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Chapter 1

Introduction

From the positron discovery in 1932 to the Higgs announcement at LHC in
2012, there has been a ceaseless determination of new particles, revealing a new
structure level of nature and configuring what nowadays we call modern particle
physics. The personal and technological efforts required to take the research in
this field up to the current status have been tremendous. Just the comparison
between the first particle accelerators during the 1930s and the Large Hadron
Collider (LHC) shows the magnitude of these changes: while the first cyclotron
was a 4.8 MeV machine with 69 cm diameter, LHC external ring diameter is 27
km large and run-II collisions have reached 13 TeV in the center-of-mass frame.
Only with these two sample measures (6 orders of magnitude factor), it is enough
to claim that they describe two different layers of reality.

Nowadays, the perspective is much distinct from those earlier days when
particle physics was incomplete and incongruent. Nevertheless, let’s go back
for a moment to the discovery of the pion in 1947, predicted some years before
by Yukawa, which was determined by the analysis of cosmic rays. The strong
interaction was constituted by nucleons (protons and neutrons) and this force
was mediated by the exchange of pions. However, this discovery brought as well
an unexpected partner: the kaon. The next decades, new particle detections and
also resonance states continued endlessly. This chaos was restored with the Gell-
Mann quark model and the consolidation of quantum chromodynamics (QCD)
as the theory of the strong interactions. Eventually, pions were not considered
to be elementary constituents of matter, but composite states from some more
fundamental particles.

The lesson here is that there is not a single path to reach a true theory in
physics. Certainly, all the steps given with the pion and later with the anarchic
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8 CHAPTER 1. INTRODUCTION

hadron picture were indeed the primordial ingredients to even wonder about a
more deeper level in the subatomic world.

Coming back to more recent days, the Standard Model (SM) describes the
most precise framework for particle physics and its success is unquestionable. Ac-
tually, its major prediction was already confirmed with the discovery of a Higgs-
like scalar boson and, as a consequence, all the pieces are perfectly fastened with
each other. Yet, the SM is definitely not the ultimate theory of nature, not
even for particle physics, since it leaves some fundamental questions unanswered.
Short and middle-term expectations in this field yield two possibilities: i) there
is a large energy gap between the SM and new physics, so technology needs to
be significantly improved to reach a more profound scale of reality. So far, this is
the current status in particle physics, where LHC Run-II has not shown any sig-
nificant deviation (five standard deviations) with respect to the SM predictions.?
The other possibility ii) would lead us to the scenario lived by the generation of
physicists from some years before the pion discovery. In this much more opti-
mistic situation, new physics discoveries might come through direct observation,
like the pion case, but they can also be produced indirectly, instead. It is in-
deed more plausible that they alter the SM theoretical value of some physical
observable at an energy lower than the mass of the new particles.

The last statement is reinforced with the example of chiral perturbation theory
(xPT). This effective field theory (EFT) describes the strong interaction in the
low-momenta limit in terms of meson states, like the pion. Within a particular
energy region, it provides a very useful framework to deal with these objects,
which are conceived as the fundamental degrees of freedom of this theory, instead
of the more elementary quarks.? However, if one looks at the parameters that
govern this model with the sufficient precision or at higher energies than before,
they eventually do not match the expected values. In fact, heavier objects called
resonances that are not included in the theory (like p particles) alter remarkably
the energy spectrum and their effects are even perceptible at the pion scale.

The main objective of this work is to build an efficient and useful theoret-
ical framework to look for massive states in the TeV range. For this purpose,
bottom-up effective field theories become a fundamental tool. In particular, they
allow us to represent the SM and any possible extension in a model-independent
picture. The main advantage of this approach to find new physics is that no basic
assumption has to be made and, indeed, it is not required to know the underlying

'However, there are currently some 3¢ deviations which might indicate the presence of some
physics beyond the SM eventually.

2Indeed, this much simpler description allow to perform many calculations that are unafford-
able with QCD.



fundamental theory that explains it. Therefore, an optimal strategy consist in
incorporating the most general set of high-energy states that can be generated by
any UV theory to our SM-based effective theory and study their impact on the
core parameters that characterize the SM. Following the analogy of chiral per-
turbation theory, we will denote these high-energy objects as resonances. Once
compared with experimental data, these states are either disregarded or further
constrained to higher energies attending to their discrepancies and compatibility
with data. Otherwise, if experiments eventually present any significant devia-
tion of some observable (or observables) with respect to the SM expectations, we
would be able to know which kind of massive objects are generating it with no
need to justify their origin nor the specific background model that explains it.

The thesis is based in [1-7] and it is organized in 8 chapters (and 6 appen-
dices). As it is suggested in this introduction, the Standard Model and effective
field theories constitute the starting point for the development of the dissertation,
which central concepts are gathered in chapter 2. Right after that, we develop the
electroweak effective theory in chapter 3 as a model-independent EFT, where the
SM is included in the lowest order of the power expansion. The formalism em-
ployed for this task is the most appropriate for the incorporation of high-energy
resonances, addressed in chapter 4 through the resonance chiral theory. There-
fore, once both the low-energy and the high-energy theories are well-established,
we are able to match the theories in chapter 5 and make an analysis of the traces
of the heavy objects in the low-energy couplings. Among all the possible types of
resonances, we will analyze the spin-1 case more carefully in chapter 6. There is a
review on the current phenomenological status for the resonance bosonic sector in
chapter 7 and, finally, the conclusions in chapter 8, both in English and Spanish,
where all the thesis is summarized.
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Chapter 2

Foundations: the SM and
EFTs

The Standard Model (SM) of particle physics is proved to be the best theo-
retical framework for describing the subatomic nature and it has allowed us to
understand a whole new layer of the physical reality. Hence, its success has no
precedents. Developed in the early 1970s, the SM has passed numerous precision
tests being all of them consistent with the expected values from the model and
showing no significant signal that points in a different direction. The predictive
power of the SM is also remarkable. Indeed, the only remaining fundamental
piece in the SM puzzle was finally filled with the discovery of a mp = 125 GeV
Higgs-like scalar particle [8].!

Nevertheless, despite the fact that there is no compromising experimental
evidence in contradiction with this model,2 the SM is certainly not the ultimate
theory of nature. It is only sensitive to the electromagnetic, weak and strong
interactions, leaving aside gravity and general relativity in its formulation. In
addition, it does not explain phenomena from beyond the Standard Model (BSM)
like dark matter and some open questions remain unanswered like why three is
the number of families or what occasioned a slight asymmetry between matter
and antimatter in the early universe after the Big Bang.

Direct experimental searches do not indicate the presence of new high-energy
states below the TeV scale and there are no short-term expectations of any can-
didate to show up within this range. Therefore, the current situation motivates

'Natural units are implicit along the present work, ¢ = i = 1.
2Neutrino oscillations imply non-zero neutrino masses, not accounted for in the SM. However,
they can be easily incorporated in the model.

11



12 CHAPTER 2. FOUNDATIONS: THE SM AND EFTS

to modify the way new physics is pursued: instead of looking further into the
barriers of the ever wider energy spectrum, it may be better to look deeper and
more precise into the already known couplings that measure and intermediate
the interactions among the quantum fields, expecting them to be sensitive to any
high-energy physics somehow.

The best theoretical framework for this strategy, also called indirect search,
is the Effective field theory (EFT) picture. In the context of particle physics,
EFTs are quantum field theories (QFTs) valid in a certain energy region and
organized in such a way that i) only the degrees of freedom (dof) below a given
energy scale A are considered in the Lagrangian and ii) all the states above this
cut-off scale are not directly included as interacting quantum fields in the EFT.
Nonetheless, the presence of these high-energy objects is encoded somehow in the
so-called low-energy theory. Our aim is to display a picture where we are able
to collect SM physics in a low-energy frame, while the BSM physics, instead of
being guessed in a model-dependent way, is inferred through the analysis of the
parameters of the EFT, directly related to physical observables.

2.1 A glance on the Standard Model

The Standard Model of particle physics is the quantum field theory that governs
the subatomic world. It describes with precision (up to the reach of the current
experimental tests) the dynamics of the electromagnetic, weak and strong interac-
tions, three of the four fundamental interactions of nature (known so far), where
only gravity is not explained.? Therefore, the extent of this theory is enormous:
it explains from how nucleons are bound in an atom to why the light scatters and
the sky is blue as a result. Even so, the SM only requires 19 independent (plus
neutrino masses) input parameters that cannot be obtained from the model itself.
Their explanations obey to a deeper underlying layer of nature, which nowadays
is out of the reach of the physics understanding.

Firstly, and before the analysis of the core structure of the SM and its or-
ganization, it is convenient to introduce the fundamental particles conforming
it. A fundamental particle is not a compound state of the other more primordial
particles, i.e., it is not a composite object. So far, there is no evidence that the fol-
lowing elements have a deeper structure. Particles (not necessarily fundamental)
are divided into fermions and bosons, depending of their inner internal angular

3The formulation of a theory able to explain all the interactions of nature in a compact way,
so-called theory of everything, would be undoubtedly one of the greatest achievement in science
history.
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momentum, or spin, to be half-integer or integer, respectively. Hence, the first
ones satisfy the Fermi-Dirac statistics whereas the second ones, the Bose-Einstein
statistics.

Elementary fermions in the SM carry spin 1/2 and can be either quarks or
leptons, depending on whether they are sensitive to the strong interaction or
not. Each fermionic particle has its own anti-particle, with the same mass and
opposite quantum numbers. In table 2.1, the elementary fermions are listed with
their respective electric charges and masses (anti-fermions are implicit). Both
sets show 6 fundamental particles, grouped in 3 generations. The concept of
generation, or family, makes reference to different subsets of particles leading to
similar interactions, differing only in their masses. Indeed, fermions from distinct
families bring the same quantum numbers (except for the flavor number, which is
a generation number) and only differ (substantially) in their masses. For instance,
the first lepton generation, compound by the electron and the electron neutrino
— also positron and electron anti-neutrino — has the same properties as the
second generation, made out of the muon and muon neutrino — and anti-muon
and muon anti-neutrino.

Quarks carry additionally color-charge. In contrast to the electric charge be-
ing a scalar, the charges associated to the strong interactions belong to three
different types, conventionally called red, green and blue, like the RGB color pat-
tern. Unlike leptons, quarks are always found in nature forming compound states,
like pions or protons, and cannot exist freely in normal conditions.* This prop-
erty is called confinement. Pragmatically, it implies that physical states made
out of quarks must compensate their global color charges so that the outcome is
not red, green or blue. This can be accomplished® by a combination of a quark
and an antiquark of the same color, so-called meson, or with the bound of a
red, a green and a blue quark, that would generate a ‘white’ state, in analogy to
the RGB pattern, referred as baryon. All the quark states (actually, all known
particles) discovered so far and their main properties are listed in [9].

Fundamental bosons in the SM are typically in charge of mediating the phys-
ical interactions. This is the case of the spin-1 gauge bosons, being the photon,
the force carrier of the electromagnetic interaction; the gluon, produced when
quarks exchange color, and the W and Z gauge bosons, which mediate the weak

“In very high-energy and high-density enviroments, such as the early Big Bang, quarks are
not able to hold united and they form what is called quark-gluon plasma. Actually, the higher
the energy is, the weaker the strong interaction becomes, so that quarks are asymptotically free
particles.

SRecently, in 2015, LHCb detected a more exotic state made out of uécud, being the first
pentaquark ever detected [10].
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Quark, ¢* | Charge (e) Mass (MeV)
up, u +2/3 2.2108 1st
down, d -1/3 47405 generation
charm, ¢ +2/3 (1.28 £ 0.03) x 10? ond
strange, s -1/3 96f2 generation
top, t +2/3 (173.14£0.6) x 10® (1) 3rd
bottom, b -1/3 4187003 x 103 generation
Lepton, [ | Charge (e) Mass (MeV)
electron, e -1 0.5109989461 £ 0.0000000031
electliron ” 0 <0.002 (i) 1st .
neutrino, generation
muon, 4 -1 105.6583745 £ 0.0000024
muon 0 <0002 (1) 2nd
neutrino, generation
tau, T -1 1776.86 £ 0.12
muon. 0 <0002 () Srd
neutrino, generation

Table 2.1: SM fermion elementary particles: electric charge and measured mass
within current experimental bounds [9]. Each particle in the table has its own
anti-particle, with the same mass and opposite electric charge (and all other
charges not explicit). Quarks (leptons) are placed in the upper (lower) block, and
they are classified in three generations. (f) The top quark is specially sensitive
to the way masses are defined. The listed value corresponds to a direct mass
measurement, but if considered the pole mass instead, it turns to be mfde =
173.5 £ 1.1 GeV; and from cross section measurements it is my = 160fi GeV.
The specific mass definitions for the rest of leptons are detailed in [9]. (11) At

least two of the three neutrinos have a non-zero mass superior to 0.4 eV.
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interaction. Otherwise, there is the Higgs boson, recently discovered at LHC and
being the only spin-0 elementary particle in the SM, which is required in order
to keep the theory unitary, well-behaved and renormalizable. Some of the SM
bosons fundamental properties are collected in table 2.2.

Boson, 1) Spin Blectric Mass (GeV)
charge (e)

Photon, vy 1 0 <1x107%
Charged weak, W~ 1 -1 80.385 £+ 0.015
Neutral weak, Z 1 0 91.1876 4+ 0.0021

Gluons, G® 1 0 0 (1)

Higgs, H 0 0 125.09 £ 0.24

Table 2.2: SM boson elementary particles: spin, electric charge and measured
mass within current experimental bounds [9]. Each particle in the table is its
own antiparticle, with the exception of W~ which antiparticle is W*. (}) This
value for the gluon mass is the theoretical value. A few MeVs mass, however,
cannot be discarded yet [9].

The concepts of symmetry and gauge invariance become fundamental in order
to understand how the SM and also the inner structure of nature are formulated.
We call symmetry in QFT a transformation of the fields that does not alter the
dynamics of the system or, in other words, keeps the action invariant [11]. The
Noether theorem states that whenever a continuous and differentiable® symme-
try holds in a system, there is a conservation law underneath and, therefore, a
conserved charge. For instance, if a system remains invariant under translations,
(linear) momentum is a conserved quantity while if it remains unchanged under
U(1)e.m. local phase transformations, electric charge is preserved.

The last example, indeed, leads to the second essential concept for the SM
construction: gauge symmetry. Transformations of the quantum fields can be
either global or local. In the context of field theories, a global symmetry is asso-
ciated to a given transformation acting identically throughout the entire space-
time, whereas a local symmetry refers to transformations which depend on the

5Discrete symmetries, for instance, do not apply.
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space-time coordinates. The following field transformations show explicitly the
difference between global (left-hand term) and local (right-hand term),

Y(z) — P y(a), Y(x) — P@ y(z), (2.1)

where 3 and 3(x) are a constant phase and an arbitrary scalar function over the
space-time coordinates, respectively.” We call gauge transformations to the local
mappings which leave the action invariant and local gauge symmetry (or simply
gauge symmetry) to the underlying invariance under these transformations [11].

The SM is mathematically formulated as a Yang-Mills theory, i.e., it relies
on reductive and compact Lie gauge symmetry groups which define its structure
and interactions (see appendix A.l). Electromagnetism responds to a U(1)em.
gauge invariance of the SM Lagrangian. Therefore, every particle carries a definite
electric charge and it is required the existence of an electromagnetic gauge boson,
the photon, which is predicted to be massless. This interaction was actually the
first discovered and its physical formulation, quantum electrodynamics (QED), is
certainly the most precisely tested theory from all science subjects. Tables 2.1 and
2.2 show the outstanding bounds in the determination of the electron and photon
masses. Equivalently, quantum chromodynamics (QQCD), the theory of the strong
interactions, is accurately explained through the SU(3) gauge symmetry group.
It gives raise to a conserved color quantum number and eight massless gluon
fields mediating this interaction. The non-abelian character of the Lie group also
explains accurately the self-interactions of the gluon fields.

The weak interaction, however, cannot be explained from the action of a
gauge symmetry group alone as the other fundamental interactions. Actually, the
interaction has three significant and contrastive features that make it differ from
the electromagnetic and strong forces: i) it should explain quark flavor changing
interactions, ii) charge conjugation, C, and parity, P, are not a good discrete
symmetries of the theory® and, finally, iii) the weak gauge bosons are massive (see
table 2.2). The solution to this puzzle was introduced with the Glashow-Salam-
Weinberg electroweak model during the 1960s [12-14]. This theory collects as one
single fundamental interaction the electromagnetic and weak forces, unified under
the gauge symmetry group SU(2);, ® U(1)y. The subindex L means that only
the left-handed fermions in the theory transform under the SU(2) weak isospin
subgroup, whereas the right-handed ones transform trivially; and the subscript

"In general, we will denote these exponentials as g and g(z), correspondingly, with these
elements belonging to a given Lie group (see appendix A.1).

8 Actually, C'P, the combination of charge conjugation and parity, is not a good symmetry of
the weak interactions, neither.
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Y stand for weak hypercharge, the conserved charge of the weak interactions,
related to the electric charge, (), and the third component of the weak isospin,
T3, as

Q=13+Y. (2.2)

In addition, this model configuration does not require the inclusion of right-
handed neutrinos, which are not present in the minimal formulation.

2.2 Spontaneous Symmetry Breaking in the SM

The electroweak model, nonetheless, formulated as a Yang-Mills theory, is still not
enough to explain the W and Z gauge bosons masses. Therefore, it is necessary
to ‘break’ this symmetry, in the sense that, despite the SM Lagrangian being
actually invariant under the electroweak group, the ground state of the theory is
not. This phenomenon is known as spontaneous symmetry breaking (SSB).

There is, in fact, not only one way to break a symmetry. Given a specific
model, it is possible to make some scalar field (or fields) acquire a vacuum expec-
tation value (vev) in such a way that the field parametrization around this ground
state does not accomplish the symmetry prescriptions of the model. Neverthe-
less, one can also induce the same effect without any scalar field. In this kind
of models, the symmetry gets dynamically broken due to quantum corrections.
The most paradigmatic example of this situations occurs with chiral symmetry
at QCD, with a SU(2);, ® SU(2)r global symmetry broken to SU(2)(rr). Ac-
tually, QCD is a non-perturbative theory at low-energies and it is characterized
by a quark condensate in the vacuum.

It is important not to confuse the concept of SSB, where actually the sym-
metry remains exact although it is somehow apparently hidden, with symmetries
that are slightly but explicitly broken, like the isospin case, where the symmetry
is broken by the different up and down quark masses, and by electromagnetic
interactions.

In the SM, the electroweak symmetry is broken like in the first case, through
the so-called Higgs mechanism. It consists of the inclusion of a complex scalar
doublet (i.e., four new degrees of freedom) in the SM, introduced as

2 = (30) 2.3

and ®°¢ = i109®* its charge-conjugate partner, being o; with ¢ = 1,2, 3 the Pauli
matrices (see appendix A.l). Besides, gauge invariance under the electroweak
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symmetry group fixes their covariant derivative as
. 0= .
D,® = 9,® + ig §Wu<I> + ig'yo B, @, (2.4)

where g and ¢’ are defined as the weak couplings associated to the W# and B,
gauge fields® and yg = 1/2 is the scalar doublet hypercharge.

The additional demand of generating non-trivial ground states so that the
symmetry is spontaneously broken leads to a gauged scalar Lagrangian

L(®) = (D,®)I DI — V(®), with — V(®) = p20T® + \(Td)?,

(2.5)
being V(®) a generic scalar potential provided the quartic term satisfies A > 0,
so that the theory is energetically bounded from below, and the quadratic one,
u? < 0, in order to generate non-trivial minima. In figure 2.1, we illustrate the
analogous potential to eq. (2.5), with real fields (and not complex) instead. It
displays an infinite set of degenerate minimal energy states displayed along a
circumference around the coordinates origin.

Figure 2.1: Potential function representation for two scalar real fields, analogous
to eq. (2.5), being p? < 0 and A > 0.

The conservation of the electric charge yields that only the neutral scalar field
is able to acquire a vev. It is defined in terms of the parameters of the scalar

9Recall that the photon, A,,, and the Z . fields are related to WS and B, through the Weingerg
angle, Oy .
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— 2 v
(0]2°]0)] = \/Z =75 (2.6)

once minimized the scalar function. The precise and arbitrary selection of one
of the infinite minima as the ground state of the electroweak model breaks the
symmetry in such a way that only electromagnetism, U(1)e ., is a good symmetry
of the vacuum [15]. Therefore, the electroweak gauge symmetry gets broken
following the pattern:

potential as

SU@2)L @ Uy — U(D)em. - (2.7)

According to the Goldstone theorem, whenever a continuous symmetry is
broken spontaneously, as many massless Goldstone bosons as broken generators
should appear as a result. In consideration of eq. (2.7), three Goldstone bosons
should arise. We can actually acknowledge them just by properly re-expressing
the doublet scalar field: one can perform a polar decomposition in such a way
that its four degrees of freedom parametrize the physical excitations over the
vacuum,

1 0
2w) = = U () 2.9
where H(z) is the Higgs field, a scalar under the chiral group G, and U(¢(x)) a
2 x 2 unitary matrix!'® collecting the 3 massless Goldstone bosons, ¢*(x), defined
as

Ulp) = exp {id ¢/v}, with DU = 8,U +ig %WM U— ig’U%BN.
(2.9)
In analogy to figure 2.1, Goldstone bosons would represent the physical excita-
tions along de valley of minima shown in the image. Therefore, the fields leading
to this action must be massless. On the contrary, excitations in the radial di-
rection, which are perpendicular to the minima, must be produced by a massive
field, corresponding to the Higgs boson in this case.
Nonetheless, the implementation of the scalar doublet in the electroweak
model (and thus the Goldstone bosons) is not only remarkable because it suc-
ceeds in unifying the electromagnetic and the weak interactions together with the

0This parametrization allows to re-express the scalar potential, defined in eq. (2.5), as a
function of the Higgs field only, V(H).
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SSB, but it also achieves to explain how the gauge bosons acquire mass. Actu-
ally, considering the scalar Lagrangian in eq. (2.5) and taking the unitary gauge,
where U(p) = 1, one obtains

1 g g
L£(®) = - 0,HO"H H? (ZwWiwr + —Z—— 7l z# 2.10
@) = 300 + (o 1P (G wiwr + Sz} 20
being Oy, the Weinberg angle [15].1! The electroweak SSB and the non-trivial
vev are the very responsible of the generation of the W and Z masses, being

1
MW = MZcOSGW = §Ug (2.11)

and, as a consequence, the three Goldstone boson have to be understood as the
missing longitudinal polarizations of these gauge fields.

In addition, the Higgs mechanism implies the presence of a massive scalar
singlet particle, which existence was proved some years ago at LHC with the
discovery of a 125 GeV Higgs-like particle. Notwithstanding, this is not the actual
genuine reason why the SM requires its presence. There are different Higgsless
models that introduce three Goldstone bosons and explain the weak gauge bosons
masses. The success of the Higgs particle lies in the ability to restore the unitarity
and renormalizability of the theory, which is lacking in its absence.

2.3 The SM Lagrangian

In consideration of the symmetries present in the subatomic world and the exper-
imental inputs, the SM has consolidated as the paradigmatic model in particle
physics. Its mathematical formulation can be summarized in the following La-
grangian:

1 1
<WWWW>2 - ZBWBW - 5 <GWGW>3

DN |

Lsy = —
+ (D,®)" Dt — V(D)

+ Y iy Dl + Y ivry' Difvg

YL YR
- Z U Y ®Yp + he. . (2.12)
d)L:d)R

171t relates the Lagrangian gauge fields W4 and B" with their mass eigenstates Z* and A*.
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where (), stands for the SU(n) trace and ¢ = [, g. The first line in eq. (2.12)
collects the Yang-Mills Lagrangian associated to the electroweak and strong in-
teractions, expressed in terms of the gauge field strength tensors. The scalar
sector of the theory is compiled in the second line. As explained in the previous
section, it is necessary in order to break the electroweak symmetry through a
non-zero vacuum expectation value.

In the next lines in the SM Lagrangian, we find the fermion kinetic and
interaction terms. There is an explicit distinction, nonetheless, depending on the
fermions being left or right-handed. Furthermore, the equation considers both
leptons and quarks at the same time, where just the last ones are sensitive to the
strong interactions. Therefore, the gauged covariant fermion derivative must be
chiral and color-dependent, being defined as

) . 0 = .
Dﬁsz = (@L + igsT® GZ + ig EW“ + Zg'yw Bﬂ> VL,
Dfin = (9 + igsT* Gl + ig'ys Bu) ¥, (2.13)

where the gluon contribution, in terms of Gy, only applies for quark fields; being
gs and T* the strong coupling and the SU(3) Lie algebra generators (see ap-
pendix A.1), respectively. Finally, the last contributions to the SM formulation
in eq. (2.12) correspond to the Yukawa Lagrangian. Contrary to the previous
fermion interactions, these terms mix the left and the right sectors of the the-
ory, throughout the mediation of the doublet scalar field. Indeed, this is the SM
mechanism to generate the fermion masses and the flavor mixing too.

2.4 Effective field theories

Let’s consider the following scenario: a solid object falling from some height. On
the one hand, the dynamics of this process can be studied to a first approxima-
tion as a free falling object according the Newton’s gravitational laws, corrected
by fluid dynamics associated to the object being in a non-negligible atmosphere.
On the other hand, it is well-known that Newtonian physics can be derived from
general relativity, which is a much more complete and precise description of grav-
ity. Nevertheless, it would be non-sense and certainly unaffordable to study the
solid motion from this point of view. Therefore, the first model seems to be much
more appropriate and more ‘effective’ to describe it.

As reflected with the example, the selection of the variables in any problem
is crucial. In QFT, this is, indeed, the justification of effective field theories
(EFTs): the construction of the more convenient framework in order to describe
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the important degrees of freedom at a given energy scale. Yet, an EFT does
not aim to be a general model nor a fundamental theory since its validity is
restrained to a particular energy range. Considering some EFT valid for an
energy scale v, the contributions of heavy fields from some higher scale A > v
are found to be suppressed with a factor of order v/A with respect to the light
fields. This statement is, in fact, mathematically formulated as the Decoupling
theorem, meaning that these heavy dofs are completely set apart when A — oc.

According to their purpose, there are two general approaches for EFTs [16].
First, in the top-down case, the EFT is built in order to describe the low-energy
range of a more general and well-established theory. The validity of the EFT,
also called low-energy theory, is limited up to a given energy threshold, whereas
the original one, also high-energy theory or UV theory, still holds above it. For
sure, both frameworks reproduce the same physics in the low-momenta region.

The second type of EFTs are denoted as bottom-up. In this scenario, the
high-energy theory is unknown, as opposite to the previous approach, or not
possible to apply at a given regime. Therefore, in any of these situations, the
EFT cannot be derived directly from a more fundamental theory. The motivation
for these effective models is diverse. They can be used either to search for new
physics beyond the current energy barriers in a model-independent way or to
determine the low-momenta regime of the theory which is otherwise not available
computationally.

A well-known example of an EFT is the Fermi theory of weak interactions. In
general, one would employ the SM Lagrangian in eq. (2.12) to analyze some weak
transition between two fermion currents, which is mediated by the exchange of
W gauge bosons, being the propagator,

1

. qudv
1A = —7F | — + . 2.14
w(q) q2 — MI%V < Juv M{%/) ( )

Nonetheless, if one is only interested in the low-energy limit of these interactions,
i.e., p < My, they can also be reproduced with a local effective Hamiltonian
including only the lightest fermions [17],

G .
Her = 725,15“, with T = Zuzw —5)Vijd; + ZW% 1—s)l,

(2.15)
being G the Fermi constant and V;; the Calibbo-Kobayashi-Maskawa mixing
matrix. Actually, both this EFT and the SM have the same behavior at low-
energies. In the limit p < My, the propagator in eq. (2.14) becomes —g,,, /Mw
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and thus a straightforward identification with the SM Lagrangian yields

Gr _ ¢
V2 o 8ME

In this scenario, the Fermi theory is interpreted as a top-down EFT and the main
reason to employ this formalism is simplicity. However, back to the pre-SM era,
this theory was understood as a bottom-up EFT since the high-energy theory
(the SM) was still unknown.

Another well known example of the bottom-up approach and certainly the
most paradigmatic one is chiral perturbation theory (xPT), which is explained
with more detail in the next section. It appears to be the more appropriate
framework to reproduce the low-energy QCD dynamics, where hadrons are the
actual dofs, instead of the more fundamental quarks and gluons.

The characterization of bottom-up EFTs lies on three primary aspects: the
particle content, the symmetries and the power counting. The first requirement
is definitely to determine which are the particles involved: the degrees of freedom
present in the EFT. For this purpose, it is sometimes useful to set an energy
threshold so that all the existing particles with masses from above are not con-
sidered explicitly in the theory. Next to this, it is necessary to establish the
symmetries of the EFT Lagrangian in order to indicate the nature of the phys-
ical interactions to be analyzed. There are two possibilities for the symmetry
implementation. On the one hand, the symmetry holds even at a fundamental
level, i.e., not only the EFT is invariant, but also the underlying theory. On the
other hand, a given symmetry may be accidental, which means that it holds at
the EFT level but there is no strong reason why it should. Hence, this symmetry
can be either conserved at the UV theory or broken by an small amount. The
last fundamental element, the power counting, describes how the effective field
theory is organized and sets the relative dominance of one particular physical
process with respect to the others. Therefore, it establishes a hierarchy among
all the operators at the Lagrangian level.

Being the essence of bottom-up EFTs to be model-independent and not to
assume any condition from the UV, one cannot afford to select which precise set
of operators belong to it and which of them do not. In order to be consistent, one
must include all the possible interactions that can be generated with a given field
content and symmetries. This consideration yields an infinite number of possible
operators, O;. They can be collected in

Lrrr = Z ¢; O; (2.17)

i

(2.16)
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where ¢; are the so-called Wilson coefficients, which respectively parametrize the
operators in the EFT. The crucial fact here is that each of the operators in
eq. (2.17) is assigned a different weight,'? d;, according to the power counting,
which reveals information about the importance of each interaction within the
EFT. For instance, a given operator with dimension d = 4 is expected to be of
the same size than any other interaction with the same power counting, but it
should be subdominant with respect to some d = 2 structure, whereas some d = 7
operator must be negligible in comparison.

The hierarchy introduced by the power counting allow us to re-express eq. (2.17)
like

LErFT = Z L% (2.18)
d;=0

where £% contains all the operators with dimension d; or, in other words, it is the
order d; effective Lagrangian. Despite the fact that the full Lagrangian contains
infinite operators, the number of them at a given order is finite. This is actually
the essential feature of bottom-up EFTs: they describe some non fundamental
theory at a given scale with a finite number of operators, up to some controlled
uncertainty level.

As a general consideration, it is not common to reach large order corrections
in an EFT. Usually, it is enough to consider just the leading order (LO) La-
grangian, corresponding to the lowest order Lagrangian, and the next-to-leading
order Lagrangian (NLO), which represents the first corrections to the previous

one.13

2.5 A theory of mesons

There is no doubt about QCD being the right theory of the strong interactions.
Based on gauge symmetry principles, it is valid at any energy scale (so far) and
it has a remarkable predictive power. As already mentioned, it is formulated in
terms of quarks and gluons, the fundamental elements of this interaction, which
happen to be confined in hadronic states. However, its computation is often
very hard or even unfeasible, particularly at low-energies, where perturbativity
is eventually lost.

12We will also refer to power counting dimension d; terms as order O4(p%) operators.
13For some EFTs, the next-to-next-to-leading Lagrangian (NNLO) is also required, depending
on the desired precision.
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Instead, it seems much more convenient to describe the low-momenta limit
of the strong interaction in terms of the physical composite degrees of freedom:
mesons and baryons. Chiral perturbation theory is an EFT defined in terms of
these particles and it has been proved to explain the low-energy phenomenology
of the strong interaction. If we set the energy cut-off slightly above 1 GeV, the
only physical states to be considered must be naively compound by quarks with
masses from below this threshold!* at least:'® u, d and s.

Considering the three-flavor QCD Lagrangian, introduced in the third line
in eq. (2.12), it is straightforward to prove that it is invariant under SU(3); ®
SU(3)R, also called (three-flavor) chiral symmetry. However, the physical vac-
uum of the theory (the yPT ground state) is not invariant under this global
group. Therefore, spontaneous chiral symmetry breaking (SCSB) occurs with
the following pattern

SUB)L,®SUB)r — SU3)r+R - (2.19)

The acquired chiral vev, analogous to the SM vev (v) with the SSB, introduced
in section 2.2, is the pion decay constant, fr = v2F; = 130.41 MeV, defined
through

(0] aysd |7 (p)) = iV2Frpy. (2-20)

Actually, this symmetry breaking justifies the absence of much lighter hadrons
(with masses of the same order than their quark constituents) in the spectrum.
Furthermore, it also explains the absence of degenerate hadron multiplets with
different parity transformations [17].

The breaking of eight generators leads to the presence of eight Goldstone
boson fields, ¢®, which are precisely the scalar octet of mesons that we aimed to
characterize with the EFT. We parametrize them in a compact way:

LO + LS at K+
V2 V6 R
O(z) = V20" T = e % K° |, (2.21)
8
K- K 211

V6

where T'* are the SU(3) generators (see appendix A.1). As in the SM case, the
Goldstone bosons can be collected in an exponential matrix that accounts directly

1Depending on the purpose, it is also interesting to lower the cut-off to few hundred MeVs
and analyze the two-flavor xPT, where only u and d are involved.

5 Actually, the proton are the neutron are the only baryon particles which are within the
established range. However, we are going to exclude them in this section, for the sake of clarity.
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for the physical excitations over the chiral vacuum, defined as

U(o(x)) = exp <1Fﬂ> — grU(4(x)) g , (2.22)

and transforming linearly under the chiral group.

Apart from the Goldstone bosons, yPT includes a general set of local external
sources, gauge invariant under the chiral group, that interact with the meson
fields. We introduce the fields [,, and 7, as the left and right vector sources, which
contribute through the Goldstone derivative, D,, and their respective strength
tensors

DU = 8,U — ir,U + iUl
FIY = oMY — 91 — i1, 1),
FRY = okrY — 9"rt — i[rk "], (2.23)

and also the scalar, s, and pseudoscalar, p, gauge fields, which are usually grouped
in x = 2By(s+1ip), being By a constant not only fixed by the symmetry prescrip-
tions.

Once the symmetries and the field content have been introduced, it only
remains to set the power counting, where the Lagrangian is organized in even'6
powers of momentum,

ﬁxPT = ZEQZ'. (2.24)

Consistently, it is possible to assign to each of the xyPT fields a corresponding
chiral dimension, d, yielding the following power counting

P
Fﬂ)F’U(¢) ~ Od(po)’
D,U ~ O4 (pl),
FIY FR . x ~ O4(p®) . (2.25)

Therefore, we are able to construct a given order Lagrangian accordingly. For
instance, the LO Lagrangian, Lo, is formed by all the operators with global
dimension d = 2 according to eq. (2.25) and it reads

2

Ly = Z<(DMU')TDHU + Uy + xU)a. (2.26)

18Tndeed, parity conservation does not allow an odd number of derivatives.
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The NLO corrections to the tree-level interactions from the previous Lagrangian
come from three different sides: i) tree-level processes from local Oy4(p*) operators,
from the NLO chiral Lagrangian, ii) one-loop corrections with Lo vertices and
iii) the chiral anomaly from the Wess-Zumino-Witten functional [18,19]. More
details can be found in [20,21].

Notwithstanding, the validity of yPT is not as wide and it cannot be extended
as much as suggested before in the energy spectrum, when we arbitrarily set a
cut-off of order 1 GeV. However, it should be valid and consistent up to the
appearance of any physical state not accounted in the xPT Lagrangian. This
situation actually occurs with the presence of resonance states like the p, a triplet
vector multiplet, with a mass of 775 GeV and several other resonances within the
1 GeV to 2 GeV range. Indeed, the low-energy spectrum of strong interactions
is dominated by this kind of resonance objects.

While xPT is the best framework to deal with strong interactions for energies
E < m,, it does not describe properly the phenomenology in the range m, <
E < 2GeV, where a theory including the lowest resonance objects is demanded.
The best framework within these energies is the so-called resonance chiral theory
(RxT) [22-24]. It includes both a SU(3) chiral Lagrangian, which gives raise to
an octet of scalar Goldstone bosons and U(3) flavor multiplets, which account
for the lightest sets of resonances.

Unlike xyPT, the resonance theory of mesons lacks a definite power count-
ing because the resonance masses are of the same order as the chiral symmetry
breaking scale.!” As a consequence, operator building is not performed as in
the previous case. One needs to include the more general resonance interaction
Lagrangian involving light fields (from xPT) and resonances. Furthermore, it is
assumed that only the lightest set of resonances are relevant, since heavier ones
are further suppressed. Then, resonances have to be integrated out from the
Lagrangian and, therefore, we can evaluate how important their interactions are
according to the YPT power counting.

This procedure actually matches RxT with xyPT [20,21,25-30]. Taking the
resonances out of the action leads to the rise of non-trivial contributions to
the Wilson coefficients that parametrize the different xPT local operators from
eq. (2.24). They are the most significant signature of massive states when analyz-
ing the low-energy limit of the theory. Indeed, one could predict their existence
just by analyzing the precise pattern of these coefficients.

The xPT picture and the role of resonances constitute in fact one of the main

"Nevertheless, there is some guidance in the loop level expansion when a large number of
colors, N¢, is taken.
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QCD (¢a, Gpuv)
)

Resonance Chiral Theory

(py )
!

Chiral Perturbation Theory
(fﬂa ﬂ—i)

Unknown UV Theory
7

Resonance EW Theory
(My, My, ...)
!

EW Effective Theory
(v, ¢i)

Figure 2.2: Comparative scheme of resonance frameworks for a meson theory
(left) and for the electroweak theory (right). More general and fundamental
theories are placed in the top of the diagram whereas low-energy EFTs are in the
bottom.

motivations for this thesis. If nature has shown how resonance states can be
present in a particle physics theory, why cannot this situation happen as well
in the context of the electroweak theory? We will present an scenario where
the SM, described in an EFT formalism, portraits the low-energy limit of an
unknown fundamental theory. We will introduce the more general set of possible
electroweak resonances, which will leave their imprints in the Wilson coefficients
associated to the low-energy EFT. Considering the analogy with this section
(figure 2.2), the SM would play the part of yPT, the electroweak resonances
would set a high-energy theory as RxT does in the meson theory, while the UV
theory acts like QCD in this comparison.



Chapter 3

Electroweak Effective Theory

The Electroweak Effective Theory! (EWET) is the most general low-energy EFT
containing the particles of the Standard Model, e.g. the gauge bosons, the SM
fermions, the electroweak Goldstone bosons and a mj = 125 GeV Higgs-like sin-
glet scalar boson;? and including its symmetries. This effective field theory does
not assume any particular structure embedding the Higgs field, in opposition to
the SM with the complex scalar doublet field ®(z) (see section 2.2). Hence, the
presence of three extra degrees of freedom, which are the Goldstone bosons, is
required in order to allow the gauge bosons to be massive and to incorporate their
missing longitudinal polarizations. As a consequence, one of the main advantages
of the EWET is thus the absence of relation between the Higgs field and the Gold-
stone bosons, so that one can test their dynamics separately. This formulation
contrasts with the Higgs mechanism in the SM, where the phenomenology of the
scalar sector is fully dependent of the measurements of the Higgs mass, being the
masses of the particles proportional to the Higgs coupling.

Nonetheless, this is not an exotic description of the electroweak nature but a
more general picture, since one is able to recover the SM prescription provided a
certain limit with a given set of known parameters. This non-SM Higgs framework
aims the theory to be as model-independent as possible and allows to discern
whether the ®(z) doublet configuration is the truly responsible for the symmetry
breaking or it happens with other implementation somehow. The only premise
the EWET assumes is the pattern of electroweak symmetry breaking (EWSB).

n other works also called electroweak chiral Lagrangian (EWChL) or Higgs effective field
theory (HEFT).

2Despite the fact that it is not necessarily the SM Higgs, we will generally refer to this particle
as the Higgs boson, denoted in small letters h(x).

29
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3.1 Symmetry breaking in the EWET

The success of the Higgs mechanism in the SM and the spontaneous symmetry
breaking of the electroweak symmetry is well acknowledged. They restore the
unitarity of the SM at high energies once the doublet scalar is included in the
theory and assures the SM Lagrangian renormalizability. So far, no significant
deviations with respect to the SM predictions in the electroweak sector have been
detected.

In order to analyze how the symmetry is broken in the EWET, it is more
convenient to re-express the SM scalar Lagrangian in a more appropriate way
[17,25] where the complex scalar doublet is accommodated in a in a 2 X 2 matrix

[31], being . N
Y = (8°,8) = ( o a0 ) . (3.1)

Therefore, it reads
1 A

£(%) = 5 (D) D), - o (19 >2—v2)2, (3.2)

where the gauge-covariant derivative, D, X, is defined as
DS = 8,5 + ig %Wuz ~ ig'E%BM. (3.3)

The expression of the scalar Lagrangian in terms of ¥ manifests its G =
SU(2) ® SU(2) g global symmetry, also called chiral symmetry, in a straightfor-
ward way, given the transformations

{2, D2} — g {% DX} gk, with  grr€SUQ2)r. (3.4)

One can recover the SM when this global symmetry group G is gauged to a
SU(2)r, ® U(1)y local group. Recall that only the left component of G can be
promoted to local, since the o3 matrix in the covariant derivative does not allow
the same thing to the right part.

In the EWET, instead, the full group G is formally gauged, both the left and
the right sides, assuming that the symmetry is indeed not exactly preserved and
thus the small breaking is treated as a perturbation. At the quantum field level,
this can be done with the implementation of the gauge sources

WH — ar W“gz—i—igL 8“92, Bt — gRB“gE—H'gR(?“gE, (3.5)
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where there is no explicit SU(2)r breaking and g, r € SU(2)r gr. With this
configuration, the vacuum is preserved under the custodial symmetry group H =
SU(2)r+R, just in the case when g;, = gg, and chiral symmetry is spontaneously
broken into this group [32]. We will refer to this process as electroweak chiral
symmetry breaking or simply EWSB, which summarizes as follows:

GESU(Z)L@)SU(Q)R — HESU(Z)L+R. (3.6)

Following the same technique as in eq. (2.8), one can perform a polar decom-
position of the SM scalar fields, parametrizing the physical excitations over the
vacuum,

1
Y(x) = —= v+ h(x)] U(p(x)), 3.7
(z) 7 [v+h(z)] Ulp(x)) (3.7)
where h(z) is a mj, = 125 GeV scalar singlet under the group G. Substituting
eq. (3.7) in the scalar Lagrangian, eq. (3.2), one can rewrite it as [31,33-36]

LX) = f(DMUTD“U> + O (h)v), (3.8)

where all the terms involving the Higgs field are set apart. Finally, when these
contributions are removed, the last equation becomes the universal Goldstone
Lagrangian. This Lagrangian is actually not exclusive for the electroweak sector
but its usage is widely extended in several physical systems which are associated
with the chiral symmetry breaking of eq. (3.6). Particularly, this Lagrangian is
the one employed to describe the QCD dynamics of pions in the two-flavour case.
Actually, the changes to be performed so that this QCD meson Lagrangian is
recovered are just g — 7 and v — fr, where f; is the pion decay constant (see
section 2.5).

This comparison with two-flavour QCD is a reference point for this work, not
only because chiral perturbation theory was profundly studied during the last
decades and this information helps to understand the dynamics of the EWSB,
but also because of the presence of meson resonance states in the spectrum.

3.2 Characterization of the EWET

As stated in section 2.4, the particle content, symmetries and organization are the
three fundamental elements to properly define an EFT and this is also the case
for the EWET. Since this low-energy theory aims to be as general as possible,
every particle of the SM and their symmetries must be included.
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In this section we deal with the technical details of the EWET. An exhaustive
analysis of this EFT has already been done in [37,38]. However, in this work the
EWET is built in such a way that massive states can be comfortably incorporated
in a high-energy resonance theory, described in the following chapter.

3.2.1 Symmetries

Once the pattern of symmetry breaking is well defined, we incorporate all the
bosonic and fermionic fields to the framework. On the one hand, the symmetry
group G in eq. (3.6) has to be extended by the gauge subgroup SU(3)¢ in or-
der to incorporate gluons and colored objects. As in the SM case, the vacuum
is invariant under this symmetry so this subgroup remains unaltered after the
EWSB too. On the other hand, embedding the SM fermion multiplets in the
chiral group SU(2); ® SU(2)r demands the presence of an extra U(1) x auxiliary
symmetry, being X = (B — L)/2 with B and L the baryon and lepton number,
respectively, which is explicitly broken after the EWSB. Of course, baryon and
lepton conservation, as well as Lorentz invariance, are respected in this EFT.
Hence the complete symmetry group of the EWET is

G=SUB)c®SUQR)L®SUR)r2U(1)x — SUB)c®SU2)1r. (3.9)

In this work, both quarks and leptons are incorporated. However, only one family
of each kind of fermionic field is considered. The analysis of a three family version
of the EWET is postponed to future works.

The Lagrangian of the theory is also assumed to be invariant under the C'P
discrete symmetry, whereas the distinction among C' (and P) even or odd oper-
ators will be present along the discussion. Indeed, the sources of C'P-violating
processes in the SM are found to be very small and they are generally associ-
ated to flavor-changing interactions. Certainly, this assumption may be relaxed
whenever all fermion families enter in the EWET game.

3.2.2 Bosonic fields

For this purpose, we reformulate the different fields in a more appropriate for-
malism, with slight modifications in the way they transform under G and their
properties.

The Goldstone bosons originated due to the EWSB can be understood as the
coordinates of the coset space SU(2)r ® SU(2)r/SU(2)r+r, according to the
Goldstone theorem (they are also singlets under the colour group and the U(1)x
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group, since they are colourless and carry L = B = 0). In general, the Goldstone
bosons transform like

ur () — grup (@) gh(e.9),  uple) — gpup(e)gi(e.9), (3.10)

through the combined action of g = (g, 95) € SU(2)r ® SU(2)r and g, (v, 9) =
gy,- Notice how they do not transform as conventional SU(2) elements and,
therefore, the action of g must be compensated by gy, (¢, g) since they are elements
of the coset group [33,34]. Additionally, g5, transforms identically in both chiral
sectors,? leaving the custodial group SU(2)r g invariant.

Nevertheless, the selection of the coset coordinates has some freedom and it
is customary to take the canonical? ones, u; (p) = u%(np) = u(p) [39,40]. The
advantages of this choice are both evident for our purpose: simpler transformation
properties and an exponential representation,

u(yp) = exp (i6@/(2v)) — g ule) gh(0,9) = g,(.9) ule) gh. (3.11)

Besides, this result can be easily related with the Goldstone matrix U(y) in
eq. (2.9):

2

U(p) = up(@)uk(p) = u(@)?® —  g,U(®) gk (3.12)

Note that despite U(p) and u(p) have similar definitions formally (see eq. (2.9)
and eq. (3.12)), they transform differently under G.

Now we introduce all the bosonic gauge fields in the EWET associated with
the symmetry group: the gauge bosons W and B/u the X and the gluon field,
G In the first place, we recall the weak gauge bosons W and B as the SU(2)r
and SU (2) r matrix associated fields, respectively, which transformatlon rules are
already indicated in eq. (3.5). They allow us to define properly the Goldstone
gauge derivative in the context of the EWET:

DU = d,U —iW,U+iUB, — g, DU g, (3.13)

Secondly, we define the X u field,® associated with the U(1)x symmetry, trans-
forming as

XH — X# +igy 8"9} with gx €U(1)x . (3.14)

3This is justified due to the fact that parity exchanges left an right components.
*Other works in the field of xPT adopt the opposite convention u () = ul () = u(p) [22].
"Recall that X = (B — L)/2.
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Finally, as in the SM, we introduce the gluon field in the EWET, CAJ” = gsGT,
being gs the strong coupling and T¢ = %/\“, a=1,...,8 the SU(3) generators.
It transforms under this symmetry group as follows

A A )
G, — 9¢ G#gg -

; 9o Ougl,  with g, € SU@B)c. (3.15)
S

Next to these definitions, it is convenient to set down the field strength tensors
for all these bosonic fields together with their transformation rules under G. For
the gauge bosons, we get

W = 0,W, —0,W, —i[Wu,W,] — g, W gl,

By = 9,B,—8,B,—i[Bu, B, — gpBugh; (3.16)

while the U(1)x field strength tensor is found to be a singlet under the global
group:
X = 0,X, — 0, X, — X (3.17)

The gluon fields strength tensor is also defined as in the SM case. For complete-
ness,

Ga, .Gy — 9,G% +gs [ GLGS . abe=1,...,8,

G = 955G T — g.CGuglh, (3.18)

where f9¢ is the group structure constant defined as [T, T°] = i f%¢T°. More
Lie-algebra relations and properties relevant for this work are listed down in the
appendix A.l.

At this point, the number of different combinations of fields, even at the
bosonic level only, is countless and so it is the number of operators. For sure,
a proper counting is still lacking (see section 3.4) but, prior to this, one realizes
that the number of structures that are invariant under the full symmetry group
G is not that large. Indeed, we can reduce the so-called building blocks that we
are going to use to a short list. Hence, every possible operator to be defined in
the EWET is made out of a combination of these tensorial pieces.

In order to introduce resonances in the high energy theory (chapter 4) we
want the building blocks, &', and also their covariant derivatives, VX" to trans-
form as SU(2)r4+r singlets or triplets and SU(3)¢ singlets or octets. Actually,
these tensors follow the same transformation rules that the massive high energy
resonances we will couple in the following chapter.
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Without loss of generality, let’s consider a particular SU(2)rg triplet and
SU(3)¢c octet tensor, X. It transforms as

X — 909, X995,
VX = X + T X] — 909, VuX g b (3.19)

The tensor I', represents the physical connection and it is defined as

1 S A
r, = §uTL(g0) <8ﬂ —iW, - zG#> uy (@)
1 o
+ iu}r%(go) (8“ —iB, — ZGH> up(p)
= TL TR, (3.20)

which is generated by both left and right components of the coset representative
of the Goldstone fields and by the Gluon field® too [41]. Besides, we have defined
Fﬁ and Fﬁ as the first and second line of eq. (3.20), respectively. For constructing
a covariant derivative of a building block that is singlet under SU(3)¢c but still
a triplet under SU(2)r+r the connection gets modified by removing the color
fields from it. The same thing applies for the opposite situation, SU(2) singlet
and SU (3) octet, where we get rid of the electroweak bosons. In the singlet-singlet
case, the covariant derivative becomes a partial derivative.

We define the following bosonic building blocks, which are color-singlet and
triplet under SU(2)r+rg,

u, = i(Fﬁ—Fﬁ) = iu(D#U)Tu = —iuTD“UuJr = uL — ghu“g}:,
A = Wy £ uwBut — g, & g,z. (3.21)

Furthermore, we can introduce the spurion tensor field T, accounting for the
source of custodial symmetry breaking which is not directly implemented in the
definition of the EWET gauge sources (i.e., there is no explicit o3 matrix breaking
SU(2)gr). Thus, every time this term is present implies an explicit breaking of this
symmetry. This procedure is well known since it has been used in xPT to break
explicitly the chiral symmetry through electromagnetic interactions [22,42, 43].
It can be formally defined as

T =uTeu — g,Tg]. (3.22)

5Notice that the u and u' terms vanish for SU(3)c.
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where Tr — g Tr g}; is the right-handed spurion field.
In short, the list of bosonic building blocks that are useful for this work are

the following:

hoo . .
Oy K w2 T G (3.23)

Further details regarding their transformation properties under discrete symme-
tries are placed in the appendix A.2.

Our last step within the bosonic fields in the EWET is the configuration of
the scalar potential. Notice that the Higgs field is a singlet under G and it can
appear at the operator level as many times as desired. Indeed, we will see in the
power counting section that this field does not alter the dimensional counting
of the EWET, and neither do the Goldstone bosons (see section 3.4). For this
reason, one can conceive a more general scalar sector

1 2

Cocalar = S0,10% — L 12 = V(bjo) + Z Fubfo) (wat), (329

scalar

with
V(h/v) = vt Zc(v) h
n=3 ! v

some arbitrary polynomials expanded in powers of A/v. One can also wonder
whether it is possible to build an even more general configuration by adding a
Fn(h/v) extra function in the Higgs field kinetic term. Nonetheless, we show in
the appendix B.3 that it is always possible to redefine this field in such a way
that Fj, = 1, without losing generality [37,44].

- Fulhfv) =1+ 3 e (Z)n (3.25)

n=1

3.2.3 Fermionic fields

The inclusion of fermionic fields in the core of the EWET is particularly inter-
esting since there is no mirror to compare in yPT where baryons carry a very
different structure, unlike mesons in the bosonic case. This analysis is, therefore,
original in the context of the electroweak-based EFTs and, concretely, in the
EWET, being widely spelled out in [37]. However, here the fermions are intro-
duced so that they can be easily coupled to high-energy states [1,2] transforming
as SU(2)r+r objects, as in the bosonic case.

Fermions in the EWET may be quarks (color triplet) or leptons (color singlet).
The formalism that follows is meant to be for colored fields, even so one can
simply study the color-singlet case by removing all SU(3)¢c objects from the next
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equations. Given a left and right-handed fermion” multiplets ¢y g = Pr.r,
they transforms under G in a different way according to their chirality,

t
vy = ( bL ) — 9c9x gL VL,
L

YR = ( ZR ) — 909X IRVR, (3.26)
R

with go € SU(3)c, gx € U(l)x and grr € SU(2)r r; while their covariant
derivatives are

A - . (B-L
Dlyp = <6ﬂ—iGH—z’W#—iXM(2)>¢L,
A 5 . (B-L
Dipp = <8u—iGu—iBu—iXM(2))z/;R. (3.27)

Recall that (B — L)/2 is an operator and it depends on whatever object it acts
on.

However, it is more convenient to employ fermionic objects that transform
covariantly with g, and not with gr gr. For simplicity, we will refer to these
structures as covariant fermions or just fermions, from now on. They transform

like

L = UTLllﬁL =l — gogx o ér,
Er = UE Yr = utYrR — gogx9gn&r; (3.28)

with &7, r = uTL’R Pr, g1 and their covariant derivatives being d,§ = dﬁﬁg%—dﬁ&,
where

A L .o (B—L
dﬁ&L uTL ((9M—ZGM—ZWM—ZXM(2)> UV,

4 o o (B-L
ditg = uJ;%(@u—zGu—zB#—zXﬂ( 5 )>¢R. (3.29)

Operator building, though, requires closed fermion spinorial indices. For
this reason fermionic fields always appear in an even number at the Lagrangian
level, forming covariant bilinear structures, Jr, which have well-defined Lorentz
transformation properties. Given a pair of covariant fermions, 7, and Q’%, with

"In general, flavor and color fermion indices, 1%, are omitted. For leptons, the color ones do
not apply.
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a, B =1,...,4 their explicit spinor indices and m, n their SU(2) matricial indices,
they form the general bilinear

T = 0P C = =GR T = =Trp{¢uiial'} (3.30)

being Trp the trace in the Dirac space and I' the representative Dirac matrix
in the Clifford algebra, what characterizes their bilinear type. These matrices®
form a basis? {I 25, Y, YuYs, 0*'} and we will refer to the bilinears as scalar,
pseudoscalar, vector, axial-vector or tensor, respectively, in the same way as
it is usually done for the I' matrices. In the following equations we show the
different relevant'® bilinear structures that are needed to build the EWET and
the resonance theory:

- TTD{fmgn} = gn&m )

—iTrp{&ménvs} = 1 &n5Em,

- TTD{gmgn’Y'u} = gn')/ﬂém )

- TTD{gmgn'Y'u’%} = gn')’u’Yng )
—Trp{&m&no™} = &uo"ém. (3.31)
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3
3
|

3
3
Il

oE

3
3
Il

53
R
3
3
I

In the Appendix A.2 we show how these covariant fermionic bilinears transform
under the action of discrete symmetries.

Furthermore, we can distinguish in this work three different categories of
fermion bilinears, according to their particle composition and color structure,

Lepton Jll~ =£T¢,
Quark singlet JE=&T65;&
Quark octet J= (J1§’a) T = (& LT3 &) T (3.32)

wherei,7 = 1,...,3 are the elements in the SU(3)¢ color group whilea =1,...,8
points the color index in the adjoint representation. Note that in the quark singlet
bilinear operators, the SU (3)¢ indices are contracted through the identity matrix
dij, in contrast to the color octet ones in the third line of the equation, which

®Notice that the convention for these matrices may differ from other works, like [45], for
instance.

?The tensor element is defined as o = L[y*,+"].

10Tt is possible to build more exotic bilinear combinations in general but operators including
them can always be rearranged in terms of eq. (3.31) bilinears, at the order analyzed in this
work.
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contract through the T® Gell-Mann generators. In the lepton case, indicated with
the superindex!! [ in the first line of eq. (3.32), color indices do not apply.

As well as the rest of building blocks, bilinears can couple to other objects
0O — gh(’)g,z transforming under SU(2)r+r in order to form bigger structures,
also invariant under G,

(JrO) = =T Opm = T OC. (3.33)

The last element to be introduced is the Yukawa spurion, ). This interaction
is required in order to give raise to fermion masses, which otherwise would be
massless as G imposes. Thus, the Yukawa interaction breaks this group. Following
the spirit of 7 in the bosonic case, one introduces a right-handed spurion field,
Vg, and accommodates it so that it transforms properly with gj:

Yr — gRng}“ Y = uYrul — ghyg;. (3.34)

Therefore, the list of building blocks in the EWET that are relevant for us
incorporates

Y, Jb IR (3.35)

together with the bosonic building block structures in eq. (3.23).

3.3 The SM case in the EWET

In this section we show the SM as a particular case of the EWET. This is a neces-
sary test for every particle physics EFT within a low-energy region matching the
electroweak energy spectrum. The huge success of the SM and its very accurate
description of nature requires this sort of theories to be able to reproduce its
results.

Thus, the SM demands to get the same fundamental interactions at the La-
grangian level and also to be leading order in the power expansion. Note that
this statement does not imply that the SM Lagrangian must be exactly the lead-
ing order of our EFT, but it must be contained at least. In section 3.4 we show
indeed how our Lagrangian is organized. It is consistent with this premise, being
easily checkeable how the SM is contained in the leading order of the EWET,
also denoted Ls.

1This superindex may be omitted if the context is clear.
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The next equation collects a set of operators from the EWET. In the following,
it is proved how the SM is recovered (eq. 2.12),

1 PN 1
B B"Yy — —
29/2 < 124 )2 29%

1 ~ ~
£2 D) —72<W,LL1/WMV>2 -

2g <GANVGMV>3

1 " v? i h\?
+ iaﬂha h—V(h)+Z<uuu Yo 1+ —

+ > iy Dy — vEVE. (3.36)
3

Note that the last sum is performed among all the fermions present in the theory
and V' (h) stands for the scalar field potential, defined analogously as in eq. (2.5).
The first line of this equation corresponds to the Yang-Mills Lagrangian, Ly s
associated with the SM gauge symmetry SU(3)c®SU(2),®U(1)y identifications
for the electroweak gauge fields [41] (the gluon field definition is already implicit in
the EWET, although it is included in the following for the sake of completeness):

. G -

W/" = —g 5 WH s

~ o3

B, = -4 ?Bw

X# = —d B, ,

G, = gsG,T". (3.37)

Together with the covariant fermion kinetic term, Zg i Efy“Dué , one recovers the

unbroken massless SM Lagrangian, Eé?\)/[. Notice, however, that the fermionic

sector in the EWET is rewritten in a much more compact notation than in
eq. (2.12), since covariant fermions within bilinear structures give raise to different
kinds of operators. Vector and axial-vector bilinears do not mix the left and
the right fermion doublets; whereas scalar, pseudoscalars and tensor bilinears
combine both fermion chiral sectors, where Goldstone bosons arise naturally. In
short,

Y, + YpIvh (L' =", v"95) ,
Ere = 4 _ _ (3.38)
ﬂ)LF U(SO) 1/)}2 + ¢RF U(SD)TQJ/L (F = 15 Z.’Y5’ U#D) .

The second line of eq. (3.36) contains both the Goldstone Lagrangian, giving
raise to the SM interactions analyzed in section 2.2, and the scalar Lagrangian,
once identified the V(h) as the scalar potential of the SM. In comparison to
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the general structure of the scalar Lagrangian in the EWET in eq. (3.24) and
eq. (3.25), the SM interactions are recovered once

(V) Lmy Ay Lmy Mo
3 _21)27 4 _81)2’ n>4 — Y
W =2, =1, ", =0. (3.39)

Finally, the Yukawa term in the third line,

—0EYE = v YEr + he. = —v P U(p) VrYR + hec (3.40)

becomes the SM Yukawa interaction when the right-handed spurion turns into
[46,47]

. N 1
y = th'PJr—I—Y},’P,, Pi = 5 (IQ:l:O‘g) y (341)

for one fermion family with a (¢,b) fermion multiplet'? This configuration incor-

porates explicitly the symmetry breaking present in the SM.

3.4 The EWET power counting

The possible number of operators to be constructed in the EWET is infinite
and, therefore, unaffordable. As a consequence, it is mandatory to establish a
hierarchy among all the operators in order to separate those ones sensitive to
the phenomenology from those who are not. For instance, the Standard Model
effective field theory!® (SM-EFT) [49], one of the most renowned EFTs, is a
weakly coupled bottom-up EFT which operators are ordered according to their
canonical dimension. This power counting yields an expansion wherein the SM
remains at leading order as a renormalizable theory, while the rest of operators
are set correspondingly at higher orders. Besides, it assumes that any new physics
contribution must be coupled linearly to the SM.

Nevertheless, this power counting cannot be used for the EWET since we are
not assuming any particular configuration for the Higgs field to couple to the
Higgsless SM and, therefore, it is not embedded in a complex doublet scalar field.
As a consequence, since the EWET aims not to make any assumption in regard
to the way new physics couples, it yields a more general framework.

The EWET is organized according to the so-called chiral counting. This
power counting reflects the infrared behavior of any operator at low momenta.

12For three fermion families, the scalar Yukawas are promoted to 3 x 3 matrices [48].
3 Also called linear-EFT.
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Therefore, every Feynman diagram, I', and hence every operator, is assigned a
chiral dimension, cf, which allows the theory to be power-expanded according to
this key variable. Although the number of operators is still countless, now the
number at a given chiral order is finite,'* leading to the following expansion of
the EWET Lagrangian,

ﬁEWET = Z E&, with Ed = O(pd) N (3.42)

d>2
organized increasingly in terms of their low-energy momenta ( i.e., , when p — 0).
The computation of the chiral dimension of a given Feynman diagram, dr, is

non-trivial and all the details are found in the appendix C. We obtain that I'
scales like p?r [1,37,38,50,51], being

dr = 2+2L+) (d—2)Ny, (3.43)
d

with L the number of loops of the diagram and N; the number of vertices (oper-
ators) with a given chiral dimension, cf, defined as

d=d+ =, (3.44)
where d makes reference to every explicit light scale or coupling present in the

operator and j is the number of fermionic fields. In short, it is possible to assign
a chiral dimension to any operator provided the following power counting rules:

¢ h W, B, Gy 0
v, o ulp/v), Ulp/v), —, =2, =5, — o),
&80, 0 ~ 0(p?),

Oy, Dusdy, Vs uu, Wo, By, X0, G,
mp, mw,mz,my, 9,9 ,9s, T, Y ~ O(p),

Wi s By X s feyws &), (0TC), JL ~ O (p?)
O, Opg Oy F(RJU) ~ O (") . (3.45)

This last equation is central since it allows the operator organization in the EWET
and all the elements therein have been already defined.

1Be aware that this statement refers strictly for operators and not for functions or Wilson
coeflicients set below, which can be in general polynomials of the Higgs field, like in eq. (3.25).
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In the following, there is a naive and non-technical explanation of the chiral
power counting, which helps us get a deeper understanding of the nature of this
EFT. For sure, as mentioned before, the mathematical derivation is placed in the
Appendix C. Firstly, Goldstone bosons are compiled non-linearly in U(p/h) (see
eq. (2.9)), which is only consistent if they carry chiral dimension 0 [51]. Actu-
ally, they also have got canonical dimension 0 because these Goldstone bosons
are always accompanied by the vev in the denominator, ¢/v. Consequently,
[u(¢/v), U(p/v), v]; = 0. Hence, vertices with one Goldstone leg may have the
same chiral dimension as another one with a much higher number of them, just
like the pion case in yPT. The same assignment is done for the Higgs field,
[h/v]; = 0, since no assumption is done about how this scalar field is coupled to
the SM, keeping the model-independent essence ahead. Hence, every operator in
the EWET should have an indefinite number of Higgs bosons coupled to it [52].
This fact is manifest whenever an operator is defined: the Wilson coefficient of a
given operator must be understood as a polynomial of h/v, like

cO — c(h/v) O with ¢(h/v) = ¢o + c1(h/v) + ca(h/v)? . .. (3.46)

Naturally, one can analyze some scenarios where the Higgs is weakly-coupled and
the series expansion is suppressed by some weak coupling carrying some chiral
dimension.

Since this power counting is determined by the low-energy momenta expan-
sion, it is straightforward that derivatives carry chiral dimension 1, as well as the
bosonic light masses, due to p%,[, an= m%v 21, Actually, this consideration forces
the gauge couplings to bring the same chiral dimension, since my = gv/2 and
mz = /g% + g’*v/2. Therefore, [0, mw,zn, 9, ¢, gs]; = 1. In addition, all the
gauge fields of the Yang-Mills Lagrangian must carry the same chiral dimension
because they appear in the covariant derivative, [W/u BH, Xu, Gu: D,,d,,V }

1, and hence their strength tensor fields, chiral dimension 2.

The power counting of fermionic fields works differently than the canonical di-
mension: they weight as [1, ] ; = 1/2 when considered at low momenta. Fermion
masses and thus the Yukawas bring chiral dimension 1, [m¢, V] ; = 1, introduced
through the spurion field.

Notice that, up to this point, we have analyzed all the terms included in
the SM Lagrangian, as can be checked in eq. (3.36), with the exception of the
ones related to the scalar sector, corresponding to egs. (3.24) and eq. (3.25).
The quadratic derivative and the mass terms in the Higgs Lagrangian require the
Higgs potential to bring chiral dimension 2 as well, in order to be consistent. This
implies that the coefficients of the series expansion of V' (h/v) keep this dimension

too, being [V (h/v), c%v)]cz = 2. The same reasoning also yields [F,(h/v)]; = 0.
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Equation (3.43) reads that the presence of a chiral loop in a Feynman dia-
gram makes the chiral counting gain two units. Yet, amplitudes including loops
are suppressed by the geometrical factor times two inverse powers of the vev,
1/(47v)2, in order to compensate the gained powers of momenta. This sets the
electroweak chiral scale at Agwgrr = 47v ~ 3 TeV.

Additionally, operators may be also suppressed by some different new physics
scale,’> Axp, hidden in some local interaction. As an example, let’s consider a
two-fermion scattering. This interaction may arise from some local four-fermion
operator generated by the exchange of some heavier states at short-distance. Yet,
this process would have a factor 913113 / A12\IP and thus a two unit chiral suppression.
In order to account for this situation, it is necessary to incorporate an extra chiral
dimension whenever there is a fermion bilinear which origin is set beyond the SM
scope, provided we assume that SM fermions are weakly-coupled to the strong
sector [51]. Notice that this is the same underlying reason that generates the
Yukawas to bring chiral dimension 1 and thus it does not apply to the fermion
kinetic term. In short, fermion bilinears related to some new-physics coupling
contribute to the power counting as [71'(, Jf:]cz =2.

Finally, the custodial symmetry-breaking spurion incorporates one power to
the chiral counting too, [T]; = 1, and then the operators incorporating this
term are shifted to higher orders in the EWET Lagrangian. These structures
are generated through loops that introduce B, internal fields. Since these fields
are carriers of the ¢’ coupling, they get this extra dimension to the counting,
provided that new physics conserves custodial symmetry at first approximation
too. Nevertheless, this consideration was not present in the original studies of the
Higgsless EWET [35,36]. As a consequence, the operator (u,T )o(utT )2 carried
chiral dimension 2, corresponding to the leading order Lagrangian at the same
level than the SM operators, while the phenomenology establishes hard bounds
over this operator. Fortunately, the counting of eq. (3.45) shifts this operator to
higher orders.

3.5 The EWET Lagrangian

The power counting set in eq. (3.45) lets us organize the theory according to an
ordered hierarchy of operators. Hence, now it is possible to distinguish which
operators are dominant or subdominant depending on their chiral dimension as-
signment. Consequently, the first operators to be considered are the ones that

5The interplay between these two scales is model-dependent, even so one is able to perform
a double expansion taking into account these two scales [53].
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belong to the leading order (LO) Lagrangian, Lo, which corresponds to chiral
dimension 2.

As explained in section 3.3, all the SM Lagrangian is included in the EWET
LO Lagrangian in eq. (3.36), as it is required from a well-defined EFT within the
electroweak energy spectrum. Furthermore, these are not the only terms to be
included in the d = 2 Lagrangian, since the chiral counting allows the SM scalar
sector Lagrangian to be enlarged and generalized as in eq. (3.24). To sum up, the
SM Lagrangian together with the extended scalar sector form the leading order
EWET Lagrangian.

However, we are not going to focus so much in the first order Lagrangian and
its operators. Beyond the extended scalar sector considerations, it essentially
contains SM information. New physics searches require to expand this theory to
higher orders so that the validity range of the theory is postponed to higher ener-
gies and it gets closer to the threshold, Agw = 4mv. Additionally, the resonance
model to be studied along this work (see chapter 4) is only able to be analyzed if
the EWET is considered until next-to-leading order (NLO), corresponding with
the chiral dimension 4 Lagrangian.

NLO amplitudes receive contributions from two different sources. They are
generated both by loop diagrams of chiral dimension 2 operators [54-64] and
by tree-level diagrams with one vertex corresponding to a chiral dimension 4
operator and the rest of them being dimension 2, as eq. (3.43) states. The same
idea applies for even higher orders: a given order Lagrangian is filled with tree-
level interactions involving high chiral order operators, many loops diagrams of
low chiral operators and all the possibilities in between. This d=4 Lagrangian
was studied some decades ago for the bosonic sector in an analogous Higgsless
EFT [35,36]. In this work, we extend this analysis and perform a full study of the
EWET including all the SM particles for one single fermion generation, including
one lepton and one quark family.

The renormalization in the EWET is not performed in the same way as the
SM. Renormalization in the EWET occurs order by order. Contrary to the
leading order amplitudes which involves just tree-level interactions, there are
divergences generated by the loops at NLO [65]. These divergent terms are
absorbed in the Wilson-coefficients of the tree-level operators involving d=4
local structures. At the next order, the process continues and new loop divergent
contributions are hidden in new arising counterterms, and so on and so forth.

In the following tables, we detail the full set of operators'® with chiral di-

'6Some other works include a different number of operators (generally larger) due to different
power counting considerations [37, 38, 66].
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mension d = 4. The collection of operators is divided into three different groups
according to the number of fermion bilinears:

e 15 (12 + 3) operators with only bosonic fields collected in one subset (table
3.1),

e 21 (15 + 6) operators with one fermionic bilinear and bosonic fields collected
in two subsets (table 3.2),

e 32 (25 + 7) operators with two fermionic bilinears collected in three subsets

(table 3.3).
Bosonic P-even operators, O;
UL R = £ | 7| GO (e,
2 %( Y e+ )2 | 8 (aﬂh)(aﬂhggéyh)(a”h)
3| WAl |9 | Gpe,
4 (upuy )2 (ulu )y 10 (T )2 T )2
5 (upu 2 (usu” o 11 X X1
6 @}‘Zﬂ (upu? )y | 12 (G G )3
Bosonic P-odd operators, O;
1 SO ugy w2 2 (= )2
5 @ul) vy,

Table 3.1: CP-invariant bosonic operators of the O(p*) EWET Lagrangian, O; (0;),
where i is the operator assigned number in the set. P-even (P-odd) operators are shown
in the upper (lower) block.



3.5. THE EWET LAGRANGIAN

Two-fermion operators — leptons or quarks

P-even, O?f P-odd, (5be

L aﬂh I pv
1L (Js)efupu )2 |5 =, (utp)e L (T )2

. v 1L 8},Lh‘ uv
2 | i(Jy [ug,uy])2 | 6 (S )2uuT )2 2 T(uyJT )2
v 9,h)(0"h

IR R S S MR SHCR o
41 Xl )2 |8 [ {(Gudg™ )2s (D)

47

Table 3.2: CP-invariant two-fermion operators of the O(p*) EWET Lagrangian,

3 (3

2 ~afy2
(’)#}f (Ol.pf), where 4 is the operator assigned number in the set and f = [, g refers to

the type of the fermion bilinear. There are two subsets of two-fermion operators: 1) two-
fermion operators with a leptonic bilinear and 2) two-fermion operators with a quark
bilinear. P-even (P-odd) operators are shown in the left (right) block. (1) Operator does
not exist for a leptonic bilinear.

Four-fermion operators — lepton-lepton bilinears

P-even, (’)?2 vi P-odd, (5;1)12 vi
L (Js)2(Jds)2 | 4] (Jh)2(Ja,)2 (S )2(J g, )2
2| (Jp)2{Jdp)2 | 5| (Jp )2 Jp )2

3 (Jy)2( Ty, )2
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Four-fermion operators — lepton-quark bilinears

2,12 ~ahy20)2
P-even, (’);pl K P-odd, Of” v
1| (JsJs)2 6 (JhT g ,0)2 1 <J5(1)J,(4Q,L>2

2| (Ipdpde | T | (I)aldy)e | 2] (DI,

3 (Js)alds)z | 8 | (0T e | |3 ] (JE@)o( 80y,

41 (JIp)(Tp)2 | 9 | (I Jp )2 4 <J§(l)>2<Jx(/?L>2

51 (Jydyie |10 ] (57 )2(Jp,, )2

Four-fermion operators — quark-quark bilinears

w2y AVav

P-even, O, P-odd, O,

L (JsTs)2 | 6| (J4T4,) L (T,

2 (Jpdp)2 | T | (Jp)e(Jy,)e 2| ()2 T2

3| (Jg)a(Jg)a | 8 <JZ>2<JA,M>2

41 (Jp)2(Jp)2 | 9 | (JF Jp )2

51 (Jody,)e |10 ] (J57 )2 Jr,, )2

Table 3.3: CP-invariant four-fermion operators of the O(p*) EWET Lagrangian,

4 a4

(’);pf 7 ((’);pf "y, where i is the operator assigned number in the set and f, f' = I, ¢
refers to the type of the fermion bilinears. There are three subsets of four-fermion oper-
ators: 1) four-fermion operators with two leptonic bilinears, shown in the upper block;
2) four-fermion operators with one leptonic bilinear and one quark bilinear, shown in
the middle block. In this subset, the leptonic bilinear, (L), is always written before the
quark bilinear, (@), although indices may be omitted. 3) Four-fermion operators with
two quark bilinears, shown in the lower block. P-even (P-odd) operators are shown in
the left (right) side of each block.
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All the listed operators are invariant under the C'P discrete symmetry, as
already mentioned. However, we make an explicit distinction on denoting oper-
ators that are C' and P even, O, from operators that are C' and P odd, O, with
the incorporation of ~ over both the operator and their Wilson coefficients in
the second case. Notice too that the trace (- )2 refers to the custodial symmetry
group, SU(2)r+r, and (- )3 to the color group, SU(3)c

Hence, the full Lagrangian of the chiral dimension d = 4 local operators with
one lepton and one quark family is

: 2
Ly, = Egosomc Ed’l + £¢q + Ewl vF + Ed’l vg 4 ﬁwqd’

12
= (ZEQ’ + Zﬁ@)
=1 =1
+ (jﬂ? ot + 3 7 5¢?> (Z ol + z )

i=1 1=1
5 1
2,42 2,12 ~ 2 12 2,12
N (Z P oV Ly FE gt wl> . (Z FIE U
=1 i=1 i=1

4 _2aa 20 10 2,12 2,2 2 22 2o
+ Z}'Z/’l ¥g O;/’l ¥g + Z]_‘j’qwq O;bqwq + Z f;bqwq O?’qwq ]
i=1 =1 =1

(3.47)

where all the Wilson coefficients must be understood as functions of the Higgs
field, 7} = F/(h/v). We will also refer to these parameters as low-energy coupling
constants or simply low-energy constants (LECs).

Building an O(p*) operator is a straightforward procedure: one only has to
combine some of the building blocks of eq. (3.23) and eq. (3.35) in order to form
d = 4 structures according to the power counting of eq. (3.45), provided the
outcome is CP invariant and all the Lorentz indices are contracted. Neverthe-
less, the configuration of a basis of the order O d(p4) Lagrangian, L4, is highly
non-trivial since the full collection of all the possible valid d = 4 structures is
redundant. One aims to obtain the minimum set of non-related operators and
keep the exhaustiveness at the same time.

For example, it is possible to construct the bosonic operator (u,u,utu” )s.
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However, using a basic SU(2) relation one finds that

1
(wpwuu” )2 = (upuy )a{uu”)2 — o ()2 (wu”)s
= Oy — % Os. (3.48)

Hence, this bosonic operator is redundant. Notice that one can decide which of
the three involved operators is the one to be removed. As a consequence, the
particular set of operators conforming the basis is a convention, while the total
number of them is fixed.

In the appendix B, the mathematical derivation of eq. (3.48) is found, as well
as many relations and tools for operator simplification, i.e., Cayley-Hamilton
equations, SU(n) algebraic relations, equations of motion, field redefinitions and
Fierz identities. Special mention is made to the operators

(TIPY, (w5 (3.49)

for both leptons and quarks, f =1, q. These operators, not listed in the operator
basis, are counted as chiral dimension d= 3, according to eq. (3.45). However,
they can be reabsorbed in the £9 and £4 Lagrangian, eq. (3.36) and eq. (3.47),
respectively; provided the proper redefinitions of the Yukawa coupling ) and the
electroweak gauge bosons Wu and B%.

The whole analysis performed in this chapter relies on many other previous
related works, either related and not related to the electroweak theory, as already
mentioned along this chapter. In order to clarify the different conventions and
notation, we provide a dictionary so that the existing literature can be easily
translated into the EWET, and vice versa. The collection of tables and operator
relations is found in the appendix D.



Chapter 4

Resonance Theory

The resonance theory, also electroweak resonance theory, is a phenomenological
Lagrangian of general heavy high-energy states coupled linearly to the light fields
already present in the SM. We name these massive states as resonance states
or, simply, resonances. Thus, the resonance theory contains the same particle
content of the EWET, introduced in chapter 3, together with the resonances.
Furthermore, the same symmetry structure, eq. (3.9), is present in this EFT too,
as it is expected, because the EWET is recovered once the massive states are
decoupled. No additional symmetry group is imposed for the resonances since
there are no hints for any of these states nor any new physical scale so far.
Actually, LHC has not detected the presence of new physical particles below the
1 TeV threshold. This fact does not discourage the purpose of this work but
enhances it because EFT's are proven to be one of the best frameworks to search
new physics once there is a gap between the existing physics and the new one.

In regard to this work, we refer to the resonance theory as the high-energy
theory, compared to the EWET being the low-energy theory. The EWET is only
valid for energies set below the masses of the resonances, which are expected
to be of the same order as Agwrr = 47v or higher. However, the resonance
theory is perfectly well-behaved and solid at these energies and its validity may
be extended in the energy spectrum as far as the next heavy states non considered
in the Lagrangian appear.

The resonance theory has its analogous partner in yPT with the resonance
chiral theory, RxT. In this particular scenario, the first resonance states to be
considered are the p mesons. The two-flavor chiral Lagrangian, which is well-
defined below the resonance masses, is indeed extended in order to account for
these particles. Therefore, the techniques developed for this theory and the re-

o1
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search performed several years ago in this field [22-24] are very useful for the
construction of the electroweak resonance theory.

4.1 The resonances

The resonance states that we are going to incorporate embrace most of the general
massive objects that can be coupled linearly to the EWET. They are classified
according to the following criteria:

e Bosonic (spin 0 or 1) or fermionic (spin 1/2),

e C and P discrete symmetries, '

e SU(2)r+r custodial symmetry representation,

e SU(3)¢ color structure.

4.1.1 Bosonic resonances

In the bosonic case, if only the quantum numbers JZC are considered, the types
of resonances are

scalar, S (JFC¢ =0t pseudoscalar, P (JF¢ =07),
vector, V. (JPC =177), axial-vector, A (JFC =11+), (4.1)

Details about the way these objects transform under P, C', and hermitian con-
jugation are found in the appendix A.2. In addition, in the spin-1 case (vector
and axial-vectors) the resonances are also sorted depending on their Lagrangian
representation, Proca or Antisymmetric (or another), and it must be specified.
However, this is not a property of the resonance but a Lagrangian representation.
These considerations will be discussed in chapter 6.

In regard to the way the bosonic resonances transform under the full sym-
metry group, eq. (3.9), we also find four different types of bosonic heavy states:
SU(2)r+r singlets and triplets, and SU(3)¢ singlets or octets, transforming as

R — Ry, Oy R}

R} — 9n Ry g;r” VR = 6uR§ + [Ty, Rs],

R} — gc R} 9;) ) VuRélg = 8uR21; +1 [éuv Ry,

Rg — 9c 9y Rg g:z 92} J vuRg = 8MR§ + [éuv Rg] + [T, Rg] ) (4.2)

!The heavy states are assumed to be eigenvalues of C and P. This is consistent with an
underlying strongly-coupled theory that preserves these discrete symmetries.
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where the representation of the resonances under these symmetries is explicit in
the notation Rggg; with R standing for any of the resonance types of eq. (4.1).
For instance, A} means an axial-vector resonance that is a color octet and a
singlet under the custodial group. The covariant derivative of these objects is
defined as usual, provided the connection of eq. (3.20). The normalization for
the resonance triplets and octets is the following:

1 .

R?ZEUZR%’ with (R3" Ry )2 = Ry, R, i=1,2,3, m=1,8;
1

RS =T RS with <R§LR§L>3:§R§;“R§;“, a=1...8, n=1,3.

(4.3)

4.1.2 Fermionic resonances

The characterization of the fermionic heavy states in the resonance theory is very
similar to the light fermion ones in the EWET (see section 3.2.3). Fermionic res-
onances appear in doublet fields and transform as their light partners. Although
it is possible to build different configurations for these massive particles, this is
the only one that involves a single resonance that couples linearly to the EWET
Lagrangian we are considering. Other exotic fermionic objects might arise when
two or more resonances are considered simultaneously but they contribute to
higher orders than the ones analyzed in this work.

Contrary to the bosonic heavy states, fermionic and antifermionic resonances
are related through charge conjugation, C, and thus they are not eigenstates of
this discrete symmetry.

fermionic, ¥ (JF =1/2T), anti-fermionic, ¥ (JF' =1/27). (4.4)

Notice that all the properties related to ¥ are set by the action of C' over a given
fermionic resonance, so it is pointless to make further distinctions among these
two objects.

It is possible to build fermionic resonances with singlet and doublet represen-
tations under the custodial group SU(2)p+pr and singlet and triplet under the
color group, as well as the previous case,
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ol gyl T, — U, gk,

Uy — gngx V3, @; Hﬁégkgz,

3 — gogx U3, Ty — Tyglgl,

U3 — gogngx 3, Ty — Tygkgb ol (4.5)

and the covariant derivative is defined as in eq. (3.29). Nevertheless, we will
show in the next section that the fermionic resonance notation can be simplified
since most of the previous combinations do not contribute to the leading order
high-energy Lagrangian.

Finally, it is convenient to introduce the fermionic resonances within a fermionic
bilinear:2

(Js)mn = gnq}m + @nfma (Js—)mn = ( 7n§m) )

(JP)mn = &5 ¥m + i WnY5Em , Jp-)mn =1 (Zﬁn%‘l’ — W y5Em)
(Jlxi/)mn = gnV“‘l’m + @n'y“fm ) (J/\ﬁ' Jmn =i (fn’Y Uy — @n'y“ﬁm) )

IDmn = Ea 15 ¥m + Uy y5Em (T4 )mn = @ (En7*15Vm — Un¥*v56m)

(I ) mn = Ena™ Wy + W&y T4 )mn = jetves (gnaaglllm — i@naagﬁm) :

(4.6)

which are analogous to the light fermionic bilinears defined in the EWET, in
eq. (3.31). Notice that in this case there are two different sets of them, with
different behaviour under C. Further details are placed in the appendix A.2.

4.2 High-energy Lagrangian

Once introduced the resonance notation and properties, we are able to incorporate
resonance operators in the action. Formally, one can split the contributions to
the Lagrangian making an explicit distinction of operators involving resonances
from those with light fields only, as follows:

L = ['Heavy Fields [R7 v, ¢, QM + EHOH-R[¢7 1M . (47)

It is also possible to build bilinears involving two high-energy fermions. However, these
objects involve two massive resonances and their low-energy implications are further suppressed.
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Notice that the non-resonance Lagrangian has the same operator content as the
LewgT but different Wilson coefficients, since they describe different EFTs. Re-
call that the EWET is no longer valid at the resonance mass energies.

The heavy-fields Lagrangian, Lieavy Fields, contains either interactions involv-
ing bosonic resonances, fermionic resonances and operators with both types, as
well. However, in this work the single-resonance approximation is assumed. This
hypothesis states that the low-energy behavior of a given resonance theory is well-
described by the only inclusion of the lightest resonances in the spectrum. There-
fore, all the high-energy contributions are suppressed as powers of the momenta
over the mass of the heavy states, O(p/Mpes), when considered at low-momenta.
Naturally, this consideration is also successful in RxT with the p mesons for en-
ergies set below and at the same order as their masses. As a consequence, we are
able to separate the Lagrangian contributions like

£Heavy Fields [R, \ij ¢a w] = ER [Ra ¢a ¢] + E\I/ [\Ija (bv 1“ ) (48)

being Lr and Lg the interaction Lagrangians involving one single bosonic and
fermionic resonance, respectively.

Moreover, we also consider in the following subsections the spin-0 bosonic
resonance Lagrangian and the spin-1 bosonic resonance Lagrangian with both
the Proca-vector and the Antisymmetric formalism, in order to facilitate and
clarify the reading.

Keeping the spirit of the EWET NLO construction, we provide the minimum
set of independent high-energy operators for any of the following Lagrangians.
For this purpose, several techniques are applied (see appendix B).

4.2.1 High-energy bosonic spin-0 Lagrangian

The spin-0 resonance Lagrangian covers the tree-level interactions of one single
bosonic scalar or pseudoscalar massive resonance with the rest of light fields of
the EWET. This Lagrangian is formed by the kinetic and mass terms of the
resonances and by all the resonance operators collected in ( R xr ), where xp is
defined as a light-field tensor which groups all the possible tree-level interactions
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with a given resonance R. The Lagrangian reads
1
Lry = 5 (0"RiO.RL — My (RD?) + Rixg,.
1
Lpr = §<V“R§ VR — Mé; (R})?)2 + (Rj XR1 )2
L = (V'R VuR} — Mps (RD)*)s + (RY Xgs )3,
Lps = (V'RJV,RE — Mps (R5) )23 + (Rixgs )23, (4.9)

with R" = S)', P/ and being the tensors for the the scalar and pseudoscalar
defined as

Si P

. 24 )y + g _ Yt
XSll - )‘hslvh + \/§<uﬂu >2 + \/§<J5’>2> XPll - \@<JP>2?
s1 P} (0,h)
Xst = Cf3 Jé‘c: Xp} = Cf3 J]J; + dp 75) ut,
S8 P§
ot g g
Xsf—ﬁ<=]s>27 Xpg = \@<JP>2,
xsp = ¢ I, Xps = ¢ Jp; (4.10)

where f = [, q indicates the fermion type of bilinears. As a general consideration,
a resonance operator including the bilinear Jljj must be understood as two oper-
ators: one with the bilinear made out of leptons and the other with quarks. For
the J1§ the fermion type index is omitted since it only applies for quarks. In ad-
dition, as well as the EWET LECs, the resonance couplings must be understood

as polynomials of h/v:
et = 57 (Z) . (4.11)

n=0

Notice that we have not introduced any power counting for the resonance the-
ory. In order to know if one operator belongs to the LO high-energy Lagrangian
it is necessary to integrate out the massive fields and then check whether the
resulting operators belong to the LO or NLO EWET Lagrangians. If not, this
means that the resonance operator is a high order operator and thus negligible at
low-energies. All the operators included in eq. (4.10) satisfy this consideration.
Anyhow, the integrating out process will be properly analyzed when we match the
high-energy theory with the low-energy one, in chapter 5. A naive way to check
if one resonance operator is LO in the high-energy theory consists in checking
the chiral dimension of the tensor y. The interacting terms of this Lagrangian
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are found to be order O(p?), provided we assign to the coupling® \,s, a chiral
dimension d = 2.

4.2.2 High-energy bosonic spin-1 Proca Lagrangian

Opposite to spin-0 resonances, spin-1 heavy states carry some freedom with the
selection of their Lagrangian representation. One may think that building the
spin-1 high-energy Lagrangian with more than one different formalisms is redun-
dant. However, it is not pointless because the usage of either one or the other
formalism has been controversial in the existing literature and it is not clear which
of them (if any) to use for this type of massive states. Moreover, an intelligent
choice of the representation may lead to much simpler interactions and a cleaner
phenomenology [22,23].

The Proca-vector formalism, or just Proca formalism, describes the spin-1
heavy fields as 4-vector Proca fields, Ru» being the most standard convention.
We will use the hat A to make this representation choice explicit. The Proca
spin-1 high-energy Lagrangian is formulated as follows:

Loy =7 (Rl B — 202 RL B & R, + Rl

Loy =~ (Rh B — 902 RY, RS )a + (RE, oy + Rl )2,
Loy = =5 R B = 202 B, B3 )3 + (RE, Xy + RS ik )s,
Lag = =5 (R RS 2ME RS, B o + (RS, iy + B0 )20,

(4.12)

with R" = V™, A7 and being R, = V, R, —V, R . Note that we have split
the interaction Lagrangian in light fields coupled to X’ from those coupled to ¥~.
However, it is always possible to rewrite all of them in terms of the first option

3This assignment will be justified in chapter 5, too.
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by performing a partial integration. The resulting tensors are, respectively,

R = (T + L ()
Vll T 2 \/5 14 2
Evll f
+ —(J" 2,
\/§< A >
)A(l\f/g = CV?’l JXJ;M + % JZ?
e 8
c't c'1
Wy = S + S U,
8

and
chl
SHY cur 4 S0y pfaw
lel_fXX + \/§<JT >25

f\? ig{z
A~ UV v 7 14
A, = + —=|u , U +
X 31 2\@ f+ 2\/§ [ ]

+ 2{‘}]"‘“} + 003 J%’“’
+ M (o - @myur)
Vi
CV8 N
X"ﬁlyg = \0/5 (M Vg + cq GM,
32/‘% = 003 JSW

Al

i fu
XAl - T<?’L“T>2 + \/§<JA >27
5A} fu
+ S,
\/§< v >2
)221 = A Jj;“ + J‘];”a
3
A8 A8
N c J8/.L ct 8
s — = 4+ —(J
XA? \/§< A >2 \/§< >
N7 A§J8y A 8u
Xjs = ¢ + ¢ Jy, (4.13)
3
Al
R = Fe X+ SO,
Al V2 ’
S :7fA H fA f
A3 2v2 7T \f
igA A3 1f v
+ —= + ¢y J
2\/5[ ] 0 T
)\hA
+ — [(0*h)u” — (0" h) uM] ,
VG [(9"R) (0"h) u¥]
~A8
i = CO <J8’uy>2 + 5@@‘“”,
A8 \/§ T
i — e s, (4.14)

where f = [, q is included in operators with both a lepton and a quark copy.
This resonance Lagrangian can be compared with some QCD models written
in the Proca Lagrangian representation [23,67], provided one removes color and

P-odd operators from the action.

It should be also pointed out that we have not included the operators ( V“u# )o

and (/l“uu )2, which naively carry chiral dimension d = 1 light field structures

interacting with the resonances (in contrast with the O(p?

) operators of the
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previous equations). In the appendix B.5, it is shown how this operators can
be removed by performing appropriate field redefinitions.

4.2.3 High-energy bosonic spin-1 Antisymmetric Lagrangian

The antisymmetric formalism is also a well-established framework for studying
the spin-1 fields, which utilization was very extended in the xPT literature [22,
23]. It describes the high-energy massive states as rank-2 antisymmetric tensors.
Notice that the main difference between Proca and Antisymmetric remains in
kinematics, since the resonances carry one and two Lorenz indices, respectively.
Furthermore, antisymmetric objects are notated with no hat, R, , as opposite to
Proca, R#. The technical details regarding this formalism are presented in the
appendix E.1.

The antisymmetric Lagrangian is found to be

on 1 v
Lp = (8AR1M6 R{7" — §M21R1WR1“ ) + Ry Xy + Riw X

1

l\D\H M\

—=(V*R},, VoR; 7 — 1 R}, Ry )2+

+ <R3,U«VV!LXR§ "‘ R3,LLI/XR§ >2,

Lps = —(V R}, VR 7" — fMZSRM,, RY™ )5+
<R1/,LVV#XR513 + RI#VXR§>37

1

Lps =—(V RS, VoR3™ — M28R§WR§“”>273+

<RC VMXRS + R3IU/ XR8 >237 (415)

with R = V", A", As well as in the Proca case, we make an explicit separation
of the interaction tensors with one index, X’é, from the ones with two indices,
Xléy- For sure, the first case is a subgroup of the second because they are always
accompanied by a derivative. However, it is interesting to keep them apart for
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future considerations. The interaction tensors are, respectively,

and?

nv
X Vll

g
le

3

%

%<J{;M>27

Vl1
—FxX'uV + 7% <J7]:lw>27
FV v ’lGV v
Sovalt st
+ 2\[]“‘” T COV} JI 4
AhV
+ 5 [(0"h)u” — (0"h)ut] ,
COVIS

V2 (JE™ Yy + Cq GM

VE 8w

where a sum over f =1, q is implied.

Comparing the equations (4.13) and (4.16), as well as equations (4.14) and
(4.17), one finds that the tensors x* and y** are formally equivalent in both
Proca and Antisymmetric formalisms. They contain the same operators but with
different resonance couplings (small letters versus capital letters, respectively)

o
Ky = Cr(w'T)z + —= (J4*)
& 2
+ _f <Jf#>2
v2 TV
Al ~A1
X = O I3 + Ot
o4 g cA4
Lo = 12 - M
XAéli \/§<JA >2+ \/§<JV >27
Xys = (o SN A
(4.16)
A}
Xt = Fx X 4 4 (I3,
Fu
wo_ % uv
XA% ff 2\/§ +
ZG "
+ 2\[[ } + Cosjfﬂ
AhA
t 5 [(0"h) u” — (0"h) u"] ,
~ 48
pv 064 8 pv L (Y
XAS \/5 <JT >2 + CGG )
v ~AS v
Xy = Co” Jom (4.17)

“In [1] the LEC A4 is written in small letters for the antisymmetric formalism too, like \f4.
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since they represent two different EFTs. Nevertheless, it is crucial to point out
that the particular tensor structure accompanied by a derivative is different for
each formalism. On the one hand, the Proca tensor X‘é comes alone but the Proca

resonance strength RW, which contains one derivative, couples to x'". On the
other hand, resonances in the Antisymmetric formalism couple naturally to the
two indices tensor x5 but demand one additional derivative in order to couple
to X%- Considering that all the light-field tensor structures have chiral dimension
d= 2, those contributions that require one extra derivative in the Lagrangian get
also one extra power to the counting. Therefore, attending to the naive counting

for the light fields in the resonance Lagrangian,

o f(‘}fz, in eq. (4.13), for the Proca Lagrangian; and X/, , in eq. (4.17), for the
Antisymmetric Lagrangian, count effectively as O(p?);

o )2’;:2”, in eq. (4.14), for the Proca Lagrangian; and X', in eq. (4.16), for the

Antisymmetric Lagrangian, count effectively as O(p?).

4.2.4 High-energy fermionic Lagrangian

The determination of the fermionic resonance Lagrangian is not as direct as
for their bosonic heavy partners. The chiral nature of the resonance doublet
structure lets the light and heavy fermions® to mix naturally, while this situation
does not happen in the bosonic sector. Nonetheless, it is possible to diagonalize®
the fermion kinetic Lagrangian, following a standard procedure [68], and thus
both light and heavy fermions are separable:

kin,m o kin,m kin,m
Log™ = LI 4 Ly (4.20)

®Recall that other exotic representations for fermionic resonances are allowed but SM-like
heavy fermions are the only ones that contribute to the physical amplitudes at NLO. Moreover,
we will only consider interactions with one heavy resonance, as in the bosonic sector.

5Tn order to build the kinetic Lagrangian of fermionic resonances we embed the light, £, and
the heavy, ¥, fermionic fields in a doublet vector like

Ve = <€B> ., Ve= <§B> , (4.18)
‘IIB \IJB

where the subindex B stands for non-diagonalized bare fields. The most general form of the
kinetic Lagrangian turns out to be

ey = 2 (Var" AduVe — (@aVa)y" AVs) = Vi BVa, (4.19)

being A, B non-diagonal orthogonal matrices that mix light and heavy fermionic resonance fields
in a general way for both kinetic and mass terms, respectively.
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Hence, the fermionic fields can be redefined so that one recovers the EWET kinetic
Lagrangian for light fermionic fields in eq. (3.36), and an analogous structure for
the resonance fields, being

ﬁl&]in,mass _ % (E’}/M d'u\I/ _ (du\Ij)»—y“ \I/) — ﬁ]\f\l’7 (421)

where d, and M are the heavy fermion derivative and mass, respectively.
The interaction Lagrangian for fermionic resonances, however, is constructed
like the previous ones for the bosonic heavy states:

Ly = £I&Iin,mass + (EX\IJ +Y\II\II) , (422)
with
~ (0,.h ~
Xv = upy” (A{ V5 + A{) ¢~ 0ul) - )7“ (Ag + A%%) ¢f
+NTE + N T el
_ . ~ . ~ a.h
Xv = &* (A{%Jr/\{) wy + 1§ (A§+A§75) ( . )
N ET = N lsT. (4.23)

representing &/ an implicit sum over the light fermion types (lepton and quark).
Therefore, the interacting tensors are defined to be chiral dimension d=2.

Regarding the fermionic heavy sector, we have not mentioned the color and
custodial symmetry representation of the fermionic resonances or the light fermion
types involved up to this point. On the one side, notice that the fermionic reso-
nance structure does not allow the presence of SU(2)r+ g singlets for one single
massive state only. Since they need to be contracted with a light fermion field, all
the fermionic resonances are custodial doublets at the order studied. On the other
side, the presence of just one single bilinear and B — L conservation demand that
SM leptons only mix with color singlet fermionic resonances and SM quarks just
with colored ones. In short, there are two copies of fermionic resonance operators
within the scope of this work at the order analyzed: one for SU(2)rr doublet,
SU(3)c singlet resonances with SM leptons and another for SU(2)r+r doublet,
SU(3)¢ triplet resonances with SM quarks. For this reason, SU(n) indices are
omitted in the fermionic heavy states.



Chapter 5

Determination of the
low-energy coupling constants

Direct searches of resonance heavy states have not revealed any new heavy state so
far and thus the gap between the electroweak and the new physics scale becomes
eventually larger. Considering the SM not to be the ultimate theory of particle
physics, this fact only postpones high-energy states to higher energies in the
spectrum. Hence, the only way to glimpse these heavy states at low-energies
compared to their masses is through the low-energy coupling constants (LECs),
i.e, the Wilson coefficients of the EWET NLO Lagrangian, studied in chapter
3. In other words, one can perceive the presence of some high-energy state at
low momenta if some SM prediction presents any significant deviation from the
expected values. The precise pattern of deviations in some subset of LECs may
give the information to know which particular heavy states are generating it.

The procedure for obtaining the infrared behavior of the electroweak reso-
nance theory is very well known [22-24,69-76]. It was employed in the context
of the resonance chiral theory, RxT, some decades ago [20,21,25-30]. The steps
for integrating out the resonance fields from the action are the following;:

1. Obtain the resonance EoM solutions and expand in terms of the light fields.
2. Substitute these results in the resonance interaction Lagrangian.

3. Project the outcome in the EWET NLO operator basis.

63
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5.1 Integrating out the high-energy states

In the following, we perform the LEC obtention procedure for all the resonance
interaction Lagrangians we have analyzed so far: the spin-0 bosonic in eq. (4.9),
spin-1 bosonic Proca in eq. (4.12), spin-1 bosonic Antisymmetric in eq. (4.15)
and fermionic in eq. (4.21). This process must be done for all the SU(2)r+r
and SU(3)¢c multiplet configurations. Therefore, instead of writing down all the
technical details for every possible high-energy state, it is more interesting to do
it for the custodial and color n-plets only, Rg and U3, and properly adjust these
results in order to determine the rest of possibilities.

Using the interaction Lagrangians already mentioned, it is straightforward to
obtain the EoMs of the high-energy resonance states,

Spin-0, (R=S,P)
1 1 1

V2R + MiR = xr — §<XR>2 - §<XR)3 + 6<XR>2’3’

Spin-1 Proca, (R =V, fl)

2% 234 AV ~ 1 AU ~
VRY + MERY = — (XR —2VuXly - §<XR — 2VuXy )2

1

. . 1, . .
*§<XVR - QVMXHRV>3 + 6<XVR - QVMXHRV>2,3> ,

Spin-1 Antisymmetric, (R =1V, A)

v 1 17 v
v[uvapm] + M}%R” _ (le{ + VY% — 5()(% + VA% o

1 v 1 1%
-3 (X + ViXE)s + 6 (X + V“XR>2,3> ,

Fermionic, (V)
’L.’)/Md#\I/—l-M\I;\I/:X\y, —’L"y’ud'u‘ll—l-M\p@:X\y, (51)

where the Rg and W3 indices have been omitted for simplicity. In order to recover
the EoMs for the rest of resonance states the next criteria applies: remove all
SU(2)r+r traces for heavy states being a singlet under this group, remove all
SU(3)¢ traces for colorless resonances and thus remove all traces for singlet-
singlet massive states.
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Right after the resonance EoMs are set, they must be power-expanded as
powers of momentum over the resonance mass at first order. Naively, this is
equivalent to get rid of every covariant derivative and isolate the heavy states in
terms of the light fields [22]. This yields, respectively,

1 1 1 ‘
R = Milz% (XR - §<XR>2 - §<XR>3 Spin-0
1
tglxmlas ) + 007, (R=5,P),
= (- i (R Spin-1, P
__Mif% XR_§<XR>2_§<X§>3 pin-1, Proca
1, ., .
+§(Kp2a) + 0,07, (R=V.4),
RW — 1 nv 1 nz 1 nz Spin-1 Anti
- _7}22 XR — §<XR )2 — §<XR )3 pin-1 Antisym
1, L
5 XR >273) + 0073, (R=V,4),
U= g+ 0407 T =g+ 0,07 Fermionic ().
M\y d ’ M\IJ d ’

(5.2)

When light and heavy fields are set apart, it is indeed the very precise point
where we are allowed to assign an actual chiral power counting to the light fields.
As eq. (5.2) shows, all the high-energy fields are expressed in terms of chiral
dimension d = 2 operators! in addition to some other non-relevant higher chiral
dimension terms that we will neglect.

Furthermore, notice that either the two indices interacting tensors of the
Proca spin-1 resonances and the single-index interacting tensors of the Antisym-
metric ones are boosted to higher orders in the light field power counting. This
is consistent with the naive counting performed in the last chapter where these

terms counted as chiral dimension d = 3. Hence, only the )Z“R and X/, tensor

1The expansion in canonical dimensions instead provides the same outcome for all the bosonic
operators. However, the fermionic resonances get truncated at O(p*/M3). This is a consequence
of the non-trivial assignment of an extra unit to the power counting for the light fermionic fields
when coupled to the composite sector.
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structures (for the Proca and Antisymmetric, respectively) remain.

We replace these O d(p2) resonance EoM solutions into the interaction La-
grangian in order to get the resonance imprints in the EWET Lagrangian. Once
each term of eq. (5.2) is substituted in eqs. (4.9, 4.12, 4.15, 4.22), respectively, we
obtain the contributions of the massive states to the EWET NLO Lagrangian:

0;(p*) 1 1 .
R _ - ]
ER 4M1%2 <<XRXR>2,3 2<<XR>2 (XR)2)3 Spin-0
1 1
—3{xR)3 (XR)3)2 + 6<XR>2,3<XR>2,3> : (R=S,P),
O‘(p4)_ 1 (T 1 m . .
A[,Rd = _4M12% <<XR XR,u>273 — §< <X1:z>2 <XRM>2>3 Spin-1 Proca
1 1 R A
)3 (s + 6<xéu>2,3<xg>2,3> L (R=T.4),
Aﬁ@d(p4)_ S (X% )23 — 1<< 9 ( )2 ) Spin-1 Antisym
BT oM XR XRuw 123 = 5\\XR 12\ XR /213 p \
1 I 1 Nz
Aﬁgé(p4) = ]\;\PX\I/ XU s Fermionic (¥).

(5.3)

Recall that the same trace criteria apply for this equation too: SU(n) traces
only apply for resonance Lagrangians charged under this symmetry. Further-
more, all these Lagrangian contributions to the LECs can be simplified. Notice
that the second line of each Lagrangian contribution is exactly zero for all the
Lagrangian tensor structures from eqs. (4.10, 4.13, 4.17, 4.23) since there are no
color octet operators carrying closed color indices and thus they vanish when
traced. Nonetheless, these Lagrangian contributions have been written for the
sake of completeness.

5.2 Resonance contributions to the EWET

In this section, we calculate all the resonance contributions obtained in eq. (5.3)
and project them in the EWET NLO Lagrangian in order to obtain all the high-
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energy imprints for each of the LECs. These results (tables 5.1, 5.2, 5.3, 5.4, 5.5)
constitute a milestone for this thesis since we are able to show the contributions
to the EWET Lagrangian of the most general set of high-energy states (within
one lepton and one quark family) invariant under the gauge symmetries of the
SM. Note that we have included both spin-1 contributions coming from the Proca
and the Antisymmetric Lagrangian. This will be justified in chapter 6.

5.3 The scalar singlet resonance case

The scalar singlet massive state, St, is quite singular with respect to the rest of
resonances. It is precisely its Higgs-like similarity and its uncharged nature under
any gauge group what makes it so interesting. Indeed, along the last decades,
there have been lots of works in the literature where the scalar sector is expanded
with some heavy Higgs partner.

In the last section, we collected all the resonance contributions to the EWET
NLO Lagrangian in a general way. For sure, this statement includes the scalar
singlet ones as well. However, this resonance is the only one that leave some
imprints at the EWET LO Lagrangian, particularly to the Higgs sector. This
happens through the interacting term, already included in eq. (4.10),

Sy Xg% = Aps, vh? ST, (5.4)

which couples directly to the Higgs field.

When the heavy state is integrated out from the action, it manifests at the
O;(p*) Lagrangian like

o(p? 1 2,274 2 St
AES%(”) - QMgl{(AhSl) R+ V2 s, 0 B [eq (uut o + ¢ <J§>2” ,
1
(5.5)

where, as usual, a sum over f = [,q is implicit. Notice that this Lagrangian
contribution contains light fields operators with different chiral dimension assign-
ment. Hence, a consistent power counting demands that the \,g, coupling brings
chiral dimension? d = 2.

2This counting was already assigned in the last chapter at the resonance level, so that all the
elements in eq. (4.10) carry the same naive counting.
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Bosonic P-even LECs, AF;
| BB BR[| & At B
4Mv31 4MA§ 2MP31 MA% MV31
o| _FP+E} F3+F3 | g 0
My, 8M 3,
5 _FVC;V B ﬁA%A 9 _FAA;fAU _ FVKEVU
IME, T 2M3, M3, My,
. ¢, @ 10 G S
MY, AMY, 2MZ, 2M3,
o I MCI A 5 W P G S
4MS% 4MV31 4MA§ lel MA%
; _Klle22,U2 - A}11A22v2 9 _(CG2)2 - (5G2)2
My, M3, 2Mys  2Ms
Bosonic P-odd LECs, AF;
) _ﬁV%V B FA%A 5 _FVKQ?VU _ ﬁAA;fAv
IME, T 2MG, My, M
9 _FyFy _ FaFy
AMp,  AM3,

Table 5.1: All resonance contributions (spin-0, spin-1 Proca, spin-1 Antisymmetric and
fermionic) to the bosonic LECs of the EWET NLO Lagrangian (table 3.1), where ¢ is the
operator assignment index for this set. LECs corresponding to P-even (P-odd) operators
are shown in the upper (lower) block.



5.3. THE SCALAR SINGLET RESONANCE CASE

69

Two-fermion P-even LECs, A]?Z-f (f =119
ST ~ =
. acy (A - ()’ dpc 200 - M)
2M2, 2My M2, My
L Vl ~ ~A1 3~ ~V1 Al
7GV 00,3} B GAC’sz B cchl B cchl
2 \/§M‘2/1 ﬁMfﬂ \/ﬁM‘Qﬂ ﬂMil
_ 3 3 ,\1_, " 1
G-y L O +XAD)
2My My
Vl ~ ~A1 ~
; BGoy  FaCyj (M)~ (M)’
1 1 v
VaME, VM M
3 3
Vi ~ ~AT ) ~ ~ 48
4 _ﬂFXC’O’lf _\&FXC(L} _CgC(‘]/l _CGchl
M, M3, V2Mys  V2M3s
Two-fermion P-odd LECs, Aj-:if (f =1,9q)
= 1 ~ Al R AT
) By Cos Fa Cot B erey ) er ey
V2MZ V2M3, V2MZ, 202,
Vs Ag %4 Al
ARV Vs hA A3 3
_2\/51;1\21 Coy 2\/§qu1 Co N WM+ 3
2 ]\4V31 N B MA:I)) My
20 -3
My

Table 5.2: All resonance contributions (spin-0, spin-1 Proca, spin-1 Antisymmetric and
fermionic) to the two-fermion LECs of the EWET NLO Lagrangian (table 3.2), where ¢
is the operator assignment index for this set. Resonance couplings with the index f must
be understood as one copy from a lepton coupling and another from a quark coupling,
i.e., a sum over f = [,q is implied. LECs corresponding to P-even (P-odd) operators
are shown in the upper (lower) block.
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Four-fermion P-even LECs, A]—"l-l’l — lepton—lepton

l

(G2 360 @0 @ @) (@ G

l l l l l l

2 2 2 2 2 2 2
4Ms§ 8MS§ 8MP31 2MV31 2MV31 2MA§ 2MA§

Vi ~ AL
3 3Ny
2 2
M, My,

Sl Pl Pl Vl ~V1 Al ~A1
3)2 (011)2 3(013)2 (013)2 <013)2 (Cl 3)2 (¢ 3)2

2 2 2 2 2 2 2
8MS§ 4MP11 8MP31 2MV31 2MV31 2MA§ 2MA§

Vl ~Al
3(Co1)? 3(Cyp)?
- 2 B 2
My, My,

1 1 1 1 1 1

@@ @)@ @) (6
2 2 2 2 2 2
8Mg  8Mp  4My,  AME,  AMY,  AMG,

1 1 1 1 1 1
(G (@ @) @) (@) @)

2 2 2 2 2 2
BMY  8MPy  AMP,  AMY,  4AMp,  4M3,

Sl 1 Vl NAI
@G0 (Goi)t (G’
2 2 2 2
16Mg,  16Mp,  2Mg,  2Mj,

Four-fermion P-odd LECs, A]?Z-l’l — lepton-lepton

Vi vt Vil vl Al _Al AL AL
gl g 3¢° ¢ L qq 3¢, ° ¢

2 2 2 2
2My, My 2My, o 2M3

Table 5.3: All resonance contributions (spin-0, spin-1 Proca, spin-1 Antisymmetric
and fermionic) to the four-fermion LECs of the EWET NLO Lagrangian including two
lepton bilinears (table 3.3), where ¢ is the operator assignment index for this set. LECs
corresponding to P-even (P-odd) operators are shown in the upper (lower) block.
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Four-fermion P-even LECs, A]—"il’q — lepton—quark
ng CSé EV31 EV31 cAé cAé
1 l q 6 o a " q
2M5 2Mp,  2M3,
Pl Pl vi vl Al Al vi vl Al Al
c 3 c 3 c 1 c 1 C 1 C 1 c 3 c 3 C 3 C 3
9 1 Cq 7|9 % G % 9 % 9 %
2 2 2 2 2
2MP31 4Mv11 4MA% 4Mv31 4MA%
CS% CS% ng ng EVf EVf CA% CA% Ev; Ev; cAg cAg
3 I N g | -9 %@ 9 % 9 % 1G9
2 2 2 2 2 2
4M st 4M 51 4Mv11 4M Al 4Mv31 4M AL
1T pl 1 pl vl vl ~ ALl ~ Al
4 Qe 6Py 9 Coi Cog  Coi Cog
4M? 4M? M?2 M?
Pll Pg}l V1V31vl VlAévl
1Y i1 Coi Coyg Coi Co
V31 V31 ~Aé ~Aé o 5 - sq 4 B - »q
5 _ cl Cq _ cl Cq 10 2MV1 2MV1
2M?2 20> Al <Al Al ~Al
Vi Al CAl Aj CAs 3
_ 0,0 ~0,q + 0,0 ~04q
2M> 2M>
A Aj
Four-fermion P-odd LECs, A]—"il’q — lepton—quark
vi vl Al Al vl vl vi vl Al Al _Al Al
c 3 C 3 C 3 c 3 IS 1 C 1 c 3 C 3 c 1 c 1 C 3 c 3
1 1~ % 1 Cq 3 1 Cq 1~ Cq L % 9 G
B 2 B 2 B 2 2 2 2
MV31 MA% 2Mv11 2Mv31 2MA% 2MA§
~A 1 Y1 Al ~A1 ~V1 Vl ~V1 Vl Al ~A1 Al ~A1
CVSCVB c 3¢y’ Gt ocgt G2 cg® ¢ lte,t e’
2 1 q 1 q 4 1 q l q l q + l q
- 2 2 - 2 2 2 2
Mv31 MA% 2MV11 2MV31 2MA% 2MA§

Table 5.4: All resonance contributions (spin-0, spin-1 Proca, spin-1 Antisymmetric and
fermionic) to the four-fermion LECs of the EWET NLO Lagrangian including one lepton
bilinear and one quark bilinear (table 3.3), where i is the operator assignment index for
this set. LECs corresponding to P-even (P-odd) operators are shown in the upper (lower)

block.
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Four-fermion P-even LECs, AF? —

quark—quark

cfl c;91 +1<_(CS§)2_5(CS§)2 (cPf)2_(CP§)2>
2Mgy 128\ Mg 3Mg MR M
1(( TR @R (@R, @2 @@y ety
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NG 51 % g ) A
1 <<cV18>2 B <~V8>2 (P @9 (@) @)? ()
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6 1 (CV18 )2 (5\718 )2 (CV38 )2 7(51738 )2
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Four-fermion P-odd LECs, Aj-:f’q — quark—quark

vi vl Al __AlL 8 Y78 8 Y8 A8 A8 A8 _A8
1 e’ b gt Cy® TN n 5cvs &5 Ml L+ 5 ¢4 s
2 B 2 2 2 2 2
My My 16Mj, | 48My,  16MJ,  4SMj
Vit AV Vi V. A7 ~A Az ~A
_cq1 cq' cq® ¢4 _ CqlCqt  cgtcy?
2 2 2 2
9 2MV11 2MV31 ZMA% 2MA§
CVPE&? 7CK§6¥§ CA§EA§ 7CA§EA§
T UsMZ, T ashZ, | asMP. | 4shi?
vE vE A3 A8

Table 5.5: All resonance contributions (spin-0, spin-1 Proca, spin-1 Antisymmetric
and fermionic) to the four-fermion LECs of the EWET NLO Lagrangian including two
quark bilinears (table 3.3), where 7 is the operator assignment index for this set. LECs
corresponding to P-even (P-odd) operators are shown in the upper (lower) block.

The Lagrangian terms of eq. (5.5) can be further acknowledged as precise
contributions to the EWET scalar Lagrangian and the Yukawas, which were
defined in eq. (3.24) and eq. (3.40) as a general extension of the SM ones. On the
one hand, the first term in this equation can be rearranged in the Higgs potential,
V(h/v), while the bosonic term involving the ¢4 resonance coupling is included
in F(h/v) as

n—4 n—2
A P ) (k) AW 2V k) k)
Cn>4 = BCYVE Z hS1 “*hSy ) Cp>2 = 2 Z hS; Cd :
Si k=0 Si k=0
(5.6)

On the other hand, the fermionic contribution of this expression joins the Yukawa
coupling of the LO fermionic Lagrangian, either in the lepton or in the quark case,
like

Ayf - _

1 S
v B2 Ans, (/) <L (/). (5.7)
although its effects are only present at O(h?).

Finally, it is interesting to discuss whether some resonance coupling might
be enhanced in some particular scenario. So far, we have considered that all the
resonances are linearly coupled to the EWET fields and that all the resonance
couplings are of O(1). However, there are models including uncharged color-
singlet scalar states like Si that mix with a light Higgs and they are able to
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produce a significant enhancement of the scalar resonance coupling, up to order
O(Mgl/fQ) > O(1), being f the typical breaking scale® associated to the heavy
1

scalar. This circumstance is studied in [53]. From the phenomenology point of
view, these scalar objects can generate contributions even at the EWET LO La-
grangian, contrary to the resonance interactions studied in the previous sections
which leave their imprints at NLO or higher orders. As a consequence, the anal-
ysis of these models within the electroweak resonance theory requires to perform
a more careful integration of the high-energy fields, where the NLO contributions
of the resonance EoMs must be considered too.

One can also wonder whether this resonance coupling enhancement can hap-
pen for the color-singlet custodial-triplet resonance, S%, too. For this purpose,
we analyze two types of models. First, models that assume the scalars to be
elementary: a Higgs-like scalar boson and other scalar heavy states (like Si and
S‘%).4 It is required, however, that these scalars are custodial symmetry invariant
so that they are stable under loop corrections and the p-parameter is protected.
As a consequence, there is no mixing between the scalar triplet and the scalar
singlets [78], unless it happens at the loop level where custodial breaking sources
can arise. Second, we can study models where the previous scalars are composite,
like in [79]. In this type of models, referred as ultracolor (similar to Technicolor),
these particles are pseudo-Goldstone bosons generated by a dynamical breaking
of the chiral symmetry at a high-energy scale. The Higgs boson and the reso-
nance states are bond states of other more fundamental particles which actually
produce the SSB. Certainly, the scalar triplet, S?}, can induce some mixing in this
case [79]. Nonetheless, the masses of the scalar particles are not generated from
the Higgsing, but from a dynamical breaking. Hence, scalar triplet resonances,
either elementary or composite, do not generate effects of order (Q(Méé /f3).

3There are some models that make an explicit distinction between this scale and the vev.
41t is shown in [77] that this kind of resonance models are not discarded phenomenologically.
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Chapter 6

Proca vs. Antisymmetric
formalism

As long as high-energy massive states remain undiscovered, it is not possible to
know what are the ones that nature prefers nowadays or, for instance for the
spin-1 resonances, how to properly describe them whatsoever. While for the first
situation we have analyzed a complete set of resonance states which cover all the
possible ways they can couple linearly to the SM; for the second problem, we
simply cannot decide a priori which spin-1 field formalism will be better adjusted
to the properties of a given set of heavy states. Actually, spin-1 objects carry
some freedom at the Lagrangian level in the way they are implemented in the
resonance theory. Therefore, there are several available high-energy formalisms
that are able to describe the same physical reality and thus it should be enough to
analyze one single formalims in order to introduce these kind of heavy states, like
the 4-vector Proca formalism or the rank-2 Antisymmetric tensor one introduced
in the last section.

However, the results shown in the tables 5.1, 5.2, 5.3, 5.4, 5.5 in chapter 5 de-
liver quite uneven predictions for the EWET. Naively, one may think that these
differences could arise from the freedom of selecting the operator basis, from some
incompleteness or redundancy or any other ambiguity. Nonetheless, if this were
the problem, discrepancies between both formalism would occur for some opera-
tors only, since a given physical process just receives contributions for a particular
subset of LEC. Furthermore, the Proca and Antisymmetric patterns of LECs are
discrepant enough for not being some mistakes causing them. For instance, the
resonance exchange of vector and axial-vector colorless triplet states, V3 and A},
respectively, contributes to the bosonic EWET Lagrangian as O1234.5,6,7,0 When

7
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resonances are expressed in the Antisymmetric representation, whereas they only
affect @11 in the Proca case.

The source of this problem certainly comes from their dynamical structure
which happens to be opposite for these spin-1 representations, as explained in
chapter 4. Proca vector resonances contribute to the EWET NLO Lagrangian
when interact with light fields collected in one single Lorentz index tensor! )Z‘]f%,
while Antisymmetric resonances only leave their imprints with two Lorentz index
operators included in x% . Nevertheless, we still do not know which is the right
representation (if any) and this is a crucial issue, because all the LEC building
formulated before would fall down unless we are able to deeply understand the
spin-1 representation problem.

6.1 Equivalence of the Proca and the Antisymmetric
formalisms

The particular mathematical prescription used to describe a spin-1 object should
lead to the same results, and so it has to be for the Proca and the Antisymmetric
prescriptions. Hence, it is evident that we are passing something over.

The answer to this puzzle can be found when performing a change of variables
in the path integral [80,81], shown explicitly in the appendix E.2. Here we address
a full calculation where we manage to rewrite the high-energy Antisymmetric
Lagrangian including one single resonance coupled linearly in terms of the Proca
Lagrangian, like

L)+ Lonr = Lk + Loonr: (6.1)
where P and A stand for Proca and Antisymmetric, respectively. The key point
of the formalism equivalence stays in the non-resonant contributions, which are
not equal. Notice that the resonance Lagrangians (omitting the non-resonant
terms), and thus the interacting high-energy operators, are not equivalent alone.
They require the remaining pieces not involving the high-energy fields in order
to fulfill the equivalence. Therefore, Proca contributions to the LECs that were
not generated by the Antisymmetric ones must be originated by some light field
process in this representation and vice versa.

The precise relation between these two resonance implementations is found

!Recall that Proca elements bring a hat, A, and Antisymmetric ones come alone.
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to be

1
Vi + 5 (Vg = V')
1

= e (V" — vuggm) + My 34, (R=V. 4), (62

with m, n their SU(3)c and SU(2) 1+ g representations,?

the non-resonant Lagrangians are related through

respectively. In addition,

A . . L, . .
D SR S | (T R R TE T ANE Y
R=V.A Ry Ry, RS RS ' ! !
L . [ 2
- g( XI?W>3<XRWW>3>2 + 6<X]%;Lnl_“,>2,3
1 o I
oart. \ Ky X )28 = 5 (X 22X 205
Lo . L. 2 (P)
= 5 (X 13X D302 + 5 (Kap )28 + Loonr-  (63)

where we perform a sum over vector and axial-vector spin-1 resonances in all the
custodial symmetry and color representations. The notation of this equation has
been simplified® and not all the terms in eq. (6.3) hold for all the resonances
types in the sum:

e SU(n) traces containing two X tensors have to be understood as traces
when the given resonance forms a multiplet under SU(n).

e SU(2) single-traced objects, i.e., (X‘}f%m )2 or ()2‘;; )2, must be removed

n

when n = 1.

o SU(3) single-traced objects, i.e., (X%, )3 or (X, )s, must be removed

n n

when m = 1.

The two equations above become essential for the spin-1 high-energy states
understanding and also for the pattern of LECs results obtained in chapter 5, as

2For the singlet-singlet case the covariant derivative becomes the partial derivative.

3Tt can be further simplified attending to the fact that all the Proca tensors X ofeq. (4.13) are
color traceless. Hence, lines 2 and 4 in eq. (6.3) vanish (within the key parenthesis). Nevertheless,
we keep the whole algebraic form of the equation for the sake of completeness.
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we proceed to explain. Indeed, one can check that the tensors X‘é , ng and X‘;%, X‘;{'
of egs. (4.13, 4.14) and eqs. (4.16, 4.17), respectively, satisfy this mathematical
relation, as expected, provided the following identifications between the resonance
couplings of both formalisms are made:

FX _= fX MVII 5 ﬁX — ,}‘VX MA% R

Fr = fp Mgy, Fr = frMp, (R =V, A)
GV:g‘}MV317 éA:gAMA%}?
Kll—bv == X}fv MV31 5 AlllA = )\’1—“4 MA% ,

178} \%} ~ Al AL

0p = oy My, Coj = G May (n=13;f=1q
CG = Cq@ les y éG = EG MA? ,

=t Mys, G = My, (0 =1,3)

57' = ET/lel s CT — 07-/]\4'141 ,

Cfr =" [Mps, O =& /Mp, (R=V,A;n=13;f=14q)
CF = o My, CF =& /Mps. (R=V,A;n=1,3) (6.4)

where the upper (lower) block of equations in eq. (6.4) come from the resonance
couplings from the double-index tensors, x/, and )A(’g (single-index tensors, x5
and )2’;% ).

Notice the very interesting behavior reflected by these coupling parameters:
all the resonance couplings in the two formalisms respond to the same pattern
since they are related through a mass factor which comes multiplying or dividing
depending only on the chiral tensor they come from. When they come from the
two Lorentz index ones (upper case), x5 and X%Va couplings in the Antisymmet-
ric representation (capital letters) carry one extra dimension of mass with respect
to the Proca parameters (small letters). This accounts for the additional deriva-
tive present in Ruv with respect to R, where it is absent. Hence, this crucial
difference makes the chiral structures of the Antisymmetric formalism carry one
power of momenta less than the Proca formalism, what makes the tree-level ex-
changes of resonances to count as O C2(194) and thus contribute to the EWET NLO
LECs in the Antisymmetric case, while the Proca tensors contribute at O ;(p%)
instead, not leaving any imprint in the studied pattern of LECs. However, it
happens exacty the reverse situation for those resonance couplings coming from
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the single Lorentz index tensors (lower case), x5 and )Z‘é . The extra derivative
required for antisymmetric couplings is compensated with an inverse mass factor,
1/Mp, paying the price of an extra unit in the chiral power counting in compar-
ison with Proca couplings. The consequence is that only resonances in this last
representation contribute to the O J(p4) EWET NLO Lagrangian.

When a given resonance coupling does not generate any contribution to the
LECs in one formalism but it does in the other, the discrepancy gets restored
by the non-resonant Lagrangian, in order to acomplish the equivalence, eq. (6.1),
between both formalisms. Every spin-1 formalism must predict the same pattern
of LECs for the EWET NLO Lagrangian. The different representations only
differ in the way the explicit resonance Lagrangian and the local non-resonant
one are split and this is only a choice of a functional field representation of the
effective Lagrangian in the path-integral formulation of the generating functional.
Therefore, the particular splitting between resonance and local Lagrangians is
unphysical [23].

Nevertheless, non-resonant Lagrangians still present some ambiguity. Despite
the fact that eq. (6.3) brings back the resonance contributions that were boosted
to higher orders, it only sets the difference between the two local Lagrangians
Egﬁl)l_R - Ll(lpozl_R. In order to unequivocally establish which are the right contri-
butions further inputs are still required. This will be fixed with the so-called
short-distance constraints in the next section. In short, additional requirements
over the non-resonant local pieces are imposed so that the resonance theory is con-
sistent and behaves properly in the short-distance regime, i.e., at large energies.
These considerations assume notwithstanding that the background fundamental
UV theory is well-behaved in the UV, too.

We mainly conclude for the equivalence analysis that any given spin-1 formal-
ism gives all the right predictions for the LECs, as naively expected. However, it
is not always easy to pin down all the contributions just by studying one single
resonance formalism. For this reason, we will analyze the spin-1 field high-energy
interactions using a mixed procedure that combines both the Proca and the An-
tisymmetric formalisms, following these prescriptions:

1. We should use the Proca resonance Lagrangian when dealing with interac-
tions that can be collected in the single Lorentz index chiral tensor )2’;%.

2. We should employ the Antisymmetric formalism in the case that a given
interaction can be included in the double Lorentz index chiral tensor X’;{.

3. The full set of resonance predictions for the EWET LECs is exhaustive
when considered together both contributions obtained from both the Proca
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and the Antisymmetric resonance Lagrangians.

4. Short-distance constraints must be imposed in order to set the remaining
local non-resonant Lagrangian which do not add any further prediction to
the LECs than the Proca and Antisymmetric combined ones.

Of course, the proof of the last statement still is lacking, so this is what we aim
for the next section.

As a consequence, the results for the LECs obtained in tables 5.1, 5.2, 5.3, 5.4,
5.5 are not redundant at all for the spin-1 fields, but they are the full complete
set of resonance contributions to the EWET NLO Lagrangian. The Proca and
the Antisymmetric formalisms are found to be complementary and whenever one
resonance Lagrangian in one representation fails to give the right predictions for
a given interaction, the other Lagrangian representation gets it.

6.2 Short-distance constraints

The resonance theory is an EFT including not only high-energy states coupled
linearly to the light fields, but additionally the same degrees of freedom that the
EWET has got, as eq. (4.7) shows. It contains the most general set of light field
operators, formally identical to the EWET ones, but not necessarily with the
same couplings, since they belong to different EFTs. Hence, for every EWET
coupling, F;, there is as well an analogous short-distance coupling, .FZ-SD, for
the local resonance Lagrangian, with the same operator structure as tables 3.1,
3.2 and 3.3. Particularly for the spin-1 fields, we denote FPP4 and FPPP to
the light-field couplings of the Proca and Antisymmetric short-distance effective
theories, SDET-A and SDET-P, respectively. Therefore, the high-energy local

non-resonant Lagrangian reads

Liowr = D FNOls 0], Liow = > FPP0ew],  (65)

where the sum acts over all the light-field operators.

The determination of these couplings is performed by an analysis of a wide
and exhaustive set of Green functions. The assumed good behavior of these
structures at large energies will supply for the required constraints so that we
are able to fix the local Lagrangians in eq. (6.5). In this section we only analyze
those operators sensitive to spin-1 resonance contributions, whereas operators
only related to spin-0 and fermionic resonances are not studied here, because
their resonance field implementation is unique.



6.2. SHORT-DISTANCE CONSTRAINTS 83

6.2.1 Double Lorentz index tensor structures, X'y and x%’

In the first place, we are going to determine the short-distance non-resonant
couplings (or simply SD couplings) for those operators receiving their resonance
contributions from chiral tensor structures including two Lorentz indices, i.e.,
<>A<’;;)2RW )(2,3) for the Proca formalims and ( X'z XRr v ) (2,3) for the Antisymmet-
ric one. This classification of spin-1 operators include in this section all purely
bosonic operators (except O1p) and most of two-fermionic operators, found in
tables 3.1 and 3.2, respectively.

The full set of Green-function calculations required to work out the local
non-resonant contributions to the LECs can be found either in this chapter or
in appendix F'. As an example of how the SD Lagrangian works for this set of
operators, we address the explicit determination of the ]—"gD and ]-"15D local, non-
resonant contributions to the LECs through the calculation of the two-Goldstones
matrix elements, which can be characterized in terms of the vector and axial-
vector form factors, Fgw(s), as follows:

(" (p1) ¢~ (p2) [ T4'10) = (p1—p2)" Fly(s), (T=V, A, (66

where s = (p1 + p2)2 is the Mandelstam variable and J/ the vector and axial-
vector currents, being defined as the functional derivatives of the action with
respect to the corresponding external sources,

oS R 1 - 1.,
Ve = 8702’ vuzi(B“—l—W“) = 50U,
oS R 1 A 1.
Ar = et i = 5(Bﬂ—vw) = 5, (6.7)
The tree-level calculation of the form functions turns out to be
( Fy G FuG
1+ ZVFV 8 AgA S _ 2FSPA S (SDET-A),
Y (s) = * v? M‘2/—S+ v? M3 —s 52 ( )
” Lpdige g ala g ppee s (SDET-P)
v? MZ—s v? M3 —s 5 % ’
Fy G FuG =
e Mas_ o+ M;_ - 2 FSPA 5, (SDET-A),
A _
F%D(S)_ J?AgA 2 fidi 2 ZSDP
VIV S AJA S —2F S SDET-P) :
2 M‘Z/—s+ o M2 —s - ( )i

(6.8)
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receiving contributions as well from the resonance Lagrangian as from the SD
Lagrangian. Proca and Antisymmetric resonance contributions are found to be
apparently similar but they show a crucial discrepancy in the way they behave
at short-distances. While the resonance contributions for the form factors in the
Antisymmetric formalism do not grow with energy,* Proca resonance terms grow
unacceptably. Furthermore, vector and axial-vector form factors are sensitive to
the O3 and O; local operators too, being proportional to s as well. Imposing
the proper short-distance contraint, form factors are demanded not to grow with
energy, yielding

FSPA g, FSPA — g,

2 2 7

FSOP fogy — Tada FSoP — fv29v fA29A ' (6.9)
On the one hand, antisymmetric SD terms are forced to be 0; otherwise form
factors would blow up at short-distances. On the other hand, Proca SD con-
tributions need to fix the resonance energy growing and thus their values are
actually set. Moreover, the differences F3P4 — FJPP and F5PA — FSPP are
the precise ones predicted by eq. (6.3). As already known, both formalisms pro-
duce the same outcome for the form factors despite the fact that the relevant
contributions come from different sides, provided the identifications

Fy Gy = fi 9y M, FaGa = fiG3 M3,
Fy Gy = fy g0 Mi, FaGa = fi9;M3; (6.10)

which agree with the resonance couplings relations, found in eq. (6.4), as it was
expected. The values of F3 and F; are unambiguously determined with the only
consideration of the resonance contributions from the Proca and the Antisym-
metric formalisms combined.

The remaining bosonic operators work similarly, except for the operator O1q
that will be explained in the next section. The analysis of the proper set of
Green functions show that tree-level exchanges of resonances in the Antisym-
metric formalism carry the right high-energy behavior and thus no additional
SD contribution is allowed. However, the same processes for the Proca formal-
ism show resonance contributions that grow with energy so local contributions
are required to repair this bad short-distance behavior. Particularly, the Green
functions employed for the determination of the local SD couplings are the two-
Goldstone scattering for the Q4 and Oy operators, the hh — pp, hh scattering

4Terms including the fraction s/(M% — s) tend to -1 at large energies.
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for Og75. The Oy and (53 SD contributions are fixed with the three-point func-
tions of the vector and axial-vector currents with a Higgs-Goldstone pair while
two-point correlators are required to set Oy 2,11 and Oy with the vector and axial-
vector currents, and Q1o with the gluon one. Hence,

FSPA g, FSbA g,

Fi = ]_—iSDP7 -7?@ _ ]f—iSDP, (i # 10). (6.11)

Moreover, most of two-fermion operators (combinations of one fermion lep-
tonic or quark bilinear with bosonic operators) also behave in the same way.
According to the different Green-functions to be studied in order to set the SD
contributions, we split the analysis of these operators in three groups: form fac-

2 a2
tors involving the fermionic tensor bilinear ((9;{@8 and O;bf ), ¥h or 1 scattering

2 2 2
amplitudes ((’)11p7’;7577 and (’);pf ) and custodial symmetry breaking operators ((’);p !

2
and (5;pf ). While the first and the second group of LECs receive resonance con-
tributions from structures collected in double Lorentz index tensors, xy*¥, as the
purely bosonic operators studied just before; the third group only gets spin-1
high-energy imprints from single Lorentz index structures, x*, and will be stud-
ied in the next section.

The analysis of two-fermion form factors, particularly the so-called magnetic
form factor, Fg (¢?) with J = V3, Aj, V(o) is performed through the calcula-
tion of the two-fermion matrix elements (1 (p1) | J* | ¥ (p2) ) (see appendix F).
Imposing the magnetic form factor to vanish at short-distances, it yields

]_—3SDA —0, ];4SDA 0, ]?ISDA 0,

F3 = F3OF, Fi = FPOP, Fi = FFPF; (6.12)
and the same results apply for ]-}?DA and ]-"SSDP for the two-fermion form factor
involving a gluon current.

For the second group of two-fermionic operators, one should analyze the fol-
lowing scattering processes:

Yr(p1) (p2) — Vr(p3) p(pa),
Yi(p1) ¢(p2) — Yr(p3) hpa),

. . . . . V3 .
which receive spin-0 resonance contributions from the operators O, ’; -, mediated

by the scalar and pseudoscalar fermionic bilinears, Jg and J7 ; while exchanges
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2 2

of high-energy massive spin-1 states contribute to (’);ﬂ 7 and (f’)%;f , involving the
tensor fermionic bilinear instead, JQJ:” Y. In the first case, for the spin-0 objects
not explicitly studied here, this kind of scattering amplitudes grow with energy
as Myp—spp,ph ~ I but do not violate the Froissart bound on the cross section
since they satisfy o(s) < C In?(s/sq) [1]. For sure, it is possible to set stronger
bounds over these calculations by computing partial-wave projections or forward
scatterings, although it is not required for our purposes. However, this is not
always the case for spin-1 resonance exchanges. For instance, the custodial triplet
color singlet vector resonance exchange, V31, through both a vertex including a
two-fermion tensor bilinear and a two-Goldstone vertex, shows a very different
high-energy behavior depending on the spin-1 resonance implementation. Hence,
Antisymmetric and Proca formalisms bring in scattering amplitudes proportional
to

(ol Ye;
207V g (SDET-A),
v
Moypposipe R ~ o (6.13)
through J1 C g
% E3, (SDET-P).

While the local term in the SDET-A fulfill the Froisart bound and is well-behaved
at the cross section level, its large energy behavior in the SDET-P is unacceptable.
This is also the situation for two-Higgs or Goldstone-Higgs scattering amplitudes
involving the tensor bilinear J%“ Y. In order to fix it, local non-resonant contri-
butions to the LECs must adopt the values

FSoA g, FSoAa g,

Fp = F3OF, Fp = F3PF, (6.14)

following the same pattern of the rest of local contributions to the LECs analyzed
so far.

It is actually more clear to understand the origin of all these differences in
the SDET-A and SDET-P local Lagrangians involving two Lorentz index chiral
structures attending to the formal structure of their resonance propagators. Con-
sidering the effective action SX) (X = A, P) for the resonance exchange written
compactly [23] as

1 y o
s = -2 /d4xd4y (X% (@) Ao (@ = 1) X () () (X = 4,P),
(6.15)
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where X? 113) and X?Z stand for the two Lorentz index chiral tensors )“(‘If%” and x4 in
the Proca and the Antisymmetric formalism, respectively. Their corresponding
resonance propagators are found to be

(P) d4k‘ efikz
AMV,pU(x) = ( [gup kykg - g,ua kykp - (,LL < I/)] 5

2m)4 M3 — k?
1
L@ = 3z {2 (@) + 596 Guptor o)} - (610

More details regarding the Antisymmetric formalism construction are extended
in appendix E.1. Notice that the two propagators are similar except for a local
contribution in the Antisymmetric propagator. This precise additional piece is
the one responsible of exhausting the O Cz(p4) EWET Lagrangian when consider-
ing interactions reflected in two Lorentz index tensor structures. Otherwise, it
is absent in the Proca case and therefore resonance contributions to the LECs
come from some local non-resonant Lagrangian not naturally incorporated in the
effective action. Furthermore, one is able to check that the resonance couplings
can be easily related with the identification of the pole residues at k2 = M}%,
yielding identical couplings except for some mass factors, as already shown in
eq. (6.4).

6.2.2 Single Lorentz index tensor structures, X/, and x%

The local SD interactions to be analyzed here are those that can be grouped in sin-
gle Lorentz index structures, as opposite to the last section. They will contribute
to the LECs of the EWET NLO Lagrangian like <)A<’; Xf2,)(23) and (XrXBu)@3)
in the Proca and Antisymmetric resonance implementations, respectively. EWET
operators sensitive to spin-1 tree-level resonance exchanges fitting these prescrip-
tions can be categorized in three different groups: four-fermion operators (table

2 2
3.3), custodial breaking two-fermion operators, (’)Gw 7 and 5¢f , (table 3.2), and
the leftover purely bosonic operator Oy (table 3.1).

As it occurs with the resonance imprints in the LECs, the short-distance
local Lagrangian works in a complete different way when dealing with single
Lorentz tensor structures rather than the two index ones. This purely kinematical
discrepancy turns out to be crucial as well for the non-resonant Lagrangian and
modifies critically the SD behavior with respect to the previous case. Therefore, it
is convenient to look into the Proca and the Antisymmetric resonance propagators
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when the given vertices carry only one Lorentz index

d*k e tke kuk
AP) - / , — v
uv («T) (271')4 ME{ _ k2 9u ] f}% y

AB () = —vevPall ()

i pouvf3
d'k 2k e 2 s (x) , 4
- /(277)4 ME(ME — i) (k* gy — k) + M2 (k? g — k) -
(6.17)

On the one side, we consider for the spin-1 Proca Lagrancian a generic Green
function involving all the possible resonance and SD local interactions able to
be collected in <)2‘;%>2 Ru>(273) and sensitive to the operators mentioned before.
Making use of the effective propagator of the first line of eq. (6.17), it formally
reads at tree-level as

k)1 G — kuky Mz
P —ikx H H n
GP) () = / T ED VDY o

R=V,A | R} ,Ri R} RS

(€ 0) Ky )2 = 5 (o (0 o g () s

X

SR (@) )s{ K () Js )o + é<>zgm<x>>2,3<>zgw<x>>2,3)]

8 4
SDP 2 ~?1p2, SDP ~xup?e)?
. (Z FUTRSOR UV () 5 FUVESDR GUivi () )

=5 i=1

7S S
+ > ( R0 @)+ B O )> + Fio . Oro(x)
f=la
(6.18)

For simplicity, only lepton-quark bilinear four-fermions, 01/’1 Vi and (’) vivg , have

been listed in the Green function computation. Lepton- lepton and quark quark
bilinear four-fermion operators are implicitly present too (in the dots). These
local subsets contribute to the Green function with all the list of SD non-resonant
operators due to the fact that they are fierzed and thus all the contributions are
highly mixed. Nonetheless, all the results derived for this subset are totally
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equivalent for the other ones. Additionally, the same SU(n) trace criteria as in
eq. (6.3) has been employed in order to make the notation more compact.

Attending to canonical dimensions only, the momentum contraction of a
fermion bilinear yields k, J"j/f 4 ~ my and thus all four-fermion operators and
( X‘é X R >(273) resonance contributions scale as p?. Custodial breaking two-fermion
operators and Qg do it too, since the spurion field 7 do not increase the canonical
dimension (it does for the chiral counting though). Non-local resonance exchange
interactions compensate these momenta enhancement with the propagator mo-
mentum suppression (k2 — M]%)_1 and therefore they reflect a good high-energy
behavior. However, local SD contributions grow quadratically with energy and
do not get balanced. In short, different contributions to the Green function in
eq. (6.18) scale at the amplitude level like

M ~ 1, M ~ E?. (6.19)

resonance contrib. local SD contrib.

Hence, a consistent well-behaved short-distance regime for the resonance theory
requires all the SD local contributions to vanish,

2452 SDP ~ap2ep2 SDP y%,SDP ~4% ,SDP
‘Fﬁé?@im :]'—;blwl =0, ]:6f :]:3f =0,
Yivg SDP iy SDP SDP
‘7:5,6,7,8 = f1,2,3,4 =0, JFioo =0,
2,,2 2,2
Yg ,SDP ~p21p2 SDP
~7:1,.q..,(110 = ]:1,% ! =0, (6-20)

On the other side, it is easy to appreciate in eq. (6.17) that the Antisymmet-
ric propagator bring more powers of momenta than the Proca one. Kinematics
requires the presence of two extra derivatives in order to contract the inner two
Lorentz index structure of Antisymmetric spin-1 resonances, as opposite to Proca
vectors which comfortably adjust to vertices like )2’;%. Indeed, the one index Anti-
symmetric propagator in eq. (6.17) is equivalent to the two indices Antisymmetric
propagator in eq. (6.16), except for those indices contracted with the covariant
derivative. Notice that both the chiral and the canonical dimensions increase
in two units with the incorporation of the derivatives. As a consequence, this
formalism is not appropriate to work with ( xXsxr, )(2,3) interactions since every
Green function to be analyzed would reflect an undesirable high-energy behav-
ior. Therefore, compensating non-trivial local terms need to arise so that the
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short-distance regime of the theory is fixed, like

Wi SDA 4Py} ZUPy7 SDA Py W7 .SDA 47
]:1,2,3,4,5 - ‘7:1,2,3,4,57 ]:1 - ]:1 ) ]:6 - ]:6 ’
Y22 SDA P2 ~p?2p2 SDA  =p?y2 ~7,SDA  ~y7
F5678 = Fr678> Fio34 = /1234 Fs3 = F3',
iy SDA avs gty SDA ydud SDA
]:1,...710 = -7:1,...,107 ]:1,2 = Y12 o Fro = Fio-
(6.21)

As it had been anticipated at the beginning of the section, either Proca or
Antisymmetric formalism give the right predictions for the LECs, depending only
on the interaction to be written as (X%XRM )(2,3) OF (X'm XRuv )(2,3), respectively.
Moreover, no further local contributions to the LECs appear when selecting the
proper resonance field representation since short-distance constraints force them
to vanish. On the contrary, when choosing the inconvenient (but also valid)
resonant implementation, non-trivial SD local contributions restore the disturbing
high-energy bad behavior.

6.3 Gauge-like spin-1 formalism

Proca-vector and rank-2 Antisymmetric tensors are not the only field implementa-
tions for spin-1 massive states. Indeed, there could be other possible redefinitions
of the quantum fields in the generating functional, but they may not show any
remarkable property nor guarantee a simpler phenomenology.

We are going to analyze a specific spin-1 SU(2) g triplet color-singlet vector
model where these high-energy objects are incorporated as massive Yang-Mills
fields in a gauge-invariant way. They are also called hidden local symmetry (HLS)
gauge vectors [82-89], represented by the field VM, which transforms under G as

_ 7
Vi — gn Vug;rl + g—gh 8,Lg;rl, (6.22)
p

being gn, € SU(2)r+r and g, the HLS gauge coupling. The gauge vector reso-
nance Lagrangian [23] is found to be

H 1,5 = 1 _ i _ i
£§/) = 1 (Vi VI Yo + 5 M\2/31 ( <Vu - grﬂ> (VM - FM) )2, (6.23)

p 9p
where the gauge field strength tensor is defined as V,,, = 8,V,, — 8,V,, —ig, [V, Vi)]
and the connection corresponds to the first and second line in eq. (3.20). Notice
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that this is a Higgsless and colorless purely bosonic gauge model. One can al-
ways extend it with all the particles and symmetries provided they interact with
resonances in a non-gauge invariant way, as in the resonance theory evaluated
in chapter 4. It is also possible to distinguish the left and the right parts of the
covariant connection, as in eq. (3.20) and eq. (3.21), so that the hidden gauge
field transformations are chiral-dependent.®

The Lagrangian in eq. (6.23) is well-behaved in the UV regime. One can
identify the first term as the dimension-4 Yangs-Mills Lagrangian and thus it
is renormalizable. The second term introduces the triplet gauge vector mass
preserving gauge-invariance together with Goldstone and gauge field interactions
through the covariant connection which is absent in the already analyzed spin-1
formalisms. These additional interacting terms are generated by the inner local
symmetry of the gauge model in such a way that good short-distance properties
are just softly modified.

Indeed, it is straightforward to recover the Proca formalism just by performing
the following field redefinition

_ N i
Ve = Vi, + ;Fu- (6.24)
P

Therefore, it yields for the strength tensor

Vuu - ‘731“1, + gZpFNV - igp [‘7?,1u7 ‘7311/}’ (625)
where we define
N R N 1 7
Vo =Vl =Vl T = Jloew] = 5 fowe (620

Replacing in eq. (6.23) all the HLS gauge field expressions in terms of triplet
vector resonances, the previous Lagrangian is rewritten as [23]

1on et 1 - Pt
£ = (= F T 0 + 5 M TV = 5 (T T
9p

1 Y02 1 Slu Yrlv ng 1 Slp Yrlv
+P<Fuvr 2| + —§(FMV[V3 V3 ]>2+7<V3W[V3 V3 Y] )2

p

Jo o1 o1 1rolp v
+ L1 TR0, 75 (6.27)

°In [90], a SU(2)1, triplet gauge field was introduced, following the prescriptions of the hidden
gauge field.
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The computation displays several types of operators which we split in two different
brackets. While the second one shows operators with two or more vector reso-
nances and hence should be dropped (we are just interested in single-resonance
interactions); the first bracket, however, leads to the Proca kinetic and mass
term Lagrangian together with well-determined interactions fixed by the HLS
gauge coupling. These additional terms are both local and non-local operators
associated to the SD non-resonance Lagrangian and the resonance Lagrangian.
The key fact here is that they are not only reflected in the LECs in terms of
some set of resonance couplings (expected to be O(1)), but all the predicted res-
onance couplings and local non-resonant couplings are unequivocally set in terms
of one single parameter: the HLS gauge coupling g,. The precise value for these
couplings is

1
fo =29y = ——7—,
v 1% \/§gp

FPP =2 7P = AP = —a 7P = 4R = —— (6.28)

89,

while the rest of couplings do not receive any contribution from the custodial
triplet color-singlet heavy vector, Vslu-

The resonance interactions in eq. (6.27) are a particular case of the more
general Proca custodial-triplet color-singlet Lagrangian in eqs. (4.12, 4.13 and
4.14), provided fermions, the Higgs field and P-odd terms are detached from
the interaction Lagrangian. Besides, the hidden gauge symmetry supplies the
additional constraint f; = 2 gy,, which is not generated by G.

In regard to the local SDET-P values in eq. (6.28), they satisfy as well all the
short-distance constraints obtained in the preceding section, in eq. (6.9) and in the
appendix F. The hidden local symmetry guarantees the model to be well-behaved
for the local non-resonance Lagrangian too. Actually, the structure EI(IIZBI_R =
(4g7)7 1 (T, I*) arises naturally from its gauge invariance nature, in such a
way that the bad short-distance behavior of the Proca resonance Lagrangian
is precisely repaired by the presence of this local operator. Furthermore, since
the tree-level exchange of resonances leave their imprints for gy and f;, at the
(higher order) chiral dimension d = 6 Lagrangian, all the contributions to the
(@) d(p‘l) EWET NLO come indeed from these local interactions. These results also
agree with the purely bosonic contributions to the LECs, in table 3.1.

The HLS model can be extended with the inclusion of any other (global) sym-
metry invariant as in egs. (4.12, 4.13, 4.14) making use of the field redefinition

‘/31# = Vu — ig;l I',. For sure, these linearly coupled interactions are not intro-
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duced in a gauge-invariant way so the inclusion of local terms from the SDET-P
are required to fix the high-energy behaviour of the resonant theory. One would
need to include the most general set of Green functions to set the short-distance
regime, just as well as in the last section.
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Chapter 7

Phenomenology in the bosonic
sector

We have proved the resonance theory to be well-defined and consistent both at
the electroweak scale and in the short-distance regime. When integrated out, the
resonance states introduced in the previous sections are shown to contribute to
the O d(p‘l) EWET Lagrangian (or to an extended scalar potential at O J(pQ)), ac-
cording to the chiral power counting. Moreover, the massive objects that we have
implemented lead to a well-behaved high-energy regime, provided the inclusion
of some unavoidable and necessary short-distance constraints.

Nevertheless, the analysis of the parameter space for these high-energy states
is still missing. Particularly, we will focus in this chapter on the parameter space
allowed by indirect searches, i.e., the permitted energy region for the resonances
so that their imprints in the LECs are set within the experimental uncertainties.
Being aware that all the low-energy coupling constants associated to the operators
in tables 3.1, 3.2 and 3.3 are related to physical observables, we can directly link
the massive states to these measurable quantities. An experimental deviation for
a given LEC (or observable) with respect to the SM predictions is an indicator of
the possible existence of a resonance at some near scale. Likewise, the absence of
deviations from the expected values within certain experimental error determines
either a wider or a more narrow parameter space region for the presence of high-
energy resonances.

There are several well-known models that predict these heavy states to exist
within the one and several TeVs range. On the one hand, many of the strongly
coupled models in the literature, like technicolor [91,92] and Walking Technicolor
[93-95], call the bound states to be around the TeV scale. As well, composite
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fermions and technibaryons are estimated to be present above this threshold [96].
On the other hand, near-conformal theories expect spin-1 resonances with masses
from 1 TeV on [39,41,97-99].

7.1 Shortening the high-energy theory

One of the main problems of the resonance theory is the amount of LECs involved
in the phenomenological analyses. According to tables 3.1, 3.2 and 3.3, there are
68 different low-energy coupling constants in the O d(p4) EWET NLO Lagrangian,
as well as those additional parameters coming from the generic scalar Lagrangian
we introduced in egs. (3.24, 3.25) entering at LO. Furthermore, the number grows
when one considers three lepton and three quark families, which we postpone to
future works. Notice that in this case the number of fermionic operators not only
is increased by a factor 3, but it blows up due to the flavor mixing operators
that are currently not present in our computation. Therefore, the required task
to cover all the phenomenology related to all these parameters is enormous and
out of the reach of this thesis. Moreover, it would be certainly more interesting
to implement consistently the three fermion generation structure in the EWET
and in the resonance theory, prior to analyze the fermion phenomenology with
one single-fermion family physical observables.

Instead, we will study a reduced version of the resonance theory for a phe-
nomenological analysis. Despite the fact that studying the available parameter
space for all the heavy states considered so far would be better, it is also interest-
ing to obtain this information for a subset of them, allowing us to glimpse where
can the resonance scale be set or which are the typical values for these massive
states. Keeping this idea in mind, we restrict our phenomenological search to P-
even colorless high-energy bosonic objects. Resonance operators satisfying these
prescriptions will only contribute to the P-even EWET purely bosonic operators
found in the upper side block of table 3.1. In fact, the EWET NLO operators
sensitive to this reduced model will be Oy 9. We will discard for this analysis
the operators 019,11 because they are custodial symmetry breaking and also O12
because it only receives contributions from color-octet heavy states.

The resonance operators that accomplish these restrictions are collected in
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the following Lagrangian:

U2

2 4
E:4<uuu“)2<1+ W4 —d

v \/§v

ZGV 1 FA
Vs [ut u” 4+ —=

Q\f oz VB e ¥ oo
dp

+ V2AR(9,h) (AT u,)g + = (Ouh) (Piul)y. (7.1)

5 Si) + Ans, v h? 5]

<‘/3qu > <A515,u1/fﬁu>2

It can be easily checked from eqs. (4.9, 4.10) and egs. (4.15, 4.17) when all the
other interactions are left out. We also include a light Higgs coupled to the
Goldstones in the bracket of the first line in eq. (7.1), parametrized by ky . This
coupling accounts for how SM-like the interaction is, being unity in the SM.
One can easily relate this value with the linear coefficient of the power series of

FW(h/v), in eq. (3.25). The first line of the Lagrangian is completed with the
Goldstone Lagrangian and scalar-singlet resonance interactions contributing at
chiral dimension d = 2 to the LO EWET Lagrangian.! The rest of interactions
are generated through the triplet resonance fields, Vi W, Al v and P}, where
only the interactions in the third line in eq. (7.1) are Higgs-related. Notice too
that spin-1 fields are represented in the Antisymmetric formalism since the light
interacting fields carry two Lorentz indices, attending to the criteria established
in the last chapter.

7.2 Further constraints for the bosonic model

In section 6.2, short-distance constraints were introduced in order to make the
resonance theory stable and well-behaved at high energies. These relations only
demanded that the underlying fundamental UV theory was consistent in the
same sense, i.e., it should not break unitarity, cross sections must not grow dan-
gerously with energy, etc. In other words, the only assumption was that the
electroweak resonance theory needs to work consistently like quantum field the-
ories do. However, one can also incorporate additional constraints which are not
strictly required by all the UV theories but they cover a wide subset of them
provided a given specification is satisfied. For sure, the tighter some assumptions
are, the more predictive a model becomes. Up to this chapter, we have stayed as
general and model-independent as possible in our considerations and the results
were valid for any high-energy theory including massive states coupled linearly

'Recall that the coupling Ans; scales as O&(pz) in the chiral power counting.
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to the SM. In the following, we will show how the reduced model in eq. (7.1) gets
constrained when assuming some fairly reasonable short-distance conditions.

7.2.1 Form factors

In the characterization of the local non-resonance Lagrangian (see chapter 6)
form factors were demanded not to grow with energy in order to bring unitarity
conserving cross sections. This consideration allowed us to fix the short-distance
behavior of the resonance theory. However, further constraints can be imposed
to the form factors in order to be well-behaved in the UV regime.

For this purpose, we consider the two Goldstone boson [22,23] and the scalar-
Goldstone axial-vector form factors [39,40]. The vector form factor is already
described in eq. (6.6) while the axial-vector one is defined as

(A(p1) 9(p2)| TH10) = (p1 = p2)" Frl(s), (7.2)

Their computation in the context of the simplified resonance theory in eq. (7.1)
brings, respectively,

FVGV S FA

1% _
F@@(s) =1+ 2 M‘2,1 —- ho
3

hA
(s) = nw<1+FAA1 s )

KWwv Mil — s
3

(7.3)

This set of form factors should fall as O(1/s) at large energies in order to guar-
antee a proper UV behavior [100,101]. Therefore, it yields

Fva = 1)2, FAA?A = KwvV. (7.4)

7.2.2 Weinberg sum rules

We analyze now the off-diagonal correlator I3¢(s) with external legs W3 and B,
which can be written as [102,103]

2 2
Myo(s) = S s (M (s) — Taa(s) | (7.5

in terms of the vector and axial-vector currents two-point Green functions. Pro-
vided chiral symmetry is preserved? in the underlying fundamental theory, the

2Notice that it is implied in eq. (7.5) that parity and weak isospin are good symmetries of
the background UV theory too.
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non-zero difference IIyyy — 1144 is found to be an order parameter of the EWSB,
as this quantity is not invariant under the unbroken symmetry group, G.

The analysis of IlI3g is performed through an Operator Product Expansion
(OPE) [40]. Attending to what are the assumptions made over the UV theory,
this calculation leads to high-energy super-convergence relations which derive in
additional short-distance constraints for the considered scenario. For instance,
if the background theory is assumed to be asymptotically-free, like QCD, the
difference ITyy — IT44 is required to fall at high-energies as 1/s% at least [104].

A priori, we cannot assume this behavior for the resonance theory. However,
the reduced Lagrangian in eq. (7.1) is invariant under chiral symmetry and con-
tributions from operators that break SU(2) ® SU(2)r can only be proportional
to order parameters of the EWSB. This implies the super-convergent relations
called Weinberg Sum Rules (WSRs) [105], which also set some constraints over
the correlators. They conform a set of two sum rules being the first WSR, (or
1WSR) more general than the second WSR (or 2WSR) in such a way that every
model satisfying this last one automatically accomplishes the first one. Their
definitions are, respectively,

1 / At [ Tyy(s) — TmTlaa(s)] = o2, [1WSR],

T Jo
1 /00 dtt ImIyy(s) — ImIT44(s)] =0, [2WSR] . (7.6)
T Jo

The first WSR is found to be valid in all the possible models to be built, even for
those gauge scenarios with non-trivial UV fixed points [102,103]. Otherwise, the
application of the 2WSR is not allowed in some Conformal Technicolor models [97]
and is not clear for Walking Technicolor ones [106]. However, most of the models
in the literature fulfill both conditions, since they satisfy

lim s? [y (s) — aa(s)] = 0. (7.7)

§—00

The next step is to apply the sum-rules of eq. (7.6) to the resonance reduced
model in eq. (7.1). Imposing the high-energy theory to satisfy the first WSR at
LO yields

FZ — F% =2, (7.8)

while computing the 2WSR at LO implies the relation

Fy Mgy — FAM3, = 0. (7.9)
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Notice that the combined action of these two sum relations sets the axial-vector
resonance mass above the vector one, My < M 41, and also they allow to rewrite
the resonance couplings Fyy and Fj in terms of the spin-1 resonance masses, as
follows e
V31M2 . Fa=21’ ﬁ . (7.10)
. AL T RV

In addition, it is possible to get further SD constraints from the WSRs when
they are analyzed at NLO. Particularly, considering the 2WSR at NLO together
with the constraints obtained from the vector and axial-vector form factors in

eq. (7.3), one can express the Higgs coupling to the Goldstone bosons as [40]

(7.11)

7.2.3 Prediction for the LECs

The reduced resonance bosonic theory collected in eq. (7.1) contains a total of
12 free parameters: 8 independent resonance couplings and 4 unknown heavy
masses. So far, the incorporation of the SD constraints from the form factors and
the two WSRs reduce the available parameter space with 5 modest and fairly
general conditions. Hence, there are only 7 independent parameters in this case
which let us glimpse some very interesting properties about these massive states.
We select the following set: the vector and axial-vector heavy masses, MV31 and
M AL and the scalar and pseudoscalar masses and couplings, commonly expressed
through the ratios cq/Mg: and dp/Mpy, and Ajg1 (which will be disregarded
since it does not further contribute to the analysis). Furthermore, this picture
is even better when only the spin-1 couplings and masses are involved. Then, it
is possible to parametrize all their high-energy couplings and masses in terms of
the two spin-1 masses alone (and also the Goldstone-Higgs coupling xyy if the
2WSR does not apply).

The predictions for the LECs are collected in table 7.1. There we can find the
imprints of the resonance couplings of the reduced bosonic theory (just a com-
pilation of the resonance imprints from table 5.1 in chapter 5) that are sensitive
to the scope of the P-even colorless bosonic Lagrangian in eq. (7.1). In addition,
the same low-energy couplings are analyzed when all the studied SD constraints
are applied (including both WSRs). Therefore, the number of independent pa-
rameters shrinks remarkably, in particular those regarding the spin-1 fields, as
already suggested before.
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Table 7.1: Unconstrained resonance contributions (column 2) and resonance contribu-
tions with the implementation of the form factor constraints and WSRs (column 3) from
the reduced bosonic theory in eq. (7.1) to the P-even bosonic LECs of the EWET NLO
Lagrangian (table 3.1), where ¢ is the operator assignment index for this set. LECs in
column 2 must be understood as functions of h/v. In column 3, SD constraints only
apply for the first term of the series expansion, F; = F;(0).
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One should be aware that, once form factors and WSRs are imposed, all the
LECs must be no longer understood as polynomial functions of h/v, as opposite
to unconstrained low-energy couplings, since the SD relations only attach to
the O(h°) terms in their series expansion, i.e., when all the h/v powers of the
polynomial are set to zero. Hence, the bounded LECs must be understood as
Fi = Fi(0).

7.3 Oblique parameters

The oblique parameters, also called the Peskin-Takeuchi parameters, consist
of a set of three physical quantities that account for the differences between
new physics and the SM predictions in regard to electroweak radiative correc-
tions [102,103,107-109], i.e., the photon and gauge bosons self-energies. These
observables are sensitive to the resonance theory analyzed in this work and they
get contributions even at tree-level, depending on the particular process to be
analyzed. This is also in agreement with the resonance interactions subset we are
analyzing in eq. (7.1). Hence, the study of the oblique parameters happens to be
the best framework to study the phenomenology of the considered heavy states.

The oblique parameters are a set of three physical observables, usually® de-
noted as S, T and U, although the last one is usually disregarded from the
phenomenological analysis since it is negligible for almost all the models present
in the literature. They are defined as difference quantities with respect to the SM.
This means that no deviations from SM expected values imply these parameters
to be zero.

In the first place, the S parameter represents the SM discrepancy of the
correlator I3 in eq. (7.5). It is defined as

167

S == (63 _ egM) with €3 = g,ﬁ:so(o), (7.12)
g g

being ﬁg() proportional to the correlator function once the Goldstone tree-level
contribution is substracted [102,103]:

2.2
g“ v tan Oy
HSO(qz) = _f

In the second place, the T' parameter measures the custodial breaking and it is
introduced as
47

g% sin® Oy

+ ¢*Tlz0(q?) . (7.13)

_ Ts3(0) — Mww(0).

SM .
e] — e with e1
( i) M2,

(7.14)

3Also named €1, €2 and €.
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For the sake of completeness, we should mention the U parameter, which is
defined analogously to the T' parameter, but involving the quadratic terms of the
correlator expansion momentum series, instead of the leading terms. As already
mentioned, we will discard this quantity for our analysis because it just accounts
for higher order new physics contributions with respect to the other two oblique
parameters.

Nevertheless, the calculation of the correlator functions is challenging and
awkward sometimes. It is usually more convenient to determine these parameters
making use of the following dispersion relations for the S and T parameters
[40,102,103], correspondingly

167 > dt
S=——0 | Zpst) = pM®)] ,
g2tan2 O /0 n [PS() Ps ()]
47 > dt
T= """ [ @) — M@, 7.15
glzcoszew/o = Lpr(t) = o7 ()] (7.15)

being expressed as integrals of their spectral function representations [40,102,103],
defined respectively as

ps(t) = %Im (o) . pr(t) = %Im (500 - 5P@) . (76)
being () the Goldstone self-energy. Naively, one can understand that the 1/t
integration weight factors suppress the highest UV contributions to the spectral
functions and only the lightest heavy states are significant for the calculation [69].
Therefore, there is no need of imposing arbitrary cut-offs. Anyhow, convergence
is guaranteed and further details can be found in [40,102,103]. In addition, one of
the main advantages of this method is to avoid the computation of non-absorptive
loop diagrams.

7.4 Bounds on the reduced bosonic resonance theory
from the oblique parameters

The global fit to electroweak global precision data [110] has set the experimen-
tal value for the S ant T" parameter with their respective uncertainties bounds,
provided the Higgs mass to be m;, = 125 GeV. They are currently

S = 0.03 + 0.10, T = 0.05 + 0.12. (7.17)
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We compare these experimental values of the oblique parameters with their
predictions for the reduced resonance model proposed in eq. (7.1). For this pur-
pose, we apply the form factors and WSRs short-distance contraints from eq. (7.3)
and eqgs. (7.8, 7.9, 7.11), respectively. In the following, there is an explicit dis-
tinction for the results where only the 1WSR is imposed from those where both
WSRs are incorporated. The calculation is performed at LO and at NLO.

The LO computation of the S and T oblique parameters brings

F?2 F?2
Sto = 4w v _ 4, Tro = 0, 7.18
(M‘%'l Mil ( )

3 3

where no SD constraints have been implemented. The T parameter is exactly zero
since the Goldstone self-energies vanish at this order; while the S parameter only
receives contributions from the tree-level exchanges of vector and axial-vector
massive states [102,103]. Notice that only spin-1 vector and axial-vector massive
states, V31 and A}, are involved in this calculation, whereas the spin-0 high-energy
resonances P§ and S} are not involved in these processes, given the interaction
Lagrangian of eq. (7.1). Incorporating the SD constraints to the computation, it
yields

40 v2 1 1
< Spo =4r |— +Fi |5 -~ || - (IWSR, My < M)
MV31 [ M\2/31 M12/31 Mi i 3 3
A’ _ g gt (L L) s (2WSRs) (7.19)
= 4mv° | —5— — — .
le Lo M‘2/1 M1241 le ’
3 3 3 3

giving rise to a lower bound when the 1WSR is applied and both lower and upper
bounds when the 2WSR is considered too.

The NLO calculation? requires to make use of the dispersion relations from
eq. (7.15). Only the lightest two-particles cuts, ¢y and @h, have been com-
puted for the spectral functions loop calculations, eq. (7.16), since higher-energy
states entering the loops are found to be very suppressed [41]. As well as before,
only spin-1 resonances have been considered. The calculation of the S oblique

41t is performed at leading orger in the gauge couplings g and ¢'.
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parameter at NLO leads to [39-41,69,70],

m: 6 M

<1WSR, MV31 < MA%) 5

4 2
1 1 1 My, My 11
Sxpo = 4mv? | —— + — | + — 1 - . log 2 —
M‘Q/sl Mflé 127 Mﬁé ms 6

M‘Q/l Mél M1241
+ M23 — M43 log —2| , (2WSRs), (7.20)
A A

2 2
Suio > ) 1 [ My 11

M? 17 M?
0+ — |[log—Y¥ — — — K <log 4 A>],
M‘2/31 127 2 6 w

my

depending on which SD constraints are fulfilled. On the other hand, the T pa-
rameter is non-trivial when computed at NLO [40], being

3 m? m?
Tno = ———— |1 4 log —2 — k% [ 1 4 log —2 , 7.21
NLO 167 cos? O g M‘Qfgl w g Mi% ( )

when the 1WSR is applied. If the 2WSR is imposed too, one has the additional
relation for the resonance masses quotient in terms of the Higgs-Goldstone cou-
pling, already introduced in eq. (7.11). As it is expected, this oblique parameter
vanishes when My, = My1 and ky = 1, i.e., the SM setting for this last cou-
pling. Actually, these conditions are equivalent and they mean the same when
the two WSRs are imposed, according to eq. (7.11). Finally, both S and 7" NLO
calculations in eqgs. (7.20, 7.21) have been truncated at O(m%/Méé), since these

contributions are very suppressed, as it is seen in what follows.

7.4.1 Resonance masses and ky parameter space

The determination of the S and T oblique parameters for the resonance bosonic
model allows to obtain the permitted energy region for the vector and axial-vector
spin-1 masses and their resonance couplings, provided the implementation of the
SD constraints. In the following, we will assume the normal-ordering for the
spin-1 masses: MV31 <M AL Nevertheless, inverted-order is not discarded yet,
but it is more unlikely.> Attending to which SD constraints are imposed, two
different scenarios are analyzed [5,39,40]:

1. form factors and 1WSR only (figure 7.1).

®More details can be found in [40].
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Figure 7.1: Scatter plot for the allowed 68% region for the coupling xy and the
triplet vector mass, MV31 associated to the S and T oblique parameters analysis at
NLO, provided the implementation of the form factors and 1WSR short-distance
constraints. Different points stand for the ratio of the vector mass and the axial-
vector mass, MV31 /M AL remaining this last one implicit. The gray region depicts
heavy mass splitting, 0.02 < MV31 /M a1l < 0.2, while the blue region illustrates
0.2 < My /My < 1.

2. form factors, IWSR and 2WSR (figure 7.2).

The first scheme displays for the oblique parameter analysis a scatter plot of
the one-sigma confidence level (C.L.) region for the coupling ky versus the heavy
vector mass, MV31, for different mass splittings between 0 and 1, i.e., the mass
ratio My, /My (figure 7.1). The graph shows that non SM-like values for ry
correspond generally to large mass splitting and there are no compatible solutions
for this coupling from 1.3 and above. Nonetheless, if one assumes a moderate
splitting for this mass ratio, 0.5 < MV31 /MAg < 1, we get [5,39,40]

0.86 < ky < 116, My, > 15TeV,  (68%C.L). (7.22)

The second scenario is displayed in Figure 7.2 that shows a S—T' diagram
where the allowed values for these quantities in the resonance model framework
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Figure 7.2: S and T parameter space plot at NLO imposing form factors and
both WSRs short-distance constraints for a Higgs mass my = 125 GeV. The
allowed region for the oblique parameters describes three ellipses with 68%
C.L. (orange), 95% C.L (green) and 99% C.L.. Horizontal lines represent
rw = {0, 0.25, 0.5, 0.75, 1} (from down to up). Vertical lines describe differ-
ent values of My from 1.5 TeV to 6.0 TeV.

are drawn inside the three ellipses attending to the confidence level (C.L.) (1o, 20
or 3o from the smaller to the greater, respectively). On the bottom right side of
the figure, there is a grid which lines describe different values for the spin-1 vector
resonance mass (vertical lines) and axial-vector mass through the representation
of ky (horizontal lines), according to eq. (7.11).

The oblique parameters analysis shows that the Higgs-Goldstone coupling
kw is very SM-like and thus small values for this parameter are discarded, as
expected from LHC data [111]. Nevertheless, tighter bounds for this couplings



108 CHAPTER 7. PHENOMENOLOGY IN THE BOSONIC SECTOR

are found to be imposed from the oblique parameter analysis [40]:
kw € [0.97,1] 68%C.L. (kw € [0.94,1] 95%C.L.) . (7.23)

Therefore, the spin-1 vector and axial-vector masses are expected to be very close
in the energy spectrum. The computation of the available parameter space with
both WSRs shows that

MA;) 2MV31 > 5TeV  68%C.L. (MA:%) ZMV31 > 4TeV 95%C.L.). (7.24)

7.4.2 Bounds on the bosonic LECs

The determination of the S—T parameter space and the bounds set over the
resonance couplings and heavy masses let us analyze the allowed parameter region
for the EWET bosonic LECs too, which are directly entangled with observables
concerning new physics.

Considering the predictions for the P-even bosonic LECs from table 7.1, once
imposed all the SD constraints, we match these results with the computation of
the S and T oblique parameters for the reduced resonance theory, provided the
experimental inputs of eq. (7.17). The available parameter space for the bosonic
LECs is shown in figures 7.5 and 7.6. So far, all the bounds for these LECs are
compatible with SM predictions.

Figure 7.5 assembles five graphs displaying in the darker regions the allowed
values for the spin-1 related LECs Fi 3469 in terms of the heavy vector triplet
mass, MV31, provided the SD constraints are imposed. The axial-vector mass is
implicit in Ky (see eq. (7.11)) which is portrayed through blue, red and green
lines® depending on the acquired value, 0.8, 0.9 and 0.95, respectively. Notice
that there is no graph for Fy since current experimental data are not precise
enough to bound it. Neither is Fg because it does not receive any contributions
from the bosonic resonance exchange (nor from any resonance state analyzed in
chapter 4). The following bounds are set (95% C.L.) [3]:

—2x 1072 < FL <0, —9x107° < Fg <0,
—2x 107 < F3 < 0, —4x 107 < Fy < 0.
0 < Fy<25x107°. (7.25)

The results reveal rather strong limits for these LECs, much more constrained
that the current experimental bounds, shown in the next section.

5This consideration does not apply for F3, which only depends on the vector resonance mass,
M.
3
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The remaining two LECs, F5 and F7, are analyzed through F4 + F5 and
Fe + F7 in figure 7.6 because the sums permit to isolate all the spin-0 couplings
and masses from spin-1 ones. In these two graphs, we simply represent these
combinations of LECs in terms of the ratios M s /cq, for the singlet scalar, and
Mp; /dp, for the triplet pseudoscalar heavy state.
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Figure 7.5: Vector and axial-vector predicted values for the LECs from the P-
even bosonic Lagrangian expressed in terms of the custodial triplet heavy vector
mass, MV31 provided form factors and the two WSRs are applied. The axial-vector
resonance mass, M Al is implicit in the blue, red and green dashed lines through
Ky = MV31 /M Al with the values 0.8, 0.9 and 0.95, respectively. Light-shaded
grey region corresponds to the parameter space where MV31 <M Al (not present
in JFj3 since is not M Aé—dependent). Black regions yield the S and T oblique

parameter 95% C.L. allowed region.
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Figure 7.6: Predicted values for the scalar and pseudoscalar contributions to the
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7.5 Status of the bosonic LECs experimental deter-
mination

As well as in the oblique parameters, the smaller the LECs experimental uncer-
tainties become, the more stringent bounds arise for the resonance parameter
space, yielding two possible scenarios. In the first one, data are still consis-
tent with SM expectations. Yet, the allowed region for the resonances is getting
smaller and their existence is presumably postponed to higher energies. The
second one, and more interesting, data manifest significant deviations from SM
predictions eventually, giving raise to a specific pattern for the LECs which re-
veals new physics states. This picture would become essential in order to infer
the underlying UV theory.

We focus on the current experimental bounds for the P-even bosonic LECs
and the Higgs-Goldstone coupling, ky, and we analyze their prospects on a more
precise determination. In general, most of the measurements of these couplings
yield soft bounds and relatively large uncertainties, even more for Higgs related
LECs since Higgs precision data are missing yet. This is the case of bosonic
LECs Fg,7,89, which involve Higgs fields in their external legs. So far, there
are no searches regarding these LECs and yet remain unknown, neither from
single-Higgs nor multi-Higgs production processes. In the next decades, some
information on these Higgs related couplings is expected to come from the LHC
and still not built future colliders.

Nowadays, it seems more interesting to analyze the remaining bosonic cou-
plings, F123 and F45, which are associated with the anomalous triple gauge
couplings (aTGC) and the anomalous quartic gauge-boson couplings (aQGC),
respectively. The most experimentally constrained coupling is found to be Fi,
through LEP-I and LEP-II data. This coupling, as well as F3, contributes di-
rectly to the oblique S parameter [17,39,40] and the vy — WW scattering
amplitude [62,112]. Nevertheless, F; sets a much stronger bound than F3 since
it is reflected in the tree-level computation of the S parameter,” AS = —167.F,
and the proporcionality can be observed indeed in figure 7.5.

Therefore, the most restrictive limits for the F; low-energy coupling are ob-
tained from the NLO analysis of the oblique S parameter, once two WSRs are
incorporated. In order to collect the status of all the bosonic LECs in this sec-
tion, we rewrite the result for F; from eq. (7.25) and the exclusion limits (95 %
C.L.) that it imposes over the vector and axial-vector custodial triplet resonance

"This relation is equivalent to eq. (7.15) and eq. (7.16).
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masses from eq. (7.24):
-2 x 107 < F <0, My 2 Myy > 4TeV (7.26)

It is expected that eTe™ future colliders, like the ILC or CLIC, improve the
experimental uncertainties by a factor 5. This remarkable enhancement in the
precision would be enough to reduce the S oblique parameter indetermination
to 65 ~ £0.02 [113]. It would imply an uncertainty for the coupling of order
6F1 ~4x 1074

The anomalous triple gauge-boson coupling F3 is, however, softly constrained
experimentally [3]. Despite the fact that it also contributes to the S parameter,
it does at NLO, unlike the previous case. Currently, the most stringent bounds
come from the combined analysis of LEP and other collider data [114-117]. The
results of the fit usually are given in terms of the SM-EFT Lagrangian parameters
5g%, 6k, and Az [113], defined in

Larce = ie A (WhHW ™ — W, W) + iez—(; (1+3897) 2" (W, W

— WEW ) e (14 6k, WEW, A 1 i (14 k) W W, 22

S0
Aze - Co -
+ ZW W W, " APH gwuva vZPR| (7.27)
where drz is related to the other couplings through
2
Sky = 697 — —35/@, (7.28)

Co

and the coupling of the first term in eq. (7.27) is fixed due to gauge invariance.
Furthermore, the operator proportional to Az does not contribute to the NLO
EWET Lagrangian, but to higher orders, and thus it is not considered for this
analysis.

The current experimental bounds (95% CL) for the aTGC parameters are
[117]

—0.054 <dg? < 0.021,
—0.099 < dk, < 0.066,
—0.059 < Az < 0.017, (7.29)

being all of them 0 in the SM. For the measurement of any of these observables, it
has been that assumed the other ones are fixed to the SM. A simple identification
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with the EWET LECs of table 3.1 yields

12 2

2 ~
A = R - (Rt B,
Co — 5o Co
Aky = —g* (F1+ F3+3F1). (7.30)

Using the previous result for F; in eq. (7.26), one obtains for the EWET triple
gauge couplings the following bounds (95% CL):®

~0.11 < F3 < 0.12,
—0.09 < F, < 0.12. (7.31)

It is also common to present the same results expressed in the Longhitano basis
(see appendix D). In this case, we obtain —0.23 < ay < 0.21 and —0.053 < a3 <
0.020.

However, these uncertainties are not small enough to discriminate the pres-
ence of resonance states in the TeV range. Indeed, these results only introduce
new exclusion limits for the vector and axial-vector resonance masses far below
the 1 TeV range. Prospects on a precision for aTGC couplings similar to the
analysis in figure 7.5 are not expected before the LC searches [118,119], with
| F3| ~ |Aky|/g? ~ 5 x 1074 Nevertheless, a significant precision enhancement is
presupposed with the evaluation of LHC run-II data.

The anomalous quartic gauge coupling search, associated to the LECs Fy 5, is
currently at the same order of precision (O(1071)) as the triple gauge couplings
[120]. Nowadays, the most stringent bounds on these couplings come from WW
and WZ production via vector boson scattering from LHC (run-I) data [121],
being,

—0.024 < Fy < 0.030,
—0.028 < F5 < 0.033,
—0.037 < F4 + F5 < 0.045. (7.32)

As in the previous case, the precision for the LECs is not sufficient to establish
relevant bounds for the vector and axial-vector resonance masses. LHC run-II at
V/s = 13 TeV expects to reach O(1073) precision on these LECs [122]. In addition,

8Note that F, corresponds to an P-odd operator which is not included in the eq. (7.1)
Lagrangian. Nonetheless, it is considered for giving a general view of the aTGC operators
contributing at O;(p*).
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the combination F4 4+ F5 (also shown in figure 7.6) is found to be proportional to
the ratio cd/MS%. We find that values above 0.4 are excluded at 95 % C.L.. This
is still a very poor bound for these ratio, since ¢4 is expected to be O(1).

Finally, the current direct bounds for the Higgs-Goldstone coupling, ky, are
set by LHC data [111], being (68 % C.L.)

0.79 < kw < 1.01. (7.33)

Therefore, the analysis of ki with the S — T oblique parameters in the previous
section is consistent with the current uncertainties, which are found to be of the
same order. More Higgs precision data are still missing, although more narrow
bounds are expected with the LHC run-II data analysis.
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Chapter 8

Summary and conclusions

The Standard Model (SM) of particle physics is proved to be the best framework
for the description of subatomic physics. It has meant the discovery of a whole
new layer of nature, which was culminated with the Higgs announcement at the
Large Hadron Collider (LHC) some years ago. So far, there is not experimental
evidence of any new heavy state nor any significant deviation from its predictions
(neutrino masses can be easily embedded in the model) and many fashionable UV
models have been discarded or postponed to higher energies. However, it is also
well known that the SM is not the definitive particle physics theory. There are
still some fundamental matters and questions that are not explained or cannot
be answered within this model.

In this thesis, we seek new physics using indirect methods and from a model-
independent approach, since direct searches are unfruitful at the moment. As
a consequence, bottom-up effective field theories (EFTs) are the best strategy
for this purpose and their usage is fundamental for the elaboration of this work.
Their main advantage is undoubtedly the fact that we do not need to make any
assumption about the underlying UV theory, so the final conclusions must be
valid for every model satisfying the EFT premises. Hence, staying as general as
possible is indeed a priority in this work and we will accomplish this objective as
long as we do not make any unnecessary assumption.

We find another big motivation for this work in the analogy with chiral pertur-
bation theory (xPT) and the resonance chiral theory (RxT). Whereas quantum
chromodynamics (QCD) is proved to be the theory of the strong interactions,
its often cumbersome computation at low momenta makes the previous chiral
theories the best tool and the more appropriate framework to deal with strong
physics within this energy range. Furthermore, QCD is not even required for
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their formulation. Therefore, mesons can be considered as the actual variables
that matters, instead of the more fundamental quarks and gluons. We wonder if
a similar scenario can also happen in the context of electroweak physics. In this
situation, the SM plays the role of yPT as the low-energy theory, whereas the
electroweak resonances are analogous to RxT. Certainly there is an underlying
UV theory that explains the unexplored physics, as QCD does in the comparison,
but this is unimportant for the purpose of this thesis and the conclusions and the
analysis of the hypothetical high-energy states do not rely on it.

Being the EFT essence present along all the thesis, our starting point is,
indeed, the construction of the electroweak effective theory (EWET). It is formu-
lated as the most general EFT containing all the SM (light) degrees of freedom
and also its symmetries, which accounts for both strong and electroweak inter-
actions. Therefore, quarks and leptons are included in the formalism, although
only one generation is considered. Gluons are invariant under the color group,
SU(3)¢, while the electroweak left and right gauge bosons transform under the
extended group SU(2)r ® SU(2)r ® U(1)x, where L and R stand for their re-
spective chiralities and X = (B — L)/2 for the baryon minus lepton number. In
addition, there is a Higgs-like my = 125 GeV scalar boson, singlet under the
previous groups. It should be mentioned that this field within the EWET is not
embedded in a complex doublet scalar field as the SM Higgs is, since we aim not
to make any dispensable assumption and to be as model-independent as possible.
Actually, the only assumption we make is the precise pattern of symmetry break-
ing, which is consistent with the current phenomenology too. The electroweak
group is spontaneously broken, SU(2) ® SU(2)r — SU(2)+r, leading to three
Goldstone bosons that account for the longitudinal polarization and give raise to
the masses of the gauge bosons.

The EWET is organized according to the chiral power counting, which is
based on the momenta contributions at low-energies. Thus, it is possible to as-
sign to each operator and, particularly, to each building block (the pieces to form
operators) a given chiral dimension. Finally, it establishes a hierarchy among all
the interactions at the Lagrangian level and renormalization is guaranteed order
by order. A particular feature of the power counting is that neither the Higgs nor
the Goldstone bosons increase the chiral dimension of a diagram. This fact im-
plies, first, that we do not assume that the Higgs is weakly coupled to the SM and,
second, that the EWET is non-linear in the Goldstone bosons. For this thesis, we
only consider operators that remain invariant under the C'P discrete symmetry,
since C'P violating processes belong to higher orders and are found to be phe-
nomenologically suppressed, and we only require the EWET leading order (LO)
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and next—to—leadiqg order (N}JO) Lagrangians, which correspond, respectively, to
chiral dimension d = 2 and d = 4.

The LO interactions, shown in eq. (3.24) and eq. (3.36), consist in the SM
Lagrangian with an extended scalar sector. Otherwise, the NLO Lagrangian,
referred in eq. (3.47), is formed by 12 P-even (3 P-odd) purely bosonic opera-
tors, 15 (6) two-fermion structures and 25 (7) four-fermion operators, collected
respectively in tables 3.1, 3.2 and 3.3. The precise number of structures is highly
non-trivial: many redefinitions and simplification techniques have been required
in order to minimize this basis. Particularly, we prove that all chiral dimension
d=3 operators can be reabsorbed or re-expressed in terms of other ones. Fur-
thermore, we make an explicit conversion of the EWET basis into other bases
also existing in the literature [16,35-38].

All the operators are parametrized in terms of their corresponding Wilson
coefficients, so-called low-energy coupling constants (LECs). These parameters
are precisely the best indirect indicators of the presence of heavy states at low-
energies. If any LEC shows a significant deviation (more than five standard
deviations) from the SM predicted value (zero in the case of the O4(p*) LECs),
the existence of new physics will be claimed. There are a lot of works that
have analyzed the pattern of LECs for particular models in the linear framework,
where the Higgs boson is introduced through a complex doublet scalar field and
the high-energy states are weakly coupled in most of the cases. Some examples
of these models can be found at tree-level [123-130] or even at the one-loop
level [131-140], perturbatively expanded in some small coupling. In this work,
we analyzed the contributions to the LECs in the non-linear framework, which
does not make any assumption about the way the Higgs and the new physics
couple to the SM [1-3,53, 141].

With an eye on xPT and the resonance chiral theory (RxT) of mesons, we con-
struct the most general and model-independent theory of electroweak resonances,
so-called resonance chiral theory, as the tool for searching new massive objects in
the few TeV range. We denote as resonance to any high-energy object associated
to the electroweak interaction and not predicted by the SM. The resonance chiral
theory includes spin-0 and spin-1 bosonic high-energy states with quantum num-
bers JP¢ = 0t+, 0=, 17—, 1*F and spin-(1/2) fermionic heavy resonances. All
of them can be found forming singlets or n-plets under the SU(2)r+r custodial
and SU(3)¢ color groups. Although the term resonance remind us an underly-
ing strongly coupled theory, it can also be applied to weakly coupled models, as
well. Indeed, the conclusions of this work are valid for every model containing
resonance states. In general, the resonance interaction Lagrangian is formed by
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one massive state combined with light fields from the EWET, whereas the inter-
action of more than one resonance is not considered in this work. Only resonance
interactions that leave their low-energy imprints in the LO or NLO EWET La-
grangians are analyzed in this work. As well as in the EWET case, a big effort
has been done in order to get rid of all the dependencies among all the resonance
interactions and simplify the high-energy Lagrangian as much as possible.

The methodology for obtaining the low-energy contributions of the resonances
to the EWET Lagrangian is very well known from the resonance chiral theory
studies [22-24]. Formally, it consist in integrating out the massive resonance
states from the high-energy action. We obtain the solutions of the resonance
equations of motion (EoM) to a first approximation and we substitute them in
the (high-energy) resonance Lagrangian. The outcome, expressed in terms of
the resonance couplings, is projected into the EWET LO and NLO (low-energy)
Lagrangian. The generic form of any resonance contribution to the LECs is

1
AENM7]2%><91><927 (8-1)

where Mpg is the mass of the given heavy resonance and g; and go are two reso-
nance couplings from the high-energy Lagrangian that parametrize some partic-
ular interaction. The complete set of these structures configures the resonance
imprints in the LECs, i.e., the signature of the heavy fields in the low-energy the-
ory. The whole contributions to the purely bosonic, two-fermion and four-fermion
LECs is found in tables 5.1, 5.2 and 5.3-5.5, respectively.

We make special emphasis in the analysis of the spin-1 heavy states (vector
and axial-vector). Contrary to the rest of massive resonances, these ones can
be implemented in the model with different field representations. In this thesis,
we focus on the Proca vector and the rank-2 Antisymmetric tensor formalisms,
which are also the most used in the literature. The utilization of one or other rep-
resentation in the description of spin-1 heavy states has been controversial during
the last decades since they naively lead to very different low-energy predictions.
However, the selection of the representation is unphysical and it should not alter
physics. Likewise, we observe the same problem for all the tree-level exchanges of
spin-1 massive states: the low-energy predictions from the resonance Lagrangians
depend heavily on the employed formalism.

We prove, nonetheless, that both spin-1 field representation are equivalent (as
expected), by means of a change of variables in the general functional at the path
integral level. We show that the confusion arises from the false premise that both
resonance interaction Lagrangians should produce the same results. Instead, the
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equivalence occurs once considered the whole EFT description, i.e.,

(A4)
non—R

B =L+ r

£ 4t~ (8.2)
where P and A stand for Proca and Antisymmetric; and Lr and L,on_ g, for the
resonance and non-resonant interactions of the high-energy theory. As well as the
resonance Lagrangians are different in both representations, short-distance non-
resonant operators carry different Wilson coefficients, since they do not belong to
the same EFTs. As a consequence, we determine the explicit algebraic identities
for how both Lagrangians in eq. (8.18) and their couplings are related.

Nonetheless, the resonance theory at high-energy is not completely fixed yet.
The previous results only state how local and non-local Proca operators transform
into Antisymmetric structures, and vice versa. Therefore, it is a priori unknown
which are the required light-field contributions involved in a given resonance pro-
cess at short-distances. For this purpose, short-distance constraints are required.
They consist in a set of high-energy requirements so that the resonance theory
is well-behaved in the UV, like conservation of unitarity, form factors vanishing
at large energies or correlator properties. We impose these necessary conditions
over a definite set of Green functions in order to fix the Wilson coefficients of the
local non-resonant Lagrangian.

Indeed, we prove explicitly in this work that the spin-1 Proca and Antisym-
metric formalisms lead to the same results at low-energy. Moreover, we show
which of these representations is more convenient in order to study a given phys-
ical process involving spin-1 massive states. Actually, a remarkable feature of
these representations is the fact that they are complementary. This means that
whenever the resonance exchange of one of them provides non-vanishing contribu-
tions to a given order in the EWET, the other one is exactly zero, and vice versa.
Yet, local non-resonant interactions compensate this behavior, although their
computation is quite non-trivial. We also find that the Antisymmetric formalism
is more suitable when a resonance interaction involves light fields carrying two
Lorentz indices; whereas Proca resonances are more favorable when dealing with
single-index ones. In fact, the underlying reason is found to be purely kinematic.

Finally, we perform a phenomenological analysis of the resonance theory, re-
stricted to the P-even purely bosonic sector (and not including custodial breaking
operators). The reduced high-energy Lagrangian is collected in eq. (7.1) and it
contains 8 independent resonance couplings (kw, ¢4, Ans,, dp, Fv, Gy, Fa and
A1) related to 4 distinct massive states (S}, Py, VB}W and Azlwu)- Therefore,
together with the resonance masses, there are a total of 12 free parameters, which
yield a moderately wide parameter space yet. In order to reduce the number of
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independent variables, we incorporate to the reduced resonance theory some quite
reasonable short-distance constraints. Indeed, we impose the vector and axial-
vector form factors to fall properly at large energies and we also incorporate two
super convergence sum rules, so-called Weinberg sum rules (WSRs). Unlike the
relations introduced to fix the local non-resonant contributions to the LECs, the
first and the second (more restrictive) WSRs require some soft UV conditions
to be fulfilled, although they are valid for almost all the models analyzed in the
literature, nonetheless. The predictions for the LECs associated to this restricted
resonance Lagrangian are collected in table 7.1. All the results are expressed in
terms of 7 independent resonance couplings or masses, once applied the SD con-
straints. Furthermore, the picture turns even better when only the vector and
axial-vector resonances are considered in the framework, since all the low-energy
effects of the massive states can be parametrized in terms of their masses alone,
MV31 and M Al respectively.

We contrast the predictions from the resonance theory with experimental
data from the S and T oblique parameters and the current available information
for the LECs. The oblique parameters are a set of observables that account
for the variations of new physics with respect to the SM predictions in regard
to electroweak radiative corrections. We study these physical quantities for the
previous phenomenological Lagrangian up to NLO, being sensitive to the spin-
1 massive states only. For this computation, we include the last short-distance
constraints, making an explicit distinction on the application of the first and the
second WSRs [40]. In this last scenario, when both sum rules are satisfied, we
find at 68% C.L (95% C.L.)

My 0.97(0.94),1].  (8.3)

MA% ZMVQ > 5 (4) TeV, Rw = MA%

where sy, the Higgs-Goldstone coupling, is also fixed due to the application
of the WSRs. Next to the resonance masses, we perform a similar S-T pa-
rameter computation for the LECs implicated in the purely bosonic high-energy
Lagrangian. The resonances impose quite strong limits over these couplings, of
order |F;| < 1073 (95% C.L.; with i = 1,3,4,6,9), as it is shown in eq. (7.25)
and figure 7.5.

Nevertheless, the current bounds from collider data, concretely LHC run-I
and LEP, reveal much less constrained LECs, specially Higgs related couplings,
where precision data is still lacking. We show in egs. (7.26, 7.31, 7.32) the present
experimental uncertainties for the studied LECs. All their bounds are found to be
of order F; ~ 1071, except for the case of F; ~ 1072, However, it is not possible to
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discern the presence of any massive state from any of these low-energy couplings.
Nowadays, new experimental data from LHC is being analyzed and important
improvements are expected, particularly for the triplet and quartic anomalous
gauge couplings. Incoming future e*e™ colliders will improve the precision on JF;
too, up to the reach of the resonances in the TeV range. Resonance interactions
with the Higgs field are still far from the experimental access.

There are still some upgrades to be addressed in the resonance theory for
future works. It is necessary to promote both the EWET and the resonance La-
grangian to a three fermion generation theory. This highly non-trivial step will
require an intense algebraic analysis in order to set the operator basis for both
the low and the high-energy theories. This improvement will allow to properly
analyze the phenomenology in the fermionic sector, which is still lacking. For this
purpose, new flavor constrains must be considered. Hence, a global phenomeno-
logical study of the LECs is still left to be done. Additionally, ongoing LHC
run-II data will be incorporated to our analysis in order to update the current
bounds. Certainly, it would be also interesting to translate our general language
for electroweak resonances to already existing models that include high-energy
states.
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Appendix A

Relations and properties

A.1 Lie algebra

A Lie algebra is the algebra associated to a particular Lie group with a well-
defined inner product, so-called the Lie bracket. These groups are specially im-
portant in the context of particle physics because they properly describe symme-
tries of the analytic structures in the theory.

Therefore, the SM or the EWET are invariant under symmetries that are
mathematically realized through Lie groups, being represented in eq. (2.7) and
eq. (3.9), respectively. In both cases, the full symmetry groups are compound by
external products of the elementary Lie groups U(1), SU(2) and SU(3).

The U(1) is the most trivial Lie group and it is formed by all the complex
numbers with absolute value 1 and thus its elements can be expressed as e*?
with 6 € [0,27[. As it seems clear, the group has dimension one with only
one generator, so it is an abelian group. Electromagnetism is the most famous
physical interaction which transforms under this symmetry.

On the contrary, the SU(2) and SU(3) Lie groups are non-abelian and bring
three and eight independent generators, respectively. Actually, the dimension
of a SU(n) Lie group is n? — 1, and yet their elements can be displayed as
n X n traceless matrices. Furthermore, the Lie bracket works like the matrix
commutator for these group.

In the SU(2) case, the infinitesimal group generators can be written in terms
of the so-called Pauli matrices, TéU(Q) = 0;/2, with

01:<(1’ é) 02:(? BZ> 03:<é _01> (A1)
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satisfying the following relations
loi, 0] = 2ieipon,  oioj = 6yl + ek ok, (A-2)

where ¢€;;; is the Levi-Civita symbol.
Analogously, the SU(3) generators, TS5 = Aa /2, are described through the
Gell-Mann matrices

010 0 —i 0 1 0 0
M=(10 0], Xo=1i 0 0], o= [0 -1 0],
000 00 0 0 0 0
00 1 00 —i 000
M= (00 0], X = (00 0], Xe= [0 0 1],
100 i 00 010

00 0 L (10 0
=100 —i], Xs=-—[01 0], (A.3)
0 i 0 V3\o 0 —2

and the commutator can be expressed in terms of the fully antisymmetric struc-
ture constants fup.,
[)\a ) )\b] = 2i fabc )\c ) (A4)

with fia3 = 1, fiar = fies = foae = fos7 = faas = faas = 1/2 and fass = fors =
v/3/2. In addition, we include some well-known SU(3) relations for the group
generators that appear to be very useful

Tr [Ta Tb] =Tg 5ab’ Z facd fbcd = Oy 5ab’
c,d
(A.5)
a a aa 1
Z ij Tik = CF Oik T35 T = Tr (0jk 0 — o 8ij0k),  (A.6)

with Tr = 3, Cr = 3, C4 = N¢ = 3.

ol

A.2 Transformation properties under discrete sym-
metries

Operator building and classification requires to know how their constituent ele-
ments and building blocks transform under discrete symmetries (C, P, and C'P)
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and hermitian conjugation. The following tables show the results of this transfor-
mations for all the ingredients conforming both for the EWET and the resonance
theory. Table A.1 reflects how quantum fields and algebraic basic terms (like
Dirac algebra matrices) shift when applying these symmetries. This leads to the
building blocks of the EWET listed in eq. (3.23) and eq. (3.35) shown in table
A.2. As already stated, the precise combination of these latter terms is essen-
tial for the construction of the EWET Lagrangian. Finally, table A.3 reveals
the transformation properties for the massive states that conform the resonance

theory.

Field P C cpP h.c.
U Ut Ut U Ut
U uf ut u* uf
oM. Oy (aﬂ.)t (3u.)t oM.
Dirac P C CcP h.c.
structure, T' || (79T9% ) | ( =99%T"9*7°) | ( =7°T*?) | (7°TT7?)
1 1 1 1 1
Y5 —15 Y5 —15 5
v T = —Vu v
s —Yu5 s —VuVs Y5
ot O —oh —Ouw ot

Table A.1: Transformation properties for quantum fields (upper block) and Dirac al-
gebra (lower block) with definite C, P, CP and h.c. symmetry transformation. The
superindex t denotes matrix transposition.



134 APPENDIX A. RELATIONS AND PROPERTIES

Bosonic
building blocks P C cp h.c.
ut —Up utt —u/f) ut
g *fi :Ffiyt —fiw gl
9"h Ouh | (")t | (B,h)t | OFh
v v v " .
XMV X;w Xlwt Xfu/ X“V
Glﬂ/ é!uy éuut GA!ZV G,w/
T T | T T | T
Fermionic P o op N
building blocks .C.
Js Js Jt Jt T
ui —Jp Tp —Jp | Jp
J\P/L JV “w - J{;t — J‘t/ﬂ J"L;
I B I S e T
LV vt w
r Trw | I | T | I

Table A.2: Transformation properties under discrete symmetries (C, P, CP) and her-
mitian conjugation for the building blocks of the EWET in egs. (3.23, 3.35). The same
transformations apply for the fermion bilinears independently of their type: lepton (JL),
quark singlet (J£) or quark octet bilinear (J§). Fermion bilinear definitions are set in
eqs. (3.31, 3.32).
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Resonance fields P C CP h.c.
S S St St g
P —-P Pt _pt P
Ve Vi _yhvt _V;fu Vi
Ak — Ay, Arvt _ AZ | A
Fermionic
resonance bilinears P c cP h.c.
Is Js It Tt Js
Tr —JIp Jp =I5 | Ip
v W | B W | B
Ta Tae | W | T | T
JCL;V U7 o _J%u t _JtTW J%y
Js— Js_ ot | —It | Je
Jp- —Jp— | =Tp_ | To_ | Tp-
Ty Jvop | B | T, | T4
Ta- i | UL | B | A
I Jr—w | IY | TG w | I

Table A.3: Transformation properties for resonance heavy fields and resonance fermionic
bilinears under discrete symmetries (C, P and CP) and hermitian conjugarion. The
definition of heavy fermionic bilinears is set in eq. (4.6).
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Appendix B

Lagrangian simplification

The number of operators which we can construct is actually higher than the one
listed in chapters 3 and 4, either for the EWET and the resonance Lagrangians.
However the operator sets are not incomplete since they constitute a basis respec-
tively. This is because they are related among themselves and they are sometimes
redundant and, therefore, removed from the lists, many of them by making use
of field redefinitions, partial integration, the classical EoMs and some algebraic
identities [22,26,142]. Unfortunately, not all the simplifications are trivial and it
is very complicated to discern some Lagrangian to be eventually not redundant.
In the following, we illustrate some of these processes and also collect some of
the not so obvious mechanisms, tricks and simplifications for the EWET and the
resonance theory.

B.1 Basic relations and algebraic identities

In this section we collect some well-known algebraic relations and field properties
that we used in order to eliminate all the possible operator redundancies in the
EWET.

Firstly, for the Goldstone bosons, the following equations turn out to be
very useful for the determination of the purely bosonic O J(p‘l) NLO operators

137
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22,26, 142]:
VYl — VH? = 1
ViVAX = Xl T = gl = 5few,
VoVl = (Vo) + [,
Viu, = Vu(VPu,) + VPf_p + D, u’]. (B.1)

As a general rule in table 3.1, we have chosen for our basis those operators
proportional to the gauge fields, expressed in terms of f{”.

Other kind of common simplifications arises from the interplay of traces and
SU(2) properties, which are present in almost every operator considered so far.
Given four different SU(2) objects, z = a,b,c,d with = 2707 and ¢/ the Pauli
matrices (see eq. (A.1)) one obtains

2<abcd>2 = (ab>2<cd>2 - <ac)2<bd)2 + (ad>2(bc>2. (B.2)

Moreover, we have made use of Cayley-Hamilton relations for 2 x 2 matrices, like
in

@~ ala) + 5 ({a)s(a)s—(a®)2) = 0, (B3)

which also implies the following equations for two or three 2 x 2 matrices within
traces

{a, b} a(b)s + (a)2b + (ab) — (a)2(b)2
({a,b}c)2 = (a)a(bc)a + (b)2(ac)2 + (c)2(ab)2
—(a)2(b)2(c)z. (B.4)

In addition, if any of the SU(2) elements happen to be traceless, like u,, or any
custodial triplet resonance, the number of redundant operators is even greater.
For instance, if b and ¢ are traceless objects in the second expression in eq. (B.4),
it simplifies to

({a,b}c)a = (a)(bc)s. (B.5)

As a consequence, O Cz(pz) resonance terms like <S§uuu“ )2 are identically 0
due to Cayley-Hamilton properties, and thus operators like this are absent! in

!This operator is, however, present in the Resonance Chiral Theory [22], since the underlying
symmetry is U(n) instead of SU(n).
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the EWET. These relations can be also be applied to the fermionic operators,
like in

(S{TA" u} )2 = (Shu e (JEH)a, (f=1,q)),
(S3{T wud e = (Shu)a (JHH)a, (f=1,0). (B.6)

Another kind of simplification, so-called Schouten identity [143], is performed
when dealing with Levi-Civita tensors in the odd-intrinsic parity sector:

AP tvabB — Ap praB | fv ppalB | pa vpB  AB cpvap (B.7)

Finally, Fierz identities are the last type of general procedure to be studied and
it is postponed to the next appendix section.

B.2 Fierz identities

Fierz identities are a set of equations that relate different four-fermion structures
among themselves. They represent the main source of simplification for the four-
fermion EWET Lagrangian in table 3.3. A generic four-fermion structure reads

(BT ty) (@i Ty i v5) (B.8)

where I'* and I'}, are any contravariant or covariant 4 x 4 matrix from the Clifford
algebra basis I'* = {1, ivys, v*, Y75, c"'} or I'q = {1, =75, Yu, V5Yu, 0#¥'} (with
u < v in oM), respectively, and i, j, k, [ are Dirac indices. Fierz identities
yield [45]

(5T, t) (alv) = C% (5T.v) (alt), (B.9)

being a sum over ¢ and d implicit in the right-hand side, with

1
Cbe = 7E<rardrbr‘3) , (B.10)
being the minus sign a result of fermion switching.? In particular, the convention
employed in this work is slightly different from [45] since the fermion bilinears
are always written in a contravariant way.® In table B.1, we show the tensor
coefficients for only the relations that are used in the present work, although

there are many more. The four-fermion operators are expressed in terms of two

2If s, t, w and v are not fermions but just spinors this sign does not apply.
3There are extra minus signs when considering pseudoscalar and axial vector elements in
cay.
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SS" | PP |\ VV' | AA | TT'
N 1 1 1 1 1
5SS = (s5t)(av) 211121113
. _. 1 1 1 1 1
PP = (siyst)(wiysv) 2121721 7113
1 1
VV = (39#t) (uy*v) -1 -1 5 B 0
_ _ 1 1
AA = (sytyst)(yyse) | 1| L) o | 5 |0
1
TT = (somt)(aotv) | =3 | 3 | 0 | 0 | 5

SP' | PS" | VA | AV’

1 1

VA= (s94t)(urHy5v) -1l =5 -3
_ _ 1 1

AV = (5yPyst) (uyHv) 1 —1 -5 | —3

Table B.1: Relevant Fierz identities for the four-fermion EWET operators with
I = (1,i7°, 9", 995, 0" = L[y*,4"]). A given element of the first column is
equivalent to the sum of all the terms in its row multiplied by their corresponding
bilinears. Four-fermions carrying ’ are defined as their analogous partners once
exchanged ¢ and v.

fermion pairs, denoted as scalar (5), pseudoscalar (P), vector (V'), axial-vector
(A) or tensor (7). Notice that it is a generic label and it just specifies the Dirac
structure and not the fermion content (as opposite to Jéf ) where the particular
fermions forming the bilinear are known). In the following, we show the scalar-
scalar four-fermion Fierz identity as an example of how to interpret table B.1:

(3t)(w) = —(5)(@t) + 3 (i3 V)@ 1) — 357 0)(@1% 1)
— 1w t) — Lo )@t ). (B.11)

The configuration of the four-fermion NLO EWET operator basis depends,
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however, on the fermions being leptons, quarks or mixed types. On the one side,
lepton and baryon number conservation forces these structures to incorporate an
even number of these fields: four leptons, two leptons and two quarks or four
quarks. Hence, there are several possible ways to contract them, and many more
when () structures are considered, which are SU(2);,r objects and may be
SU(3)c elements too, in the case of quarks. On the other side, Fierz identities
(table B.1) and SU(n) identities (eq. (A.2) and eq. (A.5)) set some relations on
the different ways of contracting indices. The simplification criteria are

e Spinors are contracted within the fermion bilinear, yielding JIL, J{ or J1§
fermionic structures only.

e Explicit Gell-Mann matrices (color generators) are avoided.

e Whenever possible, SU(2)r+r traces for a single bilinear are preferred to
double bilinear traces.

These considerations for the four-fermion operators lead to the results found in
table 3.3.

B.3 Scalar Lagrangian

The O d(p2) EWET scalar Lagrangian in eq. (3.24) represents a general extension
of the SM scalar Lagrangian and it counts as d = 2 because the addition of h/v
fields to any operator does not alter its chiral dimension, as already explained.
Therefore, one incorporates the polynomial functions V (h/v) and F® to account
for a more general scalar potential and Goldstone-Higgs interactions. Naively, it
may be also possible to add the arbitrary function F(h/v) coupled to the kinetic
term of the Higgs, as in

~ 1 w (1 "

Ly = 5 Fi(h/v) 0uh 0", Fu(hfv) =1+ <v> . (B12)

n=1

However, we can get rid of this contribution by redefining the Higgs field in a
non-linear way [1]. Shifting the Higgs field like

h(z) — HW(z) = v Zan <h>n , with a3 =1, (B.13)
n=1

v

so that the derivative kinetic term yields £~2 = % d,W oMK, it is possible to obtain
the value for the a,, parameters provided the following iterative relation for a
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(h)

given set of ¢’ values,

n+1

= Z k(n+2 — ]{7) a Ap4+2—k - (B.14)
k=1

G

C

Additionally, the scalar Lagrangian gets modified too when the heavy scalar
singlet S is considered. In general, one should incorporate to the resonance
Lagrangian the following mixing operators

Aﬁslh =aSth+b OHSl 8uh + 51 auhaﬂh ch (Z) s (B15)

n=0

apart from the ones written in eq. (4.9). The mixing between h and ST is therefore
reflected through the parameters a, b and c¢,. Nevertheless, all these operators
can be set aside. An adequate redefinition of these two scalar quantum fields and
their masses gets rid of the first two terms* in eq. (B.15); while the third one is
eliminated by performing the following partial integration,

1 1
_pr2Og, —
(n+1)(n+2) T+

S1h"™9,h otk = RS 0Ok, (B.16)
The resulting operators can be rewritten in terms of other operators already
present in the Lagrangian, provided the usage of EoMs.

B.4 Oy(p®) fermionic operators

According to the power counting in eq. (3.45) the EWET LO Lagrangian brings
chiral dimension d = 2, happening to contain all the operators of the SM. Next to
this, there are the NLO operators shown in eq. (3.47), subdominant with respect
to the previous ones, which carry chiral dimension d = 4. Nevertheless, we can
naively find between these two sets some rare fermionic operators contributing

to the Lagrangian with d = 3 which remain not analyzed so far:
Egermionic _ Bg' <7—J£>2 + ﬁ‘]; <UMJ‘J;M >2 + B£ <U,U,J£M>27 (B17)

with f = [,q being a implicit sum over the lepton and quark singlet fermion
bilinears® and raising the number of O;(p®) structures to 6.

“Indeed, the removal of the operator proportional to b can be generalized to any resonance
operator, since wherever the resonance field carries a derivative, (9, R x" ), it can be rewritten
into —( RO, x" ), using partial integration.

5Quark octet bilinears, JS, are not allowed in eq. (B.17) due to symmetry requirements.
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First, we focus on the operators proportional to ﬁf; These structures carrying
the custodial spurion can be easily eliminated, however, by reabsorbing them into
the definition of the Yukawa spurion fields, either for the lepton and the quark
fermion fields,

5l
Y=Y+ 5T (B.18)

When these redefinitions are included in the EWET Lagrangian in eq. (3.36) it
reads

Z [—v (f{ V! 5{2 +h.c.) +B£ <TJ£>2} = Z [—v (fﬁ V7 5{2 +h.c.)} ,
f !
(B.19)
and thus the LO picture is restored.

Second, operators proportional to ﬂ{; and ﬂj’; corresponding to the second and
third term of eq. (B.17) are more involved. In order to illustrate how these chiral
dimension d = 3 operators are removed we first consider the lepton case. The
procedure consist on redefining the gauge sources so that the new terms arising
in the kinetic term can compensate these additional operators [1]. For the lepton
case only, we redefine the VAVM and Bu gauge chiral sources:

Wo = Wi~ By~ Ba) uwa
B, = B, — (B, +84) uluuu. (B.20)

When performing this redefinition, new terms appear in the lepton kinetic La-
grangian due to the presence of these gauge fields in the lepton derivative, defined
in eq. (3.29), leading to

i€ + Bl (i o + By (uu T )2 = i€y"d € (B.21)

Furthermore, the redefinition of the gauge sources alters other parts of the La-
grangian as well. The Yang-Mills Lagrangian gets shifted and it generates contri-
butions to the purely bosonic O g(p4) EWET Lagrangian in table 3.1, being these
terms suppressed by powers of (8!,)" or (84)" with 1 < n < 4. In addition, B84
also modifies the definition of the w, building block like

uy, =, /(1+264). (B.22)

Indeed, only contributions that enter in Wu and BM with different values affect
the definition of u,, according to eq. (3.21). For consistency, the axial coupling is
assigned a chiral dimension [34] j = lin order to account for the extra unit in the
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power counting associated to the Jil“ bilinear. Hence, the Goldstone Lagrangian
gets also shifted,

v? v? I
- Fulh/o) ()2 = mﬂ(h/v)wuu )2
/2
= —}" (h/v)( u't)y, (B.23)

requiring the vev, the Goldstone® and the ¢ coefficients from Fu(h/v) to be

rescaled as
y v r_ ¥ o o) (B.24)
YT 128, YT 14284 T W28 '
in order to remain the Lagrangian formally the same.

We also want to remove quark O Cz(p?’) operators proportional to B{; and Bf;
in eq. (B.17). For this purpose, we need to redefine additional gauge sources that
appear in the fermion derivative. Apart from the W and Bu gauge fields, the
derivative from the kinetic term brings X and G ﬁelds as well, attending to

q. (3.29), being the last one not included in the lepton derivative. However, it
is not possible to redefine these fields in order to remove the remaining O (z(p3)

operators since neither X  nor éu are axial sources and thus the axial operator
(uuJJ4" )9 cannot be generated through the rescaling.

Otherwise, in order to reabsorb B (uy JH Yo and B9 (u,Ji" )2, we analyze
the Og and O3 bosonic operators

Ouh y ~ Ouh
0 = (20) (utes G = () w29
Performing an integration by parts, one obtains the following relation
ouh . .
( ) ()9 — — ((u' D, Wy + uD,B"u")u, )9
<f:|: [uuaull] >2 + <fi f*/W>

, .
= = (e? £ ") )2 = SO ) )2 + §<fiyf—ﬁw)2

92 1 L 9/2 i L
+ Z<UM(JV —Jy))e £ Z<UM(JV +J4))2
g9 qp qu 9" qu qu
+ Z<“u(Jv —J3 ))2 7<uu(JV +J3 )25 (B.26)

SNotice that this field is redefined so that u(p/v) = u(y’/v').
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where some Higgs-dependent functions multiplying the right-hand side of the ar-
row have been omitted for simplicity. For computing the integration the following
EoMs have been employed

(DuWH)® = (W — i[ W, W)

2,2

- v
— ¢ | Y duyrToun | + QT(l + Fy(h))(uu’u')e,
Y=l,q
(DMBW)G = (@LBW - i[BwBWDa
, B g20?
=—g% | Y ry'T"r | — L Fy(h)(ulu’u)®.  (B.27)

V=l,q

The last three lines of the calculation of eq. (B.26) show a mixture of structures
that we have classified as chiral dimension 2, 3 and 4, although all of them count
as O d(p4) according to the power counting in eq. (3.45) once considered their
preceding g and ¢’ couplings. Indeed, the third line in eq. (B.17) correspond to
purely bosonic operators that belong to the LO and NLO EWET Lagrangians
already listed in chapter 3. One must pay special attention to the remaining
operators in lines four and five, since they are naively counted as chiral dimension
d="5 (squared gauge couplings plus O dA(p3) operators). However, the fermionic
bilinears have to be considered as chiral dimension d = 1 since the gauge coupling
is already explicit.

Therefore, we can re-express the two quark O d(p3) operators in terms of the

Oy and (53 NLO EWET operators and other purely bosonic operators from table
3.1. In conclusion, all the chiral dimension d = 3 operators from eq. (B.17) can
be reabsorbed or rewritten in terms of the other operators considered previously.

B.5 O (p) resonance operators

Analogously to the previous EWET operators bringing one less unit to the chiral
counting than usual, we can also find a few resonance operators accompanied with
chiral tensors, ( R xg), with chiral dimension [xg]; = 1. We find the following
operators:

(S:%T)Qv <V?,1uuu>2> (A;)MUM)Q? (B28)
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where the last two of them (the spin-1 ones) are written in the Proca formalism.”
Notice that, when integrated out, these resonance structures yield precisely the
O;(p*) EWET operators studied in the previous section (or the Goldstone La-
grangian (utuy )2). Therefore, their imprints can be related to other EWET
operators and there are no further problems. However, there is no need for this
because the resonance operators from eq. (B.28) can be reabsorbed as well in the
heavy fields S?}, f/glu and Ail’w respectively. The particular resonance rescaling
reads

S — Sl =81 4 agT,
Vit — Ut =y o ut
Ay — AP = A 4 agut (B.29)

where R;w = RW —ap f-uw with R = V, A are the resonance strength ten-
sor redefinition for the spin-1 massive fields above. The value adopted for ag
in the heavy scalar case must be such that one is allowed to shift (S37 )2 to
(V,S3VHT )a, which is a higher order resonance operator.

"These two operators can also be written in the Antisymmetric formalism although they are
chiral dimension d = 2 in this representation.



Appendix C

Power counting of the EWET

The characterization of the hierarchy of the operators within an EFT is essential
and it defines the core of the theory. In section 3.4, there is a qualitative and
consistent explanation of the chiral power counting for the EWET. Nonetheless,
a precise mathematical derivation of the counting rules is also in order.

Given a generic operator containing EWET fields it can be decomposed as

j k
ALy ~ fo p* <111> <¢> ; (C.1)
v v

being 1 a fermionic field and ¢ whatever bosonic field able to couple: Goldstone
bosons (¢), the Higgs field (h), or any gauge source (Wu, B/u Xu or Gu) Oth-
erwise, light scales coming from derivatives (d,,), light masses (my, my, my or
mz) or couplings (g, ¢’ or y¢) count in eq. (C.1) as p; while f; stands for the
operator associated LEC.

Once parametrized the fields for a single operator, we extend the computation
for a generic (connected) Feynman diagram, I". It is formed by L loops, I internal
lines (being I bosonic and Iz fermionic) and E external lines (being Ep bosonic
and Ep fermionic). It is precisely the particular combinations of vertices, Ngjx,
with V = Zd,j,k Ngji, the total number of them, what defines the topology of the
diagram. These pieces are proven to fulfill the following diagram identities [1]:

> jNgr = 2Ip + Ep,

d7j7k
> kNgr = 2Ip + Eg,
d7j7k
L=I1+1-V =1Ig+1Ip+1-) Ng. (C.2)

d7j7k

147
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In order to compute the Feynman diagram one should substitute all the ex-
ternal lines by the given external fields. Besides, all the loop calculations are
managed with the mass-independent dimensional regularization scheme, which
imposes no cut-offs. The procedure consists in counting naively with an standard
dimensional analysis [27,144] all the particular momentum contributions of each
of the elements conforming the diagram for obtaining its global low-momenta
scaling [17,27,51,145], also called superficial degree of divergence. Therefore, a
generic Feynman diagram can be decomposed as

4 L -
o~ f <<§ﬁ§d> WB1 o (e ()"

d?j

P Ir+ 0 dNgu+iBp  _ PP+ k(d=2) Nyjr+1r+3Er

p2+2L+ZdJ7k(d+%j—2) Najie (C.3)
The last line of eq. (C.3) reveals that only the number of loops and the number
of vertices weighted by the quantity d + % J — 2 contribute to the momenta power.
Hence, it is possible to obtain the dimension of a Feynman diagram just by
summing the momenta scaling of each vertex and the number of loops. For this
reason, we are able to assign to any operator the so-called chiral dimension

d=d+ (C.4)

PO |

Therefore, the power counting of a given operator only depends on the explicit
light scales or couplings and the number of fermions involved, being independent
of the interacting bosonic fields. Hence, we can also define the chiral dimension
for a Feynman diagram as

dr = 2+2L+) (d—2)Ny, (C.5)
d

analogous to the yPT power counting [11,27], where N; is the total number of

operators with chiral dimension d. Notice that eq. (C.5) yields chiral dimension
d=2 operators to not increase the power counting, and hence they can be as
many as needed.

Finally, using the identities in eq. (C.2), we address all the remaining scales
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and geometrical factors missing in eq. (C.3)

! fo \N
"~ e (5 )

d.jk
1 H <f€>Ndjk <1>Zd,j,k(j+k—2)Ndjk
(167)F ik v? v
1 fz)Ndj’“ 1
= 2 2\L H (2 B=2 (€6)
(167°v*) dgg \V v

so the final contribution to a given Feynman diagram amplitude turns out to be

2 2 L d—a2\ Na
D D fep
[~ %= (167r2v2> H( 2 ) . (C.7)
d

v v
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Appendix D

EWET relation to other basis

All simplifications, redundancies and relations among the operators performed so
far lead to the necessity of choosing which operators have to be included in the
EWET basis and which not. The particular selection depends on several factors
like providing an easier phenomenology, simplicity or even keeping some other
basis criteria. All of them are valid provided they lead to an independent set of
operators. In the following, we compare our particular operator basis, which will
be referred as EWET [1, 2], with the basis of [16,37,38], denoted as MUC, and
the Longhitano basis [35, 36, 146], which only applies for the Higgsless bosonic
sector.

On the one hand, the EWET and the Longhitano basis are constructed in
terms of custodial invariant operators which transforms under SU(2)r4+r. The
main advantage of these building blocks setting is that they couple directly to the
resonances [1,22]. On the other hand, the MUC basis is built under SU(2); ®
SU (2) g invariant operators. As a consequence, this is a more extended basis since
operators belonging to it may be custodial suppressing as well. The comparison
to our basis can only apply, therefore, to those MUC operators or combinations
of them being invariant under this symmetry. The same consideration must be
done for C'P discrete symmetry, which is not imposed in this basis. Hence, C'P
odd or breaking operators are disregarded.

In the EWET and Longhitano basis, however, custodial symmetry breaking is
only introduced through the custodial spurion field, 7 and the fermion Yukawas,
YV, in the EWET case. The main difference between these sets is precisely the
explicit chiral suppression assigned to these spurion fields in EWET, accounting
for some weak coupling from BSM physics, as opposite to the Longhitano basis,
where this building block is considered to be chiral dimension d=0.1In any case,

151



152 APPENDIX D. EWET RELATION TO OTHER BASIS

we only deal with those operators that can be related to the LO and NLO EWET
Lagrangians and we set apart those terms matching higher orders.

D.1 Conversion tools from EWET to MUC

In this section, a transformation guide for the EWET and MUC basis is shown.
The elements and building blocks from these two basis are constructed under the
premises of invariance under the Lie groups SU(2)r4+r and SU(2)r ® SU(2)g,
respectively, as already commented. The conventions adopted yield moderately
different definitions, attached as follows.

In order to analyze the MUC structures, it is necessary to introduce the SU(2)

projectors:
1 10 1 00
Py =~ T3: P,:**Tsz
=3t <o 0>’ 2 <0 1)’
0 1 00
P12:T1+iT2:<O 0>, Pglle—iT2:<1 0), (D.1)

being T* the SU(2) generators. The equivalent building blocks to the EWET
terms u, and T are, respectively

1
L, = iUDU" = wuy,u', = UT3UT = ?u’TuT, (D.2)

satisfying the following identities:
D,uTL = ’i[L#, TL],
D,L,—D,L, = gWyu — ¢Bu7r, + i[L,, L],
< UTL[MLV]UPH >2 = —2< TLL[M >2< UPHUTLV] >2,
< UTL[MLV]UPm >2 - 2< TLL[M >2< UPQlUTLV] >2. (D?))
Hence, we are able to relate the bosonic sector of both the EWET and the MUC
basis, making use of these relations [1]:
W= (uh? = U,
WH = —gWreT®, B = —g'B'T?, Xt = —¢'B"
T = —ugdT?u = —g'ulrpu,

far = —(gulWi, T £ g'uB,, T?ul). (D.4)
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Another relevant equation for the basis translation regarding the derivatives of
the gauge strength tensors can be found in eq. (B.27).

Fermions in the MUC basis are also organized in a different way. If we consider
a right-hand fermion field, ¢ (1g or Ufyr), and a tensor X transforming as a
right-handed object, X — grX g}; , a general fermion bilinear can be decomposed
into the projectors of eq. (D.1) as follows:

YU Xp = PU(Py = P_) (XT?)o + OT(Py + P-)¢ (5 )o
+ YT Piotp (X Po1 o + YT Po¢p (X Pra)a, (D.5)

X
2

where I' is a Dirac matrix written in the same convention than the EWET.
This relation maybe useful for dealing with right-handed structures like UT WU,
iDMUTU =U TL#U or Tg. Analogous relations apply to left-handed field com-
binations. The equivalence between light fermion bilinears is set in table D.1

EWET MUC
(J8)mn = &nm (Yrw)n(upr)m + (Pru)n(ulr)m
(JP)mn = &n17° &m i(Yrw)n(wr)m — i(Pru")p (ul 9L )m
(J)mn =€ &m | (Prwny*(ulr)m + (Orul) ™ (W r)m
(TDmn = & V'Y Em | —(rw)n V" (ulr)m + (Grul)py" (WR)m

(JE Y mn = & 0™ & | (VL) no™ (upR)m + (YrUD) o™ (ulpr)m

Table D.1: Fermion bilinear conversion for the EWET and the MUC bases. This
conversion applies exactly for leptons fields, i.e., Jlé and ¥ = [ for the EWET and
MUC bases, respectively. Quark singlet bilinears, J¢ and ¢ = ¢, are identical but
quarks acquire a color index, £* and ¢°, respectively. For quark octet bilinears,
J&, both EWET and MUC structures carry a SU(3)¢ generator, T%, within the
bilinear which is contracted with one another from outside the bilinear.

D.2 Purely bosonic sector

In the first place, we analyze the operator conversion for the purely bosonic
operators (table 3.1). The conversion table from the EWET basis to the MUC
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and the Longhitano bases is placed in table D.2.

In order to establish a conversion for the MUC basis it is necessary to identify
all the operators that respect the symmetries of the EWET, ¢.e., CP even trans-
formations and custodial symmetry. In addition, an explicit chiral suppression
will be assumed for the MUC operators containing the spurion 7z, following the
same criteria that in the EWET spurion field 7. The same thing applies for any
operator bringing non-SM weak couplings. The list of structures satisfying these

Bosonic P-even operators
EWET MUC Longhitano
O Oxu1 ”t
Oy Oxn2 + %Oxm —
Os —% (Oxu7 + Oxus) % (0F —0F)
O, Op2 Of
Os Op1 Oz
O Opr —
Or7 Ops —
Os Opn —
Og explained below —
O1o %0/5 ok
on re(Aiundant when re(Aiundant when
XH — —g'BH XH — —g'BH
O12 Oxns3 —
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Bosonic P-odd operators

EWET MUC Longhitano

1
(Oxu7 — Oxus) —3 (0 +0%)

1
Oy Oxha — ioXhl —

DO

Og explained below —

Table D.2: Basis conversion from EWET to MUC and Longhitano for the purely bosonic
operators. MUC basis has trivial conversions except for Og and O3. The Longhitano
basis is only adressed for the EWET Higgsless operators. P-even (P-odd) operators are
shown in the upper (lower) block.

conditions is shortened to 12 operators: Og, Op1, Op2, Op7, Ops, Op11, Oxhi,
OXhQ, Oth, OXUl; OXU7 and OXUg; denoted as in [37]. The EWET set of
purely bosonic operator, however, is formed by 15 different structures (see table
3.1). A consistent basis conversion requires the same number of operators for the
matching. Nonetheless, this does not mean that neither the EWET is reduntant
nor the MUC basis is incomplete, due to the following considerations.

In the first place, 011 = XWX ¥ is a redundant operator when we set the
SM value for this field, X u = —¢' By, according to eq. (3.37). Indeed, when taken
the SM prescription, the EoM of this field impose a constraint over the EoMs of
the right-handed vector current of 32 and the hypercharge current of B,,, being

_ B—-L - B—-L
0= QJZ)L'Y;L < 9 > Y+ TJZ)R'V/L < 9 > YR. (D-6)

In the second place, the operators Og and (53 are not present in table D.2 because
they are rewritten as two-fermion operators (and many other bosonic operators
already present) in the MUC basis, by means of partial integration. In order to
establish the relation, we make use of the eq. (B.26). Therefore, we can redefine
this operators in terms of {u,J&' )2 and (u,J4" )2, introduced in eq. (B.17).! As
a consequence, we are able to relate these missing operators to the two-fermion

!The partial integration also brings the lepton chiral dimension d = 3 operators (uHJ‘l/“ )2
and (oui‘” )2. Notwithstanding, recall that these structures were already reabsorbed in the
gauge sources in the appendix B.4.
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MUC structures @qLVl and @f‘/l, using the following relations

(up it )2 @fm + @(I;Vl )

<uu=]31u>2 = Ofm - 05\/1- (D.7)

The conversion from the EWET to the Longhitano basis (table D.2) only
applies to the Higgsless and color singlet bosonic operators, i.e., O1,. 510,11
Actually, operator Ojg is considered in [35,36] to be a LO contribution, since
no further chiral suppression is included in the spurion 7 in the Longhitano set.
Nevertheless, phenomenology has rejected this contribution to be a dominant
one. In regard to Oq1, the same conclusions as in the MUC basis apply.

D.3 Two-fermion operators

NLO operators containing both bosonic fields and one single two-fermion bilinear
are built differently as well, following distinct criteria. While the EWET organizes
their operators according to custodial symmetry invariance building blocks, the
two-fermion MUC operators are set with the premise that they become single
W or Z operators in the unitary gauge. Notice that in this section, and also
in the next one referring to four-fermion operators, the bases comparison in only
established between the EWET and MUC ones, since the Longhitano basis only
includes purely bosonic objects.

The different design of the EWET and the MUC bases leads us to introduce
some intermediate operator set for the second one, so that its elements, made
out of combinations of the original basis operators, are custodially invariant too.
We denote them with a small® tilde ~. As a consequence, we find 25 (12+13) in-
dependent operators classified in four subsets: vector current operators, denoted
as @wvs scalar current operators, referred as @wss tensor ones, (’}¢T; and also
dipole operators, tagged as @w x; and in two fermion families. Therefore, for each
subset 1 can be either a lepton, [, or a quark, q. The correspondence to the MUC

2Do not confuse them with P-odd EWET operators, carrying a wide tilde.
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basis is found to be [2]

Ofv1 = Yry i L LEh 204y + Oyvs + Olys)
Ofva = Yryudre, LML L2 O,
Ofv1 = YryUTLFU YR L2 (Opva — Oyvs + Oy + ijves) ;

- _ - 1
Offyy = Yryp U {1, LM} UR BN —5((%\/4 + Oyvs),

- _ h h =
Oys1 =UYR (%v) (a“v) Y=g, Oys14 + Oysis,

- _ h =
Oyse = ¢ L, UYg <3“v> r=e, Oysio — Opsi1 + Oysi2 + Oysi3,

N _ = 1
Oyss =YL, L 'UyYR p=a, 5((%51 + Oys2),

Oyr1 = Vo L L' Udbp =4, Oyr1 — Oyr2 + 20y13 — 204714,

- _ h =
Oy12 = V10 LFUYR <3”U> BN Oyr7 — Oyrs + Oyrg + Oyri0

Opx1 = ¢ 010w UbrBY ~=% Oyxi+ Oyxs,

Oyxa = ¢ ProwmLUdRB" =% Oyx1 — Oyxa,

~ — v d):

Opxs = gUrowW" U —5 Oyxs — Opxa + Oypxs + Opxe

Oyxa = 910G Utbg 4, Oyx7+ Oyxs - (D.8)

being the last intermediate operator, @w x4, not present in the lepton set. Notice
that eq. (D.8) reflects the general form of this auxiliary basis (left-hand side
of the arrow), valid for both leptons and quarks, although the equation is only
specialized for the quark set of MUC operators (right-hand side of the arrow)
and not for the lepton copy.

Once identified the custodial building blocks, we show in table D.3 the actual
equivalence with the EWET operators. It should be mentioned that there are
just 21 (10411) two-fermion structures in the EWET basis, 4 operators less than
in MUC. Indeed, two of the remaining operators compensate precisely the two
operator excess present in the purely bosonic case, related through eq. (B.26)
and eq. (D.7); while the other two operators correspond to the O C§(103) leptonic
structures in eq. (B.17) that can be reabsorbed in the gauge sources attending to
eq. (B.20), as shown in the appendix B.4.
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Two-fermion P-even operators — leptons or quarks

EWET MUC EWET MUC
O‘f?‘ 20453 + h.c. Of? iOys2 + h.c.
Of?‘ 2iO0yr1 + hec. op i 3(=0L,, +ORy)
0 | —Oyxs— Oyxs+he | | O Ops1 + huc.
0V ~Oyx1 +hc. ovi uxs (1)

Two-fermion P-even operators — leptons or quarks

EWET MUC EWET MUC
oM ) > V% 1/AL AR
0, Oyx2 — Oyx3 + h.c. O, §(O¢V2 + va2)
2 N
O;bf _OwTQ + h.c.

Table D.3: Conversion for the EWET and MUC bases for the two-fermion operators.

The identification is done through the intermediate operators written in eq. (D.8). This

table has two copies: one for leptons, f = =, and another one for quarks, f = = ¢;
2

having both of them the same formal structure, but (1) the operator O;f“, which only is
present in the quark set. P-even (P-odd) operators are shown in the upper (lower) block.

D.4 Four-fermion operators

The procedure to make the equivalence between four-fermions EWET and MUC
operators is analogous to the previous section. First, it is required to identify
the C'P-even custodial invariant structures in an intermediate basis and, second,
establish the relation between both bases.

A general four-fermion operator in the MUC basis has the form

(VinTaswhs) (P5iTmsv5s) (D.9)
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where Greek letters indicate spinorial indices, which remain usually omitted since
spinor contraction within the brackets is always assumed. Otherwise, a, b, ¢, d and
i, J, k, [ correspond to SU(3) and SU(2) indices; while p, ¢, 7, s stand for a quark or
a lepton. As well as in the EWET, Fierz identities, detailed in the appendix B.2,
reduce significantly the number of four-fermions, forcing to select which operators
are considered as independent and which redundant. In the MUC convention,
SU(2) and SU(3) indices always contract the same pair of fermions, i.e., if the
SU(2) indices i and j are contracted in eq. (D.9), then the SU(3) ones a and b
must be contracted too. Analogously, the contraction of ¢ with [ implies that a
and d are also connected. However, the possible redundancies and combinations
among all the index contractions depend heavily on the particle content of the
four-fermion operators. In any case, we disregard all those structures carrying
different particles within the same bracket, which are expressed through other
operators of the basis.

Nonetheless, the formal structure of the operators in the intermediate MUC
basis for four-fermion structures, denoted with a small tilde ~, is similar for
the distinct fermion classes and they only differ in the number of them being
independent. According to the bilinear particle content, we find 6 distinct struc-
tures in the lepton-lepton case, 12 operators in the quark-quark set and 14 in the
lepton-quark mixed one, as well as it happens in the EWET case (see table 3.3).
In the following, we show the possible custodial invariants to be constructed for
these operators, divided in three subsets: chiral current structures, oY AL/ R scalar

current operators, (’)43 and tensor current terms, (’)4T ; being 1,1’ = [,q the
fermion type of the first and second bilinear, respectively. We find

OZfLLl (rypr) (WP ) =g, Orrt,

1
O4LL2 (YT L) (WA T4 ) Y=a, Orr2 + *OLLL

4LR1 = (Yryu¥L) (YY" ) RAALN Orr1 + OLrs,

Ozngz (LT L) (Pry" T YR) Yr=a, Orr2 +OrRa s
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@Zi%/ﬂ = (VrYu¥R) (WY VR) =, ORrri + Ogrr2 + 20RR3,

Ofﬁm (VrRY T YR) (VRN T YR) L 5ORR1 + *ORRQ +20RRa ,

3 3
YLUYR) (VL UYR) + hec. v, Ory1 + OFYS +20g75 + h.c.,

4Sl

= (¥
0%y = (DLUGR) (U YY) DVEL Oy + Olys — 2(OLR1 + OLRs3)
1

1
(OLr2 + OLpa) + E(OLRIQ — Orr10) — Orri1 + OLR13 ,

OV = (PLUTYR) (P, UT W) +he. 22=% Opys+ Opys

4+ 20g77 + h.c.,

\]

~ ’ — - 1
O = (BLUT ) (WU T"}) 2= Opys+ Ohyy = 5(Oumi + OLms)

1
+ 7(OLR2 + Orr4) — == (Orri2 — OLR10) + E(OLRII — OLR13),

72
5 1— 20
Ofm (VrUouwbr) (W U™ R) + h.c. pv=a, —;(Opm + Ory3)

—16(Opy2 + Opya) — 80575 — ?OSTG — 320578 +h.c.,

>4 4 - - s /— 32
O = (LU0 T r) (D, U™ T}) + he. 225 ~5 (Ory1+ Orys)

4 64 16
— g(@pyz + Ory4) — EOSTG —80g717 + §OST8 +h.c.. (D.10)

As in the two-fermion intermediate operators, the last equation definitions stand
for all the fermion types, although their exact correspondence with the MUC
basis is only set for the quark-quark bilinear operators, as indicated with the
arrows. The four-lepton and the two-lepton two-quark case are slightly different.
Four-lepton operators, however, are not sensitive to operators including explicit
SU(3)¢ generators, 7%, so they must be removed. In the mixed two-lepton and
two-quark case, all the above 12 relations from eq. (D.10) apply, but the number
of operators increases since the bilinears can be lepton-quark or quark-lepton.
Indeed, the number of operators in this case 1s 14 because all the relations are
symmetric under 1) < 1’ but (’)}fg p and (’)4 LR

The conversion between the EWET and the MUC basis for four-fermion op-
erators is set in table D.4.
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Four-fermion P-even operators — lepton-lepton bilinears

EWET MUC

Oﬁw? Olls, + 20k,

o 12%2%2 —Oll, + 20,
O;p?w? Orr1 + Ollpgy + 2045,
OZ) A Oty + Olfggy — 2045y
o5 Olry

Four-fermion P-odd operators — lepton-lepton bilinears

EWET MUC

AUTYT All All
Ol O4RR1 - O4LL1
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Four-fermion P-even operators — lepton-quark bilinears

EWET MUC

vivg 1A Ala 1 Al 1 Al 1Al Al
01 60 0453 - ﬂO4T1 - ZO4T2 - §O4LR1 - 2O4LR2

Y2 1,4 1 ,Alq 1 Alg Alg
O,' 60 451 T 0433 + 24O4T1 + 19412 = 3041r1 — 20412

2./,2
O;b A 0451 + 20452
2.2 ~ ~
oy ~Olfy, + 20}k,
AN Vo L NS Vo L AR Yo [ RSN Yo [N VG /LB Yo
5 3Y4LL1 4RR1 4L L2 4RR2 — 4582 454

P22 1,4 1Al 4 Al
O * §O ior1 + 30k + 204LL2 + 204RR2 + 30,5, + 8(9454

oy O 1y + Oty +20% 1)
Og) v Ol arr1 T O4RR1 Q@fquRl
oy 20/, 1200, + 100, + Ol
0} Ol

Four-fermion P-odd operators — lepton-quark bilinears

EWET MUC

oyt 10k, 208, + 10, + 20,
6;%%3 _%@ﬂ:m - Q@Zle + %@Z%m + 26313122
6;?121#3 @fLRRl - @iqLLl

oyt Ot — O 1y
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Four-fermion P-even operators — quark-quark bilinears

EWET MUC

vavs |1 1 1,5 1A A
o, 0451 0453 03%1 10072 — 3001 r1 — 201 1o
Owgwg l@ +ON, 4 1A 4 1P 1A 91

2 6451 453 T 22Y411 T 1Y%412 — 3VY4LR1 ALR2
oy O, +20%

3 451 T 20450

2,02

Ojf W% —04L, + 204,
01#31/’3 11 41 qu 19209 4 9% 40 oLt

5 341 4RR1 ALL2 ARR2 452 — 0454

Wi |14 1 4
Og""" | 30411 + O4RR1 +20% 1, + 2008 4, + 0452 +801L,

oviva 0% L ON 4 90w
7 arin T Yirr T 2Ym
0¢3¢3 A1 A1 _ 994
8 arc1 T Oirm ALR1
ovivi 209, — 1209, + LOW. + O
9 20451 153 T Y1 T Caro
P2ep2
Oy * Oy

Four-fermion P-odd operators — quark-quark bilinears

EWET MUC
@1/’31/’3 1P 9@ 4 139 | 9d9
1 3YirLn 4rL2 T 3Y4RR1 4RR2
~ 2w2
O, O4RR1 O4LL1

Table D.4: Conversion for the EWET and MUC bases for the four-fermion operators.
The identification is done through the intermediate operators written in eq. (D.10). There
are three different particle sets: lepton-lepton, lepton-quark and quark-quark bilinears,
organized in separated tables. For each set, P-even (P-odd) operators are shown in the
upper (lower) block.
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Appendix E

Spin-1 field representations

Spin-1 quantum fields differ from other kinds of fields in the singular fact that
there is not a unique form to describe them. The theory itself leaves some free-
dom in the representation of this sort of fields, which lead to different spin-1
formalisms, being the Proca vector field and the rank-2 antisymmetric tensor
formalisms the most renowned ones. Their phenomenology and predictions, how-
ever, are expected to be exactly the same, since the selection of any of them as a
field representation does not respond to any particular physical reason.

In this appendix we prove, indeed, this last statement. Nevertheless, we first
introduce some concepts and notation about the antisymmetric field representa-
tion, prior to justify the equivalence of both formalisms mentioned above.

E.1 Comparison between Proca and Antisymmetric
formalisms

While the Proca vector formalism describes spin-1 particles as vector fields, R,,,
e.g.,the SM gauge fields; the Antisymmetric representation is a spin-1 field for-
malism formulated through spin-1 rank-2 tensor fields, antisymmetric under any
Lorentz index permutation, u.e., i, = —R,,. The general kinetic Lagrangians

165
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of the Proca and the Antisymmetric [20,22] fields are!

1 - N 1 A A

1%

£Rroca _ _ZRMV R _ 5*]\412“2 R“ R*,
. 1 1

LR = =2 O Ry, RN + L MR R R (B.1)

where RW = QH]:EV - 8,,RM is the usual Proca field strength tensor. They yield
the following EoM, respectively:

ORM" + MAR =0,
MO\ RN — 9"O\RM + MAR"™ = 0. (E.2)

In addition, taking the derivative in the last equation for the antisymmetric case
displays also an interesting relation

9, (0% + ME)R™ = 0. (E.3)

Prior to analyzing how the Proca and the Antisymmetric propagators are
built, it is convenient to define the transverse and longitudinal Lorentz projectors,
being respectively,

q"q” q"q
Pq’ﬂw(Q) = g" - qT’ PEV(Q) = q2 . (E4)
On the one hand, we can use these elements in order to construct the Proca
propagator, which can be written in an arbitrary gauge, Ry, like

. v ; v .6 v
iAW (q) = —5——5 PE(q) + —5—5 PI(q)
KO = ag—p O ag-g
{ v 5 -1 q2 v
= M]% — q2 {g” - §(M12% _) q2 Pf (Q)} ) (E5)

just as the SM propagator of the electroweak gauge sources W# and Bu- In
particular, taking £ — oo one recovers the unitary gauge usual formulation for
the propagator for the Proca fields
i i
iAL = ——— P(q) + — P/
R (Q) M}% — qz T (Q) M]Q% L (Q)

; 2

1 v q Y1274

= 559" -~z P (q)}- (E.6)
M,%—(f{ Mgt

!For simplicity, we compare both formalisms for a a general object R which is a singlet under
SU(2) and SU(3).
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On the other hand, the Antisymmetric propagator requires the construc-
tion of some auxiliary four-index tensors, expressed in terms of the projectors
in eq. (E.4), and defined as

1 1 vo
Auu,po’(q) = qu [gupQV‘]a — 9pv9u9o — (pero)] = ) lefp(Q) Pr%(q)
]‘ a 14 1 174 a 1 vo
- §P¥ (9) P;"(q) — §PTp(Q) Pr%(q) + 5 Prod) Pr’(q)
1 1 1 1

= 59" P%(a) — 59" P"(q) 9" PL7(q) + 597 P"(a)

2

pr,pa(Q) [gup qvqo — 9pv Qudo — q2 GupGvo — (P & 0)}

28
L up vo | — vp
= §PT (q) Pr7(q) — §PT (Q)PT (@) ,

1
Livpe = ) (g,up 9vo — Guo gup) . (E.7)

Notice that the three tensors are antisymmetric under the exchanges p <+ v and
p <> o. Besides, these elements play an analogous role in the Antisymmetric
formalism as the conventional projectors do in the Proca case. They satisfy,
indeed, the projector algebra:

QA=A Q=0 AA=A  Q.Q=0, A+Q=1, (E8)
and also
q“ Qw/,pa(Q) = qy Q/u/,pa(‘]) = qp Q,uu,pO'(Q) = qg Quu,po‘(Q) = 0. (Eg)

Hence, we are able to characterize properly the Antisymmetric propagator in
terms of these quantities:

21 21
RMV RPO N — AHVPO 4+ 2 Quveo
< >F (Q) MIQ% _ qg (Q) MIQ% (C])
2 2
= — L 5 {I/Mpa _ LZ Q<q)w/,p0}
Mp —q Mp
2 2 2
= Tt apoa S Alg) . (E.10)
R R — R

Finally, polarization vectors in the Antisymmetric formalism, eé‘ l; (p), can be

i
related to the standard Proca polarization vectors, e’é) (p). Therefore, given a
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momentum p and a polarization ¢, the outgoing spin-1 matrix element in the
Antisymmetric representation reads

(01 R™ | Rp.c,) = €¥(0) = 5~ [P, 0) = 0)] . (B

The products of two polarization vectors in the Proca and the Antisymmetric
representations, summed over all the physical polarizations® are found to be,
respectively,

e (p) e () = —2A(p)" 7 (E.12)

E.2 Spin-1 formalism equivalence

For some time, it has been controversial which field representations (if any) should
be used for computing a given physical process involving spin-1 particles. Naively,
calculations show quite different results and lead to an incompatible phenomenol-
ogy. Nevertheless, it is clear that an unphysical selection for spin-1 field repre-
sentation cannot generate a distinct outcome for any physical observable.

We prove the equivalence of the Proca and the Antisymmetric formalism at
the path integral level, showing that it is possible to relate them with a change
of variables in the generating functional. Without losing any generahty, we con-
sider a massive resonance state in the Proca representation, R3, being a triplet
under SU(2)r+r and an octet under the color SU(3)¢c group. It will be easily
generalized to the rest of resonance states afterwards. As indicated in eq. (4.7),
a given high-energy Lagrangian can be split in a resonance and a non-resonance
Lagrangian. In particular,

LORS, 6] = LORS, 6] + £E) 1l65],

non-R

R
LORS, o] = LYRS, 6] + £D) 1105, (E.13)

2Recall that €;)(p) -p=0and p? = M3.
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where ¢; include all the light fields considered in the EWET and being
R - 1 AN
3 (B0 = — (B3, BS™ )os + 5 Mp (R3,RS" )as

<R3u RS + R3MVXR8 >23a

A v 4
LIRS, 6] = V“R3WV REM + < 4 Mps RS, RS"

<R3uVXR8 >237 (E14)
with RS o = Vul?igy ~ V., RS ., the resonance Proca strength field tensor and

1
1 pv uv - u v v, M
X gy = Xps + 5(V'Xpgs = V/XGgs) (E.15)
a compact structure for all Antisymmetric resonance interactions.

In order analyze the equivalence between this Lagrangian and the Antisym-
metric one, we write the generating functional of the light fields where the Proca
R§ fields are explicitly integrated,

Z¢;] = N/dRS exp{ /ddx £®) [Rg,qu]}

= N / [dR3] [dRS] exp{ / ddx <£<P>[R§,¢j] <RWR§“”>2,3>}.
(E.16)

In the second line, there has been added the Antisymmetric term ( R§ WRg " %93,
which only alter the identity by incorporating a global factor submitted in N”.

After this step, the next change of variables, analogous to [80,81], is required

1 1 1
uv duv  H3uv A _Lyen Hv
R —)MRSR R +2<XR§ 2<XR§>2 3<XR >3+6<XR§>2’3> .
(E.17)
When applied to eq. (E.16) it yields
Mps o
Z[pj] = N / [dRS] [dRS) exp / ddx <A£ )RS, ¢;] + T$<R§HR3“>2,3

+ <R§uj“>2,3> } ; (E.18)
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provided one introduces the source J* [81] and identifies the remaining piece as
a contribution to the kinetic Antisymmetric Lagrangian plus some non-resonance

terms, being
Sv
Jh = XRS +MR§VVR3 “,

1 8 uv N77%
8<R3;WR g >23 + MR8<R3;¢V r > 2,3

ALWIRS, ¢;] = o

1 1
S ~ v _ - S ~ v _ - oo 24
+(<><R§Wxé§>z,3 3 (g 12020200 = 5 (R Dol Do

1
- o
T s <XR§ uv>2’3<xég >2,3> : (E.19)

At this point, it is possible to perform a Gaussian integration in the path integral
over R§ and recover the full Antisymmetric Lagrangian from eq. (E.13) (resonance
and non-resonance contributions),

216)) = X [1aRy exp{z' / ddx(M(A)[R?,@] a7z (2= 5708

;<JM>3,3D} N / dRj] exp{ / dlx £ [RB,@]}, (E.20)

where
£n = ((Rag Wi han = 5 (12502l g, )
Loy /o L. 2
— §<<XR§>3<XR§W>3>2 + 6<XR§“”>273>
1 I
sz, (g 20 = 5 (g ol s
3
Lol yars P INRY (P)
- 5 (g hal gy, ade + g (g, ) + Lo (B2D)

Finally, in order to properly recover the resonance contribution for the Antisym-
metric Lagrangian, the following identification is made

1 v 14
Vit = v L (g - )
1

(V" = V"X ) + Mg Xt (E.22)
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Hence, the Proca and the Antisymmetric formalisms are proved to be equiv-
alent. Nonetheless, the conversion is not only requested for the high-energy res-
onance Lagrangian, but the non-resonant contribution too.

The results of eq. (E.22) and eq. (E.21) can be easily generalized to all the
types of spin-1 heavy states, being vector or axial-vector in whichever n-plet
representation under the custodial symmetry and the color group. The general
resonance interaction tensor and the non-resonant Lagrangian equivalences be-
tween the Proca and the Antisymmetric formalisms are found to be, respectively,

1 v 14
X + 5 (V"X = V"X )

1 » L »
~ 2Mpn <V“Xf%m -V Xén) + Mgy X’}{nm (R=V,A), (E23)
and
A 9 SHY 1 AUV ~
= 8 5 [ (Cap 020 — 30 el gy, 0

RV Ry Ry

. 1
- 3R g o+ (i)
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Appendix F

Short-distance constraints
computation

The determination of the Wilson coefficients associated to the short-distance lo-
cal Lagrangian, formally identical to the EWET LECs, can only be fixed by the
requirement of the high-energy theory to behave properly in the short-distance
regime. It implies the assumption of some properties that prevent the EFT to
break at large energies, imposed over a set of Green functions. These particular
calculations are both sensitive to the resonant and non-resonant high-energy La-
grangians in such a way that once the high-energy constraints are incorporated
the Wilson coefficients of the local Lagrangian are fixed.

This procedure is performed for every high-energy coupling associated to a
non-local operator. However, we only focus in those ones related to spin-1 heavy
states due to the non-unique representation for these fields. Indeed, local con-
tribution values depend strongly in the chosen representation, either Proca or
Antisymmetric. Otherwise, spin-0 and fermion resonances do not bring the same
ambiguity since they are unequivocally set.

In this appendix, we analyze most of the Green-functions not computed ex-
plicitly in chapter 6. There, we already studied the vector and axial-vector form
functions, ]Fg ¢(5), the fermion-Goldstone forward scattering, Mg ¢ and the
generic Green function in eq. (6.18) involving all single Lorentz index interactions.
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F.1 Two-Goldstone scattering amplitudes

We consider a general scattering process involving four Goldstone bosons with
polarizations a, b, ¢, d, respectively,

T (p1) ¢"(p2) — ¢°(p3) ¢ (pa)] = A(s,t, ) 6apbea + A(t, 5, ) SacOpa
+ A(u, s, t) SadObe (Fl)

where s,t,u are the so-called Mandelstam variables. The underlying SU(2)r+r
and the crossing symmetry, actually, allow us to write this computation in terms
of the generic amplitude A. Depending on the selection of the Proca or the
Antisymmetric formalism to describe the spin-1 resonance fields, the following
results are obtained, respectively:

2 2 242
A(Stu)SDP_gV t(s _u) ’U,(S _t)
2 b = 4 2 2
v t_le U—MV31
N §,24 t(s>—u?)  u(s®—1?) 22 §* 48
v t_foé u—Mf‘é v Mgll—s v?
4 SDP _2 SDP (,2 2
+v—4[2f5 7+ Fpot (P +ut)]
spa G| 2 —? s2 — t? G4 | s —u? s2 — 2
Als, t,u) -4 2 2 1 5 T 2
v t—MV31 u—MV31 v t_MA§ “_MAé
2¢5 s? S 4 SDA _2 SDA (,2 2
+ = + 5+ [2F5PA S+ FPA (P )]
'U4 Mgvll_s 2 /U4 [ 5 4 ( ):|

(F.2)

Notice that the resonance exchange contributions (proportional to g‘%, 9124 and
G?,, G124 in each case, respectively) present a different high-energy behavior. As
in the previous cases in section 6.2, this discrepancy is originated by the different
internal structure of the resonance formalisms. While the Antisymmetric reso-
nance contribution (and also the scalar contribution mediated by ¢4) grows with
energy as E? and it does not break the Froissart bound for the cross section, the
Proca one exhibits an unacceptable growing proportional to E* which violates
unitarity. Therefore, non-trivial short-distance local terms arise in this case in
order to fix the short-distance regime. Likewise, the Antisymmetric values for
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their analogous local terms are forced to be zero, as well. They yield

2 ~2 2 ~2
Feor = vy 94 % _ 94
Tty 4 4

FiPA =0, FSPA — 0. (F.3)

FSOP _

One can perform similar calculations for scattering processes involving the
Higgs field, like ¢ — hh or hh — hh. These amplitudes receive contributions
from both the vector and axial-vector resonance exchanges and the short-distance
local operators Og 7 for the Goldstone-Higgs scattering and Og for the four-Higgs
forward scattering, as well as other non-concerning contributions for this study.
Once analyzed these amplitudes, the Proca and Antisymmetric short-distance
coupling terms acquire the following values:

FEDP _UQ(Xile2 + A4 2) FSDP _ U2()\ile2+XlllV 2 FEPP — 9,
FePh =0, FPPA =0, F$PA = 0.
(F.4)

Notice that Fg does not receive any contributions from the SD Lagrangian. In-
deed, this is found to be the only EWET NLO operator not sensitive to the
resonance interactions.

F.2 Two-point vector and axial-vector correlators

We construct the two-point Green functions for the current correlators, both the
vector and the axial-vector ones, defined as

i/d4a: @) (0| T [.7;‘(37) T 10) = 0ap (9" ¢* + ¢"a") 771 (d%)
(F.5)

where 7, J" € {V, A} stand for the chiral currents already introduced in eq. (6.7).
The computation at LO for the vector, axial-vector and mixed correlators show

f‘g/ q2 f; q2 2 ]:SDP 2]_‘SDP SDET P
M —¢* " ML -4 (F2F 27570 ( ),
H 2 — 3 3
wi(q”) 2 =
V__ 4+ A — 2 (FPPA 42 75PA) | (SDET-A),

M‘2/31 — q2
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i fod 2
AT T T (P 2 ER) | (spETR),
i = ’ ’
A4(¢7) 2 72 )
i v v SDA SDA
+ - Y+ 2 (FPPA-2F , (SDET-A),
ML - ML - P i )
72 2 -
B f‘gqu2 B f%qu2 4 4 FSOP. (SDET-P) .
2 MVgl — 4 MA% 1
Iya(g”) = _ _
Fy Fy Fy Fy TSDA
B B 4 4 FSPA (SDET-A).
M‘2/31 - q2 Mié - q2 2
(F.6)

The quantity ITyy(g?) — IT44(q?) is an order parameter of EWSB. Since it can
only be proportional to symmetry breaking parameters, this correlator difference
is required to fulfill some soft conditions in order to keep an stable high-energy
regime. In particular, it must satisfy the unsubtracted dispersion relations intro-
duced in eq. (7.15). As well, the correlator Iy 4(¢?) is demanded to be zero at
large energies, for similar reasons. These two SD constraints yield

1

AP = L (B-R-B+R). B = (et fifi)

FPA =0, FaPA =0. (F.7)

Additionally, the vector and axial-vector correlators (alone) still present a
different high-energy behavior. In principle, one could assume these functions
to vanish in the UV, although this is not a necessary and model-independent
requirement of the resonance theory.! It would lead to

1 ~ ~
S
P = (R+R+£+7).
FIPA = 0. (F.8)
Otherwise, one should include a non-trivial contribution AF$PY = FEPA in or-

der to stay as general as possible, not doing any assumption in regard to the
background UV theory.

Indeed, this condition is not fulfilled in QCD.
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F.3 Fermion form factors

We analyze the following matrix elements

(o) | T [95(2) ) = as(o0) 5T (@) + £ 0 0™ ¥ P g ﬂ up(p2).

(F.9)
with f =1,¢q and I‘@B Vo) = ~* and Fig = yH~5 the Dirac structure associated
to the corresponding fermion currents, J = Vs, A3, V(q), being

o0 = X,, (F.10)

whereas the vector and axial-vector ones are already defined in eq. (6.7). In par-
ticular, we will establish some short-distance constraints over the second form
factor in eq. (F.9), also called magnetic? form factor. Taking J = V3 and assum-
ing the massless limit, the resonance and non-resonance Lagrangians contribute
to this element with

v T A
5 ,SDP
—4v/2 T} fVQCOfS + fg%fs f]—“wf ,  (SDET-P),
FV3f( ) MV31 — S MA:I,) —
2 \8)= ~ ~
ey FaC§ ,SDA
~4v2 T} (ol 4 5L _VaFE . (SDET-A).
MV31 — S MA;
(F.11)

Well-behaved theories require the magnetic form factor to vanish at large mo-
menta. Hence, the values of the local Lagrangian couplings are set to

w;, SDP
Fs3

foeys + f [ )
\[ ( VoS AC0f

FIER g, (F.12)
for either leptons and quarks, f =1, q.

Analogously, a similar outcome is computed when changing the external
fermion current J = A3, V(). As in the previous case, their magnetic form

It is also common to define this form factor with a different normalization Fg (¢®) =
my F5 (°).



178  APPENDIX F. SHORT-DISTANCE CONSTRAINTS COMPUTATION

factors are also demanded to vanish in the UV. Hence, it yields for the following
two-fermion SD couplings

V3 ¥%,SDP V3 ¥%,SDP =% ~%,SDP
~7:3f:~7:3f 7 ]:4f: 4f ’ ]:lf:]."lf ,

2 SDA 2 SDA ~12, SDA
RN g, FES o, e RS )



Resumen de la tesis

El Modelo Estandar (Standard Model, SM) de fisica de particulas representa el
mejor marco tedrico para describir el mundo subatémico. Su importancia radica
en que nos ha permitido adentrarnos en un nuevo nivel méas profundo de la rea-
lidad fisica y del mundo que nos rodea. En el ano 2012, fue confirmada la dltima
particula fundamental que completaba el modelo, el bosén de Higgs, en el Large
Hadron Collider (LHC) y en la actualidad no hay ninguna evidencia de ninguna
nueva particula exética ni de ninguna desviacion significativa de algin pardametro
de la teorfa (las masas de los neutrinos pueden ser incluidas facilmente). Ademas,
son ya numerosos los modelos de altas energias que han sido descartados o que
han sido pospuestos a energias superiores. Por otra parte, es bien sabido que
el SM no es la teoria definitiva de la fisica de particulas. Hay todavia algunas
cuestiones esenciales a las cuales este modelo no puede dar respuesta.

En lugar de buscar nueva fisica mediante la eleccién de algin modelo en
concreto o la deteccién directa de nuevos estados, esta tesis estd ideada desde un
punto de vista independiente del modelo y trata de identificar cualquier fuente
de nueva fisica de una manera indirecta, es decir, a través de discrepancias con
respecto a las predicciones del SM. Es por ello que las teorias efectivas de campos
(effective field theories, EFTs) son la mejor estrategia para llevar a cabo este
propdsito y su uso constituye uno de los pilares de este trabajo. Al no tener
que realizar ninguna hipdtesis sobre como se rige la fisica a més altas energias
ni qué teoria fundamental subyace, las conclusiones de esta tesis son validas
para cualquier modelo especifico que satisfaga las premisas de la teoria efectiva.
Por lo tanto, no asumir ninguna condicion salvo que sea imprescindible y tener
planteamientos generales es una prioridad.

Otra de las motivaciones de esta tesis la encontramos en la analogia que se
establece con respecto a la teorfa quiral de perturbaciones (chiral perturbation the-
ory, xPT) y la teoria quiral de resonancias (resonance chiral theory, RxT). Mien-
tras que las interacciones fuertes estan regidas por la cromodindamica cudntica
(quantum chromodynamics, QCD), su computacién es técnicamente muy com-
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pleja y en algunos casos impracticable, especialmente en el régimen de mas bajas
energias. Ciertamente, es mucho més conveniente emplear xPT y RxT para de-
scribir las interacciones fuertes en este rango del espectro. En este escenario, los
mesones pasan a ser los elementos primarios y las variables efectivas de la teoria,
en lugar de los quarks y gluones, y, de hecho, no es siquiera necesario asumir QCD
para su formulacién. En esta tesis nos planteamos si un escenario similar podria
ser posible en el contexto de las interacciones electrodébiles. En esta situacién,
el SM desempena el papel de xPT como teoria de bajas energias, mientras que
las resonancias electrodébiles serian andlogas a RxT. Seguramente existe una
teorfa ultravioleta (UV) que explica la fisica atin inexplorada, como hace QCD
en la comparacién; no obstante, este hecho no es relevante para el propédsito de
este trabajo, ya que ni el andlisis de las resonancias ni las conclusiones obtenidas
dependen de ella.

Teniendo como sustrato las teorias efectivas, nuestro punto de partida es la
construccion de la teoria efectiva eletrodébil (electroweak effective theory, EWET).
Esta concebida como una EFT de cardcter ampliamente general en la que estan
incluidos todos los grados de libertad (ligeros) del SM, asi como las simetrias
que lo gobiernan y que dan lugar a las interacciones fuertes y electrodébiles. La
EWET esta constituida, en primer lugar, por quarks y leptones, aunque solo
consideramos una unica generacién. Los gluones, invariantes bajo el grupo de
color SU(3)¢, median las interacciones fuertes; mientras que los bosones gauge
electrodebiles también estan incluidos y se transforman bajo el grupo de simetria
extendido SU(2)r, ® SU(2)r®U(1)x, donde L y R hacen referencia a las compo-
nentes quirales y X = (B—L)/2, a la semidiferencia entre los niimeros bariénico y
leptonico. Consideramos, ademas, un boson escalar tipo Higgs de masa my, = 125
GeV, singlete bajo los grupos de simetria anteriores. A diferencia del bosén de
Higgs del SM, este campo en la EWET no forma parte de un doblete de campos
escalares complejos. De esta forma, no realizamos ninguna suposicién acerca de
como esta acoplado esta particula al modelo. La tnica hipétesis que efectuamos
es el patrén de ruptura de la simetria, consistente con la fenomenologia existente
en la actualidad. El grupo de simetria electrodébil se rompe espontaneamente tal
que, SU(2)r, ® SU(2)r — SU(2)r+r, dando lugar a tres bosones de Goldstone
que, a su vez, dan lugar a las polarizaciones longitudinales y justifican la masa
de los bosones gauge.

La EWET estéd organizada de acuerdo a lo que denominamos contaje quiral
(chiral power counting), fundamentado en el comportamiento de los distintos
campos cunticos a bajas energias. Es por tanto posible asignar a cada operador
que conforma la teoria una dimensién quiral, asi como también a los denominados
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building blocks, es decir, a los elementos con los que se construyen los operadores.
Este contaje permite establecer una jerarquia entre todas las interacciones a nivel
de Lagrangiano y la renormalizacion estd garantizada orden a orden. Un rasgo
caracteristico de este contaje quiral es que ni el Higgs ni los bosones de Goldstone
incrementan la dimensién quiral. Este hecho implica, en primer lugar, que el
bosén de Higgs no esta necesariamente débilmente acoplado al resto del SM y, en
segundo lugar, que la EWET es no lineal con respecto a los Goldstones.

Para el propdsito de esta tesis, solo requerimos de aquellos operadores de
més baja dimension quiral, o leading order (LO), y los que inmediatamente
les preceden en cuanto a dimension quiral, o next-to-leading order (NLO); que
corresponden a los Lagrangianos de orden d =2 y d = 4, respectivamente.
Ademas, solo se analizan operadores invariantes bajo la simetria discreta C'P, ya
que los que no satisfacen esta propiedad se encuentran considerablemente supri-
midos fenomenolégicamente. Las interacciones LO, descritas en las ec. (3.24) y
ec. (3.36), constituyen en esencia el Lagrangiano del SM con un sector escalar
extendido. Por otra parte, el Lagrangiano NLO, mostrado en la ec. (3.47), esta
formado por 12 (3) operadores puramente bosénicos con paridad par (impar),
15 (6) términos que incluyen 2 fermiones, y 25 (7) con 4 fermiones. El listado
detallado lo podemos encontrar en las tablas 3.1, 3.2 y 3.3. Cabe destacar que
el nimero de elementos de estas listas no es trivial, ya que se ha realizado un
importante esfuerzo para minimizar esta base. Para ello han sido precisas nu-
merosas técnicas de simplificacién y redefiniciones. En particular, hemos probado
que todos los operadores con dimensién quiral d=3 pueden ser reabsorbidos o
reexpresados en términos de los anteriores. Adicionalmente, mostramos una con-
versién explicita de los operadores de la EWET a otras bases ya existentes en la
literatura [16,35-38]. Un ejemplo de un operador de la EWET, concretamente
de tipo puramente bosénico es el siguiente:

1 v v =
01 == Z<fi f+‘u,1/_fﬁ ff/»w>2 con ]:1 01 C‘C’dNLZJLO (814)

Los términos f{” son uno de los building blocks mencionados anteriormente. Este
en particular tiene dimension quiral d = 2, por lo que es facil deducir que el
operador completo tiene dimensién quiral d = 4y, por lo tanto, pertenece al
Lagrangiano NLO, Eﬁ?fé.

Todos los operadores estan parametrizados en términos de sus respectivos
coeficientes de Wilson, también denominados en este contexto constantes de
acoplamiento de baja energia (low energy coupling constants, LECs), como es
el caso de Fi en el ejemplo previo de la ec. 8.14. KEstos parametros se caracte-
rizan por ser los mejores indicadores indirectos en el rango de bajas energias de
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la presencia de estados masivos. De hecho, un evento es considerado de nueva
fisica si alguna LEC exhibe una variacién significativa (méds de cinco desviaciones
estdndar) con respecto a los valores predichos por el SM (cero en el caso de las
LECs de orden O d(p‘*)). En la literatura existente, son numerosos los trabajos
en los que se analiza el patrén de las LECs para modelos especificos, especial-
mente aquellos donde el bosén de Higgs estd introducido linealmente a través de
un doblete de campos escalares complejos y se encuentra débilmente acoplado.
Entre ellos, los podemos encontrar tanto a nivel drbol [123-130], como a un loop
expandido en serie de potencias de algiin parametro de pequeno valor [131-140].
En cambio, en esta tesis analizamos las contribuciones de las LECs en un entorno
no lineal, ya que de esta manera no es necesario hacer ninguna hipdtesis sobre
cémo el bosén de Higgs y la nueva fisica en general estan acoplados al resto del
SM.

Con la mirada puesta en YPT y en RxT como su extensién con resonancias
mesoénicas en el contexto de las interacciones fuertes, construimos la teoria de
resonancias electrodébiles en un marco de trabajo de caricter general, indepen-
diente de modelo y, a su vez, para ser una herramienta 1til para explorar nuevos
estados masivos en el rango del TeV en adelante. En general, denominamos re-
sonancia a cualquier objeto de alta energia que esté vinculado de alguna forma a
las interacciones electrodébiles y que no esté predicho por el SM. Esto se mani-
fiesta formalmente en la teoria de resonancias a nivel de Lagrangiano con la in-
clusion de los siguientes estados masivos: resonancias bosénicas de spin-0 y spin-0
con ntmeros cudnticos J©¢ = 01+, 0~F, 17—, 11 y resonancias fermiénicas de
spin-(1/2). Ademsds, todos estos objetos estdn presentes en la teoria formando
tanto singletes como n-pletes bajo los grupos de simetria custodial, SU(2)r+r,
y de color, SU(3). Cabe destacar que, a pesar de que el término resonancia nos
puede recordar a teorias fuertemente acopladas, este trabajo también es valido
para modelos débilmente acoplados, si bien es cierto que el enfoque quiza es
mas adecuado para los primeros. De hecho, las conclusiones de esta tesis son
generalizables a cualquier teoria que incluya resonancias.

El Lagrangiano de resonancias estd constituido por un conjunto extenso de
operadores de alta energia en los que interactian una tinica resonancia con otros
campos ligeros ya presentes en la EWET. Se incluyen, por lo tanto, todos aquellos
operadores cuyas contribuciones a baja energia implican a los Lagrangianos LO y
NLO de la EWET. Asimismo, las interacciones entre dos o més estados pesados
son procesos de mayor orden quiral al analizado en este trabajo y, por lo tanto, no
son estudiadas. De manera similar a la teoria de bajas energias, se ha realizado un
esfuerzo notable para eliminar todas las redundancias y todas las dependencias
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que existen entre las distintas estructuras, con el propdsito de simplificar y reducir
el Lagrangiano de resonancias en la medida de lo posible.

El procedimiento para obtener las contribuciones de las resonancias en térmi-
nos de la EWET es equivalente al empleado en xPT [22-24], por lo que utilizacién
es ya bien conocida. Formalmente, el método se basa en integrar las resonancias
de la accion que rige la teoria a altas energias. Una vez obtenidas las soluciones en
primera aproximacion de las ecuaciones de movimiento (EdM) de las resonancias,
son sustituidas en el Lagrangiano de forma que el resultado queda expresado en
funcién de campos ligeros inicamente. Es posible entonces conocer el orden quiral
que deriva de las interacciones con estados pesados y proyectar sus efectos en los
Lagrangianos LO y NLO de bajas energias.

La forma genérica de estas contribuciones a las LECs queda reflejada en la
siguiente expresion:

1
AF;, ~ —5 X g1 X g2, 8.15
M?z g1 X g2 ( )

donde My es la masa de la resonancia en cuestién y g1 v g2 son dos acoplamientos
cualesquiera del Lagrangiano de altas energias que parametrizan sendas interac-
ciones. Asi pues, el patrén completo de estas estructuras configura la totalidad
de las trazas de las resonancias en las LECs, es decir, la firma que los estados
pesados rubrican en la teoria de bajas energias y que advierten de su existencia en
el espectro. El conjunto de todas las contribuciones a las LECs, tanto puramente
bosénicas como aquellas con uno o dos pares fermionicos se encuentran en las
tablas 5.1, 5.2 y 5.3-5.5, respectivamente.

La siguiente interaccién con una resonancia vectorial (spin-1) singlete de color
y triplete bajo el grupo de simetria custodial, es uno de los ejemplos que se
analizan en esta tesis:

1 v -~ v
v LV P+ B ) Vi) (8.16)

En particular, el campo pesado estda descrito en el formalismo Antisimétrico,
mientras que Fy y }~7V son los acoplamientos asociados a estas interacciones con-
cretas con este objeto masivo (con paridad par e impar, respectivamente). Una
vez integrada la resonancia de la ecuacién previa haciendo uso de su EdM, queda
reemplazada por un conjunto de campos ligeros con dimensién quiral d=2. De
esta manera, la ec. (8.16) queda reflejada en una estructura de dimensién quiral

d = 4, a su vez proporcional a combinaciones de los acoplamientos Fy y Fy. Al
proyectar este resultado en la base de operadores NLO de la EWET, se obtiene
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que tres de las LECs son sensibles a estas interacciones:

F2_F2 F2 1 F2
T M T,
Vg Vs
~ Fy P
AF, = -1 (8.17)
4M,

El total de todas las contribuciones de alta energia a las LECs es, de hecho, la
suma de todas las contribuciones individuales, obtenidas de manera analoga a
este ejemplo ilustrativo.

Una de las partes centrales de esta tesis es el andlisis de estados pesados de
spin-1, tanto vectores como vectores axiales (o axiales, simplemente). Al con-
trario que el resto de las resonancias, estos objetos se pueden implementar (y se
implementan) en el modelo con distintas representaciones de campos cudnticos.
Concretamente en este trabajo, nos centramos en los formalismos de vectores de
Proca (Proca) y en el formalismo de tensores antisimétricos de rango 2 (Anti-
simétrico), que son a su vez los més extendidos en la literatura. La utilizacién
de una u otra representacién no es una decision trivial ya que aparentemente
dan lugar a distintas predicciones sobre las LECs. De hecho, si consideramos la
interaccién de la ec. (8.16) pero descrita en el formalismo de Proca, obtenemos
que no contribuye al Lagrangiano de la EWET a NLO. Indudablemente, este
suceso esconde un problema de fondo, pues la seleccién de la representacién no
es fisica sino una eleccién. Al igual que con este operador en particular, el pro-
blema persiste para todos los procesos que involucran resonancias de spin-1 a nivel
arbol: las predicciones a baja energia de las resonancias dependen fuertemente
del formalismo utilizado.

En este trabajo mostramos que ambas representaciones de campos de spin-
1 son equivalentes, como cabia esperar, mediante un cambio de variables en la
accion a nivel de integral de camino. La confusién generada es debida princi-
palmente a la falsa premisa de que los Lagrangianos de interaccién de resonan-
cias deben producir los mismos resultados, cuando esta es solo una parte de las
involucradas en la resolucién. En cambio, la equivalencia tiene lugar una vez
considerada toda la estructura de la EFT:

(P)

non—R

(4)

£+ £ 4 D (8.18)

donde P y A hacen referencia a Proca y Antisimétrico; v Lr ¥ Lnon_r a los
Lagrangianos de interaccién con y sin resonancias de la teoria de altas energias,
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respectivamente. Cabe destacar que, al igual que los Lagrangianos con resonan-
cias son diferentes en ambas representaciones, también lo son los Lagrangianos
sin resonancias, ya que tienen distintos coeficientes de Wilson, como también son
distintos los acoplamientos de bajas energias, pues estamos tratando con distintas
teorias efectivas. Uno de los hitos de este trabajo es, en consecuencia, la determi-
nacién de manera explicita de las identidades algebraicas que relacionan tanto los
Lagrangianos de la ec. (8.18) como sus constantes de acoplamiento. Una de las
identidades que obtenemos es, por ejemplo, la establecida entre los acoplamientos
Fy and Fy del operador de la ec. (8.16) en formalismo Antisimétrico, con sus
versiones duales en el Lagrangiano de Proca, f; vy fp,

Fy ~ Fy
v = U
VB

fA

= 8.19
VT M (8.19)
donde en esta representacién el operador contiene los mismos campos ligeros que
en la ec. (8.18) pero, en lugar de con Vglw,, interaccionan con el tensor V, Vi, —
VVVglu.

Sin embargo, pese a que somos capaces de relacionar ambos formalismos, la
teoria de altas energias no estd univocamente fijada, ya que no podemos cono-
cer a priori qué contribuciones del Lagrangiano de altas energias sin resonancias
intervienen en un determinado proceso que involucre a estos estados pesados.
Para poder eliminar esta incertidumbre es necesaria la inclusién de ciertas condi-
ciones de distancias cortas (short-distance constraints). Se trata de un conjunto
de requerimientos que asumimos con el fin de que la teoria de altas energias sea
consistente y se comporte correctamente en su limite ultravioleta. Entre ellos
destacan la conservacién de la unitariedad o el comportamiento de los factores
de forma y los correladores en el limite de altas energias. Una vez incorpo-
radas estas condiciones en nuestra teoria de resonancias, concretamente sobre un
conjunto determinado de funciones de Green, los coeficientes de Wilson de los
Lagrangianos no resonantes de altas energias adquieren un valor exacto y, de esta
manera, quedan fijados.

Una de las condiciones de distancias cortas que computamos se impone direc-
tamente sobre la diferencia entre correladores (funciones de Green de dos puntos)
cuando las fuentes externas son corrientes vectoriales o axiales, 11y —II 4 4. Para
simplificar este ejemplo, vamos a restringir las contribuciones de estados de alta
energia a la resonancia vectorial singlete bajo el grupo de color y triplete bajo
simetria custodial, V31, como en los casos anteriores. De esta manera, solo el
operador Oq, definido en la ec. (8.14), interviene en el proceso, aunque en este
caso en la teoria de altas energias. La peculiaridad de la funcién de Green que
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estamos estudiando es justamente que es un parametro de orden de la ruptura
esponténea de la simetria electrodébil (electroweak symmetry breaking, EWSB).
Esto implica que el resultado del calculo de dicha diferencia solo puede ser pro-
porcional a pardmetros de la EWSB, como el valor de expectacién del vacio, v.
En cambio, al incorporar las resonancias obtenemos
2 2 =2
v (Fy — FY)
(Myy —Taa)(¢®) = 5 + o5 — 47N, (SDET-A)
q M, —q
v? ( ‘2/ - f ‘%)q2

(Myy = Taa)(¢®) = — + —L5—5— — 47", (SDET-P) (8.20)
q Myy —q

en los formalismos Antisimétrico (SDET-A) y Proca (SDET-P), respectivamente,

siendo A]—"lsDA y A]:15DP los coeficientes de Wilson del Lagrangiano sin resonan-

cias (de altas energfas). Si incorporamos el requisito de cortas distancias, estos

dos parametros se ven inmediatamente forzados a tomar los valores

A]:SDA -0 AJ—_'SDP _ _1 (f2 _ ,]?2) _ _H (8 21)
1 - ) 1 - 4 v v/~ 4M21 ! '
V3

donde, adicionalmente, hemos hecho uso de la ec. (8.19) en el término de la
derecha. Si comparamos precisamente esta expresion con la ec. (8.17), concluimos
que tanto el formalismo Antisimétrico como el de Proca dan lugar a las mismas
predicciones para las LECs.

A lo largo de este trabajo, demostramos que este ultimo resultado es exten-
sible al resto de las LECs, de forma que las trazas de las resonancias a bajas
energias son consistentes con independencia del formalismo empleado. Ademsés,
explicamos cudl de las dos representaciones es la mas conveniente a la hora de
estudiar un proceso fisico cualquiera que involucre estados pesados de spin-1.
Uno de los rasgos mas significativos de la dualidad Proca-Antisimétrico es su
complementariedad. Esto significa que si un proceso con resonancias en una de
las dos representaciones da lugar a una contribuciéon no nula a cierto orden de
la EWET, la otra es nula, y viceversa. Por supuesto, siempre existe una con-
tribucién local sin resonancias que corrige esta discrepancia, pero su calculo no
es trivial. Concluimos que el formalismo Antisimétrico es méas adecuado siempre
que la interaccién con resonancias se pueda expresar con operadores cuyos cam-
pos ligeros tengan dos indices de Lorentz abiertos; mientras que el formalismo de
Proca es mas adecuado cuando estos campos ligeros tengan un tnico indice de
Lorentz. En definitiva, la justificacion de una u otra representacion es puramente
cinematica.
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Finalmente, realizamos un andlisis fenomenoldgico de la teoria de resonancias
electrodébiles, restringido al sector puramente bosénico, con paridad par y sin
incluir operadores que violen la simetria custodial. El Lagrangiano resultante,
que denominamos Lagrangiano reducido, queda descrito en la ec. (7.1). Contiene
8 constantes de acoplamiento de resonancias (kw, ¢4, Ans,, dp, Fv, Gy, Fa
y A"4) relacionadas con 4 estados pesados distintos (S}, Py, V}}W y Al )y de
forma que estudiamos un espacio de 12 pardmetros independientes (que es todavia
moderadamente amplio). Para tratar de reducir el nimero de grados de libertad
del sistema, incorporamos también una serie de condiciones de distancias cortas
tales como condicionar el comportamiento asintotico de los factores de forma
vectoriales y axiales, y dos reglas de super convergencia denominadas Weinberg
sum rules (WSRs), siendo la segunda maés restrictiva. De hecho, esta ultima
regla de suma, a diferencia del resto de condiciones asumidas anteriormente, no
es un requisito indispensable para tener teorias bien comportadas a muy altas
energias. No obstante, se satisface en la gran mayoria de modelos presentes
en la literatura. Una vez incorporadas las condiciones de distancias cortas, las
predicciones de las LECs del Lagrangiano reducido quedan caracterizadas por 7
pardmetros independientes, como se muestra en la tabla 7.1. Adicionalmente, si
restringimos este marco fenomenolégico a los estados vectoriales y axiales, todos
los efectos de estos estados masivos en la EWET pueden ser descritos tinicamente
en términos de las masas de estas resonancias, MV31 vy M ALy respectivamente.

A la hora de contrastar las predicciones de la teoria de resonancias con los
datos experimentales disponibles nos fijamos en los parametros oblique, concre-
tamente S y T, y en los limites actuales de las LECs. Los pardmetros oblique son
un conjunto de observables que miden la desviacién de la nueva fisica respecto de
las predicciones del SM en magnitudes relacionadas con las correcciones radiati-
vas de la teoria electrodébil. En este trabajo, se analizan estos observables para
las resonancias vectoriales y axiales (estados de spin-1) del Lagrangiano reducido
hasta NLO. Para ello, se incorporan en el cdlculo todas las condiciones de distan-
cias cortas, incluidas las dos WSRs [40], haciendo mencién explicita sobre si solo
se incluye la primera regla de suma o ambas. Asi pues, considerando un escenario
en el que se satisfacen las dos WSRs, se obtiene con un nivel de confianza del

68% (95%)

My 0.97(0.94),1].  (8.22)

MA%’%MV:,} >5(4)T€V, HW:MiAé

donde Ky, que parametriza el acoplamiento Higgs-Goldstone, queda fijado como
el cociente entre las masas de las resonancias al asumir la segunda WSR. Ademas
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de establecer cotas para estas masas, también se puede extraer del estudio de los
parametros S y 1" informacién relevante acerca de los limites que estas resonancias
imponen sobre las LECs del Lagrangiano reducido (esencialmente las LECs pura-
mente bosénicas). Se concluye que las resonancias imponen fuertes limites sobre
estos acoplamientos, del orden de |F;| < 1072 (95% C.L.; con i = 1,3,4,6,9),
como se muestra en la ec. (7.25) y en la figura 7.5.

En cambio, los limites actuales que proporcionan los datos de los colisio-
nadores LHC (run-I) y LEP todavia no son lo suficientemente acotados como para
intuir la presencia de algtin tipo de resonancia a través de las LECs. Este hecho es
incluso mas acusado en lo que se refiere a acoplamientos que involucran al bosén
de Higgs, cuya fisica de precisién todavia se encuentra en una fase muy inicial.
En las ecs. (7.26, 7.31, 7.32) se muestran las incertidumbres experimentales ac-
tuales para las LECs analizadas. Todas ellas presentan unos limites de exclusién
(95%) de orden F; ~ 107!, excepto el caso de Fi ~ 1072, por lo que no es posible
confirmar ni excluir ninguno de los estados de alta energia. Actualmente, se estan
analizando nuevos datos experimentales del LHC (run-II) y hay previsiones de
mejoras significativas para algunas de las constantes de acoplamiento, particular-
mente para los acoplamientos anémalos triples y cuarticos. En los préximos afios
también se espera una mejora de la precisién de F; con la construcciéon de nuevos
colisionadores eTe™, que permitird determinar la existencia de resonancias en el
rango del TeV.

La teoria de resonancias electrodébiles conforma un marco de trabajo idéneo
para la identificacion de forma indirecta de estados de alta energia. No obs-
tante, todavia quedan algunas actualizaciones pendientes para futuros trabajos.
Principalmente, es necesario promocionar tanto la EWET como la misma teoria
de resonancias a una teoria que incluya las tres generaciones de fermiones si-
multaneamente. Esta ampliacion de la teoria requiere, por otra parte, un enorme
esfuerzo algebraico para construir de forma consistente una base de operadores
tanto en la teoria de altas como de bajas energias. A su vez, seria posible analizar
la fenomenologia en el sector fermidnico, en la que también habria que considerar
nuevas condiciones fermidnicas de distancias cortas. En definitiva, es importante
hacer un estudio fenomenolégico global en futuros trabajos. Adicionalmente, se
han de anadir al andlisis realizado los datos experimentales de LHC (run-II) re-
ferentes a las LECs bosénicas cuando estén disponibles. Por ltimo, seria también
de interés traducir algunos de los modelos especficos con estados pesados similares
a los estudiados al lenguaje de la teoria de resonancias electrodébiles.
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