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Chapter 1

Introduction: an amazing era

On March 2010 the first 7 TeV collisions were recorded at the CERN Large
Hadron Collider (LHC). This date marked the beginning of the LHC fasci-
nating research program. Rapidly improving on its performance, the LHC
has faced since then several challenges, before culminating to what is so
far the main success of its operation. The Higgs discovery was announced
on July the 4th, 2012 [1,12], which was the closure of almost fifty years of
research since its existence was postulated [3H8]. Its discovery is, hopefully,
the first of the milestones associated to the LHC operation. The observa-
tion and study of the first state that seems directly related to electroweak
symmetry breaking (EWSB) leave the first footprints of this new era in par-
ticle physics, that has a promising prospect for the future high energy LHC
operation.

In parallel to the initial LHC runs, the content of this thesis was devel-
oped. Consequently, besides the pure scientific dissertation, that we start
describing in the following, this thesis hopefully transmits to the reader part
of the thrilling joy that the scientific events that took place during its com-
pletion caused on the author and his scientific collaborators. This way, we
enthusiastically describe along the forthcoming Chapters the main role that
the LHC data can play on our understanding of several of the open mysteries
in particle physics. In this lifetime unique context, the LHC can guide us
through a trip, back in time, to the origin of masses.

The standard model (SM) of particle physics is built relying on the
invariance under gauge symmetries as one of its key pillars. Neverthe-
less, with the particles that were known before the Higgs discovery, no
SU(3)c x SU(2)r, x U(1)y gauge invariant term (at least in its linear real-
ization) could be constructed in order to generate a mass for the observed,
and massive, gauge bosons and fermions. Without the Higgs boson, the
theory remained non—renormalizable and, in addition, the energy growth of
the longitudinal gauge boson scattering led to perturbative unitarity viola-
tion at the TeV scale. The origin of the masses of the particles, and the
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CHAPTER 1. INTRODUCTION: AN AMAZING ERA

mechanism responsible for the EWSB was, and still is, one of the main open
questions in particle physics.

The SM Higgs boson was proposed as probably the simplest of the so-
lutions to explain EWSB. In the SM, the addition of only one SU(2)r, dou-
blet, whose scalar potential develops a vacuum expectation value (vev) caus-
ing the spontaneous breaking of the electroweak (EW) gauge symmetry, is
enough to generate the masses of the observed gauge bosons. Introducing in
the theory the gauge invariant Yukawa terms can account, in addition, for
the generation of the observed fermion masses, with the possible exception
of the neutrinos, the lightest of the known fermions, whose peculiar mass
origin we will also discuss in the following. The SM Higgs boson is able
then to explain the pattern of the observed particle masses, while keeping at
the same time the gauge invariance and the renormalizability of the theory.
Furthermore, the SM Higgs boson cures the dangerous energy growth on the
longitudinal gauge boson scattering. Thus, before the LHC operation, the
Higgs boson was the only missing piece in the SM, with which it would be
structurally complete.

A SM Higgs boson is, however, not the only possible explanation for
the EWSB mechanism. And it is clearly not the most satisfactory theoret-
ically, as it leads to the well-known “hierarchy problem” that we describe
in the following. This limitation was the underlaying motivation for the
construction of alternative descriptions to explain EWSB. In these beyond
the standard model (BSM) theories new resonances are usually introduced,
and they often include particles that are similar to the scalar SM boson.
Moreover, regardless of the mechanism considered (SM or not), either with
or without a Higgs—like particle, given the energy growth of the longitudinal
gauge boson scattering, some new phenomena was known to have to appear
at the TeV scale. As a consequence, the expectations for a new physics (NP)
observation at the LHC were really high, as the machine had the potential
to directly access, for the first time, this scale.

Luckily, these expectations were early confirmed. On July 2012 a new
state was observed, after only the first two years of recording LHC colli-
sions, and with the experimental facility working at only half its designed
center—of-mass (COM) energy. The Higgs boson[| discovery announcement
at CERN put an end to what it seemed an endless wait. At the same time,
the Higgs boson discovery launched a new research program. After its ob-
servation, there is an obvious question that has to be answered regarding the
origin of the masses and the discovered new state. Is this the— almost fifty
years old— SM Higgs boson? Or is it one of the look—alikes in some BSM ex-
tension? Is it even related to EWSB? While its discovery has been a major
event on the scientific community, we are still far from understanding the

'In this dissertation we refer generically as the Higgs boson to the recently observed
state, regardless of its nature, purely SM or not.
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mechanism responsible for EWSB and how the origin of masses is described.
These are some of the main questions that motivate this dissertation.

In this context, the study and measurement of the properties of the dis-
covered particle: its spin, its parity or its couplings, is a necessary step
to decipher whether the observed new state is the SM Higgs boson or, in-
stead, one of the analogous partners in some of the alternative descriptions.
The initial experimental studies [9,/10] indicate that the new particle is a
scalar boson, with C P—even properties, as in the SM. Furthermore, consid-
ering its interactions to WW and ZZ pairs, and the first studies performed
right after the discovery (such us, for instance, the analyses we present in
the first Chapters of this thesis), it seems that the observed state is di-
rectly connected to EWSB. This means that we can now directly study the
mechanism responsible for the origin of the masses of the observed particles
through the analysis of the recently discovered state properties. With this
purpose in mind, we devote the initial Chapters of this thesis to seek for an
answer to the previously asked questions. We work towards understanding
the nature of the observed state, in particular, we focus on the study of the
Higgs couplings and the related gauge self-interactions.

In order to study the couplings of the observed state we look for ways of
confronting all the existing available data with the different proposed mech-
anisms and theoretical descriptions. Instead of constraining ourselves to an
specific SM completion, we aim to make a model-independent approach,
where as many theories as possible can be included in the study, minimizing
at the same time the number of theoretical assumptions required. In this
thesis, a guiding role in the analyses relies on the available data, whereas
we try to avoid, as much as we can, any theory prejudice. With this spirit,
one of the most suitable approaches is that of effective Lagrangians [11-13].

The effective Lagrangian approach is a model-independent way to de-
scribe new physics that is expected to manifest directly at a scale A, which
is higher than the scale at which the experiments are performed. By simply
specifying the particle content and the symmetries respected at the low-
energy theory, the Lagrangian can be extended with higher dimensional
operators, that are suppressed by powers of the high energy scale, and that
parametrize the effects of new physics at the low scale.

In this thesis we apply this effective Lagrangian framework to study the
properties of the Higgs boson. More precisely, we study in Chapters [2] and
of the thesis the effective Lagrangian approach to the Higgs couplings. At
present, with no guidance as of where the scale of NP could be laying, the
effective Lagrangian may provide the only option on the route to understand
the origin of EWSB; alternative to the direct search for the hypothesized new
particles in EWSB extensions (an approach that we also study in the fol-
lowing). In particular the effective Lagrangian expansion may be especially
important in cases where these new particles are elusive or where the scale of
new physics is above the TeV scale but still leading to observable deviations
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of the SM expectations, though not to observable new particles. Although
within the present experimental accuracy it is too soon to interpret the re-
sults of the effective field approach in terms of high energy predictions, the
correlations and coupling patterns that the approach introduces are useful
to test and study the Higgs couplings in a motivated way, setting the roots
for the future, when the precision will improve.

Once the philosophy of the approach is presented, we can apply it to
the described open question: deciphering the nature of the observed new
state. In Chapter [2] of the thesis we present the effective Lagrangian ap-
proach to the Higgs sector, assuming that the Higgs comes in an SU(2)p
doublet, and thus that EWSB is linearly realized. Leaving the details for
the corresponding Chapter, this is the case suitable for the SM and for the
different BSM extensions where the Higgs is an elementary state, or where
it behaves as coming in a doublet at the low energies, for instance in super-
symmetry models. In the analysis we use all the available data in a leading
guiding role through the study. We perform a bottom—up approach, where
the different aspects of the analysis, as for instance the independent basis
of higher dimensional operators used, are driven by the existing data on the
EWSB sector, minimizing at the same time the theoretical bias. We use
all the Higgs available data recently collected at the LHC during the initial
7 and 8 TeV runs, as well as the Tevatron analyses on Higgs physics. In
addition, we use triple gauge boson vertex (TGV) measurements from both
LHC and Tevatron, and from LEP searches as well. Finally we include also
the information from low energy electroweak precision observables (EWPO).
All these sources of data are analyzed to study the couplings of the observed
Higgs boson. With them we build the proper statistical tools to perform a
global fit based on the measurements and information that we have access
to. The purpose of the analysis is to look for deviations that would be trans-
lated in the future on information regarding the ultraviolet (UV) completion
of the SM. We will conclude that the current picture looks completely SM—
like, with no observed significant deviation from the SM expectations on
the couplings. Furthermore this bottom—up approach will serve us to pro-
pose and analyze interesting correlations that can be useful to further test
the observed particle nature. These correlations involve data coming from
different sectors: Higgs searches, and also TGV measurements. They both
show a very interesting complementarity in order to constrain the higher
dimensional operators and test the Higgs boson nature. We will show that
the current reachable precision in these different experiments is comparable,
what makes the correlation already testable.

In Chapter [3] we follow also the effective Lagrangian approach, but in
contrast to the first analysis, in this Chapter we do not assume that the
Higgs is part of an SU(2); doublet. The main difference with Chapter
is that Chapter [3| makes use of a non-linear (i.e. chiral) realization of the
gauge symmetry in the effective Lagrangian expansion. This is suitable
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for the family of models where the Higgs is not an elementary state, but
where it is a composite state of a theory that contains a strong interacting
EWSB sector, as in composite Higgs models (CHM)’s. As a consequence,
the nature of this second expansion is different form the first one, leading to
relevant phenomenological possible signatures. We focus our analysis into
the comparison of the phenomenology of both linear and non-linear expan-
sions, and how both could be disentangled at the LHC. We will find that the
interesting correlations between interactions measurable in different experi-
mental searches, that we derive in Chapter [2| may disappear in this case. In
addition, striking signals on TGV measurements may also allow for a disen-
tanglement of the Higgs nature. Both approaches point to the importance of
studying TGV interactions in order to have a complete access to the EWSB
sector. With this motivation we describe in detail the historical parametriza-
tion that is usually used in the experimental TGV measurements. In the
second part of Chapter [3|we study and optimize the realistic LHC capability
to observe the different new interactions, deviating from the SM behavior,
that could appear on these TGV measurements. This is the first of the
collider simulations that we present in this thesis, and it already shows the
importance of a proper optimization of the observables and cuts in order to
increase the signal to background ratio in the studied LHC channels. We
will conclude that the LHC has the potential to improve the current existing
bounds on anomalous TGV interactions, and consequently our knowledge
of the EWSB sector.

At the LHC the effective Lagrangian approach is not the only way to
look for BSM signals associated to EWSB and the generation of masses.
In the following we describe a complementary approach, that relies on the
direct search for the new resonances that many of the EWSB extensions
introduce.

Even if we found out that the observed particle was exactly as the SM
Higgs boson, there would still be different open questions that we are not
able to answer in the context of the SM. For instance, we are currently un-
able to explain the baryon asymmetry of the universe, the origin of the dark
matter or the experimental observed neutrino mass and mixing pattern. Un-
fortunately, none of these questions give us a strong hint as of where NP
may be laying. There are in addition important theoretical open questions
associated to a full SM picture and the existence of a light Higgs boson.
For instance, we do not know what is the origin of the Yukawa terms, or
why we need so many of them. We can not explain yet what is the ori-
gin of the observed flavor pattern in the SM or simply why the SM relies
on the SU(3)c x SU(2)r, x U(1l)y gauge invariance. But the main open
question is related to the fact that the SM is a complete weakly coupled
theory up to extremely short distances. The SM minimality seems to come
with a theoretical drawback, or at least an aspect of the theory that we
are unable to fully understand within this SM minimality. In a dessert like
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paradigm, where no high energy scale is present up to the Planck scale, the
Higgs mass can receive arbitrary high energy contributions, whose renor-
malization implies that the EW scale is technically unnatural. This is the
known naturalness or hierarchy problem. As we have commented before,
the search for an answer to this question has been a motivation to build sev-
eral of the most common SM extensions. The currently most accepted BSM
plausible theories can be classified roughly on two families: supersymmetry
extensions and CHM completions. Both types of theories, besides possible
corrections to the SM particle couplings, such as the ones studied in the first
two Chapters of the thesis, introduce several new resonances associated to
new dynamics that lie close to the EW scale in order to tame the hierarchy
problem. The observation of any of these new particles would be a major
step towards deciphering the EWSB mechanism. This is consequently the
main motivation behind Chapter [4 of the thesis.

The observation of new particles expected in BSM completions is possi-
ble if these new particles have masses inside the LHC reach. But analysis
techniques have to be developed to cover in the most exhaustive way all the
hypothesized possible new partners at the LH(EL With this purpose in mind,
in this thesis we focus on new vector resonances and we analyze and opti-
mize the LHC potential to observe and study resonances that are generically
related to the unitarization of the longitudinal weak boson scattering. This
relation is established by looking for new vector resonances that decay to
EW gauge boson pairs, either WIW or W Z pairs. A few generic assumptions
serve us to perform a realistic collider study, whose conclusions are useful
for a large variety of resonances. This way, in a first analysis we study the
use of different angular observables and asymmetries to determine the spin
of an hypothetical new W’ or Z’ state. This is accomplished comparing
their vectorial nature to a scalar, Higgs—like, hypothesis. After we estimate
the LHC potential for the spin discrimination, that extends up to masses
on the multi-TeV range, we proceed to derive which are the current LHC
bounds on the existence of some of these resonances after the initial 7 TeV
LHC run is considered. In particular, we make a realistic collider analysis
that, with the help of the LHC experimental simulations and observed data,
serves us to present the strongest bounds on the existence of neutral vector
resonances decaying into WHTW~. As we will detail, the LHC has a huge
potential to discover and exclude this type of spin—1 resonances, improving

2From a low—energy point of view, the most severe UV sensitivity is due to the quantum
Higgs process where a top—anti—top fermion pair with arbitrary high energy pushes the
mass of the Higgs boson towards the high energy boundary of the theory. The most
common of the new resonances that tame this naturalness problem are the denoted as
top—partners. Their nomenclature is due to the fact that they usually have the same
gauge quantum numbers than the SM top quark, as it is commonly required in order
to cancel the dangerous SM top loop contributions to the Higgs mass. Their possible
observation has been studied as well in a work not included in this thesis [14].
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consequently our capability to understand EWSB.

Up to this point, we have only discussed the LHC potential to seek for
an explanation regarding the open mystery hiding behind EWSB and the
masses of the observed SM particles. Notwithstanding, the EWSB is not
the only mystery related to generically the origin of the masses that remains
open. Questions like the nature of dark matter or the observed matter—
anti-matter asymmetry in the Universe, or the origin of the smallness of
the neutrino masses are far from being understood. It is on this last point
that we focus the final part of the thesis. In the SM, even after including
the Higgs boson, the neutrinos are massless particles. There is no gauge
invariant renormalizable mass term that can be built for the neutrinos as
long as only their interacting part is included in the theory. Consequently,
the observation of the neutrino masses and mixing in oscillation experiments
is a clear experimental proof of physics BSM. If we consider in addition the
impressive LHC potential, we are led to face an obvious question. Could we
obtain information on the origin of the neutrino masses at the LHC? We
devote Chapter 5| of this dissertation to study this possibility.

In order to answer the question, the first challenge we have to face is
related to the construction of consistent TeV scale models that generate
the observed neutrino masses and mixing. The difficulty comes from the
fact that the smallness of the neutrino masses is usually related in the most
simple models to extremely massive partners, clearly out of the LHC reach.
Notwithstanding, we present in this thesis a consistent construction where
the new heavy states associated to the generation of the neutrino masses
can live within the LHC reach. The model presents additional interesting
features as well. In the considered realization, the relation of the couplings
of the new heavy states with the observed pattern of neutrino masses and
mixing leads to a peculiar phenomenology. This interesting feature is trans-
lated at the end into highly predictable signatures at the LHC. With the
purpose of studying these signatures we perform a realistic collider study,
and indeed we will conclude that the observation of these neutrino partners
at the LHC is not only possible for a sizable range of masses and couplings,
but the observation could even help to understand and extend the structure
of the observed neutrino mixing parameters. Thus we will conclude that the
LHC can also shed light on the neutrino mass generation.

Summarizing, the purpose of this thesis is to study the LHC potential to
search for answers regarding the mechanism responsible for EWSB and, in
addition, the theory describing the origin of the neutrino masses. The thesis
is organized following the structure of this Introduction. First, in Chap-
ter [2] we present the effective Lagrangian approach to the Higgs couplings
assuming a linear realization of the SM gauge symmetry. In Chapter [3| we
present the study of alternative effective Lagrangians. These are the effec-
tive Lagrangian approach suitable for a non-linear realization of the SM
gauge symmetry and, in addition, the analysis at the LHC of the historical
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TGV parametrization. In Chapter [4 we study the existence of new vector
resonances, associated to EWSB extensions, in EW pair production pro-
cesses at the LHC. We present the analysis of their spin determination and
we derive as well the current strongest bounds on neutral vector resonances
after considering the LHC 7 TeV run. In Chapter [5| we study the potential
that the LHC has to access a consistent TeV scale neutrino mass generation
model. Finally we end the thesis dissertation presenting the conclusions and
the future outlook.

As we hope to transmit along the whole dissertation, the LHC has a great
potential to study the mechanism responsible for the EWSB and to search for
possible signals related to the origin of the neutrino masses. The prospects
are promising, and definitively, the LHC facility can drive us through this
long route towards understanding what is hiding behind the origin of the
observed particle masses.

12



Chapter 2

Effective Lagrangian for the
EWSB sector: the linear
realization

The discovery of the Higgs boson at the CERN LHC [1}2], has already been
stored in the memory of the scientific community as— hopefully— the first of
the golden days of the LHC era. Its major impact trespassing the usually
too tight fences between the scientific community and the general media is
justified by its crucial importance. After almost 50 years since the existence
of the SM Higgs boson was proposed [3-8] and with the light scalar having
evaded detection at both LEP and Tevatron colliders, the discovery of a
particle that resembles the proposed state finally marks the starting point
for the direct exploration of the EWSB sector. Now we have observed a new
state that may play a key role in the breaking of the EW symmetry and
thus on the generation of the masses of the existing particles. We are finally
aware of the precise (~ £2 GeV) value of its mass and we also have a robust
idea of in which experimental accessible channels the new state is already
showing up. In summary, we have already experimental data to study the
different properties of this new state in order to start understanding what is
hiding behind EWSB. This Chapter is devoted to the study of some of the
properties of this recently discovered state: its couplings.

The analysis of the characteristics of the new particle: its spin, its par-
ity or its couplings, will serve us to access the mechanism responsible for
EWSB. This will be useful to decipher whether the observed state is indeed
the Higgs boson as predicted in the SM or the corresponding state in some
BSM extension. This analysis is thus complementary to the searches for the
direct observation of the hypothetical partners appearing in some of these
extensions of the SM (whose study will be partially covered in Chapters
and . Indeed, the precise measurements of the couplings of the new ob-
served state may help us to infer at which scale some of these new states
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may appear. With this aim, in this Chapter we present a model indepen-
dent approach to the couplings of the Higgs boson by means of an effective
Lagrangian, where we follow a bottom—up approach in order to minimize
the number of theoretical hypothesis in this study.

The Chapter, that is based on the published works [15-18], is structured
as follows. First, in Section we describe the features of the effective
Lagrangian approach to the observed Higgs interactions. We present the
most general set of operators that need to be considered because they involve
triple couplings of the low energy scalar to the SM gauge bosons and fermions
and can affect the present Higgs data. We argue how, using the equations
of motion (EOM), the operators can be related, giving us the freedom of
choice in the election of the final basis used in the analysis of the data.
We describe a sensible choice of this basis, that follows a simple guideline
relying on how easily some of the operators can be constrained by existing
data from other well tested sectors of the theory. This reduces to eight the
number of operators testable with an analysis of the existing Higgs data.
In Section we describe the details of the analysis and the data that
we use to constrain their eight coefficients. In addition to the Tevatron
and LHC Higgs searches, the data contains also precise measurements of
TGV’s from LEP, Tevatron and LHC, and also electroweak precision data
(EWPD) from LEP and other low energy experiments. In Section we
present the current results of this analysis, updated to include the full 7 and
8 TeV LHC Higgs data sets. Finally, in Section [2.4] we describe in detail
one of the most interesting features of this approach: the complementarity
between the Higgs data analysis and the study of TGV interactions at the
colliders. We end summarizing the main conclusions and open discussions
on the effective Lagrangian approach to the EWSB sector in Section [2.5]

2.1 Lagrangian for an elementary Higgs

Consistently with the present data we start assuming that, even if there is
NP associated with the EWSB sector, the observed particle is an elementary
state which belongs to a light EW doublet scalar, and consequently, that the
SU((2)r®@U(1)y symmetry is linearly realized in the effective theory [19-32].
This implies that the new physics effects decouple when the scale of NP, A,
goes to high values [33].

Thus we think of the SM as an effective low energy theory but we still
retain the gauge group, the particle spectrum and the pattern of spontaneous
symmetry breaking as valid ingredients to describe Nature at energies F <
A. The SM predictions are, however, modified by small effects that are
proportional to powers of F/A. In other words, the difference between the
SM as a complete description of Nature and as a low energy effective theory
is that in the latter case we must consider also non—renormalizable terms.
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2.1. LAGRANGIAN FOR AN ELEMENTARY HIGGS

At low energies the Lagrangian of the theory can be described then by
the expansion

M, e St m)

= EALNE m 2.1
L=Lg"+ mzzzl Zn: am On (2.1)
where E%M is the SM Lagrangian. The additional operators (97(14+m) have a

dimension d = 4 + m, and the effects of NP are encoded on the coefficients
accompanying them, f,g4+m), that are suppressed by powers of the associated
NP scale. They parametrize our ignorance of the NP effects in the low energy
phenomenology. The imposed invariance under the SM local gauge group
SU3). ® SU(2), ® U(1)y in the effective Lagrangian implicitly assumes
that the breaking of SU(2)r @ U(1)y takes place at the weak scale and not
at the high energy scale. In addition to the invariance under the SM local
group, and regarding the particle content, we assume that there are no other
light states present in the low energy spectrum besides the discovered Higgs
boson and the SM gauge bosons and fermions.

With these assumptions the first of the higher dimensional (d > 4) oper-
ators appearing in the effective Lagrangian is a dimension—five total lepton
number violating operator, the Weinberg operator [34]. This operator gives
a Majorana mass to the neutrinos, but given their small mass the scale sup-
pressing the operator is expected to be clearly above the TeV scale. Its
effects are then most likely irrelevant for the phenomenology of the Higgs
boson at the LHC, and thus, we ignore this operator for the current Chapter.
Its effects will become relevant when studying the neutrino mass generation
models, and we will address them in Chapter

Neglecting the effects of the dimension—five total lepton number violat-
ing operator, the lowest order effective operators that can be built are of
dimension—six. It is a well know result in the literature [35] that, of all
dimension—six operators, 59 of them, up to flavor and Hermitian conjuga-
tion, are enough to generate the most general S—matrix elements consistent
with baryon number conservation and the SM gauge symmetry. However, in
the present Chapter the starting basis of operators is not this minimal set of
59 operators [35] for two reasons. First, besides the SU(3).@SU(2),®U(1)y
SM local symmetry, we assume the conservation of baryon and lepton num-
bers and the O, operators to be C and P even as Welﬂ Second, the
fact that operators connected by the EOM lead to the same S—matrix ele-
ments [36H39], can be used to select the proper basis of operators for the final
analysis if one does not start from a minimal set of operators, but instead
from an extended one, where the EOM still need to be applied. Following

!These extra assumptions have the aim of reducing the set of operators to be studied
while the current precision of the LHC Higgs searches does not allow for a discrimination
between operators respecting or violating some of these symmetries. However, when the
precision reached increases some of these assumptions may be relaxed, allowing for instance
for C and P violating operators to be included and studied.
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this idea, instead of starting from the minimal basis in [35], we start with
an extended (i.e. non—minimal) selection of dimension-six operators that is
based in what has been referred in the literature as the HISZ basis [22,25].
Before deciding the final independent basis of operators to be used in our
analyses, let us discuss the several interactions that modify the Higgs cou-
plings to gauge bosons and to fermions that the dimension—six operators in
the HISZ basis lead to.

2.1.1 Higgs interactions with gauge bosons

In this Subsection we start describing the dimension—six operators that mod-
ify the Higgs interactions with the gauge bosons. In a first block we have
eight C' and P even operators modifying the Higgs interactions with the
EW gauge bosons in addition to one operator containing interactions of the
Higgs boson with the gluons [19}20]:

Op1 = (D) & & (Drd)
Ovz = 30" (219) 0, (212)
Op4 = (D,®)" (D#cp) (@f®) |

Op = (D,®)!B*(D,®) ,
Ow = (D,®)'WH(D,®) , (2:2)

OBB = (I)TBMVB'LW(I) s

OWW = (I)TWMVW“V(I) s
Opw = ®'B, WHa |
Oce = '@ G4, G

where we have denoted the Higgs doublet by ®, and in our conventions its
covariant derivative is D, ® = (8M + i%g’ B, + ig%‘lW“) ®. The hatted field

strengths are defined as BW = i%BW and Wuv 12 aaWﬁy, and

B,, =d,B, —8,B, ,
WS, = 0,Wg — 9,Wit — ge™Wiwy (2.3)
G4, = 0,G% — 0,G% — gs f*"°Gh G,

g (¢") [gs] denotes the SU(2)r (U(1)y) [SU(3)c] gauge coupling and the
Pauli matrices are o,. In our conventions the EW gauge fields are

1 1
+ _ 1 1172 SM _ 3
Wi = NG (W, xiwg) , z," = = (Wi —4g'B.) , (24)
and )
A = —— (¢W;i + 9B,) (2.5)

9> +yg
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and Gy, are the gluon fields. In the unitary gauge the Higgs doublet is

written as )
"= ( v +(;l(:c> ) ’ (26)

where v is its vev and h is the Higgs boson field.

Once we have introduced the operators and the corresponding notation,
a first mandatory step in order to study their contribution to the Higgs
interactions is to account for their effects on the field, coupling and mass
renormalizations. Let’s start with the operators made of Higgs doublets and
partial or covariant derivatives acting on them. In Eq. we have three of
such operators: Og 1, Os 2, and Os 4. In addition there is a fourth operator
respecting the symmetries which is not included in Eq. because it is
irrelevant for the present Higgs boson phenomenology:

1 3
Ovs =3 (<1>T<1>) . (2.7)
It gives an additional contribution to the Higgs potential

fog3

HR(@1D) + 2o (B10)? — 222 @1 e) (2.8)

and it leads to a shift of its minimum with respect to the SM

2 2 2
2_ _ Mo v” fes) _ o v° fas3
=——(14+-— = 1+ — 2.9
v >\0<+4A2)\0> ”0<+4A2A0>’ (29)
where vy follows the SM relation v} = —&L—g

The three operators relevant for this study Os 1, Os 2, and Os 4, con-
tribute to the kinetic energy of the Higgs boson field h, i.e. the term (0,h O*h).
Hence, in order to bring the Higgs kinetic term to the canonical form, we
have to introduce a finite wave function renormalization to the Higgs field

02 1/2
H=h [1 + W(‘fq”l +2fo0 + f@,4)} - (2.10)
Furthermore, the operators Og 1, Os 2, Op 3 and Og 4 all alter the Higgs

mass according to the expression

2
M% = 2002 |1— —— fos
i AO”[ 2A2(’ 2R

where we have expanded to linear order in the f; coefficients.

We focus now on the operators that include the hatted gauge field
strengths. The operators with only one hatted field strength, i.e. Op and
Oyw , have no effect on the field, mass and coupling renormalizations. Whereas
the effects of three of the operators with two hatted field strengths, Opp,
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Oaa, and Oww on field renormalization are irrelevant at the end as they
are completely eliminated after ineffective field and coupling constant redef-
initions [25]:

2

M 1/2
B fww} g™, (2.11)

o[22 1/2 2262 —1/2
By = [1+ A fBB} BSM, 4 = {1 + Ag Yt g"M (2.12)

where 59 = ¢’ /\/ g2 + ¢’* stands for the tree level sine of the SM weak mixing
angle. In summary the effects of Op, Ow, Opp, Oga, and Oww in the
phenomenology of the Higgs boson arise from their direct contributions to
interaction vertices, and not through field or coupling constant redefinitions.
On the contrary Opyy contributes at tree level to Zvy mixing, and therefore
to the definition of the mass eigenstates

- 4 -1/2

2 12 2
g g v SM
Z,=|1—-—7 Z , 2.13
i 2 12 2 —1/2 ) 12y 2
9°g v s |99'(g"—9g") v SM
A, =114+ —"F— — A - | == VA 2.14
B 2(92+g/2) A2fBW B [ 4(g? —I-g/2) A2fBW B ( )

Operators Os,1, Op 4, and Opw have also an impact on the EW gauge
boson masses. Expanding to linear order in the f; coefficients they read

2 9 +g” , v? 9"

M7 = 1 — w 2.15
7 Yy fo1+ fou (g2+g,2)fB (2.15)
2 9> - v’

M = = 14+ — . 2.16
W 1" [ * 2A2f®’4] (2.16)

Notice that Opw and Os 1 contribute to the Z mass but not to the W
mass, therefore, violating the custodial SU(2) symmetry. As we will see
when we consider the effects of EWPD on the dimension—six operators,
Opw and Og ; contribute at the tree level to S and T (or Ap) parameters
respectively. We will use this contribution to constrain them.

In what follows we work in the commonly referred as Z-scheme. This
means that besides the most precise measured value of the strong constant
ag, taken from the world average in [40], and the measured mass of the
Higgs, assumed in this analysis to be 125 GeV, all the calculations use as in-
puts the most precise measured values of the Fermi constant (Gr), Mz and
the electromagnetic fine-structure constant (ep, ), extracted from the muon
decay rate, the Z line—shape at LEP I and the Thompson scattering [40].
Furthermore, when convenient, we also absorb part of the tree-level renor-
malization factors by using the measured value of My . In particular using
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= 89722 and Eqgs. (2.15)) and (2.16)) we obtain the relations
w

S

_ (\/§GF>_1/2 <1 — i;f@A) , (2.17)

2 2 12 2
9 g 9*g% v
MZ = (\/iGF> dc z ( 2A2 f‘b 1= (gz i g/2) A2 fBW> 5(218)

where we have denoted by ¢y = g/v/ g2 + ¢’* the tree level cosine of the SM
weak mixing angle, and where in the second line it is understood that g (¢')
has to be expressed as a function of the input parameters.

After renormalization, the dimension—six effective operators in Eq. (2.2])
give rise to Higgs interactions with SM gauge boson pairs that take the
following form in the unitary gauge:

EHVV

GHgg HG, G + gy H A AP

E)Z'y A 20V H + g7} H Ay 2" (2.19)
9w (WEW ™RV H 4+ he) + gy, HW,LW
gg’%/vw Hijfu ;

+ o+ + o+

where in this case V,, = 0,V, — 0,V},, with V. = A, Z, W, and G. The

effective couplings grgg, 9H~~- 9222%’ ggv?/a), nd g%,’ 3) are related to the

coeflicients of the operators appearing in Eq. . through

_ fagv _ g fgu
GHgg = A2 = Tgr A2
B g*vsg\ [+ fww — faw
I = 7\ A2 2 ’
o (9 se(fw — [B)
Inzy = \ 972 24 ’
@ (9% 285 BB — 25 fww + (c§ — s3) fBw]
gHZ'y - 2A2 209 )
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W (9 gfw +sifB
swzz = \ox2) " ag
2 4 4 2.2
@ g°v\ SgfBB + Cofww + cgsyfBW
9vZZ = — <2A2> 23 ; (2.20)
2’0 U2 ) 2 12
gg)zz = <ic§) 1+ IAZ (3fc1>,1 +3fo4—2fo2 — (g2g+gg,2)fBW>]
2
= MZ(V2Gp)'? [1 +1ne (foo+2foa— 2f<1>,2)} ;
o _ (g fw
Jaww = \(9p2 ) 9
2
9 v
gg{%/VW = - <2A2> fww

2,, 2
gg%/VW = (92> {1 + A2 Bfoa— fo1 — 2f<1>,2)} ,

2
2M§, (V2Gp)'/? [1 + & 2fo4 — fo1 — 2fq>,2)] :

where, as previously, we have expanded to linear order in the f; coefficients.
Also, for convenience, we have rescaled the coefficient of the gluonic op-
erator, fga, by a loop factor —as/(87). This way an anomalous gluonic
coupling of order f; ~ O(1 —10) gives a contribution comparable to the SM
top loop, which is the main loop contributing to the coupling of the Higgs
boson to gluons in the SM. For the rest of dimension—six operators, the ones
involving EW gauge bosons, we have decided to keep the same normalization
commonly used in all the pre-LHC studies for an easier comparison with
the existing literature. Notice that the general expressions above reproduce
in the different cases considered those of [23}26-31,41].

Before moving to introduce the dimension—six operators involving Higgs
interactions with the fermions, for the sake of completeness we list here some
additional dimension—six operators that involve only bosons. These are not
relevant for the Higgs phenomenology analysis, but some of them will be
discussed at the end of this Chapter and in the next one. The first operator
is made of Higgs doublets and covariant derivatives acting on them:

One = (D,D*®)' (D, D" ®) . (2.21)

As it was already discussed in [19,35], this operator is usually removed by
the use of EOM in exchange of some of the operators listed in Eq. ,
plus some of the fermionic operators we will list in the following Subsection.
Thus this operator is redundant and irrelevant for the analysis of the present
Chapter. It would only become relevant if we decided to avoid to use the
EOM, as we will see in the next Chapter.
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We can finally list in addition a set of five operators made only of EW and
strong gauge fields. Thus they do not contribute to the Higgs interactions,
but for the sake of presenting all the dimension—six operators we discuss in
this thesis on the same Section, we present them here. The set is [22}25]:

Owww = Z'EijkWZLVAWIZ PWEE ~ Ocae = ifachZ”Gngfw“ ;
Opw = (D" W) (D), Opp = (9B, (9,87, (2:22)
Opc = (D" G)" (Dp,GP)*

where (D*W,,)" = W}, — ge’FWHIWE, and where in Opg, D* denotes
the covariant derivative acting on a field transforming in the adjoint of
SU@3)c, (DFGuw)* = 0'GY, — gsf“bCG“bG/iu. It is worth to note that
this set is not minimal, and usually the operators Opw, Opp and Opg are
traded using EOM by Owww and Oggg, plus fermionic operators. The
operator Oy ww will be discussed at the end of this Chapter when describ-
ing the complementarity between Higgs searches and TGV collider analyses.
Moreover this set will be recovered as well when comparing the linear and
non-linear basis in the next Chapter.

2.1.2 Higgs interactions with fermions

The list of dimension—six operators in [35] contributing to the Higgs inter-
actions with fermion pairs reads:

_ <> _
Ocaij = (PI1O)(Lider,), OEI)l[)/,ij = ‘Iﬂ(ig#q))( i Lj),
Oupij = (21®)(QsPup,), Ogg?,ij = (pT(é_l?u@)(Qi’Y“Qj),
Ous,ij = (21®)(Qi®dR;), 041 = ' (iDy®)(er,1"eR,);
OC(Dlzz ij q)T(’iDu(I))(ﬂRi’y“uR])’
(1) T (2.23)
®dij — o (ZD(E;‘I))( R/Y”ng)v
Oc(blzz@l,ij = ‘I)T(ZDMCD)(URH’“CZRJ%
(3) t:Fa "
Os1, ij o (Zgu¢)(L17 UaLj)a
0545 = @11 DY) Q" 0aQy),

where we define the doublet ® = i0o®*, and the operators @TB,ﬁi =
®'D,® — (D,®)'® and @TBC;L@ = ®'0%D,® — (D,®)'c*®. The conven-
tions for the fermion fields are L for the lepton doublet, @) for the quark
doublet and fr for the SU(2), singlet fermions. In Eq. i, are family
indices. Notice that, unlike the Higgs—gauge boson operators of the previ-
ous Subsection, not all Higgs—fermion operators listed above are Hermitian.
In particular the Hermitian conjugation of the right column operators in

Eq. (2.23) (except for (9((1)13 di j) is equivalent to a transposition of the family
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indices in each of the fermionic currents, while it is not explicitly listed for
the rest.

The dimension—six operators in Eq. have been classified according
to the number of Higgs fields that they contain. In the first column, the
operators are denoted by Oys ;; and they are made of three Higgs doublets.
After spontaneous symmetry breaking these operators lead to modifications
of the SM Higgs Yukawa couplings as we will see below. The second column,
(’)((I)lf)7 i contains operators with two Higgs doublets and one covariant deriva-
tive acting on them. Consequently, they contribute to the Higgs couplings to
fermion pairs, but also modify the neutral current weak interactions of the

corresponding fermions, with the exception of (9((12 dij that also changes the

charged weak interactions. (’)g’ }1 i besides contributing to the Higgs cou-
plings to fermion pairs, also lead to modifications of the fermionic neutral
and charged current interactions.

As in the previous Subsection, a first step to study the contribution of
these operators to the Higgs interactions is to account for their contribution
to renormalization, in this case to the fermion masses and mixing. In par-
ticular the operators in the first column of Eq. , O¢e,ij, renormalize
the fermion masses and mixing, and they modify the Yukawa interactions
as well. While in the SM these interactions take the form

Lyuk = —yfjf/iq)eRj — yflei(I)de — yZ“]QJi)uRJ + h.c. , (2.24)
the dimension—six modifications to the Yukawa interactions are

fud,ij
A2

Haq _ Jdo,ij fed,ij
L= AQZ] =52 0cp 5 +hec. | (2.25)

AZ

Qv ij + Oua,ij +
where a sum over the three families ¢, j = 1,2, 3 is understood in both equa-
tions. After spontaneous symmetry breaking and prior to the finite Higgs
wave function renormalization in Eq. (2.10]), we can conveniently decompose

Egs. (2.24) and (2.25) in two pieces, Ly and L, given by

1 - v2
EO = —2 dLi (—yflj + W fdfb,ij) de (U + h)
1 " v?
+ﬁ ur; | =Y + A2 fudij UR; (v+h)
1 _ u v?
+ﬁ €Li _yl] —+ w fefb,ij eRj ('U + h) + h.C. y (226)
and
1 v? - _ _
Ly = A2 (fawyijdr, dr; h + fudij UL, ur, h + fewij€r, er, h + h.c.) |

(2.27)
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where again a sum over the three generations is understood. With this de-
composition one can easily identify Ly as being proportional to the mass
term of the fermions and then in the mass basis it leads to the SM-like
Higgs—fermion interactions with renormalized fermion masses and quark
weak mixingﬂ On the other hand, generically, the new interactions con-
tained in L£; are not necessarily flavor diagonal in the mass basis unless
fro o< yf, where here fro and yf are the 3x3 matrices in generation space
whose components are frg;; and yZJ; with f = u, or d or e.

After the renormalization of the fermion masses and mixing and after
considering also the renormalization of the Higgs wave function in Eq.
the H ff couplings in the fermion mass basis can be written as

I =gl i fr H +hee. (2.28)

with the definition

f __ﬁ{5.. 1_L2(f + 2fpo + f )+Lf’ (2.29)
Jirij = o Ois e ®,1 b2 D4 \/§A2 fei5 - :

Here we have denoted the physical masses and fermions (i.e. the eigenvalues

and eigenstates of the v terms in Eq. (2.26)) by m{ and fi(R)i, and f}@’ij
are the coefficients of the corresponding operators in this mass basis. For
the rest of the Chapter and for the sake of simplicity we will denote these
coefficients and fermion fields without the prime.

For the sake of completeness we present here an extra set of operators
containing Higgs interactions with fermions, but with at least an additional
gauge boson in the vertex [35]:

eW” = (L; oteR;)o a" Wi, Oep,ij = (L; oteg, )<I>BW,
qug (on—lll’uR ) aq)Wﬁw Oun g = (QZO'“ UR; )q)B,ul/a
OdWZ_] = (on.,u dR ) oW OdB gj = (QZO"u dR])(I)B/u/?
( = (

v
ZJWTAUR )2G4,, Oucij = (Qic"TAdR,) 0G4,

(2.30)

ung -

the notation follows that in Eq. , with T4 referring to the SU(3).
generators and "’ = %(*y“’y” — 4Yy*), where * are the Dirac matrices
and where Hermitian conjugation has not been explicitly listed. These
dimension—six operators are usually referred as dipole—operators and most
of them are strongly constrained by dipole moment measurements. Their
effect is negligible for the current Higgs data.

2In the present Chapter we are not adding right-handed neutrinos to the fermion
basis nor allowing for the total lepton number violating dimension—five operator, thus the
couplings to the charged leptons can be chosen to be generation diagonal in the mass basis
as in the SM.
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2.1.3 Phenomenology of dimension—six operators

As we will argue in the following Subsection, one of the most sensible choices
of the basis of dimension—six operators can be made guided by their contri-
bution to the existing data. Thus before describing the choice of the final
basis for the analysis of the Higgs data, we summarize here the contributions
of the dimension—six operators to Higgs observables as well as to other well
tested sectors of the SM, in particular to the EWPD and gauge boson self
couplings.
In what respects the Higgs observables, from Eq. we see that

e Ogq gives a tree level correction to the coupling of the Higgs boson
with gluons. Its contribution to gluon fusion is especially important,
as gluon fusion, which in the SM is a loop process, constitutes the
main production mode for the SM Higgs boson at the LHC.

e Operators Os 1, Op 2, and Og 4 mainly contribute to Higgs physics via
the renormalization of the Higgs wave function, Eq . Through
this renormalization the three operators give a shift to all the SM
Higgs vertices, not only with the EW gauge bosons, but also with the
fermion pairs.

e The dimension—six operators containing gauge field strengths present
a much richer phenomenology. All Op, Ow, Opp, Opw and Oww
contribute to the interactions of the Higgs state to WTW ™~ and ZZ
pairs, and what is more interesting, with a different kinematic struc-
ture than that of the SM, as can be seen in Eq. . Furthermore,
they also contribute, at the tree level, to Higgs interactions that are
generated in loop processes in the SM. For instance the five operators
affect at the tree level the decay of the Higgs boson to Z~, which comes
from a top and a W loop in the SM. Given its low rate, this process
has not been observed at the LHC yet, but we will see in the next Sec-
tion how the exclusion bounds that have been placed on the decay are
sufficiently strong to have a mild effect on the tree level contribution
of the dimension—six operators.

e In addition, Ogp, Opw and Oy contribute at the tree level to the
diphoton decay of the Higgs boson. The fact that this process, a
loop decay in the SM, is currently the decay mode measured with the
highest precision has important consequences on these dimension—six
operators as we will see in Sec. [2.3]

e The fermionic operators are also relevant for Higgs physics considering
that the LHC is already measuring two Higgs decays to fermions: to bb
and to 77 pairs. In addition there is the loop contribution of the top
quark to gluon fusion production and to Higgs to vy and Z~ decays.
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Next we focus on the effect of the dimension—six operators in TGV’s.
Triple gauge boson vertices have been measured with O(10%) precision at
LEPII and Tevatron, and currently studied also at LHC [40,42-51]. They
should be considered when discussing the choice of basis, as operators Op,
Ow, Opw, and Og 1 modify the YW W™ and ZW W~ vertices.

The most general form of these vertices compatible with Lorentz invari-
ance and relevant for a collider analysis was introduced in [52], and it has
been the parametrization commonly used by the experimental collaborations
at LEP, Tevatron and LHC in order to measure these triple vertices. For C
and P even couplings and for at least one of the gauge bosons on—shell, the
parametrization reads:

Lywwy = —igwwv{gY (WLW’“V” - ijwa lw) + nVWjW,jVW
AV ooy

where giyw~ = e = gsg and gwwz = gcg. In general these vertices involve
the six dimensionless couplings g}/, ky, and Ay (V = v or Z). Notwith-
standing, electromagnetic gauge invariance requires that g; = 1, while the
five remaining couplings are related to the dimension—six operators Op, O,
Opw, and Og 1 [22]:

2,2 2 2
1 v
Ag? =¢g7-1= I 9 o1
& & 8cZA? fw + 2 —s2 few 4(ct — s3) fq)’lA2 ’
720?
Aky =ky—1= SAZ (fw +fB— 2fBW) ; (2.32)
2,2 2 2 2
g°v 9 9 dsycy 1 v
Aky —ry—1—= 7< _ ) _ ,
Kz Kz SN2 cofw — sgfe + 252 fBw e Sg)fcmAQ

with no contribution from Op, Ow, Opw, and Og 1 to A\, and Az. As we
will see in the following Sections, the only contribution from dimension—six
operators to those comes from Owyww:

3g> M2
Ay =Ag = 92A2W Fvww- (2.33)

Finally we move to electroweak precision observables (EWPO) which
can be summarized in the determination of the Z and W couplings to
fermions as well as the oblique parameters S, T', and U. They are in agree-
ment with the SM at the per mil to per cent level [53]. These results im-
pose severe constraints on the operators which modify these observables:
(9((1)1}72-]-, Og%ij, Opw and Og 1. In particular Oy and Og 1 give a tree
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level correction to the gauge boson self-energies which contribute to the
combinations S and T [21},22,52.[54]:

2 1 2
QemAS = 62%')03{/[/ and  @emAT = 5%]0@’1 , (2.34)

while Og }l] and O<(1>3 }Z ; give tree level corrections to the W ff' and Zff
vertices. As a consequence of these contributions, it may seem that we
can directly constrain all these dimension—six operators. Nonetheless, in
order to take full advantage of these EWPO we must be sure that there is
no combination of the anomalous operators whose contribution at the tree
level to EWPO cancels out, i.e. we must avoid the existence of what has
been referred in the literature as blind directions [21,55]. This is a point
that needs to be addressed before making the final choice of the basis. Thus,
for illustration we analyze the dependence on the dimension—six couplings
of a subset of the EWPO that contains the W mass (My), the W leptonic
width (T'})), the Z width into charged leptons (I's), the leptonic Z left-right
asymmetry (Ay) as well as the invisible Z width (T, )’} In general we can
write the departures of the observables (AObs = %(;TS;SM) from the SM
predictions as [506]

ATy f %

ATy é)L 2

A, | =M £ = (2.35)
AMyy Jo1

ATy, ~9 fpy

where fch) ( fé,le)) stands for the coefficient of the dimension-six operator
O‘(I)I}J i ((9((1)1 e) ij) assuming flavor universality, and f(g is the corresponding

one for Og’ 2 ij under the same assumption. The matrix M is given by

453 2—4s3 453 (452 1) 1-2s3—4sp 4cgsg(4s3—1)
1—4sg+8s§ 1—435-&8331 (cg—sg)(l—4s§+8s§) 2(03 —sg)(1—4sg+83‘é) (cg—sﬁ)(l—4s§+8sg)
1
0 -2 0 —1 0
255(3571/2)2 _ 253(5371/2) _ s‘eL _ cgsg _ cgsg
—s84+(s2-1/2)% —s84+(s%3-1/2)* —s8+(s2—-1/2)% 2(—s5+(s2—1/2)%) —s8+(s2-1/2)%
;2 2
0 0 . ___ % _ _Cose_
cg—sg 4(03—35) cg—sg
0 0 -, - e
c5—sg 4(cg—sp) cg—sg

It can be verified that the matrix M exhibits two zero eigenvalues, which
indicates that two combinations of dimension—six coupling constants can not

3Here, for the sake of simplicity we assume lepton flavor universality.
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be determined; there are two blind directions. Let us note that in general
there are two blind directions even when we consider all LEP observables
as well as the quark dimension—six operators. In the current example, the
blind directions are

2
1 1 2 3 g
foo=—4f) = —2f) — 2o and  f) = Tlew . (230)
This means that, in spite of what it seemed a priori, actually there are
two combinations of operators which do not contribute to these precisely
measured observables. These are any two linear combinations of

1 1 1 1
Olepblind1 = §%(Op1 — ) Z Ofpi,ii 3 Z Oc(pe),n') + Opw ,(2.37)

2
Olepblind2 = Opw + ZOQZZ% : (2.38)
(2

There is a deep relation between operators that do not lead to any tree level
contribution to the EWPO and blind directions. In fact, if the elimination
using the EOM of one of the operators that do not contribute at the tree
level to EWPO leads to a combination of operators that contributes instead,
then this combination defines a blind direction. The reason is that it has
been proven that operators connected by the EOM lead to the same S—
matrix elements [36-39], and therefore this new combination of operators
generates the same S—matrix element than the original operator, that, as
we have said, has no impact on the EWPO [21]. Let us illustrate this
with a concrete example. The bosonic operator Og 2 does not contribute
to the EWPO at the tree level since it modifies only the Higgs couplings,
therefore, it is a blind operator. Using the EOM, that we show explicitly in

Egs. (2.40)—(2.42)), we can write that

3920.:1)72 =

2
g (3) 3)
20w + 40w + 20ww + 5 E <O<1>L,ii + OéQJz’)

oV (h
47 | 3 (45Ot + 5 Outs + s Qo) +1e) -
ij

Hence the right hand side of the last equation defines a blind direction in the
EWPO. In fact, only the operators Oy and >, Og’iii in the right hand

side of Eq. (2.39) contribute to the above leptonic observables, therefore the
effect of Og 2 is equivalent to, for these observables,

2 opy + g S o), (2.39)
392 4 - DLt ’
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that corresponds exactly to the blind direction in Eq. (2.38).

After describing the main contributions of the different dimension—six
operators to the phenomenology of the Higgs boson, to TGV’s and to EWPO
we proceed to describe our choice of the basis.

2.1.4 The right of choice

In the effective Lagrangian framework not all operators at a given order are
independent, as they can be related by the use of the classical EOM of the
SM fields. As we have said, the invariance of the physical observables under
the associated operator redefinitions is guaranteed as operators connected
by the EOM lead to the same S—matrix elements [36-39]. This equivalence
gives us the freedom to choose the basis of dimension—six operators to be
analyzed depending on the approach that we take. In general terms, we can
distinguish two different approaches depending on the assumptions that we
make on the high energy theory completing the SM. On the one hand, in
a top—bottom approach, one starts from the full theory and integrates out
heavy degrees of freedom to match the coefficients of the higher dimension
operators at low energies. Thus, in this case, it is convenient not to choose
a minimal set of operators in order to guarantee that all the operators gen-
erated by the underlying theory can be easily identified [57]. On the other
hand, in a bottom—up approach, one uses the effective Lagrangian to obtain
bounds on generic extensions of the SM. Here the details of the high energy
theory remain unknown. Hence, in this approach one must choose instead a
minimum operator basis to avoid parameter combinations that can not be
probed.

This generic overview can also be applied to the study of the Higgs cou-
plings. In our case at hand, we have to take into account the SM EOM which
imply that not all the operators in Eqs. and are independent.
In particular the EOM for the Higgs field and the EW gauge bosons lead to
three relations between the operators:

20@72 + 20@74 =
oV (h)

> (yfj(’)imj + 8 Oua i + Y5Ol i + h'c') 5, 0 (240)
i

1
205 + Opw + Opp + ¢ <Oq>,1 - 2Oc1>,2> =

g
12 4
3

Du,ii

(-804, + O~ 60, + 10, ~ 20} (241
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1
20w + Ow + Oww + g2 ((’)@74 — 20¢72> =
2
g
—23 (08 +08b.) - (2.42)
7

Hence, these equations allow for the elimination of three of the operators
listed in Eqgs. and . At this point we are faced with the decision
of which operators to leave in the basis to be used in the analysis of the
Higgs data; the two different approaches can be followed in doing so. Again,
in a top—bottom approach in which some a priori knowledge is assumed
about the BSM theory one can use this theoretical prejudice to choose the
basis. For example if the UV completion of the SM is a given gauge theory,
it is possible to predict whether a given operator is generated at tree level
or at loop level [58]. Omne may then be tempted to keep the tree level
ones in the basis, as larger coefficients are expected [41]. However, in the
absence of such illumination it is impossible to know if the low energy theory
would contain any tree level generated operator; for instance see [54] for
a model whose low energy theory contains only loop induced operators.
Furthermore, caution should be used when translating the bounds on the
effective operators into the scale of the new physics, since after the use of
EOM coefficients of operators generated at loop level can, in fact, originate
from tree level operators eliminated using the EOM and vice—versa [57].
Actually, all choices of basis suffer from this problemﬁ

In this thesis we follow the bottom—up approach. Our purpose is to
constrain generically any extension of the SM without relying on any specific
theory. Thus we choose a minimum set of operators in order to parametrize
all possible contributions to the Higgs interactions avoiding the addition of
redundant operators and extra theoretical assumptions. In principle, given
the proof of the equivalence of the S—matrix elements the determination of
physical observables like production cross sections or decay branching ratios
would be independent of the choice of basis. Nevertheless, independent does
not mean equivalent in real life. For this reason in this thesis we advocate
that in the absence of theoretical prejudices it turns out to be beneficial to
use a basis chosen by the data: “Power to the Data”. With this we mean
that the sensible (and certainly technically convenient) choice is to leave in
the basis to be used to study Higgs results those operators which are more
directly related to the existing data, in particular to the bulk of precision
EW measurements which have helped us to establish the SM.

4In addition, in the cases like the current Higgs analyses where the experimental data
has a much higher sensitivity to dimension—six operators which are understood to be
generated at the loop level in this class of theories— compensating then the assumed
suppression of the coefficients of these operators with respect to the rest— a rigorous
and consistent analysis should also take into account the contributions of the tree level
generated dimension—eight operators.
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Thus using the relations in Egs. 7, that allow for the elimina-
tion of three of the dimension—six operators we have presented, our purpose
is to choose a basis that takes full advantage of the Higgs data, TGV searches
and EWPO. This means that we want to keep all the operators contribut-
ing to TGV’s and at least one operator per each new Lorentz structure in
Eq. . And as we have described in the previous Subsection, in order
to take advantage of the EW precision measurements we should avoid the
existence of blind directions in the parameter space. This can be achieved
using the EOM to eliminate some of the operators that contribute at tree
level to the EWPO in such a way that the new form of the matrix M in
Eq. , relating the observables and the dimension—six operators con-
tributing to them, does not have vanishing determinant. We accomplish

this by eliminating two combinations of (’)((; 2 ;; and Og 2 ;; using Eqs. (2.41)—
(2.42). Furthermore we use Eq. to remove O 4. This way our choice
for the operator basis allows us to take full advantage of the EWPO, as well
as, of data on TGV’s, while keeping in the basis all the different kinematic
structures that appear in Eq. .

With this choice, the dimension—six operators considered for the Higgs
analyses are

{OGG ;OB ,Oww ,O0Bw ,0B ,0w ,0¢2 ,0¢1 ,05s ,OS} ,Ofﬁ’}} :

(2.43)
except for Og )L and (’)g’ )L, that are removed using EOM as we have de-
scribed. The dimension-—six operators in Eq. constitute the basis of
operators relevant for the Higgs phenomenology to be analyzed using the
existing experimental data.

Before starting the proper analysis of the Higgs couplings at the LHC,
we reduce the number of dimension—six parameters relevant for the analysis.
First we use the available pre-LHC experimental information in order to re-
duce the number of relevant parameters. Second, some of the dimension—six
operators whose coefficients are not strongly constrained may still be irrele-
vant for Higgs physics at the LHC given the current accessible experimental
channels. This can be summarized in the following three points:

e Taking into account the bulk of precision data on Z and W fermionic
currents and oblique corrections that we have discussed in the previous
Subsection, the coefficients of all operators that modify these couplings
are so constrained that they will have no impact in the Higgs physics.
This means that, in addition to the operators that we have removed
from the final basis using the EOM, we do not consider the operators

Og}, Og}, Opw and Og 1 in our analyses.

e Additional bounds on low energy flavor—changing interactions impose
strong bounds on off-diagonal Yukawa couplings [59-65]. There could
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still be sizable flavor changing effects in 7e and 7y [62-64] which would
be, however, not relevant to the present analyses. Consequently we
also discard from our basis the flavor changing O ;«;.

e Flavor diagonal Oy from first and second generations affect the
present Higgs data only via their contribution to the Higgs—gluon—
gluon and Higgs—y—y vertices at one loop. The loop form factors
are very suppressed for light fermions and correspondingly their ef-
fect is totally negligible in the analysis. Consequently, we keep only
the fermionic operators Ocs 33, Ous 33 and Oyg 33.

Summarizing, after using EOM, considering the constraints from EWPO
and removing the operators that are simply irrelevant given the current
existing Higgs data, the final effective Lagrangian that we use in our analyses
is

fo2 /BB fww fB Jw
Lepr =~ 38 e S Opp + —5-Oww + 505 + 73
+%Oe¢,33 + ‘];\2 Odq; ,33 + j;\ Ou@733 . (2.44)

Notice that with this choice of basis all of the dimension—six operators
considered contribute to the Higgs—gauge boson and Higgs—fermion cou-
plings at tree level. Before moving to the description of the analysis frame-
work there is a final remark regarding the top Yukawa—like dimension—six
operator Oy 33 to be considered. The tree level information on htt from
associate production has still very large errors. Thus, quantitatively the ef-
fects of the parameter fio, enter mainly via its contribution to the one-loop
Higgs couplings to photon pairs and gluon pairs. These contributions can be
absorbed in the redefinition of the rest of parameters contributing to these
vertices, f; and fww + fpg, and therefore, we set fiop, = 0. In the future,
when a larger luminosity is accumulated, it will be necessary to introduce
frop as one of the parameters in the fit.

2.2 Analysis framework

In this Section we describe the statistical analysis that we perform to study
the Higgs couplings. We present the statistical discriminant built to analyze
the Higgs interactions, and we list the data included in the analysis. In
order to obtain the present constraints on the coefficients of the operators in
Eq. we start performing a chi—square test based on the available data
on the signal strength (u) from Tevatron and LHC (at both 7 TeV and 8
TeV), from the searches for the Higgs channels presented in Tables
and The details of this first part of the analysis are treated in Sub-
section [2.2.1] In addition, we further combine in the chi—square the data
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coming from the most precise determination of triple EW gauge boson cou-
plings, as well as, the one—loop constraints coming from EWPO on the basis
of dimension—six operators considered. The details of the combinations of
these additional data sets are described in Subsections 2.2.2] and 2.2.3

2.2.1 Higgs data: signal strengths

In order to analyze the Higgs data coming from both LHC and Tevatron
experimental analyses we build a chi-square function based on the signal
strengths of the different available channels. The signal strength is defined
as the measured cross section divided by the expected cross section in the
SM. For this first part of the analysis, and given the accessible public data,
we assume that the correlations between the different channels are negligi-
ble, except for the theoretical uncertainties which are treated with the pull
method [81}/82] in order to account for their correlations. The chi-square
can be schematically written as

exp

: (1j — 13™")? &\
x> = min 72] + Z (p) , (2.45)
J 1

gpull ] (o} qull

where j stand for the different experimental channels considered. We present
the different Tevatron and LHC at 7 TeV and 8 TeV data points in Ta-
bles and In Eq. we denote the theoretically expected
signal as 1, the observed best fit values as ,uj.Xp and the corresponding er-
rors as 0j. As we can see from these Tables the errors are not symmetric
in some of the channels, showing a deviation from a Gaussian behavior as
expected from the still low statistics. In our calculations we make the errors
in each channel symmetric by taking

(2.46)

Concerning the theoretical uncertainties, the largest ones are associated with
the gluon fusion production subprocess and to account for them we introduce
two pull factors, one for the Tevatron uncertainty (£gT), and one to account
for both the LHC at 7 and 8 TeV uncertainties ({QL). We consider that the
errors associated with these pulls are of = 0.43 and o) = 0.15 [83]. We
introduce as well two pull factors to account for the theoretical uncertainties
associated with vector boson fusion (VBF) cross sections, one for Tevatron
(&l ) with associated error o{, 5, = 0.035, and one for LHC at both 7 and
8 TeV (¢l 55) with associated error ol g = 0.03 [83]. Finally theoretical
uncertainties from associated production (V H) cross sections are included
with two more pulls, one for Tevatron (55},) with associated error a@H =
0.075, and one for LHC at both 7 and 8 TeV (£f,;) with associated error
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O"[/’ g = 0.05 [83]. These pulls modify the signal strength predictions as we
describe in the following.

In order to predict the expected signal strengths in the presence of the
dimension—six operators we need to include their effect in both the produc-
tion channels, as well as, in the decay branching ratios. From the expressions
in the previous Section it is straight forward to include them in these ob-
servables at tree level. Concerning the higher order corrections we assume
that the corresponding “K—factors” (defined as the ratios of the higher order
predictions divided by the predictions at the leading order) are the same for
the SM than for the new operator contributions. In this approximation we
then write:

ano

oppo = 1 ogM| (2.47)
Oy tree
Fano h X
pano(p, _y x) = Loth = X) TSM(h = X)|., (248)

SM(h — X)

tree

with the superscript ano (SM) standing for the value of the observable con-
sidering both the anomalous and SM interactions (only the pure SM contri-
butions without dimension—six operators) and we label as soa the value for
the state—of-the—art SM calculations, 035,M lsoa and T°M (b — X)|soa, pre-
sented in [83]. The subscript Y refers to the different production modes:
gluon fusion (gg), vector boson fusion (V BF'), associated production (V H)
and top—associated production (ttH), while X refers to the final state in
the given decay mode. As we have explained in the previous Section, one of
the assumptions in our effective Lagrangian approach is that there are not
undiscovered light states present at the low energies that couple to the Higgs
boson. This means that we do not include in our analyses an eventual invis-
ible decay of the Higgs particle [84,85]. Thus, the total width is obtained by
summing over the decays into only the SM particles. In order to evaluate
the relevant tree level cross sections we use the package MadGraph5 [86]
with the anomalous Higgs interactions introduced using the package Feyn-
Rules [87]. We further cross check our results using two alternative packages,
COMPHEP (88,89] and VBFNLO [90].

With all these considerations, for any final state X listed in Tables[2.1]
and we can write the theoretical signal strength as

X o rano *ano X *ano *ano ano ano
€99%99 T 6VBFUVBF + GWHU + 6ZHU + fttHUttH Br*"[h — X]

ux = 5 SM ST
X oM + ) ppov e + oyt Suoi + enpomy  BrM[h — X]
(2.49)
where
oy = oy (14 &y) (2.50)

with Y (X) standing again for the production mode (final state). Thus £,
&vpr and &y g are the pulls associated with the gluon fusion, vector boson
fusion and associated production cross section uncertainties (see Eq. (2.45))).
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Channel P fgj Experiment
pp— WHW - 0.9470% CDF & DO [66]
PP — TT 1.687528 CDF & DO [66]
pp — bb 1.59705% CDF & DO [66]
Pp — 7y 5.977339 CDF & DO [66] |
pp— TT 0.7407 | ATLAS @ 7 and 8 TeV [67] |
pp — bb —2.1777 ATLAS @ 7 TeV [68]
pp — bb 0.6707 ATLAS @ 8 TeV [68] |
pp — ZZ* — 0T~ ete— | 1.770% | ATLAS @ 7 and 8 TeV [69
0.4
pp — WW* = (ful—p | 0.0798 ATLAS @ 7 TeV [70]
pp— WW* = (tul—p | 1.26703 ATLAS @ 8 TeV |70
0.35
pp — Zy — 4Ty 4.770% | ATLAS @ 7 and 8 TeV [71] |
pp— TT 11797 CMS @ 7 and 8 TeV [72] |
pp — bb 1.070% | CMS @7and 8 TeV [73] |
pp — bb VBF 0.7 CMS @ 8 TeV [74]

pp — ZZ* — 0000~

CMS @ 7 and 8 TeV [75] |

pp — WW* = 0Tul~ v

CMS @ 7 TeV [76]

pp — WW* = 0Tul~ v

CMS @ 8 TeV [76]

pp — Zy — 4Ty

CMS @ 7 and 8 TeV [77] |

Table 2.1: Results included in the analysis for the Higgs decay modes listed,

except for the ~v channels.

+
exp +o
per e

Channel

7 TeV

8 TeV

Unconverted central, low pr,

.15
0.5271 45

0.74
0.89 07y

Unconverted central, high pr,

1.98
0.2375 ¢

T.08
0.95%5 9

Unconverted rest, low pr,

256710

0.92
2.527 052

Unconverted rest, high pr,

10477558

1.35
2717107

Converted central, low pr,

2.62
6.1075 05

+1.05

Converted central, high pr,

1.80
—4.3671 5

+1.54
2'071.26

Converted rest, low pr,

FI.08
2-73_1.98

FLI7
2.227 599

Converted rest, high pr,

2.91
—1.577 5

1.32
1.297 56

Converted transition

355
0.4175 66

F1.69

2-jets / 2-jets high mass tight

+1.92
2.713 0156

F083
1637065

2-jets high mass loose

1.79
2.771 15

2-jets low mass

0.3387 173

E* significance

2.097271

One Lepton

F2.00
2.717 766
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Table 2.2: H — 7 results from ATLAS [78}79] included in the analysis.
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e tot
Channel 7 TeV 8 TeV

pp — vy Untagged 3 | 1.487 -5 —0.3647 055
pp — vy Untagged 2 0.024ﬂj§3 0-291f8:?12
pp — 77 Untagged 1 | 0.1947099 | 0.02470703

pp — 7y Untagged 0 | 3.837201 216707

o0 — 734 4197230 loose 0.807 559
tight 0.29170:679

pp — 77 MET — 1.897252
pp — v~ Electron — *0'655t%gg
pp — vy Muon — 0.4127 5

Table 2.3: H — 7 results from CMS [80] included in the analysis.

The weight of the different production channels to each final state X
are encoded in the parameters E})/( with Y = VBF, g9, WH, ZH and ttH.
The experimental analyses are usually separated into different subcategories,
each of them with cuts tailored to enhance and/or suppress different pro-
duction modes. This benefits the chi-square analysis, giving a richer variety
of efficiency combinations.

The search for Higgs decaying into bb pairs takes place through Higgs
production in association with a W or a Z, so in this case

bb bb bb 0 bb bb 1
9

€99 = CVBF = €y = ewn =€z =1, (2.51)

except for the recent CMS analysis [74], where the main production mode
is assumed to be VBF

bb _ bb  _ bb  __ bb __ bb
€gg = €WH = €z = € = 0, eypr =1 . (2.52)

The ATLAS and CMS analyses of the 7 and 8 TeV data sets separate the
~7 signal into different categories and the contribution of each production
mechanism to a given category is presented in Table 6 of ATLAS [78], Table
1 of ATLAS [79] and Table 2 of CMS [80]. We summarize them in Tables[2.4]
and 2.5
With the exception of the above processes, all other channels X =
WW+* ZZ*, 71, and Zv are treated as inclusive,
62(92653}7:65%]{:6%}[:6?}[:1. (2.53)
For some of the final states considered the available LHC 8 TeV data
has been presented combined with the 7 TeV results. Given the limited
available information on errors and correlations, we construct the expected
theoretical signal strength as an average of the expected signal strengths for
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Channel €9 | Ver | Wu | % | €y
Unconverted central, low pr, 1.06 | 0.579 | 0.550 | 0.555 | 0.355

1.07 | 0.572 | 0.448 | 0.452 | 0.343

Unconverted central, high pr, 0.760 | 2.27 | 3.03 | 3.16 | 4.26
0.906 | 1.80 | 1.31 | 1.41 | 2.40

Unconverted rest, low pr, 1.06 | 0.564 | 0.612 | 0.610 | 0.355
1.06 | 0.572 | 0.512 | 0.566 | 0.171

Unconverted rest, high pr, 0.748 | 2.33 | 3.30 | 3.38 | 3.19
0.892 | 1.90 | 1.50 | 1.58 | 1.88

Converted central, low pr, 1.06 | 0.578 | 0.581 | 0.555 | 0.357
1.07 | 0.572 | 0.416 | 0.509 | 0.343

Converted central, high pr, 0.761 | 2.21 | 3.06 | 3.16 | 4.43
0.901 | 1.80 | 1.38 | 1.53 | 2.57

Converted rest, low pr, 1.06 | 0.549 | 0.612 | 0.610 | 0.355
1.06 | 0.586 | 0.512 | 0.566 | 0.171

Converted rest, high pr, 0.747 | 2.31 | 3.36 | 3.27 | 3.19
0.887 | 1.86 | 1.66 | 1.70 | 1.88

Converted transition 1.02 | 0.752 | 1.01 | 0.943 | 0.532

1.04 | 0.787 | 0.704 | 0.735 | 0.343

2-jets / 2-jets high mass tight 0.257 | 11.1 | 0.122 | 0.111 | 0.177
0.272 | 10.9 | 0.032 | 0.056 | 0.0

2-jets high mass loose (only 8 TeV) | 0.514 | 7.74 | 0.160 | 0.170 | 0.171

2-jets low mass (only 8 TeV) 0.550 | 0.429 | 9.51 | 9.73 | 3.25

EI'ss significance (only 8 TeV) 0.047 | 0.072 | 114 | 26.9 | 20.7

One lepton (only 8 TeV) 0.025 | 0.086 | 20.2 | 871 | 31.9

Table 2.4: Weight of each production mechanism for the different vy cate-
gories in the ATLAS analyses of the 7 TeV data (upper values) and 8 TeV
(lower values). For the 8 TeV analysis three new exclusive categories en-
riched in vector boson associated production were added with the 2-jets low
mass (one lepton) [E?iss significance] category being built to select hadronic
(leptonic) [invisible] decays of the associated vector boson.

the COM energies of 7 and 8 TeV. We weight the contributions by the total
number of events expected at each energy in the framework of the SM, i.e.
given a final state X we evaluate

7TeV _SM,7TeV 8TeV _SM,_8TeV
comb MY~ OX Lotev + px Y oy LgTev (2.54)
Hx = SMTTeV o SMBTeV o ) .
ox 7TevV + 0 8TeV

where L7(gyrey stands for the integrated luminosity accumulated at 7 (8)
TeV in the channel being analyzed. We indicate in Table that the data
has been combined by “@ 7 and 8 TeV”.

The results that we present in this thesis, based on the experimental
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Channel €9 | Ver | Vu | €y

pp — vy Untagged 3 1.04 | 0.637 | 0.808 | 0.355
1.06 | 0.558 | 0.675 | 0.343

pp — vy Untagged 2 1.04 | 0.637 | 0.769 | 0.532
1.05 | 0.629 | 0.715 | 0.685

pp — v Untagged 1 1.00 | 0.897 | 1.10 | 0.887

0.954 | 1.20 1.45 1.71
pp — v Untagged 0 0.702 | 2.43 | 3.69 | 5.50
0.833 | 1.66 | 2.66 | 4.45
pp — yyij (7 TeV) 0.306 | 10.5 | 0.118 0
pp — yvjj loose (8 TeV) | 0.535 | 7.31 | 0.348 | 0.856
pp — yvjj tight (8 TeV) | 0.236 | 11.3 | 0.061 | 0.171
pp — v, u-tag (8 TeV) 0.0 | 0.029 | 16.2 | 35.6
pp — 77, e-tag (8 TeV) 0.013 | 0.057 | 16.1 | 33.7
PP — 17, B tag (8 TeV) | 0.241 | 0.358 | 13.2 | 20.2

Table 2.5: Weight of each production mechanism for the different v~ cat-
egories in the CMS analyses of the 7 TeV data (upper values) and 8 TeV
(lower values). €}y = €/}, = €/ in this case. For the pp — ~yvjj cat-
egory the 8 TeV data was divided in two independent subsamples labeled
as “loose” and “tight” according to the requirement on the minimum trans-
verse momentum of the softer jet and the minimum dijet invariant mass.
For the 8 TeV analysis three new exclusive categories were added enriched
in vector boson associated production: p-tag, e-tag and E{,?iss—tag.

analyses in Tables and rely on almost the full 7 and 8 TeV
LHC data sets. These correspond to around ~5 fb~! from each 7 TeV
Higgs analysis in addition to almost the complete 8 TeV data sets, that for
each of the different Higgs channels amount to ~20 fb~! more. Altogether,
the complete LHC data sets contain almost ~25 fb~! of data per Higgs
channel, which added to the Tevatron analyses, form a set of 56 data points
whose overall precision already allows to perform a consistent study of the
Higgs boson interactions. So aside of hypothetical improvements on some
experimental analyses, the results that we present here form a robust picture
of the status of our knowledge of Higgs couplings that will hold until the
LHC starts its operation at 13 TeV.

Before proceeding to present the results a final remark is in order. In
our analysis we implicitly assume that the detection efficiencies with re-
spect to the cuts in each of the experimental analyses, 6{5 in Eq. , are
the same for the contributions from the dimension—six operators than the
ones for the SM Higgs boson Lagrangian. This is an important approxi-
mation in the analysis as it means that the effects associated to the new
kinematic structures generated by the anomalous operators, see Eq.

37



CHAPTER |§l THE LINEAR REALIZATION

(which generically can lead to differences in the kinematic distributions of
the final states compared to the SM ones) are neglected for the efficiencies.
A full simulation of the Higgs couplings taking into account all the new
Lorentz structures introduced by the dimension—six operators in the differ-
ent vertices and the corresponding kinematic distributions might increase
the current sensitivity on the anomalous couplings and it could also allow
for breaking degeneracies between the operators. Especially between the
ones that only lead to an overall shift of the strength of the SM vertices
and the ones that introduce new Lorentz structures (see [91-93] for related
work). Nevertheless, at present, there is not enough information outside of
the experimental collaborations to perform such analysis including all the
different kinematic information.

2.2.2 Triple gauge boson vertex data

As we have pointed out in the previous Section, a very interesting source of
data to study the dimension—six operators originates from the contribution
of some of them to YWTW ™ and ZWTW~ TGV’s. Motivated by these
contributions, we combine in this Subsection the results of Higgs data from
Tevatron and LHC that we have described in the previous Subsection with
those from the most precise determination of TGV’s.

From the final basis of dimension—six operators in Eq. (2.44), both Oy
and Op contribute to the TGV’s, as can be seen in Egs. (2.31) and (2.32]),
while the contributions from Opy and Og 1 are negligible after imposing the
constraints on the corresponding coefﬁcients on their tree level contribution
to the S and T parameters (see Egs. ) and ( - Focusing on the
three parameters that receive contrlbutlons from Ow and Op we have

z_ 9V g S z
Agy = Sc 2A2fW’ VZW(fW‘f'fB)a AKZ:—%ARW—FAgl. (2.55)

Thus it is clear that only two of the three anomalous TGV’s are indepen-
dent in this framework. As a consequence, for consistency with our multi-
parameter analysis, we need to include the results of the experimental col-
lider measurements of TGV’s under these relations. From all the references
that we have listed [40,/42H51], it suffices now to consider only the results
from LEP analysis [42], as they are still the most precise ones. The LEP
analysis was performed in terms of glz , Kz and k- as determined by the
relations in Eq. (assuming Ay, = Az = 0 as well). The precise mea-
surements of TGV’s they obtained are

=0.98470919
gf P — 100410924 (2.56)

with a correlation factor p = 0.11. Thus, in order to combine the TGV data
with the Higgs data from the previous Subsection we can add to the x?
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Eq. (2.45) an extra piece X"QFGV with the schematic form

T
Xtav = (591Z : 5/@) oV (5912 : 5/<»'~,) , (2.57)
where
gZ _gZ,eXp o — K,CXp
((Sglz,émy) E( 1 1l 2 7 ) . (2.58)
Uglz Ok

There glz and k. contain the contributions of the dimension-six operators
Ow and Op as shown in Eq. , glz P and k5P are the measured values
shown in Eq. , with the corresponding errors 04z and o, obtained
from the same Eq. symmetrizing as in Eq. . They are assumed
to be Gaussian behaved. Finally the correlation matrix Crgy has the trivial
form

_(1r
Crav = ( b1 ) : (2.59)
In the following Section we will show the results of the analyses of the Higgs
data with and without combining it with TGV data.

2.2.3 Including electroweak precision data

Finally in this Subsection we describe how we estimate in our analysis the
constraints from EWPO besides what is described in Secs. and 2.1.40
We remind the reader that the two operators that contribute at the tree
level to EWPO, Opw and Os 1, have already been neglected for the present
analysis given the strong constraints from EWPO. Here we describe the
additional constraints on the dimension—six operators still remaining in the
final basis of Eq. . These operators contribute to EWPO only at higher
order in perturbation theory (at one loop) and therefore these contributions
are subject to the usual problems with interpretation of non—tree level effects
from non-renormalizable operators.

Here, in order to estimate the possible size of these effects we account for
the constraints from EWPD on the higher—order corrections from dimension—
six operators in terms of their contribution to the S, T' and U parameters
as presented for example in [54]. We do not consider additional effects as-
sociated with the possible energy dependence of those corrections and we
retain only the log(u) terms which can be interpreted as the running of the
corresponding coefficients between the renormalization scale p (here taken
to be the NP scale A) and the EW scale. The contributions from Op, Ow,
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Ogg, Oww and Og 2 read

o2 M2 A2
aemAS = (131671'2{ (fW+fB) log <m> +
2| (53 = 2)fw — (55 — ] ( )
2 A2
- [(2203 — 1) fw — (30c3 + )fB} Z log (]\/[2) (2.60)
z

M2 A? v? A?
— 24(c3 fww + safBR)—~Z e Z log <MJ%1> + 2f<b,2p log (]\4[2{> } ;

3 €2 M2 A?
AT = =
Clem 4c2 1672 {f Bp2 <MI2{)

2 2
+ (cg.fw + fB)% log (A) (2.61)

M2 A2 v? A?
+ [2C§fW + (303 — 1)f3] A—flog <M2> f<1>2 5 log <J\42> } )
A H

1 6283 M% A?
aemAU = T 31672 {(_4fW + 5fB)F log <]\4—[2{>
M2 AQ
+ (2fw — 5f5)—Z log () : (2.62)
A2 M2

At present the most precise determination of S, T and U from a global fit
yields the following values and correlation matrix:

AS™P = 0.00 £ 0.10, ATSP =0.02+0.11, AUP =0.03 £ 0.09 ,
(2.63)
1 089 —0.55
Cewpo=| 08 1 —08 | . (2.64)
~0.55 —0.8 1

Thus, we can combine this data with the Higgs and TGV data by adding an
extra piece to the Higgs x* in Eq. (2.45) and the TGV x#qy in Eq. (2.57)

of a similar form:
T
wpo = (55, ST, 5U) Crtro (55, ST, 5U) , (2.65)

where here

AS — ASSP AT — AT™P AU — AU
(55, ST, 5U>E< . v TUATT v UUAUU p).

(2.66)
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with AS, AT and AU given in Egs. 7, and where ASP ATP
and AU*P_ and the corresponding uncertainties are the quantities in Eq. .

In the following Section we will study the effects of each set of data
on the determination of the dimension—six operators. We will present the
results corresponding to the analysis including only Higgs data, i.e. using
only x? in Eq. , combining Higgs and TGV data, i.e. % + XQTGV, and
finally combining the three sets of data, i.e. 2 + X%GV + X]%]WPO'

Notice that, as long as only tree level effects are considered, i.e. for the
analysis of Higgs and/or TGV data, the derived results apply to the com-
binations f;/A%. However when including the bounds on the loop induced
effects on EWPO the constraints depend separately on A since it appears
in the logarithms (because we take the NP scale to be the renormalization
scale).

2.3 Status after the 7 and 8 TeV LHC runs

We present here the updated status of the analysis of the Higgs couplings
using all the current existing data. The purpose of the Section is to look for
deviations and/or establish generic exclusion bounds on NP by means of the
bottom—up effective Lagrangian approach. With this aim we describe here
the constraints obtained in each of the dimension—six operators of our basis.
We focus the discussion on describing the set of data where the strongest
constraints come from. The data—driven approach allows us to easily identify
the operators and experimental channels with a more promising outlook
for the future 13 TeV LHC run. Furthermore, an important corollary of
this approach will be developed as a complete new Section of the present
Chapter.

2.3.1 Bosonic dimension—six operator analysis

We start the presentation of the results focusing on the scenario where
the Higgs—fermion interactions are set to the corresponding SM values. In
other words, we set fhor = fr = 0, and we fit the available data using
the coefficients of the remaining six bosonic operators in Eq. , i.€.
{fg: fww, BB, fw, fB, fo2} are the free independent parameters. Results
corresponding to different subsets of these bosonic operators can be found
in [15].

Higgs collider data analysis

As a first step we study the constraints derived from the analysis of the
Higgs collider data from ATLAS, CMS and Tevatron, that amount to a
total of 56 observables, using the x? in Eq. . We find the minimum of
the chi-square to lay at anin = 66.8 for the combined analysis, whereas the
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SM lies very close, at X%M = 68.1. This means that the SM is inside the
3% CL region of the six dimensional parameter space spanning the bosonic
operators.

The results of this analysis are shown in Figure The first column of
the Figure displays the chi-square (indeed Ax?) dependence upon the six
bosonic anomalous coefficients after marginalizing over the five undisplayed
ones. In other words, for each of the values of the dimension—six coefficient
shown on a given panel, each of the undisplayed parameters are set to the
values minimizing the corresponding Ax?. In the different panels the solid
red curve corresponds to the analysis of the combined Higgs collider data,
whereas the dashed purple line is obtained using Higgs collider and TGV
data and finally the dotted blue line corresponds to the analysis of Higgs
collider, TGV, as well as EWPD (using A = 10 TeV in the evaluation of the
logarithms in Egs. —).

Focusing on the first column we can see that the Ay? behavior as a
function of f,; exhibits two degenerate minima in all cases. This is due to
the interference between the SM and the anomalous contributions in the
gluon fusion production process and in the Higgs gluonic decay. There,
both the SM and the anomalous contributions possess exactly the same
momentum dependence. The high precision obtained on f, is caused because
fq enters at tree level in gluon fusion while this is a loop process in the
SM. Around the secondary minimum the anomalous contribution to the
scattering amplitude is approximately twice the one of SM loop but with
the opposite sign. This way the gluon fusion production and the gluonic
Higgs decay have almost the same value than in the SM after squaring
the corresponding amplitudes. The gluon fusion Higgs production cross
section is too depleted for f, values between the minima, giving rise to
the intermediate barrier that can be observed. Far from the two minima
the Ax? dependence on fq is not completely symmetric between the two
minima because of the effect of f3 2 in gluon fusion production.

Looking still at the first column of Fig. we note that the current
data in all the three cases is powerful enough to lead to bounded ranges of
the different dimension-six parameters up to confidence levels well above
the 99% CL. Both fyyw and fpp receive the strongest constraints from the
diphoton decay of the Higgs boson. The reason is that this decay channel
is currently the one measured with the highest precision, to which the fyw
and fpp tree level corrections, see Eqs. (2.19) and (2.20)), can easily compete
with the SM loop contributions. The other SM decay to EW bosons coming
from a loop process in the SM, the Higgs decay to Z+, has almost no effect
on fiyw and fgp given the fact that currently the exclusion bounds on this
channel are still O(1)—O(10) times above the SM expectation. Nevertheless,
this is already enough to help closing the confidence level regions for the
highest values of both fir and fp, that contribute to Zv but not to the
diphoton decay, as seen in Eqs. and . Currently the constraints
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B (/) DX (fo/ ) D¢ (/) DX (fea/ ) B)E (Fun/ ) D) (/)

Figure 2.1: Ax? dependence on the fit parameters when we consider all Higgs
collider data (red solid line), Higgs collider plus TGV data (dashed purple
line), and Higgs collider plus TGV and EWPD (dotted blue line). The rows
depict the Ax? dependence with respect to the fit parameter shown in the
left of the row, with the anomalous couplings f/A? given in TeV~2, while
the rest of undisplayed parameters are marginalized. In the first column we

use fq, fww, BB, fw, [B, and fp2 as fit parameters with fio, = f- = 0.

In the second column the fitting parameters are fy, fww = —fBB, fw, B,
fo,2, and fior with f; = 0. In the panels of the right column we fit the data
in terms of fga fWW = _fBB7 fW7 f37 f<I>,27 fbota and fT'
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from the Higgs collider analysis on fj are stronger than the ones on fp
because of the larger contributions of fyy to the different AW TW ™ and
hZZ vertices: fp only contributes to hZZ with a strength suppressed by
the weak mixing angle compared to fy,. Finally the contribution of fg 2 as
a shift of all the SM vertices leads to high confidence level closed regions as
well, with an overall level of precision similar to the one of the rest of the
bosonic dimension—six operators.

Adding TGV data

We now move to describe the effects of combining the Higgs collider and
TGV data sets (dashed purple curves in Fig. on this bosonic set of
dimension—six operators. As we showed in Eq. (2.32)), fp and fi are the
only two fit parameters that modify the TGV’s at tree level, and therefore,
they are the ones that show the largest impact of the TGV data, as can be
seen in the corresponding panels of Fig.

From these two parameters, fy is the most constrained by the inclusion
of the TGV data since it is the only dimension—six parameter that modifies
the most precisely determined TGV: gZ. Nevertheless, the common contri-
bution of fp and fy, together with the other weak dimension—six operators,
i.e. fBB, fww and fs 2, to the different vertices involving the Higgs boson
and the weak gauge bosons as well as the Zv vertex propagates the effects
of the TGV data set to these other parameters. It is also worth noting that
the level of precision of the TGV data set on fp and fy is very similar to
the one from the Higgs collider data. This will be further exploited in the
following Section, that is devoted to the interesting complementarity of the
TGV data set effects with respect to the Higgs collider analyses.

Adding EWPO

Finally, the inclusion of EWPO in the fit (blue dotted lines in Fig.
significantly reduces the errors on fp, fs2, fBn, and fww, as could be
expected by looking at Egs. f. We remark once more that the
logarithms on these equations are evaluated setting the high energy scale to
A = 10 TeV. As mentioned above the quantitative interpretation of these
one loop effects is debatable. We include them here for illustration of the
possible size, but we will not include them in the final combined results given
in Table nor in the remaining figures of the present Section.

Resulting bounds

The best fit values and 90% CL allowed ranges for the couplings and ob-
servables in the combined analysis of Higgs collider and TGV data can be
found in the first two columns of Table 2.6l The inclusion of the TGV data
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has almost no quantitative impact on the values of neither X?nin nor the SM

CL.
Fit with foot = fr =0 Fit including fyot and fr
Best fit | 90% CL allowed range || Best fit 90% CL allowed range
fo/A? (Tev=?) | 1.1,22 | [-3.3,5.1]U[19, 26] 2.1, 21 [~5.3,5.8] U[17,22]
fww /A% (Tev2) | 1.5 [-3.2,8.2] 0.65 [-4.2,7.7]
feB/A% (Tev=2) | -1.6 [-7.5,5.3] -0.65 [-7.7,4.2]
fw/A? (Tev—?) 2.1 [-5.6,9.6] 1.7 [-5.4,9.8]
fB/A? (Tev—?) -10 [-29,8.9] -7.9 [-28,11]
fo2/A? (Tev=2) | -1.0 [-10,8.5] -1.3 [-9.8,7.5]
foot/A? (Tev—) — 0.01, 0.84 | [~0.28,0.24] U [0.55, 1.3]
fr/AZ (Tev—2) — — -0.01, 0.37 | [-0.07,0.05] U [0.26,0.49)]
BR¥° /BRI 1.2 [0.78,1.7] 1.2 [0.55,1.9]
BR%, /BRN, 1.0 [0.89,1.1] 1.2 [0.51,1.9]
BR¥2/BRSY 1.2 [0.84,1.5] 1.4 [0.6,2.2]
BR3°/BRyM 1.0 [0.92,1.1] 0.89 [0.46,1.3]
BR2°/BRSM 1.0 [0.92,1.1] 1.1 [0.42,2.6]
oino [gSM 0.88 [0.59,1.3] 0.73 [0.38,2.0]
o Jo A 1.1 [0.52,1.9] 1.1 [0.58,1.8]
oo oo 0.82 [0.43,1.4] 0.96 [0.47,1.5]

Table 2.6: Best fit values and 90% CL allowed ranges for the combination
of all available Tevatron and LHC Higgs data as well as TGV data.

The Ax? dependence on each of the dimension—six operators of Fig.
can be easily translated into Ax? as a function of the physical observables
by projecting the 6-dimensional space into the corresponding combinations
entering in each observable. In Fig. we show the results of this transla-
tion. There we can see the Ax? dependence on the different production cross
sections and Higgs decay branching ratios when combining all the Higgs col-
lider plus TGV measurements. In Fig. the top panels correspond to
the analysis of only the bosonic operators in Eq. , setting the Higgs
fermionic interactions to the SM values. As we can see from the two top
panels, all the SM predictions are within the 68% CL allowed ranges using
the Higgs collider and TGV data. Notice that with the current available
data the Higgs branching ratios are known with a precision around 20%
while the production cross sections are known with an uncertainty of 30%.

When looking at the fiyw and fgpp panels in Fig. we observe what
seems like a mirror symmetric behavior. This is further illustrated in Fig-
ure where we depict the 95% and 99% CL allowed regions of the plane
fww X fBB, after marginalizing over the undisplayed variables. The Figure
corresponds to the case where we consider only the Higgs collider data. Ac-
tually, as we can see, there is a strong anti—correlation between fiyw and
fBB- The origin lies on the diphoton decay of the Higgs boson: fyw and
fBB give the dominant contributions to the Higgs branching ratio into two

photons which is proportional to fyww + fpp, see Egs. (2.19) and ([2.20).
The 95% CL allowed region is then formed by two narrow islands: one with
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Figure 2.2: Ax? dependence on the Higgs branching ratios (left panels) and
production cross sections (right panels) when we consider all Higgs collider
and TGV data. In the upper panels we use f;, fww, fBB, fw, fB, and
fa 2 as fitting parameters with fi, = f- = 0, while in the middle panels the
fitting parameters are fy, fww = —fBB, fw, [B; fo,2, and fio with fr = 0.
In the lower row we parametrize the data in terms of f,, fww = —fBB, fw,
B, o2, foot, and fr. The dependence of Ax? on the branching ratios to
the fermions not considered in a given analysis arises from the effect of the
other parameters in the total decay width.

small departures from the SM contribution and a second one around the
anomalous couplings values such that their contribution to the Higgs decay
amplitude to photons is twice the SM one but with the opposite sign. This
gives, after squaring, the same branching ratio to photons. This degener-
acy of the minima is not exact, since the fyyw and fpp couplings not only
contribute to Higgs decay into photons, but also to its decay into WW*
and ZZ*, as well as in Vh and VBF production mechanisms, lifting as a
consequence the degeneracy of the local minima. Notice also that after the
marginalization over fgp (fiww), the one-dimensional Ax? curve for fyw
(fBB) shown in the second (third) row of the first column in Fig. has
only one minima and the anti-correlation is translated in these two curves
being close to mirror symmetric.
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Figure 2.3: We display the 95% and 99% CL allowed regions in the plane
fww x fpp when we fit the Higgs collider data varying f,, fww, fBB, fw,
fB, and feo. The star stands for the global minima and we marginalized
over the undisplayed parameters.

Interesting correlations can also be observed in Figure [2.4] which con-
tains the 68%, 90%, 95%, and 99% CL 2-dimensional projection in the plane
fg X fo2 after marginalizing over the four undisplayed parameters. The re-
sults are shown for the combination of Higgs collider and TGV data sets. As
we can see, this Figure exhibits two isolated islands that originate from the
interference between the anomalous and the SM contributions to the Higgs
coupling to two gluons. Within each island there is an anti—correlation be-
tween f, and fg 2, that stems from the fact that the anomalous contribution
to the Higgs gluon fusion production is proportional to F ng fo,2+2f5 where
FgSgM ~ (0.7 is the SM loop contribution to the Hgg vertex.

The allowed ranges of observables also show interesting correlations as
seen in Fig. The left panel displays the correlations between the Higgs
branching ratio into photons and its gluon fusion production cross section
in the scenario with fyor = fr = 0. The Figure corresponds to the analysis
of Higgs collider data in combination to the TGV data. Clearly, the two
quantities shown in Fig. are anti—correlated, since their product is the
major source of Higgs events decaying into two photons.

2.3.2 Including fermionic operators

We now move to the effects of including the fermionic operators in the
analysis of the different sets of data. We first increase the operator set in the
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Figure 2.4: We present the 68%, 90%, 95%, and 99% CL allowed regions in
the plane f; X fp 2 when we fit the Higgs collider and TGV data varying f,
fww, BB, fw, fB, and fs2. The stars stand for the global minima and
we marginalized over the undisplayed parameters.

previous Subsection by adding the anomalous bottom Yukawa-like coupling
foot- In this case to simplify the numerical analyses we make use of the
strong correlation observed in Fig. between fiyw and fpp by imposing
that fiyw = —fpp. We have checked that this assumption has no effect
on the rest of parameters and observables of the analysis but considerably
speeds up the numerics. Therefore, our free dimension—six coefficients are
{fg: fw, B, fww = —fBB, fo2, foot }, Where we are still keeping f, = 0.
The results for this set of dimension—six operators are presented in the
middle panels of Fig. First we see that the Ax? dependence of fior
presents two degenerate minima, one corresponding to a small correction
to the SM Yukawa coupling, and one leading to a larger positive correction
which flips the sign of the Hbb coupling and as a consequence of the decay
amplitude. After squaring the corresponding amplitudes we obtain the same
decay width for both minima. Comparing with the first column in the
Figure, we see that the allowed range for f; becomes much larger. This
behavior originates from the fact that at large f,ot the Higgs branching ratio
into the b—quark pairs approaches 1, so that in order to fit the data for any
channel X # bb, a production mode must be enhanced to compensate the
dilution of the H — X branching ratios. This is accomplished by enhancing
the gluon fusion cross section, which is the only production mode that is
currently not directly measured in any of the Higgs to bb decay channels.
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Figure 2.5: In the left (right) panel we present the 68%, 90%, 95%, and 99%
CL allowed regions in the plane O'ano/O'SM x Br(h — y7)®°/Br(h — v7)SM
when we fit the Higgs collider and TGV data varying fq, fww, fBB, fw,

fB,and fo2 (fg, fww = —fBB, fw, B, fo,2, and fuot). The stars stand for
the global minima and we marginalized over the undisplayed parameters.

This can be more clearly seen in Fig. [2.6] This Figure depicts the strong
correlation between the allowed values of fi,o4 X fg when combining Higgs
collider and TGV data. This correlation has an impact which is transferred
to the determination of the gluon fusion production cross section and the
Higgs branching ratio into photon pairs, as illustrated in the right panel of
Fig. This panel now shows that in this case the gluon fusion production
cross section can be much larger than the SM cross section, but only as
long as the Higgs branching ratio into photons is well below the SM value
in order to fit the observed rate of 4+ events. This corresponds to the case
with fyor and f; going far from their corresponding minima.

On the other hand, allowing for fyo,s # 0 has a small impact on the
parameters affecting the Higgs couplings to EW gauge bosons fi, fB, fww,
fBB, and fs 2, as seen comparing the corresponding left and central panels
of Fig. even prior to the inclusion of TGV constraints on fi and fp.
Hence the same comments than in the previous Section apply here.

We look further at the effects coming from the inclusion of fi,. to the set
of dimension—six operators, now studying the chi-square dependence on the
physical observables. These effects can be seen by comparing the upper and
central lines in Fig. which contain the chi—square dependence on Higgs
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Figure 2.6: We present the 68%, 90%, 95%, and 99% CL allowed regions in
the plane f,ot X f; when we fit the Higgs collider and TGV data varying

fgs fws fBy fww = —fBB, fe2, and fio. The stars stand for the global
minima and we have marginalized over the undisplayed parameters.

branching ratios (left) and production cross sections (right) for the analysis
with fpot = 0 (upper) and fpor # 0 (central). We can immediately see that
the bounds on branching ratios and cross sections get loosened, with the
VBF and VH production cross sections being the least affected quantities,
while the gluon fusion cross section is the one becoming less constrained.
The reason for this deterioration of the constraints is due to the strong
correlation between f, and fiot we have just mentioned.

As a conclusion, the impact of fi,o¢ on the fit is mainly due to the absence
of data on the direct process pp — h — bb, because of to the huge SM
backgrounds when looking for the gluon fusion production mode. A possible
way to mitigate the lack of information in this channel is to have smaller
statistical errors in the processes taking place via VBF or VH associated
production. Nevertheless, this will require a larger data sample than the
one presently available.

In order to close the results Section we move finally to study the more
general case including also the 7 Yukawa-like dimension—six operator, i.e.
fr # 0. For the sake of simplicity we keep the number of free parameters
equal to seven and we choose them to be { fy, fw, B, fww = —fBB, f6.2, fvot, f+}-
Here we use, once more, the strong correlation between fiyyw and fpp to
reduce the number of free parameters to a treatable level, without any ef-
fect on the relevant parameters and observables of the analysis as we have
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checked. We present in the right panels of Fig. the chi—square as a func-
tion of the free parameters in this general case, and in the lower panels of
Fig. the corresponding chi-square dependence on the decay branching
ratios and production cross sections. The results show that the inclusion of
fr in the analysis does not introduce any further strong correlation. The
reason is that the data on pp — h — 77 cuts off any strong correlation
between f; and f,. The determination of the parameters is not affected
very much with respect to the previous case with fpot # 0 and f; = 0.
Concerning the observables, only the 77 Higgs branching ratio is affected.

The corresponding best fit values and allowed 90% CL ranges for the
parameters and observables are given in the right two columns of Table
There we combine the collider Higgs and TGV data sets. We see that at
the best fit point the present global analysis favors a BR°/BRSM slightly
bigger than 1 (1.1), which leads to two possible values of fr. One that
leads to a small positive correction to the negative SM Yukawa coupling,
and one that gives a larger positive correction that flips the sign of the Hr7
coupling, but leading to the same absolute decay width after squaring the
decay amplitudes. This is the origin of the two minima observed in the
lowest panel in the right column of Fig. Furthermore, the inclusion of
the fermion couplings has no impact on the values of Xfmn’( S and it still
holds that the SM is in overall agreement with the Higgs and TGV results
at better than 9% CL.

The lack of any deviation from the SM behavior, after the dilution of
the promising initial Higgs diphoton enhancement [15], is one of the main
conclusions of the current status of the Higgs coupling studies. The very
well tested SM is proving to be a valid theory also for the Higgs sector, given
the measurements done so far. Besides theoretical open questions, the SM
is standing robustly against the challenge of the LHC, without showing a
sign of its hypothetical weakness. This is forcing us to wait for the improved
13 TeV high energy analyses in order to keep looking for NP signals in the
EWSB sector. Furthermore this is making us to further struggle ourselves
for new strategies to try to decipher and understand the EWSB mechanism.
Following this spirit we devote the final Section of this Chapter to a possible
strategy to further test the EWSB sector taking advantage of the very in-
teresting complementarity between Higgs collider searches and TGV direct
measurements.

2.4 Determining TGV’s from Higgs data

In this Chapter we have described how, within the effective Lagrangian
approach based on the linear realization of the SU(2);, x U(1)y symmetry,
some of the relevant dimension—six operators contribute at the same time to
Higgs couplings and to TGV interactions. In the previous Sections we have
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taken advantage of this feature with the aim of using TGV data in order
to further constrain the dimension-six operators. In the present Section
instead, we exploit this double contribution in, qualitatively, the opposite
direction. We show that the Higgs collider data we have presented, from
both Tevatron and LHC experiments, give rise by itself to strong bounds on
TGV’s that are complementary to the bounds derived from the direct TGV
measurements at the different colliders. Furthermore, we present here the
combination of constraints coming from the direct measurements of TGV’s
and from the TGV determinations using Higgs data. This combination of
bounds corresponds at the end to the strongest constraints on TGV’s that
we are aware of in this framework.

From all the operators in the final dimension—six basis relevant for the
Higgs analysis, that we have presented in Eq. , both O and Op con-
tribute at the same time to Higgs couplings and TGV interactions. Modifi-
cations of the couplings of the Higgs state to the EW gauge bosons are thus
related to TGV’s in a model independent way due to gauge invariance and
the assumption of a linearly realized gauge symmetry. For the present study
we use again the classical parametrization of the TGV interactions [52],
that we have introduced in Eq. for the C' and P even subset of cou-
plings. The contribution from Oy and Op to the corresponding parameters
Ag?, Ak, and Aky is given in Eq. . In addition Owww in Eq.
gives an independent modification to Ay = Az shown in Eq. .

Equations and (2.33) imply that only three of the five relevant
TGV interactions are independent in the framework of the dimension—six
operators. These three can be chosen to be Ax,, Ay, and Ag?, while Ay
and Akyz remain to be determined by the relations

2
Az=X, and  Arz=-0Ak, +AgZ . (2.67)
o

As we have commented, the parametrization in Eq. has been es-
tablished as the common Lagrangian to study TGV’s in the several col-
lider analyses. In these studies, the experimental collaborations analyze
the production of EW gauge bosons to measure the different parameters
in Eq. . In most of these experimental analyses one or at most two
couplings at the time are allowed to deviate from the SM predictions, while
the others are fixed to their SM values. Several of these searches, performed
by LEP collaborations, followed by Tevatron experiments and recently by
LHC searches, were done in the constrained framework determined by the
relations in Eq. which is usually denoted as the “LEP” scenario. We
review here these different experimental searches that will be compared and
combined to the TGV bounds derived from our analysis of the Higgs data.
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2.4.1 Direct collider TGV measurements

We start describing the relevant LEP analyses and afterwards we present
the measurements from Tevatron and LHC studies.

LEP

As we have commented when applying TGV measurements to further con-
strain the Higgs interactions in the previous Sections, LEP searches are still
the source of the most precise measurements of the different TGV interac-
tions in Eq. . The different LEP experiments, OPAL, ALEPH and
L3, were sensitive to anomalous TGV’s through the WTW ™ pair produc-
tion and the single v and W productions. These different processes yield
information on both WW Z and W W+~ vertices, as seen from the combi-
nation of the analyses that was presented in [42]. At LEP, the analyses
based the precision of the measurements on the sensitivity of the different
angular distributions to the anomalous TGV’s. Although the total event
rates and differential cross sections were also combined in addition to the
angular distributions. We depict in Fig. the bounds obtained in [42]
from the combined analysis of the LEP collaborations in the LEP scenario.
This corresponds to the region delimited by the blue line, which is the 95%
CL allowed region (2 d.o.f.) on the plane Ax, x AgZ, for A, = Az = 0.

Tevatron

Tevatron experiments have also set relevant bounds on TGV’s from the com-
bination of different EW gauge boson production processes. In particular,
Tevatron collaborations have studied WW, WZ and W~ pair productions
in pp collisions. Notice that at Tevatron, with a COM energy clearly above
the W—pair production threshold, the use of total event rates and energy
distributions is possible. In the most recent results presented in [43], D@
combined the different data sets containing from 0.7 to 8.6 fb—! of integrated
luminosity. In addition, CDF has also presented results from W Z produc-
tion [44] with an integrated luminosity of 7.1 fb=!, and from WTW~ [45]
with 3.6 fb~! of data. However the CDF bounds were not presented in the
LEP scenario, and as the expected precision obtainable would be below the
rest of combined bounds we safely omit them for the rest of the Section.
Conversely we show in Fig. the bounds obtained from the D@ combined
analysis in [43] for the LEP scenario. The green line delimits the 95% CL
allowed region on the plane Ak, x Ag?, where the bounds were derived
assuming Ay = Az = 0. We also note here that the D@ results were obtained

assuming a form factor for the anomalous TGV’s of the form: g L 2 with
A2

A = 2 TeV and § being the collision energy of the event. As we will de-
scribe in the next Chapter when studying in detail all the anomalous TGV
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interactions from the parametrization in [52], it is well known that the intro-
duction of anomalous couplings can spoil delicate cancellations in scattering
amplitudes. This may lead, eventually, to unitarity violation above a certain
scale A’. A common established way to cure this problem in the literature
is to introduce an energy dependent form factor that directly dumps the
anomalous scattering amplitude growth at high energy. Given the COM en-
ergy at the Tevatron collider collisions and considering the level of precision
reached by the D) combination in [43], the introduction of this form factor
has only a very minor effect in our study. We note that all the other TGV
measurements reviewed in this Section and presented in Fig. were always
obtained without including form factors.

LHC

As it was expected before the LHC started its operation [94], after the initial
LHC runs the experiments are starting to provide direct bounds on TGV
interactions. ATLAS has studied TGV’s in WTW ™~ [46], WZ [47] and W~
and Z+ fully leptonic channels [48], using the full 7 TeV data set, which
amounts to an integrated luminosity of 4.6 fb~! per channel. In addition
CMS has also constrained the anomalous TGV interactions using the 7 TeV
set of data. CMS has studied TGV’s on the leptonic channels in W [49]
with 4.92 fb~! on W+ and Z~ channels [50] with 5.0 fb=! of integrated
luminosity, and finally on WW and W Z productions with two jets in the
final state [51] and 5.0 fb~! of data. From all these LHC searches we present
in Fig. the most sensitive results done for the LEP scenario. These
correspond to the WW and W Z analyses from ATLAS [46,47], whose 95%
CL allowed regions on the plane Ak, x Ag? are delimited by the solid and
dash black curves respectively. As in the LEP and Tevatron combinations,
these bounds were derived assuming in addition A\, = Az = 0. We note here
that from these two ATLAS searches, the limits on the WW Z TGV’s from
the W Z channel [47] were obtained by a two parameter analysis and shown
in terms of Aryz and Ag? only. Hence, in Fig. we expressed these bounds
in terms of Ak, and Ag? after using Eq. (2.67) for the needed translation.
The results on W+ searches from both ATLAS and CMS [48,/50] are only
sensitive to WW+, i.e. to Ax, and Ay, leading thus to horizontal bands in
Fig. These limits are weaker than the bounds shown from WW and
W Z productions. All the LHC bounds presented in Fig. were obtained

without the use of form factors.

2.4.2 Bounds on TGV’s from Higgs data

We present here the bounds on TGV’s that we can obtain from the analysis
of the Higgs data in the framework of the effective Lagrangian approach
that we have presented in the previous Sections. There, the analysis of
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Figure 2.7: The 95% C.L. allowed regions (2 d.o.f.) on the plane Ar, ® Ag#
from the analysis of the Higgs data from LHC and Tevatron (filled red
region) together with the relevant bounds from different TGV studies from
collider experiments as labeled in the panel, see text for details. We also
show the estimated constraints obtainable by combining all these bounds
(hatched region).

the latest Higgs data from the LHC and Tevatron collaborations has been
performed to constrain the relevant dimension—six operators in Eq. :
fo fww, [BB: fo,2, fw, fB, foot,and fr. Nevertheless, as we have observed
in Sec. the inclusion of the fermionic operators, fio; and f,, has a
negligible effect on the constraints on fir and fp. Therefore, for simplic-
ity we show here the results corresponding to the analysis done when the
fermionic interactions are set to the SM values, spanning then the six dimen-
sional space in Sec. fg, fww, BB, fo2, fw,and fp. While the results
of the corresponding analysis using all the available Higgs data have been
presented and described in Sec. [2.3.1] Eq. (2.55) now allows us to translate
the constraints on fy and fp from this analysis to bounds on Ak, Argz
and Aglz of which only two are independent. We show the results of the
fitting to the Higgs data only as the red solid region in Fig. There we
plot the 95% CL allowed region in the plane Ax, ® Ag? after marginalizing
over the other four parameters on the Higgs analysis, f4, fww, fpp and
fo,2. To be more precise, we define

A3 (Arsy, Ag?) = (2.68)
minfgvaW’fBB7f<I>,2AX2(fgv fWW7 fBBa f@,?? f37 fW) y
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where Ax? is defined using only Higgs data as in Eq. . This means
that we do not make any additional assumption about the coefficients of
the six operators which contribute to the Higgs analysis when considering
only bosonic dimension-six operators. We note as well that the bounds
obtained from the Higgs data are independent of the value of A, = Az, and
thus they can be directly compared to the experimental TGV measurements
that we have described in the previous Subsection. We define the two-
dimensional 95% CL allowed region plotted in Fig. from the condition
A% (Aky, Agé) < 5.99.

We can observe in Fig. that the present Higgs physics bounds on the
Aky ® Aglz plane exhibit a non—negligible correlation. This is originated
from the correlation imposed on the high values of fy and fp from their tree
level contribution to Z+ data, as can be observed in Eqgs. (2.19) and (2.20)).
We already noted in the previous Sections that the current LHC precision
on the Z~ decay of the Higgs boson is still low, reaching only exclusion
bounds of O(1) —O(10). Nonetheless, the precision is enough to have a mild
effect on the tree level contributions of fy and fp. These fit parameters
only have to compete there, besides fiyw and fpp coefficients which can
be more strongly constrained from diphoton measurements, with the SM
loop process. Fig. shows that the present constraints on Axy ® Ag1Z
from the analysis of Higgs data exhibit a correlation which is different from
the correlation in the bounds from direct TGV studies at the colliders. This
illustrates the complementarity of the bounds on NP effects originating from
the analysis of Higgs signals and from direct studies of the gauge—boson
couplings.

The 90% CL 1 d.o.f. allowed ranges after consistently marginalizing over
the other TGV parameters are:

—0.047 < Aglz < 0.089 , —0.19 < Ak, <0.099 (2.69)
which imply —0.019 < Akz <0.083 .

Thus the strength of the bounds derived from the analysis of the Higgs data
are at the same precision level than the bounds derived from the direct TGV
experimental measurements.

In order to estimate the potential of the described complementarity we
combine our bounds derived from Higgs data with those from the TGV
analysis from LEP, Tevatron and LHC, all of them shown in Fig. 2.7 In
order to perform this combination we reconstruct approximate Gaussian
functions x? (A, Ag#) which reproduce each of the 95% CL regions for the
TGV analyses in the Figure. Thus, i =LEP, DO, ATLAS WW and ATLAS
WZ, and we obtain the best fit point and two—dimensional covariance matrix
which better reproduce the corresponding curve from the condition X% =
5.99. We write then

Xeomb = X (ks Agl) + Y X7 (Aky, Agl) (2.70)
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where XQ(A/-@V, Ag?) is based on the Ax? definition from Eq. (2.68) that was
based in turn on the definition from Eq. . The combined 95% CL region
in Fig. (hatched region) is obtained with the condition Ax? . < 5.99.
As we can observe, the combined region corresponds to the strongest 95%
CL bounds that we are aware of in the LEP scenario. After consistently
marginalizing, the combined 90% CL 1 d.o.f. allowed ranges read

—0.005 < Agf < 0.040, —0.058 < Ak, <0.047 (2.71)
which imply —0.004 < Arz <0.040 .

2.5 Conclusions

After the discovery of the Higgs boson the 7 and 8 TeV LHC runs have
accumulated enough data to allow us to present a robust picture of the Higgs
interactions and start accessing in consequence the theory responsible for
EWSB. In this Chapter we have presented a bottom—up effective Lagrangian
approach to the Higgs couplings, based on the published works |[15-17].

One of the first conclusions we have obtained is related to the interest-
ing features of the data—driven approach when choosing the final basis of
dimension—six operators to be analyzed. If we start from all the dimension—
six operators that can be built respecting the SM gauge symmetries and
its corresponding particle content, EOM are useful to select the preferred
basis. On this step we can minimize the number of theoretical assumptions
with a choice guided by the existing data, which leads us to the operators
in Eq. . In addition, a data—driven approach allows us for a more
clear determination of the operator coefficients using all the available sets of
data, that include, besides Higgs production analyses at LHC and Tevatron,
the precise measurements of gauge boson interactions with fermions, which
have been used for long to establish the SM, and the measurements of TGV
interactions at the different colliders. A very interesting corollary of this
data—driven choice is the correlation between couplings of the Higgs boson
and TGV interactions.

After describing the details of the analysis based on the signal strengths,
we have presented the updated results of the Higgs coupling study once
all the Tevatron and LHC at 7 and 8 TeV data sets have been considered,
describing also how both TGV and EWPD can be used to further constrain
the Higgs couplings. It is especially interesting to observe that the TGV
constraints on dimension—six operators are at a similar precision level than
the constraints coming from Higgs data, a feature that directly drives us to
the next point.

To further study the EWSB sector we have exploited the correlation
between Higgs interactions and TGV analyses to test the linearly realized
setup. We have concluded that the determination of TGV’s from Higgs
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coupling analyses is complementary to the direct TGV measurements at
the colliders (LEP, Tevatron and LHC), as both type of determinations
present distinctive correlations, but with a similar constraining power. We
have combined both types of measurements to give the strongest available
constraints on anomalous TGV’s in the linear framework.

This Chapter leads to a very promising outlook. First of all, to search
for deviations from the pattern of Higgs interactions and TGV measure-
ments as dictated by the linear realization of the SM gauge symmetry is
a very interesting way to look for NP related to the EWSB sector and to
understand the observed Higgs nature. This motivation directly leads to
the studies presented in the following Chapter, consequently we leave the
deeper discussion for the corresponding Sections. In addition, there are
other promising improvements on the analyses of the present Chapter that
are worth addressing in here.

Obvious improvements will be derived from the completion of the sets of
data included in the analyses. First of all, although the Higgs analyses we
have presented are based on almost the full 7 and 8 TeV LHC data sets, TGV
studies are still relying on only the 7 TeV LHC set. Thus, the combination
of Higgs production searches and direct 8 TeV TGV measurements will
be a direct further test of the EWSB sector. Additionally, we can start
looking at the promising high energy LHC run. There, we will have the
potential to increase the precision on the determination of all the already
measured couplings of the Higgs: to vy, to WW and ZZ pairs and especially
to the fermionic bb and 77 pairs [95]. Furthermore, it is also expected
that the measurement of Zv decays, htt associated production and even
muonic decays may be possible. This will increase the number of studied
couplings, and in consequence our knowledge of EWSB. The Zv decay will
have the power to constrain the tree level contribution of the dimension—
six operators contributing in there, which is especially important for Oy
and Op, since they are the two operators contributing at the same time
to TGV interactions. The importance of directly measuring htt associated
production is out of any doubt, given the key role of the top quark in the
hierarchy problem in the SM.

On the other hand, there are promising features of the dimension—six
operators that should be exploited to further access the EWSB sector. We
refer in particular to the distinctive new kinematic structures that they in-
clude in the Higgs interaction to weak gauge bosons, see Eq. . The
study of these kinematic features not only will increase our power to con-
strain dimension—six operators, but it will also serve to break degeneracies
between operators that simply shift the SM couplings and operators which
affect the Lorentz structure of the interactions. Nevertheless, we note here
that in order to access the kinematic distinctive signals of the dimension—
six operators a direct interaction with the experimental collaborations is
desirable.
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Chapter 3

Alternative Lagrangians

The effective Lagrangian expansion used in Chapter [2]is not the only possible
model independent Lagrangian that can be used to parametrize low energy
effects associated with the mechanism behind EWSB. In this Chapter we
present some alternatives.

In the first part, Sec. we present an alternative expansion in terms
of a non-linear (or chiral) effective Lagrangian. While the linear realization
is appropriate for models where the Higgs boson is an elementary particle or
in theories where at the low energies the Higgs boson behaves generically as
a doublet of SU(2)r, the chiral expansion is suitable for theories where the
observed state is a composite field, a “dynamical” Higgs boson. This is the
case for instance in theories where it is a pseudo—-Nambu—Goldstone boson
(pNGB) of a new global symmetry at the high energy scale. We discuss in
this initial part of the Chapter how this non—linear expansion qualitatively
contains less symmetry constraints and thus more independent invariant op-
erators can be built in comparison to the linear case. The construction of
the non-linear Lagrangian is not part of this thesis, but it was developed
instead in [96] of which we select in Sec. the relevant list of operators
(though we use the notation and classification in [97], the published work
on which Sec. is based). In Sec. we describe and quantify some
differentiating signatures between the linear and the non-linear expansions
and we present in addition the status of the analysis of a set of chiral oper-
ators after considering all available Higgs data from the 7 and 8 TeV LHC
initial runs, as well as from Tevatron, in addition to the low—energy, TGV
and LEP data. One of the conclusions we find is the importance of the
TGV interaction measurements in order to disentangle a dynamical Higgs
boson. This, in agreement with the conclusions of Chapter [2] stresses how
the study of TGV interactions is an interesting way of accessing the EWSB
mechanism.

Motivated by this, we devote the second part of this Chapter, Sec. to
the general established Lagrangian parametrization of TGV interactions [52].
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This Lagrangian provides a useful parametrization to cover all possible rel-
evant TGV interactions which are Lorentz invariant, regardless of their ori-
gin and the rest of symmetries that they respect. After its introduction in
Sec. we present in Sec. a prospect analysis of the WW Z vertex
at the LHC, published in [94] and previous to the LHC operation. It serves
us to understand the main phenomenological implications of the anomalous
TGV interactions, especially their distinctive high energy behavior. We
analyze which cuts help to optimize their observation and we study two
possible asymmetries that can be used to assess the special C'P behavior
of some of these anomalous TGV’s. Next, in Sec. (based on the pub-
lished works [94,97] and also on ongoing work [98]), we update this analysis
after the 7 and 8 TeV LHC runs have been completed, taking advantage
now of the realistic LHC experimental TGV measurements that have been
performed during the last two years. We focus on the anomalous TGV’s
with special C'P properties, which are the ones related to the possible dis-
tinction between a dynamical Higgs boson and an elementary one. We close
the present Chapter presenting the main conclusions in Chapter

3.1 Disentangling a dynamical Higgs

In dynamical Higgs scenarios the Higgs state is a composite field, usually a
pNGB of a global symmetry which is exact at a high energy scale Ag. This
often corresponds to the scale at which new resonances would live, whereas
the pNGB nature of the Higgs boson explains its light mass. The main mo-
tivation for such models is the fact that in this case the mass of the observed
Higgs particle is protected by the global symmetry, taming to some extend
the EW hierarchy problem. Concrete examples of this type of theories are
the usually called CHM’s, [99-108] for different strong groups and symme-
try breaking patterns, generically “little Higgs” models [109] (see [110] for a
review) and some higher dimensional scenarios can also be considered in the
category of constructions in which the Higgs is a Goldstone boson. The non—
linear expansion can accommodate dilaton-like scalar frameworks [111-117]
as well, where the dilaton participates in EWSB.

In the previous Chapter we have observed that in the linear realization
the Higgs boson is assumed to belong to an SU(2)y doublet, and thus the
leading order operators extending the renormalizable SM are dimension—
six operators suppressed by A%. In dynamical Higgs scenarios instead, the
Goldstone boson parenthood of the Higgs boson makes a non—linear or chi-
ral realization suitable [118]: a derivative expansion as corresponds to the
Goldstone boson dynamics assumed for the recently discovered particle. The
Lagrangian that we present in the following has generically its origin in the
historical simplest formulations of ” Technicolor” theories [119-121]. There,
EWSB was described starting from a Higgsless model that included, on the
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other hand, the longitudinal degrees of freedom of the EW gauge bosons
explicitly in the construction as propagating modes. Inspired by the chiral
Lagrangian describing the pion interactions in quantum chromodynamics
(QCD), the suitable effective Lagrangian expansion started from a non—
renormalizable theory (non—decoupling scenario), and it was based on a
derivative expansion. In the simplest case of Technicolor theories the three
SM would-be—Goldstone bosons had a characteristic scale f = v. In the
present Chapter the expansion is modified and adapted to include a light
Higgs boson in the low energy theory, and in particular the characteristic
scales involved are also different. Qualitatively the symmetry breaking can
be explained in a two—steps process. On a first one the global symmetry at
the high energy scale Ag, in a setup that has to contain an explicit symmetry
violating source to allow for a non—zero mass of the pNGB Higgs, is sponta-
neously broken as in Technicolor theories to a subgroup containing the SM
gauge group. This way, the characteristic scale f of the Goldstone bosons
arising from this spontaneous breaking is different from both the EW scale
v (defined by the EW gauge boson mass, e.g. the W mass My = gv/2),
and the EWSB scale (h). At this scale (h), the Higgs develops generically
a potential, which is usually linked to loops of fermions and bosons, and
finally the SU(2)r ® U(1)y group is broken into U(1)em, hence the usual
EWSB process happens in this second step. The involved scales respect
usually the relation A; < 47 f, while a model dependent function g usually
links the three scales, v = g(f, (h)). In this context it is very useful to in-
troduce a parameter measuring the “degree of non-linearity” of the Higgs
dynamics [96]:

&= (v/f)2, (3.1)
which is appropriate to compare both linear and non—linear expansions.

The concrete non—linear description that we use here is based on the
work in |96], where a complete effective Lagrangian basis for pure gauge and
gauge—Higgs operators up to four derivatives was presented. However, the
first attempts to formulate a non—linear effective Lagrangian in the presence
of a “non—standard/singlet light Higgs boson” go back to the 90’s [122}|123],
and later works [124,/125]. More recently, [126] introduced a relevant set
of operators, while [127] added the pure Higgs operator in [128], as well as
fermionic couplings, to propose a complete basis for all SM fields up to four
derivatives, trading some of the operators in [96] by fermionic ones. However
we rely in this Chapter on the conventions in [964/97].

The particle content of the chiral Lagrangian includes all the SM fermions
and gauge bosons and the Higgs field h. The longitudinal degrees of freedom
of the EW gauge bosons are explicitly included in the description in terms
of a dimensionless unitary matrix transforming as a bi—doublet of the global
symmetry:

U(z) = e'am @)/ U(z) — LU(z)R', (3.2)
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where here the scale associated with the eaten GB’s (7%) is v, and not
f, in order to provide canonically normalized kinetic terms. L, R denote
SU(2)r,r global transformations, and as usual o, are the Pauli matrices.
Because of EWSB, the SU(2) r symmetries are broken down to the diag-
onal SU(2)¢ group, which in turn is explicitly broken by the gauged U(1)y
and by the heterogeneity of the fermion masses. The effective linear and
chiral Lagrangians with a light Higgs particle h are intrinsically different,
in particular from the point of view of the transformation properties under
the SU(2), symmetry. In addition in the case of the non-linear expansion,
the insertions of the Higgs particle, a SM singlet, are weighted down as h/ f,
instead of coming as ®/A as in the linear case.

Altogether, less symmetry constraints means more possible invariant op-
erators [129-131] at a given order, and in summary two points can be em-
phasized:

e In the non-linear realization, the chiral symmetry breaking interac-
tions of h are now generic/arbitrary functions F(h) (instead of coming
always in (v + h) powers as in the linear case).

e A relative reshuffling of the order at which couplings appear in each
expansion takes place [96,/132,/133]. As a consequence, a higher num-
ber of independent (uncorrelated) couplings are present in the leading
corrections of a non-linear Lagrangian.

Both effects increase the relative freedom of the purely phenomenological
Lorentz and U(1)em couplings required at a given order of the expansion
in the non-linear case compared to the linear expansion. Decorrelations
resulting from the above arguments lead to distinctive discriminating signals.
The point is that if higher orders in both expansions are considered, all
possible Lorentz and U(1)ey, couplings will appear in both towers (as it is
easily seen in the unitary gauge, as we illustrate in the following with several
examples), but not necessarily at the same leading or subleading order. This
means that leading interactions and (de)correlations in one expansion may
be subleading in the other and vice versa. We describe in this Section
examples of both cases.

We proceed now to present the basis of C'P—even bosonic operators for
the general non—linear effective Lagrangian and we analyze in detail its com-
plete and independent set of pure gauge and gauge—Higgs operators.

3.1.1 Chiral effective Lagrangian

Here we list the different operators of the effective Lagrangian for a light
dynamical Higgs [96]. We present only the C'P—even operators, under the as-
sumption, as in the linear case, that the Higgs state is a C P—even state. Fur-
thermore, we restrict the list to bosonic operators, except for the Yukawa—
like fermionic ones, and we only consider operators up to four derivatives.
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Furthermore, as it can be already inferred from the different degeneracies
we have found on the analysis of the linear expansion, e.g. the degeneracies
on the gluonic or on the fermionic operators, so far the data does not have
a clear preference for any of the two possible signs of the Higgs interaction
to fermions. This means that both Yukawa interactions, with the SM sign
or with a flipped sign, are still allowed by the data. To account for this
unresolved ambiguity, in the analyses of this Section we study both possible
alternatives. Therefore, instead of directly using the definition in Eq. ,
we slightly modify this expression to

L=CLo+ Legr | (3.3)

where Lg is the SM Lagrangian, except for the cases when we flip the sign
of the Yukawa interactions. This way Ly is written as:

1 1 a apur ]' 4 1 a aur
LO — 5(8Mh)(8“h) - ZWP«VW e ZBNVBH - ZG/»“’G e V(h)
v+ h)? - -
—<4)Tr[VuV“] +iQDQ +iLDL (3.4)
v syh v+ syh

(QLUYQQR + h.C.) - (I:LUYLLR + h.C.) ,

V2 V2

where V,, = (D, U) UT (T = Uo3UT) is the vector (scalar) chiral field trans-
forming in the adjoint of SU(2)r. The covariant derivative reads

D,U(z) = 9,U(z) + %gWﬁ(w)aaU(Q:) - ZgBM(a:)U(x)ag . (35)

The first line in Eq. describes the Higgs and gauge boson kinetic terms,
and the effective scalar potential V' (h), accounting for the breaking of the
EW symmetry (it does not need to be specified for the present study). The
second line describes the W and Z masses and their interactions with the
Higgs, as well as the kinetic terms for the GB’s and the fermions. Finally,
the third line corresponds to the Yukawa-like interactions written in the
fermionic mass eigenstate basis (the CKM mixing is implicitly encoded in
Qr). There sy = 4 controls the sign of the Higgs—fermion couplings, as
we have stated we study here both possible signs. Furthermore, a compact
notation for the right—handed fields has been adopted by using doublets,
Qr and Lg. This way Yg and Y, are two 6 x 6 block-diagonal matrices
containing the usual Yukawa couplings:

Yo =diag (Yy, Yp) , and Y, =diag(Y,, Y1) . (3.6)

In the case of the non—linear Lagrangian, and following [96], the ordering
of operators does not exactly match a division in terms of the number of
derivatives. Instead, this division is data—driven, while being consistent
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with a derivative expansion up to four derivatives. For instance, the usual
custodial breaking term Tr(TV,)Tr(TVH#) is a two derivative operator and
should be listed at the leading order in the chiral expansion. Nevertheless,
as it is not present in the SM at tree level, it belongs to Leg by definition.
Furthermore, the data strongly constrains its coefficient so that it can be
always considered a subleading operator [134]. Finally, we write Leg con-
sidering terms up to four derivatives [96] and with only bosonic (i.e. pure
gauge, pure Higgs and gauge-Higgs operators) and Yukawa-like operators:

Leog =¢ [CBPB(}L) + Cpr(h) + Cg'Pg(h) + Cc'Pc(h) + CT'PT(h)

10 25
+CH'PH(h) + CDHPDH(h)] +£& Z C{Pi(h) + 62 Z C{Pi(h)
i=1 =11
+ &leasPas(h) + Sil™ P (h) (3.7)

where ¢; are the model dependent constant coefficients accompanying the
operators. The last term accounts for all possible pure Higgs operators
weighted by ™ with n; > 2. We further discuss in the following the role
of the parameter £ in the non—linear effective Lagrangian. The set of pure—
gauge and gauge—Higgs operators is defined by [964/97]:

Weighted by &:

Pc(h) = lfTr(V“V#)]:C(h) Pa(h) = ig' By Tr(TVH)0” Fu(h)
Pr(h) = TfTr(TV#)Tr(TV“)]-"T(h) Ps(h) = igTe(W,, V)" Fs(h)
2

Pr(h) =~ B B" Fy(h) Po(h) = (Te(V,, V)" Fo(h)

Pw(h) = —g:Wl‘j,,W““”}'W(h) Pr(h) = Tr(V,V*)0,0" Fr(h)
Pa(h) = —‘(fGZZ,G“W.Fg(h) Ps(h) = Tr(V, V,) 0" Fg(h)d” Fg(h)
Pih) = 99 BuwT(TWH)Fi(h)  Po(h) = Tr(DLV*)*) Fo()

Pa(h) = ig' B, Te(T[VH, V) Fa(h)  Pig(h) = Tr(V, D, V)0 Fig(h)

P3(h) = Z.gTr(Wuu[VM»VV])fii(h) )
(3.8)
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Weighted by £2:

P11(h) = (Tr(V,V,))2Fi1(h) Pig(h) = Tr(TD,VH)Tr(TV,)0" Fig(h)
Pra(h) = g*(Te(TW,,))* Fra(h) Pao(h) = Tr(V, V)9, Fao(h)0” Fao(h)
Pi3(h) = igTe(TW,, ) Tr(T[VH, V) Fiz(h)  Pa(h) = (Te(TV,))?0, Fa1 (h) 0" Fiy (h)
Pra(h) = ge" P Te(TV,)Te(V,Woa) Fia(h)  Paa(h) = Tr(TV,,)Tr(TV,) 0" Faz(h)0” Fhy(h)
Pi5(h) = Tr(TD,VH)Tr(TD, V) Fis(h) Pas(h) = Tr(V,VH)(Tr(TV,))  Fas(h)
Pis(h) = Tr([T, V,]D, V) Tr(TV) Fig(h)  Paa(h) = Tr(V, V) Tr(TVH) Tr(TVY) Fou(h)
Pi7(h) = igTe(TW,,)Tr(TVH)0” Fi7(h) Pas(h) = (Tr(TV,,))?0,0" Fas(h)
Pis(h) = Tr(T[V,, V,]) Te(TVH)d” Fis(h)
(3.9)
Weighted by ¢*:
Pag(h) = (Tr(TV,)Tr(TV,))* Fas(h) . (3.10)

In Egs. (3.8) and (3.9), D, denotes the covariant derivative on a field trans-
forming in the adjoint representation of SU(2)y, i.e.

DV, =9,V +ig [Wg%,vy} . (3.11)
Finally, the pure Higgs operators are:

Weighted by &: this set includes two operators, one with two derivatives
and one with four,

Pu(h) = %(auh)(aﬂh)fH(h), Pom = %(8M8”h)2]-"DH(h).
(3.12)
In spite of not containing gauge interactions, they are considered here
as they affect the renormalization of the SM parameters, and the prop-
agator of the h field, respectively, as it happened with operators Oy 1,
Og2 and Oy 4 in the linear expansion.

Weighted by ¢22: this class consists of all possible pure Higgs operators
with four derivatives weighted by ¢22, Pi . (h). An example of £2-
weighted operator would be [111}|128]

L (@,1)(0"1))? Fou(h). (3.13)

However, we do not list all of them here as they are not relevant for
the present study.
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¢&—weight and F(h)

We stress here that the é&~weight does not reflect an expansion in terms of
&, it is only introduced to facilitate the comparison and relation of the non—
linear operators with respect to the linear expansion. The {—weight of a
given chiral operator is independent of the linear basis used in the compari-
son, however this comparison needs to be done with a complete linear basis.
In the present case we compare the non—linear expansion with the linear
basis we have presented in Chapter 2| A “sibling” of a chiral operator P;(h)
is defined as the operator of the linear expansion whose pure gauge interac-
tions coincide with those described by P;(h). The canonical dimension d of
the sibling is related to the power of £" as d = 4 4 2n, and consequently £
acts as an indicator of at which order in the linear expansion it is necessary
and sufficient to go to account for the same gauge interactions of the given
chiral operator. In the cases where the chiral operator corresponds to a com-
bination of linear operators with different canonical dimensions, the power
of ¢ stands for the lowest dimension of such operators where it is sufficient
to go to lead to the same phenomenological gauge interactions. In brief, the
lowest dimensional siblings of the operators in Egs. and have
d = 6; those in Eqgs. have d = 8, and that of Eq. has d =12. In
this context ¢ is not a physical quantity per se in the framework of the effec-
tive Lagrangian. Indeed the £ weights could be reabsorbed in a redefinition
of the coefficients ¢; and be altogether forgotten; nevertheless, they allow
for a fast connection with the analyses performed in the linear expansion,
as illustrated later on.

Looking now at the different operators included in the definition of Leg
we can directly see that the Higgs boson is introduced through model de-
pendent functions, F(h), instead of being introduced in powers of (v + h)
as in the linear case. Each of these functions can be defined by F(h) =
go(h,v) + £g1(h,v) + &€2g2(h,v) + ..., where g;(h,v) are model dependent
functions of h and of v (once (h) is expressed in terms of £ and v). In
the present work we assume that the F(h) functions are completely general
polynomials of v and h, not including derivatives of h.

Relation with the Linear basis

Finally, we end this Subsection highlighting the usefulness of the {~weighting
and the relation between the higher dimensional operators appearing in
the chiral and linear expansions. As we have stated, an obvious difference
between both expansions comes from the Higgs dependence, that is (linear
vs. non-linear)

@:\2( 0 > v, F(h). (3.14)
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Another difference comes from all the £” operators, with n > 2. Some of the
interactions that these operators generate appear in leading operators in the
chiral expansion and may be sizable if £ is also sizable. However the corre-
sponding linear operators containing the same couplings are subleading, of
dimension—eight or higher in the linear expansion. We analyze in detail in
the following Section one of such operators and the possibility of a measure-
ment at the LHC. The same type of leading—subleading distinction can be
observed in the opposite direction. In particular, all the pure gauge opera-
tors in Eq. are leading operators in the linear expansion. However, as
they contain six derivatives they are not inside the leading ones in the chiral
case. In other words they are not siblings of any chiral operator up to four
derivatives. This means that the interactions and Lorentz structures that
they generate are subleading non-linear effects. Concrete phenomenology
examples of both cases are described in the next Subsection.

A distinctive striking feature is related to the number of independent
couplings that both expansions span, or in other words, it is related to
(de)correlations between the different couplings even in the limit where both
expansions should converge (¢ — 0). This can be best illustrated truncat-
ing the non-linear expansion at order ¢ and comparing the result with the
d = 6 linear basis that contributes to gauge—Higgs couplings. The linear
basis in this case contains ten independent couplings, the ones in Egs.
and , whereas the chiral one depends on seventeen. A more precise il-
lustration follows when taking momentarily F;(h) = (1 + h/v)?, in all P;(h)
under discussion, which in addition leads to:

02 v?
O = ?PB(h% Oww = EPW(h)a
202 v2
OGG = —72,PG(}Z), OBW = gfpl(h)7
’U2 ’U2 U2 U2
oﬂ_ﬁ%m+§ﬂm% aw_g%m—zﬁm%
’U2 ’1)2 2
Og1 = ?PH(h) - Zf(h)PT(h)a Oz = v*Py(h),
’U2 7}2
Opy = ?PH(h) + 5-7:(’1)770(}1),
(3.15)
2 2 2 2 2

v

Ons = 5 Pan(h) + S Ps(h) + T Pr(h) = v*Ps(h) = - Pa(h) = T Pro(h).

These relations show that five chiral operators, Pg(h), Pw (h), Pa(h), Pi(h)
and Py (h) are in a one-to—one correspondence with the linear operators
OgB, Oww, Oca, Opw and Og 2, respectively, whereas the operator Pr(h)
(Pc(h)) corresponds to a combination of the linear operators Og,1 and Og 2
(Op.4 and Og 7). In contrast, it follows from Eq. above that:
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e Only a specific combination of the non-linear operators P2(h) and
P4(h) corresponds to the linear operator Op.

e Similarly, only a specific combination of the non—linear operators Ps(h)
and P5(h) corresponds to the linear operator Oy .

e And finally only a specific combination of the non—linear operators
Pau(h), Ps(h), Pz(h), Ps(h), Po(h) and Pig(h) corresponds to the
linear operator Opg.

It is necessary to go to the next order in the linear basis, d = 8, to identify
the operators which break these correlations. For instance it can be checked
that, for the first two correlations, the linear d = 8 operators

((D@)T@) B (qﬂ DV<I>> and ((Dﬂ)*@) Ji (chDycb)
(3.16)
correspond separately to Ps(h) and Ps(h), respectively. These different
numbers of independent couplings are translated into distinctive signatures
that we proceed to describe.

3.1.2 A different phenomenology

In this Subsection we study the phenomenology of the non-linear effective
Lagrangian operators and the discriminating signatures with respect to the
linear ones. This includes testable effects in trilinear and quartic interaction
vertices. For the sake of brevity we focus here on trilinear interactions,
though in Ref. [97] the quartic gauge boson interactions were also discussed.

Trilinear interactions

As in Chapter [2| the first step previous to showing the contributions of
the operators to the pure gauge and Higgs—gauge interactions is to fix the
renormalization procedure. As before, we work on the Z—scheme, with asy,
Gr, Mz, aem and My as input parametersﬂ In the following expressions
it is then understood that when an alternative parameter is written, for
instance g, ¢/, v, e or the mixing angle, they have to be expressed in terms
of the input parameters.
Regarding the F;(h) functions, for concreteness we assume the parametriza-

tion
2

h =~h
.7:1' h)=1 21’* bzf cee 3.17
(h) + aU+ v2+ (3.17)

where the dots stand for higher powers of h/v, that will not be considered
in what follows. To further simplify the notation, a; and b; will indicate

'In the case of the non-linear analysis, with no fermionic operators included besides
the Yukawa interactions, we can forget about the fermion masses for the present analysis.
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below the products a; = ¢;a; and b; = ¢;b;, respectively, where ¢; are the
global operator coefficients appearing in Eq. . Below s9p and cgg stand
for sin 20y and cos 20y, of the weak mixing angle, respectively.

Working in the unitary gauge one can easily show that Pg(h), Pw(h),
Pa(h), Pu(h), Pi(h) and Pi2(h) introduce corrections to the SM kinetic
terms, and in consequence field redefinitions are necessary to obtain canoni-
cal kinetic terms. As it was the case with Oy w, Opp and Ogq in the linear
expansion, Pg(h), Pw(h) and Pg(h) can be considered innocuous operators
with respect to Ly, as the impact on the latter is totally eliminated by inef-
fectual field and coupling constant redefinitions in similarity to Egs.
and (2.12). On the other hand, the effects of Py (h), P1(h) and Pia(h) are
similar to the ones of Og 1, Op2 and Og 4 in the linear expansion. After
these considerations, and with canonical kinetic terms, we can identify the
contributions of L.g to the input parameters:

dtem 0G

Qe ~ de? ¢1 € + 4e? 1982, E oy,

com Cr (3.18)
WZ:—CTg_Q@ 0154-26 30125 , MiH:O’

where we keep only terms linear in the coefficients ¢;. Regarding the W

mass, and consistent with Eqgs. (2.15]), (2.16]) and (3.15]), the prediction for

My departs from the SM expectation by

AMI%V B 4e? 203 4e2

= —c16+ Lepé— —cp€?

My e c20 5 (3.19)
R
N 2c99 BWA2 2c99 ¢’1A27

where the second line shows for comparison the corresponding expression in
the linear expansion at order d = 6. Additionally, as it could be expected

after presenting Egs. (2.34) and (3.15)), P1(h) and Pr(h) generate tree level

contributions to the oblique parameters S and T', which read
QemAS = —8¢%¢i€ and Qem AT = 2c7€ . (3.20)

Hence, as we have done for the linear case, the use of EWPO is also useful
here in order to strongly constrain these tree level contributing operators.
We leave the numerical analysis of the constraints for the following Subsec-
tion.

In the case of the effective operators described in the non-linear La-

grangian, Eqgs. (3.8)—(3.10)) and (3.12)), there are also important contribu-

tions to TGV’s. In order to cover all the possible chiral contributions to
TGV’s, we have to consider the different terms in Eq. (2.31)) (which come
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from [52]) and add as well the pieces
- igWWV{ — gy eP7 (Wro,W, =W, 8,W,5) Vs,
+ g8 (OWHW ™ — 9, W HW ) V,,} , (3.21)

where again V = {v,Z}, gww~ = € = gs9, gwwz = gcg, and where Wlfcy
and V), stand exclusively for the kinetic part of the gauge field strengths.
Electromagnetic gauge invariance requires g7 = 0 and in the SM g5Z =g =
g¢ = 0 in addition. A few comments are in order regarding these TGV
interactions, the first one concerns the coupling gg/, that is already present
in [52]. Thisis a C and P violating term that respects instead C'P invariance.
However even if we had considered C' and P violating, but C'P invariant,
operators in the linear case, this anomalous TGV interaction would have
received contributions only from operators at dimension eight or higher in
the linear expansion. Thus, its coupling receives a contribution from leading
operators in the non—linear derivative expansion, whereas it is subleading
in the linear one. We exploit further this feature as a discriminating signal
at the end of this Subsection and in Sec. Furthermore, we have also
introduced the terms gé/ with respect to Eq. (2.31). These interactions
are associated to operators that contain the contraction D, V*#, while its
0, V# part vanishes only for on-shell gauge bosons, in all generality D,V*
insertions could be disregarded in the present context when fermion masses
are neglected. Thus, these gg anomalous TGV’s are irrelevant for the LHC
analyses presented here. Table shows the departures from the SM TGV
values due to the effective couplings in Eq. ; it illustrates the £ and
£2-weighted chiral operator contributions. For the sake of comparison, the
corresponding expressions in terms of the coefficients of d = 6 operators in
the linear expansion are shown as well, see also Eq. . We note that
the coefficient Ay (associated with a linear d = 6 operator, see Eq. )
is omitted here as this coupling does not receive contributions from the
non-linear effective chiral Lagrangian expanded up to four derivatives. We
further discuss this feature by the end of the present Subsection.

We move now to interactions involving also the Higgs boson together
with the gauge fields, to which we refer as HVV couplings. These vertices
can be parametrized as in Eq. , adding the following extra pieces to
cover all possible non—linear contributions

E?ffvv’2 = 91(;)22 Z,Z"0H + QS)ZZ 02" Z,0"H + 91(3)22 0,210, 2" H
+ g\ WEWHOH + ¢\ (0,W W, 0" H + hic.)
+ i O WO, W TV H (3.22)
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oeff. ira inear
Coeff. Chiral L
xe?/s3 xE x &2 xv? /A?
1
Aky 1 —2¢1 + 2¢2 + ¢3 —4c12 + 2c13 s(fw + fB —2fBw)
Agd 1 —cy - -
2 2 2 2
z 1 S29 25 . _ 1 S0 _f _ %20
Agi 2 Tt T+ ke cs siw + o5 few — 1585, fea
2 2 92 2 2 2
Sp 459 .. _ 2% _ 1 _ S 5o _ %%
Akz 1 g T+ e~ e tes | —dezt 25 || gfw = 555+ g few — g fea
z 1
Ag5 o2 - C14 —
]
z 1 2
Ag§ 2 SpCo —C16

Table 3.1: Effective couplings parametrizing the VW W~ vertices defined
in Egs. (2.31)) and (3.21)). The coefficients in the second column are com-
mon to both the chiral and the linear expansions. In the third and fourth
columns we show the specific contributions from the operators in the chiral
Lagrangian. For comparison, the last column exhibits the corresponding
contributions from the linear d = 6 operators.

Separating the contributions into SM values plus corrections we have

. Y A
g = g 4 Ag) . (3.23)
where we remind the reader that
M?2 2M2c?
gitzz =7 and gy = —2°, (3:24)

while the tree level SM value for all other couplings in Egs. (2.19)) and (3.22))
vanish. Nevertheless, as in the linear analysis, the SM loop induced values
for grgg, g~ and 91(3)27 are also taken into account in the numerical anal-
ysis. Table shows the expressions for the corrections Agrgg, Agryy,
Aggg,)y, Agg@%’“), and Ag§§§’4’5’6), induced at tree level by the effec-
tive non-linear couplings under discussion. In writing Eq. (3.22)) we have

gég): Ag%%,v become redundant for on—shell

H, while Agg’ﬂ/ vanish for on-shell W, and Z,, or for massless fermions.
As a consequence their effects are of no relevance for the numerical LHC
analyses, but we include them here for a complete exposition of the chiral
contributions. Notice also that the leading chiral corrections include op-
erators weighted by & powers up to ¢2. For the sake of comparison, the
corresponding expressions in terms of the coefficients of the linear d = 6
operators in Eq. are also shown again in the last column of the Table.
They can be also recovered from Eq. As it happened in the linear

introduced the coefficients Ag

2Notice that the coefficient of Agg‘)/vw can be defined also in terms of the measured
value of My as M, /e?. In this case the entries in columns 3-5 of Table read —4cg +

4(2ac —cc), —32%, and —2fp, 1 +4fo,4 —4fs,2 respectively in agreement with Eq. 1)
5o
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case with Og 2 and Og 4, notice that the bosonic operators Py (h) and Pc(h)
induce universal shifts to the SM—like couplings of the Higgs to weak gauge
bosons. Similarly Py (h) induces universal shifts to the Yukawa couplings
to fermions.

Coeff. Chiral Linear
xe? /4 x& x &2 xv? /A%
92
Agrgg 5 —2a¢ - —Afce
AGH 1 —2(as + aw) + 8a1 8ai2 —(feB + fww) + few
Agf’})ny é 78((15 + 2(14) —16a17 2(fw — fB)
2 2
Agg)zﬂ, 2 4%613 —daw + 8%"111 16a12 Q%fBB —2fww + %"fBW
(1) 1 <3 s &
AgHZZ ¥ 742&5 + 8agq *820«17 ng + fB
Ag2) _% 2% ap + 2aw +8%%a ~8a % fpp+ fww + 4 f
972 P cfas w gm 12 o5+ fww + 2 fow
2
Ag®) oz —2ch +2(2ac — co) — 8(ar —cr) - fo1+2fea—2fs2
A-(]1(71;1)22 - } 16ar7 32a95 —
26
Agg,)ZZ 7% 16(110 32(119 -
260
Ag;?)zz - Q%Q 16a9 32a1s —
“2
gx)/vw % —4as - Jw
g?wi % —daw - —2fww
mZ (22 e 2 (32 e 2 o (32*.5‘2 2
ﬁ?@vw 20 —4den +4(2ac —co) + ‘?Teecl + %CT *% c12 2(3%99)]0@,1 +4fo4a —4fe2 + %fsw
gzwi 7% 8az -
g?/vw *é daio - -
IV o - .

Table 3.2: The trilinear Higgs—gauge bosons couplings defined in Egs.
and . The coefficients in the second column are common to both the
chiral and linear expansions. The contributions from the operators weighted
by € and £22 are listed in the third and fourth columns, respectively. For
comparison, we show in the last column the corresponding expressions for
the linear expansion at order d = 6.

Discriminating signals

The first discriminating signature between the linear and the non—linear ex-
pansion that we describe corresponds to one of the anomalous TGV’s in
Eq. (2.31). As we have commented, all the linear dimension—six operators
in Eq. contain six derivatives in the non-linear derivative expansion,
consequently they are subleading with respect to the ones with four deriva-
tives. This means that while some of the dimension—six linear operators, for
instance Owww, contribute at the tree level to the anomalous TGV Ay,
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as we already explicitly showed in Eq. , this coupling can not receive
contributions from any of the non—linear operators up to dimension four in
the derivative expansion. Consequently the strength of the contributions
to Ay in the non-linear case are expected to be suppressed with respect
to the rest of leading contributions. In the linear case the strength of the
Ay contributions could have the same size than all the other leading order
operators instead. Therefore, a measurement of an anomalous TGV signal
compatible with the nature of Ay, which is the anomalous TGV with the
most striking high energy signature as we will see in the following, would
point to a linear nature of the Higgs boson.

Another promising distinctive signature follows the same spirit, but in
the opposite direction. As we have commented in the previous Subsec-
tion, for large £ all chiral operators weighted by £" with n > 2, Eqgs. (3.9)
and , are equally relevant to the {—weighted ones in Egs. (3.8) and .
However their siblings require operators of dimension d > 8 in the linear
expansion. A case of special interest is P14(h), as some of the couplings en-
coded in this operator are absent in the SM Lagrangian. This fact provides
a viable strategy to test the nature of the physical Higgs. Here, we show the
example of the anomalous Z — W — W and v — Z — W — W vertices, assum-
ing for simplicity that the F14(h) function admits a polynomial expansion
in h/v. The operator Pi4(h) contains the couplings

PO WIW ) ZyFra(h), e 2, AW, Wi Fia(h),  (3.25)

which correspond to an anomalous Z — W — W TGV and to an anomalous
~v—Z —W —W quartic vertex, respectively. These couplings are not present
neither in the SM nor in the d = 6 linear Lagrangians. The anomalous TGV
corresponds to g in the parametrization [52] in Eq. . A signal of this
type of C' and P violating, but C'P invariant, interactions at colliders, with
a strength comparable to that expected for the couplings in the d = 6 linear
Lagrangian, would be a clear hint of strong dynamics in the EWSB sector.
Consequently this promising TGV distinctive signal is studied in detail in
the collider analysis in Sec. [3.2]

These two preceding discriminating signals come directly from the differ-
ent intrinsic nature of the two expansions. Additional differences are found
when considering only the {—weighed operators.

The parameter £ is a free parameter in the effective chiral approach,
nevertheless, in concrete composite Higgs models EW corrections imply & <
0.2 —0.4 [135] (more constraining bounds ¢ < 0.1 — 0.2 had been advocated
in older analyses [136(138]). Therefore it is interesting, for the sake of
comparison between the two expansions, to consider the truncation of the
chiral L.g which keeps only the terms weighted by ¢ and disregard those

weighted by higher £ powers. Hence, we analyze now only those operators
in Eqgs. 1' and li We refer to this truncation as L’gﬁ and define
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5,

chira
dimensional linear siblings of d = 6. We compare ‘Cghiral with the d = 6
linear expansion in the previous Chapter. For low enough values of £, that
is, when the new physics scale Ag > v, Lihiral is expected to collapse into
the d = 6 linear Lagrangianlﬂ if it should account correctly for EWSB via an
SU(2)r, doublet scalar, but the non—linear Lagrangian encodes more general
scenarios (for instance that for a SM singlet) as well.

The comparison of the effects in the non—linear versus the linear expan-
sion is illuminating when done in the context of the maximal set of indepen-
dent (and thus non-redundant) operators in the gauge boson—Higgs sector
for each expansion: comparing complete bases of those characteristics. The
number of independent bosonic operators that induce leading deviations in
gauge-Higgs couplings turns out to be different for both expansions: ten
d = 6 operators in the linear expansion (Eqs and (2.21))), for seventeen
¢—weighted operators in the chiral one as we have already pointed out, see
Eqgs. and . For illustration, further details are given here on one
example pointed out in the previous Subsection: Pa(h) and Py (h) versus the
d = 6 operator Op. From Eq. it followed that only the combination
Pa(h) + 2Ps(h) has a d = 6 linear equivalent (with F;(h) substituted by
(1+ h/v)?). In the unitary gauge Pa(h) and Py(h) read:

= Lo+ Egﬁ«. This way all operators in EEH have by definition lowest

. 2
Pa(h) = 2ieg? Ay W PW T Fy(h) — 22— 7, W HWH Fy(h), (3.26)
cos Oy
Pa(h) = —— T A, 7M0" Fy(h) + _C g 219 Fy(h) (3.27)
cos Oy " cos2 Oy M ’

with their coefficients co and ¢4 taking arbitrary (model dependent) values.
In contrast, their d = 6 sibling Op results in the combination:

9 . 2
On :%AWW*”W“(U +h)?— %ZMVW*“WW(U + h)?
(3.28)
2
eg e
——A,,Z"0h h ———7Z,, 70" h h).
4dcosOy " v+ )+4cos2<9w " (v+h)

In consequence, the following interactions encoded in Op— and for the precise
Lorentz structures shown above— get decorrelated in a general non—linear
analysis:

oy—W-Wtfomy—-Z—-hand Z -2 —h,and Z - W — W from

v —Z —h and Z — Z — h; these are examples of interactions involving
different number of external Higgs legs.

o v—W-W-hfromy—Z—-hand Z—Z—h,and Z—-W —-W —h
from v — Z — h and Z — Z — h, which are interactions involving the
same number of external Higgs legs.

3 After including the dimension-six operators in Eq. 1) as well.
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In brief, such decorrelations are expected among the leading SM deviations
in a generic non—linear expansion but they require us to consider d = 8
operators in scenarios with linearly realized EWSB. This statement is a
physical effect, which means that it holds irrespective of the linear basis
used. The study of the (de)correlations described represents an interesting
method to investigate the nature of the light Higgs. The argument developed
above focuses on just one operator, for illustration, but a parallel analysis
on (de)correlations also applies to the interactions described by Ps(h) and
Ps(h) versus those in the d = 6 linear operator Oy,. Obviously, in order
to firmly establish the pattern of deviations expected, all possible operators
at a given order of an expansion should be considered together, and this is
done in Sec. B.1.3l

Notice that the decorrelation in the point above is exactly the promis-
ing correlation that we have studied in detail in Chapter 2] in the context
of the linear effective Lagrangian approach. There we have observed that
the contributions of Oy and Op to both HVV and TGV interactions at
the same time lead to a promising way of further testing the EWSB mech-
anism and the linear nature of the Higgs boson. Here we see that this
correlation may be broken in the case of a dynamical Higgs, a decorrelation
that could point as a consequence to strong dynamics in the EWSB sector.
The observation of this (de)correlation becomes very interesting because it
involves HVV and TGV interactions, two couplings that are currently mea-
sured in different experiments and channels as we have already described.
Additional (de)correlations when one considers chiral operators weighted by
higher powers of £ can be found in [97].

3.1.3 Status after the 7 and 8 TeV LHC runs

For this part of the analysis we focus on the bounds that can be derived on
the {—weighted non-linear operators. As in the linear case, we start con-
straining the operators that contribute at the tree level to the S, T and U
parameters. As we have described in the previous Chapter, the most precise
determination of S, T' and U comes from a global fit to EWPD, yielding
the values and correlation matrix in Sec. Eqgs. (2.63) and (2.64)). Us-
ing this information and the tree level contributions of the operators P;(h)
and Pp(h) to these observables, see Eq. , we can build a x? as in
Eq. (2.65). The corresponding 95% CL allowed ranges for the P;(h) and
Pr(h) coefficients that we obtain are

—4.7x1073 < €¢; <4x107% and  —2x1073 < fep < 1.7x1072 . (3.29)
These constraints render the contribution of P;(h) and Pr(h) to the gauge-

boson self-couplings and to the present Higgs data too small to give any
observable effect. Consequently we do not include them in the following
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discussion, what is analogous to the treatment of O 1 and Opgw in the
previous Chapter.

We move now to study the effects of TGV data on the non-linear op-
erators. Recovering the LEP data in Eq. with the correlation fac-
tor p = 0.11, we can construct a x? as in Eq. (2.57). If we consider the
&—weighted TGV contributions, the impact of P2(h) and P3(h) on the co-
efficients Ak, Ag¥ and Aryz has been described in Table and is com-
patible with the framework of the LEP analysis [42] in Eq. (2.67)), which we
remind the reader is still the TGV measurement leading to the strongest
constraints. We present in Table the derived 90% CL allowed ranges on
the coefficients co and c3 from the analysis of this described TGV data.

90% CL allowed range
Set A Set B
acE(1073) | sy = +1: [~1.8,2.1] U [6.5, 10] sy = +1: [—0.78,2.4] U[6.5, 12]
sy = —1: [=9.9,—6.5] U [~2.1,1.8] | sy = —1: [~12, —6.5] U [~2.3,0.75]

as€ [—0.47,0.14]

as€ [—0.33,0.17]

awé [-0.12,0.51]

ap€ [—0.50,0.21]

cré [—0.66, 0.66] | [—1.1,0.49]

o€ [—0.12,0.076]

csé [—0.064, 0.079]

Table 3.3: 90% CL allowed ranges of the coefficients of the operators con-
tributing to Higgs data (aq, a4, as, aw, ap, and c) and to TGV’s (co and
c3). For the coefficients a4, a5, aw, and ap, for which the range is almost
the same for the analysis with both sets and both values of sy, we show the
inclusive range of the four analysis. For ¢y the allowed range is the same
for both signs of sy.

Finally, let us focus on the constraints on £—weighted operators that
can be derived form the analysis of the Higgs data coming from Tevatron
and LHC. From the list of {—weighted operators, there are seven bosonic
operators in this categoryﬂ

PG(h) ; P4(h) 3 P5(h) ’ PB(h) ) PW(h) 3 PH(h) ) PC(h) (330)

For the present analysis we consider sets of only six of them simultaneously,

“In the present Higgs data analysis, the Higgs state is on—shell and in this case Agg‘)/v
can be recasted as a My correction to Aggz/v. Thus the contribution from a7, i.e.
the coefficient of P7(h) to the Higgs observables, can be reabsorbed in a redefinition of

2ac — c¢. For possible future Pr(h) off-shell effects see [139].

76



3.1. DISENTANGLING A DYNAMICAL HIGGS

in two different frameworks, leaving out a different coupling in each set. In
the first set, A, we neglect Po(h) and in the second one, B, we link its
contribution to that of Pg(h), so the 6 parameters in each set read:

Set A : ag , a4 , as ,ap, aw , cg, 2ac —coc =0, (3.31)
Set B : ag , a4, as ,AB , aw , CH = 2a¢ — CC . (3.32)

For both sets we explore the sensitivity of the results to the sign of the
Higgs—fermion couplings by performing analyses with both values of the
discrete parameter sy = +.

As mentioned before, Py (h) and Pc(h) induce a universal shift of the
SM-like HVV couplings involving EW gauge bosons, while Py (h) also in-
duces a universal shift of the Yukawa Higgs—fermion couplings. Thus, the
two sets above correspond to the case in which the shift to the SM-like
HVYV couplings involving EW bosons and to the Yukawa Higgs—fermion cou-
plings are the same (set A), or in the case where the shift of the Yukawa
Higgs—fermion couplings is totally unrelated to the modification of the HVV
couplings involving EW bosons (set B). In both sets we keep all other five
operators which induce modifications of the HVV couplings with different
Lorentz structures than those of the SM, as well as the tree level contri-
butions to the SM loop induced vertices hyvy, hyZ and hgg. Our choice
allows us to stay close to the spirit of this Section, existing data confronting
directly the gauge and gauge—Higgs sector, while performing a powerful six—
dimensional exploration of possible correlations.

In order to obtain the present constraints on the coefficients of the
bosonic operators listed in Eqs. (3.31) and (3.32)) we perform a chi-square
test using the available data on the signal strengths. All the technical de-
tails of this analysis follow the fit we have performed in the case of the
linear expansion. Therefore, the details regarding the statistical tools used,
the treatment of uncertainties, calculations, data included etc can be found
in Section 2.2.71

The results of the analysis are presented in Fig. 3.1} There we display
the chi-square (Ax? indeed) dependence from the analysis of the Higgs
data on the six bosonic couplings for the two sets A and B of operators,
and for the two values of the discrete parameter sy = +. As in the linear
case, for the illustration of the results, in each panel Ax? is shown after
marginalizing over the other five parameters not shown. The first thing we
notice is the lack of any substantial difference between both sets, A and
B, in the determination of the five common parameters with only slight
differences in a¢g, that we explain below. Actually, the quality of the fit
is equally good for both sets, that have very close values for the x? in the
minima (‘sznin,A — X2min,B| < 0.5). We remind the reader, that as in the
linear case, when considering only Higgs data (56 observables), the SM lays
at X%M = 68.1, within the 4% CL region in the current six dimensional
parameter space of either set.
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Figure 3.1: Ax? dependence on the coefficients of the bosonic operators
in Eq. from the analysis of all Higgs collider (ATLAS, CMS and
Tevatron) data. The six upper (lower) panels corresponds to analysis with
set A (B), see text for details. In each panel the red solid (blue dotted) line
stands for the analysis with the discrete parameter sy = +(—). We have
marginalized over the five undisplayed variables in each panel.
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Furthermore, in Fig. for each set, the two curves of Ax? for sy = +
are defined with respect to the same x2. . corresponding to the minimum
value of the two signs. However, as seen in the Figure, the difference is inap-
preciable. In other words, we find that in both six—parameter analyses the
quality of the description of the data is equally good for both signs of the
Higgs—fermion couplings; for either set | Xfmm L= X12nin7—‘ is compatible with
zero within numerical accuracy. This is consistent with the several degen-
eracies we have described in the case of the linear analysis of the previous
Chapter. In contrast, if all the anomalous couplings are set to zero the qual-
ity of the fit is dramatically different for both signs, with y% —Xi ~ 26. This
arises from the different sign of the interference between the W— and top—
loop contributions to H~y, which is negative for the SM value sy = +, but
positive for sy = — which increases BR_(h — vv)/BRsy(h — v7v) ~ 2.5,
a value strongly disfavored by data after the complete 7 and 8 TeV data
sets have been analyzed. However, once the effect of the 6 bosonic operators
is included, in particular that of Pg(h) and Py (h), which give a tree level
contribution to the H~vy vertex, we find that both signs of the Higgs—fermion
couplings are equally probable.

In the Figure we also see that, in all cases, Ax? as a function of ag
exhibits two degenerate minima, as it happened with f; in the linear case.
As in there, the degeneracy is due to the interference between the SM and
the anomalous contribution. For the values in the middle of the two minima
the gluon fusion Higgs production cross section is too depleted. Obviously
the allowed values of ag around both minima are different for sy = + and
sy = —, as a consequence of the different relative sign of the ag and the
top—loop contributions to the Hgg vertex. In the convention chosen for
the chiral Lagrangian, the relative sign of both contributions is negative
(positive) for sy = +, (sy = —), so that the non—zero minimum occurs for
ag around 0.01 (—0.01). The precise value of the ag coupling at the minima
is slightly different for the analysis with set A and B, due to the effect of the
coefficient cy near the minima, which shifts the contribution of the top—loop
by a slightly different quantity in both analysis.

In the present case, as it happened with O and Opp in the linear
analyses, Fig. also shows that in all the non—linear sets the curves for ap
and ay are almost “mirror symmetric”’. The reason behind this strongly
correlated behavior is analogous to the one described in Chapter [2} ap and
aw give the dominant contributions to the Higgs branching ratio into two
photons, which is proportional to ap + ay . In Table we list the corre-
sponding 90% CL allowed ranges for the six coefficients and for the different
variants of the analysis. With the expected uncertainties attainable in the
Higgs signal strengths in CMS and ATLAS at 14 TeV with an integrated
luminosity of 300 fb~! [140,/141], we estimate that the sensitivity to those
couplings can improve by a factor O(3 — 5) with a similar analysis.
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Decorrelating TGV and Higgs data

Following the structure of the study of the linear effective Lagrangian ap-
proach, we close the non—linear analysis of the £&~weighted operators focusing
on the interplay between HVV and TGV measurements and the discussed
(de)correlations in the different expansions. In the linear case we have ob-
served that both sets of interactions are connected and correlated thanks
to the operators Op and Oys. In the notation of this Chapter, the linear
expansion would correspond to 2ce = a4 and 2c3 = —as, which establishes
the interesting complementarity in the experimental searches for the signals
in TGV and HVV couplings in the linear expansion. As a consequence, the
analysis of the data from the two sectors is essential to further test the linear
realization, especially after we have observed that currently the constraints
from both types of measurements lead to comparable but complementary
bounds, as seen in Fig. and the related discussion in Chapter In
contrast, we stress that in the context of {—weighted operators in the chiral
expansion, the results from the TGV analysis and those from the HVV anal-
ysis apply to two independent sets of operators as discussed in the previous
Subsection. Therefore, in the event of an anomalous observation in either of
these two sectors, the presence of this (de)correlation would allow for a di-
rect test of the nature of the Higgs boson. This is best illustrated in Fig. 3.2
There the results of the combined analysis of the TGV and HVV data, in
the chiral expansion, are projected into combinations of the coefficients of
the operators Pa(h), Ps(h), Pa(h) and Ps(h):

YB 54(202—{—@4), Yw = 2(263 —a5),

AB = 4(262 - a4) s AW = 2(263 + (15) 5 (333)
defined such that at order d = 6 of the linear regime 5 = g, Xw = fw,
while Ap = Ay = 0. The use of these variables helps us to study this
(de)correlation in order to access the intrinsic Higgs nature. In the left
panel of Fig. the (0,0) coordinate corresponds to the SM point, while
in the right panel it corresponds to the linear regime (at order d = 6). If
future data pointed to a departure from (0,0) in the variables of the left
panel it would indicate BSM physics irrespective of the linear or non—linear
character of the underlying dynamics. Such a departure in the right panel
would be consistent with a non-linear realization of EWSB instead. For
concreteness the Figures are shown for the sy = + analysis with set A, but
very similar results hold for the other variants of the analysis.

3.2 Scrutinizing the WW Z vertex

The study of the linear effective Lagrangian presented in Chapter [2| and the
comparison with the chiral effective expansion presented in the first part
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Figure 3.2: Left: A BSM sensor irrespective of the type of expansion:
constraints from TGV and Higgs data on the combinations YXp = 4(2c2+ay)
and Yy = 2(2c3—as), which converge to fp and fiy in the linear d = 6 limit.
The dot at (0,0) signals the SM expectation. Right: A non-linear versus
linear discriminator: constraints on the combinations Ag = 4(2¢3 — a4) and
Aw = 2(2¢3 + as), which would take zero values in the linear (order d = 6)
limit (as well as in the SM), indicated by the dot at (0,0). For both Figures
the lower left panels show the 2—dimensional allowed regions at 68%, 90%,
95%, and 99% CL after the marginalization with respect to the other six
parameters (ag, aw, ap, cg, Ap, and Ay) and (ag, aw, ap, cg, X5, and
Yw) respectively. The stars correspond to the best fit points of the analysis.
The upper left and lower right panels give the corresponding 1-dimensional
projections over each of the two combinations, after marginalizing over the
undisplayed parameters.

of the present Chapter, both point to a common conclusion: the study of
TGV interactions can seed interesting information to understand the EWSB
sector. With this motivation we focus this Section in understanding, improv-
ing and quantifying the capability of the LHC to perform measurements of
anomalous TGV interactions, in particular on the WW Z vertex.

3.2.1 Lagrangian for TGV interactions

The most general form of the WW Z vertex compatible with Lorentz in-
variance and with at least one W boson on—shell, is given by the effective
Lagrangian in . We have partially presented the terms in this Lagrangian
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in Egs. (2.31) and (3.21)), and its complete form can be written as:

L = gwwz < —igl (Wi,Ww"z" —Wiwrz,) — ix,Wiw, 2"
A
—iM—%/WJ“VWZ”" — gZevrr(Wio,W, — 9,Wiw,)Z,  (3.34)
. A -
+giWIW, (01 ZY + 0¥ Z1) — ik g WIW, ZM — z’J\ﬁWJMWZ’,‘ZW>
w

where VWV = grVY — QYVH, ZH — %e““p"ZPU and gwwz = gcg. Within
this parametrization the couplings g7, xz and Az are both C' and P con-
serving, while 7z and A\ are P odd and violate CP and g7 violates C
and C'P. Finally g5Z violates C' and P, but it is the C'P conserving term
we have discussed in the previous Section. Recovering once more for com-
pleteness the values in the SM, we see that in there g7 = kz = 1 and
Ay = g4Z = g5Z = Ry = S\Z = 0. The vertices in Eq. exhaust
all the possible Lorentz structures for the WW Z vertex and for on—shell
bosons (or for negligible fermion masses), the relevant case at the LHC.
The Lagrangian in Eq. has been established as the common Lorentz
invariant parametrization to measure the TGV interactions and to experi-
mentally search for possible non—SM deviations in the WW Z vertex. The
couplings in Eq. are not ordered in terms of any hierarchy, but as
we have already seen for the C' P—even structures, they can be easily linked
to the different complete effective Lagrangian descriptions. This way, in
addition to glz and Kz, that are already present in the SM, we find that
after imposing the SU(2) x U(1)y gauge symmetry, g7, rkz, Az, iz and
Ay are generated by leading operators in the linear expansion, while glz , K7,
g5Z , kz and 942 can be generated by leading chiral operators. The model
independent parametrization is extremely useful since it covers all possible
new structures that can be present on the WIW Z vertex regardless of the
approach we are considering, thus allowing a comparison between them.
The Lagrangian in Eq. has been used for long by the several
experimental collaborations, from LEP to the LHC, with the invaluable
impact of the Tevatron measurements. So far all the measurements are
consistent with the SM expectations, we present in Table a combination
of some of the direct searches as performed by the Particle Data Group [40].
At LEP, see for instance [42,145-149], the analyses of W pair production
and W single production were performed in the different W decay modes:
hadronic, leptonic and semileptonic channels, and for the different collider
energies, ranging from 183 to 209 GeV. The analyses were done by the
different LEP collaborations; ALEPH, DELPHI, L3 and OPAL. There, the
studies were usually based on the observations of the W production angular
distributions and the distributions of the W decay products, as well as on
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couplings | PDG bounds | Indirect limits Unit. WW | Unit. WZ
Ag? —0.016T0 05 | [-0.051 , 0.0092] 2.7 0.22
Aky —0.07675028 | [-0.050 , 0.0039] 0.22 3.5
by —0.08870 052 | [~0.061 , 0.10] 0.15 0.14
97 —0.07+0.09 | [-0.085 , 0.049] 2.7 1.7
97 —0.30 £0.17 — 2.7 0.22
Fz —0.127508 — 2.7 3.5
Az —0.09 +0.07 — 0.15 0.14

Table 3.4: Compilation of available limits on the anomalous TGV inter-
actions. The second column contains a compilation of the direct searches
performed by the Particle Data Group [40]. The indirect bounds are pre-
sented in the third column [54,142-144], where the entries not evaluated in
the literature are marked as —. The fourth and fifth columns contain the
bounds derived from the processes q¢ — WHW = and W*Z [150], imposing
that unitarity is satisfied for energies below 2 TeV, see text for details.

the WW cross section determination. It is interesting to note that the
strongest bounds on some of the different anomalous TGV’s still come from
LEP studies. In particular the ones more relevant for this thesis: the g7,
kz and Az strongest bounds in the framework of Eq. (2.67)) come from [42],
while the unique direct bounds on g# come from LEP [145-147], and the
same happens with g7, &7 and Az [147-149]. In contrast, at both Tevatron
(see for instance [43-45]), and at the LHC (see some of the initial 7 TeV
searches [46-51]), the higher collision energies, clearly above the WW and
W Z thresholds, make the use of kinematic variables related to the energy
of the event more suitable for the measurement of TGV’s in gauge boson
pair production processes. In Table besides the compilation of direct
bounds from PDG of the second column [40], we can also observe in the
third column the existing indirect bounds from EWPD and the study of the
one—loop contributions of some of the anomalous TGV’s to Z physics, see
for instance [54,142-144]. The last two columns contain the bounds derived
from the processes g — WTW~ and W*Z [150|, imposing that unitarity
is satisfied for energies below 2 TeV, we will further discuss unitarity at the
end of Sec. 3.2.2

With the existing bounds presented we proceed to study the anomalous
TGV interactions at the LHC. There, as we have commented, the anomalous
couplings will be eventually subject to a more scrutiny via the production of
EW gauge boson pairs, for instance W+, WZ and WW . Preliminary studies
showed that at 14 TeV and with 30 — 100 fb~! of integrated luminosity
the LHC could probe these couplings |[151]. Now we proceed to study all
the possible WWZ TGV’s in Eq. at the LHC, trying to understand
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their most characteristic signals and how they can be used to optimize the
experimental searches.

3.2.2 Optimizing measurements: preliminary analysis

We study here the potential of the LHC to probe deviations from the SM
predictions for the WW Z interaction, through the processes

pp = WTW ™ = (70 "Fr and (3.35)
pp— WEZ S 050 0By (3.36)

where () = e or p, and Fr stands for the missing transverse energy in
the event, that accounts for the presence of the elusive neutrinos. For both
processes the cross sections take the form

0 = 0sM + Z O'iint g;no =+ Z ngo ggno ggno ) (3'37)
7

4,521

iint, and o, are, respectively, the SM contribution, the in-
terference between the SM and the anomalous contributions, and the pure
anomalous contributions. If no C'P—odd asymmetry is built, the interference
terms o} . for the C'P violating couplings are irrelevant. Furthermore, as it
is usually assumed in the experimental searches, for the time being we only
consider one anomalous TGV departing from its corresponding SM value at
a time. This is justified since our purpose in this preliminary analysis is to
optimize and estimate the reachable sensitivity to anomalous TGV interac-
tions at the LHC, while in the second part we will focus only on gSZ , 942 , Rz
and Az TGV’s. Nevertheless, we remain the reader that this assumption
prevents the reinterpretation in terms of effective Lagrangians. Thus we be-
lieve that when the experimental analyses perform measurements of glz , Ky
and Ay, multi-dimensional setups in the framework of Eq. should be
followed. See the related discussions in Section of the previous Chapter.

One of the focus of this initial analysis is to compare the LHC sensitivity
to TGV’s between the two processes considered. In addition, we want to
decipher which variables and cuts are the most adequate to analyze the
different TGV’s. With these purposes in mind, we perform a simulation,
which includes the relevant sources of background events as well as a realistic
selection of kinematic cuts in order to increase the signal to background
ratio in the processes. Regarding the SM background contributions to pp —
(0=, they include as the main source the EW processes leading to this
final state, especially the irreducible background from SM WW production,
but also ZZ production with one of the Z’s decaying into charged leptons
and the other into neutrinos. In addition, ¢t production with the top quarks
decaying semi—leptonically is also a dangerous source of background events
if no jet veto is imposed, as we will see. In the case of W Z production and

where ogm, O
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the pp — (¢t ¢'~Fr channel, the main SM background comes from the EW
production of WZ pairs, but ZZ production with the subsequent decay of
the Z’s into leptons, when one charged lepton escapes detection, is also a
source of background events. Finally, additional background comes from ¢t
production if the semi-leptonic decay of a b gives rise to an isolated charged
lepton. However, this is at the end a minor source of events.

Before we start the description of the kinematic analysis, we briefly
present the simulation tools that we have used. The signal and background
events are simulated at the parton level with full tree level matrix elements
generated with the package MadGraph4 [152] conveniently modified to in-
clude the anomalous TGV’s. We employ CTEQG6L parton distribution func-
tions [153] throughout the thesis. For this preliminary study, that was done
previous to the LHC operation, we simulate experimental resolutions in a
simplified way by smearing the energies (but not directions) of all final state
charged leptons with a Gaussian error A(E)/E = 0.02/vE. We include in
addition in our analysis a 90% lepton detection efficiency. For this Section
we focus on the initial 7 TeV LHC run.

Selection of events

We begin now the description of the selection of events for the two pro-
cesses considered. First we start imposing a set of common acceptance cuts
aiming to detect the final state leptons, as well as a minimum transverse
energy requirement. These cuts are applied to both processes in Egs.

and (3.36):
Pr>10GeV | |m| <25 , ARyp>04 , Fr>10GeV, (3.38)

where z is the collision axis, pr = ,/p2 + pg is the transverse momentum, the

pseudorapidity is defined as n = % In @%ﬁi and finally AR = \/An2 + A¢?,
with ¢ being the azimuthal angle with respect to the beam axis.

For the pp — (70~ Fr case, with the two leptons being of the same flavor,
we require the lepton pair invariant mass (M) to be outside of a range
compatible with Z production in order to increase the signal to background
ratio, i.e.

|My — My| > 10 GeV . (3.39)

After these cuts the top pair production can still be a potentially large
background due to its massive production via strong interactions at the
LHC. To further suppress tt related events we impose a jet veto to the
pp — L0 K1 case. We do not consider events with a jet if it accomplishes

pjf >20GeV  and |nj| <3. (3.40)

This veto is introduced to moderate the activity of QCD processes that
could ruin the sensitivity of pp — ¢t¢"Fr to measure TGV’s. The cut
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also guarantees that the next—to-leading order (NLO) QCD corrections,
which are a potentially dangerous background, do not alter significantly
this preliminary study of TGV’s.

For pp — ('*¢*{ K1, we impose a requirement on My, that goes on
the opposite direction than the cut in Eq. . In the case with only a
pair of same flavor opposite sign leptons (this is, ¢ # ¢) we demand that
the invariant mass of the equal flavor lepton pair is compatible with the Z
mass, i.e.

’Ma — Mz‘ < 10 GeV . (3.41)

In addition, the presence of only one neutrino in the final state of this chan-
nel permits a reconstruction of its momentum by imposing the transverse
momentum conservation and requiring that the invariant mass of the third
lepton and the neutrino matches the W mass

My, = My . (3.42)
From this equation we obtain
v 1 2 N2 Vi
Pl = ) [Miy + 207 wr)]pL
2pp
¥ 7N12 / / /
e[V, + 205 PR - A ()

where p(; is the missing transverse momentum vector and p! is the four—
momentum of the same—charge lepton not associated to the Z. As we can
see this procedure exhibits a twofold ambiguity on the neutrino longitudi-
nal momentum determination. We use this reconstruction in our analysis
to keep only events that possess a solution to the neutrino momentum. If
the three leptons have the same flavor the possible combinatorics in the
final state increase. In this case we impose that one opposite charge lep-
ton pair satisfies the My, cut in Eq. , and that the third lepton and
the missing transverse momentum then reconstruct a W as in Egs.
and . With the purpose of further reducing the background events
and removing also combinatoric ambiguities, we require as well that the in-
variant mass of the third lepton and the lepton of opposite charge used to
reconstruct the Z is not compatible with a Z. Thus these last two leptons
have to comply with Eq. instead. As we have said, in the case of the
pp — 'F0T0~Pr channel, tf is also a possible source of background events.
Nevertheless, in this case, and after all the described cuts have been applied,
i.e. Bgs. (3.38), (3.41)—(3.42) (plus for ¢/ = ¢), top pair background is
already highly suppressed since it requires that one of the isolated leptons
originates from a b quark semi—leptonic decay. Actually, after applying a jet
veto as in Eq. the effect of ¢t events is considered negligible for the
preliminary analysis of the present Section.
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After applying this series of cuts the background event expectations have
been considerably reduced to a level that allows for the measurement of the
anomalous TGV signals. In Table we show the cross sections for the
SM backgrounds and for the anomalous contributions to the processes pp —
(H0~Pr after the cuts in Eqgs. (3.38)—(3.40), and pp — ¢+ ¢~Fr after the
cuts in Egs. (3.38) and (3.40)-(3.42) (plus Eq. (3.39) for ¢ = ¢.) Although
it is not stated in the Table, the jet veto is crucial to tame the dangerous tt
background to an acceptable level for the pp — ¢1¢'~Fr process. Indeed the
tt cross section before the veto in Eq. is ~3.9 pb for 7 TeV of COM

energy.

Tano (fb) Tano (fb)
oM (fb) Tint (fb) AO'ano (fb)
pp = LB
Urol~vp |t || Agl | Akg | Ag | ¢F 9% Rz Az
824. 11.1 254. | 2540. | 5750. | 163. 219. 412. | 6030.
-55.7 | -166. | -22.1 | 15.1 68.8 | -89.2 | 152.

pp — UF0T 0By
0ty | 27 || Agl | Akg Az g7 g7 Rz Y

63.0 2.32 || 1280. | 65.4 | 2290. | 391. || 1020. | 77.6 | 2390.
-106. | -21.3 | -24.3 | -7.2 || -20.2 | -2.2 | -10.0

Table 3.5: Cross sections for the process pp — (T¢'"Fr after the cuts
in Egs. (3.38)—(3.40) are applied, and pp — ¢F¢F¢"Fr after the cuts in
Egs. and (3.40)-(3.42) (plus Eq. for ¢/ = ¢) are imposed. ZZ
denotes the SM process pp — £+~ ¢'F[('F] with [¢*] stating a charged lepton
that escapes detection. In all cases the results include the charge lepton de-
tection efficiency of 90%. In the case of C'P violating couplings we provide

the result for Acay,, see Eq. (3.47).

Kinematic distributions and TGV measurements

In this Subsection we present the distributions of the cross sections with
respect to different kinematic variables. The purpose of this exercise is to
analyze which of the considered distributions has a higher sensitivity to
anomalous TGV interactions, and additionally to optimize this sensitivity
as a function of a cut in the corresponding variables. The distributions that
we consider aim to trace the enhancement that anomalous TGV’s typically
cause on the higher values of variables related to the total energy of the
event.

In the case of the pp — ¢t¢"Fr channel, we consider three different
variables. The pr of the lepton with the highest transverse momentum in
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the event (hardest lepton), py™, the invariant mass of the pair of leptons,
My, and finally the transverse mass defined as

1/2

i = | (Vi + aag+ A+ M&)Q—W wie| L e

where ]5’755 is the transverse momentum of the pair /*¢~. The normalized
spectra of the SM and the anomalous contributions for the three kinematic
variables are displayed in the upper panels of Fig.

For the pp — ¢'*¢T (=7 process we also consider three variables. As in
the other channel, the transverse mass of the hardest lepton, pri™, is studied.
Furthermore, we define prz as the transverse momentum of the opposite
sign equal flavor lepton pair verifying Eq. . Finally, as we impose that
the events permit a reconstruction of the neutrino momentum, we evaluate
the total ¢¢{v invariant mass, which we label Mj5,. This variable takes
however two possible values for each event, as it is expected from the twofold
ambiguity when reconstructing the longitudinal component of the neutrino
momentum, see Eq. . Consequently, we use the distribution of this
variable after each of the two solutions have been added with a weight 1/2.
The behavior of the SM background and some of the anomalous TGV cross
sections with respect to these three variables can be seen in the lower panels
of Fig. 3.3

All the distributions in Fig. have been normalized for an easier il-
lustration of the high energy behavior of the several contributions plotted.
In the different panels of Fig. the SM background is represented as the
dotted black line, while the most relevant pure anomalous contributions are
shown in each case. Akyz (black solid), Az and Az that are indistinguish-
able (blue solid), g7 (red solid) and %z (magenta solid) are shown for the
pp — (0"~ B7 channel, while AgZ (black solid), Az and Az (blue solid), g7
(red solid) and &z (magenta solid) are the ones shown for pp — ¢/F¢T¢Fr.
Figure illustrates the well known fact that the anomalous contributions
enhance the cross sections at higher collision energies (eventually leading to
perturbative unitarity violation), and that this behavior can be well traced
by either pi/™, My, M%,W, prz or Myy%,.

Once the different distributions have been presented, illustrating the
enhancement that anomalous TGV distributions show on the different con-
sidered variables, we proceed to optimize the searches benefiting of this
energetic behavior. In order to extract the attainable sensitivity on anoma-
lous TGV’s, we analyze for each kinematic variable shown in Fig. the
cut that maximizes the sensitivity to deviations on TGV’s. In this prelim-
inary analysis of the LHC capability at 7 TeV we do not attempt to make
a fit to the distributions given the low statistics we are considering. We use
instead, as unique statistical variable, the total number of observed events
above a certain minimum cut for each of the variables, where this is the cut
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Figure 3.3: Normalized spectra for some relevant kinematic variables for the
SM and some of the anomalous TGV’s for pp — ¢*¢'~F7 (upper panels) and
pp — {'F0T 01 (lower panels). The upper panels show the distribution in
transverse momentum of the hardest lepton (left panel), dilepton invariant
mass (central panel) and reconstructed WW transverse invariant mass (right
panel) as in Eq. . The lower panels show the transverse momentum of
the Z (left panel), the hardest lepton transverse momentum (central panel),
and the reconstructed W Z invariant mass (right panel).

that we want to optimize. For all the different cases we assume that the
total number of observed events is the one expected in the SM at 7 TeV
and an integrated luminosity of 1 fb~!. Finally the corresponding statistical
uncertainties are obtained using Poisson or Gaussian statistics depending on
whether the expected number of SM events is smaller or larger than 20. We
perform our analysis of the channels pp — ¢*¢~Fr and pp — 'S0t Fr
independently.

The corresponding attainable 20 bounds are listed in Table After the
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statistical analysis we find that for the channel pp — ¢*¢'~F71 the maximum
sensitivity for any of the anomalous TGV’s is obtained when one imposes a
minimum cut on the transverse momentum of the hardest lepton with the
optimum cut ranging between 50-200 GeV, depending on the anomalous
coupling considered. Our results show that this channel at 7 TeV and with
only 1 fb~! can already tighten the present direct bounds on Akz, Az, g7,
and A 7.

WTW™ 20 limits W*Z 20 limits
No form factor A =3TeV No form factor A =3 TeV
Aglz [—0.33, 0.56] [—0.35, 0.59] [—0.055, 0.094] | [-0.061, 0.11]
Akz | [-0.088, 0.11] [—0.10, 0.14] [—0.27 , 0.55] [—0.29, 0.61]
Az | [-0.055, 0.056] | [-0.074 , 0.075] | [-0.051, 0.054] | [-0.060 , 0.064]
g5Z [—0.53 , 0.51] [—0.56 , 0.55] [—0.18 , 0.19] [—0.19, 0.20]
g7 [—0.48 , 0.48] [-0.51, 0.51] [—0.080 , 0.080] | [-0.091, 0.091]
Rz [—0.38, 0.38] [—0.39, 0.39] [—0.40 , 0.40] [—0.42 , 0.42]
Az | [-0.055, 0.055] | [-0.074, 0.074] | [-0.053, 0.053] | [-0.062 , 0.062]

Table 3.6: Attainable 20 bounds on anomalous TGV’s at the LHC at 7 TeV
with 1 fb~1.

For the bounds coming from the analysis of pp — £*¢*¢(~F7, similar to
the pp — (70'"Fr case, we find that a minimum cut in either of the trans-
verse momentum variables (that of the Z or the hardest lepton pr) leads to
the best sensitivity. The use of these variables is also preferred, since they
do not require the reconstruction of the neutrino momentum, reducing the
uncertainties associated to the calibration of the electromagnetic calorime-
ters. The corresponding attainable 20 bounds are also listed in Table
which shows that the channel can improve the present direct constraints on
the couplings Ag?, Az, g7 and Az.

From the observation of the attainable bounds in Table B.6] we can
conclude that while both processes have a very similar sensitivity to mea-
sure Az, S\Z and Kz, pp — (T Fr is more sensitive to Aryz, whereas
pp — (50 0"Pr can reach a greater precision on Ag#, ¢Z and g7. This
fact will be of relevance for disentangling the hypothetical nature of the
Higgs boson through the study of g5Z and g7 as we describe in the following
Subsection.

C P—odd anomalous TGV’s

Up to this point we have applied the same type of analysis to both C'P
conserving and to C'P violating couplings. In other words, if a deviation
from the SM TGV was observed, it would not be possible to distinguish
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which is the C'P nature of the operators on the Lagrangian in [52] causing the
departure within the presented analysis framework. In this case, in order to
infer the C'P nature of the anomalous TGV some discriminating observable
should be built and studied. Different studies on the literature [154-156]
have addressed the C'P-odd nature of the anomalous TGV’s constructing
some C'P-odd or T-odd observable. For instance pp — WZ was studied
in [155] where a T-odd observable was built to study C'P violating effects at
the LHC. There, it was shown that building an asymmetric observable based
on the sign of the cross—product p, - (pz X per) could be a direct probe of CP
violation. However, this cross—product involves p,, the four-momentum of
the incoming quark, and its determination is not possible in a pp machine
like the LHC. Consequently, an alternative cross—product correlated to the
desired one has to be built to bypass this complication. For instance, one
can define |155]

Ei = sign(pZ)sign(pe x pz)?, (3.45)

as a substitute to the unmeasurable cross—product involving p,, where z is
the collision axis. For the pp — ¢7¢'~F7 channel we can build [156]

Er = sign(per — pr-)” sign (P x p-)” (3.46)
The CP violating couplings give a non—vanishing contribution to the sign—
weighted cross sections, defined as

AN /da Er . (3.47)

On the other hand, the SM background and the C' P-even anomalous TGV’s
all have a symmetric distribution of the events with respect to the sign def-
initions in Egs. and , thus they give a null contribution to the
sign—weighted cross section besides statistical fluctuations. These different
behaviors can be used to discriminate a C'P-odd signal. We present in Ta-
ble the values of the corresponding sign—weighted cross sections. The
resulting number of sign—weighted events has to be compared with the sta-
tistical fluctuations of the SM expectations. After performing such analysis
we find that given the existing bounds on Kz, 2 and g4Z , the study of these
sign—weighted asymmetries at the 7 TeV LHC run is not precise enough
to provide concluding information on the C'P properties of the anomalous
couplings. Nevertheless, we will observe in the following Subsection that
for the higher energy runs, and with a higher luminosity accumulated, the
use of such asymmetries has the potential to decipher the C'P nature of a
hypothetical observed TGV deviation from the SM expectations.

Unitarity

The introduction of anomalous couplings can spoil delicate cancellations in
different scattering amplitudes, leading to their growth with energy and,
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eventually, to unitarity violation above a certain scale A’. As we have de-
scribed in Section [2.4] a way to control this problem that is used in the
literature relies on the introduction of an energy dependent form factor that
tames the anomalous scattering amplitude behavior at high energy, such as

(1+1§)2 , (3.48)
A2

where v/5 is the COM energy of the WW or the W Z pair, which roughly
corresponds to the energy of the event if no NLO radiation is considered.
A priori, the introduction of such form factors makes the sensitivity depen-
dent on the assumptions on A’ and the shape of the form factor considered.
Nonetheless, here we advocate that the need to introduce a form factor at the
7 TeV run of LHC is marginal because the COM energy for the contribut-
ing sub—processes in Eqs. and are < 2 TeV, and the unitarity
bounds on the anomalous TGV’s steaming from these processes are much
weaker than the ones that we obtain from the study we have presented; see
the fourth and fifth columns of Table [3.4] in comparison to the bounds we
have derived in Table In principle one may worry about the correspond-
ing unitarity violation in longitudinal V'V (V = W* or Z) scattering, which
can lead to stronger bounds on the TGV’s since they can lead to a scat-
tering amplitude which grows as §2. However, the actual energy behavior
of the scattering amplitude in longitudinal gauge boson scattering depends
strongly on the assumptions about the quartic gauge boson couplings, see for
instance [157-160]. In particular, if there is a mechanism relating the quartic
and triple anomalous contributions the V'V scattering unitarity bounds turn
out to be similar to the ones in reference |[150]. This indicates that some
questions like unitarity violation can be better discussed in more complete
approaches, like the effective Lagrangian approaches previously presented.
In these cases the contribution of higher dimensional operators to all the dif-
ferent vertices, including TGV’s and quartic vertices as well, are completely
determined. Altogether we find that within the bounds that we derive, uni-
tarity is held up to v/ ~ 3 TeV. As a final consistency check we derive the
bounds obtained if a form factor as in Eq. was included with A = 3
TeV. We show in Table the changes in the 20 sensitivity. As it can be
observed, the effects on the 20 expectations after the inclusion of the form
factor are marginal.

This preliminary analysis still leaves some room for improvement. For
instance, we have considered only one kinematic distribution to extract the
bounds, leaving out the possibility of optimizing the analysis for joint dis-
tributions or a binned maximum likelihood fit. In the next Subsection we
partially improve on this direction by studying the impact that perform-
ing a binned maximum likelihood fit to one of the distributions has on the
extracted bounds. Furthermore, our calculations have been carried out at
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the parton level with the lowest order perturbation theory. A full Monte
Carlo analysis taking into account detector simulation, as well as, NLO
QCD [161-163] and EW [164] corrections would be preferable. Although
QCD NLO corrections are potentially dangerous due to changes in pr dis-
tributions, the jet veto cut in Eq. is enough to guarantee that the
attainable limits are not significantly altered [161-163]. In the following
Subsection we partially improve on this issue, by accounting in a simplified
way for higher order corrections and detection efficiencies making use of one
of the already existing LHC experimental searches.

3.2.3 Dynamical Higgs and TGV’s: updated analysis

In this Subsection we present an updated analysis of the LHC capability
to measure anomalous TGV signals originated by g5Z , g7, kz and Az. The
motivation to focus on these four anomalous TGV’s is twofold. First, the
strongest existing limits on them come still from LEP studies, as neither
Tevatron nor LHC have focused their attention on them. Here we show that
the LHC has the potential to greatly improve these bounds. Second, g5Z ,
g7 and Az could be used as discriminating signals to decipher the nature of
the Higgs boson. The case of g5Z has already been discussed in detail in the
previous Section: leading operators in the chiral expansion can generate its
signals, while only dimension—eight operators contribute to it on the linear
expansion. The case of g7 is completely analogous to g5Z , but in the context
of C'P—odd operators. The C' P-odd study has been developed in a parallel
work which is still in progress [98]. There we also observe that as we have
stated in the C'P—even case for Az, in the C'P—odd expansion, signals of
Az would also point to a linear realization of the EWSB, as this anomalous
TGV receives contributions from leading operators in the linear expansion,
while it can only receive contributions from subleading chiral operators in
the non-linear one.

In Sec. we have concluded that while both pp — ¢T¢'"Er and pp —
("F0T 07 processes are equally sensitive to Az and Kz, pp — (0t By
is clearly more sensitive to g5Z and g4Z . Consequently we focus this updated
study on the pp — ¢'F¢*¢~Fr channel. In the present analysis for the
simulation of the signal we implement the anomalous TGV contributions
via the package FeynRules [87] which is interfaced to MadGraphb [86] for
event generation. We then introduce detection efficiencies by tuning our
homemade simulation tools to the public efficiencies quoted in the ATLAS
search [47], as we describe in the following lines. Both our analysis and
the ATLAS search [47] are based on the same selection procedure, therefore
we can compare the response of our simulated signals to the different cuts
with respect to the quoted one by ATLAS, tuning then the response of our
tools to the proper detection efficiencies. We further crosscheck our results
using an alternative FeynRules [87] and MadGraph5 [86] implementation
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interfaced in addition in this case to PYTHIA [165] for parton shower and
hadronization, and finally to PGS 4 [166] for the detector simulation. We
apply the same procedure to the main background source, the irreducible
EW W Z production. The rest of minor background sources are extracted
from the ones presented in the ATLAS search [47] for the sake of a more
realistic determination. They are properly rescaled for the 8 and 14 TeV
studies, while the details on the estimation of these background sources
can be found in [47]. This way, besides the main sources described in the
previous Subsection, we can also account for the minor Z + v production
and both W* and Z minor productions in association with extra jets.

The selection of events is mainly based on the ATLAS search [47] which
we briefly summarize here for completeness. The selection starts with the
acceptance cuts for the final state leptons. Three leptons are required in the
final state, where only muons and electrons are considered with

pr>15 GeV, [pf <25,
In°l < 1.37 or 1.52 < |n°] <2.47 . (3.49)

For isolation purposes the scalar sum of transverse momentum within AR =
0.3 of the muon (electron) track, excluding it itself, is required to be below
15% (13%) of the lepton pr. In the cases with both muons and electrons
on the final state AR, > 0.1 is imposed as a further isolation requirement.
In order to reduce the number of background events from processes where
there is no pair of leptons coming from the decay of a Z boson, as we did in
the preliminary analysis, we impose that at least two of the leptons with the
same flavor and opposite charge have an invariant mass within 10 GeV of
the Z boson. The third lepton is required to accomplish a higher minimum
pr cut, these requirements are

My € (Mz —10, Mz +10) GeV ,
ph > 20 GeV . (3.50)
In order to reduce most of the Z + jets and diboson backgrounds, as in the

preliminary analysis, we impose minimum transverse momentum require-
ments

Fr>25GeV and MY >20 GeV , (3.51)

where here the transverse mass is defined as M} = \/ 2058 (1 — cos(Ag)),

with péT/ being the transverse momentum of the third lepton and A¢ the
azimuthal angle between the missing transverse momentum and the pr of
the third lepton. Finally, with the aim of increasing the tagging efficiency
we require an extra minimum pp threshold for at least one of the selected
leptons

P > 25 (20) GeV . (3.52)
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Up to this point the selection procedure described exactly matches the one
in the ATLAS search [47]. This can be used in our benefit in order to
tune our simulation tools to the realistic detection efficiencies quoted in
there. We first correct our signal and EW SM W Z production processes
introducing a global K—factor to account in a simplified way for the higher
order corrections. The K—factor is inferred from the comparison between
our leading order predictions and the state of the art NLO calculations used
in the ATLAS search [47], this leads to K ~ 1.7. After this correction, we
compare the efficiencies of our prediction for SM EW W Z production when
applying each of the described cuts with respect to the efficiencies quoted in
Table 1 of [47]. We observe an overall agreement with respect to the cut flow
quoted there, except for the detection and tagging cuts. To correct them,
we apply final correction factors per flavor channel (eee, eep, epp and ppp).
These factors would be consistent with applying a detection efficiency for
the leptons of roughly e = 0.8(0.95). After we have applied the selection
procedure and these correction factors, we present in Table [3.7] the different
cross section values relevant for the analysis. We quote in there the values
at the different COM energies considered in the analysis: 7, 8 and 14 TeV.

Vs | osm (fb) | opek (fb) | oaio (fb) | owdo (b) | o, (D) | o3, (b)
7TeV | 486 14.3 304 846 56.0 1914
8 TeV | 56.2 16.8 363 1117 67.7 2556
14TeV | 97.9 20.0 707 3034 134 7471

Table 3.7: Values of the cross section predictions for the process pp —
"¢t~ Fr after applying all the cuts from Egs. f and the cor-
rection factors described in the text. Here ogy is the SM contribution from
the EW W Z production, o are the pure anomalous contributions and

opek corresponds to all the background sources except for the EW SM WZ
production.

Following the conclusions in Sec. [3.2.2] in order to quantify the reachable
sensitivity on the determination of the anomalous TGV interactions, we take
advantage of the enhancement they cause on the higher values of variables
related to the total energy in the event. For the present analysis we choose
p%, as it can be directly reconstructed from the measured lepton momentum
with good precision without the need of reconstructing the neutrino momen-
tum. In the left (right) panel of Fig. [3.4] we show the number of expected
events with respect to the transverse momentum of the Z candidate for the
7 (14) TeV run, assuming an integrated luminosity of £ = 4.64 (300) fb—1.
The black histograms correspond to the sum of all the background sources
for the pp — E’i€+€_ET channel, except for SM pp — W*Z EW process,
the red histograms correspond to the sum of all the backgrounds including
now also the SM EW pp — W=*Z production. Finally for illustration the
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dashed distributions correspond to the addition of an anomalous signal with
g? =0.2 (g2 = 0.1). In the Figure the last bin contains all the events with
pZ > 180 GeV.
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Figure 3.4: In the left (right) panel we show the distribution of events with
respect to pZ for the 7 (14) TeV run assuming £ = 4.64 (300) fb~! of
integrated luminosity. The black histograms contain all background sources
for the pp — ¢*¢+¢~Fr channel, except for the SM W Z production, the red
histograms represent the sum of all the backgrounds, and finally the dashed
distributions correspond to the addition of the contribution of an anomalous
TGV with a value gZ = 0.2 (¢¢ = 0.1). The last bin contains all the events
with pZ > 180 GeV.

TGV measurement

We present here two statistical analyses: the first one is, as in Sec. an
event counting analysis assuming that the total number of observed events
with

p% > 90 GeV. (3.53)

corresponds to the SM expectations. This final cut follows the optimization
presented in the previous Subsection. We then determine what values of the
anomalous TGV’s are inside the 95% CL region. In this case this corresponds
to search for the values with N2 > 1.96v N5M. Here N = (of gi =+
0l oi2) x L x €, and N°M = (0g37) x L X €, where £ is the luminosity
considered, while € refers generically to the tunning factors that we have
described. Finally the superscript ¢ accounts for the anomalous TGV under
consideration.

On a second analysis we take advantage of the presented p% distribution
in Fig.[3.4)in order to strengthen the attainable bounds by means of a binned
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maximum likelihood fit. We build a binned x? based on the contents of this
distribution while assuming that the observed events correspond to the SM
expectations. In this case x? has the form

J
Nsm

——], (3.54)
Ny + Nino

X _22 ano Ng‘M 0g

where the sum runs over the bins (j) of the pZ distribution. We use the
bmmng in Fig. - 3.4 and as in the previous case we determine the values of
g5 , 97, kz and Az compatible at 95% CL with the assumed observed events,
that correspond to the values for which \F < 1.96.

The results of both analyses are presented in Table They are shown
for two different data frameworks. We show first the present expectations
after the hypothetical combination of the 7 TeV and 8 TeV existing sets of
data. We assume £ = 4.64 fb~! for the 7 TeV run and £ = 19.6 fb~! for
the 8 TeV one. Then we combine these existing sets with a hypothetical 14
TeV run containing £ = 300 fb~! of data.

95% CL range
Data set p% > 90 GeV—count. \ p%—binned
97
7+8 TeV (—0.091, 0.083) (—0.080, 0.072)
T+84+14 TeV (—0.040, 0.032) (—0.033, 0.028)
97
7+8 TeV (—0.037, 0.037) (—0.027, 0.027)
7+8+14 TeV (—0.014, 0.014) (—0.010, 0.010)
Rz
7+8 TeV (—0.19, 0.19) (—0.17, 0.17)
7T+8+14 TeV (—0.079, 0.079) (—0.067, 0.067)
Az
7+8 TeV (—0.025, 0.025) (—0.018, 0.018)
7+8+414 TeV (—0.009, 0.009) (—0.006, 0.006)

Table 3.8: Expected sensitivity on g5Z, g7, Kz and Az at the LHC. We
assume £ = 4.64 fb~! for the 7 TeV run, £ = 19.6 fb~! for the 8 TeV one
and £ = 300 fb~! for the future 14 TeV expectations, see the text for the
details on the statistical procedures.

Focusing first on the expectations for the observation of g5Z , we note
that the attainable precision on gZ at the LHC after combining the 7 and
8 TeV runs is already better than the present direct bounds stemming from
LEP, this precision is also approaching the present indirect limits, as seen
in Table If a 14 TeV run with an integrated luminosity of 300 fb=! is
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included, the LHC precision on g5Z may approach the per cent level, clearly
improving the present direct and indirect exclusion limits.

CP—odd anomalous TGV interactions

We see from the results in Table that the present 7 and 8 TeV data sets
could clearly improve the existing sensitivity on 942 as well. Furthermore,
the precision reachable in the future 14 TeV run will fast approach the per
cent level. The reachable sensitivity on Kz is not as precise as the one for
g7, given its weaker effect on the events, a feature that can be already seen
by looking at the behavior of this anomalous TGV in Fig. Nevertheless,
the future 14 TeV run has the potential to improve the direct bounds that
LEP was able to derive and settle then the strongest direct available limits
on Kz. On the contrary the effects of Az are the most striking ones as seen
in Fig.|3.3] The existing 7 and 8 TeV data sets could set the strongest direct
bounds on Az, and the addition of the future 14 TeV run would bring the
reachable precision well below the per cent level. As we have discussed, the
observation of this anomalous TGV would present a great opportunity to
disentangle a linear realized SM gauge symmetry from a non-linear EWSB
sector.

In Sec. we have concluded that the use of asymmetries to character-
ize the C'P violating nature of the couplings would not lead to improvement
in the initial 1fb~! of the 7 TeV run. However, we show here that for the
14 TeV run and with the higher statistics the study of the C'P nature of
a hypothetical deviation on TGV measurements will have the potential to
give us additional information. In the present case we use the sign definition

=L = sign(p})sign(pe x pz)*, (3.55)
because we checked that the sensitivity reachable is slightly better than the
one of the correlated definition in Eq. . Considering the sign—weighted
cross section definition in Eq. we note again that, while the C'P-
odd anomalous TGV’s give a measurable contribution to this sign—weighted
cross section, the SM background presents a symmetric distribution of the
events. In Table we quote on the first line the values of Ac?,  for the
three C' P-odd anomalous TGV’s at the LHC at 14 TeV. The non—vanishing
sign—weighted cross section for the C'P-odd TGV’s could allow in the future
14 TeV run to set relevant bounds when comparing with the SM background
statistical fluctuations. To quantify this power we show on the second line of
Table 3.9 the smaller value of the given C' P-odd TGV that would allow for a
50 non-zero observation of the sign—-weighted cross section when comparing
to the SM fluctuations. Comparing with Table[3.8 we find that, as expected,
the use of the sign—weighted cross section yields a smaller sensitivity to the
value of the anomalous coupling than the use of either total event rates or
the kinematic distributions. However the reach is high enough to allow for a
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promising determination of the C'P properties in the event of a hypothetical
anomalous TGV observation for a sizable range of TGV values.

. 942 '%Z )\z
Aol (fb) | -59 | -9.7 | -137
|95, | 0.05 | 0.34 | 0.02

Table 3.9: Values of the sign—weighted cross section as defined in Eq.
at 14 TeV for g7, &z and Az. On the second line we present the mini-
mum value for each anomalous coupling that allows for a 5o observation of
the sign-weighted cross section after 300 fb~! of integrated luminosity are
collected in the 14 TeV run, see text for details.

3.3 Conclusions

Understanding the nature of the Higgs boson is a priority in order to deci-
pher the mechanism behind EWSB. After we have presented in Chapter[2)the
study of the EWSB sector through a linear effective Lagrangian expansion,
we have moved in this Chapter to study alternative effective Lagrangian
descriptions with the purpose of understanding the virtues of alternative
frameworks and to point out possible discriminating signals between them.
We have first studied in Sec. a non-linear (chiral) effective Lagrangian
for Higgs interactions following the published work [97]. This framework
is suitable for the family of models where the Higgs is a composite bound
state of some strong dynamics, although the approach can accommodate a
large range of possibilities, from composite Higgs models to exotic singlet
alternatives. The focus has been placed on the study of phenomenologi-
cal signatures, especially regarding possible differences with respect to the
correlated pattern of some couplings in the linear effective Lagrangian ap-
proach.

We have first described in Sec. how the chiral expansion is intrin-
sically different from the linear one due to the transformation properties
under SU(2)r. In the non-linear expansion the Higgs is not part of a dou-
blet of SU(2)r, but comes instead in generic model dependent functions,
F(h). This has two direct consequences: first, less symmetry impositions
means more possible independent couplings, and at the end more indepen-
dent couplings are translated into decorrelations of interactions that are
instead correlated in the linear case. Second, the chiral Lagrangian follows
a derivative expansion as corresponds to the Goldstone parenthood of the
Higgs boson. This implies a reshuffling of the order at which interactions
appear between the two expansions.

These conclusions can be translated directly into two general phenomeno-
logical consequences which have been studied in Sec. [3.1.2] The first one
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is related to the fact that the reshuffling of the order at which interactions
appear could allow for disentangling the nature of the Higgs boson. For in-
stance the TGV coupling Ay can receive contributions from a dimension—six
operator in the linear expansion, whereas it can not receive any contribution
from leading operators in the non—linear one. Thus its observation would
point to a linear nature of the EWSB. Conversely the anomalous TGV ¢#
can receive contributions from leading chiral operators if £ is sizable, while
it is not present neither in the SM nor in any of the leading operators in
the linear expansion in which appears only in dimension—eight operators. A
positive observation of gZ would be then a hint for a dynamical Higgs.

The second phenomenological consequence is related to (de)correlations
between the couplings in the two approaches. Less symmetry in the chiral
expansion means more possible invariant operators at a given order, and the
result is that the non—linear realization for a light dynamical Higgs particle
is expected to exhibit a larger number of independent couplings than in the
linear case. This implies that, even keeping only operators weighted by &,
the expected deviations from the SM predictions in the Higgs couplings to
gauge bosons and that of TGV’s are independent in the chiral expansion,
unlike what we have observed in the linear case.

We present in Sec. the first six-parameter analysis in the context
of the non-linear expansion, focusing on the {—weighted pure gauge and
gauge—Higgs effective couplings. We have derived the current bounds on
the coefficients of the operators from the analysis of EWPO, TGV and
Higgs data, and they are summarized in Table and Fig. We have
also quantified the degree of correlation between Higgs couplings to gauge
bosons and TGV’s. A deviation from such correlation will point to strong
dynamics on the EWSB sector, and with this purpose we have introduced
the discriminators in Fig. |3.2

We have devoted the second part of the Chapter, Sec. [3.2}- based on the
published [94,|97] and ongoing works [98]- to analyze the Lorentz invari-
ant parametrization of TGV’s, that has been used for long as the common
framework to measure these triple vertices. We have shown in Sec. that
the use of variables that trace the energy of the event collision increases the
sensitivity to the anomalous TGV’s. The variables we have studied are p)*,
My, and M%VW for the pp — ¢*¢'"Fr channel, and pP&*, prz and M55,
for pp — ¢'F¢t¢"Fr. We have seen that a minimum cut around 50-200
GeV on any of the transverse momentum variables optimize the sensitivity
to the different anomalous TGV interactions. The combination of the two
processes in the initial LHC run can improve the presently available direct
limits on the WW Z anomalous couplings Aglz, Akz, Az, g4Z, and \z, see
Table 3.6

After the first LHC experimental measurements of TGV’s have been
performed, we can extract from them useful information in order to improve
the study of TGV’s. We can obtain realistic background determinations,
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improved detection efficiencies or higher order corrections, as well as a more
realistic selection of cuts. Consequently in Sec. we have updated the
analysis of the pp — ¢'*¢T¢~Fr channel, focusing on g5Z, g%, ky and Az, the
anomalous TGV’s that have received less attention from both Tevatron and
LHC. The combination of 7 and 8 TeV existing data sets has the potential
to improve the present bounds on g5Z , g7 and Az, that are still obtained
from LEP searches. Further combining a hypothetical 300 fb~! set of 14
TeV data will clearly improve the present bounds on these four anomalous
TGV’s, with important consequences given the relation of g5Z , g4Z and Ay
with discriminating signals of the Higgs nature. These results are presented
in Table [3.8] Finally we have also estimated the effect that the use of CP
asymmetries could have on assessing the nature of a possible TGV deviation.
With 300 fb~! of 14 TeV data a sign—weighted cross section would have the
sensitivity to probe C'P-odd couplings at a promising level.

In summary, so far we have shown how effective Lagrangians can be used
to understand the collected data, the Higgs boson and the EWSB process.
Their study is arguably a safe route to BSM, while its coverage may have
a broader scope than the search for new states, which is instead a more
direct way to access the EWSB sector. Therefore, both approaches are
complementary and after we have devoted half of the thesis to the analysis
of effective Lagrangian descriptions we now move to the study of the direct
search for new particles.

101






Chapter 4

New resonances in EW
gauge boson pair production

In the SM, a unique light scalar doublet is responsible for EWSB. The SM
Higgs boson is able to cut off the dangerous energy growth of the longitu-
dinal gauge boson scattering and, together with the Yukawa terms, it can
account for the mass of the SM particles. The SM thus remains as the
most minimal scenario for EWSB. In the present context, the discovery of
the scalar state and the existing measurements of its properties all point
to a SM Higgs boson, as we have seen in Chapters [2| and Furthermore,
no other new particle has been detected at the LHC, and thus these results
combined seem so far a great success of the SM. However, the same SM min-
imality leaves us with the unsatisfactory open questions we have discussed
in the Introduction, such us the hierarchy problem and why the additive
corrections to the Higgs boson seem to imply that the EW scale is techni-
cally unnatural. Many theories were built in order to answer these questions
while successfully describing EWSB. Including (or not) a light Higgs boson,
all these theories come at the end with different new states associated to the
EWSB sector. Hence, the search for these extra resonances is an alternative
way of directly studying the mechanism responsible for EWSB. We focus the
present Chapter on this interesting alternative to the effective Lagrangian
studies previously presented.

In particular we focus on the study of spin—1 resonances. These reso-
nances are usually linked to the fact that the analysis of partial wave uni-
tarity of longitudinal weak gauge boson scattering, for instance WZFWE —
Wzr W, indicated that there had to be a contribution from the EWSB
sector at the TeV scale [167], well within the LHC reach. In many exten-
sions of the SM these resonances were expected to have spin—1, for instance
in the context of the now ruled out Higgsless models. There, an infinite
tower of vector resonances, Kaluza—Klein excitations, is responsible for the
restoration of unitarity without the presence of a Higgs boson, see for in-
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stance different extra—dimensional scenarios |168-H174]. Such scenarios could
be viewed as the holographic version of strongly coupled theories [175-177].
Vector resonances are also common in models where EWSB is associated to
a new strongly interacting sector [119,[120L|178/|179]. Many of these theories
have already been ruled out after the Higgs discovery, which may turn out
to be the only EWSB contribution at the TeV scale. However, related com-
pletions including both spin—1 resonances and a light Higgs particle are still
alive. For instance, strongly interacting theories, such as the CHM’s we have
quoted in the previous Chapter, are still plausible explanations to account
for the EWSB. In these theories, modifications of the Higgs couplings to
the SM fields from strong dynamics may be present (see Chapter , being
particularly relevant for the EW gauge boson scattering and the delicate
cancellations that have to be present to restore unitarity. There, other vec-
tor composite bound resonances are expected to be generated, analogous to
the p mesons in QCD, to extend unitarity up to the high energy scale of
the strong dynamics, Ag. In this context, the closer the properties of the
discovered scalar are to the SM Higgs boson ones, the higher the mass of
these vector resonances are expected [180].

As it is the common feature of many of the EWSB scenarios above men-
tioned, we assume that these new vector resonances, both neutral (Z’) and
charged (W’), couple to WTW~ and W*Z pairs respectively. Their proper-
ties, such as mass, width, and relevant couplings to SM particles, are model
dependent, and we treat them as free parameters in our analyses. This way
we try to keep the analyses as model independent as possible. In this re-
spect, the most pure model independent channel for detection of such spin—1
resonances would be their production via VBF-like processes or its produc-
tion in association with an EW gauge boson, as there only the coupling with
the SM gauge bosons is involved. Unfortunately, for a Z’ these signals are
unobservable in a clean purely leptonic channel at LHC, even with increased
luminosity [181H183]. A W’ could be observed in the VBF W*Z — W*Z
elastic scattering [181}/182] but such VBF processes could be used to deter-
mine the spin of the W’ resonance at LHC only for relatively light resonances
and with the assumption of increased luminosity |182]. Alternatively, the
new spin—1 states can also be directly produced in pp collisions assuming
they couple to light quarks. In this case, in order to establish that such
new vector bosons are indeed associated with EWSB, one should analyze
processes in which the new spin—1 particles decay into EW gauge boson, as
in [184]. These are the channels that we exploit in the present Chapter.

The Chapter is structured as follows. In Sec. we describe in detail
the framework of the analyses. We explain which are the assumptions that
we make, as well as which are the free parameters in the studies. In Sec.
we study the determination of the spin of new resonances in EW gauge
boson pair production at the 14 TeV LHC. This Section is based on the
published work [185]. We first introduce the channels that we study, and
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we describe the realistic set of cuts that we apply. After estimating the
region of the parameter space where a 5o discovery would be possible at the
LHC, we present the angular variables and asymmetries useful for the spin
analysis. We estimate the LHC potential to determine the spin of a new
vector resonance comparing with the case of a scalar particle. The results
are presented as a function of the relevant parameters of the approach, as
well as of the collected luminosity at 14 TeV. Next, in Sec. 1.3 we estimate
which are the bounds on the existence of Z’ resonances related to EWSB
after the 7 TeV LHC run. This Section is based on the published work [186]
and the corresponding update in [187]. Finally we present in Sec. the
conclusions of the Chapter.

4.1 Analysis framework

In this Chapter we study the production of new vector resonances through
the channels
pw —Z S WHW- =t~ By

pp =W S WEZ s 11O g (4.1)

In order to study these processes we need to know the couplings of the new
resonances to light quarks and to EW gauge bosons. Furthermore we should
also know the mass and the total decay width of the vector resonances. We
consider that these couplings, masses and widths are free parameters of the
study, so that we do not have to restrict ourselves to any specific model.
However, for the sake of concreteness, we do have to assume what is the
Lorentz structure of the couplings of the new Z’ and W’ resonances to the
light quarks and to the gauge bosons. Inspired by models where the new
spin—1 states interact with the light quarks and the gauge bosons via their
mixing with the SM vector states, or by extra—dimension models where
the new resonances are Kaluza—Klein replicas of the SM gauge bosons, we
assume here that the Z’ and W’ couplings exhibit the same Lorentz structure
than those of the SM, but with arbitrary strength. Finally, we veto the Z’
coupling to ZZ pairs as it usually happens in this class of models.

In order to normalize the couplings of Z’ and W’ to WW and W Z pairs
respectively, we introduce normalization values related to the saturation
of unitarity. For the Z’ case, the partial wave amplitude for the process
WTW~= — WTW~ would be saturated by the exchange of a Z’ provided
its coupling to EW gauge bosons satisfies [181]

Mz
9ZWWmax = 9ZWW N IT
Z/

(4.2)

where, as usual, gzyww = gcg. Analogously, for the W’ case, a charged vector
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resonance saturates unitarity of the scattering W*2Z — W*Z for [181]

M
V3My My
In the analyses of this Chapter we use gw/w zZmax a4 92/WW max SIMPly as
convenient normalizations for the couplings of the spin—1 resonances to SM
gauge bosons.

As we have commented, for the present analyses only the couplings to
light quarks have to be considered, in addition to the couplings to EW
gauge bosons. Nevertheless, as we want to cover the larger possible range of
models, we do not make any extra assumption on the rest of the couplings.
This means that the widths of the new spin—1 resonances are assumed to
receive contributions from its decay to light quarks and EW gauge boson
pairs, as well as into other states, like ¢ or b. To account for these decays,
in this work we treat the Z’ and W’ total decay widths as free parameters.
Thus for each final state, the relevant amplitude for V' = Z’, W' depends on
three parameters: the mass of the resonance, My ; its width, I'y/; and the
product of its couplings to light quarks (in the production vertex) and to
SM gauge bosons (in the decay vertex), gyr4q g/ yy- The only constraints
that we have to impose are that the total decay widths need to account at
least for the decays into EW gauge boson pairs and light quarks. Then, for
a given value of the product of the couplings of the new resonance and of
its mass, there is a lower bound on its width that reads [184]

IW'W Zmax = 9ZWW (4.3)

P ’ M / 2
Ty > 0.27GeV (ngq) ( IZWW ) ( Z> . (44)
9Zqq 9Z'WW max Mz
! o7 / M / 2
Ty > 0.40GeV <9W"q) < IWW2 > < W) . (4.5)
IWqq IW'W Zmax My

where gz45 = g/co and gw g = 9/V/2.
After the three relevant parameters have been discussed, the cross sec-
tions for the processes in Eq. (4.1)) can be expressed as

9viqg GV'WVv
Otot = osm + < Ting(My+, Tyr)
quq GV'WV max

2

9vigqg 9GvV'wv

+ ( 44 > UV’(MV’;FV/) . (46)
9vaeqg 9V'WV max

There, the SM, interference and new resonance contributions are labeled as
SM, int and V' respectively, much as in the same way we express the cross
sections for anomalous TGV’s in Eq. . For concreteness, if V/ = 7’
then gyrwy = gzww and gyrgg = gz1qg, while for V= W', gyrwy =
gwwz and gyrqg = gwreq- In addition, in Section we use the definition

G= <ngqq> < 92 WW > . (4.7)
ngq 9Z'WW max
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The technical details regarding the simulation tools that we have used,
as well as the statistical discriminants that we have built, depend on the
concrete analysis that we perform and present next.

4.2 Determination of the spin of new resonances

In this first analysis we focus on the capabilities of the LHC to determine
the spin of new resonances. From the original work on relevant angular
variables [188] to the more recent studies [189-203], much work has been
devoted in the literature over the last years to this issue. As we have al-
ready commented VBF processes can be used to determine the spin of W’
resonances at the LHC, but only on a limited range of masses and accumu-
lated luminosities [182]. Alternative, here we study the potential of the LHC
to decipher the spin of both Z’ and W’ through their direct production in
pp collisions, as in Eq. .

In this Section we perform our analyses at the parton level, keeping the
full helicity structure of the amplitudes. This is achieved using the package
MadGraph4 [152] properly modified to include the new vector states and the
desired couplings. We use the CTEQ6L parton distribution functions [153],
in the present Section with renormalization and factorization scales given by

pl = pl = \/ (pfip+2 + pfFQ) /2, where pf%i is the transverse momentum of the
two charged leptons in the Z’ decay or of the two different flavor opposite
sign leptons in the W’ decay. For the case of W’ decaying into three equal
flavor leptons we choose the two opposite sign leptons whose invariant mass
is not compatible with being the decay products of a Z. Nevertheless, the
effects of these choices in the results that we present here are marginal.
Finally, we simulate experimental resolutions by smearing the energies, but
not directions, of all final state leptons with a Gaussian error given by a
resolution AE/E = 0.1/vE @ 0.01(E in GeV). We also consider a lepton
detection efficiency of ¢ = 0.9.

The analyses follow the same structure for both the Z’ and W' cases.
We start describing the cuts imposed on the corresponding process, and we
present afterwards the relevant cross sections and 50 discovery regions. In
these processes, the spin assignment of the new resonances is obtained from
the spin correlation between the final state leptons, contrasting the expected
results for spin—1 and spin—0 new states. We work then in the framework
commonly used to analyze the spin of supersymmetric particles [189-193].

4.2.1 W’ spin determination
For W’ we study the channel
pp = W' — ZW* = (Y 0Fpr | (4.8)
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where as in the case of the previous Chapter only ¢ = e or p are consid-
ered for a more realistic study. As we have described in the two exhaustive
analyses that we have performed on this channel in Section the main
SM backgrounds for any BSM signal are the production of EW gauge boson
pairs, WZ and ZZ, with its subsequent leptonic decay. In the ZZ produc-
tion case one of the final state leptons must evade detection. Finally the
SM production of top quarks can also lead to trilepton final states, however,
this process is rather suppressed since one of the isolated leptons must orig-
inate from the semi-leptonic decay of a b—quark. In the present Section we
neglect the contributions of Z 4~ production and both W and Z minor pro-
ductions in association with extra jets, as these are marginal backgrounds
in comparison to the rest of sources and to the uncertainties in the present
analysis.

Selection of events

As in the previous analyses, the study starts with a series of kinematic cuts
aiming to ensure the detection and the isolation of the final state leptons,
plus a minimum transverse momentum requirement

Ine| < 2.5, ARy > 0.2, pbr > 10 GeV and B > 10 GeV (4.9)

similar to the cuts in Eq. (3.38)). Following the same structure than in
Sec. in the next step we look for at least a same flavor opposite charge
lepton pair that is compatible with a Z, i.e.

|My+o- — My| < 20 GeV. (4.10)

Furthermore we demand, in the search for the resonance, that the hardest
observed lepton has a transverse momentum in excess of 120 GeV in order
to tame the SM backgrounds.

Again, the neutrino momentum is reconstructed up to the two—fold am-
biguity in Eq. . We demand that the events posses a solution to
Eq. , and with the two values of the reconstructed neutrino momen-
tum we obtain two possible solutions for the invariant mass of the £¢/v
system. In order to enhance the signal and to reduce the SM backgrounds
we require that the final state is compatible with a W’ production of a given
mass,

|M2In — My <6, (4.11)

rec

where in this case M2" is the smaller of the two possible solutions. In the
analyses of the present Section we consider three reference V'’ masses 0.5, 1,
and 1.5 TeV; and we take & = 50, 100, and 200 GeV for each of the three
cases, respectively.

We present in Fig. u (left panel) the values of the relevant cross sec-

tions at /s = 14 TeV, see Eq. (4.6)), after the cuts are imposed. These are
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Figure 4.1: Left panel: signal and background cross sections at 14 TeV for
the ¢+ ¢~ ¢'* Fr final state for all possible lepton flavor combinations without
including lepton detection efficiencies. Right panel: the filled regions are
the ranges of the parameters that allow for an observation of a W’ with
mass My = 0.5, 1, and 1.5 TeV with at least 5o significance in the reaction
pp — W' — ZW* — (0= ¢'F Pr and an integrated luminosity of 100 fb~!
collected at 14 TeV.

ow (M, Tywr) and ogpr, which after the cut in Eq. is also a function
of Myy. The interference terms are negligible for all values of the W' mass
and width considered after applying the described cuts. As it can be seen
in Fig. the SM backgrounds diminish as the new states become heav-
ier. This is due to the fact that for a heavy state, the effect of the cut in
Eq. is more stringent on the SM backgrounds, as they present falling
event distributions as a function of MX®. Furthermore, as it was also ex-
pected, the signal cross section deteriorates as the width of the resonance
grows. Altogether this channel presents at the end a small SM background

due to the reduced leptonic branching ratio of the EW gauge bosons.

Discovery reach

Before we move to study the LHC capabilities to discriminate the spin of
these W’ new resonances, we briefly illustrate the LHC potential for a 50
significance level discovery. This is depicted for the sake of completeness in
the right panel of Fig. There, the region of the parameter space where
the LHC would be able to observe a W’ with at least a 50 significance level
for an integrated luminosity of 100 fb~! at 14 TeV is shown. This parameter
space is obtained by counting the number of events after all the cuts are
applied, assuming that the number of observed events is that expected in
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the SM. For this hypothetical luminosity, the number of background events
is large enough for Gaussian statistics to hold for My = 500 and 1000 GeV
and we impose Ny > 5v/Nsy where Ny gy = £ X opr gm X (e)3. For
My = 1500 GeV the number of expected background events is Ngy = 9.8
and we adopt the corresponding 50 observability bound for Poisson statistics
in the presence of this background, i.e. Ny > 18. As expected, larger
couplings are required for the observation as the resonances broaden, due
to the fact that in this case the signal cross sections deteriorate as we have
observed in Fig. With this analysis we are able to determine the lower
values of the parameter space allowing for a 5o discovery. However, we still
have to impose the constraint in Eq. . From this imposition we obtain
the upper bounds on the discovery regions of the right panel of Fig.
We finally estimate the potential for a smaller collected data set. We note
that with a reduced integrated luminosity of 10 fb~! the lower line of the
minimum coupling constant product needed for discovery is increased by a
factor ~ 3. However, a sizable fraction of the parameter space can still be
proved.

Present bounds on W’

We can briefly compare the results depicted in the right panel of Fig.
with the direct searches for a W’ that were performed either at Tevatron and
in the 7 and 8 TeV LHC runs. Unfortunately, the comparison is not trivial
since in most searches the experimental analyses relied on a specific model
in which a concrete relation between the couplings, masses and total decay
widths of the spin—1 resonances is assumed [204,205], and sometimes the
W'W Z coupling is not unambiguously specified in the text. One exception
is the CDF Collaboration search for new WW and W Z resonances in pp —
e*jjlr [206]. This analysis was performed in the Extended gauge model
context [204,205] (in which the couplings of the new resonance are a rescale of
the SM ones), but with the strength of the W/W Z coupling clearly specified,
and indeed with the results expressed as a function of this coupling. We can
infer from this work that a narrow 500 GeV W' is already excluded at 95%

. 9w’ qq Iw'w z > . . Ce, . ..
CL provided <g/\/5 X gwlwzmax) 2 0.21. This exclusion limit is similar

to the one derived by the D@ collaboration after they combine the leptonic
and semileptonic pp — W/ — WZ channels in [207]. There, the precise
assumption for the W/W Z coupling is not explicitly given. Nevertheless,
we can estimate that, as in the CDF search, narrow light resonances are

excluded at 95% CL for (2w x Iwiwz > 0.2. This implies that a
g \/i IW'W Z max

small left corner of Fig. was already excluded by these two Tevatron
searches.

After the 7 and 8 TeV runs have finished, the LHC collaborations have
already performed different analyses on the search for W’ resonances. The
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most recent searches for W’ — W Z are performed using already the 8 TeV
data sets [208-210]. In the case of the ATLAS searches, the 13 fb~1-8 TeV
data analysis in [208] was recently updated in [209]. There, the full 20.3
fb~! of 8 TeV data is used to analyze the fully leptonic pp — ¢4~ ¢'F Fr
channel. This analysis is performed using the Extended gauge model as one
of the benchmark scenarios, and the W/W Z coupling value is unambiguously
specified. Therefore, the model dependent bounds can be reinterpreted in
terms of the parameter space in Fig. 4.1l The 95% CL exclusion limits
derived apply to narrow resonances (with Iy /My below the W boson one
in the SM), and can be translated into

(gw/qq x IWWZ ) > 0.05 (0.05) [0.08] for 500 (1000) [1500] GeV .
g/V2  IWW Zmas
(4.12)

This is, a sizable region on the left side of the right panel of Fig. has
been already excluded. In the CMS search [210], all the 8 TeV data set,
accounting for 19.6 fb~! of integrated luminosity, is analyzed in the same
leptonic channel. Unfortunately CMS did not quote the precise value as-
sumed for the W/W Z coupling and consequently we cannot translate their
bounds in precise constraints in our parameter space. The estimated bounds
are expected to apply for narrow resonances and after considering the pos-
sible O(Myy/Mz) ambiguity they would cover a region of the space similar
to that bounded by ATLAS [209).

Summarizing, after the LHC 7 and 8 TeV runs have concluded, the
exclusion limits have already covered a large region of the parameter space
for the narrowest resonances, while for the broader ones the exclusion regions
are much milder. So there is still space for W’ resonances after the present
LHC exclusion limits are considered. Moreover the analyses of the spin and
the techniques described in the present Section are valid for a large range of
masses, widths and couplings.

Spin determination

In some of the previously cited studies of spin determination [189}/190] it was
shown that a convenient variable for contrasting the production of particles
with different spin is

A
cos 0y, = tanh <;W> , (4.13)

where Ay is defined as the rapidity difference between the same charge
leptons. This quantity has the advantage of being invariant under longitu-
dinal boosts. For illustration, we present in the left (center) [right] upper
panel of Fig. the cos 8, spectrum for the production of spin—0 and spin—1
resonances and the reference mass considered, 500 (1000) [1500] GeV. The
Figure illustrates the different relevant distributions after 100 fb=! of data of
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Figure 4.2: cos#}, (upper panels) and cos 05, (lower panels) distributions

for the production of the charged vector resonance W’ (solid blue line with
error bars), and the production of a charged scalar resonance (dotted red

line). The results are shown for I'yy» = 0.05My» and (MM) =
IwWqg IW'W Zmax

0.3. The SM contribution (barely visible) is the dashed black line at the
bottom, and we have assumed an integrated luminosity of 100 fb—! for the
14 TeV run.

the 14 TeV run have been collected and the cuts in the selection procedure
have been applied. For an easier comparison, we show the case of a vector
angular distribution (solid blue line with error bars) and the case of a scalar
contribution (dotted red line), where we normalize the production cross sec-
tion of the scalar case to the one of the vector resonance. We assume the
same mass and width for both spin assignments. The details on the values
used for illustration can be seen in the caption of Fig. The first thing
we observe in the Figure is that in the present channel the SM background
contributions (dashed black lines) are strongly suppressed and barely visible.
This was already expected after looking at the left panel of Fig. We can
also observe that, as expected, the cos 6, distribution for W’ vector produc-
tion exhibits a maximum at cosf;, = 0. On the other hand, the case of the
scalar resonance deserves a discussion. In principle this spectrum should be
completely flat for the production of scalars, however, the acceptance cuts,
especially |n,| < 2.5, distort this angular distribution. This reduces the dis-
criminating power, especially for the lightest resonances. For the heaviest
ones, we can foresee that the smaller cross section, see Fig. will be par-
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tially compensated by higher distinctive signals between the scalar case and
the vector one with respect to the light mass case.

Alternatively, we can exploit the fact that once we have inferred the
momentum of the neutrino, Eq. , we can build different angular cor-
relations in the estimated WZ COM frame, as all the momenta are now
determined. We study here the spin correlations using the reconstructed
Z polar angle (Ayz) distribution evaluated in the WZ COM frame. The
twofold ambiguity in Eq. is logically translated into two possible angu-
lar distributions for fyz. Here we consider the average of the two resulting
distributions in our analysis. In [182] it was shown that the angular dis-
tribution of the reconstructed cos 6y variable for the solution yielding the
minimum (maximum) WZ invariant mass, is peaked (has a valley) around
zero when compared to the true 0y one. Nevertheless, as it was also shown
in there, the average of the two possible reconstructions has a very similar
distribution to the true one. Thus, we plot in the lower panels of Fig.
the average spectrum, cos@y%,. As in the case for cos®j,, we also show
there the distributions for the production of spin—0 and spin—1 resonances
and the three reference masses considered. We follow the same procedure
regarding the normalization of the scalar distribution to the vector one, and,
in addition, the curves are labeled with the same notation.

As we can observe, the behavior of the distributions in the two angular
variables, cosfj, and cos @y, is very similar. The spin-1 resonances are
peaked near cosfy, = 0, and the spin-0 are also peaked there for the
lightest masses, while the behavior is flatter as we move to heavier masses,
where the effects of the cuts are smaller. Indeed, cos 0, and cos 5%, happen
to be strongly correlated as shown in the upper panels of Fig. There we
plot the cos 0,®cos 0y, spectrum for My = 0.5 TeV (upper left panel) and
1.5 TeV (upper right panel). We show the distributions for 'y = 0.05 My,
but we have checked that the results are very insensitive to the precise value
of the width. As it is clear from the Figure, there is a strong correlation
between cosfj, and cos®iy%,. This strong correlation could be somehow
unforeseen, given the definitions of both variables and the different behaviors
of the cos 03 and cos HW% distributions. As expected the correlation gets
stronger as the W’ mass increases. This is so because heavier resonances
decay into more energetic EW gauge bosons and consequently the final state
leptons have the tendency to follow the direction of the parent W or Z,
correlating consequently even more strongly both angular distributions.

Due to the correlation between the two variables, it is expected that
both have a comparable spin discriminating power. And this is actually the
case, except for My = 500 GeV, where cos 0/, performs slightly worse.
Moreover larger systematic uncertainties are expected in the reconstruction
of Oy z, as it requires better understanding and calibration of the detectors
for the precise measurement of the missing transverse momentum needed to

build cos #55/%,. This is similar to one of the argumentations we have used in
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Figure 4.3: We show in the upper panels the cos 8}, ® cos 0}, spectrum for
W' and two masses: My = 0.5 TeV in the upper left panel and 1.5 TeV
in the upper right one. There, cos )%, is the average of the two possible
reconstructions as explained in the text. The lower panels depict the cos 07,®
cos H%QOS_ORJF'F spectrum for Z/ and My = 0.5 TeV in the lower left panel,

and 1.5 TeV in the lower right one.

Sec. to choose p% as the variable to estimate the updated LHC potential
to measure g5Z, g4Z, iy and A\y.

Following the discussion, we proceed to estimate the potential to deter-
minate the spin of a vector resonance using the angular distribution cos ¢7,.
In order to quantify the parameter space region for which a positive discrim-
ination between spin—0 and spin—1 resonances is possible we construct the
asymmetry

o(|cosby,| < 0.5) — o] cos by, > 0.5)
o(| cosb3,| < 0.5) + o(]cosby,| >0.5)

Ay = (4.14)

Notice that with this observable we can eliminate possible normalization
systematics in the angular distributions. Using this angular asymmetry we
build now the statistical test to estimate the parameter space where the spin
can be established with a certain degree of confidence. In particular, the
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99% CL spin discrimination condition reads

Yy — AGy| > 258 0,4y = 2.58 yo e (4.15)

tot

where o AY, is the expected statistical error of the variable Ag‘é and Niot =
L X oor X (€9)3 with oyt as in Eq. . In writing Eq. we implicitly
assume that for the 99% CL spin determination the number of events Nt
is always large enough for Gaussian statistics to hold. Indeed we verify
that this is the case even for the smallest couplings for which 99% CL spin
determination is possible.

The results of this exercise are shown in Fig. [£.4] There we display the
region of the parameter space where the W' spin can be established with
99% CL using Ay for an integrated luminosity of £=100 fb~! collected at
14 TeV at the LHC, and for the three masses selected as benchmark points
for this analysis. All the points inside the colored regions allow for the 99%
CL spin discrimination for the corresponding mass. In obtaining the results
we take into account only the statistical errors and we assume that the
observed distributions follow that of a vector resonance, as could be inferred
from Eq. . Notice that the lower limits are obtained from Eq. ,
but the upper bounds are obtained from the constraint on the total decay
width as shown in Eq. .

-

99% V/S discrim|

_ » T My=1500 GeV
L=100 fb [ My=1000 CeV 1
o = My=500 GeV
/

(gwea/ (3/72)) x (Gue/ Gz ma)

pp—> I 719

1072 107"

Fw /My

Figure 4.4: Parameter space region where the W’ spin can be determined at
99% CL using the asymmetry Ay for an integrated luminosity of 100 fb—*
collected at the LHC 14 TeV run.

We can compare Fig. to Fig. 4.1} 4.e. the region where a 99% CL
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spin discrimination is feasible to the region where a 50 discovery is possible,
in both cases for £=100 fb~! collected at 14 TeV. From this comparison
we conclude that the minimum couplings necessary to determine the W’
spin at 99% CL for this integrated luminosity are ~ 2 times larger than
the minimum couplings needed for the W’ discovery. Moreover, as seen in
Fig. the acceptance cuts modify more drastically the distributions for
lighter W/ masses, and consequently, the discrimination between spin-0 and
spin—1 requires larger statistics, reflected in larger couplings and production
cross sections required. In the same way, the decrease of the production cross
section between a W’ of 1 TeV and one of 1.5 TeV is partially compensated
by the fact that for the heavier masses the spin—0 distribution is flatter
because the effects of the cuts are less dramatical. This leads at the end to
similar couplings required for the spin discrimination for both masses. In
summary, we find that the LHC will be able to successfully unravel the spin
of a possible new W’ state with 99% CL in a large fraction of the parameter
space of discovery.
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Figure 4.5: The solid (dashed) lines stand for the integrated luminosity
at 14 TeV required for the 5o discovery (99% CL spin determination) of
W' in the left panels and Z’ in the right ones, as a function of the vector
resonance couplings. We present the results for three masses and two widths:
'y, = 0.01My and I'yr = 0.3My,. See the text for detailed information on
the statistics used.
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Finally, in order to address the potential of the LHC for earlier runs or
with upgraded luminosity, but still at 14 TeV, we quantify the luminosity
requirement for the discovery and the spin determination of the resonance
as a function of its parameters. We use the same statistical procedures that
we have described in the text, but here adding the luminosity as a free
parameter. In the left panel of Fig. we plot the integrated luminosity
needed for a 50 discovery of a W’ (solid lines) and for a 99% CL spin
determination based on Eq. (dashed lines).

The results are presented as a function of the W’ couplings for our three
reference masses and for two widths (' = 0.01 My and Ty = 0.3Myy/).
We only show these two widths for an easier illustration, but intermediate
values interpolate between the two plotted lines. As we have explained,
the discovery requirements are obtained using Poisson or Gaussian statis-
tics depending on whether the expected number of SM events is smaller or
larger than 15, and the change from one statistics to the other determines
the discontinuities in the corresponding lines. For the case of the 99% CL
spin determination the number of expected events is always large enough for
Gaussian statistics to hold. We can see from Fig. that an earlier discov-
ery, e.g. with 10 fb~!, would still be possible even for rather weakly coupled
W'. The W’ spin determination requires in contrast larger couplings, but
it can also be carried out in a sizable region of the parameter space in ear-
lier runs. We remind the reader that, as we have explained, the LHC 8
TeV experimental measurements have already excluded some of the points
that allow for an early spin discrimination, especially for the narrowest and
lightest resonances.

4.2.2 7' spin determination

In the case of a neutral vector resonance, we analyze the Z’ spin through
the channel

p—Z > WIW™ = Fp (4.16)

As we already noted in the first part of Sec. the main SM background for
this process is the EW production of WW pairs with the subsequent leptonic
decay. A smaller source of SM backgrounds is the EW ZZ production with
one Z decaying into charged leptons and the other decaying invisibly into
neutrinos or also with both Z decaying into charged leptons when two of
which escape undetected, which is however a rare process. As we have
commented, in this channel a dangerous additional source of background
events is provided by the SM production of ¢t pairs with both top quarks
decaying semileptonically. We will see that, as in the analysis of Sec. a
jet veto is required to suppress this background. Finally, we complete here
the simulation of background sources including 777~ production with both
7’s decaying leptonically.
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Selection of events

As usual, the selection of events begins with a series of cuts aiming to ensure
the detection and the isolation of the final state leptons. In the present case
we require two final state leptons (e or u) with opposite charge and

el < 2.5, ARy > 0.2 and p% > 50 GeV . (4.17)

One can notice that in this case the requirement on the lepton momentum is
more stringent than previously. The reason behind a more aggressive cut is
to tame the dangerous backgrounds in a channel where the full reconstruc-
tion of the final state particles presents a challenge. Actually, the presence
of two neutrinos in the final state renders impossible the complete recon-
struction of the event. In order to characterize the signal we can make use of
the transverse invariant mass as a first alternative, just as we have done in
Sec. We thus recover the definition of MQW W in Eq. . Alternatively
we can attempt to reconstruct the WW invariant mass by estimating the
momenta of the two escaping neutrinos produced using the My assisted on—
shell (MAOS) reconstruction [211]. This reconstruction was built in [211] in
the context of weakly interacting massive particle (WIMP) searches. There,
the authors studied a pair production process where the mother particles
decay to a visible SM particle and a WIMP. The reconstruction, whose
main details we describe here, leads at the end to final state reconstructed
momenta of the invisible particles correlated to the true momenta. This al-
lowed for the possibility of reconstructing several distributions to study the
properties of the mother particles, for instance their masses and spin. The
reconstruction was later extended and applied to the case of the Higgs search
in [212]. There, the channel pp — h — WTW~ — (tv0")~ vy was studied.
This is indeed the same channel that we study here, although for a different
range of masses. For W (py + po)W ™ (k1 + ka) — €1 (p1)v(p2)l™ (k1)v(ks)
the variable Mp9 is defined as [213]

Mry = ﬁsz%;IquaT {max{MT<]71T752T)>MT(E1T;EZT)}} ; (4.18)

where My is the transverse mass defined as
MZ(prr, Par) = 2(prrpar — Pir - Par) - (4.19)

Assuming that the initial state radiation is negligible, the solution for the
transverse MAOS momenta is simply given by

Poaos — _Eip and koS = —pip . (4.20)

To estimate the longitudinal momentum components there are two possible
approaches in this context. The first one is best suited for the cases where
the mother particles of the invisible state are on—shell, while the second one
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4.2. DETERMINATION OF THE SPIN

performs better for cases where they are off-shell (like in h — WTW~ —
ASTIAY )*yg/). In the present analysis we are in the context of the former case,
but we study for completeness the two possible reconstructions. In the first
scheme one requires the on—shell conditions for both the invisible particles in
the final state and the mother particles in the intermediate state (W) [211]
(here called MAOS-original). This results into a four—fold degeneracy

1
() = D A o+ A =
1T

1
K

R () = o e B K+ Ry /B2 — K3 ] 7

(4.21)

where A = M‘%V/2 + D17 - Pop®® and B = MI%V/2+ ElT . E2$aos. In the second

possible scheme [212], one requires also on—shell conditions for the invisible

particles in the final state, but for the mother particles one imposes instead
— 1Mnaos

(i +p™ ) = (ki +ka )P =Mfy | (4.22)

which gives unique longitudinal MAOS momenta (here called MAOS—modified)

maos maos
maos

p2L :mplL and kg?aos: 2T le . (4.23)
piT ki

In order to illustrate the accuracy of the neutrino momenta determina-
tion in the MAOS reconstruction scheme we compare in Fig. [£.6] the recon-
structed Z’ — WTW ™ invariant mass using the MAOS-original (with sign
++ in Eq. for illustration), MAOS-modified as in Eq. , and the
WW transverse invariant mass as in Eq. . In addition, for the sake of
comparison the shaded green area represents the real spectrum. As we can
see, the three methods lead to very similar results. This is expected as the
signal is dominated by Z’ decaying into on—shell W’s. In contrast to the
W' analysis of the previous Subsection, here the reconstruction of the signal
and the reduction of the background is more challenging as in all the recon-
struction methods the characteristic peak associated with the production of
the resonance is substantially broadened with respect to the true invariant
mass. However, it is still possible to suppress the backgrounds and enhance
the Z’ signal demanding any of the reconstructed WW masses to be around
My within a broad width. Consequently in our study we demand the WW
transverse invariant mass to comply with

My
2 )
where only a lower cut is required because the background distribution is a

very steeply falling function of MJW W decreasing much faster than the one
for the Z’ signal.

MW > (4.24)
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Figure 4.6: Reconstructed WW invariant mass distributions for pp — 2’ —
WHTW~= — £~ ¢TFr assuming Mz = 500 GeV and 'z = 25 GeV. The solid
(black) line corresponds to Myw = MAW  as in Eq. (3.44). The dashed
(red) line stands for the invariant mass reconstructed using the MAOS-
original momentum prescription with sign ++ in Eq. and the dash—
dot (blue) line represents MAOS-modified prescription, see Eq. (1.23)). The
shadow (green) area represents the true spectrum.

As in the analysis of Section[3.2] after the cuts in Eqs. (4.17) and (4.24)),
the ¢t SM background is still quite large. In order to suppress it, we veto
the presence of the events with additional jets accomplishing

;| <3 and  pl > 20 GeV. (4.25)

As the QCD radiation and pile—up can lead to the appearance of an addi-
tional jet even in signal events, we can account for this in a simplified way
introducing the probability of a QCD (EW) event to survive such a central
jet veto . The survival probability due to pile—up has been estimated to
be 0.75 for a threshold cut of pr = 20 GeV . Thus, taking into account
these two effects we include in our analysis veto survival probabilities with
values

PEW — 056 and PP =022 . (4.26)

surv surv

Finally, for events presenting same flavor lepton pairs, i.e. ee or uu, there
is an additional SM contribution stemming from ZZ production with one of
the Z bosons decaying invisibly and the other into a charged lepton pair, or
from Z production followed by its decay to leptons. For these final states,
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4.2. DETERMINATION OF THE SPIN

we supplement the cuts in Eqs. (4.17)), (4.24) and (4.25) further imposing
that

Fr >50 GeV and My > 100 GeV, (4.27)

in order to require a large missing transverse momentum, and to avoid the
pair of leptons to be coming from a Z boson. The second cut resembles the
one in Eq. (3.39)) of the previous Chapter.

Towen M=500 GeV
20
107 e M=1000 GeV

50 Obs, L=100 fb™" |
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F o [mm M7= eV |
E osye M=1000 GeV 1 o p— Mr=500 GeV
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L g M=500 GeV

ooy M=1500 GeV

(92e0/(a/cw)) x (Izww/ Tz'ww mar)

1072 107"

o

r7/M;

Figure 4.7: Left panel: signal and background cross sections for the
¢~ Br final state for all possible lepton flavor combinations without in-
cluding lepton detection efficiencies nor survival probabilities. The distribu-
tions are shown after applying all the cuts described in the text assuming
14 TeV of COM energy at the LHC. Right panel: the filled regions de-
limit the ranges of the parameters for an observation of a Z’' with masses
Mz = 0.5, 1, and 1.5 TeV, with at least 5o significance, in the reaction
pp = Z' — WHTW~ — £+~ Fr. The regions correspond to an integrated
luminosity of 100 fb~! at 14 TeV.

We show in the left panel of Fig. the values of o and ogjps for the
EW and ¢t backgrounds at /s = 14 TeV. We denote the sum of the SM
backgrounds not originating from ¢t production as EW background. Once
the cuts described above are imposed the interference terms are negligible
for all the values of the Z’ masses and widths considered, as it happened in
the previous Subsection with W’. However, the backgrounds for Z’ in the
leptonic final states are considerably larger than the ones for W’. This is a
consequence of the very broad reconstruction of the Z’ invariant mass, as
seen in Fig. As we have done for the W' case we depict in the right panel
of Fig. the parameter space region where the LHC will be able to observe
a Z' with at least 50 significance for an integrated luminosity of 100 fb—?
at 14 TeV. The statistical analysis performed is the same we have described
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for the W' case. However now, given the considered luminosity, the number
of background events is always large enough for Gaussian statistics to hold
and we simply impose Nz > 5v/Ngyp, where Nz = £ x 070 x PEW x ()2
and Ngp = £ X (O'JSEI\\;[V x PEW 4 ang X PS%S,D) x (€)%, The worse signal
reconstruction for a Z’ affects also the results shown in the right panel of
Fig. m Comparing it with the one for W’- see the right panel of Fig.
we find that establishing the existence of a Z’ into the WW channel requires
larger couplings to light quarks and vector boson pairs than for W/ in W Z.
This is a consequence of the larger SM backgrounds remaining after a more

challenging signal reconstruction.

Present bounds on 7’

At present there are much less results from searches for Z’ decaying into
gauge bosons than for the case of a WW’. This is probably related to the more
challenging reconstruction required to measure or exclude a Z’ in comparison
to the easier W’ — W Z reconstruction.

Still, a small corner of the right panel of Fig. [£.7 has been directly
probed by Tevatron searches. The CDF analysis in [206], whose main fea-
tures we have already discussed in the analogous Subsection for the W’
case, indicates that for narrow and light masses, ~ 500 GeV, a Z’' with

(gz/‘ﬁ x Jzww ) > 0.19 is excluded at 95% CL. Moving to the LHC, we

92qq 9Z'WW maax
note that there are currently no experimental searches from the LHC col-

laborations to exclude Z’ — WW resonances. The pp — WW searches for
BSM physics have usually been performed in the context of graviton models
and cannot be directly translated in bounds for Z’.

In order to partially fill this gap, we present in the next Section our own
re—analysis of LHC experimental results on the production of WW that
serves us to derive the strongest available exclusion bounds on Z’ decaying
into gauge boson pairs. We leave the details for the forthcoming Section,
while here it suffices to note that those results still leave room for the dis-
covery of Z' signals and its posterior spin determination at 14 TeV, which
we now focus on.

Spin determination

In order to discriminate the spin of a neutral resonance we first employ
the variable cos @}, in Eq. , as we have already probed its utility in
the W’ analysis. As in there, the fact that this angular distribution does
not require the reconstruction of the neutrino momentum avoids the pres-
ence of any reconstruction ambiguities. We plot in Fig. 4.8/ (upper panels)
the cos @y, spectrum for the production of spin-0 and spin-1 resonances,
for our three reference masses, and assuming a width of I'yy = 0.01M 4
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Figure 4.8: cos#}; (upper panels) and cos H%I;I,OS_OR++ (lower panels) dis-
tributions for the production of the neutral vector resonance (solid blue line
with error bars), and the production of a neutral scalar resonance (dotted red

line). The results are shown for I'zs = 0.01M and (L@?M =0.3.
9293 92'WW max

The contribution of the SM background is depicted by the dashed black line,
and we have assumed an integrated luminosity of 100 fb~! from the 14 TeV
run.

293 9Z'WW maz

Fig. the Z' signals correspond to the solid blue lines with error bars,
while the dotted red lines correspond to scalar resonances normalized to give
the same production cross section than the vector ones for an easier com-
parison, exactly as we have done for the W’ case. Finally the dashed black
lines show the SM backgrounds, that in this case are not negligible anymore.
Analogously to the W’ case, we can see that the acceptance cuts distort con-
siderably the spin—0 spectrum at lower masses, making the discrimination
more difficult. For heavier states the production cross sections diminish, but
as the final state leptons have a larger tendency to follow the direction of
the parent W, since it is more energetic, the effects of the cuts ameliorate.
Altogether the LHC potential to determine the spin of the vector resonance
remains almost constant when we increase the mass considered, as we will
see in the following. However, we study first the power of using the MAOS
reconstruction scheme to perform the spin distinction.

We explore the expected distribution of the W polar angle in the WW
COM frame, as reconstructed using the different MAOS prescriptions. As

and gﬁ’qqu'ww) = 0.3. The curves follow the same labeling than in
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an illustration we depict in the lower panels of Fig. the reconstructed
cos Byw spectrum for the production of spin—0 and spin—1 resonances and
our three reference masses. We assume the same values for the width and
the relevant product of couplings than for the upper panels. The cos Oy
distributions are obtained from the MAOS-original momentum prescrip-
tion with sign ++ in Eq. . The two angular distributions in Fig.
present a very similar discrimination power. As it happened with the W’
case, both distributions are strongly correlated as can be seen in the lower
panels of Fig. Consequently, we can foresee a similar spin discrimination
power for both variables. Similar conclusions are reached when using either
the MAOS—original momentum prescription with sign —— in Eq. ,
the average of the distributions with +— and —+ signs, or the MAOS—
modified prescription in Eq. . Although the different angular distribu-
tions present a similar power to discriminate between a spin—0 and a spin—1
new resonance, we choose again to estimate the LHC potential using the
cos 6, variable. As in the previous case, this variable avoids the need of re-
constructing the neutrino momentum, minimizing the uncertainties related
to the calibration of the detectors.

We proceed to estimate the LHC potential to determine the spin of
the vector resonance running at 14 TeV and after 100 fb~! of data are
collected. From the statistical point of view, we apply exactly the same
procedure than for the W’ case. This means that we evaluate the asymmetry
of Eq. and we impose the 99% CL spin discrimination as in Eq. .
The number of events required for a spin discrimination at the 99% CL is
always enough for Gaussian statistics to hold. We present in Fig. the
7' parameter space region for the 99% CL spin determination. As in the
W' case, the minimum couplings needed for the spin discrimination are
approximately twice the ones required for the Z’ discovery. Moreover, the
minimum couplings required for the spin determination exhibit a very mild
dependence on the resonance mass. As we have anticipated, the reason is
that the acceptance cut effects are smaller for heavier states, compensating
partially the decrease in the production cross sections.

In order to close the present Section, we show the regions allowing for a
discovery and a 99% CL spin discrimination using the collected luminosity as
one of the free parameters of the study. This serves us to estimate the LHC
potential with earlier and extended 14 TeV data sets. In the right panels
of Fig. we show the required integrated luminosity for a 50 discovery
(solid lines), and for a 99% CL spin determination based on Eq.
(dashed lines), for our three reference masses and two widths (I'z, = 0.01 My
and I'zs = 0.3Mz/), as a function of the Z’' couplings. We find that for a
given value of the Z’ couplings the required luminosity for 99% CL spin
determination based on the study of Ay is a factor ~ 20 (10) {9} larger
than the one required for the 5o discovery for Mz = 500 (1000) {1500}
GeV, and that these factors are almost independent of I'z//My:. Clearly,
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Figure 4.9: Parameter space region where the Z’ spin determination can be
performed at 99% CL for an integrated luminosity of 100 fb~—! at 14 TeV,
using the asymmetry Aygy.

the discrimination of the spin of a new Z’ resonance is more challenging
than the one for W’.

4.3 Bounds on 7’ decaying to W~

In this section we show how it is possible to derive bounds on new neu-
tral spin—1 resonances associated to the EWSB from the available 7 TeV
ATLAS and CMS data sets on WW pair production decaying in the chan-
nel in Eq. , where as usual ¢ and ¢’ stand for electrons and muons.
We perform a model independent analysis using the same characterization
framework described in Section Consequently we present the results
as constraints on the relevant spin—1 boson effective couplings, mass and
width.

For the analysis we make use of the ATLAS experimental measurement
of the pp — WW cross section, that was performed using 4.7 fb=! of 7 TeV
data [216], and the CMS experimental search in the same channel using 4.6
fb~! of 7 TeV data [217]. In this analysis our strategy is to use as much as
possible the information on the SM expectations carefully evaluated by the
experimental collaborations, while we simulate the Z’ signals expected after
imposing the same cuts than the experimental collaborations have imposed
in the evaluation of the SM expectations. In order to tune our Monte Carlo
for the Z’ signals we simulate the SM production of WW pairs and we scale
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it to the results of the expectations presented by ATLAS and CMS.

We use two different methods for implementing this procedure. In the
first one, we use the package MadGraph4 [152] to evaluate the O(aZ,,) signal
matrix elements for the subprocesses q7 — ¢Tvl/~v/, with £/¢' = e, p. In this
case, we also estimate the contribution with ¢/¢' = 7, when the 7-leptons
then decay to either e or p and a neutrino. In the first analysis procedure this
output is fed into PYTHIA [165] for parton shower and hadronization, and
afterwards the events go through PGS 4 [166] for the detector simulation.
This first procedure is labeled as “ME4Pythia+ PGS-MC”. In a second
evaluation we use a homemade Monte Carlo that evaluates the process in
Eq. at the parton level using the O(a ) signal matrix elements for the
subprocesses q7 — £Tvl'~V' | with £/¢' = e, u. The scattering amplitudes for
the relevant subprocesses are obtained using the package MadGraph4 [152].
This second procedure is labeled instead as “OUR ME-MC”. Both processes
make again use of the CTEQ6L parton distribution functions [153] and the
MadGraph4 default renormalization and factorization scales.

4.3.1 Selection of events and statistical analysis
Analysis of ATLAS results

The ATLAS measurement of WW production [216] was carried out using
signal and background expectations evaluated at NLO and with accurate
detector simulations. Here we perform an analysis based on exactly the
same selection procedure. In order to take into account some of the realistic
features included in the ATLAS evaluation, we normalize our total cross
section predictions of the SM WW production for the ee, ey and pp channels
by an overall factor such that our simulations yield the results presented
in Table 5 of the ATLAS analysis [216], after the same cuts have been
implemented. These overall factors are afterwards applied to our predictions
for the Z’ production. This procedure is similar to the one we have presented
for the realistic update of the LHC potential to measure anomalous TGV
deviations in the second part of the previous Chapter, Sec. [3.2.3]

The selection of events starts with the usual cuts to ensure the acceptance
and detection of the two final state leptons in Eq. , similar to those in

Eq. (3.49),
INe| < 1.37 or 1.52 < |ne| < 2.47 and |n,| < 2.4 . (4.28)

The lepton isolation requirement in the ME+4Pythia+PGS-MC simulation
imposes that the sum of the energy in the calorimeter cells within a cone
AR < 0.3 around the electron must be less than 4 GeV, while in a cone
AR < 0.2 around the muon the sum of pr of all the other tracks is less
than 10% of the py of the muon. To implement this requirement in OUR
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ME-MC we simply impose
ARee > 0.3 and ARy, > 02 . (4.29)

Next, the events are accepted only if the leading lepton in each channel and
the electron in the ey channel accomplish

pr > 25 GeV | (4.30)
while for the rest of leptons

pr > 20 GeV . (4.31)
Furthermore, we impose that

Mee, pp > 15 GeV | M., > 10 GeV,

|Mee, yu — Mz| > 15 GeV, (4.32)
ES (ee) > 50 GeV , EPSS (up) > 55 GeV

and E%fisfel(ey) > 25 GeV

where My, is the invariant mass of the lepton pair and the relative missing
energy is defined as

pmiss _ Fr xsinA¢g; if Agpj <m/2
T, rel — ET if Agbg’j > 71'/2 ’

where A¢y ; is the difference in the azimuthal angle ¢ between the trans-
verse missing energy and the nearest lepton or jet. The invariant mass
cuts in Eq. are imposed to avoid background events coming from
processes containing a Z boson decaying to a pair of leptons, and also
from processes containing low mass resonances and from the contribution
of multi—jet hadronic processes. As it can be also observed, the transverse
momentum cut is imposed to the variable E%isfel instead of directly to Fr.
This is done to reduce the rate of background events that arise from mis-
measurements of leptons and jets, particularly the Drell-Yan background
contributions we comment in the following. For instance, this requirement
reduces the background contributions from Z — 77, where the real £ from
the 7 semileptonic decays is parallel to the momenta of the leptons.

Finally, in the ME4-Pythia+PGS-MC simulation, jets are reconstructed
with the anti—k7 algorithm [218] with a jet resolution parameter AR = 0.4.
At this point, the top—pair background still presents a dangerous contribu-
tion to the channel. As we have done in Sec. for the spin determination
analysis, and in Sec. [3.2.2] to study anomalous TGV interactions in the same
channel, we have to veto events containing jets with

(4.33)

pr > 30 GeV and [|n;| <4.5 . (4.34)
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After this set of cuts is applied, we compare our simulations for the SM WW
event rates to the ones quoted by ATLAS in Table 5 of [216]. We present then
in Table 4] the overall normalization factors needed to tune our simulations
to the ATLAS expectations. We have also verified that the relative event
reduction in our simulations due to each of the cuts in Egs. f is
in agreement to the cut flow reported in Table 2 of [216].

Experiment Monte Carlo ee el | pp
ATLAS OUR ME-MC 0.51 | 0.70 | 0.92
ATLAS ME~+Pythia+PGS-MC | 0.62 | 0.85 | 1.06

CMS OUR ME-MC 0.56 | 0.83 | 0.95
CMS ME~+Pythia+PGS-MC | 0.67 | 1.03 | 1.22

Table 4.1: Overall multiplicative factors used to tune our simulator to the
total number of events in the different flavor channels predicted by the AT-
LAS and CMS simulations.

In order to validate our Monte Carlo simulations for the SM WW pro-
duction, we compare our predictions with the ATLAS ones for the transverse
mass spectrum after all the cuts are applied in the top—left panel of Fig. [1.10]
The transverse mass is defined here as

My = /(B + B+ Pr)’ - (7 + 7 +i70)° (4.35)

The results shown correspond to an integrated luminosity of £ = 4.7 fb~!.
In this Figure we evaluate only the SM WW production and we add the
ATLAS results for all the rest of background sources. The background events
mainly come from the same sources we considered in the previous Section,
i.e. WW (labeled WW) and ZZ EW production followed by the decays
we have described in Section (included in the Diboson contribution), as
well as top—pair related backgrounds (Top). However in the more realistic
ATLAS estimation of the backgrounds, minor sources coming from W plus
jets production (W+jets/Dijets), from other diboson minor processes like
WZ (Diboson) or from Z/vy+ — ¢*¢~ (Drell-Yann) are also considered.
Details for the different sources of backgrounds can be found in [216].

Next we check that both ME+4Pythia+PGS-MC and OUR ME-MC
simulations approximate very well the ATLAS expectations. In Fig.
we only show the distribution for OUR ME-MC simulation for a more clear
illustration, however, the distribution for ME+Pythia+PGS-MC can be
found in Fig. 1 of [186] and shows also good agreement with the ATLAS
expectation. So since our two simulations present a very similar performance
we adopt OUR ME-MC for the signal calculations for the rest of the analysis.
The reason is that it is more efficient from the computational point of view,
while it leads at the end to very similar bounds. Nevertheless, we verify that
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Figure 4.10: Left panels: Transverse mass distribution of the contributions
to the process pp — ¢T¢'~Fr, in the upper panel the SM processes calculated
by ATLAS [216] (colored histograms) together with the number of observed
events by ATLAS (points with error bars) and the performance of OUR
ME-MC (red dashed). The results shown correspond to an integrated lu-
minosity of £ = 4.7 fb~! collected at 7 TeV. Right panels: Leading lepton
transverse momentum of the contributions to the process pp — (¢,
in the upper panel the SM processes calculated by CMS [217] (colored his-
tograms) together with the number of observed events by CMS (points with
error bars) and the performance of OUR ME-MC (red dashed). The results
correspond to an integrated luminosity of £ = 4.6 fb~! collected at 7 TeV.
For both distributions in the lower panels we show the total SM contribution
(gray hashed) together with the total expected number of events including
a Z' of 300 GeV with G = 0.5 (blue), a Z’" of 400 GeV with G = 1 (yel-
low) and a Z’ of 600 GeV with G = 1 (red). For the three masses we set
Iz =0.06M.

the results obtained are in agreement with those from ME+Pythia+PGS—
MC for a few points of the parameter space.

The characteristic signatures of a Z’ signal we obtain are illustrated in
the left lower panel of Fig. where we plot the expected Mr distribution
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for three different Z’ masses for an integrated luminosity of 4.7 fb~! collected
at 7 TeV, as reported by ATLAS, and after all the cuts in Egs. f
have been applied. As expected the effect of new spin—1 neutral
resonances is characterized by an excess of events with respect to the SM
expectations at the higher values of M7. Consequently, we can use the
observed transverse mass spectrum to place bounds on the Z’ properties.
Regarding the statistical discriminants, we build a binned log—likelihood
function based on the contents of the different bins in the transverse mass
distribution. These are the observed number of events N é, the expected
events in the SM, Nfg, plus the expected number of events in the presence
of the 7/, Ng, in all cases after applying the cuts in Eqgs. (4.28)—(4.34]).
Assuming independent Poisson distributed N the binned log-likelihood (or
the related x?) reads

. Nmax . . . . Ni
—2In Larras(Mz, G, T'z) = hgm {227;:141T [NZB + Ng — Ng+ Njlog Nngg}
J
st \ 2 sy \ 2 st 2 sy \ 2
() () + (35) + (55) )
= XQATLAS(MZ’va FZ’):
(4.36)

where

Np = Ny(1+&"+&") + Nyw (1+€'+€Y)  and  (4.37)
N = (GPNp+GNp) (1+&+&Y) . (4.38)

In Eq. we have separated the number of background events expected
in the i—th bin for the SM processes except for the WW contribution, N},
from N\isz that stands for the number of events expected on the i—th bin
for the SM WW contribution. Finally GQN%, and Gant are the number
of events expected on the i—th bin for the pure signal contribution and the
interference respectively. We note that for the rest of the Chapter we use
the simplified notation given on Eq. for the Z’ relevant product of
couplings.

In the log-likelihood function in Eq. , we estimate the effect of the
systematic uncertainties by means of a simplified treatment in terms of four
pulls ¢ [81182], in the same way we have included also the main theoretical
uncertainties for the Higgs analysis, see Eq. . In the present case, flft
stands for the pull to account for the statistical uncertainty on the evalua-
tions for all the SM processes, except for the WW contribution, §Zy is the
one to account for the systematic uncertainty in the same processes, &5t is
the pull to account for the statistical uncertainty on the expectations for
WW and the Z’ new contributions, and finally &5 accounts for the system-
atic uncertainty on the same processes. In Eq. we have separated the
SM WW background from the rest of background sources to be able to use
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the same pull for both the SM WW process and the Z’ signals, the reason
is that we have used the former process to tune the Monte Carlo to simulate
the later one. This way the uncertainties for both processes are expected
to be correlated. The standard deviations for the pulls in Eq. are
obtained from Table 5 of [216]

ot = 0026, 0,Y=0.09, (4.39)
ot = 0.005, 0o¥=0.10 . (4.40)
Using the binned log—likelihood function in Eq. we perform two anal-
yses. We first compute the In Larpags with the 16 transverse mass bins
in [216], these correspond to the bins from M7 = 40 GeV to M7 = 360 GeV
in Figure[£.10} i.e. in the first analysis N} = 16. Afterwards, in the second
analysis we add an extra 17th bin, 7.e. here Ny = 17. In this final case we
sum the Z’ expected contributions with My > 360 GeV and we assume that
the number of observed events and SM expected predictions for the 17th bin
are negligible. Nevertheless, we check that the exclusion bounds we derive

are robust against alternative hypothesis for the background content of this
last 17th bin.

Analysis of CMS results

We proceed now to present the details of our re—analysis of the CMS data.
The structure is completely analogous to the one we have just described for
ATLAS, although some of the details change. In relation to the simulation
procedure, the process of validating our Monte Carlos is exactly the same.
We tune our Monte Carlo to account for the different details of the simulation
by comparing the SM W W pair production in the ee, eu, and pp channels
with respect to the expectations presented in [217]. There, the process in
Eq. was studied using £ = 4.6 fb~! collected at 7 TeV, in the context
of the Higgs searches. The analysis presented here exactly matches the
initial part of the CMS search (Section 3 in [217]).

As usual, we start requiring that the electrons and muons accomplish
the different acceptance cuts, first we impose

Ine| < 2.5 and |n,| <24 . (4.41)
The lepton isolation requirement in the ME+Pythia+PGS-MC simulation
imposes that the sum of pr of all other tracks is less than 10% of the pr
of the lepton within a cone AR < 0.4 (0.3) around the electron (muon). In
OUR ME-MC we simply impose

ARee > 04 and  ARey > 0.3 . (4.42)
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The minimum transverse momentum requirements and the invariant mass
cuts are

perding 5 90 GeV

bleadi bleadi
p?eja 8 > 10 GeV, p;‘ejjt;“g > 15 GeV

Meepp > 20 GeV and M., > 12 GeV (4.43)
|Meeyy — Mz| > 15 GeV |
Ejrﬁfisﬁ‘el(ee,uu) > 40 GeV  and ErTrfiSﬁ‘el(eu) > 20 GeV .

These cuts are very similar to the ones in the ATLAS search, Eqs. (4.30)—
(4.32). They are also meant to increase the signal to background ratio
(see |217] for the details). In the CMS analysis a new cut in the transverse
momentum of the system formed by the pair of leptons is also imposed for
all three channels, ee, e and pp,

P > 45 GeV . (4.44)

The aim of this new cut is to further reduce the contribution of Drell-
Yan processes and fake background contaminations. Finally, as it could
be already expected, in the ME+Pythia+PGS-MC simulation jets are re-
constructed with the anti—kp algorithm with a jet resolution parameter
AR = 0.5 and we veto events containing jets with

pr >30 GeV and |n;] <5.0. (4.45)

In addition, for events with same flavor leptons, the angle in the transverse
plane between the dilepton system and the most energetic jet with pr >
15 GeV is required to be smaller than 165 degrees.

At this point, we compare our simulation of the SM WW process with
the one shown by the CMS collaboration in [217] (some details can be found
in [219], that completes the missing flavor information needed). From this
comparison we extract the normalization factors required to tune our sim-
ulation tools to a more realistic performance after all the cuts have been
applied. We exhibit in Table these overall normalization factors. As
in the ATLAS case, in order to verify the quality of our simulations we
compare our results with the kinematic distributions in [217]. We show in
the top right panel of Figure the leading lepton transverse momentum
distribution for the different SM contributions and for the observed number
of events. We follow the same procedure than for the ATLAS case, our SM
WW prediction is added to the rest of background sources as estimated by
CMS and then it is compared to the total sum of SM backgrounds by CMS.
As we can see, our simulation tools are in good agreement with the CMS
expectations. The background sources are, as expected, the same than for
the ATLAS analysis, although in the right panel we keep the original labels
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used in the CMS search. This means that the Z+jets label corresponds to
Drell-Yan label in the left (ATLAS) panel, whereas the WZ/ZZ label is
equivalent to the Diboson one. We finally note here that, as in the ATLAS
case, both simulation procedures, ME+Pythia+PGS-MC and OUR ME-
MC, exhibit a very similar behavior, although we only show in the figure
the case of OUR ME-MC for simplicity, while the ME+Pythia4+-PGS-MC
distribution can be found in [186]. With both simulation procedures having
a similar performance, and as we have done for the ATLAS case, for the rest
of the analysis we use OUR ME-MC given that it is more efficient from the
computational point of view.

With the derived normalization factors, we can tune now the simulation
of the Z’ signals for the channels ee, ey, and pp to account for the proper
detection efficiencies and corrections. In this case the presence of a new spin—
1 resonance is illustrated by an enhancement at large pr, as displayed in the
lower right panel of Fig. for the same sample of masses, widths and
relevant product of couplings that we have shown in the ATLAS analogous
panel. Thus, this variable can be used to set interesting exclusion limits on
the existence of a new vector Z’ in the same way we have used Mrp for the
ATLAS case. Indeed, the bounds on the production of a Z’ are extracted
using also a binned log—likelihood function, but this time it is based on the
contents of the bins of the transverse momentum distribution of the leading

leptor[']

- NEs [ ari i i i Ng
—2InLems(Mz, G, T'zr) = l\gn {2 i1 [NB + Ng — Ng+ Njlog m}
g;y 2 sy 2 9
+ (Uzy) + <Uszy) } = XCMS(MZ’7G7 FZ’) )
(4.46)
where
N = N(1+&"Y) + Nyyw (1 +&Y) and (4.47)
Ny = (G°Ng +GN,) (1+&Y) . (4.48)

As in the previous Subsection, NZ stands for the number of events expected
on the i—th bin for the SM processes except for the WW contribution, N\i/vw
is the number of events expected on the i—th bin for the WW contribution,
G?N}, and GN{, are the number of events expected on the i—th bin for the
pure signal contribution and the interference respectively and finally Né is
the observed number of events on the bin 1.

In relation to the treatment of systematic uncertainties, in the CMS case
we also make the treatment in terms of pulls. Here we introduce two pulls:

.V is the pull to account for the systematic uncertainty on the expectations

!Within the range of the kinematic variables presented in the different CMS plots [217],
the leading lepton transverse momentum distribution is the most sensitive to the presence
of a Z'.
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for all the SM processes, except for the WW contribution, while £5¥ is the
one to account for the systematic uncertainty on WW and the Z’ new con-
tributions. The standard deviations for these pulls are obtained from [219):

o = 0.20, (4.49)
oY = 0.08. (4.50)

Similar to the ATLAS case, here we also perform two analyses. In the first
one we calculate In Lcys with the event rates in the 26 leading transverse
momentum bins between 20 GeV and 150 GeV (i.e. N3jfs = 26), see the
right panels of Fig. In the second analysis we add an extra bin where we
include the number of observed events and background expectations that are
left with values higher than 150 GeV. These values can be obtained from
comparing the quantities read from the images with the values quoted in
Table 2 of [217]. In this extra bin we also add the expected contributions
from the Z' with ™ > 150 GeV (i.e. NE&, = 27).

Combined analysis

In order to get more stringent bounds on the production of a Z’ that de-
cays into EW gauge boson pairs we combine the ATLAS and CMS results
by constructing a combined log—likelihood function assuming conservatively
that the ATLAS and CMS systematic uncertainties are uncorrelated. The
combined log-likelihood function reads

Xgomb(MZ’v G7 PZ’) = XZATLAS(MZ’v G7 FZ’) + XQCMS(MZU G, FZ’) . (4'51)

In all cases we set the exclusion limits (20, 1 d. o. f.) on G by maximizing
the corresponding likelihood function (or equivalently minimizing the y?),

in Eqs. (4.36]), (4.46)) and (4.51)), with respect to G for each value of My

and 'z and imposing

|X2(MZ’>G7FZ’) _Xilin(MZ”FZ/)’ >4 . (452)

4.3.2 Present bounds on 7’

The bounds we have derived from our analysis of the ATLAS results are
shown in Fig. In the Figure we can distinguish three different re-
gions: the gray shadowed regions in the upper right (lower right) regions
of the upper (lower) panels correspond to the points that are excluded by
requiring the consistency of the total decay width of a Z’ with its decay
to light quarks and SM WW pairs, as expressed in Eq. (4.4)). The other
two regions correspond to the exclusion bounds that can be derived per-
forming the two binned log—likelihood analyses that we have described in
the previous Subsection. The red solid regions are derived making the anal-
ysis with N#* = 16 bins, i.e. on the range between M7 = 40 GeV and
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Figure 4.11: 20 exclusion limits on the production of a Z’ from our analysis
of the My distribution measured by ATLAS with £ = 4.7 fb~! collected
at 7 TeV. The left, center and right panels correspond to three values of
'z /Mz = 0.01, 0.06 and 0.3 respectively. The red solid regions are derived
using the log-likelihood function with N}}##* = 16, while the purple hatched
regions are derived using the log-likelihood function with N3}#* = 17, see the
text for the details. The shadowed regions in the upper (lower) right corner

of the upper (lower) panels represent the excluded values by the condition

in Eq. .

Mp = 360 GeV, which is exactly the range specified in the ATLAS experi-
mental search . The purple hatched regions on the other hand contain
the points excluded when the extra bin accounting for the events with trans-
verse masses above M7 > 360 GeV is included, N{'#* = 17. One can observe
that the bounds are clearly stronger for narrow resonances, while including
the extra bin has a bigger impact the wider and the heavier Z’ is. This is
due to the fact that a heavier and/or a wider Z’ resonance gives a larger
contribution to events with Mr > 360 GeV. Finally the effect of the inter-
ference, that can be observed by comparing the upper and the lower panels,
is noticeable only for wider and lighter new resonances, as expected from
the interference term being roughly proportional to I'z/ /M.

The 20 exclusion limits on the production of a Z’" derived from the
analysis of the plﬁadmg distribution, measured with an integrated luminosity
of £ =4.6 fb~! collected at 7 TeV by CMS, can be seen in Fig. These
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Figure 4.12: 20 exclusion limits on the production of a Z’ from our analysis
of the plﬁadmg distribution measured by CMS with £ = 4.6 fb~! collected
at 7 TeV. The left, center and right panels correspond to three values of
Tz /My = 0.01, 0.06 and 0.3 respectively. The red solid regions are derived
using the log-likelihood function with Nf&§{fq = 26, while the purple hatched
regions are derived using the log-likelihood function with NZ§{fs = 27. The
shadowed regions in the upper (lower) right corner of the upper (lower)
panels represent the excluded values by the condition Eq. .

bounds are very similar to the ones we have derived from the analysis of
My distribution of ATLAS in Fig. and the coloring of the regions
has a similar meaning. The gray hatched regions cover the space forbidden
by the constraint in Eq. , while the red solid regions contain the 20
exclusion limits when using the leading lepton pr distribution in the right
panels of Fig. with NF¥s = 26, i.e. up to 150 GeV. Finally the purple
hatched regions add the extra bin as we have described. The only difference
with respect to the bounds from the ATLAS analysis is in the shape of the
exclusion limits without the extra bin. This is due to the fact that within
the range of the kinematic values and the kinematic variables used, CMS is
more sensitive than ATLAS to the lightest masses when no extra bins are
included. When we add the extra bin both analyses lead to a similar power,
which means that both kinematic variables have a similar sensitivity to a
7z

Finally the 20 exclusion limits on the production of a new Z’ from the
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Figure 4.13: 20 exclusion limits on the production of a Z’ from our combined
analysis of the measured M7 distribution in ATLAS with £ = 4.7 fb~! and
the plfadmg distribution measured by CMS with £ = 4.6 fb~!, both sets
were collected at 7 TeV. The red solid (purple hatched) regions are derived
using the combined log-likelihood function with 16 and 26 (17 and 27) bins
of the ATLAS and CMS distributions respectively. The shadowed regions
in the upper (lower) right corner of the upper (lower) panels represent the

excluded values by the condition in Eq. (4.4).

combination of the analysis of the transverse mass spectrum in ATLAS with
an integrated luminosity of £ = 4.7 fb~! and the plrﬁadmg distribution in CMS
with £ = 4.6 fb~! are shown in Fig. In the Figure the labeling of the
different regions is analogous to the Figures for ATLAS and CMS separately.
We can observe that the combination of ATLAS and CMS data has already
excluded a sizable region of the parameter space for the production of a Z’
associated with the EWSB sector.

These results represent the strongest existing direct bounds on the pro-
duction of new neutral vector resonances that decay to EW gauge boson
pairs. For instance, we note that from our combined analysis with 17 and
27 bins, from the ATLAS and CMS distributions respectively, a narrow
resonance of any mass with I'z:/Mz = 0.01 and that saturates the par-
tial wave amplitude for the process WTW~= — WTW ™~ is excluded at 20
level if its coupling to the light quarks is larger than 19% of the SM Zggq
coupling. From this combined analysis we can also see that a new neutral
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vector resonance that saturates the partial wave amplitude for the process
WHW~ — WTW~ and couples to light quarks with SM strength is com-
pletely excluded for Iz /M7 = 0.01 and I'z/ /My = 0.06, while for a wider
resonance, I'z/ /My = 0.3, it is excluded for masses up to 2 TeV.

There is an important note to make before we end this Section. In
all the three Figures, we have observed that the addition of
the extra bin to the analyses enlarges the parameter space covered by the
exclusion limits. This is so because a Z’ has an enhanced contribution to
the higher values of the M7 or the plf;ading distributions with respect to the
SM backgrounds. But the experimental measurements we have used were
not made with the aim at searching for neutral vector resonances, thus they
are not focused on this high M7 or plﬁadmg regions of the kinematic space.
As a consequence a considerable constraining power is lost if one only uses
the presented data points. We partially compensate for this by including a
data point for the “empty” extra bins. Experimental analyses with cuts and
kinematic distributions focused on this type of high Mz or pl;admg signals
would clearly extend the reach attainable most notably for the heavier and
wider resonances.

It is also interesting to compare our Z’ bounds with the strongest ones
that were available before LHC started its operation. These are the ones
obtained by the CDF collaboration analyzing WW production at the Teva-
tron [206]. We have already partially introduced in Sec. [4.2| the bounds from
this analysis, that was performed in the framework of the Extended gauge
model and whose results were shown using the Z'WW coupling as a free
parameter. This feature makes the comparison with the bounds derived here
easier. The CDF analysis generically leads to bounds on a narrow Z’ with
Tz /Mg < 0.1. For Z/ masses of 250, 600 and 950 GeV the CDF constraints
in the context of the Extended Gauge model read |G| < 0.47, 0.27 and 1.36
respectively. On the other hand, our analyses without (with) extra bins lead
to bounds |G| < 0.2, 0.1 and 0.6 (0.2, 0.05, 0.07) for the same masses and
model. In conclusion, translating our bounds into the model used by CDF
we get that generically the constraints from our most conservative analysis
of the ATLAS and CMS distributions, i.e. without the extra bins, already
extend the CDF exclusion to couplings more than a factor of 2 smaller for
the accessible mass range at Tevatron My < 950. In addition, the results
of this Section widen the accessible My mass range up to the multi-TeV
region.

4.4 Conclusions
Models of EWSB beyond the minimal Higgs mechanism often predict the
existence of new resonances in the EWSB sector, in many cases with spin—1,

and interacting to the SM EW bosons. Generically these vector resonances
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are responsible to tame the dangerous energy growth of longitudinal gauge
boson scatterings that at the end leads to unitarity violation. We have
focused this Chapter in the study of different properties of such vector res-
onances. In order to cover the largest possible range of theories, we have
made a minimal number of assumptions, while leaving different properties of
the new spin—1 particles as free parameters of the analysis. In particular, we
have assumed that the new vector resonances couple to gauge boson pairs in
order to establish their relation with EWSB. Moreover, to complement the
existing studies on VBF processes, we have studied here the direct produc-
tion of the vector particles at the LHC through a coupling to light quarks.
Nevertheless, we have kept the relevant product of couplings to light quarks
and to gauge bosons, the mass, and the width of the new vector resonances
as free parameters of the analysis. This way the results are presented in the
most model independent possible form, allowing for an easier translation to
a broader class of specific models.

In the first part of the Chapter we have performed an analysis of the
14 TeV LHC potential to determine the spin of new charged and neutral
resonances. In both cases we have first presented the studied channels, and
then we have described the realistic selection of events that we have im-
posed to disentangle the signal from the background. Afterwards we have
built several angular variables, and we have compared their sensitivity to
discriminate between the assumed spin—1 state versus an alternative spin—0
hypothesis. Finally we have exploited the most sensitive angular distri-
butions in order to build a proper asymmetry and we have estimated the
potential reach at the LHC for a spin discrimination. We have presented the
results as a function of the relevant parameters, i.e. the couplings, the mass
and the width of the new resonance, as well as of the collected luminosity
at the LHC.

In the case of a charged spin—1 resonance, W', we have concluded that
the study of the channel pp — W'* — W*Z —— (0= ¢*Fr allows for the
observation of W' signals in a large range of masses, widths and couplings
at the LHC, as shown in Figure The fact that there is only one miss-
ing neutrino in the final state makes the reconstruction of the final state
possible under certain assumptions. This helps us to increase the signal to
background ratio, while it allows as well for the construction of additional
angular distributions. We have shown that the study of the cos 6}, and the
reconstructed cos Oy z distributions lead to a similar power to determine the
spin of the new state. Another interesting conclusion we have derived is the
fact that the selection cuts, especially the rapidity cuts, modify the angular
distributions, making the distinction between scalar and vector resonances
more challenging than what could be a priori expected. Finally we conclude
that the analysis of the trilepton channel can discriminate at 99% CL the
new charged state spin in a large fraction of the parameter space where this
state can be observed at the LHC, for an integrated luminosity of 100 fb~!
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collected at 14 TeV, see Fig. [£.4l The strength of the coupling required to
have a spin discrimination is found to be usually twice the size of the one
required for a discovery. We have also presented the reachable sensitivity
for earlier or extended 14 TeV data sets.

The study of a neutral vector resonance, Z’, has been performed in the
channel pp — Z' — WHW~ — ¢T¢")"Fp. The analysis of this channel is
more challenging in comparison to the W’ case. The presence of two neutri-
nos in the final state makes the reconstruction of the final state impossible,
leading at the end to a lesser signal to background ratio. This is translated
into a reduced LHC potential to determine the spin of a Z’. Nevertheless, a
sufficient background reduction can still be accomplished by using proper in-
variant mass variables, either a transverse mass variable or one of the MAOS
reconstructions we have presented. We have seen that the use of cos ¢y, or
any of the cosfy angular distributions that are built using the MAOS
reconstruction scheme, all lead to a similar precision to determine the spin
of a Z'. We have concluded that both the discovery and the 99% CL spin
discrimination of a Z’ is still possible in a sizable region of the parameter
space at the LHC, see Figs. [£.7 and [£.9

Interestingly, in the case of Z’ we have concluded in the initial Sec.
that the strongest bounds on the existence of such resonances decaying to
WW pairs are still coming from Tevatron. So far the LHC collaborations
have not focused their efforts on the Z’ searches in the WW final state,
and the existing data on WW is only used to test the SM predicted cross
section for gauge boson pair production and to search for the Higgs boson.
We have studied in the second part of the chapter how this same data can
be used to derive bounds on a Z’ via its contribution to the same final state
pp = Z' — WHW— = ¢T¢V) . We have performed a realistic analysis
making use of the background estimations and observed events from the
7 TeV LHC ATLAS 4.7 fb=! data set [216], and the CMS 4.6 fb~! data
set [217]. After tuning our simulation tools comparing the outputs of the
kinematic variables of the SM WW production, we have simulated the Z’
signals. We have built binned log—likelihood functions based on Mp and
plj?ading in order to constrain the same parameter space of couplings, masses
and widths of the previous spin analysis. From the combination of both
ATLAS and CMS data sets we have obtained the strongest exclusion limits
on a Z' decaying to WW pairs, see Fig [4.13l They cover a large range
of masses, up to the multi-TeV region (~2.5 TeV), from narrow to broad
resonances, and for a vast selection of possible couplings to light quarks and
gauge boson pairs.

140



Chapter 5

New states 1n neutrino mass
models

In the SM neutrinos are massless fermions for which no gauge invariant
renormalizable mass terms can be built. Consequently, there is neither mix-
ing nor C'P violation in the lepton sector of the SM. The experimental
observation of neutrino masses and mixing is therefore an unambiguous ev-
idence of physics BSM [220]. As we have seen in the previous Chapters, the
LHC operation is greatly improving our understanding in particle physics.
Thus an interesting question is whether the NP associated to the neutrino
masses and mixing could be within the LHC reach. In this Chapter we
address this question and we study whether the LHC can shed light on the
origin of neutrino masses. As we will discuss, the first point we have to con-
sider is related to the scale of the NP responsible for generating the neutrino
mass. From the point of view of the effective Lagrangian expansion the only
dimension—five operator that can be built with the SM particle content, and
respecting the SM gauge symmetry, is related to the mass of the neutrinos.
As we have briefly commented in Chapter [2] this dimension—five operator is
the commonly known as Weinberg operator [34]
ij
Loy = 2 (Li®")(®TLy) | (5.1)
ArLn

where as in Eq. , ® = ioy®* and L is the lepton SU(2)y doublet.
The superscript ¢ stands for the charge conjugate, and 4, j are lepton flavor
indices. After EWSB this operator generates a Majorana mass term for
the neutrinos m, ~ fsv?/ArN. In principle, if one considers a neutrino
mass of O(1) eV, and a coupling f5 also of O(1), the relation implies that
Arn ~ 10 GeV. This scale is clearly out of the LHC reach. Hence, the
first question we have to face in order to study the neutrino mass generation
at the LHC is whether models explaining the tiny neutrino masses can still
lead to observable effects at the TeV-LHC scale. As we will see, the answer
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is positive. The key point lies on the fact that Ary is associated to a total
lepton number violating operator, and as we describe in the following, in
certain consistent models the high energy scale of this tiny total lepton
number violation may be separated from the rest of NP effects, that can
instead be related to notably lower scales, for instance the TeV one. There,
new states associated to the neutrino mass generation can live, and they can
then lead to observable effects at the LHC that we analyze here.

Interestingly, while the setup that we describe in this Chapter leads to a
consistent model with the total lepton number violation scale well separated
from the scale where the new neutrino partners live, the phenomenology of
these new states is strongly linked to the neutrino mass and mixing param-
eters. The model that we present in the following is based on the minimal
lepton flavor violation (MLFV) see-saw constructions in Ref. [221]. In par-
ticular, in order to allow for a LHC observation, we implement here the
MLEFV realization in a type—III see—saw model.

The present Chapter is based on the published work in [222], and it is
structured as follows. We start introducing in Section the basics behind
neutrino see—saw models and how TeV scale states can be present in this
type of theories. In particular, we focus on summarizing the basics of the
MLFV model considered here, where the flavor scale is given by the new
fermion triplet mass and it can be naturally light to be within the LHC
reach. We introduce the new states and operators that are added to the SM
Lagrangian, and afterwards, we rotate the Lagrangian to the mass basis, that
is the one relevant for the LHC physics. Along this procedure we describe
how, in this model, the flavor structure of the total lepton number conserving
couplings of the fermion triplets, and consequently their observable decay
branching ratios to the SM leptons, can be reconstructed from the neutrino
mass matrix. On the contrary the total lepton number violating decay
modes of the fermion triplets are suppressed by the lightness of the neutrino
mass and they can not be observed at the LHC. After the main details and
the diagonalization of the model is presented, in Section [5.2] we describe
the most promising signatures at the LHC that the model leads to. We
study the processes pp — 3¢ + 2j + Fr and pp — 20 + 45, with { = e or
taking into account the present low energy data on neutrino physics and the
corresponding SM backgrounds. The realistic collider analyses of these two
processes are presented in Section[5.3] Our results allow for a promising test
of the predicted flavor structure of the new particle decays. We estimate at
the end of this Section how to probe at the LHC the neutrino ordering and
how to measure the unknown Majorana phase. For that we combine the
analyses of the two channels considered. In the original publication [222] we
presented the prospective LHC reach for the initial 7 TeV run after applying
the analysis we have described which is not included in here. Instead we
close this Chapter with a brief summary of the published experimental limits
on type-III see—saw partners after the 7 and 8 TeV runs have finished. We
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summarize our conclusions in Section [5.4]

5.1 MLFYV type—IIl see—saw model

As we have described, in the effective Lagrangian expansion, the only dimension—
5 operator that can be built, shown in Eq. , breaks the total lepton
number and after EWSB it generates Majorana masses for the neutrinos.
Consequently, neutrinos are much lighter than the rest of SM fermions be-
cause of the large scale associated to the total lepton number violation,
Apn. Generically, in simple renormalizable NP theories this dimension—five
operator is generated through the tree level exchange of heavy intermediate
particles. These type of BSM realizations are known as see—saw models,
and usually three type of setups are defined depending on the exchanged
intermediate state. The three types of models are:

e Type-I see—saw [223}2206]: it is arguably the simplest see—saw realiza-
tion. There, one adds to the SM at least two fermions of mass M,
singlets of the SM gauge group. These couple to the leptons through
Yukawa-like interactions mediated by a Higgs doublet. The neutrino
masses are m, ~ A2v%/M, where X is the Yukawa coupling between
the SM leptons and the new states, for which extra Majorana mass
terms are also added.

o Type-II see-—saw [227-231]: in this case one adds to the SM an SU(2),
scalar triplet with hypercharge 2, A = (§7F,6%,6°), and mass M. It
has a neutral component which in the presence of a scalar doublet—
triplet mixing term in the scalar potential, ya, acquires a vev va =
puav?/M?. The neutrino masses are then m, ~ Auav?/M?, where
here X is the Yukawa coupling between the leptons and the scalar.

e Type-III see-saw [232]: this is the case of interest in the present
Chapter. In type-IIl see—saw models one adds to the SM at least
two SU(2)r fermion triplets with zero hypercharge, and with a mass
M. Analogously to the type—1 see—saw case, the new states couple
to the leptons through Yukawa-like interactions mediated by a Higgs
doublet. After adding also Majorana mass terms, they generate neu-
trino masses of size m,, ~ A\?v?/M, where again A corresponds to the
Yukawa coupling.

In addition to these three simple realizations, hybrid scenarios combining
more than one realization have also been constructed, see for instance [233-
235]. A common feature of the three scenarios we have just enumerated
is related to the size of the neutrino masses. In any of these mechanisms
the smallness of the neutrino mass can be naturally explained with Yukawa
couplings A ~ O(1) if the masses of the heavy states are M ~ Apy ~ 1014
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GeV (with pa ~ M also for the type-II realization). This high scale is
clearly out of the LHC reach, and thus, it may seem that one could not ob-
tain information on neutrino mass generation at the LHC in these simplest
cases. Nevertheless, it is also true that nothing prevents the new states to
live at the TeV scale, in exchange of tunning for instance the size of the
Yukawa couplings to account for the tiny neutrino masses. Actually, it is
of no surprise that previous to the LHC operation there was an increasing
literature studying the interesting signatures of the neutrino mass—inducing
states with TeV scale masses at the LHC (see e.g. [236-242]). These inter-
esting analyses studied several of the different possible golden channels and
signatures characteristic of see—saw new neutrino states at the LHC. While
being very interesting from the phenomenological point of view, a draw-
back in some cases was that such a low scale M was technically unnatural
or, in some others, the low scale limit was simply not very well motivated
theoretically.

Consistent TeV scale see-saw models exist in the literature for some
time (see e.g. [243,244]). From the point of view of the effective Lagrangian
approach, we have already seen that generically one has at the leading ex-
pansion orders

J5 J6,i
= = g . 2 I 2
L=Lsp+ 5 Os5 + i %L O6,z , (5 )

where Oj is the Weinberg’s operator in Eq. , i.e. the one responsible for
the neutrino masses, and where we have denoted with Og; the dimension—
six flavor—changing, but total lepton number conserving, operators. In this
context attractive TeV scale see—saw models are those where it is possible
to relate the mass of the new states M ~ App, ~ O (TeV), but still keep
AN > Apy, to explain the smallness of the neutrino mass. This is different
than the simplest implementations described above for which the relation is
simply M ~ ALN ~ AFL-

In this effective Lagrangian expansion, the possibility of TeV scale see—
saw models has been recently revised in the context of MLFV [221}245-247].
Minimal flavor violation was first introduced for the quark sector [248-250].
Its origin was based on the assumption that the source of flavor mixing in
the SM completely determines the flavor symmetry breaking in the complete
BSM theory. This was thought as a way to explain the absence of NP effects
in flavor changing processes in meson decays. In the quark sector the only
relevant breaking terms of the SU(3)? quark flavor symmetry in the SM are
the quark Yukawa terms, and they have to be then the only breaking source
in the complete minimal flavor violating theory. The idea was later extended
for the leptons [245,246], however in the lepton sector the precise hypothesis
corresponding to MLFV is less well defined. The SM by itself cannot account
for lepton flavor violation, as the SM only contains Yukawa couplings for the
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charged leptons, and they can always be set to a diagonal form by rotating
the left handed SU(2)r, lepton doublets, L, and the corresponding charged
lepton right—-handed SU(2)r, singlets. Nevertheless, lepton flavor violation
is observed in neutrino oscillations and thus the charged lepton SM Yukawas
are not enough to explain the neutrino data. Thus, the MLFV hypothesis
can be implemented in the theory, but it requires the SM to be first extended
to account for the neutrino data, and this is of course model dependent. In
summary, the couplings and the generation structure of the new states must
also be considered when defining the conditions for MLFV, making them
model dependent by default.

Interestingly, in [221] simple see-saw models were constructed which
realize the conditions associated with MLFV as set up in [245]. There,
while there is a large hierarchy between the total lepton number and the
lepton flavor breaking scales, Apny > Ay, which is exactly the case we are
interested in, the coefficients of the flavor violating (but total lepton number
conserving) dimension-six operators, fg;, are completely determined by the
dimension—five operator coefficient, fs. In other words, the flavor structure
of the dimension—six operators is fixed by that of the Weinberg one, a relation
that brings very interesting consequences as we will see in the next Sections.
As discussed in [221], these two conditions are automatically fulfilled by
the simplest type-II see—saw model if a light double-triplet mixing pa is
assumed. Regarding the LHC phenomenology, this type—Il see—saw leads
to interesting signatures which have been studied in detail in [238}251].
However, from the theoretical side, one drawback of this TeV scale type—II
see—saw model is that it is difficult to keep such a low ua stable if generated
by spontaneous breaking of lepton number.

Reference [221] also presented a simple model for type-I (the type—III
case is analogous) see-saw with naturally light states and MLFV. From the
point of view of the LHC phenomenology these models are very attractive
for two reasons. First, the new states can be light enough to be produced
at LHC after both scales have been well separated. Second, their observ-
able (total lepton number conserving) signatures are fully determined by the
neutrino parameters. In the case exposed in detail in [221], the type-I see—
saw realization, the new states are SM singlets, which means that they can
only be produced via their mixing with the SM neutrinos. Unfortunately,
this leads to small production rates which make the model only marginally
testable at the LHC. In contrast, for type—IIl see-saw new states, the pro-
duction can be sizable, allowing for a potential test of the hypothesis of
MLFV. This is the scenario which we explore here.

The simplest MLFV type—IIl see—saw model

We describe now the simplest MLFV model presented in [221], adapted to a
type—III see—saw realization. The reason is that, as explained above, type—I
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see—saw heavy fermions can only be marginally testable at LHC, even after
we assume TeV scale new states. In the case of type—IIl see—saw, the triplet
partners can be copiously pair-produced through their EW interactions with
the gauge bosons that are introduced inside the new kinetic terms.

We start the presentation of the MLFV type-IIl see-saw model ex-
tending the SM Lagrangian with two fermion triplets, that are defined as
Y= (21,%2,%3) and ¥ = (X],%5,%5). Each of the two fermion triplets is
formed by three right—-handed Weyl spinors of zero hypercharge. Together
with the addition of these triplets we include Yukawa terms that couple the
Higgs doublet with the SM leptons and the new fermion triplets. We also
introduce new Majorana mass terms for the triplets, as well as the required
kinetic terms for them. With these additions, the extended Lagrangian is
written as

L=Lsuy+Lx+Ly+ Ly, (5.3)
with

L= i (flpi + ﬂpi’) , (5.4)

Ly = -YIP(5:5)0 - /TP (¥-5) &+ he . (55)
A /5= = = =,
L= -5 (262’ + 2/62) - %2/02’ - %202 + he . (5.6)

In these expressions, & stand as usual for the Pauli matrices. Furthermore,
the gauge covariant derivative acting on the fermion triplets is given by
D, =0, +igf . Wm where T stand for the three-dimensional representation
of the SU(2)1, generators, i.e.

00 O
T1 = 0 0 —2 5 T2 -
0 ¢ 0 —1

Regarding the particle content, besides the presented fermion triplets (i(/))
and the Higgs doublet, in this case we have explicitly written the three SM
lepton doublets as LY = (1", E};")T. This way the index w makes reference
to the fact that these are weak eigenstates, to be distinguished from those
without the index, which correspond in the forthcoming expressions to the
mass eigenstates.

In the MLFV type—Ill see—saw construction that we present in this Chap-
ter, the flavor-blind parameters €, p and p’ are small, i.e. , the scales p and
i/ are much smaller than A and v, and € < 1. This is a fundamental char-
acteristic of the model, it is needed to accomplish M ~ App, < AN, as we
will further discuss by the end of the present Section. Here it suffices to

state that the Lagrangian in Eq. (5.3) breaks total lepton number due to
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the simultaneous presence of the Yukawa terms Y; and €Y/, as well as to the
presence of the p and p’ terms. In the limit pu, ¢/, € — 0 it is possible to define
a conserved total lepton number by assigning L(L") = L(X) = —L(¥) = 1.

After EWSB, and working in the unitary gauge, we can define six Weyl

fermions of well defined electric charge. They are Zg? = % (E(/) F z'Eg))

and Z(()') = Eg). In addition, from those we define negatively charged Dirac
fermions F and E’ and the neutral Majorana fermions N and N’

YS

EO =204 50°  and NO =30 4 50° (5.8)

In this intermediate basis the leptonic mass terms read

1 F\ i
Lm = —5 (V?L“C Nrg N}g) Mo | Ng | - (ﬁf EE) Mg | Egr |+ he.,
2 N’e E
R R
(5.9)
with
L Y YT eyt
My = %Y w A and My = 0 w A . (5.10)
E%Y/ A 1 0 A 7

In these expressions Y are the charged lepton Yukawa couplings of the SM,
and Y() = (Yl(,), YQ(,), Y3(/)), where the subscript refers to the lepton flavor
family. As in the previous expressions, in writing Eq. we denote by /%
and /¥ the two column vectors containing the three neutrinos and charged
leptons of the SM in the weak basis. Moreover, without loss of generality,
we have chosen to work in a basis in which A is real, while both Y and Y’
are complex. In general the parameters p and y/ could be complex, but for
the sake of simplicity we have taken them to be real in what follows, though
it is straight forward to generalize the following expressions to include the
relevant phases [252].

We proceed now to diagonalize the Lagrangian and rotate it to the final
mass basis. The lepton mass matrix, My, can be diagonalized by a bi-
unitary matrix transformation (one unitary matrix is required for the left
handed components and one for the right handed ones), while the neutral
part, My, can be diagonalized by a single unitary matrix. After the diag-
onalization of L,, one finds three light Majorana neutrinos v;, where the
lightest is massless, and three light charged massive leptons ¢; that satisfy

_ 2 g _

mdae — T [—;}Ae (Y’ Y + YTY’)} VY, (5.11)
) 2

miee = 7\%VZLY“ {1 - ;AQYTY] Vi (5.12)
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V¥ and Vf R are 3 x 3 unitary matrices that will be explicitly described in
the following. For convenience we have defined also the combination

iy L

Y=Y — Eﬁy (5.13)
As we have commented, in this simple setup one of the light neutrinos re-
mains massless. However, the model could be easily extended to account for
three massive light neutrinos by adding an extra fermion triplet field if nec-
essary. After the diagonalization we find also two heavy Majorana neutral
leptons and two charged heavy leptons with masses M ~ A(1 F %) In
the limit we are interested in, with small flavor—blind parameters €, u and
i, the two heavy Majorana neutral states have almost the same mass, but
opposite C'P parities, and furthermore their Yukawa interactions are equal
up to a complex phase. Thus we can construct a quasi—-Dirac state N with
the two Majorana neutral leptons. Analogously, in the charged sector we
construct two combinations of the heavy charged leptons that give us the
final mass eigenstates E] and E;r . These states have diagonal couplings
with the quasi—Dirac state N. The final mass eigenstates are related then
to the weak eigenstates by

v €L+XYTE1_L+X<6Y <3”4j\”) >E§g§,

(g = Ilg,

= (15 -2

N = NL+<M4_AM/> N&—ﬁYV”yL, (5.14)
B, = Ejt- <“4_A’“‘/> By -5 (v =5v) e,

S

B, = EfLJr(M;AM,)E;}g—XYﬁL,

o = e (55

where we have used that, in general, one can choose the flavor basis such
that Vf = Vi =1.

Before writing the interaction Lagrangian in the mass basis, we describe
how the Yukawa couplings, and thus the final interactions between the heavy
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states and the light SM leptons, can be completely specified from the neu-
trino mass matrix, which is one of the most interesting features of this sce-
nario. To first order in the small parameters, the neutral weak interactions
of the light states take the same form as that in the SM, while the charged
current interactions readl

plight _ 9 (Cy"UrppriW,) + hec. | (5.15)

V2

where, as usual, g is the SU(2);, coupling constant. After absorbing three
unphysical phases in the definition of the light charged leptons, the leptonic
mixing matrix can be chosen

ULgp = V” (5.16)
1 0 0 Cc13 0 813672'50P co1 S120 e 00
=10 C23 S23 0 1 0 —S812 C12 0 0 ei"‘ 0 s
0 —823 C23 —Slgeiécp 0 C13 0 01 0 01

where ¢j; = cos 6;; and s;; = sin 65, and the angles 6;; can be taken without
loss of generality to lie in the first quadrant; 65 € [0,7/2], and the phases
dcp, a € [0,27]. The leptonic mixing matrix contains only two phases
because there are only two heavy triplets and consequently only two light
neutrinos are massive while the lightest one remains massless, as we have
already commented.

In [221] it was shown that for this simple model one can fully reconstruct
the neutrino Yukawa coupling Y and the combination Y7 from the neutrino
mass matrix up to a global normalization. In the process one first finds
the matrix V# that diagonalizes the neutrino mass terms, see Eq. ,
in terms of Y and Y’. After one identifies V# with the neutrino mass
matrix as in Eq. , the relation can be inverted to find Y and Y’ as a
function of Upgp. This way, up to the global normalization and the unknown
neutrino mixing phases, Y and Y’ can be determined in each of the neutrino
orderingg’] As we have commented, the reconstruction is different for normal
and inverted orderings, as the determination of Y and Y’ from the neutrino
mass matrix depends on a parameter (p in the following) that is determined
from the measured mass differences between the SM neutrinos, whose values
depend on the chosen neutrino ordering. Thus we have:

e Normal ordering (NO): in this case 0 = m; < mg < ms and the

Violation of unitarity (and flavor mixing) appears in the charged current (and neutral
current) interactions of the light leptons to higher order [252H254].

2Notice that it is not possible to fully reconstruct the Yukawa couplings Y’ from
Eq. without the knowledge of the parameters ¢ and p, although this has no ef-
fect on the phenomenology analysis of the present Chapter.
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Yukawa couplings are given by

Y, = % (\/m Utgpaz +V1—p UI*,EPaz) , (5.17)
~
Y, = % (\/m UlEpa3 — m UEEPa2) )

where y and 3§’ are two real numbers and

1 _ 2 _ .2
po VItr ﬁ’ p= 2T (5.18)
V1i+r+/r mg —mj
2 02

m1 =0, mgzeyiv (1-p), mg:6 A (1+p) .(5.19)

e Inverted ordering (I0): if we consider instead 0 = m3 < mj < mg the
Yukawas can be written as

Y * *
Y, = G <\/ 1+ pUgpa2 +V1—0p ULEPal) , (5.20)
U /y\/ * *
Y, = ﬁ(Vl"i'pULEPaQ_\/l_pULEPaI) ,

with
po Yitr—1  _ mi-mi (5.21)
VIitr+1’ m? —m3’
eyy v? ey v?
m3 =0, my = yi (1-p), mo= y?j\ 1+ p) .(5.22)

Interestingly, the behavior of the Yukawas as a function of the neutrino
mixing parameters is different depending on the neutrino ordering, and thus
the phenomenology of the new heavy states changes in the two cases as we
see in the following. We first plot in Fig. the ranges of the Yukawa
couplings |Y,|? = |Y1|?/y? and |V, |> = [Va|?/y? obtained by projecting the
allowed ranges of oscillation parameters from the global analysis of neutrino
data [255] using Eqs. (5.17)), (5.18)), (5.20), and (5.21)). The ranges are shown
at 1o, 20, and 99% CL (1 d. o. f.), while the dotted lines correspond to the
best fit values. We show the ranges of these Yukawa couplings as a function
of the unknown Majorana phase « for the two orderings in the four upper
panels. We focus on the Yukawa couplings corresponding to the electron and
the muon since these are the two leptons that are considered in the coming
LHC analyses. Moreover, we present the correlation between the Yukawa
couplings in these two flavors (e and p), in the two bottom panels. As we
can see from this Figure, the electron and muon Yukawa couplings exhibit
a quite different behavior with respect to a for the NO and 10 cases. It is
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L NO
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Figure 5.1: Allowed ranges of the Yukawa couplings |}7e]2 = |V1|?/y? and
V.2 = [Y2|2/y? obtained from the global analysis of neutrino data .
The upper four panels show the values of the couplings as a function of the
unknown Majorana phase a. The correlation between the two couplings is
shown in the two lower panels. The left (right) panels correspond to normal
(inverted) ordering. The dotted line corresponds to the best fit values. The
ranges in the filled areas are shown at 1o, 20, and 99% CL.

also interesting to notice that the two Yukawas are invariant under « going
into m — « in the limit that 513E| or 0 go to zero for the 10 mass ordering.
Once we have determined the Yukawa couplings from the neutrino mass
matrix, we can rotate the Lagrangian in Eq. using the relations in
Eq. to obtain the final interactions that are of relevance in the present
Chapter. The Lagrangian for the interactions of the heavy triplet states in

3This limit is now ruled out, see \ .
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the mass basis then reads:

Lw= —g (ET*WNW; - Wy”EJWJ) ¥ he. (5.23)
9

V2

+g (I?aV,TL'y“E;LWM_ + Rél/aﬁfy“El_RcWI:) + h.c. (5.24)

(Kalar " NLW, + Ky lary"Nr‘W, ) + h.c.

Lz

geo (BT V" Ex Z, — Ef'E5 Z,,) (5.25

9
2cg
g

V2¢

+ (Ka@’y“NLZM + K’;ﬁ’y“NR"’ZM> + h.c.

_|_

(Kolar "By Zy + Kila V' ESp°Z,) + hee.

Ly=  e(Efy"Br A, — B Ef A,) (5.26)
A /- -
Ly, = 92 (KamNR + K;[@NLC) h+ h.c. (5.27)
2 My
gl
V2Myy

where the matrices KO and KO are defined as

+

(KolorErp + K/l ES; ) h+ hec.

3 ! * 0 *
K = _\/%A GY(L/* - ( lﬁl—/i_\ﬂ ) Ya} , K= ULEPbaKlly ) (5.28)
Kg = _\/%A GYaI* — <%) Ya*:| ) Kg = UEEPbaKé/ :

Recovering Eqs. f we observe that the flavor structure of the to-
tal lepton number conserving couplings of the heavy fermion triplets, K and
K, is fully determined by the low energy neutrino parameters. Moreover, the
strength of these total lepton number conserving couplings is controlled by
the real number yv/A, while the combination eyy’/A is fixed by the neutrino
masses. On the other hand, the Yukawa combinations that appear on the
L—violating couplings, K') and K'"), are different from the combination
determined by the low energy neutrino parameters, Y/, see Eq. . This
means that the L—violating couplings of the fermion triplets are not fixed by
the low energy neutrino parameters. Nevertheless, as we discuss next, these
L—violating couplings are very suppressed in the model under consideration,
and they are of no relevance in the current analysis.

Let’s remember that in the present MLFV framework the small neutrino
masses naturally stem from the tiny total lepton number violation, which is
associated with the smallness of the €, p and 1/ parameters (see Eq. )
The low energy effective Lagrangian after integrating out the triplet states
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takes the form in Eq. with App = A and Apy ~ A/v/e, A2/, A%/,
Therefore, while the lepton flavor violating (but total lepton number con-
serving) scale is associated with the mass of the fermion triplets, that can
be light enough to leave an imprint on the LHC phenomenology, there is
instead no state with mass Ay y associated to the total lepton number vio-
lating scale. Furthermore, the hierarchy of scales dictated by the structure
of this MLFV type-IIl see—saw model, A;x > Apr, is technically natural
in the t’Hooft’s sense, since this hierarchy is associated with the smallness
of €, p and p/ parameters. As we have commented, if one takes the limit
i, i’y € — 0, the total lepton number symmetry is restored after the proper
lepton number assignments.

Moving to the phenomenology of the model, in the language of the in-
teraction terms in Eq. , total lepton number violation appears in the
heavy fermion triplet decays only as a consequence of the presence of both
“primed” and “not primed” terms, as well as of the O(u/A,p'/A) mass
splitting and mixing in the heavy states. Thus small total lepton number
violation implies a strong hierarchy between the total lepton number con-
serving and the total lepton number violating effects in the heavy fermion
collider phenomenology. This renders the observation of L—violating signals
impossible at the LHC. This is one of the main differences of the expected
LHC signatures with respect to the non—-MLFV scenarios for type-IIIl see—
saw models, such as the ones studied for instance in [239,241,[242]. There,
AL = 2 final states constitute a smoking gun signature which is very sup-
pressed in the MLFV model here considered. The main signatures that the
MLFYV model leads to, that we proceed now to describe, are consequently
associated to the lepton number conserving signals.

5.2 Signatures

The main signatures of the phenomenology of the considered model can be
summarized in two main points. First the total lepton number violating
signals are negligible, and also stemming from the same hierarchy of contri-
butions there are not observable displaced vertices. Both features are instead
typical of other type—III see—saw realizations, see for instance [238-242]. Sec-
ond, the total lepton number conserving signals, which could be observed
at the LHC, are predicted from the lepton mixing matrix, making the ob-
servation and verification of the model, as well as of the unknown mixing
parameters, possible. We focus in this Section on which characteristics a
collider process has to fulfill for the MLFV hypothesis to be testable at the
LHC.

In contrast with the type—I see—saw realization, on type—III models the
dominant production processes for the heavy fermion triplets are origi-
nated from the EW pair production included in the kinetic terms of the
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Figure 5.2: Left panel: cross sections for the triplet fermion pair produc-
tions NV Efc and Ef E, that have the same values than the cross sections
for N E2jE and E; E5 respectively. Right panel: maximum decay length of
the fermion triplets EF (blue upper curve), N (red middle curve), and E5
(magenta lower curve). In all cases we have taken My = 120 GeV and we
have assumed k = 1/10, see text for details.

Lagrangian, Lx in Eq. (5.3). In the present model the fermion triplet gauge
interactions lead to the processes

pp— EE;, and pp— EiiN fori=1,2, (5.29)

where for simplicity in the second reaction, and in the following, we gener-
ically denote by “N” either the N or the IV state. The cross section rates
for these processes are well known functions of the mass of the new states,
see for example [237]. For completeness we plot the cross sections in the left
panel of Fig. |5.2

The decay widths for the different decay modes read [237]:

2 A3 MQ M2 M4
T (N = wh) =2 |Kk,? 1= M (g M oM
@ 64

MZ, A2 A2 T A
2 3 2 2 4
g ~ 9 A M7 M7 M7
V= va2) = g el 32 ( ARy CE T
2 3 2\ 2
g° | = A M
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2 A3 M2 M2 M4
D (Ef = W) = 2 |Kk,|? ( —W) (1+W—2W> ,

321 M, A2 A2 A4
2 3 2 2 4
e g 2 A My Mz My
0B 62) = il (1 57) (1 5 25 )
2 3 2\ 2
_ _ g A M
I'(Ef = h) = GTW’K“P@ (1 - Ag) : (5.31)

Using Eq. (5.28)) and the fact that Upgp is an unitary matrix, it can be
shown that

3 3 2 9

2 -2 Yv
Sl = YR = L 532
a=1 a=1

This way the total decay widths for the three triplet fermions, F' = N, E;, and E;' ,
are

TOT _ 92/\3 y27)2
7 edr M2, A2

1+ Fr(A)) (5.33)

where Frp(A) — 0 for A > My, Mz, M. In a general type-III see-saw
model it is possible that the branching ratio of IV or Eli into a light lepton
of a given flavor is vanishingly small. This is not the case for the type—IIl
see—saw MLFV model studied here, where, as we have seen, the Yukawa
couplings are fixed by the neutrino physics and they are non—vanishing; see
Fig. The same relation between the Yukawa couplings and the lepton
mixing parameters leads to another important characteristic of this simple
MLFV model. The values of the neutrino masses imply a lower bound
on the total decay width of the triplet fermions as a consequence of the
hierarchy between the L—conserving and L—violating y and €y’ constants
that is required in the MLFV framework we have described in the previous
Section. Let us write simply €y < ky, where k& < 1 is a constant we
just introduced to generically characterize the smallness of the total lepton

number violation. From Eq. (5.19) or (5.22)) it follows that

2 2
vl mae VM) T TE) | 0.046 eV (5.34)
A2 T EA(1+p) kAl +p) kA '

where the last number is obtained at 99% CL from the global analysis of
neutrino data [255]. We depict in the right panel of Fig. the resulting
minimum decay width for the fermion triplets, as well as the corresponding
maximum decay length for any value of £ < 0.1. We note from this Figure
that in this minimal model, even for heavy states as light as A = 150 GeV,
the corresponding decay length is always

et S 100 pm (5.35)
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and in addition it decreases rapidly with A. Thus, such a small decay length
is too short to produce a detectable displaced decay vertex [257,258]. As
we have commented, the use of detached vertices as signatures of the new
neutrino heavy state decays has been discussed in the context of more gen-
eral see-saw implementations, see for instance the models in |238-242]. In
the present MLFV model the lack of this signature makes the background
reduction more challenging. On the other hand, if a triplet fermion signal
is found without a displaced vertex, it will point towards a very hierarchical
neutrino spectrum, such as the one predicted in this simple model. Sum-
marizing this first part of the Section, in the considered MLFV type-IIl
see—saw realization there are not sizable total lepton number violating sig-
nals nor observable displaced vertices. The observation of the model relies
in contrast on the highly predictive flavor composition of the total lepton
number conserving signals. In order to optimize the search for these signa-
tures we review in the following the main features that the most promising
channels have to fulfill in order to test the MLFV hypothesis.

As we have explained, the most characteristic signature of the MLFV
type—III see—saw model is the dependence of the decays of the triplet fermions
on the low energy neutrino parameters through the Yukawa couplings as seen
in Egs. (5.17), (5-20), (5-23)-(5-28), (5.30), and (5.31). Thus, a key point
for the observation of the MLFV nature of the model is the determination of
the flavor of the leptons decaying from the fermion triplets. Consequently,
in order to be able to tag the lepton flavors, we are led to consider processes
where the new fermions have two—body decays exhibiting charged leptons,

i.e.
pp — F(—= L,X)F' (= 6,X") | (5.36)

for F,\F' = N, E; and with X, X’ = Z,W, h. In fact, it turns out that the
production cross sections of these processes satisfy

o [pp = F(= L.X)F' (= [,X")] o |Yal?|Y5)? (5.37)

where Y, = Ya. Therefore, the number of events expected for final states

with different combinations of charged lepton flavors (a, b) can be fully
determined in terms of the low—energy neutrino parameters. In order to
test this prediction we take into account that the SM bosons, X and X',
decay and, in consequence, the final state contains at least six particles. This
makes the reconstruction of the decay chain non trivial, a challenge that has
to be added to the presence of the irreducible SM backgrounds, where the
flavor composition of the final states is independent of the relation given in
Eq. . Taking into account these considerations, we can qualitatively
summarize in a few points the collider channel features that may allow for
the observation of such particular signals. The most promising channels to
both detect the triplet fermions, as well as to test the flavor predictions in
this model are those in which:

<
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(i) The branching ratios into the final state after considering the decays
of X and X’ are not strongly suppressed.

(ii) After reconstruction, the process should allow us to identify the charged
leptons £, originating from the two body decays of the triplet fermions.

(iii) The topology should permit the identification of the bosons X or X’
to have further information to reconstruct the signal.

(iv) We should be able to reconstruct the invariant mass of the systems
X/layp in order to identify the presence of the fermion triplet pair.

Altogether, we find that the most promising final states that can be fully
reconstructed are the following. First the final state containing three leptons
plus two jets and missing energy proceeding via

pp = W = N(= FW* = FiFv) Ef (= 652/ — 6555) . (5.38)

And, in addition, the channel leading to two leptons and four jets resulting
from the processes

pp — WE = N(= (W — (Fj4) Ef(— EbiZ/h — E;Ejj) ,
(5.39)
pp — Z/y — ET (= 6EZ/h — 0] jj) Bf (= 6 Z/h — 6555) .

As we will describe in detail in the following Section, in order to establish
the observability of these signals it is important to note that the final states
present not only SM backgrounds, but they also receive contributions from
other decays of the fermion triplets, modifying the simple flavor composition
determined by Eq. . Notice also that we do not consider the production
of the charged heavy fermion states EQi, since they decay exclusively into
vW pairs, so flavor tagging of the final leptons is not possible, a key point
to test the MLFV hypothesis if a signal was observed. Such processes can,
however, contribute to extend the LHC potential to unravel the existence of
the fermion triplets.

Thus, in the following Section we study the processes in Egs. (5.38]
and in detail. The first one, is characterized by a good signal to
background ratio [236], and the main challenges, as we will see, are the
reconstruction conditions (i) and (iv). In the case of the second process
both bosons decay hadronically, what gives a high signal rate and, since there
are only two leptons in the final state and no neutrinos, the reconstruction
conditions are more easily fulfilled. Conversely, the main challenge in this
case is the presence of larger QCD backgrounds.

In the following we perform our analysis at the parton level, keeping
the full helicity structure of the amplitude for both signal and background
processes. This is achieved using MadGraph4 [152], modified to include the
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new fermions and their couplings. We also use MadGraph5 [86] for some
particular background sources, as we will properly detail in the correspond-
ing text description. As in the rest of the collider analyses of this thesis,
we use CTEQ6L parton distribution functions [153], the MadGraph default
renormalization and factorization scales and a pp COM energy /s = 14 TeV.
Furthermore, we simulate experimental resolutions by smearing the energies,
but not directions, of all final state leptons and jets, with a Gaussian error
given by a resolution AE/E = 0.14/+/E for leptons, while for jets we assume
a resolution AE/E = 0.5/v/E@®0.03, if |n;| < 3 and AE/E = 1/VE©0.07,
if |n;] > 3 (E in GeV). We also consider a lepton detection efficiency of
e/ = 0.9 and a jet one of ¢ = 0.75. For simplicity, we assume the Higgs
mass to be 120 GeV in all the analyses of this Chapter. This mass is close
to the one finally observed at the LHC, and the small difference has no ob-
servable effect on the results and the phenomenology that we present in the
next Section.

5.3 Analysis and results

In this Section we describe the collider analysis for the processes in Eqgs.
and . In both cases we present and simulate all the relevant back-
ground sources and we describe the kinematic cuts that we impose to in-
crease the signal to background ratio. Furthermore we discuss the possibility
to test the MLFV hypothesis through the lepton flavor composition of the
final states. We finally estimate the potential for the observation of the
fermion triplets depending on the lepton mixing parameters. We separate
this description in two Subsections, one per collider channel, as their main
characteristics and challenges are different. In a final Subsection we combine
the results from both processes in order to study the possibility to measure
the Majorana phase and the neutrino ordering within the MLFV type-III
see—saw realization.

5.3.1 Process pp — (lljilr
We start the analysis studying the process
pp = (7 by 65§ i Br (5.40)

where we focus on final state leptons being either electrons or muons for an
easier flavor tagging. This final state allows us to look for the events origi-
nating from the production of fermion triplets in type—IIl see—saw models,
as shown in Eq. (5.38). The dominant irreducible SM backgrounds for this
channel are:

e ttW production where the two b’s from the t, ¢ — Wb decays are
identified as the jets, and the three W’s decay leptonically.
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e ttZ where the Z decays leptonically, while one top decays semi-leptonically
and the other decays fully hadronically. Another possibility is that the
two top quarks decay semi-leptonically, however, one of the four final
state leptons is lost or misidentified in this case. This background
source can contain up to 4 jets, in addition to the three leptons. Thus
we require that at least two of the jets comply with the acceptance

cuts described below; see Eqs. (5.41) and ((5.42)).

e WZj5 and ZZjj with both W and Z decaying leptonically. In the
ZZjj case one lepton has to escape detection.

In principle the background events coming from channels containing lep-
tonic Z decays could be reduced by vetoing events where the opposite—
sign equal-flavor leptons have an invariant mass close to the Z mass, see
for instance [236),259], or the cuts in the previous collider analyses, i.e.
Egs. (3.39), (4.27), (4.32)) or (4.43). However, as we will see, in the present
MLFV model the signals are large only for relatively light fermion triplets,
A < 500 GeV, and for them the characteristic invariant masses of the
opposite—sign equal—flavor lepton pairs are not far from the Z mass. Thus if
the Z—veto was applied it would be translated into a reduced background,
but also into a reduced signal, and in consequence no gain in the observ-
ability would be obtained; for an illustration see Fig. Consequently
we do not impose such Z—veto, these background sources are only reduced
thanks to the rest of reconstruction cuts. Additional backgrounds, like tt
and Zbb, that contain leptons produced from the semi-leptonic decays of
the b’s are negligible in relation to the rest of background sources when no
Z—veto is applied. To close the description of the background processes, we
note that we do not take into account reducible backgrounds stemming from
the misidentification of a jet as a lepton.

We start the collider analysis applying the typical acceptance and iso-
lation cuts. As in the previous collider analyses we have presented in this
thesis, this initial set of cuts is meant to ensure the detection and isolation
of the final state leptons and jets,

Ine) < 2.5, |njl <3, ARw, ARy, ARjj,> 0.4 . (5.41)
We impose as well a minimum transverse momentum
s, p]f > 20 GeV, (5.42)
and a minimum missing transverse energy requirement
Er > 10 GeV . (5.43)
Next, we look for at least two jets compatible with a Z or a H, i.e.

Mz —10 GeV < ij < My + 10 GeV. (5.44)

159



CHAPTER@ NEW STATES IN NEUTRINO MASS MODELS

o
»

A=200 GeV

o
I
a

Ml1l3

o
(N

0.2

do/dM, (pp —> I,"l,"15"jjE£) (fb/GeV)

I T N b b b I e

50 100 150 200 250 300 350 400 450 500

o T T T [T T [T T T[T T T [T T T[T T T [TITT[TTTT

My (Gev)

Figure 5.3: Invariant mass distribution of the two possible opposite—sign
equal-flavor lepton pairs for the signal pp — ET@E@[ jjFr. We consider a
heavy fermion mass A = 200 GeV.

As we have already stated, we use a reconstruction procedure that aims
to single out events that originate from the reaction in Eq. , as our
focus is to test the MLFV hypothesis. This means that the reconstruction
is not optimized to get the full LHC potential for the heavy fermion triplets
discovery, as it will be shown in the following. In order to reconstruct the
Efc and N states a crucial point is that we need to identify which of the
equal sign leptons /3 3, is produced in the Ef[ two—body decay, as well as,
which lepton comes from the W in the N decay chain. With this purpose in
mind, we first reconstruct the two possible values of the invariant mass for
each of the equal sign lepton plus two jet combinations, My, ;; and My, ;. If
both Mjy,;; and My,;; are incompatible with the heavy fermion mass, i.e.

the event is directly discarded in order to increase the signal to background
ratio. If only one of the two reconstructions is inside this range we consider
the corresponding lepton as the one coming from Ef[, see Eq. . If
both Mpy,;; and My,;; are inside the range given in Eq. we proceed
to reconstruct the momentum of the neutrino. As usual, we use that in
this final state the neutrino momentum can be reconstructed up to a two—
fold ambiguity. After obtaining the transverse momentum from momentum
conservation, the longitudinal component is inferred by requiring that (p, +
ﬁgk)Q = Mgv, that leads to Eq. . Here we write again the expression
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for a clearer presentation of the possible reconstructions

2pek

P :%{[Mv% 2(pt )] p (5.46)

i\/ (M3, + 2% )72 4<p§évEfk¢T>2} ,

for k = 2,3. We have labeled n = 1,2 the solutions with +, — respectively.
If neither /5 nor /5 lead to a real value of Eq. , the event is rejected.
If only one of them has an acceptable solution we classify this lepton as the
one coming from W. Finally if both leptons lead to satisfactory solutions of
Eq. , the ambiguity on the reconstruction still persists, so we proceed
to reconstruct the neutral heavy fermion N. For each lepton /> 3, and using
the two possible solutions for the momentum of the neutrino p*n (k =
2,3 n = 1,2) we evaluate the four invariant masses Mglgkyk‘n. If for both
k =2 and k = 3 the two My, 4,4, , and My, , are outside the interval
(A —40, A +40) GeV we do not consider the event in order to reduce the
background contributions. If only £ = 2 or £k = 3 has at least one of the
corresponding My, ¢, ,, inside this range we select /4 as the lepton coming
from W. Finally, if the ambiguity is still there, and both leptons have at
least one solution inside this range, we cut out the event. With this final
cut in case of ambiguity, we reduce the amount of observable signal, but as
we have commented, our focus is not the discovery of the fermion triplets,
but the test of the MLFV hypothesis. Furthermore, the removed signal
makes no big difference regarding the results that we show in the following.
We also note here that, in the cases where we identify the leptons before
using the reconstruction of the invariant mass of N, we also require at the
end that at least one of the two possible reconstructions is inside the range
(A — 40, A +40) GeV. This helps us to increase the signal to background
ratio.

In order to illustrate the efficiency of this reconstruction procedure, we
show in the left panel of Fig. the invariant mass Mp;; distribution for the
signal (empty back histogram) and the background (filled blue histogram),
where we have averaged over the two possible combinations with ¢ = ¢, and
¢ = f3. For this plot we impose the cuts in Egs. 7, before the
reconstruction of the Eli and NN states. In the right panel we present the
reconstructed invariant mass of the selected combination after the procedure
described above. The procedure selects most of the right combination for the
Eli signal peak while efficiently reducing the background, as can be observed
in the Figure. In [259] the ambiguity in the assignment of the equal-sign
leptons to the heavy lepton or the W decay was resolved associating to the
W decay the lepton that leads to the smallest transverse mass

MY = \/210?’“ 7 (1 —cos®yp,) , (5.47)
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Figure 5.4: Invariant mass distribution Mjy;; for signal (empty back his-
togram) and background (filled blue histogram). In the left panel we show
the distribution averaged over the two possible combinations with ¢ = ¢5 or
¢ = {3 after imposing the initial cuts in Egs. (5.41)—(5.44) and before the
reconstruction of the Eli and N states. In the right panel we show the Ef[
reconstructed invariant mass after the selection procedure described in the
text. The Figure is shown for A = 300 GeV and for characteristic values of
the neutrino parameters: Am%; = 2.4x 1073 eV? (NO), Am3, = 7.65x 107°
eV?, sin® fog = 0.5, sin® 015 = 0.304 and sin? 613 = 0.03 and vanishing values
of the phases o = dcp = 0 (for these parameters, Y, = 0.37 and 17“ =0.84).

where @, 5. is the angle between the lepton and the missing energy. We
verified that this procedure is almost equivalent to ours for high fermion
triplet masses A. Notwithstanding, for lighter A our reconstruction proce-
dure selects more often the correct lepton configuration and after applying
the cuts on the invariant masses of N and Eli it renders a better signal to
background ratio. For example, for A = 200 GeV our reconstruction pro-
cedure leads to a misidentification probability of 2% while using only the
transverse invariant mass ordering this is increased to 12%.

After we apply all the cuts and the reconstruction procedure, the total
cross section for the process in Eq. can be written as

00(2 — 6| ValP[Tol? (5.48)

when we generate events with the flavor combination ab. Most of these
events are classified as having the correct flavor combination ab by our se-
lection procedure, nevertheless, a fraction of them are misidentified and
labeled ac for b # ¢ with a cross section o;. The reason is that in some
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cases we assign wrongly to the fermion triplets a same—sign lepton with a
different flavor, which is indeed coming from the W boson decaying from the
other heavy fermion. Notice that both classes of events are exclusive, since
we reject through the reconstruction procedure events that are compatible
simultaneously with the ab and ac flavor combinations. Furthermore, we
also need to consider that Eq. is not the only signal process leading
to the same final state of Eq. in the case we have two opposite sign
leptons of the same flavor. In this case there are also contributions from:

pp = WE = N(= v /0mZ = v | om b 07) B (= 65 Z/0° — 6F5)
(5.49)
pp = W = N(= v /0 Z/B° = v/ 0mis) Ef (= 657 — GE0T0L)
After summing over the undetectable neutrino type m, and due to the fact
that Upgp is an unitary matrix, the cross section for these processes is pro-
portional to |Y;|2. We thus denote the sum of these cross sections by o2|Y3|2.
From the corresponding processes, events are classified as aa flavor combina-
tion with a cross section o3|Y3|?, or as ab with a cross section (o2 — 03)|Ys|%.
Therefore, after combining all the possible contributions, the expected signal
(S) cross section in each flavor channel is
oo, = (00 = 01) [Ve|* + 1| Ve *[Vu]? + 0n| Ve[* + o3|V,

ee
o, = (00 = 01) [Vl + 01| Ye 2V, + 03|V, |? + 03] Ye|?
o5, = o1 (1Tl + Vult) + 2 (00 — 1) VeIV, + (02 = 03) (IFef? + %,[?)

ofor = 00 (I7el! + 1Vl + 2T PT,l?) + 202 (1Tl +17ul?) -

(5.50)

We present in Table[5.1] the different contributions to the signal cross section
o*fb (in fb), after all the cuts in Eqgs. f and the fermion triplet
reconstruction are applied for several values of A. As we can see, the bulk
of the events passing our cuts originate from correctly reconstructing the
desired process in Eq. , although for the lightest masses considered
the events coming from the signal processes in Eq. have a sizable
contribution. The SM background cross sections 05) are given in Table
There we can see that the dominant SM background is originating from
W Zjj production.

Once we have presented all the relevant cross sections after applying
the described selection procedure, we are now in a position to evaluate the
expected number of signal (S) and background (B) events for the £¢0jjFr
topology, with a given flavor combination ab and as a function of the neutrino
mass and mixing parameters. This can be directly obtained from Eq. ,

Table and using the values of the Yukawa couplings in Eqgs. (5.17))—(5.22])
Ni’B = afl’)B X L X e, (5.51)
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A (GeV) (1) o1 g9 g3
150 80.2 | 2.05 7.53 1.78
200 44.2 | 0.417 2.20 0.625
300 129 | 0.027 | 0.125 | 0.043
500 190 | <1072 | <1072 | <1072

Table 5.1: Contributions to the signal cross sections (03,) in fb for the
processes pp — £T (0% j i for £ = e, p, according to Eq. and at
14 TeV. The results are presented for different values of the fermion triplet
mass A and they do not include the detection efficiencies for the leptons and
jets.

A =150 GeV A =200 GeV A =300 GeV
Proceﬁs oB = UEM ai oB = Ufu ai o8 = afu ai
pp — ttW 0.016 0.037 0.021 0.045 0.003 0.005
pp — ttZ 0.082 0.068 0.115 0.074 0.036 0.011

p— WZjj | 1.66 1.15 158 |0950 | 027 |0.118
p — 2277 0.04 |0.022| 0046 |0.028| 0.006 | 0.002
Total 1.80 1.28 1.76 1.10 0.31 0.14

Table 5.2: SM background cross sections (05)) in fb for the processes pp —

(F (T 0% § j B with £ = e, p at 14 TeV. The results are presented for different
values of the fermion triplet mass A and they do not include the detection
efficiencies for the leptons and jets.

where L is the integrated luminosity and € = > x 9% = 0.41 is the detection
efficiency for leptons and jets. The number of signal events depends on the
value of the fermion triplet mass A, as well as on the neutrino parameters,
which we denote here by g = (612,613, 023, Am3,, Am3,,9), and the Majo-
rana phase «. As illustration, we present in Fig. the range of predicted
number of events in the different flavor combinations for a fermion triplet of
mass A = 200 GeV and an integrated luminosity of £ = 30 fb~! collected at
14 TeV. The results are shown as a function of the unknown Majorana phase
«, while the other neutrino parameters 0 are obtained from the global anal-
ysis of neutrino data [255]. In the Figure, the left (right) panels correspond
to the normal (inverted) neutrino ordering. The ranges are shown for values
of 6 allowed at 1o, 20, and 99% CL, while the dotted line corresponds to the
best fit values. The horizontal dashed lines are the corresponding number
of SM background events, as obtained from Eq. q, with cross sections
ofb in Table It is important to notice from Fig. that the two neu-
trino mass orderings lead to a quite distinct dependence of NeSe, N EM, and
Ni with the Majorana phase a. Given that the SM background is rather
small compared to the expected signal, we might be able to determine the
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neutrino ordering by simply comparing the three different number of events
for basically all values of a. Furthermore, we could even try to obtain infor-
mation on the value of « itself. We will go back to this point at the end of
the present Section, where we will combine the information from both the
present channel and the one we describe in the forthcoming Subsection.

A=200 GeV L=30 fb™
10

1 10 %
10%

110 ;

Figure 5.5: Predicted number of events N, for pp — (F¢F(TjiBr with
{ = e, pu, for a fermion triplet of mass A = 200 GeV and with an integrated
luminosity of £ = 30 fb~! collected at 14 TeV. The horizontal dashed lines
are the corresponding number of background events; see Table The
conventions are the same as in Fig. [5.1

Next we proceed to estimate the observability of this MLFV model as a
function of the fermion triplet mass A, as well as the range of the neutrino
parameters é; the Majorana phase o and the neutrino ordering. To estimate
the significance of the signal we construct a simple x? function in terms of
the three signal and background flavor rates for a given value of A. In other
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words, we define x? as

X2(§7 O‘) = Z X?Lb(Q_; Oé) ) (552)
ab=cee,ep,up

2 (7 Ng B

Xab(07 a) = NB fOI‘ N(Zb 2 10 5
ab

X%(0,0) = 2(N3 +NE 1nN75’) for NE < 10

a ’ - a a a .

NE + N5

These expressions assume a Poisson distribution of the events if the expected
number (the one predicted by the SM backgrounds) is below 10, while we
use a Gaussian distribution for higher expectations. This is similar to the
different statistical analyses that we have performed through the thesis,
such as the statistical analysis in Sec. In Fig. [5.6) we show the estimated
significance of the excess of signal events pp — (T¢T(Fjjl7, for three values
of the mass A and for £ = 30 fb=! at 14 TeV. The significance is obtained
as #o = \/)?, and it is shown as estimated for the best fit values of @
(dotted lines), and 1o, 20, and 99% CL ranges of g (filled areas) obtained
from the global analysis of neutrino data in [255]. These results are shown
as a function of the Majorana phase a and the neutrino ordering. The
left (right) panels correspond to the normal (inverted) neutrino ordering.
These results could be further extended to other luminosities as long as
the number of background events is large enough. In this case, the results
for alternative luminosities can be simply obtained by rescaling Fig. by
a factor 1/4/£/30. From this rescaling we see that with £ = 100 fb~!
of 14 TeV LHC data, the LHC could discover/discard the MLFV model
using this channel in most of the presently allowed neutrino parameter space
for A < 300 GeV. In some parts of the neutrino parameter space, and
in particular if the neutrino masses have 10, where the signals are more
promising, the reach could be extended to higher masses or to a pp COM
energy /s = 7 TeV, as we briefly discuss at the end of this Section.

5.3.2 Process pp — L5557

We present now the search for type—IIl see—saw heavy leptons via the pro-

cesses in Eq. (5.39)), i.e.
P G550 (5.53)

with £y9) = e,u. The most promising characteristic of this process, in
relation to the four items we have described in the previous Section, is that
it does not present ambiguities in the flavor tagging. This strongly favors the
test of the MLFV hypothesis. However, there is a drawback: the process is
plagued with a large SM background. The dominant sources of background
for the process are:
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pp—> Iljj Ef L=30fb™’
NO

Figure 5.6: Signal significance (#0) in the channel pp — ¢*¢T(TjjFr with
{ = e, i, for three fermion triplet masses and for an integrated luminosity
of £ =30 fb~! collected at 14 TeV. The results are shown as a function of
the Majorana phase a and the neutrino ordering, normal (left panel) and
inverted (right panel). The rest of conventions are the same than in Fig. [5.1

e {tjj production where the two b’s from the t, ¢ — Wb decays are
identified as jets and both W’s decay leptonically.

o 7*/v*jjjj with the Z*/4* leading to a charged lepton pair. Notice
that this process only contributes to the final state with equal flavor
leptons.

There are additional background processes that include ttW and ttZ chan-
nels, but after the reconstruction requirements that we impose in the fol-
lowing, they are very much suppressed. Further details for the background
sources in the present process can be found in [236}239]. We use Mad-
Graphb [86] to simulate these backgrounds, as for the Z*/y*jjjj process
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MadGraph5 gives a 20-30% larger value of this background after all the cuts
are imposed, as compared to previous versions of MadGraph.

The kinematic analysis starts applying the acceptance and isolation cuts
for the final state leptons and jets, as well as the minimum transverse mo-
mentum requirements as described in Egs. (5.41)) and (5.42)). In the present
process, and in contrast to the previous analysis of Eq. @, the signal
does not contain any undetectable particle. Thus we require a maximum
amount of missing energy in the event

Fr <30 GeV . (5.54)

In what respects the reconstruction of the triplet fermions, there are six
possible ways of grouping the leptons and jets in the final state in two sets
of one lepton and two jets. However, since there are not ambiguities on the
flavor assignment of the final state leptons, the reconstruction now is simpler
than in the previous Subsection. Here we impose that at least one of the six
combinations has the two invariant masses inside the fermion triplet mass
region

A —40 GeV < M@jj < A+40 GeV . (555)

In addition, to increase the signal to background ratio, we further impose
that the corresponding invariant masses of the two jet pairs verify

My — 10 GeV < M;; < Mg + 10 GeV . (5.56)

After the reconstruction of the invariant masses of the two fermion triplets,
the SM backgrounds are still large, in particular the one arising from Z* /y*jjjj.
Consequently, to further reduce this background we make use of the fact that

in the signal the characteristic invariant mass of the two leptons is larger
than for the background, as illustrated in Fig. In the present channel
the background is reduced by a factor 20-8 for A = 150-500 GeV after we
impose that the invariant mass of the two charged leptons verify

M- > 100 GeV . (5.57)

After all the reconstruction procedure is applied, and since there is no
ambiguity in the assignment of the two charged leptons, the total cross
section of the process in Eq. (5.39)) is simply given by

oy = 04(2 = 00)|Yal2[V3* . (5.58)

We present in Table the cross sections for the signal and the SM back-
grounds after the cuts in Eqs. (5.41), (5.42)), (5.54)—(5.57) are applied. The
predicted number of events for the fermion triplet signals in this channel,
for the different flavor combinations, can be easily obtained from Eq. ,
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Figure 5.7: Distribution of the charged lepton pair invariant mass for the
signal with A = 300 GeV (solid red histogram) and Z*/v*jjjj background
(dotted black histogram) of the process in Eq. . The distributions are
shown after cuts in Eqgs. (5.41)), (5.42), (5.54)—(5.56) are imposed.

Signal (fb) Background (fb)
ttjj Z"/v*533)
A(GeV) o4 oB = O'EH = 05#/2. oB = O'ZH
150 276.0 6.0 29.3
200 216.0 9.7 33.2
300 74.9 0.89 4.6
500 11.3 0.018 0.057
Table 5.3: Signal and background cross sections at 14 TeV for pp —

CF0F 577, after the cuts in Egs. (5.41)), (5.42), (5.54)(5.57) are applied,
for different values of the fermion triplet mass A. These results do not
include detection efficiencies for leptons and jets.

Table and using the values of the Yukawa couplings in Eqgs. 1}
and a detection efficiency of € = &t x e = 0.26. We plot in Fig.
range of the expected number of events in the different flavor combinations
as a function of the unknown Majorana phase «, for a fermion triplet of mass
A =500 GeV, and an integrated luminosity of £ = 30 fb~! collected at 14
TeV. The ranges are shown at 1o, 20, and 99% CL from the global analy-
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sis of neutrino data [255], while the dotted line corresponds to the best fit
values. The left (right) panels correspond to the normal (inverted) neutrino
ordering, while the horizontal dashed lines stand for the predicted number
of SM background events. As it happened in Fig. [5.5] we can also see here
that the dependence of N5, N9  and Nfu on the C'P violating Majorana

eer “¥pp
phase « is quite distinct for the normal and the inverted neutrino orderings.

A=500 GeV L=30 fb™'

10 0t T

Figure 5.8: Predicted number of events N, for pp — Eaiﬁzp 7777, for a fermion
triplet of mass A = 500 GeV with an integrated luminosity of £ = 30
fb~1 collected at 14 TeV. The horizontal dashed lines are the corresponding
number of background events, see Table The conventions are the same
as in Fig. [5.1

Next we proceed to estimate the potential that the LHC has to observe
the fermion triplets in this channel. Like in the previous analysis, we add
the flavor combinations to define the signal significance and we follow the
statistical analysis in Eq. . The observability of the MLFV type-IIl
see—saw model in the £¢5;j7j channel is depicted in Fig.[5.9] There we show
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the signal significance as a function of the Majorana phase « for different
CL of the neutrino parameters. If we compare Figs. and we can see
that, after the background reduction achieved by the mass reconstruction
conditions, Eqs. and , and the lepton pair invariant mass cut in
Eq. , the channel ££j;jj offers better potential statistical sensitivity
for the discovery or exclusion of this MLFV model in particular for heavier
masses A, despite its still larger SM backgrounds. One must keep in mind,
however, that the final attainable precision depends on the systematic back-
ground uncertainties,which are expected to be larger for this channel [236].

pp —>1ljjj L=30 fb™’
_NO —")

1102

10 ¢
/\=200 GeV

A=500 GeV

I I TR RV}
0 1 2 3
fo 4 X

Figure 5.9: Expected significance #o of signal versus background events
for pp — Efﬁch jjjj, for three fermion triplet masses, and for an integrated
luminosity of £ = 30 fb~! collected at 14 TeV. The conventions are the same

as in Fig. 5.1}
We have observed that the prospects for the discovery of the fermion
triplets are promising in both channels for a sizable range of light masses,

below A < 500 GeV. While the process in Eq. (5.40]) is more suitable for
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the lighter masses, the process in Eq. covers better the heavier mass
range. In both cases we have concluded that the observability of the partners
strongly depends on the neutrino ordering and the Majorana phase. In the
following we study how we can use this dependence to decipher this ordering
and the unknown C P-violating phase.

5.3.3 Accessing the unknown lepton parameters

As we have commented, one can see from Figs. and that the two
neutrino orderings lead to a very distinct dependence of Nes67 N 5#7 and Nfu
as a function of « for both final states. It is particularly striking the upper
right panels that present a very narrow range for the ee flavor combination
for IO and a fixed value of a. Thus one could expect to be able to discrim-
inate between the inverted and the normal ordering of the neutrino masses
studying the correlations between the different flavor combinations, for a
large fraction of the values of the unknown phase «. One could even try to
determine the value of this phase.

In order to illustrate this point, we perform a statistical analysis com-
bining the information from the two channels we have presented in detail in
this Chapter, the processes in Egs. and . For this final analysis
we assume that the observed number of events in the three flavor combi-
nations, for both pp — 000jjFr and pp — €jjjj, are those predicted for a
given mass A (assumed to be independently determined) in the NO for the
best fit values of oscillation parameters 6, and for some fixed value of the
Majorana phase &, plus the expected background events, i.e.

N (0, @) = NP (0y,a) + NP | (5.59)

where ¢ = 1,6 correspond to ee, ey, and up for the two processes. In order
to reconstruct the ordering and value of &, we fit those six rates Nfbs in
either NO or 10 with different values of § (within their 95% CL allowed
region from oscillations) and «. In order to do so we define a new 2

(@) = P 21:6 2(,a) (5.60)
N 7 _ 2
. [NE(B.a) + NP — N8y, a)| L
xX; (0, a) = N (G, 3) for NP»(0h, @) > 10,
W(0.0) = 2[N5(@.0)+ NF = NP™(0h,a)
NiObs éb? 6‘)

+N?>(6,,, @) In for N{*5(6,a) < 10 .

N5(0,a) + NP

Here we have assumed again a Poisson or a Gaussian distribution depending
on whether the number of assumed observed events are large enough.
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We plot in Fig. [5.10] x2,;, () for three values of & = 0, 5, and 7 (full,

dotted and dashed lines). The way to read the Figure is the following. A

pp—> llljj Ef and pp—> Illjj L=30 fb™
T 1 20:‘ LN R | \;\ I\O\‘ T T T T ]

1 s
‘1;28;1111}13'1"15‘11::[
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Figure 5.10: x2. () defined in Eq. (5-60). The full, dotted and dashed
lines correspond to a simulated value of the observed event rates in NO,
for best fit values of oscillation parameters and & = 0, 5,7 respectively.
Whenever one of the curves do not appear in the right panels it is because
the corresponding X2 () > 20 for all values of «, see the text for details.

given neutrino ordering and value of the Majorana phase are compatible with

the assumed observed events at a 4 /anin x o CL. As an example, if one looks
at the A = 200 GeV case, for the assumed values @ = 0, and & = 7 there is
no value of the measured mixing neutrino parameters inside their 95% CL
regions that give a x2 . () compatible at a CL below /200 for any Majorana
phase for the IO case. For the assumed observed events corresponding to
a = 5, there is a small region around o = 7 that is compatible at better
than 20 CL for the 10 case. On the other hand, for the panels in the left,
which correspond to the NO, X?nin(a) clearly presents a minimum for a = a.
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This is true for any of the plotted A masses. Hence the panels on the right
show for which cases the event rates simulated could also be predicted by
IO with a somewhat different value of . Whenever one of the curves do
not appear in the right panels it is because the corresponding x2. (a) > 20
for all values of a. Figure illustrates that for masses A < 200 GeV it
is possible to discriminate between NO and IO except for & ~ 7, where a
narrow range of ’s in IO still gives a compatible y2. Furthermore, in those
cases for which the discrimination between NO and IO is possible, one also
obtains information on the value of &, that could be constrained on a small
range close to the real value. As the mass increases, it becomes harder to
disentangle IO and NO. For the highest mass considered, 500 GeV, for any
value of simulated & there is always a value of a for which the expected
rates in IO mimic the simulated ones in NO at better than ~ 20.

Present LHC limits on type—IIl see—saw models

In the original publication [222] we presented the prospective LHC reach for
the initial 7 TeV run after applying the analysis we have described. The
details can be found in [222] where it was concluded that the discovery of
the new heavy fermions would be possible in a significant range of « for
masses A < 200 GeV.

Indeed after the 7 and 8 TeV LHC runs have finished, parts of the col-
lected data sets have been analyzed in the search for fermion triplet partners
in type-III see-saw realizations [260,261]. These analyses have been per-
formed in general type—IIl see—saw models, but the obtainable exclusion
limits can also be translated to cover a small part of the MLFV type—IIl
see—saw parameter space.

The CMS search [260] was the first analysis of any LHC experimental
collaboration looking for type-IIl see-saw signals. There, CMS analyzed
the 4.9 fb~! of 7 TeV collected data in the search for a fermion triplet reso-
nance. They studied the final state that consists of three leptons (¢ ¢3(5)
and missing energy. This analysis is then suitable for the production of
pp — W = N(— (TW*) Ej (= vWT) in the MLFV type-1II see-saw
realization. There, after the leptonic decays of the W bosons, the process
leads to the three—leptonic final state with missing transverse energy that
CMS studied. The analysis was performed for three different flavor mixing
scenarios between the new triplets and the SM leptons. In the first case the
fermion triplets were assumed to decay with the same rate to the three SM
lepton families, e, u and 7. This setup can be approximated in the MLFV
realization assuming the best fit values for the leptonic mixing parameters,
together with the inverted neutrino ordering and a Majorana phase close
to 7 or %’r. After accounting for the differences in the branching ratios be-
tween the model considered in the experimental reference and the MLFV
case, and neglecting the minor contributions from other new signal chan-
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nels, we can conclude that for these points in the parameter space, partners
around A ~ 180 GeV have already been excluded at 95% CL by the CMS
search. In the second case CMS assumes new fermion partners that only
couple to muons. In our MLFV setup, this can be approximately accom-
plished, neglecting in the final state the contributions from heavy fermions
decaying to 7’s or e’s, with best fit values for the measured mixing parame-
ters, and an inverted neutrino ordering with o ~ 5 or alternatively a normal
neutrino ordering with Majorana phase o >~ 0. In these cases the exclusion
bounds reach values around A ~ 200 GeV. Finally, the third case considered
in |260] assumes fermion partners that only couple to electrons. This sce-
nario can be approximately obtained with best fit values for the measured
neutrino mixing parameters, inverted neutrino ordering and o ~ 0 or 7. In
these cases the excluded 95% CL region goes up to values approximately
above A ~ 200.

A similar analysis was performed by the ATLAS collaboration in [261].
In this case 5.8 fb~! of 8 TeV collected data were analyzed in the search for
fermion partners in the context of type—III see—saw theories. In the ATLAS
study, a final state with 4 leptons was analyzed. This channel can receive
contributions from the MLFV process pp — W* — N(— (FW™*) Ef(—
(*7) when the Z boson decays also leptonically. The results in this case
were presented for a heavy fermion triplet that decays roughly with the same
rate to electrons and muons while it does not decay to 7’s. Neglecting the
contributions of minor signal processes to the same channel, and neglect-
ing also the contributions to the final state of possible decays of the heavy
triplets to 7’s, as well as taking into consideration the differences between
the assumed branching ratios, this setup could be approximately accom-
plished in the MLFV model with best fit values for the measured neutrino
parameters and an inverted neutrino ordering with Majorana phase around
T or %’r. For these points of the model parameter space, heavy partners are
excluded at 95% CL up to masses around 250 GeV, a bound which is a bit
more stringent than the CMS one.

As a conclusion, we note that the precise translation of the experimen-
tal bounds requires a more involved analysis of the concrete models and
branching ratios assumed in the experimental searches. Nevertheless, here
it suffices to state that for specific points of the parameter space, the MLFV
type-III see-saw model has already been probed at the LHC up to masses
around 200 — 250 GeV.

5.4 Conclusions
The LHC has been built with the aim of testing the physics of the TeV scale.
The experimental observation of neutrino masses and mixing in oscillation

experiments was an unambiguous first evidence of physics BSM [220]. Con-
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sequently there is a natural question to ask: could the LHC say something
about the origin of the neutrino masses?” We have devoted this Chapter to
seek for an answer to this question.

The first challenge we have faced is the fact that the tiny neutrino masses
are related in the most common NP models to new extremely heavy partners,
clearly out of the LHC reach. Nevertheless, based on the construction shown
in [221], we have described a consistent TeV model for the generation of the
neutrino masses that could lead, in addition, to measurable LHC signals.
The MLFV type-IIl see—saw model contains fermion triplet partners that
could live at the TeV scale, while the neutrino masses are related to the tiny
total lepton number violation that has a very high energy scale associated.
This separation of scales is accompanied in the model by a highly predictive
flavor composition of the heavy partner couplings to the SM leptons due to
the MLFV hypothesis, as shown in Figs. and The final picture
of the model is then a realization that contains TeV states, which can be
produced at the LHC in the type-III case, and that lead to testable flavor
signals.

Focusing on the phenomenology, we have first observed that, in contrast
to regular type—IIl see—saw models, in the MLFV realization there are nei-
ther relevant total lepton number violating signals nor displaced vertices.
Thus, the observation of triplet partners with or without any of these sig-
nals would help to test the MLFV realization, and the very hierarchical scale
scenario that is associated to it. Second, the total lepton number conserv-
ing (but lepton flavor violating) signals can instead be measured in channels
accomplishing a few points, necessary to test the MLFV hypothesis. This is
one of the key purposes of the Chapter, besides the discovery of the partners,
and it constrains us to look for final states where the flavor composition of
the leptons decaying from the heavy partners can be tagged. After taking
into consideration as well the signal to background ratios, we are led to make
collider analyses of pp — £00jjFr and pp — €€jjjj channels.

In both cases we have analyzed the signal of type-IIl see—saw models
with MLFV taking into account the constraints emanating from low energy
neutrino experiments. We have presented our results as a function of the
Majorana phase « for the best fit and 1o, 20, and 99% CL neutrino param-
eter ranges obtained from the global analysis of neutrino data [255]. After
careful analyses of the signal and SM backgrounds we have established that
mass scales of the order of 300 GeV can be probed in the £0¢jjFr channel,
see Fig. This channel presents a lesser SM background, but the recon-
struction of the flavor composition of the final state is a challenge to test
the MLFV hypothesis.

Conversely we have found that the ££j7jj final state can be the best
discovery channel at the LHC for fermion triplets with the heaviest masses
of the range considered if its larger SM backgrounds are well understood,
which is the biggest challenge of the channel. The easier flavor tagging of
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the final state leptons allows mass scales of the order of 500 GeV to be
accessed, see Fig. Moreover, once a signal of a type-IIl see—saw model
with MLFV is observed, its energy scale A can be precisely determined by
measuring the mass of the new heavy fermions; as an illustration see Fig.

Finally we have observed that the discovery at the LHC of the fermion
triplets predicted by the MLFV type-1II see—saw model is not only impor-
tant for unraveling the mechanism responsible for the tiny observed neutrino
masses, but it may also allow for the determination of the ordering of these
neutrino masses, given the highly predictive signals the MLFV hypothe-
sis leads to. In fact, the ratio of the flavor combinations ee, puu, and ep
can discriminate between inverted and normal ordering as we can see from
Figs. and especially for the lightest masses considered in the
present Chapter.
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Chapter 6

Summary: an amazing
outlook

We are living a fascinating era in particle physics with the LHC pushing
humanity to an energy frontier that we had not been able to directly ex-
plore before.In particular, one of the goals of the LHC is to guide us towards
understanding the mechanism behind the generation of masses, as the col-
lider is directly accessing for the first time ever the TeV scale, where the
first EWSB signatures were expected to lay. Indeed, the discovery of the
Higgs boson after the first two years of LHC operation has been a major
scientific event, partially satisfying the high expectations in the community
and giving us hope for progress on this program.

In this dissertation we have studied the potential that the LHC has to
address some questions associated with the mechanism responsible for the
generation of masses. We point the reader to Sections and
for a detailed description of the main results that we have obtained. In this
final chapter we present an overview of the main conclusions and outlook.

In Chapter [2| we have presented an effective Lagrangian approach to the
Higgs couplings. In this first analysis we have assumed that the Higgs boson
is part of an SU(2);, doublet and that EWSB is linearly realized. One of
the most important conclusions we have obtained is related to the guiding
principle in the analysis. We have shown that, currently, there is enough
data arising from the LHC Higgs results, also from Tevatron searches, from
TGV measurements at LEP, Tevatron and LHC, and in addition from EW
precision low energy experiments, to make a robust data—driven analysis.
We have presented a study based on a bottom—up approach in which the
number of theoretical assumptions has been minimized. This analysis has
led to relevant bounds on the dimension—six operators, as well as to very
interesting correlations between different experimental sources of data. The
philosophy of the approach has now been followed by different authors in
posterior analyses.
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From the global analysis of Higgs, TGV and EWPD, we have concluded
that, currently, the measurements point to a SM-like observed particle, as
after analyzing the 7 and 8 TeV LHC data sets there is no hint for deviations
from the SM behavior in the EWSB sector.

The third main conclusion from Chapter [2|is the interesting complemen-
tarity that exists between the Higgs results and the TGV measurements
when constraining the anomalous dimension—six operators. We have con-
cluded that the current level of precision on the operators reachable from
both types of experimental searches are at the same level. This allows for a
further test of the nature of the discovered state, as in the linear realization
any deviation in one of the sectors would directly relate to a deviation in the
other. Indeed once the whole 8 TeV data sets are analyzed to measure TGV
interactions, the combination of both Higgs and TGV measurements has the
potential to furnish the strongest bounds on NP on the EWSB sector.

The effective Lagrangian approach based on the linear realization of the
SM gauge symmetry has been compared to alternative Lagrangian expan-
sions in Chapter [3] There, we have studied the non-linear or chiral effective
Lagrangian expansion. This expansion is suitable, for instance, for models
with strong dynamics, where the Higgs boson is a bound state of a global
symmetry at a high energy scale. We have observed that both the linear and
the non-linear expansions are structurally different, since in the non—linear
case the lesser symmetry impositions are translated into more possible in-
variant operators, which furthermore follow a different ordering. This leads
to testable phenomenological consequences that may allow to disentangle
the Higgs nature.

First, we have seen that in the non—linear expansion there are important
decorrelations between different couplings, that are instead correlated on the
linear case. In particular, we have concluded that the interesting correlation
between Higgs analyses and TGV measurements highlighted above, may
disappear in the chiral Lagrangian. We have shown how a global analysis of
the available experimental data can serve us to test this decorrelation, and in
consequence, the ultimate Higgs nature. For that we have defined the proper
discriminating variables and we have presented the first six—-parameter global
fit in the context of the non—linear expansion from the analysis of EWPO,
TGV and Higgs data. The second type of disentangling signals are related
to signatures which come from leading operators in one expansion, while
they are originated from subleading operators in the alternative one. In
particular, we have concluded that the observation of a TGV anomalous
operator, historically parametrized with the coefficient g5Z (Az), would point
to a non-linear (linear) realization of the symmetry.

Thus we have found that, in both the linear and the non-linear expan-
sions the study of TGV interactions can play a very important role in order
to decipher the mechanism behind EWSB. With this motivation we have
presented in the second part of Chapter [3] a realistic collider analysis of the
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LHC capability to measure anomalous TGV interactions. Using the histori-
cal TGV parametrization we have shown that variables related to the event
collision energy trace well the enhancement that the anomalous interactions
would cause in the distributions, increasing as a consequence the reach-
able sensitivity. We have concluded that the optimization of the searches
with respect to these transverse momentum and invariant mass variables
improves the LHC reach on the anomalous TGV’s. After estimating the
LHC expectations at 7, 8 and 14 TeV, we have concluded that the LHC
has the potential to increase the present existing bounds on all the different
anomalous TGV’s, in many cases simply after considering the— yet to be
completely analyzed— initial data sets. As we have commented, particularly
interesting are the cases of g7 and kz TGV’s, as both (and the related x.,)
are involved in the correlation between Higgs data and TGV measurements
exploited in the linear effective Lagrangian analysis. In addition, the LHC
can increase the g2 and Az current sensitivities, what could be translated
into interesting conclusions regarding the nature of the Higgs boson.

In the second part of the thesis we have complemented this model inde-
pendent approach with the direct search for new states related to several of
the BSM extensions connected to the origin of masses. This complementary
approach could be a faster track to NP depending on what is the real nature
of the EWSB sector, something that hopefully we could understand in the
near future.

Chapter [4] is devoted to study the LHC capabilities to observe and ana-
lyze spin—1 resonances that couple to EW gauge boson pairs. These are com-
mon new vector resonances in many BSM completions describing EWSB; as
they are assumed to be responsible for the unitarization of the longitudinal
gauge boson scattering in several theories. Instead of relying on a specific
model, we have performed the analyses in a model independent way leaving
as free parameters the main properties of the new state: i.e. its mass, its
width and the relevant coupling strength to weak bosons and light fermions.
In the first part of the Chapter we have studied the possibility of determining
the spin of a charged (W’) and of a neutral (Z’) spin—1 resonance analyzing
the EW pair production channels in fully leptonic final states at the 14 TeV
LHC. There, the sensitivity for W’ is higher than for Z’, as in the later
case the presence of two neutrinos in the final state becomes a challenge for
the reconstruction of the signal. Nevertheless, we have concluded that after
defining the proper angular variables and the corresponding asymmetries,
constructed from the final state lepton momenta, the determination of the
spin of these hypothetical new vector resonances is possible for a sizable
range of couplings, masses and widths of the new states.

Given the lack of experimental analyses for a Z’ that couples to EW
gauge boson pairs, we have devoted the second part of the Chapter to de-
termine which are the current exclusion bounds on Z”’s after combining
both the ATLAS and CMS 7 TeV available data sets on EW boson pair
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production. We have presented a realistic collider analysis using as much
information as possible from the experimental searches. After consider-
ing the proper invariant mass and transverse momentum variables we have
combined the available information in a binned log—likelihood fit. From
this combination we have concluded that new neutral vector resonances are
excluded for a sizable region of the relevant parameter space up to the multi—
TeV range, reaching values close to ~ 3 TeV. These results represent the
strongest available bounds on neutral vector resonances within the model-
independent approach considered.

On a different path, over the last two decades, neutrino oscillation ex-
periments have shown beyond doubt the existence of neutrino masses and
leptonic mixing. These results can not be explained in the SM, a clear ex-
perimental sign of NP BSM in the mass sector. We have devoted the final
Chapter of this dissertation, Chapter [5] to study the potential of the LHC
to address the physics of some extension of the SM built to account for the
generation of the observed pattern of neutrino masses and mixing.

The first conclusion we have obtained is that consistent neutrino mass
generation models can be built with observable signals at the TeV scale.
In particular, we have considered a MLFV hypothesis applied to a type-III
see—saw model in order to allow for sizable LHC signals. Besides the large
hierarchy of scales that is necessary in order for the TeV model to be con-
sistent, we have observed that the heavy partners that are introduced, two
charged heavy leptons and one quasi-Dirac neutral heavy state, present a
very interesting phenomenology. The signatures of the considered model are
characterized, in the first place, by a lack of total lepton number violating
signals, which are instead common in other TeV type—IIl see—saw models.
Secondly, the decays of the new heavy leptons do not lead to measurable dis-
placed vertices, in contrast again with alternative type—IIl see—saw realiza-
tions. The observation of heavy lepton partners with any of these signatures
would point against MLFV see—saw models. Finally, the third signature is
related to the observable total lepton number conserving (but lepton flavor
violating) signals. In this case the couplings of the new heavy leptons to the
SM charged leptons and neutrinos can be predicted, up to irrelevant normal-
ization constants, from the known neutrino masses and mixing parameters.
This allows for the study of the signals of the production of these heavy
states in order to test and exploit the MLFV hypothesis, using the results of
a global fit to the neutrino data, and, conversely, to analyze what could be
inferred about some of the still unknown parameters of the neutrino sector
in the event of an observation of such signals.

With this aim we have studied the 14 TeV LHC potential to observe
signals coming from the heavy lepton partners in the pp — €005 il and pp —
0ljjj7 channels. We have found that the distribution of the signal events
in terms of the flavor of the final state leptons has a striking dependence
on the unknown Majorana phase and neutrino ordering. Combining the
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results from both channels we have concluded that the LHC running at 14
TeV could test the MLFV type-IIl see—saw heavy partners up to masses
around 500 GeV depending on the unknown Majorana C' P—violating phase
and the neutrino ordering. As a consequence of this same dependence and
after constructing the proper statistical tools, we have concluded that for
the lightest masses considered, ~ 200 GeV, and for part of the neutrino
mixing space, the observation of the neutrino partners would allow for the
determination of the neutrino ordering and for an estimation of the unknown
phase.

In summary the LHC 7 and 8 TeV runs have served to establish the
existence of a new particle that seems related to the EWSB mechanism,
opening the possibility of directly testing the EWSB sector. From the anal-
yses of the Higgs, TGV and EWPD we have concluded that there are no
hints so far for deviations with respect to the SM in the EWSB sector. This
fact added to the many experimental exclusion bounds on a large variety of
new resonances of several BSM extensions set the current picture: the SM
is standing— with no sign of weakness— the LHC challenge. The message
we extract is clearly positive. We have a better understanding of EWSB
thanks to the LHC operation, and, as we have shown, the prospects for the
future run are encouraging, given the potential that the LHC has to both
measure the Higgs properties as well as to observe many of the new res-
onances predicted in the different EWSB extensions, and also in neutrino
mass generation models.

So we would like to close this dissertation with this positive message.
We are living an amazing era with a collider facility that is opening an
unexplored range of energies, there its research can bring light to the open
mysteries of matter.

183






Resumen

En marzo de 2010 se registraron las primeras colisiones a 7 TeV de energia
en el centro de masas en el Gran Acelerador de Hadrones (LHC) del CERN.
Esta fecha marcé el inicio del fascinante programa de investigaciéon del
LHC. Desde entonces su funcionamiento ha ido mejorando rapidamente vy,
después de solventar los dificiles retos ineludibles para un acelerador de tal
magnitud, el periodo inicial de registro de colisiones tuvo su cénit en lo
que es, sin lugar a dudas, el mayor éxito hasta la fecha en su operacion: el
descubrimiento del bosén de Higgs, anunciado el 4 de julio de 2012 [1,2]. Tal
hito culminé casi 50 anos de investigacion desde que se postuld la existencia
del bosén de Higgs [3H§]. Su descubrimiento es, esperemos, el primero
de los acontecimientos histéricos asociados con la operacién del LHC. La
observacion y el estudio de la primera particula que parece directamente
relacionada con la rotura de la simetria electrodébil, y, por lo tanto, con
el origen del patrén observado de las masas de las particulas elementales,
como explicaremos en breve, dibujan las primeras huellas de una nueva era
en fisica de particulas. Indudablemente el futuro que se abre ante nosotros,
con el LHC a punto de duplicar practicamente su energia de operacién, es
prometedor.

El contenido de esta tesis se fue fraguando contemporianeamente al
primer periodo de operaciones del LHC. De este modo, ademds de la
disertacion puramente cientifica, nos gustaria que esta tesis transmitiera al
lector parte de la alegria e inspiracién que los acontecimientos cientificos
que sucedieron durante su desarrollo causaron en su autor y en sus
colaboradores cientificos. Con este espiritu entusiasta, durante los diferentes
Capitulos describimos el papel fundamental que pueden desempenar los
datos recogidos en el LHC para ayudarnos a entender varios de los misterios
que yacen sin explicacién en la fisica de altas energias. En este contexto
unico, el LHC puede sin duda guiarnos a través de un largo viaje, hacia el
pasado mas lejano, al origen de las masas.

El modelo estandar de fisica de particulas es la teoria que describe
matematicamente las diferentes interacciones de todas las particulas
elementales conocidas. Durante anos el modelo estandar fue capaz de
explicar con éxito cada una de las nuevas medidas experimentales que se iban
tomando, con una precisién tnica en muchos casos. De esta forma, el modelo
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estandar es extensamente aceptado como una teoria extraordinaria, cuya
formulacién ha servido historicamente para predecir la existencia de varias
de las particulas que posteriormente se han observado experimentalmente.
. Es el descubrimiento del nuevo bosén el dltimo de los logros del modelo
estandar? Gran parte de la tesis versa en torno a esta pregunta, pero antes
merece la pena describir de manera cualitativa el contexto histérico que
precedia al inicio de las operaciones del LHC.

El modelo estandar fue construido basandose en el principio de
invarianza ante simetrias locales (gauge) como uno de sus pilares bésicos.
Esta teoria cuantica de campos, cuya descripcién matematica es invariante
bajo el grupo SU(3)c x SU(2)r x U(l)y, es capaz asi de describir las
diferentes interacciones observadas de las fuerzas fundamentales: la fuerza
nuclear fuerte, la fuerza nuclear débil y la fuerza electromagnética, dejando
la fuerza gravitatoria al margen. Sin embargo, con las particulas conocidas
antes del descubrimiento del bosén de Higgsﬂ no era posible construir un
término invariante bajo SU(3)¢ x SU(2)r, x U(1)y que sirviese para generar
y describir en este contexto las masas de las particulas observadas (al menos
en su realizacién lineal). En otras palabras, la simetria electrodébil debia
estar rota. De esta forma, los diferentes bosones y fermiones descubiertos,
que eran masivos segin indicaban las medidas experimentales, no podian
tener masa en nuestra descripcién tedrica simétrica. Sin el bosén de Higgs
ademds, esta carencia estaba asociada con otros problemas de matiz teérico.
Por ejemplo, introduciendo las masas observadas de una forma ad hoc en la
teoria esta no era renormalizable. Ademas, el crecimiento con la energia de
la amplitud de colisién de varios de los bosones existentes acababa dando
lugar a la violaciéon de unitariedad a una escala de energias relativamente
cercana, el TeV. En otras palabras, nuestra descripcion matematica parecia
fallar cuando extendiamos su rango de validez a energias por encima del
TeV.

El bosén de Higgs del modelo estandar fue propuesto como la solucion
mas simple para explicar la rotura de la simetria electrodébil. La adicién de
una unica nueva particula escalar, que sea parte de un doblete de SU(2)y,
y cuyo potencial desarrolle un valor esperado del vacio, causa la rotura
espontanea de la simetria gauge electrodébil. Esto es suficiente para generar
las masas de los bosones de gauge observados. Si ademads introducimos en la
teoria términos de Yukawa, que hacen interaccionar este nuevo doblete con
los fermiones, conseguimos explicar también la generacién de masas de estos
ultimos, con la posible excepcién de los neutrinos, los fermiones mas ligeros,
cuya peculiar existencia trataremos mas adelante. Por lo tanto, el bosén de
Higgs del modelo estandar, que completaria lo que hoy en dia conocemos

1A lo largo de la tesis nos referimos como bosén de Higgs a la particula recientemente
descubierta, independientemente de su ultima naturaleza, ya sea el bosén del modelo
estdandar o no.
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como modelo estandar, es capaz de dar cuenta del patréon observado de las
masas de las particulas, mientras que al mismo tiempo mantiene al modelo
estandar invariante bajo su grupo de gauge, consiguiendo también que la
teoria sea renormalizable. El bosén de Higgs consigue solventar ademaés el
peligroso crecimiento energético de los diferentes procesos de colisién de los
bosones de gauge longitudinales, manteniendo la descripcién matematica,
ahora si, valida hasta energias arbitrariamente elevadas. Recapitulando
entonces, antes del inicio de la operaciéon del LHC el bosén de Higgs era
la tnica pieza que faltaba por descubrir en el modelo estandar, con la cual,
esta fascinante teoria estaria estructuralmente completa.

Por otro lado, y pese a ser la mas simple de ellas, el bosén de Higgs
del modelo estandar no es la tnica explicacién posible para la generacion
de masas y la relacionada rotura de la simetria electrodébil. De hecho, la
adicién del bosén de Higgs no es la mas satisfactoria desde el punto de
vista tedrico, ya que da lugar al bien conocido “problema de jerarquias” que
describiremos en breve. Estas limitaciones sirvieron de motivacion para
la construccién de descripciones alternativas con el objetivo de explicar
la rotura de la simetria electrodébil. Estas descripciones, generalmente
llamadas teorias méas alld del modelo estdndar (o extensiones del modelo
estdndar) contienen normalmente estados adicionales, algunos de ellos
parecidos al boson de Higgs del modelo estandar. En algunas de estas teorias
las nuevas particulas son las encargadas de solventar el papel que una sola
resonancia, el bosén de Higgs, juega en el modelo estandar. En cualquier
caso, independientemente del mecanismo considerado, y ya sea con o sin
una particula parecida al bosén de Higgs, dado que varios de los procesos
de colisién rompen la unitariedad a una energia relativamente moderada, la
expectativa general era que algin nuevo fenémeno tenia que observarse en
el LHC.

Afortunadamente el descubrimiento de un nuevo fenémeno no se hizo
esperar. En julio de 2012 la observacién de una nueva particula fue
anunciada, tan solo con dos anos de analisis de colisiones en el LHC, un
acelerador que ademads estaba funcionando aproximadamente a solo la mitad
de la energia para la que fue inicialmente diseiado. Como hemos dicho, el
descubrimiento del bosén de Higgs culmina lo que parecia una interminable
espera, pero lo que es més importante, el descubrimiento del bosén marca, al
mismo tiempo, el inicio de un nuevo programa de investigacion. Después de
su descubrimiento hay varias pregunta obvias que debemos responder para
entender el origen de las masas de las particulas conocidas y la naturaleza
del estado descubierto. ;Es este el boson de Higgs del modelo estandar?
.0 es en realidad uno de los estados similares en alguna de las extensiones
propuestas del modelo estandar? ;Esta siquiera el nuevo estado relacionado
con la rotura de la simetria electrodébil y el origen de las masas observadas?
La busqueda de una respuesta a estas preguntas ha servido como una de las
motivaciones principales para la tesis que aqui presentamos.
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Analisis con Lagrangianos efectivos

En el contexto descrito, el estudio y la medida de las propiedades
de la particula descubierta: su espin, su paridad, o la manera en la
que interacciona con el resto de estados conocidos, son un primer paso
imprescindible para intentar descifrar si el nuevo estado es en realidad el
bosén de Higgs predicho en el modelo estandar. Los estudios experimentales
iniciales [9,/10] indican que la nueva particula parece ser un bosén escalar
y con paridad C'P-par, béasicamente como se esperaria si fuese el bosén
de Higgs del modelo estdandar. Ademads, considerando como interacciona
con los bosones de gauge, WW y ZZ, y teniendo en cuenta los primeros
andlisis realizados justo después de su descubrimiento (como por ejemplo
el andlisis presentado en los primeros Capitulos de esta tesis), parece
que la nueva particula estd directamente conectada a la rotura de la
simetria electrodébil. Esto quiere decir que ahora, y por primera vez,
podemos estudiar directamente el mecanismo responsable del origen de
las masas de las particulas a través del andlisis de las propiedades
del estado recientemente descubierto. Con este objetivo dedicamos los
Capitulos iniciales de esta tesis a intentar buscar respuesta a las preguntas
anteriormente planteadas. El trabajo que aqui presentamos busca entender
la naturaleza del nuevo estado, y en concreto se centra en el estudio de los
acoplamientos del boson de Higgs al resto de particulas, asi como en las
relacionadas auto—interacciones de los bosones de gauge.

Con el objetivo de estudiar los acoplamientos del estado recientemente
descubierto, como una posible ruta de acceso directo al sector de la
rotura de la simetria electrodébil, hay que considerar las diferentes maneras
posibles de enfrentar los datos experimentales existentes con las diferentes
descripciones tedricas propuestas. En lugar de centrarnos en una unica
de estas descripciones, preferimos realizar un acercamiento independiente
del modelo, de forma que los resultados obtenidos sean aplicables al
mayor numero de teorias posibles. En esta tesis los datos disponibles son
siempre uno de los pilares béasicos que utilizamos como guia en los andlisis,
mientras que al mismo tiempo intentamos reducir al minimo los prejuicios
tedricos. Para ello la metodologia mas adecuada es el uso de Lagrangianos
efectivos [11H13].

El uso de Lagrangianos efectivos permite parametrizar de forma genérica
efectos de nueva fisica que se espera que se manifiesten directamente a una
escala de energias A, que es mas alta que la escala a la que los experimentos se
realizan. Simplemente especificando las particulas incluidas en la teoria y las
simetrias que esta respeta a bajas energias es posible extender el Lagrangiano
del modelo estandar con operadores que estan suprimidos por potencias de
la escala de altas energias y que parametrizan los efectos de nueva fisica a
la escala energética del experimento.

En la primera parte de esta tesis aplicamos el uso de Lagrangianos efec-
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tivos al estudio de las propiedades del bosén de Higgs. Mas concretamente,
en los Capitulos[2]y [ de la tesis estudiamos los acoplamientos de la particula
recientemente descubierta utilizando Lagrangianos efectivos.

La expansion lineal

En el Capitulo 2] de la tesis estudiamos la aplicacién de Lagrangianos
efectivos al sector del Higgs, asumiendo que la particula observada forma
parte de un doblete de SU(2)r, y que por lo tanto, la simetria electrodébil
se implementa linealmente en el Lagrangiano. Este Capitulo se basa en
los trabajos publicados en [15H18|. Esta expansién es la adecuada para
diferentes extensiones del modelo estdndar donde el Higgs es un estado
elemental, como, por ejemplo, en teorias supersimétricas.

En nuestro analisis utilizamos todos los datos disponibles y hacemos un
especial énfasis en usarlos como principal guia del estudio. En particular,
la eleccién de la base de operadores independientes que se utiliza estd
determinada por los datos existentes, evitando asi el prejuicio teérico hacia
ningun modelo especifico. Concretamente, en el andlisis utilizamos todos
las datos disponibles de los diferentes estudios experimentales del Higgs
recolectados por el LHC en sus operaciones a 7y a 8 TeV, asi como también
los analisis del Higgs en Tevatron. Utilizamos también las medidas del
vértice con tres bosones de gauge en el LHC, Tevatron, y LEP (las que
son, todavia a dia de hoy, mas precisas). Finalmente, incluimos también
la informacién de las medidas de alta precision de procesos electrodébiles
realizadas en LEP y a bajas energias. Todas estas fuentes de datos son
estudiadas para analizar los acoplamientos del observado bosén de Higgs. Y
para ello construimos las herramientas estadisticas adecuadas.

La primera conclusién que obtenemos del estudio esta relacionada con
el principio que utilizamos de guia en el andlisis. En la tesis demostramos
que actualmente ya hay una variedad de datos suficiente para realizar un
andlisis consistente y guiado por los datos. Los resultados dan lugar a limites
interesantes en los coeficientes de los nuevos operadores, generando ademas
importantes correlaciones comprobables experimentalmente. Utilizar como
guia los datos experimentales sirve también para identificar mas facilmente
qué senales en concreto tienen un mayor poder para constrenir qué
coeficientes, y para cudl se espera una mejora m&s substancial en las
siguientes fases de operacion del LHC. Esta “filosofia” ha sido seguida con
posterioridad por diferentes grupos.

Desde el punto de vista cuantitativo, el andlisis nos sirve para concluir
que la particula descubierta se parece mucho al bosén de Higgs del modelo
estandar, ya que después de analizar los sets de datos recogidos a 7 y a
8 TeV no hay ninguna indicaciéon de una posible desviacién respecto al
comportamiento esperado en el modelo estdndar.

Finalmente, la tercera gran conclusion del andlisis del Capitulo [2] es
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la complementariedad entre los datos de produccién y desintegracion del
Higgs y las medidas del vértice con tres bosones de gauge a la hora de
constrenir los nuevos operadores. Concluimos que en la actualidad ambos
tipos de experimentos dan lugar a limites con una precisién similar, pero
con distintas correlaciones. De este modo, testear la correlacion entre los
dos sectores es posible, y servira en el futuro para caracterizar la naturaleza
dltima del bosén de Higgs, ya que en la realizacion lineal la observacién de
una hipotética desviacion en uno de los dos sectores tiene que ir acompanada,
de una desviacién en el otro.

Descripciones alternativas

En el Capitulo [3] hacemos uso también de Lagrangianos efectivos, pero
sin asumir que la particula observada es un escalar fundamental y que
forma parte de un doblete de SU(2);. Este Capitulo se basa en las
publicaciones [94,97], y la principal diferencia con el Capitulo anterior es que
ahora asumimos una expansién no lineal (i.e. quiral) de la simetria gauge
en el Lagrangiano efectivo. Esta expansién es adecuada para la familia de
extensiones del modelo estandar donde el Higgs no es un estado elemental,
sino un estado compuesto de una teoria que contiene un sector de la rotura
de la simetria electrodébil con interacciones fuertes. En consecuencia, la
naturaleza de esta expansion es diferente al caso lineal, dando lugar a
posibles desviaciones fenomenoldgicas relevantes. Nuestro andalisis se centra
en la comparacion entre la fenomenologia de la expansién lineal y la de la
no lineal, y de cémo podrian distinguirse en el LHC.

La comparacién de ambas expansiones, que son estructuralmente
diferentes, da lugar a diferencias que dividimos en dos grupos. Por un lado, al
no asumir que el bosén de Higgs es parte de un doblete, la expansion no lineal
contiene un nimero mayor de posibles operadores, lo que al final se traduce
en mas parametros libres que en la expansiéon lineal o, en otras palabras,
en decorrelaciones entre acoplamientos que se encuentran correlacionados
en la expansion lineal. En concreto, la correlacion entre los acoplamientos
del Higgs y los vértices con tres bosones de gauge que hemos estudiado en
detalle en el Capitulo anterior, podria perderse en la expansion no lineal.
De esta forma la medida de dicha (de)correlacién nos podria ayudar a
saber si el boson de Higgs observado es un estado elemental o es un estado
mas complejo como en modelos con un Higgs compuesto. Para ello hemos
propuesto algunas variables que permiten cuantificar esta (de)correlacién vy,
ademds, hemos realizado el primer anélisis general existente en la literatura
utilizando la base de operadores no lineales. La segunda clase de diferencia
se debe a que operadores que pueden ser de primer orden en una de las
expansiones son de un orden superior y, por lo tanto, menos relevantes en
la expansion alternativa. Este es el caso, por ejemplo, de alguno de los
acoplamientos anémalos en el vértice con tres bosones de gauge.
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Las conclusiones de ambos analisis, el lineal y el no lineal, nos indican
la importancia que tiene estudiar en detalle el vértice con tres bosones de
gauge. Con esta motivacion estudiamos la parametrizacién histérica que
las colaboraciones experimentales utilizan para estudiar el vértice WW Z.
La primera conclusion que extraemos es que las variables cinemaéticas
relacionadas con la energia de la colisién elemental permiten caracterizar
los diferentes acoplamientos anémalos que pueden aparecer en los vértices
con tres bosones de gauge. Asi que, después de optimizar los analisis con
los cortes mas adecuados, estimamos qué sensibilidad se puede alcanzar
en la determinacion de estos acoplamientos andémalos utilizando el LHC,
a7, a 8 y también a 14 TeV. De este andlisis concluimos que el LHC
tiene capacidad para incrementar la precisiéon sobre todos los acoplamientos
anémalos del vértice triple con respecto a los limites pre LHC, en algunos
casos simplemente cuando se usen los sets de datos ya existentes a 7y a 8
TeV. Esta conclusion es especialmente importante para los acoplamientos
andémalos que dan lugar a la correlacion entre los andlisis del Higgs y las
medidas del vértice de tres bosones de gauge, tal y como hemos comentado,
asi como para el caso de los acoplamientos anémalos cuya observacién nos
ayudaria a entender la naturaleza del observado bosén de Higgs ya que
aparecen a primer orden solo en una de las dos expansiones.

Buscando nuevas particulas

Alternativamente al uso de Lagrangianos efectivos, la observacién o
exclusién de nuevas particulas esperadas en muchas de las extensiones del
modelo estandar es una manera complementaria de estudiar el mecanismo
responsable de la rotura de la simetria electrodébil y de la generacion de
masas. Su observacion es posible si estas nuevas particulas tienen masas
dentro del alcance del LHC. En este caso el reto es disenar y estudiar
las técnicas de andlisis que permitan cubrir de la forma ma&s exhaustiva
posible la gran variedad de nuevas particulas, y a este proposito dedicamos
la segunda parte de la tesis.

Particulas asociadas a la rotura de la simetria electrodébil

En el Capitulo {4 (basado en las publicaciones [185/|186]) nos centramos en
la posible observacién y caracterizacién de particulas vectoriales que estan
relacionadas con la rotura de la simetria electrodébil en una variedad de
extensiones del modelo estandar. En particular, analizamos y optimizamos
el potencial que tiene el LHC para observar y estudiar resonancias que estan
relacionadas cominmente con el restablecimiento de la unitariedad en los
procesos de colisiéon de bosones de gauge. Para ello nos centramos en el
estudio de particulas que interaccionan con pares de bosones electrodébiles,
WW y WZ. Unas pocas suposiciones genéricas son suficientes para realizar
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un analisis de colisiones realista en el LHC, cuyas conclusiones son de
este modo aplicables a un gran rango de teorias y resonancias, ya que
mantenemos en todo momento el andlisis lo mas independiente del modelo
posible, en coherencia con el mismo espiritu de los dos Capitulos anteriores
de la tesis. De este modo, en un primer analisis estudiamos diferentes
variables angulares y asimetrias que permitan determinar el espin de una
hipotética nueva particula W’ o Z’. Esta determinacién del espin se consigue
comparando las distribuciones de estas hipotéticas particulas vectoriales
con hipdtesis escalares, como el bosén de Higgs. La conclusién a la que
llegamos es que la determinacion del espin es posible para un gran rango
de acoplamientos, masas y anchuras de decaimiento de las nuevas particulas
vectoriales.

Después de estimar el potencial del LHC para esta determinacién del
espin, que se extiende hasta la escala del multi-TeV, pasamos a derivar
cudles son los actuales limites que hay sobre algunas de estas resonancias
vectoriales después de los datos recolectados a 7 TeV. La motivacion de
este estudio surge de que la busqueda de resonancias neutras de espin
1 que decaen a pares de bosones de gauge electrodébiles no ha sido
realizada todavia por las colaboraciones experimentales del LHC. Nuestro
objetivo es, por lo tanto, limitar la existencia de nuevos Z’ utilizando
los resultados publicados pero no analizados en este contexto. Asi pues,
realizamos un analisis utilizando toda la informacién publica sobre estados
finales relevantes acumulada por ATLAS y CMS. Combinando ambos sets
de datos concluimos que estas hipotéticas resonancias neutras de espin
1 estan excluidas en una regién considerable del espacio de parametros
que estudiamos, alcanzando los limites masas de casi 3 TeV. Estos limites
que derivamos son de hecho los mas fuertes de entre todos los existentes,
considerando resonancias con caracteristicas similares a las estudiadas.
Como detallamos, el LHC tiene un increible potencial para descubrir y
excluir este tipo de resonancias de espin 1, mejorando consecuentemente
nuestra capacidad de entender la rotura de la simetria electrodébil.

Nuevas particulas y la masa de los neutrinos

Hasta este punto solo hemos estudiado la capacidad que tiene el LHC para
buscar explicaciones al misterio que hay detras de la rotura de la simetria
electrodébil y, por lo tanto, al origen de las masas observadas en el modelo
estdndar. Sin embargo, el origen de la rotura de la simetria electrodébil
no es el Unico misterio relacionado genéricamente con el origen de las masas
que permanece abierto. Cuestiones como la naturaleza de la materia oscura,
o la asimetria materia—antimateria observada en el universo, o la extrema
ligereza de los neutrinos, estan lejos de ser entendidas. Es en esta ultima
cuestion, el origen de las masas de los neutrinos, en la que enfocamos la
dltima parte de la tesis.
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En el modelo estandar, incluso después de incluir el bosén de Higgs, los
neutrinos siguen siendo particulas sin masa. Esto es asi porque no se puede
construir un término de masas renormalizable mientras solo incluyamos
en el modelo los estados necesarios para explicar las interacciones. En
consecuencia, la observacién del patrén de masas y mezclas de los neutrinos
en los experimentos de oscilacion de estos mismos es una prueba irrefutable
de que hay fisica mas alld del modelo estdndar. Si a esta necesidad le
anadimos el impresionante potencial del LHC, nos abocamos directamente
a una pregunta obvia, jpodria ser el LHC 1til también para entender el
origen de las masas de los neutrinos? Esta pregunta motiva el estudio
que presentamos en el Capitulo [5] de esta tesis, y que estda basado en la
publicacién [222].

Para intentar dar respuesta a esta pregunta, el primer reto que se nos
plantea es el de construir un modelo consistente y que ademés de generar
las masas de los neutrinos, dé senales que puedan ser observadas en la escala
del TeV, la escala hasta la que tiene acceso el LHC. Normalmente una
masa tan pequena para los neutrinos se origina en los modelos méas simples
debido a la introduccion de nuevas particulas extremadamente pesadas vy,
por lo tanto, claramente fuera del alcance del LHC. Sin embargo, una de
las primeras conclusiones que sacamos es que es posible construir modelos
consistentes que permiten explicar la ligereza de los neutrinos y que podrian
dar senales en el LHC. Estas sefiales presentan la forma de nuevas particulas,
nuevos compaineros pesados de los neutrinos que podrian ser producidos en el
LHC. El modelo que presentamos contiene varias caracteristicas adicionales
interesantes. Ademads de la carencia de estados finales observables que violen
el nimero lepténico total, o de vértices desplazados en los detectores, las
seniales observables, que conservan el nimero lepténico total, presentan una
caracteristica prometedora desde un punto de vista fenomenologico. Y es
que en el modelo que estudiamos la interaccion de las nuevas particulas con
los estados conocidos en el modelo estandar, leptones y bosones de gauge,
se puede predecir directamente a partir del patrén de mezcla observado en
el sector lepténico, es decir, en los experimentos de oscilacién de neutrinos.
Esto supone que las senales en el LHC son altamente predecibles y, por
lo tanto, el modelo podria ser testeado. Para ello realizamos el tltimo de
los andlisis de colisiones en el LHC de esta tesis y, de hecho, concluimos
que la observacién de estos nuevos companeros pesados de los neutrinos
no es solo posible en el LHC para un rango de masas y valores de mezcla
considerable, sino que su hipotética observacion podria ayudar a extender
nuestro conocimiento sobre la matriz de mezcla en el sector leptonico.

Cerrando ya el resumen de la tesis podemos concluir que los analisis a
7 yv 8 TeV del LHC nos han servido para establecer la existencia de una
nueva particula que parece relacionada con el mecanismo responsable de la
rotura de la simetria electrodébil, abriendo, por lo tanto, la posibilidad de
testear directamente este mecanismo. De los andlisis de datos del Higgs,
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pero también de las medidas experimentales del vértice con tres bosones
de gauge y de medidas de alta precision a bajas energias de observables
electrodébiles, hemos concluido que con la precision existente actualmente no
hay ninguna desviacién significativa respecto al comportamiento esperado en
el modelo estandar. Ademds, después de los dos primeros anos de operacion
del LHC, los muchos andlisis experimentales realizados han excluido una
gran variedad de nuevas particulas correspondientes a diferentes extensiones
del modelo estdndar. Es decir, el modelo estandar estd demostrando la
misma impresionante concordancia con los datos que ha demostrado durante
las ultimas décadas y experimentos. La lectura que hacemos del momento
actual es claramente positiva. Como esperamos haber demostrado a lo largo
de la tesis, el futuro que nos aguarda es prometedor, dado el potencial que
tiene el LHC tanto para medir las propiedades del bosén de Higgs como para
observar muchas de las resonancias predichas en varias de las extensiones
del modelo estandar, que pretenden explicar tanto la rotura de la simetria
electrodébil como el origen de las masas de los neutrinos. Con este mensaje
tan positivo nos encantaria concluir esta tesis. Estamos viviendo una era
fascinante con un acelerador que estd abriendo a nuestros ojos un rango
de energias que nunca antes habia sido explorado. Sin lugar a dudas el
LHC puede alumbrarnos el largo camino en la bisqueda de respuestas a los
misterios sobre el origen de las masas.
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