, as expected, contains just one operator of dimension six.
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Figure 2.5: The leading order diagram for the vacuum polarization of the photon.

Generally speaking, the EFT Lagrangian might contain redundant operators
that can be eliminated by EOMs or redefinition of fields. On one hand, the super-
fluous operators O; mix among themselves when we renormalize the theory

d
N@Oi = Bi;0j,

where 3;; can be gauge-dependent, but the operators O, are not observable quant-
ities. On the other hand, for non-EOMs operators K;, the anomalous dimension
is p

@Ki = 7K + 5i; 0. (2.25)
The operators K; contribute to S-matrix, thus ~;; is gauge independent. Under the
evolution of u, the operators IC; can mix with EOMs-operators, but this is not a
problem since O; are, as said, unobservable.

1

2.3 Decoupling of Heavy States

Usually, at low-energy scale the heavy states do not contribute. Consider, for in-
stance, the one-loop S-function of QCD

B0 =~z (1= 30 ).

where ny is the number of quark flavors. At the energy level well below the quark
top mass, we do not expect that this particle contributes to the g-function; in other
words, we assume that the heavy state decouples at low energy.

The decoupling of heavy particles can be understood considering the one-loop
B-function of QED, which comes from the vacuum polarization diagrams, in figure
2.5. In dimensional regularization we have

ill(p?) % [616 - /01 dz x(1 — z) log ("ﬂ_pj;(l_x)ﬂ , (2.26)

where m is the mass of the particle running in the loop and p the momentum of the
external photon.

Momentum-Subtraction Scheme

Adopting a mass-dependent renormalization procedure, such as the space subtrac-
tion scheme where the renormalized vacuum polarization function is given by the
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difference between II(p?) — II(p3,), we get

2 1 2 p2(1— 1)
I, (p%, m?, i3 =—e—/ 1) log [ =P (2.2
Wt i) = =g | [ o =) tox (=) L ()

We can compute the contribution to the S-function for a generic fermion running
in the loop by acting on this function with the operator (e/2)us d/dpps, hence

3

e ! 2r(l—z
Bm(e) /Odacx(l—ac) Har(1 — )

el m? + p2,x(l — )

Two opposite situation can occur: if we consider a particle lighter than the scale
war, such as the electron, for which we have m,. < pjps, then previous equation

becomes
e

3 1 e3
B(e) =~ /0 derz(l—2x) = (2.28)

~ on2 1272

while for an heavy fermion uy; < M, thus

3 1 2 1— 3,2
ﬂ(eg)we—/ drz(l—x) pyr =) ey — 0.
0

~ or2? M?2 6072 M2

thus, as anticipated, in momentum-subtraction scheme the heavy particles decouple.

Minimal-Subtraction Scheme

Now, we repeat the computation, but in a mass-independent scheme, such as the
MS-scheme. In this case, the renormalized vacuum polarization function can be
obtained from equation (2.26) by removing its divergent term

2l 2_ .2
i (p*, m®, %) = —2% dxz(1 —x) log (W) (2.29)
0 K
As we did before, to get the S-function, we must act with the operator (e/2)uas d/dpps
on the vacuum polarization function. For light state, we recover the same result of
the mass-dependent scheme, indeed equation (2.28) is independent both from the
mass of the fermion and from the parameter fi. Nevertheless, for heavy particles we
find a non-vanishing contribution, thus heavy states do not decouple.
In the MS-scheme, an additional problem comes out, indeed evaluating equation
(2.29) for a particle with low-momentum

o 2 [l m2
55 (0, m ,u):—%/o drz(l —x) log(/ﬂ)

which is divergent in the limit of heavy particles i < m, causing the breakdown of
the perturbation theory.

The problems of non-decoupling and theory break down are strictly related and
they can be solved by integrating out heavy states. In fact, the contribution of
heavy particles is embedded in higher-dimensional operators, which are suppressed
by the inverse powers of their mass. At Lagrangian level

rutl) E(nz),
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which states that we are moving from a theory with n; light particles and one heavy
states to a theory with just n; light particles. The two theories must generate the
same S-matrix for the scattering of a light-particle scattering in low-energy regime.
In the MS-scheme, we can integrate out the heavy-states by computing the vacuum
polarization function for p? <« m?

2 1 2 9 -
Mg (57, m?, [ﬂ):-%r/o dzx(1 - x) [1Og <m> +log (l_px(Mz)H

[i2

1 m2 p2 p4
21 oL ).
5198 () + g0 0 (75)

In order to get this result, QED Lagrangian was adjusted by integrating out heavy-
states, which is equivalent to the shift of the gauge coupling constant

()
2@ - am 12%\wE)
where e;(f1) and ey, (i) are low-energy and high-energy gauge couplings. The shift

is responsible for the first term in equation (2.3), while the second term comes from
a dimension-6 operator of the EFT Lagrangian, namely

62 v
S8, F, 0P FM

L= 240m2m

2.4 Standard Model Effective Field Theory

We conclude this chapter on effective field theories by presenting the Standard
Model effective field theory (SMEFT), which represents a viable proposal to look for
new physics. SMEFT enables for higher-dimensional operators, while the allowed
fields are those of the SM. On the contrary, our research is focused on the search for
new fields that interacts with the SM particles through high-order operators, while
SM is left untouched; see chapter 4 and 5. This does not detract from the fact that
SMEFT is both a compelling theory and a fundamental example of EFT.

SMEFT comes from the assumption that SM itself is an effective field theory
which approximates a more fundamental theory of elementary interactions. From
this point of view, what we have done so far is describing the Nature with the
Lagrangian

Lsy = La<a,

that turned out to accurately foresee experimental outcomes. Nevertheless, it is
expected that as the energy of the accelerators increases, more discrepancies will be
found between theory and experimental data.
The SMEFT Lagrangian is
Ls L
E = E _— — ey
SMEFT sm + A + A2 +
where A is the energy scale of new physics at which SMEFT breaks down. Since
SMEFT allows for the SM fields only — in addition, before the EW symmetry
breaking — we have to build higher-dimensional operators that respect Lorentz and
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gauge invariance without introducing new fields. It is remarkable that at dimension-
5 just one operator is available to build L. It was found by Weinberg [19] and it
is

Ls = Credef (1l Clye) HiH, + hc., (2.30)

where i, j, k and [ are indices of SU(2), while r and s refer to generation of particles.
C is the charge conjugation matrix. This operator contains a AL = 2 interaction,
that violates the lepton number and furnishes a Majorana mass term to neutrinos
after the electroweak breaking. In [20], the authors have shown that all the operators
built starting from the SM fields satisfy

%(AB —AL) =d, (2.31)
that makes it clear why for d = 5, the operator in equation (2.30) does not retain
both lepton and baryon numbers.

The scenario of dimension-6 operators is extremely complex, indeed a complete
basis, commonly called Warsaw basis, was identified quite recently by [21], starting
from the results in [22].

2.4.1 SMEFT Corrections to SM

Removing the dimension-5 operator, we can investigate the consequences of Lg
on observables. In some cases, dimension-6 operators act as a simple shift of SM
parameters, however in some others they lead to deeper changes.

As previously said, in EFT is important not only to specify the dimension of the
operators, but also the number of insertions of these operators in some diagrams
since multiple insertions of low-dimensional operators is equivalent to a single inser-
tion of a higher-dimensional operator. In [23], the authors obtained some compelling
results with a single insertion of dimension-6 operators. In the following we analyse
some of them.

Higgs Sector

If we allow for dimension-6 operators, the Higgs potential, getting a contribution
from HS, becomes:

V(H) = A (HTH = “22)2 —cy (HTH)?,

where the coupling constant of H® is understood as cy = Cg/A2%. This potential
leads to a shift of the vacuum expectation value of Higgs field

V2 3cp v? v2
(H'H) = 5 (1 + M) = 7T (2.32)

where the shift term is proportional to the Higgs parameters, i.e., v2/\. The kinetic
term gets two corrections

Lyin = (D,H) (D"H) + ¢, (H'H) 8* (H'H) + ¢o (H'D,H)" (H'D,H),
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once again, the small letters ¢;, with ¢ = {1, 2}, include the cut-off of the theory. In
order to correctly normalize it, in unitary gauge we find

Hji((1+c3?h+w)’

where at first order the coefficients are

3 2
c3 = <c1 — 9) v?, vp = (1 + cny ) v. (2.33)

4 8A

Expanding the new Higgs Lagrangian, we observe that dimension-6 operators con-
tribute to Higgs mass as

SCHUQ

2 2

=2\ 1- 2 .
my (0 ( 2 + 03)

Yukawa Coupling

If dimension-6 operators of Higgs Lagrangian have induced a shift in the parameters,
on the contrary, the modification in Yukawa sector appears to be heavier. In par-
ticular, introducing the operator 12 H3, before the electroweak symmetry breaking
the Lagrangian is

J (H]T&T Yal,s s + +H G [Vl a5 + +H] & [Ye], s + h.c.)
+ (HTH) (HJTCZ"" [CZ]ST djs + HJTJT [CTL]ST‘ djs + H;ér [C:]sr 635 + hC) ’

where the cut-off is included in the interaction matrices c. This equation will bring
a contribution to the mass of fermions, indeed after the electroweak symmetry
breaking the mass of a generic fermion ¢ will be

2

(Mul,, = 5 (m]m -3 [ciz]sr) ,

with ¢ = {u, d, e}. If we try to write the interaction term between Higgs and

fermions in a Yukawa-like form, i.e., L = —Hu))q, we get
1+c3 v?
= M — y
[ylb]rs v [ w]rs \/5 I:Cw] sr’

which is no longer proportional to the fermion mass alone. Moreover, given that
the mass and Yukawa matrices are not simultaneously diagonalizable, the coupling
between the Higgs boson and the fermion ¢ is no more diagonal in flavor.

Fermi Constant

The introduction of dimension-6 operators in the SM Lagrangian leads, as we saw,
to the shift of Higgs parameters, in particular of its vev. Then, also Fermi constant,
Gr, will be affected by the presence of higher-order operators since it is inversely
proportional to the square of vev, moreover the new Fermi constant is not simply
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obtained by replacing v — vy, indeed at order 1/A2, the new constant, renamed
gFa is

V2 v
where the coefficients ¢ comes from the four-lepton interaction of dimension-6
operators, while ¢f! from the exchange of W bosons. Note that they include the
theory cut-off.

4 2
O (e ) +2 (1),

Gauge Bosons

Some dimension-six operators impact on interactions of gauge bosons, both among
themselves and with the other particles of SM. The SMEFT theory allows for the
following operators

L =cqHTHGS,G*™ + cw HUHW,. W** + cy H'HB,,,, B"
+ewpH T HW), B + c3a f*" GV GLPGoF + caw €T * WL W] P

pv

After the electroweak symmetry breaking the operators X2H? contribute to the
kinetic terms of gauge fields as

1% v 1 v a a v
Egauge = WJVW - 4WSVWBN 4BMVB# 7leG a
1)2 2 1}2 (2'34)
+ gcwwgyww + ?CBB“,,B”V - chBwijW,

where the gauge fields are not canonically normalised. In addition, dimension-6
operators lead to a mixing kinetic term between W3 and B. As if that were not
enough, the mass term of gauge bosons acquires new contributions

1 1
Lomass = =g v W, W™ # + gv%(gWS —¢B,)*+ vT02(gW 9B,)>.

4 16

A redefinition of gauge fields is necessary to restore the diagonal and normalised
form of the kinetic terms

=Gi(1+cqv7), Wi =W, (1+cwo7), B, = B,(1+cpv?).

Defining new coupling constants

gs=9s(1+cgvy), g=g(l+ewr}), 7 =g 1+cpv}),

the product gzG? W= ggg is unchanged. Nevertheless, we still have to identify the
mass eigenstates for W3 and B,,. Taking into account just the EW part of equation
(2.34), we have:

Egauge = - %W:VW_ i Z]/V3 )/V?’F“/ _ 78/,1,1/8#“/ _ 7CWB Ws BHV

1 - . ) .
+ VW gv%(gW,i ~ 9B+ ¢ va¢2 (@5, — §'B,)?,
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and the mass eigenstates are

)/Vz B 1 —U%CTWB cosf sind\ (Z,
n —sinf cosf) \A, )’

_U%CWB 1
2

where

= 2 =12
tan 6 :% + %TCWB (1 - ;) )

_ =/ 2 (72 _ 72
sinf = 79 — (1+UTCWB —g,(—z g—/2))a
V3?2 + g2 2 g(g*+3g?)
cosf =T ( _vrews 93 - §’2))
V3% + g2 2 g(*+9?%

As expected, the photon is still massless since U (1) gas is unbroken; on the contrary,
the masses of heavy bosons of weak interactions become

—2 9
g vr
M3, =
w 4 ’
2 U% 2 | =2 U% 2 | =2 U% —/
MzZz(g +g )+§C2(9 +g )+7996WB~

The covariant derivative is

g WITT + W, T7) +igz (Ts — 5°Q) 2, + ieQA,,

D,=0,+i——=
H H \/g
where as usual @Q = T3 + Y. The new coupling constants are
99 (33 .,
JE+rgE U 2+g? TP )
> ~2 | =12
_ € g +g° 4 >
= — — |1+ ——— V5 C
(sinﬁcos 9) ( 255 " e
52 =sin? 0.

Finally, the parameter p given by the ratio between the charged and neutral current,

also undergoes a modification

= / 2
agmz Ur
\/ﬁ f]Zm 2 €2,

where the parameters g, ¢’, vy, cwp and ¢y can be experimentally fixed through
the masses and the couplings of W and Z bosons. The modifications of the coupling

between gauge bosons and fermions have been studied in [24, 18].
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CHAPTER | | ight-by-light
Scattering

In this chapter we will see a concrete application of effective field theories in order
to study the light-by-light scattering. We will first derive the low-energy effect-
ive Lagrangian that, for interacting Dirac fields, is nothing but the famous Euler-
Heisenberg Lagrangian, then we will compute the light-by-light scattering at next
to leading order in the underlying full theory. The computation will be repeated for
the physical QED, to which we will refer as spinor QED within this chapter, and
for the hypothetical scalar QED and vector QED where the interacting particles
are charged scalars and charged vectors, respectively. Finally, we will match the
coefficients of the effective field theory with those of these three different QEDs and
we will compute the cross section of the process.

3.1 The Euler-Heisenber Lagrangian

Classical electrodynamics described by Maxwell equations is a linear theory that
does not allow for interactions between two electromagnetic fields in vacuum. Nev-
ertheless, if QED at tree level agrees with this picture, higher-order corrections
allow the scattering of light-by-light itself. In other words, QED extends classical
theory by including also non-linear corrections.

At low energy, the non-linear corrections are described by the Euler-Heisenberg
(EH) Lagrangian. The original suggestion for EH theory was given by O. Halpern
who firstly realized that photons can be scattered from other photons. Euler and
Heisenberg described the process by assuming that degrees of freedom heavier than
a certain cut-off A can be encoded in new interactions of those fields that survive
at energy scales below the cut-off. Since the low-mass scale is represented by the
electron mass me, the only surviving field is the photon field.

The Euler-Heisenberg Lagrangian can be derived from QED Lagrangian by in-
tegrating out the electron field. Consequently, new interactions among photons
arise, that are suppressed by the fourth power of the electron mass, accordingly to
the full theory — QED with only electrons — that includes these interactions at next
to leading order computations. Since EH Lagrangian must be Lorentz and gauge
invariant, every operator directly proportional to the vector potential, A, (x), must
be excluded in favor of the electromagnetic field strength, as discussed in Appendix
A.4.2. Moreover, restricting the analysis up to operators of dimension eight, one
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can only have:
]:27 gga ]:g7 (31)
with
1 nv 1 2 2 1 i
.F:ZF F”V:§(B —E?), and Q:ZF F,,=B-E, (3.2)

where FH = %e’“’p"Fpg is the dual tensor field strength, while E and B are the
electric and magnetic fields. Note that the last term in equation (3.1) is forbidden
since it breaks parity invariance.

The EH Lagrangian is composed by the typical kinetic term for photon field
plus two operators that describe the interactions between photons

o 8 OZ2 2 14 a2 2
,CEH——.F+45<W13>]:+45<”14>g. (33)

€

This Lagrangian leads to a direct computation of g-function for QED, Schwinger
pair creation, scalar and pseudoscalar decay rates and chiral anomaly, in addition
to a straight calculation of light-by-light scattering cross section [25]:

do 13902 WS

2
- (18072 m8 (3+cos?0)”, (3.4)

with w = +/s/2 where s is the square of the energy in the center of mass, and
w/m. << 1, while 0 is the scattering angle between incoming and outgoing direc-
tions in the center of mass rest frame.

3.2 The Effective Lagrangian
The Euler-Heisenberg Lagrangian in equation (3.3) serves as basic template to build

the general effective field theory for interacting photons at low energy. Taking into
account just coupling terms, the effective Lagrangian is

~ 2
Lepp=L1+Lo= g1 (FuF*™)? + go (B F*™)7, (3.5)

that can be visualized by the Feynman diagrams depicted in figure 3.1.

Figure 3.1: Feynman diagrams for the four-photon interactions.

Our purpose is to compute the light-by-light scattering amplitude, both in the
effective field theory and in QED in order to identify the values of the two coefficients
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g1 and go. We remark that the process occurs at tree level in the EFT and at one-
loop in the underlying full theory. The matching procedure will be performed not
only for spinor QED, but also for scalar QED and vector QED.

The S-matrix element of four incoming photons is:

st =i [ata o (H ) 11(@0)
4

= iM (2m)*6™ (p1 + p2 + s + pa) H yiz
z:l

where M is the invariant amplitude that can be written as a sum of two pieces
M =M + M,.

The addends M;, with ¢ = {1, 2}, are the invariant amplitudes generated by equa-
tion (3.6) with £4 and L, separately taken. Starting with the first interaction term,
we rewrite it to make explicit the dependence on the derivatives of vector potential

L1 = 4g, (0,A,0" A9, A,0° A7
— 20,A,0" A0, A,0° AP
+ 0, A,0" AFD, A, 07 AP).

The quantized vector potential is:

_ d3p 1 A —ipx A * t ipx
Ao = [ e 72 2 (G0 e 6 () 0] 7).

thus its first derivative reads

d3 _. v 2 —ipx * ipx
8,,Au(x):/( J@Z( p)apre P —ef; (p)a;)\e” )
p

A=1

From equation (3.6), it is clear that M, is given by the sum over permutations
of four element, since the distinct Wick contractions of the annihilation operators
with the vector potentials are 4! = 24. The invariant amplitude is:

Mi =491 ) [(Pr, - Do) (€ry = €x3) Py - o) (€ - )
= 2(Pry Do) (€my * €my) (D~ €m0) (D~ €my) (3.7)
+ Py~ €ms) (P €my) (Pres ~ €m0) (P~ €m3)]-
Factorizing out the vector polarizations, the amplitude reads

_ v po S
Ml - Ml (plv b2, P3, P4) 61,u621/€3p€44:7

= (Z Flllz'n Mg Mg My (pﬂl , Dros Drss p71-4)>

s

* ok k%
€ ;/.62 v€3 p€4a7
Hi=[L,V,p,0
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where indices inside the brackets have been renamed as p = p1, v = po, p = pug and
0 = 14, to write a compact formula. The polarization tensor M/{“"? as well as the
tensor Flf mittmatirabita g g function of photon momenta and Minkowski metric only.
Each element of the sum in previous equation is:

F;ltﬂ Mg By My (pm’ Drry Pras pm) =4q, [(pm .pm)(p7r3 -pm)g“ﬂ“’@ gHmatina

- 2(p71'1 : pﬂ2)(p773)uﬂ4 (pﬂ4)/“bﬂ3 guﬂ'1 Hma
+ (Pr )72 (P )™t (P )74 (pm)#”s} :

For the polarization tensor we get:

M‘fypa =0 [(p1 'pz)(Pa pa)g" 9" + (p1 'Ps)(pz '104>9“p9
+ (1 - pa) (P2 - p3)9"7 9" — 2(p1 - p2)(p3)° (p4)"g
—2(p1 - p3)(p2)” (p4)"9"" — 2(p1 - p4)(p2)”(p3)" g"” (3.8)
+ (p1)" (p2)"(p3)° (pa)” + (p1)"(p2)7 (P3)" (pa)”
+ (p1)7 (p2)” (p3)” (pa)*].

Following the same procedure for L4, we obtain the polarization tensor M4"??
) 2 9
however it expression is quite long since each term I'y*#2H3H4 g

Dy (pry Dy Dy D) = =892 (P~ ) (Prey Py ) g7 072 gt

- (p7r1 'p7T2)(p7T3 p7r4) Homy g guwu7r3
= 2(Pry * Py ) (P )74 (D, )72 gH1 Hom2

+ (Pry = Prey) (Pry )74 (P )1 g2 tims
+ (Pry * Do) (Prg )72 (Pry )i gl i
= (Pry o) (g )H72 (P )1 gHmstima
+ Py )2 Py~ Py ) (P )71 gHimatims
(pTrl)“7T2 (pm pm)( )uﬂsgunum
+ (D)2 (P )73 (Dreg - Py ) gH 1 Hma
+ (P, )12 (Pry )1 (pm)um (Pry )M
= (P )72 (P )78 (P )74 (P )1 ]

The complete expression for M}"*? is given in equation (A.19). One can prove that

the polarization tensor M/}"*?? and MUEYP? satisfy the transversality condition since
the theory is gauge invariant, see Appendix A.5.

Energy conservation, that is expressed by p; + p2 + p3 + p4 = 0 such that all
the momenta are incoming, enables us to remove the dependence on p4 in the total
amplitude:

MHMPY(py, pa, p3) = MEYP7(p1, p2, p3) + ML (p1, pa2, p3).

Renaming the scalar product in analogy with Mandelstam variables, but taking into
account our convention on incoming momenta:

5= (p1+p2)® =2p1-p2

t=(p1+p3)?=2p1-ps

u=(p1+ps)® = (p2+p3)° = 2p2 - p3
s+t+u=2p;pa+2p1-ps+2p1-pa=—2(p)* =0.
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In view of that, the total polarization tensor can be considerably simplified and its
complete expression is written in Appendix A.5.

The comparison between the EFT and each one of the QED models takes place
at the level of amplitude, therefore their polarization tensors will be compared, in
other words we must solve the equation:

Mgff (p17p27p3) MQED(p17p27p3) =0 (310)
where M.¢ is the polarization tensor of the EFT just calculated.

3.2.1 Cross-Section

Once the amplitude has been computed, we can go further by calculating the dif-
ferential cross-section. For an elastic binary process, in the center of mass frame we
have:

do  |MJ?
dQ  64n2s’
where s is the square of the energy in the center of mass. Since an experimental
setup does not always permit to select polarized light in the initial state, the squared

amplitude in the previous formula is averaged on the photon polarizations, namely:

(3.11)

2
1 5
IM|? = 1 ZM“VPUMaﬂ7 €1 €3 €3 p€4 €1 a€2 fE3 €45 = MWWMWM,
A=1

where the sum over photon polarizations is Zizl ehey? = —gh + IM, with "
that is a gauge-dependent part that contracted with a transverse tensor gives a null
contribution. The averaged square amplitude is:

[M? = 64 (397 — 20192 + 363) (s> + 12 + 5t)°
In the center of mass frame, the dynamics of the system reads

o, = (E,0,0,2E),

ph = (E,0,0,—2F),

py = (F,0,9Esin6, 2F cos ),
py = (E,0,—gEsinf, —2F cos0),

(3.12)

where the convention on energy conservation is p; + p2 = ps + p4, therefore on
one hand, p} and p, do match with momenta p; and ps that appear along the
computation, while on the other hand, the momenta pj and p), are of opposite sign
respect to p3 and ps. The Mandelstam variables are:

s = (p1+p2)’ = (p) +pb)* = 4E?,
t= (1) = (9~ p? = 220, o
where F = /s/2 is the photon energy. The differential cross-section in equation
(3.11), becomes:

do  s*(3g7 — 29192 + 395)(3 + cos® )
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Figure 3.2: The lowest-order contribution to light-by-light scattering in spinor QED.
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Finally, integrating over the solid angle we get the total cross-section, however, a
factor 1/2! must be included to account for indistinguishable particles in final state:

1 [do 753393 — 29192 + 393)

3.3 Spinor QED

The Lagrangian for spinor QED, whose derivation has been discussed in the first
chapter, accounts for an interaction term between the electron and photon fields

Lint(x) = —etp(z) Alz)y(x). (3.16)

In QED, the lowest-order contribution to light-by-light-scattering is the box diagram
represented in figure 3.2, where the electron is the only particle running in the loop
since the theory is at low energy. The S-matrix is

181 = 7 [ dterdaadisgate,
| 4 (3.17)
<O| <H api;)\i> T [Eint(xl)‘Cint(x2)£int(l‘3)£int(x4)]|O> s
i=1

thus, the term inside Dirac brackets can be written as

a1 az az as T (V1 A101) (Yo hotpo) (V3 Asths) (PaAyiba)],

where a; = a,, », and ¥; = U(x;) with ¥ = {4, ¥, A}. This term allows for 4!
different Wick contractions of annihilation operator with photon field, since each
a; can be contracted with any A;. Moreover, there are still 4! contractions for
fermionic operators, however, only 6 of them account for close loops. In the set
of these 144 diagrams there is a high redundancy, indeed one can prove that there
are only 6 topologically distinct diagrams', thus each diagram is repeated 24 times.
This factor cancels the 1/4! of Dyson expansion.

Factorizing out the polarization vectors, and using energy conservation to remove
an external momentum, we can parameterise the 6 distinct diagrams as a sum over

1When a loop is composed of three-point interaction terms and n external and indistinguish-
able particles, the problem of counting distinct diagrams is equivalent to identifying the different
arrangements for n people sitting on a round table.
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the combined permutations of indices and momenta, namely

_ pvpo x  x ok _k
M1/2 _Ml/g (pl,p27p3ap4)61,u621/63p64a

=24 (Z THm1 NTrQ/L‘ﬂ'sa(pﬂ_l’ Pras pﬂa))

s

e s (3.18)
61/1,62V63p€407

Hi=H,V,P

where, as expected, the are 3!=6 permutations.

3.3.1 Amplitude Evaluation

Choosing the first configuration 7 = 1,2,3, with u; = {u, v, p} for i = {1, 2, 3},
we can compute the box diagram:

iTHP7 (py, pa, p3) = —e*u®
/ dPr tr[(d, +m)vt (¢, +m)y(d, +m)y*(d, +m)y7] (3.19)
(2m)P [T, (g2 —m?) 7

where the momenta of virtual electrons are

qo =1

@ =l+p

@2 =1+p1+p2

q3 =1+ p1+p2 +ps.

The box diagram in equation (3.19) is logarithmically divergent; however, the over-
all amplitude is finite since each of the six permutations contributes with a UV-
divergent term that added to the others gives zero. The computation of the diagram
has been performed in Mathematica powered by the package FeynCalc, employing
the standard technique of Feynman variables with the aim of simplify the denom-
inator

1 1 l—x l—-xz—y 1
=y 6/ dm/ dy/ dz I
[Tizo (67 —m?) 0 0 0 (12 = m2[1 4 X(s, 1)])

The shit | — | — p1(z +y + 2) — p2(y + 2) — p3z occurred to symmetrize the
denominator. The parameter A depends on Feynman variables and scalar products
of the external momenta, with the latter rewritten as a function of Mandelstam
variables, according to equation (3.9). Specifically,

s((z+y)(y+2) —y) +toz

As, t) = -

Performing the same shift at numerator, we get:

trl..] = tr[(/ = @o + m)y" ([ = @1 +m)y ([ = @y + m)y* ([ = @5+ m)y7],

where Q;, with ¢ = {0, 1, 2, 3}, are linear combinations of the external momenta.
At this stage, the structure of Q); is not relevant because, in each term of the trace,
we have to deal with the number of Dirac matrices on one hand, and the power of

51



the loop moment on the other. Since integration is made over the whole momentum
space, odd powers of [,, are killed by symmetry. Moreover, trace technology leaves
alive only terms with an even number of gamma matrices

tr[.. ] :tr[’ya”YM'YB’YV’V’Y’YP’Yé’YU] (la lglyls + Qoa Q15 Qay Q35
+lgly Qoa Q35 +1pls Qua Q2 + 1,15 Qoa Q1
FlalgQoy Q35 +1lalyQipQ3s +1lalsQip Q2w)

+tr[y Py m? (la s + Qoa Q1)
+tr ,Ya,y,u,yl/,y"/ryp,.yo' 2(la l’y + QOa QZ’y) (320)
+ tr [y Py lols + Qoa Q35)

[ m

[ Jm

[ Jm*(
+tr [y 79"y Py m? (L Ly + Qup Q24)

[ ]

[ ]

[

o 2

m

o

+ e[y 7y Py Im? (g ls + Q1.5 Qss)
+ e[y 7 m? (1 Is + Qa4 Q)
+ [y Py m?

m
m
First of all, Lorentz invarinace is invoked to rewrite scalar products of loop mo-
mentum since the denominator is an even function of momentum I, thus

dPl dPl g
/7[”1” - /797
(2m)P (2m)P D
le le l2 Qv ,po wp Vo Ho VP
/ Z,melaﬁ/ (9" 9?7 + g"*g" + g"7g"")
(2m)D (2m)D D(D +2)

This simplification reduces the number of Dirac gamma matrices that appear inside
a trace. The evaluation of traces has been made according to the equation A.11.
The resulting equation is very long; it becomes even longer when the momenta
Q; are replaced in favor of p;. Nevertheless, we can contract repeated indices to
display scalar products and introduce Mandelstam variables, as in equation (3.9), to
simplify it. The contracted equation shows several terms proportional to the squared
of external momenta that can be removed since photons are on-shell. Moreover, we
applied the transversality conditions on external photons, that are expressed as:

FHUPU(pl’ D2, p3) Pip = 0
L*°% (p1, pa, p3) p2y =0
HP?(p1, p2, p3) psp =0,
that leads to the deletion of those terms proportional to pY’, p5 and pf.

At this stage, every term that composes the numerator of the integrand function
can be grouped in three ensembles, so that equation (3.19), can be written as:

1 l1—x l—z—y
LM% (py, pa, p3) = —6e4uD/ dx/ dy/ dz
0 0 0

/ le qupo + Fgwpo + FSWPU
(2m)P (12 —m2 [L+ (s, t)])"
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where the subscript of I'**? clarifies the proportionality of terms to the loop mo-
mentum, for instance I'}””? is composed of terms proportional to the fourth power
of the [,,.

The integration over loop momentum can be performed by the master integration
formula, in equation (2.13), which returns

oo dPl (12)? _i(e—3)(e—2) . m2) ¢
& / COP @ -l AT B ) (A+1)m?)
uvpo Pl ()" B 1
: /(27r)D (12 —m2[L+ M, )] 48w2m2(A+1)

uvpo Pl (1?)° . i
Fo /(27T)D (12 —m2[1 + (s, 1)) 96m2mA(\ + 1)

Unsurprisingly, the integration over the loop momentum produces, at numerator,
the same tensor structures obtained for the effective field theory, namely:

@@ (@@ @ (@)D p)

While TY""? and IT'j"”” contain only the first and the third kind of structures
respectively, the tensor I'5””? is a mix of first and second type. Therefore, we must

separate the (g) (¢) terms of I'4”#?. Summing them with T'}"??, we get:
UVpo  _ pVpo pvpo
T =Ta " T
nvpo nvpo
Tome =20 e o (3.21)
_ Tuvpo
L) ) o) ) = L0

in this way we can perform a power expansion in the parameter A\, which is per-
formed at second order for I‘? )p ((;), at first order for I‘(g)( ) (p) and at zero order for
I‘ftpy)p ((;) () (p)- Then the integration over Feynman variables is straight.

Finally, the other five diagrams must be compute, however we can parametrize
our result as a function of indices, momenta and Mandelstam variable — since they
are merely a way of rewriting the scalar products of the external momenta — to
obtain other amplitudes without further calculations. The complete amplitude of
spinor QED is written in equation (A.24).

Comparing the amplitudes of the effective field theory and spinor QED, we have:

MHP7 (g1, g2) — MYJT7 =0, (3.22)
substituting equation (A.23) and equation (A.24), it leads to the system:

e*(10s + 7t)+5760m*m* (g15 — g2 (25 + 1)) = 0
5760m%m* g, — Te* =0,

whose solutions are:

B 64 - O[2
IVZ T42072mE ~ 90mA (3.23)
7et T '
92 = =

5760m2mt  360m?’
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Figure 3.3: The lowest-order contributions to light-by-light scattering in scalar
QFED: box, triangle and bubble diagram, respectively.

from which it follows that go = 7/4¢1. In other words, the effective Lagrangian for
spinor QED at low energy is

£1/2 = gl(F‘MVPW'V)2 + QQ(FMVF'U'V)Q
a? Ta?

= ——(F,, F"*"" 2y

90m4( " )+ 360m4

80{2 2 14@2 2

N 45m4JT + 45m4g '

(Fyu )2

which is nothing but the interacting terms of Euler-Heisenberg Lagrangian in equa-
tion (3.3).

We can go further by computing the cross-section of light-by-light scattering in
spinor QED, that follows from (3.14)

do 1390w
— = (cosb?+3),

dQ)  (180)27%2m8 ( )

in agreement with equation (3.4). The correspondence between our results and
those in literature provides support for the employed calculation, that will be used
in the following sections to obtain the coefficients for scalar QED and vector QED.

3.4 Scalar QED

The Lagrangian that describes the interaction between a complex scalar field and
photon is

Lint = —ieAu[¢"(0") — (0"¢")¢] + 2 A, A", (3.24)

which aside to three-point interaction, it allows for four-point interaction vertex:

1 v

M = 2'5.629”1/-

/N
’ N
’ N
s N

Thus, in scalar QED there are three diagrams that contributes to light-by-light
scattering, see figure 3.3. These three diagrams, named box, triangle and bubble
diagrams, are all ultraviolet divergent. In this case, logarithmic divergence is still
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alive when adding up different permutations and only by summing diagrams to-
gether we manage to kill it. The computation has been done following the procedure
explained for spinor QED since no further complications occur.

The comparison with effective field theory leads to the following result:

- Tet Ta?
9= 53040m2mE — 1440mA (3.25)
64 a2 '
g2 =

2304072m?*  1440m?*"

The effective Lagrangian for the scalar case is:

70?4 a?

Lo= —F
0= 90mi” T 90ma

g.

From equation (3.14), the differential cross-section is:

do 17a4wS

_ . N2 2
090~ 64800m2ms (080" +3)%

3.5 Vector QED

The Lagrangian that describes the interaction between a vector field V,(x) and
photon is

> <~ ) >
Lint = —ie(A,V, 0V 4V, VoA + VIA,0MVY)

(3.26)
-V, VirA,a” — V,a" V] AY),

with the usual convention that 3 gives a minus sign when acts on the left. The
Lagrangian for vector QED accounts for both three-point and four-point interac-
tions, thus the allowed Feynman diagrams are the box, the triangle and the bubble
diagrams, likewise in scalar QFED. The Lagrangian for vector QFED is naturally em-

FOH A

Figure 3.4: The lowest-order contributions to light-by-light scattering in wvector
QED.

bedded in the Standard Model, in fact these interactions can occur between photons
and the charged vector bosons of SU(2) gauge symmetry. Their propagator in Re-

gauge is
) y B —i y p,upu
il (.’17) - p2—m2 (gH _pg 757)’12 (1_£)> :
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The computation of loop diagrams that involve W#i are typically performed in
Feynman-t'Hooft gauge (£ = 1) since it considerably simplifies calculations. How-
ever, on the purpose of avoiding Faddeev and Popov ghosts, we worked in unitarity
gauge (£ — 00), where the vector propagator reads:

, —i pp”
L = =g ——]. 3.27
i) = = (- 2 (3.27)

The computation of diagrams that appear in figure 3.4 is longer then previous cases;

in particular, the structure of vector propagator, that brings momentum in the

numerator, extremely increases the number of terms that enter in the computation.
The matching procedure leads to:

_ 29¢4 _ 2902
9= O560m2mt  160m2 (3.28)
27¢4 2702 '
g2 =

2560m2mt  160m*’
The effective Lagrangian for the vector case is:

_ 29a 24 272
© 10mA 10m4

Ly g.

From equation (3.14), the differential cross-section is:

do 393 oWt
20 = 300-2mF (cos 6% + 3)2.

3.6 Conclusions and Outlook

In this chapter, the effective action for low-energy QED has been obtained. The
interactions among photons are embedded, at dimension eight, in two effective
operators that arise by integrating out the heavy fields. The coefficients of high-
dimensional operators are calculated as induced by loop of the heavy particles. The
computation not only shows a first application of effective field theories, but also
leads to the direct computation of light-by-light scattering in the Standard Model.
In particular, the Electroweak sector of SM encodes vector QED given that SU(2)
gauge bosons, namely W/f are electrically charged.

The results of the computation match with literature [26]-[29]. Specifically, in
ref. [26] a similar approach has been used, while in ref. [28] and [29] the heat kernel
method has been involved to the obtain same result. The outcomes of our calcula-
tion are presented in table 3.1, where the coupling constants of effective operator
F? and G? are shown, namely g; = g; (a/4m?)? where i = {1, 2}. The coupling
constants increase quite fast with the spin of the particle running in the loop. As-
suming that this behavior is kept for larger spins, then light-by-light scattering
might represent a preferred channel to investigate high-spin particles, like string
excitations or strongly-interacting bound states [30]. Experimentally, light-by-light
scattering is extremely difficult to detect, although it has recently been discovered
that this reaction is accessible at Large Hadron Collider since a large electromag-
netic field strengths is generated by ultra-relativistic colliding lead ions. In ref. [31]
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QED models g1 Jo
scalar 7/90 | 1/90
spinor 8/45 | 14/45
vector 29/10 | 27/10

Table 3.1: Coupling constants of the effective operators F? and G*.

the experimental outcomes of ATLAS are presented. They shown that evidence
of this scattering are collected in quasi-real photon interactions from 480 ub~! of
ultra-peripheral Pb+Pb collisions at /syn = 5.02 TeV. In particular, the fiducial
cross-section of Pb+ Pb — Pb+ Pb+ vy process was measured and appears to be
compatible with SM predictions. The phenomenological analysis of this set up is
presented in ref. [34] - [33].

Some extension of effective field theory of EH-type have been proposed, in
ref. [35] a generalization from photon to SU(N) boson is investigated while in ref. [27]
and [36], an axial coupling of gauge field with fermionic matter has been hypothes-
ized. This interaction allows for the parity-breaking term FG in the effective filed
theory. Spinor QED discussed above, appears to be a limit case of such generalized
EFT.
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CHAPTER

4 Dark Matter

In this chapter we will see a concrete application of effective field theory, that will
be employed in the description of dark matter; in particular we will present a model
where a dark matter candidate, either a Majorana or Dirac spinor, couples to the
hypercharge form factor.

The chapter starts with a brief revision of the A-CDM model, also known as the
Standard Model of Cosmology, that gravitationally describes dark matter through
the effects of its mass on cosmological objects. Starting from astronomical observa-
tion, it is possible to make some assumptions on the nature of dark matter in order
to build an effective field theory, that must be tested on experimental outcomes
to verify its predictive power. In fact, not only the model must reproduce the es-
timated relic density abundance of dark matter, but it must also be in agreement
with the latest data obtained from direct and indirect detection, as well as collider
search, of dark matter.

The mainly reference for this chapter is the article in ref. [1], that was co-
authored by the writer of this thesis, that performed, in particular, the analysis and
computations given in section 4.4 and 4.5.

4.1 The A-CDM model

In the past forty years our understanding of the Universe has considerably increased
thanks to the research in Cosmology and Astrophysics. In particular, several ob-
servational data, like rotational curves of galaxies, galaxy merging and accelerated
expansion, to name a few, provide indirect support for dark nature of the Universe:
95% of its content relies to dark sector, namely dark energy (DE) and dark matter
(DM), leaving a measly 5% to baryonic (or ordinary) matter, that is described by
the Standard Model of particle physics, presented in chapter 1.

Although many attempts have been made and plenty of speculations have been
put forward, a satisfying explanation for dark sector is still missing. Nevertheless,
cosmologists have been able to arrange our knowledge on the Universe in a single
framework, which has been named the Standard Model of Cosmology or A-CDM
model (where CDM stands for Cold Dark Matter) [48]-[43]. The robustness of the
model has been repeatedly questioned since it seems to be constructed with ad-
hoc assumptions that were invoked in response to observations that falsified the
model as it existed at the time [37]. Furthermore, if on one side the particle nature
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of dark matter finds a large consensus between cosmologists that support A-CDM
model [38], on the other side the functional nature of dark energy is still fuzzy and
uncertain.

The fundamental hypothesis of A-CDM are:

¢ the cosmological principle, namely homogeneity and isotropy of the Universe;
o the validity of General Relativity (GR);
o the hot Big Bang model history and inflation at the very early stages;

o the dark sector: DE is described by the cosmological constant in Einstein field
equations and the majority part of DM is non-relativistic (cold).

The hot Big Bang model history agrees with the observed abundance of light ele-
ments, expecting at the same time a relic black body radiation permeating the
Universe, that corresponds to the Cosmic Microwave Background (CMB), accident-
ally discovered by A. Penzias and R. Wilson in 1965. Inflation is a viable solution
for flatness of space (at cosmological scales) and to explain the lack of magnetic
monopole and it also accounts for the horizon problem! explaining the correlation
of apparently causally-disconnected regions in CMB.

In General Relativity the dynamics of the space-time is described by the metric
tensor gWQ, whose equations of motion follow from the variation of the Einstein-

Hilbert action: R
_ 4 =
Spg = /d T/ —g |:].671’G + Em:| R (41)

where g is the determinant of the curved metric, R is named Ricci scalar, G is the
gravitational Newton constant and L, is the Lagrangian for the matter content of
the Universe. The Euler-Lagrange equations of the metric are:

1.

R, — igle =81G Ty, (4.2)
which are known as Einstein field equations, where 7}, is the total-energy mo-
mentum tensor. The tensor on the left-hand side is usually renamed Einsten tensor:

1.
G/u/ = Ruu - éguuRa
and it describes the geometry of space-time. Einsten tensor G, fulfills Bianchi
identities, so that V,G*” = 0, where V, is the covariant derivative, that acts on a

tensor AJ as V, Ay = 9, Ay —1'7 Av+1T'}, A7, where I'/,, is the Christoffel symbol:

1 log
FZD = §gp (augucf + 0o — aog;w) .

Bianchi identities lead to the conservation of the total energy-momentum tensor:

Vv, TH = 0.

1The justification for homogeneity and isotropy of the Universe, according to the cosmological
principle, is not fully understood.

2In GR, the metric tensor is typically denoted by guv while 7, stands for the flat metric of
Minkowski space-time. Since in this thesis, we adopted particle physics convention, naming the
flat metric g, the curved metric is denoted with gu..
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The solution of Einstein equations for an homogeneous, isotropic and adiabatically
expanding universe is identified by Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric:

dr?
1 — kr?

where a(t) is the scale factor and k = {1, 0, 1} is a constant whose values represent
a hyperbolic, a flat and a spherical spaces, respectively. Given the symmetries of
FLRW metric®, the total energy-momentum tensor acquires a diagonal structure:

ds* = dt* — a(t)? ( + r2d§22> )

p 0 0 0
0 -P 0 0

Tw=1o o —p o |’
0 0 0 -P

where P is the pressure and p the energy density. Therefore, the 10 initially equa-
tions, embedded in 4.2, are reduced to Friedmann equations:

02— 1 (da>2 8tG k

-~ (%) = p— 5

dH c(llld; 3 ) k (43)
a

(=) =4 P _

dt dt(a dt) G (p+ )+a2’

where H is the Hubble parameter. Combining the two equations in order to get on
the left-hand side the second derivative of the scale parameter a(t), we obtain:

@ _4rGa
ez 3

(p+3P),

where d?a/dt? is nothing but an acceleration, namely the Universe acceleration
expansion. According to previous equation, when p + 3P < 0 the expansion is de-
celerated and it leads to w > —1/3, called strong energy condition, where w = P/p.
In ordinary matter, the pressure is always positive, thus the observed acceleration
of the Universe must be explained with an exotic component, i.e., the cosmolo-
gical constant A, whose state equation is w = —1, thereby motivating accelerated
expansion. Including the cosmological constant, Einstein field equations become:

G =81GT,, — GuA, (4.4)

note that these equations represent the most general modification of Einstein field
equations, which are still in agreement with the requirement of diagonal structure
of the total energy-momentum tensor, thus preserving also its conservation law, i.e.,
V., TH =0 [48].

The generalized version of Friedmann equations follows from (4.4):

, 1 (da>2_87rG Ak

=5\ 7 L )
dH ; 1d§ ’ P k (4.5)
a
222 =4 P -
dt dt(adt) TG+ P+ g

3Isotropy and homogeneity imply that the elements T9% have to vanish while 7% must be
proportional to the 3-metric g;;
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where the second equation is unaffected by the introduction of the cosmological
constant?. The very last set of Friedmann equations can be reworded in the same
form of the first one, namely equations (4.3), by shifting density and pressure by a
constant value that is proportional to the cosmological constant:

A
— — P—P—-—
PPT G 81G’
which explains why the second Friedmann equation remains unchanged while intro-
ducing the cosmological constant. Assuming a flat universe (k = 0), we can solve
the first equation in (4.5), to get the critical density value that leads to a flat space

3H2

Substituting in the original first equation of Friedmann, in (4.3), where k is still a
free parameter, we obtain:
k
(o 2)- b
Pe a

The definition of density parameters

i k
Qi = & chrv

” =) (4.7)

where i = {matter, radiation, A}, allows to separate out the contribution coming
from each different substance that permeates the Universe, then equation (4.6)
becomes

ZQZ + Qeury = 1.

This equation imposes a condition on the geometrical structure of the universe
based on its content: if the density of the universe is lower than the critical value,
the curvature of its space-time is negative resulting in a hyperbolic geometry; on
the contrary, for a density higher than the critical value the curvature is positive
and its geometry is spherical, while a flat space-time requires a density equal to the
critical value. At the present time, the best value for these parameters are [39]

Q,, = 0.3111 + 0.0056
0, <5-107°

Q) = 0.6889 =+ 0.0056
|Qeurs| = 0.0007 £ 0.0019,

(4.8)

introducing another puzzling question: why does the content of our Universe exactly
coincide with the critical value? Our Universe, at large scale, is therefore flat and
its history and evolution can be described by the standard Hot Big Bang theory,
considering also a period of inflationary expansion [39].

4This is not always true, indeed there are several ways to write Friedmann equations, which
are not all unchanged by the introduction of A.
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Density parameters are not fixed in time, their evolution trend can be obtained
starting from the total energy-momentum tensor, that in terms of pressure and
density is:

dp

o =—3H(p+P). (4.9)
Assuming that each component of the Universe is well-described by this equation,
we can integrate it to get the function that describes the evolution of density in

time S(14we)
a(t)\ "~ W
pi(t) = pio <( )> :
ao

where w; = {0, 1/3, —1} for non-relativistic matter, radiation and a cosmological
constant, respectively. Thus, each component of the Universe evolves with a simple
scaling law, that for matter is p,, o a~2, for radiation is p, oc a~* and for the
A is constant py = 1. Hence, the weight of each component changes in time,
resulting in a sequence of stages where the Universe was ‘dominated’ by different
components. Since the scale factor increases with time, at the early stages radiation
was predominant, but due to its faster dilution compared to matter, during the
Universe expansion, it was definitively defeated by matter at the equivalence red-
shift, where pn,(teq) = pr(teq). In the same way, at some point in the past, called
red-shift of matter-cosmological constant, the latter has exceeded the former and
the Universe has started an era of accelerated expansion.

4.2 Indirect Evidences of Dark Matter

In the previous section, we mentioned matter as a single component of the Universe,
however, the value in (4.8) is understood as the sum of two contributions: the
baryon (or ordinary) matter (£2;) and cold dark matter (£2.). In particular, the
Planck collaboration obtained [39]:

O.h% =0.1200 + 0.0012

, (4.10)
Qh? = 0.0224 = 0.0001,

where h is defined from Hy = 100k kms~! Mpc~! and named dimensionless Hubble
constant®. Almost 84% of the Universe matter content belongs to dark matter,
whose origin is still unknown, although there are several experimental evidences,
that find a good explanation because of dark matter. In fact, DM was firstly in-
troduced as a viable solution to explain the rotational velocity of hydrogen-cloud
in the external region of galaxies. In the non-relativistic limit, the dynamics of
galaxy is well described by Newton’s gravity and the expected velocity of rotating
objects around galaxy must be proportional to (M/r)'/?, where M is the mass of
the gravitational source that sets in rotational motion the hydrogen-clouds, whose
distance from the galaxy center is r. Thus, once all the observed matter as been
counted in M, the expected behavior of velocity is rapidly decreasing in distance,
v ox r~1/2. Nevertheless, data suggest that the speed of hydrogen-clouds is greater
than expected, leading to the hypothesis that some dark mass has not been coun-
ted. The issue of missing matter has been also found in gravitational lensing since

5The current estimation [39] for Hubble constant is Hy = (67.4 & 0.5)kms! Mpc!.
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light traveling from far away sources might be deflected in space regions where no
lightning object has been observed.

Dark matter also represents a solution for structure formation after the inflation
period, when density fluctuations have been created, while background density was
diluted because of Universe’s expansion. If the perturbation density of a certain re-
gion of space exceeds a critical overdensity relative to the background, that region
starts to collapse, giving rise to a gravitational bound state. In a universe with only
ordinary matter, all the anisotropies would be washed out since matter interacts
with radiation that was dominant in the early stages, as we saw in the previous sec-
tion. On the contrary, the scenario of weakly (or absent) interactions between dark
matter and radiation can explain structure formation since, in this case, dark mat-
ter dominates the gravitational potential, that acts on ordinary matter collapsing
it. In fact, the initial anisotropies of dark matter began to grow through a sequence
of merging, leading to the formation of dark matter halos and thereby to galaxies
formation in their center [40].

The nature of DM is still unknown, astronomical observations suggest that dark
matter permeating the galaxies belongs to the cold type. The adjective cold means
that dark matter moves slowly compared to the speed of light, in other words, it
can be treated as non-relativistic object. Theoretically, there are many proposals
on the particle nature of DM, some candidates are:

e Weakly-interacting massive particles (WIMPs): originally introduced in [41],
WIMPs are not included in the Standard Model and they interact at least
gravitationally with SM sector. Like particles in the SM, WIMPs candidates
are expected to be thermally created in the early stages. Some theories con-
sider also new interactions, weaker than the weak force, that couples WIMPs
with SM. Therefore, WIMPs detection is really challenging and currently no
particles belonging to this class have been discovered.

e Neutrinos: the experiments on neutrino’s oscillations confirmed that the mass
of neutrinos is small but not zero, in contrast with SM that fixes at zero their
mass, thus the cosmic neutrino background has been considered as candid-
ate for DM. However, there are several problems in considering neutrino as
DM candidate. Since neutrinos follow Fermi-Dirac distribution they have a
maximum phase-space density, which implies a maximum space density that
cannot explain the high dark matter density estimated for dwarf irregular
galaxies and dwarf spheroidals galaxies.

e Supersymmetric particles: SM does not accounts for any fundamental rela-
tionship between fermions and bosons. Such a relation has been proposed in
the field of supersymmetry, where fermions and bosons constitute particles
multiplets. The hypothesis is that supersymmetry holds at very high energy,
while at low-energy scale it is broken. The Minimal Supersymmetric Stand-
ard Model (MSSM) has been proposed as a model of broken supersymmetry,
where each fermion of SM has a superpartner that belongs to boson and vice-
versa. The soft supersymmetry breaking allows for masses of the superpartner
different from their SM counterparts. The most general gauge invariant Lag-
rangian, including these fields, contains operators that violate both lepton and
baryon numbers, leading to proton decay at weak scale. Nevertheless, proton
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is a stable particle, thus conservation of R-parity must be imposed. In other
words, superpartners must have negative R-parity and must interact in pairs,
in this way the ensemble of superpartners must, at least, contains one stable
particle that is the dark matter candidate [42].

e Axions-like particles: originally introduced as a feasible solution for the Strong
CP problem, as we will see in the next chapter, ALPs are now back in vogue
as DM candidates.

The only non-particular proposal concerns

e Primordial black holes (PBHs): PBHs are hypothetical black holes that could
have formed in the very early stages of the Universe, in a period when ra-
diation was dominant. The recent detection of gravitational waves from the
collaborations LIGO and VIRGO have given credence to this theory.

We remark that, despite an increasing experimental efforts in searching for dark
matter, none of the above candidates have been discovered, nor other new particles.
Thus, DM remains an open problem of physics both theoretically and experiment-
ally.

4.3 Effective Field Theory Approach

The model building procedure requires some preliminary assumptions in order to
identify the interaction operators that couple dark matter with particles of the SM.
For instance, of particular interest are the interactions of dark matter with photon,
given its status as primary messenger of astrophysical and cosmological probes. UV
models can generate these interactions at tree-level through extremely small coup-
lings, and are known as milli-charged dark matter [65, 66, 67, 68, 184]. If we assume
dark matter to be electrically neutral, the general framework for describing these
interactions is via electromagnetic form factors, which couple dark matter directly
to the electromagnetic field strength tensor [70, 71, 74]. These are theoretically and
experimentally well motivated, and arise in a plethora of models [141, 142, 183]

Heavy mediators that couple SM to dark matter are a popular explanation for
the relative weakness of its interactions. Allowing the use of an effective field theory
approach to assess the scenario in a fairly model independent way [53, 50, 51, 54,
147]. The effective operators give a good description when the energy scale of the
considered processes is well below the masses of the mediating particles, and their
interactions respect the low-energy symmetries of the SM. The appropriate choice of
such symmetries is a crucial aspect for a consistent EFT description, and ultimately
depends on the relevant scales of the calculation at hand. In this chapter we focus on
the EFT for electromagnetic form factors, treating them as local, higher-dimensional
operators mediated by heavy new physics.

First of all, we must choose the correct symmetry for the low-energy EFT.
In fact, to couple the stable gauge singlet of dark matter with photon, there are
two viable solutions: the electromagnetic symmetry group, i.e., U(1)gas, or the
full electroweak symmetry group, namely SU(2); x U(1)y. In the first case, this
results in the operators O* F),, while in the other case in O*" B,,,,, where O*” is a
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gauge singlet combination (usually a bilinear) of dark matter fields®. As we saw in
chapter 1, the hypercharge form factor is a linear combinations of electromagnetic
form factors and the corresponding Z boson operator, weighted by appropriate
factors of the sine and cosine of the Weinberg angle. This relation is preserved in
the EFT:

CO" By, = C'O"F,, +C?0O" Z,,,
C7 = Ccosby (4.11)
C? = —C'sin by,

where the factors C' denote generic Wilson coefficients. The choice between the two
theories is motivated by the observation that we are able to test these models over
a wide range of energy scales, even higher than the EW scale, thanks to collider
experiments, thus the most appropriate theory is the one with the hypercharge form
factor. Furthermore, the dark matter mass itself is a free parameter and determines
the relevant scale for thermal freeze-out and indirect detection constraints. Nat-
urally, at energies far below the electroweak scale the Z boson degree of freedom
decouples and the two descriptions are identical. At this low-energy scale, relevant
scattering process involving dark matter field might occur, however, the description
with the hypercharge form factor still holds.

In literature, the EFT with electromagnetic form factor for dark matter have
been studied in direct and indirect detection as well as at colliders even far beyond
its validity limit, extending to the TeV range [70, 71, 72, 73, 181, 74, 165, 166, 76,
167, 162, 77, 69, 158, 182, 99, 159]. Nevertheless, it is clear that the appropriate
EFT have to involve the hypercharge form factor since the relevant energies can be
considerably higher than the electroweak scale.

The employment of a wrong theory leads to an ambiguous treatment of some
processes involving dark matter fields, such as the yx — WTW~ channel, which
was treated with a non-univocal approach by different authors:

« by ignoring it, as the author of ref. [69] did, even if v — WTW™ is a vertex
of SM and must appear in annihilation processes;

e by assuming that the theory and its outcomes were correct, as in ref. [99]
where the xyx — WTW ™ channel was employed to identify collider limits
in the energy region above 80 GeV, where the electromagnetic form factors
predict a large and unphysical growth, which occurs when an EFT is pushed
beyond its validity region.

These treatments are in tension with each other and we argue that the issue must
be resolved by employing the hypercharge form factors. Involving the operator
B,..,, it alters the phenomenology described in [69], since the largest experimentally
observable effects come in the form of resonant features around the Z-boson mass
and additional constraints from Z-boson invisible decay width can be investigated.
The hypercharge form factors also restore the full SM gauge invariance, thus the
behavior of xx — WTW ™ channel appears to be smooth even at high energies,
where the Z-mediated diagrams dominates the process, resulting in a total annihil-
ation cross-section. Ultimately, the most stringent limits usually come from either

6The stability of dark matter ensures that, otherwise one can couple the dark matter field to
neutrinos as in ref. [163, 164].
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direct detection or colliders, so modifications of indirect detection limits do not have
extreme consequences. Nevertheless, annihilation plays a central role in the relic
density calculation, and we will see that the relic line of dark matter depends on
the chosen form factor.

4.4 Comparing EFTs: Hypercharge vs Electromag-
netic

The EFT framework relies on the presence of decoupled, new physics at an arbitrary
high-energy scale, identified by A, that in the low-energy limit leaves behind the
light particles of SM plus a dark matter field. The latter is assumed to be a fermionic
singlet that interacts with the photon and the Z boson through effective interactions,
that involve the hypercharge gauge boson. Up to dimension-6, the operators of the
EFTs are

eA - 5 v
’CI>\</Iajorana = WX’YMFY Xa B,uua (412)

if the dark matter field is understood as a Majorana particle denoted by y, while

‘c]di))irac = Q‘C’i\(/[;}frana + %wg“l’¢3“y
e - . e (4.13)
+ ﬁlwauu'y wBuV + Fw'yﬂ'(/]ame/a
for a Dirac fermion labeled by ¢ 7. The €;, with i = {A, M, el, cr}, are the dimen-
sionless Wilson coefficients for the dimension-6 anapole moment, the dimension-5
the electric and magnetic dipole moments and the dimension-6 charge radius op-
erator, respectively. In ref. [83, 84], the authors demonstrated that for Majorana
particles the only non-zero hypercharge interaction is the anapole moment. The
relation of Wilson coefficients to usual electromagnetic form factors, denoted by the
‘v” superscript, can be found through equation (4.11).
We have implemented this effective field theory into FeynRules [80] and obtained
the model files in the UFO format [81], which will be used in the rest of the analysis 8.
To highlight the types of interactions and scatterings that the dark matter form
factors mediate, figure 4.1 depicts all possible Feynman diagrams for dark matter
annihilation into two states of the SM, via a single insertion of the operators in
equations (4.12) and (4.13), that is to say at leading order in the EFT expansion.

4.4.1 Electromagnetic Form Factors Beyond their Limits

We have introduced the form factor operators and claimed the use of the hyper-
charge variants to safely explore the phenomenology of an EFT that aims to couple
a dark matter candidate with the fields of SM via annihilation channels only. In
this section, we will discuss two explicit examples in which the employment of the
hypercharge or the electromagnetic operators leads to significant phenomenological
consequences; in particular the latter argues for the use of photon-only operators
beyond their validity.

"Dark matter particle is denoted by x whenever does not need to be specified.
8The model files are publicly available at https://feynrules.irmp.ucl.ac.be/wiki/EWFF4DM.
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v/Z v/Z .
X X W~ X v Z
Figure 4.1: Dark matter annihilation diagrams. The coupling to photon and Z bo-
son are defined in equations (4.12) and (4.13), considering only one vertex insertion
of the hypercharge EFT.

Annihilation of Dark Matter into W Bosons

The first example to analyzed the differences between the two EFT descriptions
is the xxy — WTW ™ scattering process. For dark matter masses above my, the
xX — WTW™ annihilation channel plays an important role in fixing the thermal
relic abundance; besides that, a recent phenomenological study [99] has found the
vector boson fusion (VBF) process to be a sensitive probe of ‘anapole’ dark matter
for the EFT with the electromagnetic form factor, which corresponds to the photon
version of the €, operator in equation (4.12). This process embeds the WTW~ —
xXx amplitude, leading to a striking signature of two very forward jets recoiling
against the missing energy, reflecting the production of a pair of neutral, stable
particles.

Specifically, we made the computations for a pair of Majorana matter candidate
that interacts via the anapole moment operator. This form factor describes the
interaction between a gauge current, corresponding to the photon or B fields, with
the current of the dark matter candidate. The middle diagram in figure 4.1 accounts
for the contribution to this scattering process. It is simplest to first compute the
contribution of the photon-only anapole moment, arising from the EFT with the
electromagnetic form factor where the mediator of the interaction is the photon and
its Wilson coefficient is €. The amplitude of the process, with incoming momenta
p1, p2 and outgoing momenta ps, py, is

iM) = —=2 — 0 (p2,my) (KP9° = kMEY°) w (p1,my) T2, (ps) €5 (pa),  (4.14)

where k = p; +pa2, u, v and ¢ are the spinors and polarization vectors for y and W=+
respectively, and the tensor structure of the W+ W = vertex has been abbreviated
by T#?. The high-energy limit (mj,, m2 < s < A?) of the corresponding squared
matrix element (summed and averaged over final and initial polarization states) is

b2 2mOgy (3124_2903 A
|IMJ ~ 9m§1,V A2 s* sin” 6 + O(s”), (4.15)

where s = k? is the square of the center of mass energy, 6 is the scattering angle
and agy the EW fine structure constant. The result in equation (4.15) implies
a growth in energy of the underlying amplitude of |M,| ~ s2. Nevertheless, at
the amplitudes level we expect that the contribution coming from a dimension-6
operator is proportional, at most, to s. This is because the only scales present in
the high-energy limit are A and s, furthermore 2 — 2 amplitudes are dimensionless,
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meaning that a dimension-6 operator should yield a s/A? behavior. One can realize
that the amplitude in equation (4.15) does not admit a clean high-energy limit,
since it is diverging for m,, — 0. Using the partial wave analysis, as in ref. [170],
the lowest partial wave of the helicity amplitude for the longitudinal W boson
configuration violates unitarity at a centre of mass energy

A
Vs 243, m,——, (4.16)
Ve

which implies that unitarity is violated below the cutoff (/s < A), for

A 1.7TeV.
VAH

Altogether, these results suggest that the treatment of this amplitude in the EFT
with electromagnetic form factor is incomplete. This can be traced back to the fact
that the photon-only anapole operator must be strictly used at energy scales where
the W boson field is not a low-energy degree of freedom, i.e., below the EW scale.
Instead, using the hypercharge anapole operator in its place yields a result with the
correct high-energy behavior for a dimension-6 operator. The annihilation process
mediated by Z boson when combined with the former contribution, as described in
equation (4.11), exactly cancels the leading high-energy behavior of equation (4.14),
resulting in the amplitude

(4.17)

. (¢ iem? c _

u(pr,mx) Tg% e, (p3) €5 (Pa), (4.18)

whose matrix element squared, in the high-energy limit, reads

2 c.\?
|IML? ~ WCO;EW <Af21> 52 sin? 0 + O(s). (4.19)
w

Now the partial wave unitarity bounds take a more familiar form

Vs 2 18.9 (4.20)

A
Ve,
from which we get the violation of unitarity below the cutoff only for the implausibly
non-perturbative values of C, 2 360. Therefore, the annihilation process into W
bosons has been partly ‘unitarized’ by using the appropriate EFT description.

In summary, since the relevant energy scale for the scattering process xx —
W+W ™ is around or above the EW scale, the appropriate low-energy symmetry
of an EFT approach to new physics is SU(2)r x U(1)y. The photon-only ana-
pole contribution to this process manifestly does not respect this symmetry, being
only U(1) g invariant. This violation of gauge invariance leads to two additional
powers of ‘anomalous’ energy growth, contradicting the expectations dictated by
dimensional analysis. The behavior described for the electromagnetic anapole mo-
ment is also common to other form factor operator contributions to this scattering
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and only the corresponding hypercharge form factors are able to restore the gauge
invariance and the high-energy limit. The charge radius operator gives identical
predictions in this channel, with the same consequences for unitarity violation and
resulting bounds on €Y, as equations (4.16) and (4.17) that are relaxed for C., as in
equation (4.20). Similar conclusions can be reached about dimension-5 operators.
In ref. [56], analogous effects due to non-gauge-invariant descriptions of dark mat-
ter contact interactions with quarks and their unitarity-violating effects in mono-W
production have been pointed out.

The implications of the different approaches are discussed in section 4.5 in the
context of collider phenomenology in section 4.6.1 where the thermal relic abundance
will be calculated. In the former, we will see that the above computation leads
to the VBF production cross-section of yx at the LHC being overestimated by
several orders of magnitude while in the latter, the relic abundance predictions
when m,, 2 my, are drastically modified.

Dark Matter Coupling to Z Boson

The second aspect of the electromagnetic vs hypercharge form factors is related
to the fact that, as previously mentioned, the hypercharge operators introduce an
additional dark matter coupling, in particular with Z boson. Since these can be
viewed as a ‘completion’ of the photon channel, for all the interesting phenomenolo-
gical aspects of electromagnetic form factors one generically expects a Z boson form
factor coupling of a similar magnitude. This involves a series of other experimental
and theoretical probes of such dark matter models. The first major consequence is
a Z-funnel shape, peaking at m, ~ 45 GeV, in the thermal relic density as a func-
tion of m,,, which alters the relationship between direct detection constraints and
preferred regions for producing the correct relic density. The second consequence
is that, for m, < 45 GeV, the model can now be constrained by invisible Z de-
cays. Indirect LEP constraints on an additional invisible partial width, I';,,, place
a strong bound of I';;,, < 2 MeV which can potentially have a significant impact
on the viable parameter space. The partial decay widths of Z boson into the dark
matter field, mediated by hypercharge form factors, are:

2.2, 2 2 213/2
B Cssnmy (mZ — 4mX)

r7 =
. 247w A4
s C2.s5,my \/m% —4m? (mQZ + 2mfb)
T =
er 127 A% (4.21)
€252 (m2 — 4m? )3/2 .
FZ . el°w Z ()
el ™ 247 A2
Lz _ Coesty /My — 4m3, (mQZ + SmfZJ)
Mo 24m A2 '

This constraint from LEP corresponds to A/ C;l/ ? 2 315 GeV for the anapole mo-
ment and A/ 0017/ 2 > 370 GeV for charge radius, while for both dimension-5 interac-
tions, we have A/Cs 2 1 TeV. These are shown together with the other considered

constraints in section 4.7.

70



Variable | Cut Variable | Cut
In()l | >3.0 [An[ [ >70
pr(j) | >30.0 GeV || Episs | >175.0 GeV

Table 4.1: Summary of the kinematic selection criteria imposed in vector boson
fusion analysis.

Relying on the consideration of scattering of dark matter with W boson, one
could argued that the phenomenology of dark matter models is properly described
by electromagnetic form factors for m, < mys; however, the hypercharge form
factors predict a correlation between the couplings mediated by photons and those
mediated by Z bosons, such that their relic density predictions differ from those
of the electromagnetic form factors and that additional Z-decay constraints can be
applied to the model for all masses below 45 GeV.

In conclusion, we have shown that the hypercharge form factors are the suitable
description for these models of dark matter effective interactions and that, on the
contrary, the electromagnetic form factors do not appear to furnish an adequate
picture in any range of dark matter masses. The former provides a consistent
framework for calculating the dark matter production, annihilation and scattering
processes relevant for theoretically an experimentally testing this scenario.

4.5 Collider Searches of Dark Matter

In this section we revisit the potential for the LHC to probe the parameter space of
dark matter assuming that the EFT with electromagnetic form factors can correctly
describe the physics of the processes.

Reversing the annihilation diagrams of figure 4.1 suggests a number of potential
production modes of dark matter particles, that can be explored at hadron colliders,
including the traditional ‘mono-X’ searches via the ¢q initial state and the vector
boson fusion mediated by the W+ W ~-initiated sub-amplitude. Several of these have
been studied, in literature, as a probe of the anapole dark matter coupling, €} [75,
77, 99]. As argued in section 4.4.1, although the VBF channel has been shown to
be particularly sensitive to the electromagnetic anapole form factor, the consistency
of the WHW = — yx amplitude requires the reformulation of the electromagnetic
EFT in terms of the hypercharge form factor, particularly for dark matter masses
above myy.

We begin with a reappraisal of the W W~ — yx channel, quantifying the differ-
ence in sensitivity with respect to the photon and the hypercharge form factors. The
partial ‘unitarization’ of the W W= — xx sub amplitude that occurs when going
from photon to hypercharge form factor results in a drastic loss of sensitivity, to the
point that mono-jet searches become the most stringent probes. Subsequently, we
proceed with the interpretation of the latest CMS mono-jet search [134], which rep-
resents the strongest known limit from collider searches on electroweak form factors
for dark matter, as well as projections for the high-luminosity LHC. Our analyses
are performed in Madgraph5_aMC@NLO [58], where parton-level Monte Carlo sim-

71



Qi q qi

g

W< y/Z X v/Z X

W b% X
g

qj qj qj

Figure 4.2: Examples of Feynman diagrams for pp — xx j j mediated by EW form
factors for dark matter. On the left the pure-EW contributions, on the right the
mixed QCD/EW contributions.

ulations are generated for proton-proton collisions at a center of mass energy of
/s =13 TeV, using the UFO model that we have created. The event samples were
analyzed with MadAnalysis5 [57).

4.5.1 Electromagnetic EFT in Vector Boson Fusion

The dark matter production mode involving vector boson fusion as intermediate
state, exhibits a striking signature of missing energy along with a high invariant
mass pair of forward jets, well-separated in rapidity. It is particularly well-known
for being the most sensitive and direct way to search for invisible Higgs decay modes
and has also been used to constrain dark matter production via the Higgs-portal
interaction through both on- and off-shell probes [60, 62, 61, 63, 59]. More generally,
it offers a unique way to probe the interactions of a light dark sector with the EW
gauge bosons via WTW ™= — xy scattering. In section 4.4.1, our study of the
different behavior of this amplitude between the hypercharge and electromagnetic
form factors suggests that the two different effective field theories will lead to very
different phenomenology in this channel. The latter exhibits a rapid energy growth,
beyond the expectations for a dimension-6 operators, that highlights the breakdown
of unitarity due to gauge symmetry violation at energies above the W mass. In this
section, we quantify the impact in the change from electromagnetic to hypercharges
on the prospects of constraints for dark matter in the VBF processes.

The starting point for our analysis is provided by [99], in which authors identi-
fied VBF processes as a very promising constrain to €. Their phenomenological
analysis of signal and background distributions identified efficient selection criteria
to determine the phase space region in which the VBF signal dominates. These are
summarized in table 4.1 and correspond to the familiar requirements of two jets
with a large separation in rapidity, |An|, as well as a large invariant mass m;; and a
significant missing energy. Our main goal is to quantify the difference between the
limits outlined for the electromagnetic and hypercharge versions of each operator.
Therefore, we replicate a simple version of the kinematical analysis, taking into ac-
count the dominant source of SM background, namely Z + jets with the Z boson
decaying into neutrinos.

At tree-level, the signal process pp — xxjj has two contributions of different
coupling order, shown in figure 4.2. The first one is the pure-EW contribution,
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arising at O(a?jEW), which includes the ‘true’ VBF topology, and represents the
target of this analysis. The second contribution, arising at O(a%.ozEW) describes
two QCD emissions from the underlying Drell-Yan-like production of the yx final
state. We noticed that, before applying VBF selection criteria, the total cross-
section of the latter process is much larger compared to that of the former. Once
the tight selection of table 4.1 are imposed, in the electromagnetic anapole case the
signal rate is dominated by vector boson fusion topology; however, this is no longer
true for the hypercharge case.
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Figure 4.3: The pp — xxjj cross-sections predicted by the hypercharge (solid line)
and electromagnetic versions (dashed line) form factors. The anapole moment in top
left panel, the charge radius in top right, the magnetic dipole moment in bottom left
and the electric dipole moment in bottom right. The mixed QCD/EW contribution
is represented in orange, pure-EW contribution in blue and total process in black.
The rates are obtained for C; =1 and A =1 TeV.

The two upper panels of figure 4.3 depict the cross-sections of hypercharge and
electromagnetic dimension-6 operators, for the two separate contributions (the or-
ange line for mixed QCD/EW contribution and the blue line for the pure-EW
contribution) and their sum (the black line) as a function of dark matter mass.
The cross-sections are estimated before VBF cuts were applied, with the only re-
quirement of a di-jet invariant mass of 100 GeV, to avoid on-shell vector bosons
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contributing two jets through their hadronic decays. We find that in the electro-
magnetic case the VBF contribution and the QCD-emission topology have roughly
the same magnitude. On the contrary, in the hypercharge case the mixed QCD/EW
contribution dominates the inclusive cross-section. Furthermore, in all hypercharge
cases, the cross-section exhibits a feature at 45 GeV, coming from the newly-present
on-shell Z — xx contribution. The plots, especially in the hypercharge case, show
that the mixed QCD/EW contribution, which is approximately three orders of mag-
nitude greater than the pure-EW contribution, can no longer be correctly neglected
in the determination of the sensitivity even though it comes from a different type
of process compared to the one originally being targeted. In the lower panels of fig-
ure 4.3, we show the same plot for cross-sections involving dimension-5 operators.
In this case, the purely VBF contribution is suppressed even for the electromagnetic
form factors. The two contributions have comparable magnitudes only in the limit
of large dark matter masses.

After the stringent VBF selection, we find that for low values of dark matter
masses, the signal rate is almost equally divided between the pure-EW and mixed
QCD/EW contributions. Conversely, as dark matter mass increases, the latter
comes to completely dominate the signal cross-section.

For the purpose of estimate the sensitivity, we performed a cut-and-count ana-
lysis assuming an integrated luminosity of 3000 fb=! collected at the LHC. We
endorsed the following definition of signal significance

Vs b+ (b/4)?2

where s and b denote the number of signal and background events in the signal
region, respectively. The measure includes a 25% relative systematic uncertainty
on the background expectation, which is motivated in ref. [99] as being typical for
LHC in vector boson fusion searches. The critical value, z = 2 is used to determine
the 95% confidence level (C.L.) exclusion limit of a given operator in the scale A
divided by the appropriate power of the Wilson coefficient.

The limits plotted in figure 4.4, quantify the drastic loss in sensitivity for all
the hypercharge form factors. Note that one of the major difference between our
analysis and that of [99] is related to the fact that we do not perform a binned-
likelihood fit of the di-jet invariant mass distribution after the initial VBF selection
cuts. While this is expected to somewhat improve the overall sensitivity, our main
concern here is the difference between the electromagnetic and hypercharge form
factors, as well as the fact that the loss in sensitivity defeats the justification for
considering this channel.

At TeV scale, the constraints for dimension-6 operators are reduced by an or-
der of magnitude, while for dimension-5 case, the loss is about a factor of 3 below
mz/2 and again an order of magnitude above. We found that the drop in cross-
section for the pure EW contribution is compounded by a loss in efficiency of the
extreme VBF selection employed in this analysis, which on the contrary was optim-
ized for dimension-6 operators for electromagnetic form factors, leading to a further
worsening of prospects for this particular set of cuts. Therefore, the obtained sens-
itivity is not likely to be optimal for the hypercharge operators. Nevertheless, given
the quartic(quadratic) dependence of the dimension-6(5) signal cross-section on the
cutoff scale A, it is extremely unrealistic that an optimization of signal to back-

74



1034 . 108 RSN
\\ ~\\
\“ ‘\
— . —
= 1021 N = 102
o, O,
<< <&
%)
104 10!
=== Fuw == Fu
— B — B
10° - i 100 i -
10! 10% 10° 10! 10? 10°
my [GeV] m, [GeV]
1034 10°4
= 1074 > 107
O, o,
S 15
104 104
10° . — ) 10°
10! 10? 103
m, [GeV]

Figure 4.4: Vector boson fusion constraints for the electromagnetic (black dashed)
and hypercharge (black solid) form factors. The anapole moment in top left panel,
the charge radius in top right, the magnetic dipole moment in bottom left and the
electric dipole moment in bottom right.

ground would gain the orders of magnitude needed to recover comparable sensitiv-
ity. Finally, relatively weak constraints also mean that the validity of the effective
description is more likely to break down, considering the typical energy scales in-
volved in vector boson fusion processes at the LHC. For this reason, we have not
considered this option, but rather alternative options for collider constraints on
these scenarios.

A remarkably observation is that, in contrast with pure-EW contribution to
XX + 27, the mixed QCD/EW cross-section is largely unaffected by the switch
from electromagnetic to hypercharge form factors. This is because the underlying
new physics process is g7 — xx, as opposed to WTW ™= — xx in the EW process,
see figure 4.2. In the case of dimension-6 form factors, the two considered operators
can be removed by the photon/hypercharge gauge field equations of motion, or the
appropriate redefinition of fields

O Fuy = e 9°B,, =el), (4.22)

where JEM and J}: are the electromagnetic and hypercharge currents, respectively.

(0]



These consist mostly of fermion bilinears, in other words both types of operators
have a component that can be described by a linear combination of gy contact
interactions. These four-fermion operators prompt the mixed QCD/EW process,
such that the electromagnetic and hypercharge operators are expected to have sim-
ilar predictions up to O(1) factors of ratios of linear combinations of gauge charges
and quark-antiquark parton luminosities.

Operators of dimension-5 cannot be eliminated by equations of motion, therefore
they can only be understood as momentum dependent interactions between neutral
gauge fields and a pair of dark matter particles. Once again, in this case we do not
expect a significant difference when switching from electromagnetic to hypercharge
form factor, apart from the observed additional on-shell Z component of the cross-
section in qq — xx scattering. The reason why the W+W ™~ — xx channel is so
suppressed is that hypercharge form factors partly unitarize this scattering process.
Moreover, even for electromagnetic form factors of dimension-5 the vector boson
fusion channel is no particularly effective, and even more for their hypercharge
counterparts.

In the case of hypercharge form factors, the clear dominance of the gqg — xx
scattering lead us to the conclusion that this set of interactions is most likely to
be better constrained by processes that explicitly target this amplitude, the most
obvious of which is the well-known mono-X channel.

4.5.2 The Latest on the Mono-jet Signature

The most rudimentary collider searches, which do not have explosive repercussions
of gauge violation, are likely to be the most promising. Naturally, the mono-jet
searches have been widely studied in the context of the effective operators, see [75]
for the anapole interaction and [173, 177, 178, 174, 51, 179, 180, 150, 175, 149, 148,
176, 147] for more generic dark matter EFT research. In this section, we provide
an update of these bounds using the results of the most recent CMS analysis [134]
with a luminosity of 35.9 fb~! as well as a projection into the high-luminosity LHC.
As previously argued, unlike with VBF processes, the growth of off-shell v/Z does
not play a key role in either the electromagnetic or EW form factors, leading to
similar limits for both operator types. Nevertheless, the discussion up to this point
should have already convinced the reader that the interactions with the B field are
the only ones that are physically significant, and so we present only these results.
The selection criteria of the CMS analysis on the single jet are, p;fpet > 250 GeV
and |n| < 2.5. The missing transverse energy distribution pss, equal to the jet
pr at leading order, is then used to constrain the production of invisible particles
produced in association with a single jet or a boosted, hadronic vector boson. For
the purpose of calculate the current and future limits we used the binned x? statistic,

X® = (Nexp + K Ngig — Nobs) - V7 - (Nexp + K Ngig — Nobs ) (4.23)

comparing data (n.ps) with the expected distribution of SM background reported
by the analysis (Nexp), incorporating the predicted shape of the dark matter sig-
nal contribution (nsg). The new physics interaction is labeled by x = (¢/A?%)?
and x = (¢/A)? for dimension-6 and dimension-5 interactions respectively, and the
covariance matrix for data V includes the reported statistical and systematic un-
certainties for the p**¢ distribution and their correlations. The shape of the signal
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Figure 4.5: The current mono-jet LHC constraint (blue) and projected high lumin-
osity LHC reach with 25% (orange) and 0% (green) systematic uncertainty. The
anapole moment in top left panel, the charge radius in top right, the magnetic di-
pole moment in bottom left and the electric dipole moment in bottom right.

distribution depends only on dark matter mass since the coupling strength, called
K, can be factorized out from the process. Since the observables linearly depend on
the parameter of interest, the Ay? can be written as

AX%(K) = (K = Bmin) - F - (K = Kmin), (4.24)

where K is the value of x that minimizes x? and F is the Fisher information
matrix that encodes the shape of the likelihood in x around its maximum for a
given m,. It depends on the normalized signal for each value of dark matter mass
and the covariance matrix V. Imposing the critical value of Ay? = 3.84, we derived
through this form the upper limits on k.

The limits depicted in figure 4.5 provide the most update results for dark mat-
ter candidate that couples to the fields of SM through hypercharge form factors
of dimension-6 and dimension-5. They are within an order of magnitude of each
other, with charge radius interaction reaching the strongest limit. The constraints
outlined for dimension-6 form factors start to decrease around m, ~ 1 TeV, while
for dimension-5 they already degrade at m, ~ 300 GeV. The reason for this lies
in the fact that the dimension-6 operators grow faster with energy and populate
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Figure 4.6: 2D heatmap showing how Fisher information per GeV is distributed
over the piss. The Fisher information is normalized to 1 for each value of m,.. The
anapole moment in top left panel, the charge radius in top right panel. In lower
panels (anapole moment on the left and charge radius on the right) we plotted the

invariant mass bins of the mono-jet search.

more easily the high-pr bins of the distribution, where systematic uncertainties in
the background expectations are less important. In the same plot we also show
the projections for 3 ab™! of LHC data, assuming either reduced (25%) or no (0%)
systematic uncertainties. The former is considered a reasonable expectation, con-
sidering the improvements in theoretical and experimental methods over the next 15
years. High-energy bins are also less sensitive to variations in the systematic errors
of the background. Therefore, for dimension-5 operators, the expected sensitivit-
ies are much more sensitive to variations in the assumed systematic uncertainties.
This picture is highlighted by the top row in figure 4.6, which shows how the Fisher
information, and therefore the constraining power, is distributed over bins as a
function of m,. This visualization is only possible without including the correla-
tions between uncertainties of different bins, which has an overall small effect on
our limits. One can notice a clear bias for lower py for dimension-5 form factors,
particularly at m, below the m,/2.

A crucial aspect that must be considered when dealing with collider data to
identify the limits for an EFT is whether the energy, at which we are working,
is sufficiently below the new physics scale A. The subtleties associated with this
aspect have been examined [173, 51, 172, 49, 135, 55] and have led to the adoption
of simplified models [136, 160, 171]. Since the EFT approach does not predict,
‘a priori’, the values of the Wilson coefficients, €, and constraints apply to the
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combination C/A™, one is technically safe from such worries up to a point. It is
only when matching these operators with the UV underlying theory that care must
be taken. An approximate version of the argument would take the highest bin value,
used in the analysis, and require A > p7**. Therefore limits, such as

C/A" < limit, (4.25)
can be recast as a lower bound on the Wilson coefficient that admits a valid inter-
pretation

max bin 2 max bin
Cj > —— and Cj >\ —, (426)
limit limit

for dimension-6 and dimension-5 form factors, respectively. Taking the maximum
bin of 1.4 TeV, it returns a minimum C ~ O(1). However, looking at figure 4.6 we
realize that most of the information belongs to the lower energy bins, which might
give more space for lower values of C' and A to be consistent with these results.

In the light of the above, the p*'** does not represent the only energy scale of the
process that can be used to examine its validity. The yx invariant mass, although
not observable, is presumably a more accurate representation of the energy being
probed, given that can be identified with the momentum flow through the effective
vertex. Omne would roughly associate this quantity with 2m,, since particle pair
production are inclined to occur close to the kinematic threshold. Nevertheless,
for dark matter masses below a few hundred GeV, the high-energy of the LHC
collisions coupled with the valence quark PDF in the initial state and the energy
dependence of the interactions bias this quantity to much higher-than-expected
values. The bottom row of figure 4.6 exhibits the distribution of invariant mass,
M, for different values of m,. We found that for dimension-6 operators and dark
matter masses up to 500 GeV, which is the expected that restores my, ~ 2m,,
many signal events populate the invariant masses around 1 TeV. For dimension-5,
the dominant value for M, is ~ mz when m, < 45 GeV, above which the behavior
is similar to dimension-6. This is consistent with our previous analysis from the
Fisher information in the case of low dark matter masses, but requires caution in
interpreting the limits when m, reaches O(TeV) and beyond; for instance, using
equation 4.26 with the aforementioned estimates of my,, yields minimum Wilson
coefficients of around C5 2 0.03 for the dimension-5 operators in the low mass case,
when m, < 45 GeV. For the dimension-6 operators, the higher typical scale leads to
Cs 2 1 for m,, < 1 TeV, above which the limits are significantly weakened anyway.
Overall, the sensitivity of the collider lends itself to interpretations in relatively
strongly coupled scenarios and would not be sufficient to allow for loop-induced
Wilson coefficients, as is often the case for EW form factors induced by weakly
coupled UV completions.

4.6 DM Phenomenology in hypercharge EFT

In this section we present the dark matter phenomenology of the hypercharge EFT
theories. We show the interplay among the most constraining direct and indirect
searches for dark matter and discuss the prospects for detection by estimating the
sensitivity of future probes to the model parameter space.
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4.6.1 Dark Matter Production

A fundamental issue that must be addressed in any model describing dark matter
concerns its formation in the primordial stages of the Universe. In our analysis,
we assume that this is achieved via the standard thermal freeze-out mechanism.
Initially, the interactions between the dark matter and the particles of SM were
effective enough to keep it in thermal equilibrium with SM plasma. Subsequently,
when the expansion of the Universe dilutes dark matter enough, annihilations be-
come ineffective and the dark matter freezes out with a relic density €,. The
proportionality between relic density and the cross section is

1

QO ———
X )

(4.27)
where (0ann v) is the thermally averaged annihilation cross-section evaluated at the
freeze-out temperature.

Dark matter annihilation into particles of SM is described differently between
the two considered EFT models, referring back to figure 4.1: in the hypercharge
case xx — SM SM processes are also mediated by the Z boson in s-channel, whose
contribution can potentially be resonant, while this is not the case for the electro-
magnetic form factors. In figure 4.7, we show the annihilation cross-section into
various final states composed by particles of SM as a function of the center-of-mass
energy (+/s/2). In this case, the analysis has been conducted for the charge radius
operator; however, qualitatively the picture is similar for all the other form factors.
The first astonishing difference between gauge invariant and violating cases, is the
Z-funnel shape that appears when we consider the coupling with B field, leading
to the conclusions: (i) the use of the photon-only channel is not accurate already
at energies around 15 GeV, (ii) the Z resonance dominates (oan, v) roughly in the
range between 15 and 60 GeV and includes the xx — v; vy process with a similar
relevance to annihilation into quarks, while this channel is not present in the case
of the electromagnetic form factors. The second deviation between the EF T models
for dark matter is found above the Z-funnel, where the hypercharge (oann v) re-
turns a proper energy dependence (x s), while the electromagnetic operator shows
an annihilation cross-section growing in energy with a gradient greater than s, as
previously discussed in section 4.4.1. At high energies, the annihilation channel is
dominated by fermionic final states for the hypercharge form factors; on the con-
trary, in the electromagnetic case the predominant process is that with WTW = as
final state. The discrepancies highlighted between the two EFT models lead to dif-
ferent suitable parameter space regions when searching for relic abundance. For a
given dark matter mass, we compute the effective coupling that provides the correct
relic density by making use of MadDM 3.0 [79] and matching the value of Q,h? to
that measured by the Planck satellite [78].

In the left panel of figure 4.8 we plot the results for the dimension-6 interactions.
The results confirm figure 4.7 to the extent that electromagnetic and hypercharge
interactions start to diverge around m, ~ 30 GeV for the whole Z-funnel and that
above m, ~ 90 GeV the electromagnetic anapole has a steeper gradient. Given
that for dark matter masses the generic thermal relic bound, calculated by using
partial wave analysis for a generic s-wave cross-section [82], is 100 TeV, we plotted
the result up to this value. Nevertheless, all anapole interactions are p-wave hence
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Figure 4.7: Annihilation cross-sections as a function of the center-of-mass energy
for charge radius coupling. Solid lines stand for hypercharge form factor, while
dotted lines for electromagnetic form factor. Different contributions are shown in
different color as labeled. The dark matter mass is set to m, = 10 GeV, the Wilson
coefficient is C., = 1.0 and A = 10 TeV.

partial wave unitarity might break down at higher dark matter masses with respect
to the case of s-wave unitarity, see e.g. [145].
We also consider naive perturbativity limits on the parameter space by taking,

%s < A4r and % Vs < 4, (4.28)
for dimension-6 and dimension-5 vertices respectively. For the annihilation process
we set /s ~ 2m,, to get the relations,

My A My

EEVE M o
These constraints (depicted as grey areas in figure 4.8) are a loose statement on
whether it makes sense to treat the effective couplings perturbatively. Beyond
these regions, one may worry that loop contributions could be comparable to the
tree-level ones that we have computed. They are independent of the scale of new
physics A since one can always compensate any restriction by varying the Wilson
coefficients C;. If one is prepared to make more specific assumptions, i.e., to under-
stand how this actual term relates to a complete UV model, different constraints
can be derived.

The left panel in figure figure 4.8 highlights that for relic density obtained in
the hypercharge EFTs, the perturbative description of the scattering starts to break
down around a dark matter mass of ~ 6 TeV for the anapole moment and of ~ 20
TeV for the charge radius.

For both dimension-6 operators, the annihilation processes in the s-channel,
shown in figure 4.1, are the only ones available. It is tempting to also consider ¢-

A
< —. 4.2
<& (429)
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Figure 4.8: Values of A/+/C; that yield to the estimated relic density abundance
(colored lines) as a function of dark matter masses. The plot on the left is for
dimension-6 operators (blue. for the anapole moment and orange for the charge
radius), while the plot on the right is for dimension-5 operators (red for the magnetic
moment and green for the electric dipole moment). Solid and dot-dashed lines stand
for hypercharge and electromagnetic form factors, respectively. Dotted lines are for
hypercharge interactions that do not include double insertion contributions, i.e., the
pure dimension-5. The grey region denotes the breakdown of perturbativity for the
EFT theories: the solid grey region for dimension-6 (in both panels), the dotted
region for a single insertion of dimension-5 operators.

channel and u-channel processes with two effective vertices, as shown in figure 4.9.
These annihilation processes give rise to di-photon or vZ final states, which are
prominent for dark matter line searches [113, 112], as well as the ZZ final state,
which contributes, for instance, to continuum gamma ray searches. From the EFT
perspective, however, care should be taken when considering processes at higher
orders in Wilson coefficients. In fact, higher order contributions to a process with
multiple insertions of low-dimensional operators can be of the same order in A~" as
a single insertion of high-dimensional operators, although these are typically neg-
lected. It could also happen that a multiple insertion diagram can be fully described
in terms of a single insertion of a high-dimensional operator. In fact, multiple in-
sertions of an EFT operator in, e.g., loop calculations require the theory to be
renormalized to higher orders in A~™. These effects are truly of higher dimension
and be considered as operators of a higher dimension.

From equation (4.13), it appears the annihilation processes xx — vy,vZ,ZZ
can only be described by double insertions of dimension-5 operators, while there is
not a corresponding single insertion of dimension-6 operator that mediates the same
interactions. Therefore, up to A~2, these processes are described only by the square
of the dimension-5 couplings. New operator contributions only arise starting at
dimension-7, in the form of so-called Rayleigh operators, xxF*" F},,, [165, 166, 168].
In agreement with the above, it is justified to include ‘double insertions’ as part
of the model, i.e., to consider the magnetic and electric dipoles up to dimension-6,
when describing the new physics contributions to dark matter annihilation onto
neutral gauge bosons.
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Figure 4.9: Annihilation channels of dimension-6 or dimension-8. They occur
through multiple insertion of effective vertices. Possible final states are v, vZ
and ZZ.

In the following of the analysis we will consider the phenomenology of the pure
dimension-5 operators and their double insertions separately, to study the para-
meter regions in which each type of contribution is relevant. In the right panel of
figure 4.8, we plotted the correct relic abundance lines for both the magnetic and
electric dipole interactions (red and green respectively). We show the curves for
both the electromagnetic (black dot-dashed) and hypercharge field strength tensors
(black dotted) this time including the double insertion processes (black solid). The
phenomenology is rather similar to the case of the dimension-6 operators, except
that for the hypercharge dimension-5 operators the value of A/C; becomes flat at
large dark matter masses. In fact, dimension-5 operators do not grow with energy
while dimension-6 operators grow o s. Therefore at large dark matter masses, above
10® GeV or 100 GeV for the magnetic and electric vertex respectively, the processes
described by a double insertion of dimension-6 double start to dominate the hyper-
charge EFT model. The additional diagrams grow with energy and the relic lines
exhibit a slope similar to anapole and charge radius cases. Given their respective
energy growths, the single and double insertion scenarios have different perturbativ-
ity bounds depicted by the grey regions. As expected, dimension-6 bounds cover
more the parameter space. In the right panel of figure 4.8, we notice that for the
magnetic dipole, including the double insertion processes slightly restrains the vi-
able parameter space for thermal relic: the dark matter mass upper bound due to
perturbative unitary of 30 TeV for dimension-5 operator only becomes 20 TeV for
dimension-6 vertices. On the contrary, the parameter space of the electric dipole
is enlarged, shifting the upper bound of perturbative unitarity on the dark matter
mass from 3 TeV up to 20 TeV.

A crucial aspect of the unphysical growth in the cross-section registered for the
photon-only interactions, is that the steep gradient in figure 4.8 makes it appear that
the correct relic density can be obtained to arbitrarily high values of m,. However,
this is not realistic since the WTW ™ scattering cross-section violates unitarity at
much lower masses.

As we remarked at the beginning of the section, the computation of the relic
density abundance of dark matter relic is based on the thermal freeze-out assump-
tion with the standard cosmological history. In figure 4.8, the region below the
black curve denotes under-abundant dark matter, while that above it denotes over-
abundant. In the latter case its annihilation cross-section is small and dark matter
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decouples too early from the thermal bath with a large abundance; the later it
decouples the more dark matter undergoes matter suppression.

In the next section we will assume that the dark matter candidate accounts for
all dark matter regardless of abundance resulting from thermal freeze-out. In partic-
ular, this assumption concerns the local dark matter densities that enter the fluxes
computations for indirect and direct detection experiments. For instance, in the case
of under-abundant dark matter this scenario could be realized by additional non-
thermal contributions to dark matter production, such as the late gravitino decay in
supersymmetric models, which is a popular mechanism to augment the neutralino
relic density and bring it to Planck measured value [124]. Over-abundant dark
matter could be accommodated by a non-standard cosmological history which for
instance modifies the expansion rate of the Universe, see ref. [143], or UV comple-
tion of phenomenological models could provide more efficient annihilations at early
times, ref. [125] and references therein.

Furthermore, there exist alternative scenarios that can reproduce the correct
relic density, such as the freeze-in mechanism [122, 121] and forbidden dark mat-
ter [123], which might highlight different regions of the EF'T model parameter space.
Nevertheless, those scenarios typically select dark matter candidates which are fairly
light, close or below the GeV mass scale. This region is in great tension with the
measurements of the Z boson invisible decay width for the hypercharge EFT model;
however, a throughout analysis of the phenomenology due to the freeze-in mechan-
ism is beyond our research.

4.6.2 Direct Searches

Direct dark matter searches expect to measure the recoil of target nuclei hit by a
dark matter particle passing through the underground detectors. The momentum
transfer in elastic collision is limited by kinematics and the galactic escape velocity,
named vesc, in detector frame

q12nax = 4:“’?( Tvgscv (430)

where pi, 7 is the reduced mass of the incoming dark matter and the target nucleus.
The largest value of ¢? is achieved in the large my limit, with vese ~ 700 km
s~1 [186] and results in ¢ < 500 MeV. This value, is well above most of the signal,
which instead falls in the range between 1 and 10 MeV. Therefore, results for the
electromagnetic moments will be directly applicable to the hypercharge EFT model,
since the B field strength tensor is simply related to both photon and Z boson as
highlighted by equation (4.11). In the following, we briefly review how the non-
relativistic operators relevant for direct detection are obtained from the EW EFT
operators in equations (4.12) and (4.13).

The computation of direct detection contribution for dimension-5 operators,
has to include the scattering amplitude with the full propagator. The interaction
vertices that couple quarks with photon and Z field are

_ g _
Ling D quunq + H‘I’Y” (Vq - Aq’YS) 92y, (4.31)
w

where g is the EW coupling and @) is the electromagnetic charge. Moreover, V; and
Aq are the vector and axial coupling respectively, and they describe the interactions
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between quarks and Z field. According to ref. [94], their parametrization is
Ve =2(-2Qqss, +T;) and A, =21, (4.32)

where T, 5’ is the weak isospin number. Since the pure vector coupling with Z boson
has the same structure as that for photon, it will produce the same responses
from nucleons OPP as outlined in ref. [97, 98, 64, 69]. However, a fundamental
difference is related to the coefficients of such operators, which for the Z field, have
a suppression factor

Choe 1 Vy

C}X 4m%,v QN ’
if the couplings in the Lagrangian, namely equation (4.12) and equation (4.13), are
assumed to be the same. The super and sub scripts IV refer nucleon interaction,
namely the parameters Vi and @ n are summed values from quark coefficients V
and Qg, respectively. In reference [185], the author quote the exact value of these
parameters. As expected, the axial vector couplings give rise to novel responses
compared to the photon case ; however, due to the suppression coming from the
mediator, the contributions are sub-dominant.

For the electromagnetic EFT, the computations involving dimension-6 operators

are simplified since we can make use of the equations of motion

(4.33)

nYH

8VF[).U = QJEM e Z Qq‘j’)’MQa (4'34)

g=u,d,s

where the approximation is because we are interested in calculating low-energy
scattering with nucleons. For B field, there is a similar expression

1
"B, = §g/HTi Bu H+ g’(JEM — Jﬁ), (4.35)

where ij is the current ij => ﬁ-L’y“TS L H is the Higgs field, T2 is the weak
isospin value of the fermion f and ¢’ is the hypercharge coupling. After the EW-

symmetry breaking, equation (4.35) becomes

egu?

0°B,, = 1

Zu+g (M= T3, (4.36)

where v is the Higgs vacuum expectation value and g is the weak charge. Using the
Z equation of motion

_ ¢ vz _ ¢ v(73 _ .2 7EM
Zy= I = T (I = s M)

where II#¥ is the Z propagator, and expanding in the large mz limit, at the lowest
order the result from the photon field is recovered

2
0°B,, = ecWJEM +0 ((]2> ,
myz

91n the non-relativistic formalism of [98], these responses are the operators Og and O14.
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which is the relevant term at the energy scales of direct detection. Since the effects
of interactions mediated by Z are weaker than that mediated by the photon, the
results are equivalent to previous works, in which dark matter interactions in the
non-relativistic effective theory basis go like

_. 4
XWWVSXBW — QNe?me?VOﬁD

xXo"'xBu, — 2em,mpy Qn Of)D +QNmNO‘r]?D
12 X 4mx qQ
+ 9N _(obD _ myOg’”
2my \ ! q?

X7 x0" B, — 4meNeQNOlDD
)’('y“'ySXa”BW — 4dm,mye (QQNOE?D — gNOéDD) ,

where the factors @y, my and gy are the charge, mass and the magnetic moments
of the nucleons respectively. In the basis defined above, OP? is the canonical spin-
independent interaction which receives a coherent contribution from the nucleons in
the target nucleus by way of A2, where A is the atomic number. The same occurs
for OBP which, however, is also momentum suppressed. Thus, it directly follows
that the anapole response will be the weakest.

Making use of the tool called RAPIDD [85], we recast the current exclusion limit
by XENONIT [86] as well as future LZ [87, 88] projected sensitivity in terms of
the hypercharge EFT model. For the purpose of match with results coming from
colliders and indirect searches, we present the 95% C.L. exclusions and projections,
as opposed to the direct detection community standard of 90% confident level.
XENONIT has the strongest exclusion limit at intermediate and large dark matter
masses while LZ will probably be the most sensitive detector int the same mass
range, built in the near future. For the XENONIT results, we make use of the
prescription given in appendix A of reference [69]. We adopted the same procedure
to derive the projected limit for the LZ experiment and for an exposure of 1000 days,
as LZ will be a dual phase time projection chamber consisting of 5.6 tons of xenon
similar to XENONIT. Our result is in agreement with that obtained in appendix
D of [89]. In order to evaluate the sensitivity of direct detection at low dark matter
masses, we simulate the SuperCDMS experiment following [108, 109, 110, 107]. In
particular, we used the high-voltage design of the experiment, which will be able
to access very low threshold energies, thus enabling greater sensitivity to light dark
matter.

We have not included any current bounds in the parameter space below m, ~ 6
GeV, which would likely come from CRESST-III [152, 151] or DarkSide-50 [153].
The situation here is more complicated and could even be most constrained through
electron recoils. in reference [154, 161], the authors computed the electron recoil
bounds for anapole, magnetic and electric moments and shown that for m, ~ 1
GeV, XenonlT [86] results are the most sensitive. The interplay between electronic
and nuclear recoils, as well as the multitude of ongoing experiments, is left to a
potential future work.

In figure 4.10, we reported the constraints at 95% C.L. and future reach from
direct detection for the hypercharge EFT model. We found that the basic picture
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Figure 4.10: Direct detection limits at 95% confidence level (C.L.) on A/€; (or

A/ G;/ %) as a function of the dark matter mass m,, coming from the current
XENONIT exclusion limit (blue) as well as projected sensitivities of the future
LZ experiment (blue dashed) and SuperCDMS (red dashed). The top left panel for
the anapole moment, top right panel for charge radius, bottom left panel for mag-
netic moment and bottom right panel for the electric dipole moment form factors,
respectively. Notice that the scale of the y-axis has been altered from figure 4.8 due
to the strength of the direct detection limits.

does not change with respect to the case of the photon-only interaction [69] bar-
ring a few remarks. The blue shaded region shows that current constraints from
XENONIT are able to exclude large regions of viable parameter space. In fact,
the black solid lines, that predict the correct dark matter abundance via freeze-out,
are completely ruled out for the magnetic and electric dipole moments, as previ-
ous works [146] already obtained. Our finding is that even considering the extra
dimension-6 contributions, it is not possible to escape constraints.

4.6.3 Indirect Searches

Indirect searches of dark matter rely on the annihilation into particles of the Stand-
ard Model, which subsequently decay, shower and hadronise to lead to a continuum
spectrum of gamma rays, cosmic rays (positrons and antiprotons) and neutrinos,
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likewise presented in reference [129]. Alternatively, dark matter can annihilate, as
we previously said, into the di-photon or vZ final state, producing the smoking-gun
signature of a sharp gamma-ray line feature at the dark matter mass [126, 127, 128].
In this section, we derive exclusion bounds for our models using the continuum an-
nihilation spectra, including the ZZ final state, and the v, vZ line final states.
The latter three annihilation channels come from the double insertion diagrams as
represented in figure 4.9, with the last two being peculiar to the hypercharge form
factors.

All annihilations share a typical energy scale that is fixed by the dark matter
mass, as the late time environments that provide the strongest constraints (for
example, dwarf spheroidal galaxies, dSPhs, and the Galactic Centre) are much
cooler than at the time of freeze-out, being characterized by relative velocities v/c
ranging roughly from 1075 to 1073. The fact that the annihilation cross-section is
either an s-wave or p-wave is extremely important to determine the mapping that
indirect constraints draw in the parameter space of the hypercharge EFT models.
We have analytically calculated the (velocity averaged) annihilation cross-sections
for all operators in (4.12) and (4.13) and reported in table A.1, Appendix A.6, their
expression obtained in the limit of massless particles of the SM. These expressions
are in agreement with reference [69]. As already noted, the anapole moment is p-
wave, hence, we cannot further consider this form factor in this section. The electric
dipole moment annihilation into fermions and gauge bosons of SM is suppressed by
p-wave, while the related dimension-6 operator, leading to v, vZ and ZZ, are
not suppressed and therefore accounted in this analysis. Conversely, the magnetic
dipole and the charge radius interactions are s-wave, meaning that their annihilation
strength is unaltered throughout the thermal history of the Universe.

From table A.1, in the high-energy limit operators manifest a hierarchy between
the ff and WHW— (Zh) final states, which differs only by factors of their respective
hypercharges, as already shown in figure 4.7. This is supported by figure 4.11, which
shows, in the left panel, these branching ratios for the charge radius form factor.
Nevertheless, all operators (neglecting, at this stage, the double insertions) have
qualitatively the same trend. We have included dashed lines for the electromagnetic
moment to highlight the need for taking the gauge invariant interaction.

The effect of interpreting indirect detection limits in the context of hypercharge
instead of photon-only EFT models is represented for the charge radius interaction
on the right panel of figure 4.11: the most constraining bounds for the hypercharge
form factors are those identified by Fermi-LAT dSph, while in the case of photon-
only operators cosmic-ray antiprotons [102] from AMS 02 originating from W+W—
are predominant. It is not surprising, at this stage, that by taking the gauge
violating effective interactions, indirect constraints become larger and larger as the
mass of the dark matter increases, even surpassing the strong sensitivity of the direct
detection constraints, which was set around 500 GeV. In literature [69], it has been
claimed that the W~WT final state is sub-dominant, which is not the case for
the electromagnetic interaction. Their results, considering final states composed by
fermionic particles only are much more in line with the one obtained with a correct
treatment of the hypercharge operators, as these final states clearly dominate the
annihilation cross-section, while bosonic final states have BR ~ 1072. The most
peculiar aspect is the appearance of both the Z-funnel region, in figures 4.7 and 4.11,
and the presence of more annihilation channels in the case of hypercharge EFT.
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Figure 4.11: On the left, the branching ratios of the velocity averaged annihilation
cross-section into all possible final states of SM as a function of the dark matter
mass, for the charge radius effective interaction. The line and color scheme is the
same as figure 4.7. On the right, the exclusion limits (excluded the region below the
curve) at 95% C.L. coming from Fermi-LAT dwarf spheroidal galaxies [79] (Fermi-
LAT dSphs) and AMS 02 cosmic ray measurements [102] (AMS p, for the ¢gq and
WHW ~ final states) in the plane A/ G}:{Z versus the dark matter mass. The results
are shown for both the cases of hypercharge (solid) and photon only (dashed) EFT
dark matter model (dashed) as labeled.

The monochromatic neutrino channel is relevant for indirect detection, since it
is considered a clean astrophysical messenger and its branching ratio is remarkable
(~ 0.1) at high energies and dominates in the Z-funnel region. The inclusion of
double insertions of dimension-5 operators, as discussed in section 4.6.1, is both
legitimate and correct. This predictably complicates the picture, since, for instance,
the branching ratio of a specific annihilation channel no longer depends solely on the
mass of dark matter. Now some annihilation processes are proportional to different
powers of the effective coupling, namely

meaning that bigger couplings lead to the di-photon channel dominating for low
values of dark matter mass. In figure 4.12, we reported the results for two specific
values of A/€;. The relative branching ratios of v, vZ and ZZ are the same in both
cases, since predicted by the breaking of the EW symmetry. Nevertheless, the onset
of dimension-6 operator is delayed to larger dark matter masses for larger A/C;, as
expected from (4.37). Notice that the 4+ final state has the largest branching ratio,
strictly followed by vZ, while the ZZ final state is one order of magnitude lower.

Before going into the details of how the indirect detection constraints delimit
the parameter space of the model, we briefly outline what exclusion constraints
have been considered in the analysis and how they have been recast for effective
moments.
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Figure 4.12: On the left, the branching ratios of the velocity averaged annihilation
cross-section into all possible final states composed by particles of SM as a function
of the dark matter mass, for the magnetic effective interaction with A/Cy¢ = 103,
including dimension-6 contributions. The line and color scheme is the same as
figure 4.7. On the right, the same as left for A/Cy; = 10°.

Charged Lepton and Quark Final States

We consider the 95% C.L. gamma-ray continuum bounds from Fermi-LAT dSphs
and antiproton bounds from AMS 02 (AMS p).

The dSph Fermi-LAT constraint has been obtained using MadDM, which performs
a statistical analysis to set the limit given our specific model. For future constraints
coming from land and space based telescopes on gamma-ray measurements from
dSphs we have considered the Cherenkov Telescope Array (CTA) [103] and the
Large Synoptic Survey Telescope (LSST) + Fermi-LAT white paper [104]. For
CTA, we obtained a projection by using the sensitivity for the 747~ annihilation
channel shown in reference [103], which is the most constraining for the hypercharge
EFT models. The LSST+Fermi-LAT (LSST+LAT) projection assumes that it is
accurate to scale the bb projection to other fermionic channels. A more accurate
analysis would probably yield better projections, but that is beyond the scope of
our analysis. Whenever relevant, we included into the gamma-ray continuum limits
the contribution of the ZZ and ~Z final states (the latter contribution is scaled by
1/2 to take into account the fact that only one Z boson is emitted).

Antiproton bounds have been obtained from [102], by rescaling each final state
with the BR obtained from models. Notice that astrophysical uncertainties are
extremely large, and even when profiled out their inclusion makes an envelope that
can shift the bound up or down by a factor of approximately four. Nonetheless,
this are competitive bounds for dark matter masses larger than 250 GeV.

Finally, we also consider the Planck limits [111] on dark matter annihilating into
ete™, which, at extremely low dark matter masses, are competitive with dSphs
bounds. These bounds are due to the annihilations of dark matter that injects
electromagnetically interacting particles during the dark ages, which can poten-
tially modify the residual ionisation fraction, enlarge the last scattering surface and
modify the anisotropies of the cosmic microwave background.
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Neutrino Exclusion Limits

A comprehensive study on the constraints from dark matter to neutrinos from the
Galactic Center or from the diffuse isotropic background has been performed in
reference [101], from which we took the constraints of Antares [116]. The IceCube
constraints are a combination of [117] together with [118], which are obtained for
neutrino lines. Future projections from the neutrino telescopes KM3NeT [114] and
Hyper-Kamiokande [115] are also shown, again derived in the most optimistic scen-
ario of neutrino lines. The experimental constraints have usually been obtained
for a NFW dark matter density profile hypothesis [132, 133]. Each limit has been
rescaled accordingly with the branching ratio into neutrino lines of the model. All
bounds are shown at 90% confidence level. The ZZ and vZ final states produce a
continuum neutrino spectrum, thus a rescaling of the above-mentioned limits and
projections is not correct. The implementation of this final state would imply a full
recasting of experimental limits using their likelihoods; however, this goes beyond
the scope of this analysis and our results remain unchanged especially because as
the ZZ contribution into neutrinos is a subdominant component anyway.

Gamma-ray Lines

We have considered two lines searches at 95% C.L. from the Galactic Center by
Fermi-LAT [113] (Fermi ~v,vZ) and HESS [112] (HESS ~v,vZ), both obtained
with the Einasto dark matter density profile assumption [131]. The experimental
exclusion bounds have been rescaled again by the corresponding branching ratio of
the processes Y1) — 7,72 (the latter being divided by two since each annihilation
emits just one photon). Additionally, we shown the projected sensitivity for line
searches towards the Galactic Center for CTA (assuming consistently an Einasto
dark matter density profile) from [130] (CTA ~vv,~vZ).

We shown in figure 4.13 the constraints from indirect searches as well as the
reach of future probes for hypercharge EFT models, in a comprehensive fashion.
By considering first the results for the magnetic dipole at dimension-5 only (top left
panel) we realized that current dSph Fermi-LAT limits are the most constraining,
together with cosmic-ray antiproton bounds at high masses. We obtained that the
current neutrino bounds are substantially weaker than that of Fermi-LAT and AMS
p. It is important to notice, however, that future experiments such as KM3NeT
will be competitive with CTA for heavy dark matter while LSST discovery of new
dSphs will increase the current Fermi-LAT bounds (LSST+Fermi-LAT). Moreover,
complementary across annihilation channels will prove important in the event of
positive signal. The description is qualitatively unchanged for the charge radius
operator (bottom right panel).

As discussed above, the magnetic dipole phenomenology should be considered
up to dimension-6, this shown in the top right panel. When the branching ratio
of (ov)y~,7Z start to dominate, all continuum searches weaken, as expected from
figure 4.12, and this occurs accordingly to equation (4.37). Up to this certain
mass value, the magnetic dipole behaves like a pure dimension-5 operator, while
above it the HESS limit dominates in constraining the model parameter space. The
experimental sensitivity from continuum searches, however, does not completely
drop to zero, as it is still powered by the ZZ final state. Here, for simplicity, we
only shown the behavior of the dominant Fermi-LAT dSph limit.
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Figure 4.13: In the top left panel, the indirect detection constraints for the magnetic
hypercharge moment interaction in the plane A/Cy; and dark matter mass m,.In
the top right panel, the same as left but including the dimension-6 operator leading
to the di-photon final state. In the bottom left panel, the same as top right for the
electric dipole form factor, notice that only di-photon exclusion bounds are relevant
for this operator.In the bottom right panel, the same as top left for the charge ra-
dius interaction. The experimental constraints shown by shaded region are actual
bounds, while dashed lines are projected sensitivities, as in figure 4.10. Gamma-ray
continuum bounds: Fermi-LAT dwarf spheroidal galaxies [79] (green), CTA projec-
tion [103] (green) and LSST+Fermi-LAT dwarf spheroidal galaxies sensitivity [104]
(dark red); Neutrino bounds: IceCube [118] (red), Antares [101, 116] (yellow),
Hyper-Kamiokande (HK) [115] (orange) and KM3NeT [114] (blue). Additional
constraints: Planck [111] (light blue), AMS 02 cosmic rays [102] (brown), gamma-
ray lines from the Galactic Centre from Fermi-LAT [113] (green), HESS [112] (dark
blue) and expected CTA sensitivity [130]. Unlike figure 4.10 the relic density curve
is not shown to avoid additional cluttering. Details on the CL of each exclusion
limit are provided in the text.

The projected sensitivity of CTA only slightly improves the sensitivity of gamma-
ray line searches to the magnetic moment operator at very large dark matter masses.
Notice that the LSST+Fermi-LAT sensitivity drops artificially to zero since it is
obtained from a bb final state and could not be easily translated into a ZZ ones.
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We do not expect that our conclusion will change when this bound is included, as
the same portion of the parameter space is already excluded by HESS. The case of
the electric dipole interaction (bottom left) is peculiar since, as stated above, the di-
photon and vZ channels are the only s-wave interactions; therefore, this introduces
the possibility of constraining the model via indirect probes which would not be
possible otherwise. Furthermore, one must notice that unlike the magnetic and
charge radius form factors, there is no Z-peak (or dip for the line searches), due
to the p-wave suppression of Z mediating diagrams. In this case, we have not
considered the ZZ gamma-ray continuum because it would give a subdominant
contribution as for the magnetic dipole operator, showing only the effect of line
finding.

4.7 Conclusions and Outlooks

In this chapter we started with a revisit of the Standard Model of Cosmology, focus-
ing in particular on the reasons for the introduction of dark matter. Subsequently,
we introduce an effective field theory where that couples the photon with a new
fermionic field y both Dirac and Majorana, i.e., the dark matter candidate. The
only effective interaction which is not zero for Marojana dark matter is the anapole
moment at dimension-6 while for Dirac dark matter the magnetic and electric dipole
at dimension-5 and the charge radius at dimension-6 also exist.

These so-called electromagnetic form factors might have seemed to be thoroughly
studied in literature, however, at certain energies the EFT treatment has not been
properly addressed, leading to wrong conclusions. Our analysis amends these issues
and results in a proper mapping of the operator parameter space in the light of
current and future dark matter and collider searches. The results from each section
are collated and presented together in figure 4.14, to summarize our main findings
and bring to light possible caveats.

Starting with the primary issue, a naive treatment of the electromagnetic oper-
ator, dark matter coupling to F},,, signals gauge-violating processes at large energies
or dark matter masses. Gauge invariance is simply restored by coupling the dark
matter to the U(1)y gauge boson B, of the Standard Model instead of the photon
at energies above the W boson mass. This is dictated by the proper choice of low-
energy symmetries of the EFT given the energy scales of the processes relevant for
dark matter phenomenology. The price or maybe the recompense of the consistent
description is a set of interactions for dark matter with the Z boson. An immedi-
ate consequence is that constraints apply from the Z invisible decay width, having
fundamental consequences for the parameter space at low dark matter masses. The
description also leads to a richer set of final states, namely Z~ & ZZ in addition to
~7, for indirect detection via the dimension-5 interactions.

This issue is represented in the plots by the relic density lines (black) from both
the F,, and B, and tells us that the gauge violating annihilation cross-sections
leads to a completely different picture for where viable thermal dark matter can-
didates are in parameter space. Furthermore, the Z-width bound from LEP (green
region) closes the window of freeze-out dark matter for masses < 45 GeV for all
but the magnetic dipole. The gauge violating process, namely WTW ™~ — yy, also
provides large and unphysical contributions in collider experiments, which would
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Figure 4.14: Summary of the most constraining search from direct (blue), indir-
ect (yellow) detection and collider searches (red for LHC searches and green for
LEP searches) in the plane A/ Gi/ % versus m,. Current experimental bounds are
denoted with solid lines and shaded regions, while projected sensitivities are shown
with dashed lines. The relic density with denoted by a black line for the hyper-
charge (solid) and electromagnetic (dot-dashed) scenarios. In the top left panel the
analysis for the anapole moment form factor, in the top right panel for the charge
radius and in the bottom pannels for the magnetic (left) and electric (right) dipoles,
respectively.

lead to incorrect conclusions concerning the most sensitive searches (cf. VBF in-
stead of mono-jet searches, as described in section 4.5). The same scattering process
would lead to the incorrect impression that indirect detection experiments have a
better sensitivity that direct searches for high values of dark matter mass. The hy-
percharge form factors correctly describe the electromagnetic effective interaction
of dark matter at energies relevant for dark matter and collider searches, therefore
we only focus on those.

The search that is most dominant in figure4.14 is direct detection. These experi-
ments (here shown XENONI1T and projected LZ and SuperCDMS sensitivities) are
able to cover almost all the parameter space up until the perturbative limit for the
EFT for magnetic and electric dipoles. Generally speaking, direct detection is the
strongest current constraint above m, ~ 6 GeV for all but the anapole interaction.
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Notice that for direct detection the pure electromagnetic description is valid, as the
relevant energies are much below the EW scale.

At low masses, direct detection is likely more sensitive than Z invisible decay
width for all interactions but the anapole moment. Above m, ~ 100 GeV, exper-
imental sensitivity can be improved by analyzing recoil energies up to 500 keV as
shown in ref. [93]. This is of particular relevance for the anapole interaction since
improvements in this region could constrain the thermal freeze-out scenario.

It is important, however, to remark that astrophysical assumptions are at play
in these bounds. For instance, there is a plausible level of uncertainty in the density
of dark matter in the solar system, see e.g. [157, 156, 137, 144, 155]. Since the limits
for direct detection are so sensitive in the case of dimension-5 operators, it is still
likely that direct detection remains the most constraining search also in the case
of huge variation of the local density. The only region which might escape direct
detection is eventually the low m, region for the magnetic dipole, where indirect
limits (Fermi-LAT dSphs) dutifully cover the relic line and overcome as well the
Z-decay bound.

Astrophysical uncertainty is certainly at play in indirect searches as well, but
in a completely different domain. Limits on the continuum of gamma rays coming
from the Fermi-LAT telescope are derived from a set of dwarf spheroidal galaxies,
which are dark matter dominated objects. The argument used to weaken limits in
direct detection experiments is simply not available in the indirect case. For this
reason, the complementary nature of the two searches is important, in particular
since large portions of the thermal relic line is covered by indirect searches in the
cases of magnetic, electric and charge radius interactions.

The strongest mono-jet bounds from section 4.5.2 and their high luminosity
projections are shown in figure 4.14 as “collider bounds”. When we compare our new
mono-jet bounds to other dark matter searches, we achieve competitive results apart
from the impressive hierarchy between the direct detection sensitivity to dimension-
5 operators and all others. The best case is for the dimension-6 operators, since for
the anapole interaction the constraints currently are more sensitive for the whole
valid parameter space. We also point out that these limits either already, or will
eventually surpass those coming from invisible Z decays in all cases. We notice an
interesting complementarity between the high-luminosity LHC and direct detection
bounds not only for the anapole but also for the charge radius interaction, which
was not naively expected given the fact that it induces spin-independent nucleon
scattering.

One limitation of these results is that our analysis focuses only on one interaction
at a time, rather than allowing all operators to vary at once. In such a global study,
renormalization group running and operator mixing may well change significantly
the picture, since dark matter annihilation, Z-decay, collider production and nuclear
scattering all take place at different scales (see Refs. [54, 95, 89, 96] for relevant
studies). Nevertheless, the results presented here can provide useful inputs to a
global DM-EFT analysis, in order to properly assess how much parameter space is
left for a thermally produced dark matter candidate. In this case, the Dirac dark
matter scenario will be severely precluded by dimension-5 moments, with no good
reason, ‘a priori’ to suppress them. Therefore, data seems to be pushing us towards
a Majorana dark matter candidate.

Finally, we also tried to assess the validity of the EFT description given the
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sensitivity obtained by each experiment. We used naive perturbativity arguments
to suggest regions in which predictions are not expected to be reliable. The validity
issue is especially important for the collider bounds, since a range of energies are
naturally probed by the LHC. Therein we discuss the viable range of Wilson coeffi-
cients that admit a valid EFT interpretation, concluding that couplings of order one
are required. In other words, a thermal relic produced by loops is perhaps not com-
patible with a viable EFT interpretation. On the contrary, tree level processes via
a U(1)'-mixing are unavailable to Majorana particles. The assumption of a simple
thermal history of dark matter can lead to the construction of exotic models, whose
implications can only be evaluated after a comprehensive global analysis.
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CHAPTER

5 Axion-like Particles

In this chapter effective field theories will be employed to extend the Standard
Model of particle physics by including a new physical state that belongs to the class
of axion-like particles (ALPs).

The chapter starts with the description of the Strong CP problem, whose most
known solution is the Peccei-Quinn theory of axions. Nevertheless, the idea of R.
Peccei and H. Quinn appears to be extremely ductile and not strictly related to
the scope for which it was originally proposed. This leads to a class of theories
that include axions without considering the strong CP problem, therefore the name
‘axion-like particles’ is preferred to axion alone.

In our EFT, ALPs interact with every particle in SM. A unitarity rotation,
whose phase is proportional to the ALP itself, will lead to a Lagrangian where the
coupling between ALP and heavy fermions is preferred, thus bringing to a top-philic
theory, whose phenomenology is studied.

5.1 The Strong CP Problem

In section 1.2.2, we said that the most general Lagrangian for Quantum Chromo-
dynamics is equation (1.9). Nevertheless, there is a further Lorentz and gauge
invariant term that can be added

993 a ASuva
EQCD D) @G#VG 5 (51)

which is C-conserving, but violates P, T' and C'P symmetries. Even if this term
can be written as a total derivative

~ 2
8“]{” = GG, with KIJ« = €uvpo <A5GZU — 3fabcAgAl;Ag> ,

it cannot be neglected since the statement that G, vanishes faster than 1/ r? does
not lead A, to vanish faster than 1/r for r — oo, where r is the Euclidean dis-
tance [188]. The term in equation (5.1) is called instanton and causes 6 to have
physical effects!. The instanton term not only is allowed, but also required since it

n the Abelian case K, = €uvpoc AV FP°, thus the request for F},, of falling faster than 1/r2,
leads to A falling faster than 1/r. Even in SU(2) an analogous term to that in equation (5.1) is
allowed, however, we can remove it by using symmetries that are anomalously violated and, i.e.,
the baryon and lepton number.
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may be generated by a divergent loop, making # necessary for the renormalization.

The angle 6 changes by performing a chiral rotation, thus it cannot appear in
any observable of the theory. In fact, starting from the Yukawa matrices of quarks,
introduced in equation (1.21), namely

T (5.2)
Yg=Uqs Mq K,

and performing a chiral transformation of the right-handed spinors we can remove
the K, and K, matrices, while a generic rotation simplifies U, and Uy, thus we
have:

0, = argdet [K, K4] = —argdet [Y, Y], (5.3)
since det [M,, My] is real. After two rotations the CP-violating term reads:
6 g2 =
S a rva .4
ACQCD > 3002 GHVG s (5 )

where we defined § = §—6,,, the chiral rotation contemporary shifts 6 and 6,,, leaving
their difference unchanged, i.e., 6. In other words, the angle 6 is an observable of
the theory? and we commonly refer to it as strong CP phase.

The effects of 6 could be observed in pions theory, since the vacuum energy
becomes proportional to this angle [189]

E() = V3(my +maq) cosd = f2m? cos¥, (5.5)

where V3 = (itu) = (dd). The strong CP phase impacts on neutron physics, where
it causes an electric dipole moment for neutron, that is directly proportional to
0 [189], namely d,, = 0 (3 x 107'%¢ - cm). The current experimental bound for the
neutron electric dipole moment is d,, = 1.8 x 1072%¢ - cm [190], so that:

6 < 10719,

5.1.1 Axions and Axion-like Particles

The hypothetical solutions to the Strong CP problem include theories of massless
quark [191], spontaneous CP violation [192, 193] and axions [194], to name a few.
On one hand, the theory of massless quark just moves the problem from smallness
of 0 to smallness of m, — being up the lightest quark — as there is no symmetry
that fixes its value to zero while the spontaneous CP violation does not represent
an intriguing model since it forces all breaking terms to be included in Yukawa
matrices, as the full theory respects CP symmetry. On the other hand, axions
represents a compelling solution to the Strong CP problem. A new spontaneously
broken symmetry Upg(1) must be added to the Standard Model [194] in order to
generate a new Goldstone boson a(x) that cancels the effects of §. In particular the
effective Lagrangian of axions is:

2 n a gg a pva
L=0u)+ (8- 5 ) g3 Gl (5.6)

21f quarks are massless than det [M,, My] = 0, thus 8 becomes unphysical.
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where f, is named axion decay constant. The vacuum energy, in equation (5.5),

becomes:
E(a, é) = fzmi cos (0 aj(cx)>’

a

which is a potential for the axion field. The vacuum expectation value is {(a) = f,0.
This potential also accounts for a tight relationship between the mass and the axion
decay constant. Expanding the previous equation, we get:

_ mﬂ'fw

Mg = I; )
a

that can be constrained by cosmological and astrophysical bounds that squeeze the
axion mass in the range 107%eV< m, <1072eV. Moreover, even neutron dipole
moment finds a solution in the theory of axions, since d,, 6 — a(z)/f, = 0.

The Peccei-Quinn symmetry not only allows for interactions between the axion
and gauge fields:

(5.7)

2 2 ’2
a g ~ a g T a g
Lo=2 % qa+ & 9 wwy & 9 pR
fa 3272 + fw 32m2 + fr 32m?2

(5.8)

but also for derivative couplings with SM fermions and the Higgs field, as we will
see in the next section. Unlike the interaction with gluon field, the coupling with
electromagnetic and weak bosons is model dependent. Many efforts were made in
order to define boundaries for those coupling and, unless complex models are in-
troduced, both couplings with fermion and with photon seems weaker compared to
the interaction with gluon [189]-[196]. Practically, the coupling with photon is the
easiest to probe and many experiments have been carried out in this direction to
search for axion although the magnitude of the interaction is completely uncorrel-
ated to the Strong CP problem. Thus, one has to wonder why we are forcing the
new particle to solve the strong CP problem if we are looking for couplings that
have nothing to do with it. Because of this reason, axions have been overshadowed
by the Axions-Like Particles (ALPs).

In following sections we will exclusively study ALPs, treating them as new scalar
or pseudosclar field and ignoring the Strong CP problem.

5.2 Effective Field Theory of ALP

Assuming that ALP is a new gauge singlet, described by a scalar or pseudoscalar
field a(x), whose couplings with SM fields are, at the classical level, protected by
an approximate shift symmetry a — a 4 ¢, which is broken by the mass term m,,.
Up to dimension-5 operators, the most general Lagrangian is [197]:
Late = 20,000 — Sm2a? + icyya(HT DA
aLp = 50ua0%a — smaa +icyO,a(H'D*H)
+cga waéa " teya W;;,,WW +aa BM,E’“’ (5.9)

+ Z cy0'a (Z/JT&M/J)-% Z cwa“a(wTJ#z/))7

Y=L,Q Y=e,u,d
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where ¢; = C;/A, for some energy cut-off A. We choose to introduce the cut-off
instead of using the ALP decay constant f,, for the purpose of working with dimen-
sionless coupling constants, namely Cy, Cy, and Cp. They embeds the coefficients
of equation (5.8), so that for gluon interaction, we have Cy/A = a2 /(87 f,).

5.2.1 Phase Redefinition of SM Fields

The Lagrangian in equation (5.9) provides democratic interactions between ALP
and fields of the Standard Model, however, performing a rotation, whose phase is
proportional to ALP itself, of fermions and Higgs fields we will end up with a new
Lagrangian which could provide information about couplings involving the ALP,
which, at that point, could encourage specific channels of interaction. In flavor
basis, the phase redefinition is realized as a unitary rotation, that for fermions is
proportional to 3x3 Hermitian matrices qq

U — [ezqwia]ij (B
H — eHe

The technicalities of calculation are presented in section A.7.1, here we only report
the result:

Loy — Lsv — (0ua) D> (V16"yY) ay — (Gua) D (¥io"y) ay
Y=L,Q h=e,u,d
—ia (ETHeR) (Ye - qe —ar, - Ye+quYe) + hec
—ia(¢'Hdgr) (Yq-aqa—aq - Ya+quYa) +he
—ia (qTE[uR) (Yy-qu—a¢- Yy, —qu¥Y,)+he

—iqy (0"a) (HTDﬁLH) +0 (az) +0 [(8@)2]

(5.10)

The switch from flavor basis to mass basis is achieved by the rotation

v — Uy -Yr,
Yr — Vy - YR,

that transforms equation (5.10) as
»CSM mass 4>»CSM mass (aua) Z (QﬁT&“w) qw - (a,ua) Z (’l/ﬂoﬁuw) qu
Yv=L,Q Y=e,u,d
_ia V2

1a \@
a2
— i (9"a) (H'D,H) + 0 (a?) + O [(9a)?] ,

(('Her) (M. - @c — @z, - Me + guM.) + h.c.

(¢"Hdr) (Mg - @4 — dq,q - Ma + quMy) + hec.

(qTFIuR) (M, - Qu — 40Q,u - My — quM,,) + h.c.

(5.11)
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where we defined the parameters

(~1Q7u:UL'qQ'Uua Qu:VLunuv
(NlQ,d:U:rj'qQ'Uda élri:V(Tj'CId‘Vuv
QL,e:Ul'qL‘Ue; éle:VZ'qe'Vea

and the masses matrices as

v
= —Ul Yy, V.

\/i ) ¥ P

The non-invariant measure of path integral for fermions introduces the Fujikawa
anomaly [198], which is realized as a shift of the coupling constants between ALP
and gauge fields [197):

. ay do 8qQu  2qq
Cy—C :C’——E _ - — - — — 2q,
b B b 8 <3 3 3 tar q)

s
Cp >Cw=C, — o Z (3ag +4ar) (5.12)

Qs

o > (200 — qu — aa)

The new theory for ALP is given by the sum of equation (5.9) and equation
(5.11). The former has not been rotated since each one of its term is already
proportional to ALP — or to partial derivative of the ALP — thus every further term
that the phase rotation would produce is already counted in O(a?) — or in O[(9a)?].
Rewriting the Hermitian matrices that performed the phase redefinition

My

Cy—Cg=Cy—

~ Cw C~'H
qQy = A qH = A

and taking into account also Fujikawa anomaly, the effective Lagrangian becomes:

1 1
Y
Larp = §6Na(9“a - §m§a2

+ %aBWE’“’ + CTWaW;VWi“” + %CLGG Gen

A nv
Cy Cy _ Cy, Cy
+ Z (A - A) 0*a (Vo) + Z <A A a (Vo)
Y=L,Q PY=e,u,d
. (Ce C C., +~
+ia (A (KTHeR) + Td (qudR) + N (qTHuR) + h.c.)
(Cu C o
+i <f - i) da (HTD#H> :

where the capital C;, for i = {e, u, d}, are defined as

Ce =ya (Ce - CL +0H) s
Cu =ya (Cu—Cq —Cn), Vo = ﬁMf, (5.13)

v
Cy=ya(Ca—Cqo+Ch).
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My a, P1 M, a, P1

v, ba b2 v, b, D2
Figure 5.1: The lowest-order contributions to ALP — gg scattering process.
One may already have noticed that since the parameters of the phase rotation, in

equation (5.2.1), are free, we can fix them at the values of the original couplings;
those that appear in equation (5.9), to get

1 1 CB U CW i 17t pv CG a vapv
EXLP = iaﬂa a“a — §mia2 + T aBm,B” + T GW“VW w + T G’G,U,VG H
. (Ce C C, .
+ia <A (ETHBR) + Td (qTHdR) + e (qTHuR) + h.c.) ,

(5.14)

where we have no longer used the convention of bold symbol for matrices. Despite
this Lagrangian is equivalent to that in equation (5.9), it allows us to look at ALP
theory from a different point of view, the interactions between the ALP and the
fermions are proportional to Yukawa coupling; this also explains the superscript Y
in the previous equation.

5.2.2 Comparing Effective Field Theories

In previous section we obtained a new Lagrangian for ALP field. The computation
has been rigorously executed and starting from the most general Lagrangian for
ALP, where interactions with fermions of SM are encoded in derivative operators
of ALP field itself, we ended up with new couplings that connect ALP and fermi-
ons through Yukawa-like operators. We now have to investigate whether the two
theories really describe the same physics.

In this section, we will prove the equivalence of the two Lagrangians by cal-
culating the amplitude of a specific process in both theories, namely ALP — gg.
Without losing generality we can choose Cy = 0, so that in Lagrangian with deriv-
ative coupling the process can only take place at 1-loop. Moreover, equation (5.12)

can be simplified in
as
Co =g > (240 — ¢u — da)- (5.15)

In the theory with Yukawa-like couplings Feynman diagrams that contribute to
the amplitude of ALP — gg are depicted in figure 5.1. we have made is that the
loop diagram is proportional to the mass of the particle running through it, so we
compute the loop for a top quark. From Lagrangian (5.14), we get the required
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interaction vertices

2iCq

Y a o o
VaLpgg = A 0 bful’pff (pip3 — PiPs),
s ey sab 5 (5.16)
ALPtt — V2A v
The tree-level amplitude is straight:
. 4iCq , o y
ZMtree = A 0 b €uvpo p€p2 e (pl) € (pQ) (517)

By slightly deviating from our main purpose, we can obtain the decay width of the
process without many efforts. The squared amplitude is:

256C%
|Mtree|2 = A2 G (pl : p2>2 P

and the dynamics in the center of mass frame reads
p1 = (Ma/2,m0a/2,0,0),
p2 = (mg/2,—m4a/2,0,0),
p3 = (Ma, 6),

thus leading to the decay width:

_20%

dl’ = A2y Ma

The computation of the decay width was made by taking into account that the final
state presents two identical particles, therefore a factor of 1/2 must be included in
the integration over the solid angle. Since we have implemented both EFT theories
in FeynRules [80] and obtained the model files in UFO format [81] that were upload
on Madgraph5_aMC@NLO [58], we checked this result by fixing the parameters.

Coming back to the matching between the two effective field theories, we have
to compute the amplitude at next to leading order with a top quark running in the
loop. Our convention on energy conservation is fixed by p; 4+ ps = p3, with the
momenta of gluons that are outgoing while the ALP momentum is incoming. The
amplitude of the loop diagram is:

. B dPl v~S et (] —p, T me)
Z/\/lloop = Eu(pl) EV(p2)/ (27T)D \@A (l —p1)2 _ th
il +my) i(]+p, +me) (192)

12 —m? (I +p2)?2 —m? W v

x (igsy"T) (igsy"T)
where M ,0p is made of two addends since gluons of the final state can be exchanged
among themselves. This amplitude appears superficially divergent. However, the
result must be UV finite. Lorentz invariance and symmetry under the exchange of
1 < 2 and p < v, which is nothing but Bose statistics, suggests that there are
only two allowed structures, which are pYph and €"”??py ,pa,. In both cases, the
amplitudes will be, at worst, proportional to p? J d*1 /1> which means they are not
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divergent. Making use of dimensional regularization, we have to deal with the issue
of v° and €*¥P7 extensions, as they are specific objects of four-dimensional space.
In this thesis, we overcome this problem by adopting the KKS-scheme, whose main
rules are given in Appendix A.2.1.

After trace resolution, we can write the amplitude as a function of Passarino-
Veltman scalar integrals (PaVe), see Appendix A.8, to get

ig%Cyvmy §ab
(27)2V/2A

Finally, summing up tree-level and one-loop amplitudes, we get the desired result
for the Lagrangian that carries Yukaka-like interactions

iMigop =

e’ (p1) € (p2)€" P71 pp2 & Co(—p1, D2, Mt My, M)

a4 Y . .
IMY =iMiee + iMioop

259192 vpo
== 1) & (p2)e"” prop2o (5.18)

gf Cromy
2 (2m)2 V2

On the contrary, the computation for the Lagrangian with derivative coupling
is more complicated. As previously said, since the coupling with gluon is fixed at
zero, the scattering process ALP — gg occurs, at least, at one-loop. In this case,
the interaction vertex involved in the computation couples the ALP with the top
quark:

(206‘ + Co(—phpmmumt,mt)) :

Co (;ab
ViLpu = =5 3 Pr. (5.19)

where the projectors are, as usual, given by Py = (]l + 75) /2. Then the amplitude
reads:

. L dPl Crop 0°*py Py (] — p, +my)
iMP = =)o) [ o=t R

i(f 4 my) i+ p, +my) N <l<—>2)'

12 —m¢ (+p2)?—mi  \pev

x (igsy"T9") (197" T)
The computation of the trace is quite hard and long, in addition many stratagems
are required to obtain the result. First of all, distinguishing terms according to the
presence or absence of °, we get:

tr[...] = % Crop (tr[. Jnons +trf.. .],ys) i

A simple shrewdness tells that the contribution of the first term must be null:
looking at equation (5.18), we realize that the complete result is proportional to
Levi-Civita tensor, which cannot come from a trace without °. Our hypothesis
was checked with FeynCalc: a divergent result was obtained from the integration of
the term that does not carry 7°, however, the result is fully anti-symmetrical under
the exchange p <> v and 1 <» 2. The loop diagram where gluons of the final state
have been exchanged provides for such contribution, thus removing the divergence
and resulting in a zero net result.
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The trace involving ~° results in

trf.. Jos =Yy v vy ] (p1 + p2), (L — p1)a lp (L + p2)y

HA Y

+ [P Y Y T (L= p1)a (P1 + p2), M
+ tr[y* Yy Py g (p1 + p2), m]
+ tr[y* Y9 Y] (L + p2)y (p1 + p2)p M7,

The last three terms — those proportional to the mass of top quark — can be recast
according to the rules provided by KKS-scheme, while the first term was settled by
the trick suggested in [208]. The idea consists in rewriting the momentum of ALP
particle as:

p3p=(P1+p2),=0—-1l+pi+p2),=—(—p1),+{+p2),,

in such a way that the simplification (/ — ¢)(/ — ¢) = (I — ¢)* can be applied to
decrease the number of Dirac matrices involved in the trace. The whole trace then
turns to:

_ Otop
2

trf..] (—4i ™7 (L= p1)? = m}) p2plo — 40?7 (I +p2)* — m) p1plo

48 (gpaeuﬁw _ gpueaﬁw 4 gpﬂgauw _ gpvgfwﬁ’v + gmeawV)

X (L+p2)p (I —p1)als (L4 p2)y

+8i mfe‘“’p"pl 0 D2 U) .

The first line is null since each term gives rise to an integrand function that is com-
posed by either odd terms in the loop momentum — once the shift at denominator
will take place — or tensor that are symmetric under the exchange of two indices,
therefore the contraction with Levi-Civita symbol returns a null result. Moreover,
the usual simplification for product of even number of loop momentum is applied,
however, combined with a further trick that helps in the solution of the integral:

2 2= m?) + m?
lylgprapay — D o8 PLaP2y = %%ﬂplamw- (5.20)

The amplitude, written in terms of Passarino-Veltman scalar integral, contains
both By and Cy. Since the former does not appear in equation (5.18), we can solve
it (the procedure is given in Appendix A.8) to get

. D _i 6ab gg Ctop m v nvpo
iM =T 8m2A "(p1) €’ (p2) € PipP20o (5.21)
X (1 +2mf Co(—p1,p2, me, my, mt)) + O(e)

The matching between the two theories is performed by equaling the amplitude
in equation (5.18), that comes from the Lagrangian with Yukawa-like interactions,
with that of equation (5.21), which is obtained by the Lagrangian with derivative
couplings

9s
CG = 5 “tops
j’;” (5.22)
m
Ct = v i Ctop
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In other words, the two theories reproduce the same physics if their coupling con-
stants are related by these relations. Making use of equation (5.15), we can check
that o

S

Co =0 £5(~q.) =

while from equation (5.13), we obtain

Qg
o Cto
8w P

\/imt

Ct =Yd C, = v Ctop-

in agreement with equation (5.22).

In conclusion, the computation shows that the original Lagrangian, in equa-
tion (5.9), not only represents the most general theory of ALP up to dimension-5,
but it also considers interactions with fermions of SM through derivative couplings
that, ‘a priori’, do not discriminate between flavors. Nevertheless a simple phase
redefinition of SM fields, whose phase is proportional to the ALP itself, gives rise
to a new Lagrangian, namely equation (5.14), that is completely equivalent to the
previous in describing physics, but which encourages coupling with heavy ferminos.
Emphasizing this behavior, we can formulate a top-philic theory for the ALP.

5.3 Top-philic Axions-like Particles

In the Lagrangian with Yukawa-like interactions we choose to switch off all the
couplings except for that with top quark. Including the top quark, kinetic term and
its interaction with the gluon field, the effective field theory is

Lppr =t (id —ms+ g, G“T) t

1 1 Ct’U
+ =8,a0"a — =m?a® —
2 H a \/5[\

2
where Yukawa-like coupling has been recast by the vev of the Higgs field.

(5.23)

t(in°a)t,

5.3.1 Renormalization of ALP theory

Since our purpose is to make predictions up to next to leading order in the ALP
theory, we have to renormalize the Lagrangian. The renormalization procedure of
the ALP sector requires the introduction of the following counter-terms:

0 R 0 R 0 R
a’ = \/Zya", t' = /2yt My = L, My,
0 R 0
my; = Zm,my, C; =Zc,C,.

The renoramlization of Yukawa-like coupling is fixed by that of the coupling con-
stant between ALP and top quark, such as Zy = Z¢, Z3 v/ Z,. Following the canon-
ical procedure, we introduce the § parameters

Z;=14+6;
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Figure 5.2: The self-interaction of quark top in the ALP top-philic theory.

where i = {a, 2, mq, my, Y}. The EFT Lagrangian then becomes:

- a 1 1
Lppr =t (id — mi+ g " T) t; + 3 Ouad’a — 3 m2a®

Ct’U
V2A
+ %5(18#(1 oMa — % (6a + 6, ) m2a® —

t(in°a) t+ 62t (id+ gs G T) t — (02 + 6m,) mat (5.24)

Ct v /-5
oyt t
\/§A Y (Z'V a) )

where we dropped the superscript R as it is not necessary to provide any further
clarification. The renormalized theory also includes the following rules

@ =i (P60 — (Ba+ ) M)

@ =i (P — (92 + G, ) i) 67,

while the counter-term of vertices are the same as equation (5.16) multiplied by
02 and dy, respectively. Our main goal is to make predictions on the top quark
physics, assuming that ALP is involved in the interaction of this field; thus we need
to compute the counter-term strictly related to top quark only, namely do and d,,

‘Wave Functions

The renormalization procedure of ALP sector, up to one-loop corrections, requires
the computation of 1PI diagrams of top quark propagator. At this level of accuracy,
the whole set of 1PI is composed by two diagrams: the top self-interaction and the
counter-term; then the complete propagator of the top quark is

T pomit2(p)

where the sum of 1PI diagrams is 3(p) = iXarp(p) + i(pd2 — (02 + 0, ) my), where
Y arp(p) is the top quark self energy in the theory of ALP, whose Feynman diagram
is depicted in figure 5.2. The on-shell renormalization scheme fixes the singularity of
the propagator at the physical mass and its residue must be equal to the imaginary
unit:

iG(p) (5.25)

P+, =me ,}i%t,%:”

These conditions set the counter-terms
1 d

Om, = — Xq , 0 = ——2, , .2
o 1p (i) 2 ap ()], (5.26)
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- =~

Figure 5.3: Feynman diagrams involved in the computation of the counter-term for
the interaction between gluon and top quark.

The computation of the diagram can be easily addressed with Feynman variables

) .02 ’U2 e MZE 1 F(E)
'LZALP(p) = =1 2tA2 o (471_)2,6 /0 dx (mt —?Jﬁ) A€’

where, as usual, we have set D = 4 — 2¢. Factorizing out §%¢, since it appears in
the propagator, and applying the conditions of equation (5.26), we get

t

N
+23 /22 — 4 log (m 24—'_3;)),

C2v? (1 A2 2 2y .2
02 = ~Gprapz | ¢ Tloe( gz ) T3 I (-8 loga

20?2 (1 ~2
Om, = — t? <—|—log('u2>+x2+1—($2—2)x210gm
€ m

(5.27)

(1023 — 32°) 1 Vo2 — 4+
— 0
g 5 )
where we defined * = m,/m; and %2 = 4rp?e~7®. In the MS-scheme the two
counter-terms are equal:
CZv? 1

02 = 0m. = ~grape ¢

(5.28)

Interaction Vertex

Since in ALP theory the gluon field and the strong coupling do not require to be
renormalized, the counter-term of top wave function automatically fixes that of
gluon-top interaction. This can be directly derived from equation (5.24). Neverthe-
less one can check this statement by a direct computation of i, that mathematic-
ally means to compute the Feynman diagrams represented in figure 5.3. The vertex
structure is the same as that obtained by Schwinger in his famous computation
for the QED vertex correction, which is fixed by Lorentz invariance and Gordon
identity .

io

- ky Fo(k?)

I =y By (k) +
where k,, denotes the photon momentum. In addition, in our case we only need to

consider the color charge. Since the computation is merely a check of the result
obtained in equation (5.27) we do not show it.
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5.4 NLO amplitude of qgq — tt

A simple process, where ALP theory might be tested, is gg — tt scattering, that
at next-to-leading order involves the loop diagram in figure 5.4. The counter-term

Figure 5.4: The next-to-leading order diagram for the scattering process gq — tt.

0o computed in previous section is necessary to remove the divergent terms from
the amplitude. The computation, which is quite long and complex, was made
in Mathematica powered by the package FeynCalc, by making use of Passarino-
Veltman reduction technique. Nevertheless, the following Cy scalar integral will
show up in the solution

Co =Co(s, m2, m?, m2m?, x*m?)
1 py 1
~in? (2 =mi) (L + V5)* = mi)((L+me)? = 2°mf)’

where = m, /m;. The X-package returns the full solution of this integral®, that we
simplified by operating an expansion series over x in each Di-Logarithm that appears
in the solution, the series has been truncated at O(x), however, since the coefficient
of Cp is proportional to z2, the full amplitude will be a O(z3). Additionally, the
properties of Di-Log

1 1 2
iy [ —— ) = Lis(2) — = log2(1 — log(—2) log(1 — -
L12(1 Z) Liy(z) 5 og”(1 — z) + log(—z)log(1 — 2) + 5

. z . 1
Liy (z — 1) = —Lis(2) — 3 log?(1 — 2),

have been applied to simplify the computation that results in

Co=— % (12Lia(2) — 12ilog(z)(m — ilog(z)) — 3log*(2) + 6log(1 — z) log(2)

— 6imlog(z) + 6imlog(1 — z) + 6log(1 — 2) log(—z) + 47%)

1-— Am?
z = ! and v=4/1- ﬂ, (5.29)
1+ s

3The computation can be also performed by Feynman variables techniques, however, the com-
putation is far from being straight and it requires specific steps, as for instance a shift on the inner
Feynman variable that linearizes the denominator of the integrand function respect to external
variable. Then the order of integration can be reversed according to Fubini’s theorem.

where
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with s = (pg + pg)?, therefore the condition s > 4m? can be rendered as 0 < v < 1
and 0 < z < 1, with z that reaches its maximum value when the energy involved in
the process achieves its minimum.

The NLO amplitude, which is given by the sum of tree-level diagram, one loop
diagram and its counter-term, at order O(z3) is written in equation (A.30).

5.4.1 Scalar Axion-like Particles

The results shown up to this point have been obtained by considering ALP as a
pseudoscalar field, however, we can repeat every computation for a scalar particle.
Starting from Yukawa vertex:

V = ggnp scalar case
V ~ gy (i’YS) o) pseudo-scalar case
Comparing the second line of this equation with the interaction term in equation

(5.23), we get:
~ Cqv

g= \/iA’
therefore, the theory for scalar ALP is:
Ct v
V2A

- a 1 1
Lprr =1t (id —m; + g " T*) t; + iaua oMa — —mZa® —

5 tat.  (5.30)

The interaction vertex between ALP and top quark is

1Cy v
VY:_Z t
s \/EA

The same renormalization procedure described for pseudoscalar case can be repeated
for scalar ALP. The counter-terms are

5. (5.31)

Civ? (3 i°
= (2w () = 20t

€ t

+ :17(4—:102) Va2 —4log (362_244_9[:))

1 ~2
<_e —log (:12> — 327 + 7+ (32%(2® — 4) + 8) log(z)

Om

(5.32)
C?v?

by = —L
27 64r2A? 2

_3x(x4 —62% +8) log ( Va? —4—|—x>>

2 — 2

Even for scalar case we proved that in the MS-scheme the equality d; = ¢ still
holds.

The NLO amplitude of the scattering process qgq — tt was obtained also in scalar
theory and its expression is given in equation (A.32)
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5.4.2 Massless Limit

An interesting case of study is the ALP massless theory. We computed the ALP
massless limit for the NLO amplitude of ¢¢ — tt in both pseudoscalar and scalar
theories.

From literature [3], we know that the amplitude of a process involving the real
emission of a massless scalar particle is divergent, however, this infrared divergency
is absorbed by the NLO amplitude of the same process without the real emission. In
fact, in perturbation theory real emission graphs are of the same order as one-loop
amplitudes.

Since the NLO amplitude, computed above, represents the regulator of the pro-
cess with a real ALP emission, we expected that its massless limit is divergent for
the scalar theory, indeed

lim iMgeqrar = 00,
meq—0

lim i Mpseudo = T2 o, T2 0, 2(p2)70(p1)

a] a as a.
M —> 1a27 a3z aq

z (ilog(z) — m) (mu(z + 1)2 4" — 2iz (p3 + pa)*)

x ii(p3) 64mim3(z — 1)(z + 1)3

U(p4),

which confirms that the real emission amplitude of a scalar ALP particle presents
an IR divergence.

5.5 Yukawa Potential in the non-Relativistic Limit

In this section we will compute the behavior of the Yukawa potential between two
top quarks that interact by exchanging an ALP particle, both in the pseudo-scalar
and scalar theory. The result is obtained in the non-relativistic (NR) limit. We
will proceed by computing the amplitudes in the effective field theory, then we will
apply the non-relativistic limit and by comparing with the Born approximation for
non-relativistic quantum theory, we will obtain the Yukawa potential.

In the effective field theory of top-philic ALP, the interaction occurs when a top
quark and an anti-top quark exchanges a virtual ALP, hence the scattering process
can take place either through s-channel and t-channel.

First of all, we must check the sign of Wick contraction. Starting from the
s-channel (time flows from left to the right), without taking care of the coupling
constant that could be imaginary or real:

S

[

|

[ [
— = a
= (p,d'[ (1/2) [d*z (Yya), [d'y (ya), \I‘)7Q>

(5.33)
where the factor (1/2!) coming from Taylor series of the time-ordering product is
always canceled by the 2! ways of realize the Wick contraction. The initial and final
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states are labeled as:
|P7Q>NGLGI1|0> (p,a| ~(0|aqap

so that (| p, q>)T = (p, q|. Where a;T and aj, are the creation and annihilation
operators of the particle. Thus,

P, 8) = V/2Epap’|0) (p,s[=(0]ag V2Ep

with the usual normalization convention
(p, s|laq,r)= (27r)363(p —q)dps- (5.34)

The quantized Dirac fermion and anti-fermion are

d3 1 5 s —ipx S s ipx
w<x>=/<27r]>jwm 2 (aput @) e+ U (p) )

" ds 1 st =s ipT S —§ —ipx
vie) = / (27:)?3 2E, ; (apJr u®(p) e* + by v°(p) e )

where bf,T and by, are the creation and annihilation operators for the antiparticles.
The initial and final states embedding a particle or an antiparticle generated by the
Dirac field are

U(@)|p, s) =u(p)e "0, ) (p, s|¥(x) = (0v*(p) ™,
U(@)|p, s) =0"(p)e”""]0,) (p, s|(x) = (0]a(p) e,

where the normal modes u(xz) and u(z) decode for an incoming and outgoing
particles respectively, while v(x) and v(z) decode for an incoming and outgoing
antiparticles.

To untangle the operators in the amplitude we can move each field functions close
to the corresponding operator, taking into account the anti-commutation relation
for Dirac field. After the integrations over the space-time points and the transferred
momentum, we obtain the amplitude in the s-channel:

iM? = 2m)'54(p+ g~ — ) s 0(a) ulp) W) v(g), (5.35)
a
where p and ¢ are the incoming momenta and p’ and ¢’ the outgoing momenta. The
energy conservation reads k = p + q or k = p’ + ¢/, where k is the four-momentum
of the ALP.
Following the same procedure for the t-channel, we get:
i

M= —(2m)' 6N+ g =P = ) g W) u(p) v(a) v(d), (5.36)

note that the energy conservation now is k = p — p’ and k = ¢’ — ¢q. In particular,
expression (5.36) agrees with literature [3], where authors usually calculate the
Yukawa-interaction for processes that involve only particles, as p+¢q — p’' + ¢.
They find a positive untangled amplitude, however it is well-known that the trade
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of a pair of particles for a pair of anti-particles introduces a minus sign. Summing
the two amplitudes:

iM=i2r)'s*(p+q—p —¢)
X (Wv(Q)U(p)U(p’)v(q’) -

Note that up to this point, we did not specify if the ALP involved in the computation
is a scalar or a pseudoscalar field. We can easily make this distinction by introducing
the vertex operator between ALP and Dirac spinors. Since vertex operators are:

Ct’U 5 Ct’U

1
(p—p)2—m2

a(p’) u(p) v(q) v(q’)) :

— = 5.37
Vps \/§A Y, Vs 1 \/5/\7 ( )
the amplitudes become
C 2
iMps =i ( \/;\) 2m)'6t(p+q—p' — )
]- — — / /!
x <M2_WU(Q) Y u(p)a(p')°o(q')
1 — ~ /
—(p_p,)—g_mg a(p') v u(p) 5(9) 7" v(g )) )
O\ “ (5.38)
iMs =i (S5) @it s )

x <1‘(q)U(p)ﬂ(p’)v((J')

v
(p+q)* —m2

1 — - ’

—m u(p’) u(p) v(q) v(g )) .
In order to perform the NR limit, the spinors chains must be evaluated. The suitable
form of Dirac spinors to work in the NR limit is:

| B (E
usp) =\ 7o po (=0 =g
P q
Ep+m Xs T

where x and 7 are 2-components spinors. The appropriate representation of gamma
matrices to perform the NR limit is Dirac representation:

o (1 0 s (0 1
7_(0]1’ 7=\ o)

In NR limit Ep = Ep ~ my, thus:

iy (p) us(p) = X1, (1 - MM) Xs »

2
4m;

where o, are nothing but Pauli matrices for the top quark. For the anti-top we

have: ( (o )
_ q-0z)\qQ -0z
Ur(q) vpr (q/) = _ni (1 a 47”%) G
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where oz are the Pauli matrices for the anti-top quark. The corresponding spinor
chains in the pseudoscalar case are:

t
B _ i =p)o. ;K- o,
uy (p') v’ us(p) = X\ T o, X T Xe g X
/ t
= 5, /:T(q—Q)'Ué , Tk'Uz )
vr(q) v v (¢) =y, T om, T g

where k! stands for the transferred momentum in t-channel. Thus, in scalar case
there is an extra minus sign compared to pseudoscalar case. For s-channel, we have:

@) uslp) = o BT s ot KT
s () v (d) = —x, % N = —xb kQT:’ e s
(@7 () = =i (14 LTDETD )
g () 7" vre(¢) = xI, <1 + & UZ)WE?/ : UZ)) U

here k® stands for the transferred momentum in s-channel. Now the extra minus
sign appears in pseudo-scalar case, thus the sign of the two amplitudes, up to this
point, is the same.

Furthermore, in NR limit holds:

2 2
() =@-p)P=0p-p)=-(k)",
(k)" = (0 +9)* = (2, 0)* = dmf,
therefore, the scalar propagators read:

1 1
t — channel) Y 2 — COEESTE
1 1

s — channel) o Tm? = 2

Substituting these results in equation (5.38), we can obtain the amplitudes in the
non-relativistic limit. Since our ALP is a light particle, we have 2m; >> M,, thus
the amplitudes can be truncated at order O(1/(4m?)?), this results in a complete
suppression of the s-channel in scalar case, while only its leading order survives in
pseudoscalar case. Comparing the amplitudes with Born approximation of quantum
mechanics

(fliT |i) = =iV (k) (2m)" 6 (Ey — Ei) 8(ps — i),

we will obtain the Yukawa potentials. The comparison must take into account the
normalisation prescription of initial and final states, that in quantum mechanics is
(pla) = (2m)35(p — q), which is equivalent to the normalisation of our quantum
field theory, given by equation (5.34). Moreover, to remove the bi-spinor we must
notice that choosing their value, we are fixing the initial and final helicity states,
hence:

X};nr:nlxs:(;sr X}; [M}2x2 UT':[M]ST
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Setting k = k'

- i Cyv ? O Oty [k'az]s’s[k'o-f]rr’
st = - (Ug5) (M5 R )

Vsl = - (%A) SR
X (5 S0 (AL XTSRS (CREOIC R azn”,) |

4m? 4m?

Yukawa Potential for Scalar ALP

Making use of relation (A.4), we can simplify the second term in the bracket of the
scalar potential. Then performing a Fourier transformation, we obtain the potential
as a function of space-time coordinates. Changing from linear to polar coordinates,
then d*k — dk df dp k* sin 6, with k € [—o0, +o0], 8 € [0,7] and ¢ € [0,27]. The
integration is now straight, and the potential is

2
Ct v e Ma®
58 s’ 57‘ i

VS(X) = - <\/§A
+ < Civ >2 e Me® [5(93’ Ot (p2 +q2)

4 x

V2A 4 x 4m?
L < 1) (5 (%-0:)P-0:)]v, 955 [(q-03) (fvaz)]wﬂ 7

me + —
‘o 4m? 4m?

(5.39)

where 0’z = 2¢/x = #°. The first addend returns the well-known Yukawa potential
of an interaction mediated by a scalar particle. In agreement with literature, the
potential is universally attractive. On the contrary, the other terms, that represent
higher-order corrections introduce a repulsive adjustment — being of opposite sign.

Yukawa Potential for Pseudocalar ALP

For the purpose of obtaining the pseudoscalar potential, we have to replicate the
procedure employed in scalar case

Ct v ? 55 r 55’7" 5(3) (X) [V "0, ]s/s [V "0z ]rr/ e e
V2A 4m? 4m? drzx )’

where the derivatives of the second term can be rewritten as:

Vps(x) = (

Civ \° m2e Mot
V2A) (d4m?)12rx

X [[Szz]s/srr/ <1+ mi):x + (m3$)2> + [Uz]s/s ’ [O-ZL“T"| )

for a more detailed explanation, see Appendix A.7.2. In previous equation, the spin
tensor operator Sijs = 3(o1 - X)(o2 - X) — 01 - o2 has been introduced, with Pauli

Vps(x) = (
(5.40)
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matrices; the latter represent the top and anti-top spins. Given that the spin value
is 1/2 for both particle and anti-particle, the total spin of the system belongs to
S = {0, 1}. Assuming that spins are oriented along %, then (o, - X) and (o; - X)
can only be +1/2, consequently (o, - oz) can take the values +1/4, depending on
the relative alignment. Accordingly to that, the spin tensor operator belongs to
S.z ={—1/2, 1/2}, with the negative value for the anti-aligned configuration.

In conclusion, the overall sign of the pseudo-scalar potential depends on the
relative alignment of spins in the initial states: when the spins of the top quark is
anti-aligned to that of anti-top, the total spin sums zero and an attractive potential
with an overall negative sign arises (S = 0 and S,z = —1/2); on the contrary, when
the spin of the top quark is aligned to that of anti-top, a repulsive potential with
positive overall sign (S =1 and S,z = 1/2) rules the interaction.

5.6 Conclusions and Outlook

In this section we started by presenting the Strong CP Problem, which most fam-
ous solution relies on the introduction of a new spontaneously broken symmetry,
i.e., Upg(1l), whose Goldstone boson is called axion. Subsequently, we saw that
experimental efforts in the searching for axions are mostly investigating its inter-
action with photon field, that has nothing in common with Strong CP problem,
thus paving the way for ALP theories. In particular we presented the most general
Lagrangian for ALP up to dimension-5 operators, that involves democratic operat-
ors that couple ALP field with fermions of the SM. A phase rotation of the latter,
including also Higgs field, yields to a new theory that is completely equivalent to the
previous from the physical point of view, but which highlights that ALP coupling
with heavy fermions are preferred.

The new top-philic theories — one for scalar and on for pseudoscalar ALP —
were renormalized in order to compute NLO amplitudes, as we did for qqg — tt,
and cross-section that can be compared with experimental data in order to set the
free parameters of the Lagrangian, namely the mass of the ALP and the coup-
ling constant for the interaction with top quark. Both EFTs were implemented
into FeynRules to generate the model files in the UFO format, which have been
upload on Madgraph5_aMC@NLO and a preliminary analysis was already performed.
Specifically, with the theories of ALP we tried to recover the discrepancy between
experimental data and theory prediction highlighted by both ATLAS and CMS in
the scattering process pp — tt. Each top rapidly decays in a bottom quark by
emitting a W boson, which in turn leptonically decays* in a pair of a charged and
a neutral leptons. The signature of the final state is then a pair of charged leptons
plus some missing energy of the two undetected neutral leptons. In particular AT-
LAS and CMS measured the differential cross-section as a function of the di-lepton
Ag, i.e., the azimuthal angle between the two charged leptons in the final state.
The results of their analysis can be found for in [199, 199], however, the state of
art of this discrepancy stands out from figure 5.5 [201]. The lower plot shows that
within the Standard Model at NNLO, the expected behavior of cross-section is in-
creasing as the azimuthal angle between the two charged leptons grows, while data

4The W= boson can decay in a leptonic or hadronic state, thus a selection occurs to record the
necessary data. Moreover the letonic decay is easiest to track at LHC.
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Figure 5.5: Normalized differential cross-section as function of the di-lepton Ag.
The charged leptons are produced by the scattering process pp — tt, at /s = 13
TeV where the pairs of top quarks decay weakly and W+ decays in turn in a leptonic
final state. The plot is taken from the LHCPhysics Web [201].

records the opposite trend. Including ALP in the theory, the main process becomes
pp — tt ALP, that keeps the signature of the original scattering since ALP is un-
detected. Thus, we can fix the free parameters of the theory by fitting experimental
data, however, a preliminary result shows that adding a pseudoscalar ALP to SM,
the divergence deepens; on the contrary, by adding a scalar ALP the discrepancy
becomes narrower, suggesting that our investigations should be directed primarily
towards the latter.

In conclusion, the research on axions-like particles — not necessarily restricted
to a top-philic theory — has a lot of potential since it might represent a compelling
solution to more than one open problem in fundamental physics. In addition to
those mentioned in this thesis, not only ALPs are suitable as dark matter candid-
ate [189, 202] but also several proposals have been made to solve the enigmatic
question of the anomalous magnetic moment of the muon (muon g — 2), by mainly
exploring the phenomenology of coupling with photons [204, 203, 205], which gen-
erates a NNLO contribution to muon g — 2. Axions and ALPs are also included in
specific supersymmetric theories where PQ symmetry breaking is often related to
supersymmetry breaking [206].
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Conclusions

The Standard Model of particle physics is not only an elegant framework for com-
pactly describing three of the four fundamental interactions, but it has also proven
to be very successful in predicting experimental data. Nevertheless, several phenom-
ena, from dark matter to baryon asymmetry, do not find any explanation within
SM. This theory, in fact, might be understood as a low-energy effective description
of Nature which approximates an underlying more comprehensive theory. Besides
that, the lack of direct evidences of new physics at LHC, probably because of an
insufficient energy level, further complicates theoretical research. It would be in-
accurate to state that deviations from predictions have not already been observed
since small discrepancies occur in many sectors of SM, from leptonic universality,
through top quark physics to muon g — 2, to name a few. At present time, however,
there is no conclusive confirmation of new physics; with a deviation of approximately
40, muon g — 2 is the measurement with the largest deviation from the theoretical
prediction and it could be a window for new physics in the next future. In the
meantime, we are forced to conduct a thorough search in data to identify additional
deviations. This suggests that effective field theory might represent the suitable
facility to address with open problems of physics because higher-order operators
could account for small deviations.

In this thesis, we applied the effective field theory approach to three different
topics. Firstly, we demonstrated that light-by-light scattering might represent a pre-
ferred channel to look for higher-spin particles, like string excitations or strongly-
interacting bound states, since the coefficients of effective vertices are highly de-
pendent on the spin of the particle running in the loop. Light-by-light scattering
is extremely difficult to detect, although it has recently been discovered that it
is accessible at LHC since a large electromagnetic field strengths is generated by
ultra-relativistic colliding lead ions, therefore more precise experimental data will
be available in the near future.

Furthermore, we employed EFTs in the description of Dark Matter. Hypothes-
ising an interaction between a new fermionic dark matter field and an hypercharge
form factor, we were able to address the issue of gauge invariance at high scales
already identified as a problem in previous works. Available implementations with
the electromagnetic form factors have a limited region of validity well below the
electroweak scale. Moreover, we proved that dark matter coupling to F),,, signals
gauge-violating processes at high energies. On the contrary, the gauge invariance
is restored by coupling dark matter with the B gauge boson. The choice to couple
dark matter with the hypercharge field is ruled by the relevant energy scale ac-
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cessible by processes involving dark matter, which can be way larger than the EW
scale. Besides photon annihilation channel, the hypercharge EFT involves the Z
boson channel. A direct consequence is that the constraint coming from the invisible
decay width of Z boson affects the parameters region of low dark matter masses.
Moreover, in the gauge-violating theory, the process WTW = — xx provides large
unphysical contributions in collider experiments, which would lead to the incor-
rect result that indirect detection experiments have a better sensitivity than direct
searches for high values of dark matter masses. Thus, the hypercharge form factors
correctly describe the electromagnetic effective interactions of dark matter at ener-
gies relevant for dark matter and collider searches.

Finally, we studied a new physics model featuring axion-like particles. Specific-
ally, we started with the most general Lagrangian, up to dimension-5 operators,
that democratically couples an ALP to each SM field. Performing a chiral rotation
of SM matter fields and Higgs doublet, we obtain a reformulation of the theory,
completely equivalent to the previous one, which however highlights that the coup-
lings of ALPs with heavy fermions are preferred. Hence, we switched to a top-philic
theory for ALP and investigated its phenomenological implications, focusing on
next-to-leading-order processes that involves ALPs in loops, ¢t interaction medi-
ated by ALP and distribution of proton-proton collisions where a pair of top quarks
constitutes the final states.

Effective field theories have proven to be a suitable tool for search of physics
beyond the Standard Model. On one hand, they introduce the advantage of a quite
model independent description; on the other hand, by admitting high-dimensional
operators they contribute to a natural explanation of small deviations from the four-
dimensional theory. In fact, as long as direct evidence of new physics is missing, the
efforts should be concentrated on indirect searches, whose limit is determined by
both accuracy of measurements and precision of the theoretical calculations. This
thesis provides a further proof that EFT can be employed in the development of new
theories that, implementing the Standard Model, will lead to a better understanding
of Nature.
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CHAPTER

Appendix

A.1 Pauli Matrices

Pauli matrices were identified at first by by W. Pauli while obtaining the Schrédinger-
Pauli equation! for a non-relativistic quantum particle with 1/2-spin. In fact, in-
troducing Pauli matrices the equation assumes a more compact form.

Pauli matrices are a set of three 2 x 2 matrices

as(CD () ws(t ) mw

It is straight to prove that Pauli matrices are Hermitian and unitary:

g; = J;r Ui_l = O—ZT’
from which follows
a% = 05 = U§ = —io10903 = 1.
In addition, ¢ matrices have null trace and det o; = —1.

Pauli matrices satisfy the following commutation and anti-commutations rela-
tions
[(71;, O’j] = 2i€ijkgk {0'7;7 O'j} = 2157]]1, (A2>
whose sum leads to
0,05 = (Su]l + 1€k 0k- (AS)
Contracting with the components of the 3-vectors a; and b; (that commutes with
O'Z')
(a-o)(b-o)=(a-b)l+i(axb) o (A.4)
where o = (01, 09, 03), while in the Minkowski space-time they form, together with
the identity matrix, the following four-vectors

ot =(1, o) ot =(1, —o).

Moreover, the set composed by identity matrix and Pauli matrices, form a basis
for the 2 x 2 Hermitian matrices. The commutation relation in equation (A.2) is
equivalent to that of Lie Algebra of the group SU(2). Pauli matrices are indeed
proportional to the generators of the fundamental representation of SU(2), thus
they span the su(2) algebra.

1Schrédinger-Pauli equation represents the non-relativistic limit of Dirac equation.
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A.2 Dirac Matrices

Dirac matrices, commonly named gamma matrices, are a set of four 4 x 4 matrices
labelled by ~*, that spans the matrix representation of Clifford algebra Cl; 3(R),
defined by the anti-commutation relation:

{7, 9"} =2¢"1, (A.5)

where v = (7, 91, 7%, 7°).
Dirac matrices can be expressed in different representations; however, the most
used is Weyl (or chiral) representation, in which Dirac matrices are

0_0]1 1 _ 0 g1 2 0 ()] 3 _ 0 g3
V‘(]lo T\ 0) 7T T e 0) T T ey 0 )

In a more compact way, we can write

Y= ( UOM ”;) (A.6)

In addition, we can define the fifth Dirac matrix as

- l L g
¥ =YY = e (A7)
which commutes with all the other gamma matrices
{7’} =0. (A.8)

The matrix 7° is unitary and Hermitian, therefore its square is equal to the identity
matrix. Moreover the trace of four Dirac matrices and 4 returns:

tr ['YS’VN’YV’YP'VU] _ _4,L~€;wpa’
while any trace involving an even number of matrices 4° is null. The cyclic property
can be used when several ¥° appear in a trace in order to mash them together and
use (v°)% = 1.

A.2.1 Dirac Matrices in D-dimensions

The loop computation presented in this thesis are performed in dimensional regular-
isation, therefore we need to extend the definition of gamma matrices to a space of
D-dimensions. We still continue to use the Greek letter v to refer at Dirac matrices,
thus the dimension of the space will be explicitly stated in the description.

In D-dimension the generalisation of equation (A.5) is:

{7, 7"} = 29" Laxa. (A.9)

It is easy to prove that the following rules hold for Dirac matrices in a D-dimensional
space:

'YM'Y# =d
Y Y = —(2 = d)y”
YA Py, = (d — 4)y"y* + 49”7 (A.10)

VYA = =27y = (d =
YAy A, = 29PN+ 297 Py = (d — 4y Py,
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and so on. Dirac matrices are engaged in the computation of S-matrix element for
scattering processes that involve fermionic fields. In particular, if a specific process
occurs at next to leading order with a fermionic loop, the number of Dirac matrices
in the trace might be very large. Nevertheless, there are many properties of gamma
matrices that can help us in the computation. First of all, the trace of an odd
number of Dirac matrices is null

tr [’y‘“ ...7“2"‘1} =0,

while for an even number of gammas we have:

tr [’y“’y”] =4 g"
[y 77] = 4(9" 9" — """ + ¢"7g"")
tr [y Py = 4 (g7 g g7 — g7 " g + 9" g7 g

_ gnug,upgea + gnagupgeu + gnug,uogep
— PG g 4 g gPP g — gl gVP gF (A.11)
+ gMTgrP g — g gV P 4 gP gV g
— MGG 4 g gPo g — gnvgpogeu)

tr [pyﬂl N .fy,uzn] —4 Z(fl)"(”)g’“l Rir . gHinHin,
s

where 1 =4y < ... < i, and i < ji, while 7 are the permutations of i1, j1, ..., in, Jn.
Thus, the extension of gamma matrices to a D-dimensional space is quite straight.
On the contrary, problems arise when we try to extend 4°, which definition is still
that of equation (A.7). In fact, the main property of this matrix, namely equation
(A.8), crashes against cyclic property of trace. These two rules cannot simultan-
eously hold in a coherent extension of ¥°. Thus, there are two possible path we can
follow:

e KKS-scheme: retains the anti-commutation property in equation (A.8),
e BMHV-scheme: retains the trace cyclic property.
In this thesis, we embrace the KKS-scheme [207]-[208], whose main rules are

I) first rule:
{2} =0,

IT) second rule:
tr[’y‘“ e ’y“z"*l’y‘r’] =0
tr[y"y Py 7y°] = —dieP?
tr [,ylh . ,yNQn,ys] =4 Z(—l)a(ﬂ)ﬁui"*l Mg o Mjn 1 Hint2
s

x gtk ghintetinge

where 1 = 43 < ... < ipyo and i < jg, while m are the permutations of
1,015 -+ Int2s Jnt2s
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III) third rule: when an odd number of v° appears in a trace, cyclic property
cannot be used,

IV) fourth rule: if a specific process is given by several diagrams, all the traces
must be read starting from the same vertex, that will be called reading point,

V) fifth rule: the anomalous graphs, of a theory involving an anomalous axial
current, must be read starting from an axial vector vertex in order to fulfill
the usual convention of conserved vector currents. When there are several
axial vector vertices, the Bose symmetric choice of the reading prescription
must be used.

For more details see reference [207].

A.3 Gell-Mann Matrices

Gell-Mann matrices are eight linearly independent 3 x 3 Hermitian matrices of null
trace. They are half of the generators of the group SU(3) in the fundamental
representation

Y
2

with a, b, ¢ = {1, ..., 8}. Explicitly, those matrices are
01 0 0 —2 0 1 0 O
A=1|1 0 0 =7z 0 0 A3=|0 -1 0
0 0 O 0 0 O 0 0 O
00 1 00 —i 00 0
M=1]10 0 0 AdA=10 0 0 =10 0 1
1 0 0 i 0 0 01 0

0 0 O 1 1 0 0

=10 0 —i d=— 10 1 0

0 ¢+ O V3 0 0 -2

Gell-Mann matrices are nothing but the generalisation of Pauli matrices for SU(3),
indeed they satisfy the commutation relation

Na, Ap] = 2if2°N,

where £ are the structure constants of SU(3), that are completely anti-symmetric
and real quantities.
Since Gell-Mann matrices satisfy the Jacobi identity:

(A% A" A] + A% [ A9]] + [ [ Af]] =0,
then structure constants obey to

fabdfdce + fbcdfdae + fcadfdbe =0.
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A.4 Embedding Particles in Fields

In this appendix we discuss the key principles that link real particles to fields. Since
the present thesis is mostly based on model building it is useful to introduce this
topic for the purpose of obtain, for every types of fields, the basic Lagrangian that
serve as basis on which more complex theories can be built. Analogous discussion
can be found in Peskin & Schroeder [3] or Schwartz [4].

Elementary particles are characterised by dynamical quantities such as mo-
mentum and spin projection along an axis, that can be modified by boosts or
rotations, and by intrinsic quantum number that identify the particle. Mathem-
atically, we can associate each particle to a set of states [¢), that under a Poincaré
transformation P transforms only among themselves to preserve quantum numbers:

) = Pl).

A set of elements that satisfy this property is called representation of Poincaré
group. Well-known examples are the scalar field ¢(z) and the vector field V().
For any given representation, we can define a basis {|1;)} where the index ¢ can be
discrete or continuous:

i) = Pij [by) -

Schur’s lemma states that if is not possible to identify a subset of states that trans-
forms only among themselves, then the representation {|¢)} is called érreducible.

A predictable quantum field theory also requires unitary since the matrix ele-
ments M must be Poincaré invariant:

M= (rle) = Wilug) = (L [P'Plvg) = M' = PIP=1,

thus, particles are understood as irreducible unitary representations of the Poincaré
group.

In 1939 Wigner classified all irreducible unitary representations of Poincaré
group labelling them by the mass m and the spin number j, therefore it can only ac-
quire half-integer numbers, namely j = {0, 1/2, 1, 3/2, ...}. He also demonstrated
that the number of allowed states for each representation is:

hil ':0:>{1v .
2 form =0 we J "

P02 {2j+1 form >0
The irreducible unitary representations of Poincaré group are infinite-dimensional
while we are used to deal with finite-dimensional and reducible representation such
as scalar, vector and tensor representations. In fact, the vector representation,
that brings four degrees of freedom, is the direct sum of the 1-spin and the 0-spin
states. Therefore, we must find a prescription to embed particles, i.e., the irreducible
unitary representations, in scalar, vector and tensor representations. The simple
idea to overcome this problem is to make the finite representations dependent on
the momentum, in this way they turn to infinite-dimensional representations as the
momentum can assume infinite different values. Namely, the representation of the
full Poincaré group is induced by the so-called little group, where the momentum is
fixed. The little group is finite-dimensional and has unitary representations.
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A.4.1 The Scalar Field

Starting from the spin j = 0 particle, the embedding procedure aims to include one
degree of freedom in the real scalar field ¢(z). The Lorentz invariant kinetic and
massive terms are:

L= 30,00"0— sm*¢?, (A.12)

this Lagrangian also transforms covariantly under translations. The related equa-
tion of motion is (82 — mz) ¢ = 0, whose solution is:

(z) = e P with p® =m?

The classical energy density, i.e., the zero-zero component of the energy-momentum
tensor, is:

oL 1
E="2d— L= [(00) + (Vo) +m*?],
d¢ 2
being positive defined and bounded by 0 from below, tells us that the overall sign
of Lagrangian in equation (A.12) is the correct one.

A.4.2 The Vector Field

The four-dimensional vector field A*(z) is the smallest field that can embed massive
1-spin particles, as they bring three degrees of freedom. In this case, a prescription
to remove the superfluous degree must be identified.

Leaving aside this problem, we can first try to guess the Lagrangian and then
verify that it propagates the right number of modes. Inspired by the scalar field we
can guess that the Lagrangian for the vector theory is:

L= —%aﬂAy o AY — %mzAl,A”, (A.13)

whose equations of motion are (82 +m?)V,, = 0, that bring four propagation
modes. Hence, Lagrangian in equation (A.13) does not describe a massive 1-spin
particle but four scalar O-spin states, that are Vg, Vi, V5, V3. In other words, the
four vector has been decomposed as 4 = 1@ 1 & 1D 1. The associated classical
energy density is:

oL

g:TO():maoA#—c

1 1
== [(80A0)2 4 (VA + m2A3] +3 [(80A)2 +(VV)? + m2A2|
which is not positive definite, thus Lagrangian in equation (A.13) cannot even de-
scribe any physics.

In four dimensions other operators can serve as kinetic term, likewise A,0*9" A,
and A,0%A*. Including both of them, the new Lagrangian is:

1
L= T AP + DA, 0,4 + 5 mPAA, (A.14)
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where ¢; and ¢y are free coefficients. As long as ¢y # 0, the term 9, A forces A" to
transform as a vector. The equations of motion are:

016214“ + 20,0, A" + mQAH =0,

whose derivative is [(cl +c2) 0% + mQ] (0uA*) = 0. If ¢; = —co and m # 0, then
we get 0,A* = 0, which reduces by one the degrees of freedom of A*. The four
vector has been decomposed as 4 = 3 & 1, with the extra degree corresponding to a
0-spin mode, while the others reproduce the 1-spin massive particle. The equation
0uA" = 0 is Lorentz invariant, this guarantees that the extra degree of freedom is
completely removed from the representation.

Fixing ¢; = —¢g = 1 for convenient, equation (A.14) becomes:

1 1 1
L= S AOPA" = D A, 080, + S m’ A, A"
1

4

(A.15)

1
= =P P + 5 m? A, A",
where F,, = 9, A, — 8,A,. The equations of motion are still (9? + m?)A4, = 0,
which have solutions:

ipx

3
M K= TULTES

with w, = v/p + m?2. The vectors eL(p) form a basis and they are named polariz-
ations. As we were looking for a basis that automatically leads to 9,V* = 0, the
number of basis element is three, thus ¢ runs over 1, 2, 3. The condition is directly
embedded if the polarization vectors satisfy:

puci (p) = 0.

Once the momentum p*, with p? = m?2, is fixed, the previous equation has three in-
dependent solutions, that are the momentum-dependent polarization vectors €' (p),
with the conventional normalisation €,/ = —1. For an explicit solution, we can
take p, as pointing in the z-direction:

PP =(E,0,0,p,), with E?—p?=m?

The solutions of equation (A.4.2) are:

i E
et =(0,1,0,0), &=(0,0,1,00 and €= (pE 0, 0, m) :

The vectors €, and €., are named transverse polarizations, while the third vector
is called longitudinal polarization. The integration of the polarizations, that are
momentum dependent, against Fourier components ¢;(p) gives rise to the space
of vectors satisfying the equations of motion; this vector field forms an infinite-
dimensional unitary representation of Poincaré group.

We must notice that in the high-energy limit, the longitudinal polarization be-
comes
E

(1,0, 0, 1).

GLNf
m

m
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The cross section of a process, that involving these two modes, behaves as do ~
g (eF)2 ~ 92%, with g coupling constant. The cross section — being a probability
— is bounded by 1, then if we are able to reach sufficiently high energies, do ~ 1
that means E ~ m/g. Taking a mass value m ~ 100 GeV, close to the mass of weak
bosons, and g ~ 0.1, then E ~ 1 TeV is the energy scale at which theory begins to
fail.

Not all the 1-spin states that appear in Nature are massive particle, photons
and gluons are indeed massless bosons. One could think that performing the limit
my, — 0 for the massive case, is enough to describe massless 1-spin particles,
however this limit is not smooth. Anyhow, the limit works for the Lagrangian:

1
L=~ Fu", (A.16)

while the constraint m? (9,A4*) = 0 is automatically fulfilled, restoring the 0-spin
mode that we removed. The massless limit m — 0 leads to eﬁ — 00, since light-
vector momentum became p, — (E, 0, 0, E), as p, — E. In addition, the 1-spin
massless particle has only two physical polarization states, thus we have to remove
two extra polarizations. The Lagrangian in equation (A.16) already propagates two
modes, indeed it must satisfy the property of gauge invariance, that the massive
term breaks. The equation (A.16) is invariant under the transformation:

Au(@) = Aula) + 0uf (), (A.17)

which means that the physical system of a massless 1-spin particle is mathematically
described by a class of vector fields that differs one from each other by the total
derivative of a scalar function f(z). The equations of motion are 84, —9, (9, A") =
0, or in components:

D2 Ay — 0p0;A; = 0,

0?A; — 0; (0gAg — 0;A;) = 0.
Taking the gradient of the spatial components of equation (A.17), i.e., 9;4;(x) —
0;A;(z)+0? f(z), and choosing f(x) such that its second space derivate is null, then

if 9;A;(x) is not singular, we are free to set 9;4;(x) = 0, named Coulomb gauge.
The first equation of motion becomes:

D2 Ag =0,

which is satisfied by Ag(x) — Ag(z) + dcf(x), i.e., the zero component of gauge
transformation, allowing us to set Ag = 0 which completely eliminates on degree of
freedom from A,,. The other equations of motion are:

9%4; =0,

that bring three propagation modes that will be reduced by one imposing the con-
straint 9; A; = 0. Turning into Fourier space

4
Au(x) = / (;iT’;m(meiPa
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the equations of motion become p? = 0, while the gauge choice 9;4; = 0 and the
constraint Ay = 0 lead to p;e; = 0 and ¢y = 0 respectively. Choosing the inertial
reference frame where p, = (E, 0, 0, E), the two solution of the equations of motion
are:

€, =(0,1,0,0), € =1(0,0,1,0),

which are the linear polarizations of light. Another viable basis for the transverse
polarizations of light is composed by the helicity eigenstates, that are the circular
polarizations:
1 1

R . L .

e, =—=(0,1,4,0), e, =——= (0,1, —4,0).

=500, = )
Thus, the theory we built stands as the right theory for massless 1-spin particle, as
it propagates only two degrees of freedom.

There are many choices for gauge, a familiar one is J,A" = 0, called Lorentz

gauge. This gauge, being Lorentz invariant, leads to three polarizations vectors that
satisfy p,e" = 0, that are

€, =(0,1,0,0), € =(0,0,1,0), € =(1,001),

where we recognize the transverse polarizations plus the so-called forward polariz-
ation. The latter vector does not correspond to any physical state as it is even not
normalizable, with (eﬁ)* efr=0.

A.4.3 The Spinor Field

A general solution of Dirac equation is not an irreducible representation of the
Lorentz group. The commutation relation

[+°, ] =0,

with SH = i' [v#, v*], provides the existence of eigenvectors of v°, associated to
different eigenvalues, that do not mix under Lorentz transformations. Moreover,
the block-diagonal form of boost and rotation generators for Dirac field

0 o i1 i (dl 0
S]—[’Ya’yj:l__2<0 _o_j>v
; k
. 1 . . 1o (O 0
=55 o)
is another confirmation that Dirac spinor is reducible. Schur’s Lemma removes
all doubt by establishing that for an irreducible representation, the property in
equation (A.4.3) must be a prerogative of the identity matrix only.

The Dirac spinor, often called bispinor, is indeed give by the sum of one left-
handed and one right-handed Weyl spinor:

()
oot = (i) = S | = () oo = (5,

BN S

S



where left-handed and right-handed spinors are two non-equivalent representation
of Lorentz group.

Since the group algebra so(1, 3), is equivalent to the direct sum of two algebras
generated by the group SU(2)

so(1, 3) = su(2) @ su(2),

each representation of Lorentz group can be labelled by two semi-integer number as

T(m,n)» with (2m +1)(2n + 1) independent states. Making use of this notation, the

left-handed Weyl spinor belongs to ’T( 1 0) representation, while the right-handed
2

to T(Q 1) [210].

As before, we try to write down the Lagrangian starting the kinetic and mass
terms, that can be proportional to ’QZ)E’(/JR, thus

L = YR0%r + mipvhvr,

which do not satisfy Lorentz invariant, likewise the left-handed spinor. Hence, a
mass term for the Weyl spinor is not allowed. On the contrary, combining the
left-handed and the right-handed spinors in the same term we get

L = Mmpirac (1/)21/11% + 1/1131/&) ,
where mpirqc € R, is the mass for a Dirac spinor. The kinetic term is:
L=l dr+ ko v,

that is real and invariant, but it propagates a couple of scalars instead of a spinor,
similarly to what happens with the vector field V* that propagates four scalar until
we contract it with d,. Going further, we can look at wkoiz/m that behaves like a

spatial vector, thus we can simply build a four-vector as A, = (w}%wR, 1/)};0'1#13),
while for the left-handed spinor V} = (z/Jh/Jb —wzawL). Defining

=1, o), ot =(1, —0o),

the two terms become A, = wgol‘wR and V/ = ¢25H¢L’ that contracted with 9,
give rise to the Lagrangian:

£ = kD0 tn + 00,5 0n + mpirac (Vo + )

notice that if we had applied the derivative in front of each term we would get a
total derivative. The imaginary unit has been introduced to make the Lagrangian
hermitian. In terms of Dirac field, the previous Lagrangian turns to:

£ =G ("9, —m) (A.18)

where 1) = 1170 = (1”%, w};) and



The EOM of this Lagrangian is Dirac equation (iy*0, —m) = 0, thus it really
propagates a Dirac spinor. In addition to Dirac equation, spinors satisfy also the
Klein-Gordon equation (9% + m?)y(z) = 0, whose solutions are plane-waves:

3
n(o) = [ e,

with pg = v/p2? +m?2 > 0. Even solutions with negative energies are allowed, but
those are understood as anti-particles of positive energies:

3
Xs(x) = / ((2171-];3 vy(p) eP®,

again with pg = /p? +m?2 > 0. The polarizations of particles and anti-particles are
the spinors us(p) and vs(p) respectively. Since they are momentum-dependent, the
search for an explicit solution requires the setting of the momentum. For example,
in the rest frame p* = (m, 0, 0, 0) the solutions are

s (8) e

. . . 1
for any two-component spinors &, and 7, a viable choice is & = nm; = <0) and

Eo =19 = <(1)) For a momentum pointing along the z-axis p* = (F, 0, 0, p.), the

polarizations are:

win = (VE28). = (V)

In conclusion, an infinite representation for Dirac spinor has been found, a remark
is necessary, the representation is not irreducible as it is given by the direct sum of
two non-equivalent Weyl spinor, one of left and one of right chirality.
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A.5 Light-by-light Formulas

The complete formula for the polarization tensor M5"?? is

MG = 32ga (= 2(pa)" (p3)" (p2)" (p1)7 + (p3)" (pa)” (p2)” (p1)”
+( 2)" (p3)” (p )( 1)7 +2(pa)"g"" (p2 - p3) (p1)°
" (pa)” (p2 - p3) (p1)” — 9" (p ) (p2 - p3) (p1)°7
(pa)‘g ?(p2 - pa) (p1)7 + g""(p3)” (p2 - pa) (p1)°
— (p2)"g"” (ps p)( )”+g“”(pz) (p3 - pa) (p1)°7
+ (pa)"(p3)” (P1)"(p2)” — 2(p3)" (p1)" (p1)” (p2)°
+ (p3)"(p1)” (p4)” (p2)7 + (p2)" (pa)” (p1)” (p3)”
+ (pa)"(p1)" (p2)"(p3)” — 2(p2)"(p1)" (p4)” (p3)°
+ (pa)"(p3)" 9" (p1 - p2) + (p3)"(p4)” 9" (p1 - p2)
— (p3)"g"7 (pa)? (p1 - p2) — "7 (p3)" (p4)” (P1 - P2)
— (pa)'g"?(p3)” (p1 - p2) — """ (pa)” (p3)° (P1 - P2)
+ 29" (p4)? (p3)° (1 - p2) — (p2)" (p4)" 9”7 (p1 - P3)
+ (p4)" 9" (p2)? (p1 - p3) — 9" (a)” (p2)” (p1 - 3)
+ (p2)"9"7 (p4)? (p1 - p3) — (P4)"g""(p2)” (p1 - p3)
+ 29" (pa)” (p2)7 (p1 - p3) — 9" (pa)’ (p2) (p1 P3) (A.19)
= (p2)"(p3)" 9" (p1 - pa) — (P3)"9"" (p2)” (p1 - Pa) '
+ 29" (p3)” (p2)” (p1 - pa) + (3)" 9" (p2)° (p1 Pa)
—g""(p3)" (p2)” (p1 - pa) + (p2)" 9" (p3)° (p1 - 1)
-g"(p )(P3)U(P1 pa) — (pa)"(p1)" 9" (P2 - p3)
= (pa)"g”? (p1)” (p2 - p3) + ¢"7 (p4)" (p1)” (P2 - P3)
+ 9" (p1)" (p4)” (p2 - p3) — 29" 9" (p1 - pa) (P2 - P3)
+39"7g"% (p1 - pa) (P2 - p3)+g’“'gpa (p1 - pa) (P2 - p3)
— (p3)"(1)" 9" (p2 - pa) + 2(p3)" 4" (p1)” (p2 - p1)
—g’”(ps) (p1)” (p2 - pa) + """ (p1)" (p3)” (2 - Pa)
" (p1)*(p3)? (p2 - pa) + 9"79"" (p1 - p3) (P2 - pa)
_29#1’9 (

p1-p3) (P2 - pa) + 9" 9" (p1-p3) (P2 - pa)
+2(p2)"(p1)" 9" (p3 - pa) — (p2)" 9" (p1)” (p3 - Pa)

= g"7(p1)"(p2)” (p3 - pa) — ¢"*(1)" (P2)° (P3 - 1)
+ 9" (p1)”(p2)” (p3 - pa) + 9" 9" (p1 - p2) (P3 - pa)
+g""g"% (p1 - p2) (p3 - pa) — 29" 9”7 (p1 - p2) (3 - P4))
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The complete formula for the total tensor polarization, where the momentum py
has been removed by energy conservation, i.e., p1 + p2 + p3 = —py, is:

MHP7 =329, (gwgl’p(pl p2)® + 9" g (p1 - p2) + 9" g"" (p1 - p3)?
+9"9" (p1-p3)® + (p2)”(p3)" g"7 (p1 - p2)
+ (p2)7 (p3)"g"? (p1 - p2) +29"7g"" (p1 - p2) (P1 - P3)
+ (p2)”(p3)"g"7 (p1 - p3) + (p2)”(p3)" 9" (p1 - p3)
g

+ (p2)7 (p3)"g"” (p1 - p3) + (p2)7 (p3)"g"* (p1 - p3)
+2(p2)”(p2)7 (p3)" (p3)”)

+ 3292 (— 9" g"" (p1 - p2)? + 2909”7 (p1 - p2)? — 9" g° (p1 - p2)*
— g"g"(p1 - p3)* — g"°g"" (p1 - p3)* + 29“”9""(2?1 -p3)? (A.20)

— 2(p2)” (p2)? g™ (p1 - p2)” — 2(p3)*(p3)" 9" (p1 - p2)
+2(p2)” (p3)"g”° (p1 - p2) — 3(p2)"(p3)" 9" (p1 - p2)
—3(p2)” “g"” (p1 - p2)

(

( (p
(p3)"g"" (p1 - p2) +2(p2)7 (p3)"g
—4g"7g"? (p1 - p2) (p1 - p3) + 2979”7 (p1 - p2) (P1 - P3)
+2g" 9" (p1 - p2) (p1 - p3) — (p2)”(p3)" 9”7 (p1 - p3)
—(p )p(pB)qu (p1-p3) — (p2)7(p3)"g"" (p1 - p3)

— (p2)7 (p3)" 9" (p1 - p3) — 2(p2)” (p2)° (p3)" (P3)")

The total polarization tensor M*"“??  likewise its two components M4*”? and
MEYP? satisfies the property of transversality:

Mﬂ1uzu3u4pim =0 (A.21)

where i = {1, 2, 3} since the fourth momentum has been removed yet.

Renaming the scalar product in analogy with Mandelstam variables, but taking
into account our convention on incoming momenta:

s=(p1+p2)?=2p1-p2

t=(p1+p3)® =2p1ps
u = (p1 +ps)* = (p2 +p3)* = 2p2 - p3
S+t+u=2p;-p2+2p1-p3+2p1-ps=—2(p1)* =0,

(A.22)
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the total polarization tensor becomes

MHVPT =gh? 6P (8¢15° + 169, 5t + 891> — 8gas® — 32gast — 8gat?)
+ g"°g"" (8g1t* + 16g25° + 16g2st — 8gat?)
e (89152 — 8g95% + 16gast + 1692252)
+ (p1)"(p1)" (32925 + 32921)g"7 + (p1)" (p1)” (—16g25 — 16gat)g"”
+ (p1)”(p1)? (16928 — 16g2t)g"" — 32gat(p2)" (p2)” 9"
+16g2t(p2)*(p2)?g"" + 16g2t(p2)” (p2)” 9"
p3)*(p3)” 9" + 16g25(p3)"(p3)° 9"
p3)"(p3)7g"" + (p1)” (p2)" (16925 — 16g15)g”
YP(—16g1s — 1691t + 16g2s + 32gat)
(
(-

+ |

= W

o R
Q

V) V]

® ©® — Yam) A

+ (p1)7 (p2)"g
+ (p1)”(p2)7 9"? (1691t — 16g2s — 32g2t)
+ (p1)? (p3)*g"*(—16g1s — 16g1t + 32925 + 16gat)
+ (p1)”(p3)°g"" (16g1s — 32928 — 16gat)
+ (p1)”(p3)" (1692t — 16g:1t)g"
+ (p2)”(p3)” 9" (16915 4 1691t — 16925 — 16g2t)
+ (p2)? (p3)” 9" (1691t + 16925 — 16gat)
+ (p2)”(p3)? """ (16918 — 16925 + 16g2t)
+ (p1)?(p2)" (—329258 — 3292t)g”" + (p1)”(p2)? (16925 + 16g2t)g"
+ 3292t(p1)" (p2)" 9" — 16g2t(p1)” (p2)” 9" + 32928(p1)p(p3)”g“”
—16925(p1)7 (p3)" 9" + (p1)" (p3)" (—32925 — 32g2t)g”

+ (p1)"(p3)7 (16925 + 16g2t)g"* 4 32g25(p2)” (p3)"' 9"
— 16g25(p2)7 (3)"g"* + 3292t (p2)" (p3)" 9”7 — 16g2t(p2)" (p3)°g"”
+ (3292 — 3291) [(p1)7 (p2)" (p2)" (p3)” + (p1)7 (p2)” (3)" (p3)”
p3)" + (p1)” (P2 v

+ (p1)” (p1)"(p2)? (p3) )7 (p3)"(ps)
+ (p1)"(p1)” (p2)"(p3)” + (p1)" (p2)"(p2)” (293)0]
— 3202 [(p1)° (p1)7 (p2)" (P3)" + ()" (p1)° (P2)” (P3)"
+ (p1)”(p2)"(p2)° (p3)” + (p1)" (p2)” (p2)° (p3)"
+ (p1)°(p2)" (p3)" (p3)7 + (p1)" (p2)” (P3)" (p3)°],

(A.23)

which contains 45 different structures.
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The complete amplitude of spinor QED is:

oo - ets? Tetst Tett?
M{/Qp =g""g" _240 2,4 2,4 2,4
T4m 3607m*m 3607“m
4 ghe e Tets? n Tetst eit?
79\ 360m2m* " 360m2mA  240m2mA
gt v ets? etst et?
g9 240m2ms  3672mt  2407%mA

4
+ sz (140 + (1) (p1)°9" = T(s + ) (p1)" (1) 9"
= 7(s+t)(p1)"(p1)7g"" + 3s(p1)” (p )"g”"
+14(p1)” (p2)*g"" — (Ts = 10t)(p1)" (p2)7 9
+7(s +1)(p1)"(p2)° " — 14(8 +1)(p1)?
+ (35 +10t)(p1)? (p2)"g"” — Tt(p1)° (p2)"g
—14(s +t)(p1)"(p3)"g” + 7(s +)(p1)”
+ 3t(p1)” (p3)"g” + 14s(p1)” (p3)” 9"’
— (105 + 7t)(p1)” (p3)7g"" + (10s + 3t)(p1)” (p3)"" 9"
— 7s(p1)? (p3)" g"" — 14t(p2)" (p2)" 9”7
+ Tt(p2)" (p2)7 9" + Tt(p2)” (p2)” g"”
+ 14t(p2)"(ps)” 9”7 — Tt(p2)"(p3)7 9"
+ 145(p2)?(p3)"g"" — 3(s +1)(p2)”(p3)" g"°
— (8s = Tt)(p2)” (p3)7 g — Ts(p2) (p3)"'g"*
+ (75 = 3t)(p2)7 (p3)" 9" — 14s(p3)"(p3)" 9"
+ 7s(p3)*(ps)7g"" + 7s(ps)" (p3)” g"")

()
(p3)7g
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A.6 Dark Matter Table

Analytic expressions for the cross-section (o), and velocity-weighted, non-relativistic
annihilation cross-sections (ov),for dimension-5 and dimension-6 operators of the
hypercharge EFT for Dirac dark matter.

Opr. | ¥ — XX oxx(s>my, mz) (ov)xx
o _ (3-282)e2N.C3 V7 e2N.C3Y?
M ff 487r/3A20$/V 167rA20W§
2 2 ~2
W+W-—.Zh w _C% _
’ 384mBcZ, A2 1287c2, A2
2 —
C%c%s<(97762)ﬂ276ﬂ(,@271) tanh 1(/3)) ity Clom?
vy 067 B3 A% 8nA%
2 2
Sw. 2 3+8 Sw.
Z 2 (ZUV’Y +3(p* —1)log (1-;9)) o 2(0v)yy
_ e*BN.C2Y? e?N.CAY?
c f c¥ell f 2
Oel ff 487rc§WA2 48mcyy, A v
2 2 22
1 — e”BC _eCq 2
WIW=, Zh 384mcZ, A2 384mc2, A2V
Chehys( (9-762)62—68(5%~1)" tanh~1(8) PP
Cw“er™y
vy 067 B5A% 8mA%
2 2
Sw. 2 3+8 Sw.
Z 2 (ZUV’Y +3 (8% —1)log (1-;9)) ok 2(00)yy
o _ (3-8%)e?sN.C2 V7 e2N.C2 Y2m?,
cr rf 187 B2, A3 Amd AT
3-32)e2sC?, e?C2 m?
WTW~=,Zh (384)724 T
mhc, A 32wy, A
o B eQSﬁCiNCYf e2CiNCYf2mi 9
4 rf “oamATE, ~rAict U
2 2 22 2
17— e“spCy e"Cymy L2
WTW=, Zh 192c2, AT asratc?, Y

Table A.1: Analytic expressions for the cross-section (o), and velocity-weighted,
non-relativistic annihilation cross-sections (ov) into SM final states (XX), for
dimension-5 and dimension-6 operators of the hypercharge EFT for Dirac dark
matter. The cross-section is provided in the high-energy limit with massless SM
particles, 2 = (1 — 4mfb/s) and N, is the number of colors. In the low velocity
limit 8 = v, so cross-sections that are s-wave will be O(1/8) at the lowest order.
The ¢ — ZZ annihilation cross-section is given by (s&,/c%)o... The Majorana
anapole can be obtained by dividing the Dirac anapole moment by two, following
equations (4.12) and (4.13).
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A.7 ALPs Computations

A.7.1 Explicit Calculation of Phase Redefinition

Performing an ALP-dependent phase redefinition of the Higgs and the fermion fields
in the SM Lagrangian, that in flavor basis is realized as a unitary rotation whose
phase is proportional to the 3x3 Hermitian matrices qy

U — [elqwia]ij Py,
H — el1e[,

we can obtain more details, compared with those following from equation (5.9),
on the phenomenology of ALP. The phase redefinition affects each term of SM
Lagrangian except for those that are pure gauges.

Since left-handed and right-handed fermions undergo different couplings, we
have chosen to use Weyl basis in this computation, thus we must have to switch
from Dirac to Weyl spinor in each term of the Lagrangian. For instance, term
kinetic term of the left-handed spinor turns to:

Yy 0" = wzvo’ma“ilm = (1/127 0) <]? %) (—O U“) o (wL> = 1/12@8”1%-
o, 0 0

The adopted notation might be a little misunderstanding since the same symbol

11, has been used to denote both the Dirac and the Weyl spinor, however we made

this choice to avoid extra subscripts. A similar computation can be done for the

right-handed spinors. Thus:

Yrdr — 7/)25“8M¢L7
VrYR — V5o O, U,
The phase redefinition of the right-handed spinor leads to:
Ly Hi([eiqma]ij 7/’RJ)T (0" Dy.) ([e"4#n] VR k)
- ’CwR - (8#‘1) 1/);{1 [qibR]ij Ju¢Rj +0 [(aa)Q] s

where the covariant derivative is D, = 9, —ig;G},T" — 19'Yy, B, and the subscript
g runs over the right-handed fields e, u and d. The computation was performed
by using the Hermitian transpose of the transformation matrix

(A.25)

i f . f - —iqypa
([elqwa]ij) = ([]l + mq’t[)]ij) = [L];; —ia [qw]ij ~ [emrv Lj’
and the derivative of an exponential matrix
Oy [e'?] i = 1(0ua) [efav] i = 1(0ua) [efave] i 1wl -

The phase redefinition of the left-handed spinor fields leads to an analogous
formula of equation (A.25) since the only difference is that the covariant derivative
now reads D, = 0, — igsG), T —igWjr" — i9'Yy, By, thus we get:

EIZJL —-= £1/JL - (6Ma) ¢2¢ [qu]ij 6#¢L1 +0 [(aa)Q] ’ (A.26)
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where 1, takes the values L and (. Summing together the equations (A.25) and
(A.25) for all the flavor, we obtain the complete transformation of the Lagrangian
that describes the interaction between fermions and gauge fields:

Eint — Eint - (8y,a) Z [qw]m wj6u¢j
V=L,Q

) ) (A.27)
- (aua) Z [qw]ij wl JN"/}j +0 [(aa) ] :
Y=e,u,d
Turning to Higgs Lagrangian, the phase redefinition acts as
Ly — (Dl ) (D (' H)) + m% HIH — A(HTH)? e

= Ly —iqu (0%a) (H'D,H) + 0 [(9a)?] ,

where the mass term and the potential are not affected by the rotation since they
are composed by the Higgs field and his Hermitian transpose.

Finally, we have to transform the Yukawa terms of the SM Lagrangian. This
time, left-handed and right-handed Weyl spinors are mixed in the same Lagrangian
term, therefore we need to distinguish between the two types of particles that com-
pose the SU(2) doublet: the upper particles (up-like quarks and neutral leptons),
and lower particles (down-like quarks and charged leptons). Starting with the case
of lower particles, in particular for charged leptons:

Lyue — —ijL; I:e—iCILa:I& plama fy [eiqea]jk e’f% + h.c,
expanding in Taylor series:
Lk, e = = =Y5LE (1], — [iazal,;) (1 + igua) H ([m i+ ligea] jk) ek + h.c.
= Lyuk,e — ia (Yfk [qe}kj - Yy, [acly, + QHij) LIHe% +he +0 (az) .
While for the up-like quarks, we have:
Lyuk, v — — Y?jqz [e‘iq@a]u e~ taHafy [eiq““]jk u]j% + h.c.
= Lyuk,u — ia (Y;‘k [Quli; — Yij [agly, — qHY;Lj) gjﬁu{% +hec. +0 (aQ) .

Summarizing our result, the phase redefinition in the complete Yukawa Lagrangian
leads to

Lyuk = Ly ukawa — 10 (Yfk [Aely; — Y, lacl,, + (ZHij) QHe;{ L he.
o (Y?’c [aali; — Y [aqly + qHY?j) ¢/ Hdl, + h.c.
_ia (Y?k [duly,; — Y3 [doly, — qHyyj) g By + e, + 0 (a?) .

Forgetting for the moment the non invariant measure of the path integral, the
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SM Lagrangian under the phase rotation of fields turns to:

L:SM _>£SM - <6Ma) Z [qw]ij 1/);[6ij + Z [qw]ij wja'”wj
Y=L,Q Pp=e,u,d

—1a (Yfk [qe]kj =Y lacl, + qHij) EjHeg% 4+ h.e.
; d d d + ; (A29)
—ia (Yik [qd]kj - Yy, [agl;, + qHYij) q) Hd% + h.c.

x4
—iqp (0"a) (H'D"H) + O (a®) + O [(9a)?] .

The amplitude of the scattering process gq — tt at NLO in the ALP theory,
is given by the sum of the tree-level, the one-loop diagram involving ALP and its
counter-term:

iMnro = T2 ., T3 ., v(p2)v.u(p1)
¥ lal

19274 (22 — 1)° m?

x (log(—2) + log(2) + i) — 6ima2z(2(z + 10) + 1) + 3im (22 — 1)°

+ 3log(z) + 16m°2%2% + 32 (—log(z) (22% (2 + 4imz + 10z + 1)

+ da?zlog(z) — z (2% — 2))) + 32% (32" — 22% 4+ 22 — 3)

x u(p3) (48x2z2Li2 (2) + 24zz%21og(1 — 2)

+122% log(z) (2* — 4imz* — 42" log(2) — 1))

22 (p3 +pa),
9674 (22 — 1)° m3
+ 327 (2% — 1) + 4n’2%z + 62° log(z) (2 — 2imz — 2zlog(z) — 1)
+ 622z 1og(1 — z)(log(—z) + log(2) + i)

(12x22Liz(z) + 3im (2 (=627 + 2 —2) +1)

— 32log(2) (z®log(2) + (6 + 2im)2® — 2 +2) + 310g(z)>} v(p4),
(A.30)

where the incoming quarks are labeled by the subscripts 1 and 2, so that their
momenta and colors are p;, a; and ps, as respectively, while the outgoing pair of
quarks top are labeled by the indices 3 and 4. The color inidex of the gluon field is
g1. Moreover, the variables x and z are:

1—w 4m?
_ — ith v=14/1——%. A.31
x = mg/my, =10 with v . (A.31)

The condition s > 4m?, where s = (pg +pq)2, can be rendered as 0 < v < 1 and
0 < z <1, with 2z that reaches its maximum value when the energy involved in the
process achieves its minimum.

In the scalar ALP theory, where the interaction vertex between the ALP and
the top quark is:

VY— iCtU
s \/iA

ab
0",
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the NLO amplitude — still at O(z?) — is:

iMnro =T8! ., T8, 0, v (P2)7uu(p1)

tzmpyH
19274 (22 — 1)® m3
+ 362° log(z) (2* — 4imz* — 42" log(z) — 1)
— 3272 (3(2 + 2)2* — 167°2 + 2im(2(2 + 10) + 1) — 6)
+ 722%in2* (log(2 — 22) — log(22))
— 6222(—12imzlog(1 — 2) + log(z) + zlog(2)(z + 6log(z) + 10)) + 3
+6mx(z — 1)(2 +1)(2(32 +2) +3) — 2422 + 167%2 + 3in((z — 14)z + 1)
+ 24i(z — 1)*7z(log(2 — 22) — log(2z)) + 3log(z) + 24
+24(z — 1)%log(z) (—2° — 2imz — 2zlog(z) + 1)

(

X u(ps) (14433222Li2(z) + (2 — 1)%482 Liy(2)

+24(z — 1)%inzlog(1 — 2) + 3(z — 1)*2(2 — 4log(z) — 14) 1og(z))
N 622" (p3 + pa),,

19274 (22 — 1)° m3

—im (62°2 + diz (22 — 1) + 3(2 — 1)2)

+ 627 (2° — 2imz — 1) log(x) + 47%2”2 — 3log(z)

+ 6222 log(1 — 2)(log(—2) + im) — 622imzlog(z) — 322 log?(2)

(12z2zLi2(z) —-32% (2 - 1)

— 3zlog(z) (—22” log(1 — 2) 4 22° + 42” log(z) + 2 — 2))} v(p4).
(A.32)

A.7.2 Derivatives in Pseudo-Scalar Potential

The pseudoscalar potential is

[ Cv VS T I (C) (x) [V-0.],, [V -0z].., e ™?®
vest0 = () (% Am? )

Recalling that Del operator is V = (9y, 02, 03), we can label its components as 9;
where i = {1, 2, 3}, therefore:

o <6M”|> = o~ Ma el gi i (1>
z ||
% —M, |m\ ¥ Q ¥ —M, |m|
v () o () <o () @ ()

+ 73131 < Malafl)

||

Moreover, we must notice that |z| = (27 + 23 +w§)1/2 and O'|z| = 2¢/|z| = 2%
The first term is singular and not derivable in x = 0, therefore we start evaluating
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it for |z| # 0:

e Malel (32009
E R

pigd _ i

_ eiMa |a:| 3117 X 5
|z
while in the coordinates’ origin we have |x| = 0 and ¢ = j, thus:
(1 ou 1 54
“Malzlgigi [ ) = e Malel Z_ 2 [ ) = g~ Malel Z_ (_yzs3
e () = 5o () =y Conso)

this result follows from the evaluation of V2(1/|x|) which is null for each value of
|z| # 0 and equals to —47 for || = 0. To obtain this result in a faster way lets
write the Laplacian operator in polar coordinates:

1
r2 sin2@ ¢

m 89 (sm9 89) +

Only its first term survives when applied on a function of the radius only:
VA1) = 50 (0,(1/r) = 5 0, (-1) =0
r)=50 (" o,1/r) =50 =

However, to evaluate this Laplacian in » = 0 we can integrate our function 1/r on
a sphere volume pointed in the origin. Using Gauss theorem:

/Vv2(1/r)dV=/SV(1/r)dS

now we only need to evaluate the Del operator and write the infinitesima sphere
surface as dS = #dA = # 2 sin 6 d d¢, thus:

/V V2(1/r)dV = /Oﬂ a0 /OQW do (—r/r%) #r2sin 0 = —dn

therefore, we get that the Laplacian of 1/r is null for all the value of r # 0, but its
integral over a sphere volume is equal to —47. Thus, it must be different from zero

in the center of coordinates space, thus we can conclude that V2(1/r) = —47d3(r).
Coming back to our computation, the first term is:
a1 38147 — 09 4 ”
Malzlgign (=) = e Malel (22T =~ 58(x) 6% A.33
e () = (e A5

The second and third term are straight and they can be analysed together:

) ) ) ) ]
o (e_M“ lml) o (1> + & (1> o (e_M"'M) = 9¢~Malal Ma% (A.34)

|| ||
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The derivative of last is:

i g g (e_M“ |m|) _ i| 9 <_Ma e~Ma \r\8j|x|)

|| E

6—1\4@\1| ) i . i A
- (M2 (9'|z]) (07|2|) — M, 0" & |«|)

e—Ma || (A.35)
R (Mg 2" 27 — M, 9" (27 /|x)))

—Ma || M, M,
:e||<wfﬁTw+|Vw)

X

Summing together equations (A.33) - (A.35)

/e Mala| M2 e Malz] L 3 3 i
0" o’ ( ) =—2 3" —6Y) | 1+ + + 6%
] sl | AR AT RTA

- %” §3(x) 6

A.8 Passarino Veltman Scalar Integrals

The Passarino-Veltman scalar integrals are defined as

0(q10, mo,m1) = Z(W)D/Q/ (12 —m3)((1+ q1)? —m?)

D 1
imwﬂ/dlm—m@W+m>—mom+@>—m@

In chapter 3 and 5, we many of these integrals enter in computations. While an
explicit solution for Cy is quite hard to obtain when all its parameters are non
null, the same does not hold for By, which can be easily solved with Feynman
variables. Furthermore, this integral is involved in computations where the particle
that running in the loop does not change its flavor, thus mg = m; = m

1
Bo(p, m,m) = <4—D>/ / da
o(p ) =n )D/2 _m2)(1_x)+((l—|—p)2—m2)l‘]2
arr -t 1
_,,(4=D) -
K /i(ﬂ)D/Q/O de (12 + 2lxp — m?)?

4 py (2m)P A 1
:u( D)Z'(W)D/Z/(QW)D/O dxi(p,mZ)z

where the second equality has been obtained by performing the shift [ — [ — pz.
The integration over loop momentum is now straight:

(@7 (4m)7"

(4-D)
Co(q10, G20, Mo, M1, M2) =

BO(p7mam) =M (m2)_2+D/2 = -

2
m
— g — log ﬁ + O(e).
(A.36)
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