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Chapter 1
Introduction

The time in which this thesis has been developed is, without any doubt, one of the most
interesting of the last years. Indeed, at the beginning of this work, the Higgs boson was
just a well-motivated theoretical hypothesis '. Three years later, after its discovery at
CERN in July 2013, the Higgs boson is a well-established experimental fact. Further-
more, the measurements of its couplings to the heaviest particles are, within the (still
large) error bars, compatible with the Standard Model predictions. This observation
completes a process of decades of theoretical work and experimental searches, which
has led to the likely most precise and ambitious scientific theory. However, the Stan-
dard Model can not give an answer to some fundamental questions. Why is the Higgs
boson, an elementary scalar particle, so light? The mass of the elementary scalars is
not protected by any symmetry within the Standard Model. Thus, any new physics at
some scale A coupling to such a scalar (and we know there is new physics related to
gravity) gives order A corrections to its mass. (This is roughly speaking the hierarchy
problem.)

Why are fermion masses so different? For instance, the mass of the heaviest fermion,
the top quark, is more than five orders of magnitude larger than the mass of the up

quark. And why are neutrinos massive? Within the Standard Model, only left-handed

Tt is true that there were strong theoretical evidences and precision measurements to suggest that
the Higgs boson had to be discovered later or before. But it is also true that, in the years previous
to the LHC starting, different Higgsless models were proposed [1, 2]. Later, in the light of the first
LHC data —coming all of them with negative results—, new similar works also appeared (see for
instance [3]).

11



Chapter 1. Introduction 12

neutrinos are present. Right-handed neutrinos are singlets and hence do not interact
with any other particle within the Standard Model. Hence, mass terms for the neutrinos
can not be constructed. All these questions suggest that there is physics beyond the
Standard Model, at some scale A, giving solutions to these challenges. The main goal
of this thesis is the study of some of these solutions and their consequences.

In order to study the properties of still unknown physics, one can adopt two ap-
proaches, depending on whether A is larger enough than the energy scale of the allowed
experiments or rather it is of the same order. In the first case, the heavy physics can
be integrated out, giving rise to an expansion in terms of effective operators. The coef-
ficients of these operators, if they can be measured, can give indirect information over
the properties of the new particles. If, instead, the scale of new physics is accessible to
the experiments, then the new particles can be directly produced and studied. At the
LHC era, and inasmuch as there are strong theoretical arguments to think there is new
physics at the TeV scale, we adopt this second approach. The main part of this thesis
is based on the articles published in [4-9] and, at a lesser extent, in [10, 11] (we also
refer to the proceedings published in [12-15]). In [16] we adopt an effective field theory
approach, and hence it is not part of this thesis.

The three-stage scheme we have just outlined, problem-solution-consequences, con-
figures the structure of this text. We have tried to make this presentation as much
self-contained as possible. For this purpose, we assume that the fundamentals of quan-
tum field theory and group theory are well known. In more or less detail, the rest of
contents are then constructed out of this base. Thus, in Chapter 2, we describe the
Standard Model of particle physics. In particular, the Higgs sector and their associated
problems 2. There we briefly introduce some models that can alleviate these difficulties:
composite Higgs models and scalar lepton number violating models. They both contain
new heavy particles that can be produced in accelerators like the LHC. Accordingly,
the subsequent sections are devoted to the study of the collider phenomenology of these
non-standard Higgs sectors.

Nevertheless, we can not bring this work to a successful conclusion without the

2The questions we have formulated previously suggest that some of the main problems that affect
the Standard Model are related to the mass of the particles. And hence with the Higgs sector. This
is however not surprising inasmuch as the scalar sector is the experimentally less known sector of the
theory.
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computational and statistical tools that a study with this scope requires. Thereby, and
for the sake of self-content, Chapter 3 is devoted to the fundamentals of phenomeno-
logical and experimental particle physics research: basic concepts of accelerators and
detectors, Monte Carlo simulation, data analysis and statistics.

In Chapter 4 we study the phenomenology of the minimal composite Higgs model,
which is based on the coset SO(5)/SO(4) and thus contains the same number of de-
grees of freedom as the Standard Model scalar sector. In a first step we introduce the
theoretical aspects of this model. In particular, we discuss the concept of degree of
compositeness, that allows us to guide the subsequent study. Roughly speaking, the de-
gree of compositeness of a particle gives a measure of its interaction with the composite
sector —in which the Higgs boson is assumed to live—. As we will see, heavier particles
are naturally more composite than lighter particles (although under some conditions
light particles can be also sizably composite). This observation allows us to study three
different cases of the minimal composite Higgs model phenomenology. First, the one in
which the top quark is rather composite. Second, the case in which the bottom quark is
also composite. And finally the one in which even the light quarks are composite. This
chapter ends with the brief introduction and discussion of a non-minimal composite
Higgs model, based on a composite sector with global symmetry group SO(7), sponta-
neously broken to G'5. We will see that the scalar content of this model is enlarged, and
the new degrees of freedom can modify the decay of the Higgs boson into diphotons.

Finally, in Chapter 5, we consider the phenomenology of extended Higgs sectors that
allow the neutrino masses to be Majorana, and then contain lepton number violating
scalars. For that purpose, we classify these fields using an effective field theory approach.
Then, using appropriate current ATLAS and CMS analyses we set the first bounds on
lepton number violation in the scalar sector. At the end of this chapter, we describe
how to measure the quantum numbers of the corresponding scalar fields if they were
detected in a second phase of the LHC running.

This thesis concludes in Chapter 6. In the Appendices we present additional in-
formation: explicit expressions of the SU(2) generators for different representations in
Appendix A, the mathematics of non-linear sigma models (essentially the definition of
the Maurer-Cartan one-form) in Appendix B, the group theory of the SO(5)/SO(4)
breaking pattern in Appendix C and the group theory of SO(7)/G5 in Appendix D.






Introduccion

El periodo de la fisica de particulas que le ha tocado vivir al desarrollo de esta tesis
es, sin duda alguna, uno de los mas apasionantes de los ultimos anos. En efecto, al
comenzar el trabajo que ha dado lugar al grueso de este texto, el boson de Higgs no era
mas que una hipétesis teérica bien motivada 3. Tres afios después, tras el descrubimiento
del mismo en julio de 2013 en el CERN, la existencia del bosén de Higgs es un hecho
experimental. Maés atun, las medidas de los acoplamientos del boséon de Higgs a las
particulas méds masivas son compatibles, en sus (todavia grandes) mérgenes de error,
con el modelo estdndar. Se cierra asi un proceso de décadas de desarrollo tedrico y
busqueda experimental, que ha derivado en la que es, posiblemente, la teoria cientifica
mas precisa y ambiciosa. Sin embargo, el modelo estandar no es capaz de responder
algunas preguntas fundamentales. ;Por qué el bosén de Higgs, entendido como una
particula escalar elemental, tiene una masa tan pequena? No hay ninguna simetria que
proteja las masas de los escalares fundamentales. Si a cierta escala A hay fisica que
acople a estos (y sabemos que a la escala de Planck tiene que haber fisica relacionada
con el campo gravitatorio), la masa de estos escalares recibe correcciones de orden A
(este es, grosso modo, el famoso problema de las jerarquias).

JPor qué las masas de los fermiones son tan dispares? Por ejemplo, la masa del
fermion mas pesado, el quark top, es mas de cinco érdenes de magnitud mayor que
la masa del quark up. ;Y por qué los neutrinos son masivos? El modelo estandar

solo contiene neutrinos levégiros Los neutrinos dextrégiros son singletes y, por tanto,

3Es cierto que existian fuertes evidencias teéricas y medidas de precisién que sugerian que el bosén
de Higgs tendria que ser descubierto tarde o temprano. Pero no lo es menos que, en los anos previos
a la construccién del LHC, se propusieron diferentes modelos que no inclufan el bosén de Higgs [1, 2].
Mas tarde, y a la luz de los datos arrojados por el LHC en sus primeras colisiones —todos ellos con
resultados negativos—, también aparecieron trabajos de estas caracteristicas (véase por ejemplo [3]).

15
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no interaccionan con el resto de particulas del modelo estandar. En consecuencia, no
pueden escribirse términos de masa para los neutrinos. Todas estas cuestiones sugieren
que hay fisica mas alla del modelo estandar, a cierta escala A, capaz de ofrecer soluciones
a estas anomalias. El objetivo principal de esta tesis es estudiar algunas de estas
soluciones y sus consecuencias fenomenologicas.

Para estudiar las propiedades de esta fisica aiin no conocida se pueden tomar dos
grandes caminos, dependiendo de si A es suficientemente mayor que la escala de e-
nergia de los experimentos a los que tenemos acceso, o si por el contrario es del mismo
orden. En el primer caso, la fisica pesada puede integrarse, dando lugar a un desarrollo
en operadores efectivos. Los coeficientes de estos operadores, si pueden medirse, nos
proporcionan informacién indirecta sobre las propiedades de las nuevas particulas. Si,
en cambio, la nueva fisica se sitiia en escalas de energia accesibles a los experimentos,
entonces las nuevas particulas pesadas pueden producirse y estudiarse en estos direc-
tamente. En la era del LHC, y habida cuenta de que sobran argumentos tedricos para
pensar que hay fisica nueva a la escala del TeV, es este segundo enfoque el que aqui
adoptamos. El grueso de la tesis se basa en los articulos publicados en [4-9] y, en
menor medida, [10, 11] (véanse también las siguientes contribuciones a congresos: [12—
15]). En [16] adoptamos el segundo enfoque y, por tanto, no forma parte de esta tesis.

El esquema en tres etapas que hemos esbozado aqui, problema-solucion-consecuencias,
es el que determina la estructura de este texto. Se ha intentado que la exposicion del
mismo sea lo mas autocontenida posible. A tal efecto, se asume que los fundamentos
de la teoria cuantica de campos y de la teoria de grupos son conocidos. El resto de los
contenidos se explican pues, en mayor o menor detalle, partiendo de esta base. Asi,
en el capitulo 2 se describe el modelo estandar. Discutimos, en particular, el sector
de Higgs y las dificultades que trae consigo *. Allf introducimos brevemente los mode-
los que pueden sortear estas dificultades: modelos en los que el boson Higgs es una
particula compuesta y modelos con escalares que no conservan el ntumero lepténico.
Estos contienen nuevas particulas pesadas que pueden ser producidas en aceleradores

como el LHC. El desarrollo posterior de la tesis, en consecuencia, se dedica a estudiar la

4Las preguntas que nos hemos formulado anteriormente sugieren que algunos de los problemas més
importantes que encierra el modelo estandar estan relacionados con las masas de las particulas. Y, por
lo tanto, con el sector de Higgs. Lo que no es de extranar, por cuanto el sector escalar es la parcela de
la teoria menos explorada experimentalmente.
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fenomenologia en colisionadores de estas extensiones del sector de Higgs. Este trabajo,
no obstante, no podria llevarse a buen puerto sin las herramientas computacionales
y estadisticas que requiere un estudio de esta envergadura. Por ello, y con vistas a
mantener un planteamiento autocontenido, se dedica el capitulo 3 a los fundamentos
de la investigacién fenomenoldgica y experimental en fisica de altas energias: elemen-
tos basicos de los aceleradores y los detectores, simuladores Monte Carlo, conceptos
elementales del andlisis de datos y teoria estadistica.

En el capitulo 4 estudiamos la fenomenologia del minimo modelo de Higgs com-
puesto, que se basa en el coset SO(5)/SO(4) y, en consecuencia, presenta el mismo
numero de grados de libertad que el sector escalar del modelo estandar. En una primera
parte se introducen los desarrollos tedricos. En particular, se introduce el concepto de
grado de composicion, que sirve de guia para el estudio posterior. A grandes rasgos, el
grado de composiciéon de una particula cuantifica el grado de interaccién de esta con
las particulas del sector compuesto —al que se asume que pertenece el Higgs—. Como
veremos, las particulas mas pesadas tienen, de forma natural, un mayor grado de com-
posicién (aunque bajo ciertas condiciones las particulas ligeras pueden ser también com-
puestas). Esta observacién nos permite estudiar tres casos distintos de la fenomenologia
de estos modelos: aquel en que el quark top es muy compuesto, aquel en que lo es el
bottom y, por ultimo, el caso de particulas ligeras muy compuestas. El capitulo termina
con el desarrollo de un modelo de Higgs compuesto basado en un sector fuerte cuya
simetria global SO(7) se rompe espontaneamente a GG5. Veremos que los nuevos grados
de libertad que surgen en este modelo pueden modificar la desintegracin del bosén de
Higgs en fotones.

Finalmente, en el capitulo 5, nos preguntamos si es posible observar en el LHC
bosones escalares que no conserven el nimero leptonico. Para ello, clasificamos estos
campos desde un enfoque efectivo. Utilizando andlisis actuales de ATLAS y CMS, es-
tablecemos las primeras cotas a la violacion de niimero lepténico en el sector escalar. Al
final del capitulo, describimos cémo determinar los niimeros cuanticos de estos campos
si, finalmente, son detectados. La tesis finaliza con las conclusiones del capitulo 6. En
los apéndices A, B, C y D proporcionamos informacién auxiliar: expresiones concretas
de los generadores de SU(2), las bases matematicas de los modelos sigma no lineales,
la estructura de SO(5)/SO(4) y la de SO(7)/G2 respectivamente.
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NLO Next-to-leading order

NP  New physics

PDF Parton-distribution function
pNGB pseudo Nambu-Goldstone boson
QCD Quantum Chromodynamics
QED Quantum Electrodynamics

RH  Right handed

SILH Strongly-interacting light Higgs
SM  Standard Model

UV  Ultraviolet

VBF Vector-boson fusion

VBHF Vector boson Higgs fusion
VEV Vacuum expectation value

WIMP Weak-interacting massive parti-

cle
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Chapter 2

The Standard Model of particle
physics

The Standard Model (SM) is our current description of the elementary particles and
their interactions (due to its different nature, we do not consider the gravitational
force in what follows). It is a quantum gauge field theory based on the gauge group
SU(3). x SU(2)r, x U(1)y, whose matter content (i.e., fields with spin 1/2) is given by
three replicas of each field in Table 2.1. The SU(3). component of the SM gauge group
is known as the color group, and its associated force is called the strong force. The
theory of strong interactions is known as Quantum Chromodynamics (QCD). Similarly,
the SU(2)r x U(1)y group is called the electroweak (EW) group and its associated
interaction the EW interaction. Besides, the U(1)y charge is known as the hypercharge.
Those fermionic fields carrying color are called quarks, and comprise the left-handed
(LH) q1, = (ug,dr)” fields as well as the right-handed (RH) ug and dr (and their heavier
replicas, (cr, s)?, cr, sr, (tr,br)?, tg and br) . And those fields that are not charged
under the color group, the LH Ly = (v.r,er)” and the RH ep, are called leptons. Their
respective heavier partners, namely (v,r, ur)’, g, (v, 71)" and 7x are of course also

leptons 2. Note that the RH fields are uncharged under the EW gauge group, so that

!Hereafter, the LH and RH u, c and t fields are generically known as the up quarks, being ¢ and ¢
specifically named charm and top quarks. Analogously, the LH and RH d, s and b fields are generically
known as the down quarks, while s and b are specifically called strange and bottom quarks.

2In the following, we refer to the light e and p leptons by ¢, while [ stands either for e, u or 7.
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Field Spin  SU(3). irrep SU(2) irrep U(1)y charge
qr = (uL,dL)T 1/2 3 2 1/6
ur 1/2 3 1 2/3
dr 1/2 3 1 ~1/3
LL:(I/L,ZL)T 1/2 1 2 —1/2
I 1/2 1 1 1
VR 1/2 1 1 0
g 1 8 1 0
Wi 1 0 3 0
B, 1 1 1 0
¢ 0 0 2 1/2

Table 2.1: SM field content. The RH neutrino is shown in gray because it is not
assumed to exist in the SM, for it transforms trivially under the SM gauge group
and thus does not interact with any other particle. Fermionic antiparticles (carrying
complex-conjugated charges) are not explicitly shown.

the parity symmetry is explicitly and maximally broken by the EW interaction. It is
also worth noting that the RH neutrino transforms trivially under the SM gauge group,
and hence does not interact with any other field in the theory. Thus, it is assumed not
to be part of the SM. Nonetheless, SM extensions with heavy RH neutrinos have been
considered in the literature and we refer to them later in this section.

The theory contains also 12 gauge bosons (i.e., fields with spin 1) transforming in
the adjoint representation of the SM gauge group. Eight of them are called gluons (g),
g, with a = 1,2,...,8, and represent the force carriers of the strong interaction. The
remaining four gauge bosons, W/f with I = 1,2,3 and B,,, are the mediators of the EW
interaction and correspond to the SU(2), and U(1)y groups respectively. The dynamics
of these fields is determined in terms of a lagrangian, whose structure is completely fixed
by the principle of gauge invariance, together with the requirement of renormalizability.
Finally, there is a last piece that allows the SM gauge group, SU(3). x SU(2)L xU(1)y,
to be spontaneously broken to SU(3). x U(1)g, where U(1)g is the electromagnetic
group, whose associated interaction is known as Quantum FElectrodynamics (QED).
This is achieved by the vacuum expectation value (VEV) of an uncolored scalar EW
doublet, ¢, with hypercharge 1/2. After EW symmetry breaking (EWSB), three of the

scalar fields in ¢ are eaten by the EW gauge bosons, which then become massive.
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The SM has been developed throughout the second half of the 20th century, as
a collaborative effort of scientists around the world. The SM in its current form in
a single report was first presented by John Iliopoulos. From the theoretical point of
view, the first step towards the construction of the SM was given by Sheldon Glashow
with the development of the theory of the EW interactions in 1961 [17] (what earned
him the Nobel Prize in 1979). After that, the discovery of the Higgs mechanism by
Peter Higgs [18], Robert Brout and Francois Englert [19] (Higgs and Englert shared
the Nobel Prize in 2013 by this contribution) allowed Steven Weinberg [20] and Abdus
Salam to bring the SM in its modern form, after incorporating the Higgs mechanism in
Glashow’s theory in 1967, and win the Nobel Prize in 1979 too. The theory of the strong
interactions, to which many contributed (it is worth mentioning Murray Gell-Mann [21]
and George Zweig [22] by the prediction of the quarks), acquired its modern form around
mid 70s. From the experimental point of view, many of the particles were already
known before the development of the SM. That is the case of the electron/positron
(1897/1932), the photon (in early 1900), the muon (1936) or the electron and muon
neutrinos (1956 and 1962 respectively). The light quarks (discovered in 1968) [23, 24],
the tau (1975) [25], the bottom (1977) [26], the gluon (1978) [27, 28], the EW gauge
bosons (1983) [29, 30], the top quark (1995) [31, 32], the tau neutrino (2000) [33] and
the Higgs boson (2012) [34, 35] instead were predicted, and subsequently discovered at
SLAC, the SLAC-LBL group, the Fermilab E288 experiment (at Tevatron), the TASSO
Collaboration (at PETRA, DESY), the UA1 and UA2 collaborations (at CERN), the
CDF and DO Collaborations (at Tevatron, Fermilab), the DONUT Collaboration and
the ATLAS and CMS collaborations (at CERN) respectively.

Martin Lewis Perl, Leon M. Lederman, Carlo Rubbia and Simon van der Meer were
awarded with the Nobel Prize for their contributions.

Thus, up to the date, the SM has been tested by an impressive amount of data,
leading to a robust and huge agreement between theory and experiments. However,
the recent discovery of the Higgs boson, implies that the scalar sector is only starting
to be probed, and thus deviations from the SM predictions in the Higgs sector can be
expected to appear in the next years. Indeed, as we discuss in Section 2.3, there are
significant arguments to think that the minimal scalar sector of the SM is not adequate

to describe the full phenomenology of elementary particles. In this text we mainly
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focus on fine-tuning problems (related to the Higgs mass and the puzzling hierarchy
in the quark masses) and the well-established evidence of neutrino masses. Hence,
in the following we describe in detail the gauge interactions of the SM fermions and
gauge bosons in Section 2.1. In Section 2.2 we introduce the scalar sector of the SM,
hence completing the mathematical formulation of the SM, and discuss the interplay
between theory and experiments. In Section 2.3 we argue that, although most of the
experiments developed so far are in extremely good agreement with the SM, there are
theoretical questions (mainly fine-tuning problems) as well as experimental evidences
(like neutrino masses) that can not be accommodated in the SM. Given that, contrary
to the other particles and interactions, the scalar sector has been only poorly tested,
we argue that the SM Higgs sector has to be necessarily modified in order to explain
these observations. Thus, in Section 2.4 we briefly introduce extensions of the scalar

sector that are discussed in detail in the next chapters.

2.1 Gauge symmetry and interactions

The interactions among the fermions, mediated by the gauge bosons, are described by

the most general renormalizable gauge invariant lagrangian, given by:

1 1 1
o ZLGZVGgu o ZWl{VW;W - ZBAWBMV (2'1)

+iqriPqr; + g Pur; +idg i Pdri + il DLy + ilg; Dlg;,

Loy =

where 7 is used to label the different families. The different strength tensors are given by
G, = 0ugs—0,90—gs fnghgs, Wi, = 0,W) —0,W, — gl WIWXS, B, = 0,B,—09,B,,
fave and the totally antisymmetric €75 are the group structure constants of SU(3). and
SU(2)y, respectively. ) = 4D, and the convention for the covariant derivative acting

over an arbitrary field ¢ that we use is given by
D= 1[0,+1i Ao oy ' +idYB
uP = i + ng?g'u + ZQTIWM +19 w ¥ (22)

what can be also written as

ig N 1 :
W W)+ 2 (- Q) zu+@eQAM]¢ (2.3)

Aa

D,y =10,+1gs 5

g, +
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if we define T+ = Ty +iTy and W+ = (W FiW?)/v2. T} are the generators of SU(2),
whose explicit expression depends on the exact representation the field ¢ transforms in.
In Appendix A one can find different examples, that are extensively used in Chapter 5.
Aq stand for the Gell-Mann matrices (which should be set to zero for leptons). Y stands
for the hypercharge, Z,, and A, are defined as

AH = CWB,u + Swwi, Z'u = wai — SwB#, (24)

Q = T;+Y and sy (cw) is the sine (cosine) of the Weinberg angle 6y, given by
tanfy = ¢'/g. In addition, e = gsy = gcw. It is clear that the strong interaction
does not break parity, because both the LH and RH components of the same fermion
transform identically under SU(3). Hence we say that the strong force is vector like.
Concerning the EW interactions, we can see that any two fermions ¢ and ¢’ in the
same doublet, (1,4")T, interact through the interchange of a W boson according to the

following equation:

L v 5\ WA+ 1 o, 5 -
- — 1— W 4+ 'y*(1 — W-|. 2.5
Ot P = e | 25)
It is apparent from this equation that parity is maximally broken in EW charged in-
teractions. Analogously, we have the following neutral interactions for each fermion
Wv:
ey pA, + ﬁw (2QS%V ~Ts+ :W) V2, (2.6)

where now T3 (the third component of the isospin) stands only for the ) LH compo-
nent. Thus, the interactions mediated by A, are vector like while those mediated by
Z, break also parity. Hence, A, can be identified with the photon (), @ with the
electromagnetic charge and e = v/4ma (being o the fine-structure constant). The only
remaining requirement is the introduction of masses, that are explicitly forbidden by

the gauge symmetry, by means of the Higgs mechanism.

2.2 The Higgs sector

The spontaneous breaking of the gauge SU(3).x SU(2), x U(1)y symmetry is achieved
in the SM in a minimal way, by introducing the uncolored Higgs doublet ¢ = (¢T, ¢")”
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with hypercharge Y = 1/2. Thus, the most general lagrangian involving the Higgs and
the rest of the SM particles reads

Ls = (Do) (D*¢) — ppd'eé — Mu(970)? (2.7)

— |ytaiour; + yiaiddr; + v Liidle; +hee.|,

where ¢ stands for ¢ = igy¢*, being oo the second Pauli matrix (Appendix A). )
transforms also as a doublet but with hypercharge Y = —1/2. The first line in the
last equation contains the Higgs interactions with the gauge bosons and the Higgs self-
interactions (the potential). The second line, known as the Yukawa sector, contains the
couplings of the Higgs doublet to the fermions. This potential allows the Higgs doublet

to get a VEV in its neutral component if p7 < 0, so that in the unitary gauge we obtain

_L(0 v | Pk
¢\/§<h+v)’ with v = N, (2.8)

being h = v/2Re(¢°) the only physical degree of freedom in the scalar sector. Once h
takes the VEV v, the EW symmetry SU(2) xU(1)y is broken to U(1)g, the electromag-
netic group generated by 75 + Y. After EWSB, the term (D, ¢)"(D"¢) in equation 2.7

reduces to

1 g _ 1
(Do) (D" ¢) = Sy (vz + 2uh + h2> (W;W# + %Z“Z“) (2.9)
Thus, we see the W and Z bosons acquire a mass given by my = 1/2gv and my =
mw /cw respectively. Analogously, the Yukawa setor reduces, after EWSB, to the

following lagrangian:

v h W — . .
v (1 + ;) (yijugui% +yldy dfy + YLl b, + h.c.> : (2.10)
This equation presents mixing terms between the different SM fermions. In order to

d,l :
wdl (whose components are yzu] ") have to be diag-

get the physical fields, the matrices y
onalized. This can be done by means of two unitary matrices L{z’d’l and L{}%’d’l for each

sector (u, d and [) satisfying (Z/{}j)Ty“L{}% = diag(yu, Ye, Yt); (Uﬁ)*ydzxﬁé = diag(ya, Ys, )
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U d c S t b e u T W A h
Mass 0.002 0.0056 1.3 0.009 173 4.2 0.0005 0.1 1.8 804 91.2 126

Table 2.2: Approximate mass (in GeV) of the massive SM particles. The photon (),
the gluon (g) and the neutrinos () are massless.

and (UL)Ty'UY = diag(ye, Yy, Y- ), Where y, 4; are real positive values. Thus, the masses
of any SM fermion v is then given by my = vyy,/ V2 (note, however, that the absence
of RH neutrinos implies that neutrinos are massless in the SM). Hence, the larger its
Yukawa coupling the larger the mass of the fermion. The masses of all the SM particles
have been measured with relatively good accuracy. The masses of the SM massive par-
ticles are shown in Table 2.2. The rotations above introduce flavor-changing charged
currents (FCCCs), so that equation 2.5 reads in the physical basis (i.e., after EWSB) 3

— 2%5 { {%“(1 — P Wid? + vyt (1 — 75)11} W, + h.c.} : (2.11)
where V = (U¥)TUZ is the Cabbibo-Kobayashi-Maskawa (CKM) matrix. Finally, the
EWSB mechanism also provides a mass to the physical Higgs boson h. This is given
by my = v/2Av.  The interactions between the Higgs boson and the rest of the SM
particles allow h to be produced and decay in different ways. Among the production
mechanisms, gluon fusion (GF) and vector-boson fusion (VBF) are the main ones.
Concerning the decays, the Higgs boson mainly decays into bb (although the top quark
is the fermion with the largest Yukawa coupling —and hence the largest mass—, the
Higgs boson is not allowed to decay into on-shell ¢£ because my, is smaller than twice
m;) and, in a lower rate, WEWF* (W* representing an off-shell W), gg, 7777, c¢c, ZZ
(with one off-shell Z*), vy and Z~.

Finally, let us comment that the global symmetry of the SM is larger than just the
gauge symmetry. Indeed, there is an accidental global symmetry left, given by the group
U1)pxU(1)p, xU(1)g, xU(1),, being U(1)p the baryon number symmetry group and
U(l) the e, u, 7 lepton number (LN) symmetry groups. The charge of all the quark

LevIJ‘YT

3Flavor-changing neutral currents (FCNCs) are however not introduced. Note also that, due to the
absence of RH neutrinos in the SM, FCCCs do not occur in the lepton sector.
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fields under U(1)p is B = 1/3 while the rest of the particles are singlets. Similarly,
the first, second and third families of leptons transform with charge L. ,, = 1 under
U(1)r., U(1)r, and U(1), respectively. The total LN is defined to be L = L.+ L, +L-.
Although both B and L are accidentally conserved at the tree level in the SM, at the
quantum level they are anomalous and then violated, but not their difference B — L.

Regarding only the purely scalar lagrangian (i.e., switching off the gauge and
Yukawa interactions), there is another important transformation, known as the cus-
todial symmetry. Under the custodial symmetry, the real components of the Higgs
doublet ¢, that is, gz_g = (01, ¢2, @3, ¢04)T, transform in the vector representation of
SO(4) ~ SU(2) x SU(2), where the first SU(2) is exactly the EW gauge symmetry
group SU(2)r %. The custodial symmetry is explicitly broken by the gauging of U(1)y
and the difference between the top and bottom Yukawa couplings °, and spontaneously
broken to SU(2)+r ~ SO(3)y after EWSB. This symmetry is responsible for the tree-
level relation p = m,/(m%c,) = 1. Quantum corrections make p slightly increase,
setting it in very good agreement with the experimental measurement: 1.0004700003 at
the 95% confidence level (C.L.).

2.3 Problems of a minimal sector

The SM of elementary particles has been tested with an impressive level of detail. Not
only all the predicted particles have been discovered, but their interactions have been
probed with a very good accuracy in a large number of experiments, being in very good
agreement with the theoretical predictions. The main experimental tests of the SM
come from low-energy scattering data, precision CP, P and flavor experiments (LEP
and SLAC), eTe™ scattering above the Z pole up to energies around 200 GeV (LEP2),
pp collisions at 1.96 TeV of center of mass energy (c.m.e.) (Tevatron) and pp collisions
at 7 and 8 TeV of c.m.e. (LHC). The theoretical predictions have been computed
up to (at least) the one-loop accuracy. A global EW fit to different observables, as
reported in reference [36], is shown in Table 2.3.  On another front, the interactions

in the scalar sector are now only starting to be probed in both ATLAS and CMS

“Hereafter we write the custodial symmetry group as SU(2)r x SU(2)g.

5The different ¢ and s Yukawa couplings, as well as the difference between the v and d Yukawa
couplings also break the custodial symmetry, but this breaking is suppressed by their small values.
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Parameter Input value Free in the fit  Fit result
my, [GeV] 125.7 £ 0.4 yes 125.7 + 0.4
my [GeV] 80.385 & 0.015 - 80.367 + 0.007
Ty [GeV] 2.085 & 0.042 - 2.091 £ 0.001
my [GeV] 91.1875 £ 0.0021  yes 91.1878 = 0.0021
I'; [GeV] 2.4952 +0.0023 - 2.4954 + 0.0014
ol ; [nb] 41.540 + 0.037 - 41.479 £ 0.014
RY 20.767 & 0.025 - 20.740 + 0.017
A% 0.0171 +£0.0010 - 0.01627 = 0.0002
A, 0.1499 +0.0018 - 0.1473100000
sin® Ot (Qrp 0.2324 +0.0012 - 0.23148F0:90011
A, 0.670 & 0.027 - 0.6680 ) 00aa
Ay 0.923 £ 0.020 - 0.9346475 00007
AV 0.0707 £0.0035 - 0.073975-5002
A% 0.0992 £0.0016 - 0.103210 0006
RO 0.1721 +£0.0030 - 0.17223 + 0.00006
R) 0.21629 = 0.00066 - 0.21474 = 0.00003
e [GeV] 1.27409% yes 1.274097
iy [GeV] 4.201007 yes 4.201047
my [GeV] 173.19 4 0.94 yes 173.52 4 0.88
Aol (m%) 107 2757 + 10 yes 2755+ 11
as(m? - yes 0.1191 4 0.0028
denmw [GeV] [—4, 4]theo yes 4
Sensin? 0% - 107° [—4.7,4.7)theo yes -14

Table 2.3: Input values and fit results for the observables and parameters of the global
EW fit. The first and second columns list, respectively, the observables/parameters used
in the fit, and their experimental values or phenomenological estimates. The subscript
theo labels theoretical error ranges. The third column indicates whether a parameter
is floating in the fit, and the fourth column quotes the results of the fit including all
experimental data. This table is provided by the GFitter group in reference [36].

experiments. For instance, the measurements of Higgs signal strengths p (defined as

the ratio between the measured cross section and the SM one) in different channels can
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Channel Signal strength (ATLAS)  Signal strength (CMS)
h — vy p=1571033 0.72 4 0.27

h— ZZ* — (0= 0+e- po= 1441030 0.93 4 0.27

h— WW* = (Tul~v p= 1001932 0.7240.19

W, Z h — bb p=0.2797 1.040.5

h— 1t~ p= 14797 0.78 £0.27

Table 2.4: The measured signal strengths for the Higgs boson, normalized to the SM
expectations. The ATLAS results have been taken from reference [37] and the corre-
sponding ones for CMS from [38-42] (CMS).

be found in reference [37] (for ATLAS) and references [38-42] (for CMS). We summarize
in Table 2.3 the main results, in units of the SM (u = 1). The combined signal strength
for ATLAS is given by p = 1.307015 [37]. Although errors are still large, the results
are in quite good agreement with the SM expectations; large deviations coming mainly
from h — ~v. We discuss this channel in more detail in Section 4.8.

Concerning the accidental global symmetries, one may then wonder if they are also
exactly realized in Nature, as predicted by the SM (up to non-perturbative effects). If
broken, they are only very tinily violated. In fact, if the proton decays, B number would
be broken, but we know that the proton mean life is extremely long 7, > 2.1 x 10%
yr at 90% C.L. [43]. The observed B asymmetry of the universe is also quite small
n ~ 10710 [43], as it is the B number violation required to explain it if this is actually
its origin. Similarly, LN is only very tinily broken if it is not exact. The only low-energy
process which might provide conclusive evidence of LN violation (LNV), neutrinoless
double beta decay (0v33), has not been undoubtedly observed 71 ("Ge — ™Se+2e™) >
1.9 x 10% yr at 90% C.L. [43]. Besides, if the B asymmetry is due to leptogenesis [44]
and hence to LNV, its amount at low energy should be rather small, too. Hence, in
summary, the field content of the SM, together with the gauge symmetry principle
based on SU(3). x SU(2), x U(1)y, describe extremely well most of the physics of
elementary particles.

However, there are still theoretical and experimental facts that can not be accom-
modated within the SM, all of them being related to the Higgs sector (of course, the SM

does not explain either gravitation, the cosmological evidence of dark matter (DM) or
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inflation, but these observations have a different nature, and thereby we do not refer to
them in detail throughout this text). This observation should not be surprising, inso-
much as the experimental evidence of the Higgs sector is very recent, and thus the scalar
sector is the one from which we have less experimental data. Indeed, regarding the la-
grangian in equation 2.7, we observe that —laying aside the kinetic lagrangian— there
are either theoretical or phenomenological problems associated to every term. Thus, it
is well known that the mass of an elementary scalar (u, in our case) is quadratically
sensitive to every scale it couples too, giving rise to a hierarchy problem. Also, the
running of the quartic term A, (¢'¢)? shows that the Higgs potential can develop an
instability at large field values [45, 46]. Concerning the Yukawa sector, two observations
are worth to point out: the puzzling hierarchy between the different fermion masses
and the fact that neutrinos have a mass. All these remarks suggest that the SM is
not a complete theory, and new degrees of freedom have to be added at energies above
the EW scale, in order to overcome these difficulties. In what follows we describe in
more detail the hierarchy problem and the intriguing quark masses, as well as the well-
established evidence of massive neutrinos. Then we assert that extended Higgs sectors
(by extended Higgs sectors we mean either extending the SM Higgs sector with new
scalar degrees of freedom, or by means of new interactions) provide appealing solutions
to these questions. In particular, composite Higgs models (CHMs) can alleviate the
hierarchy problem as well as naturally achieve the hierarchy in the quark spectrum. On

another front, neutrino masses can be elegantly explained by the see-saw mechanism ©.

2.4 Extended Higgs sectors

In the next sections we briefly introduce CHMs and see-saw models. The first can
naturally arrange both the hierarchy problem and the puzzling quark mass hierarchy.
see-saw models can accommodate massive neutrinos in a natural way. Let us start
describing these problems in a deeper level of detail.

The hierarchy problem comes from the observation that masses of elementary scalars

are not stable under radiative corrections. Hence, in general, the Higgs mass is quadrat-

SNote that, although we do not consider the instability problem in the SM [46], this can be also
stabilized extending the scalar sector. For example, introducing a heavy scalar singlet with a large
VEV, as first shown in [45].
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ically sensitive to radiative corrections due to new particles. For example, let us assume
that some new massive fermion ¥, with mass My, couples via Yukawa terms to the
Higgs doublet with Yukawa coupling Yy. In such a case, radiative corrections due to

loops of ¥ modify the Higgs mass term py,, such correction being [47]
opp, X —— My (2.12)
T

Similar expressions can be found for other scenarios (for instance: if ¥ is not a fermion
but a boson or if ¥ only interacts with the Higgs boson by means of gauge interactions
(see reference [47] for details). Hence, if My is much larger than the EW scale, the
correction duy can be huge. In that case, an incredibly large fine-tuning in the parame-
ters of the theory is required to keep the mass of the Higgs boson at its measured value
my, ~ 126 GeV. As a matter of fact, new particles are expected at the Planck scale,
Ap ~ 10 GeV. Thus, unless some new symmetry is enforced to protect the Higgs
boson mass (as it stands in SUSY 7), the SM alone becomes an unnaturally fine-tuned
theory (note that similar problems do not affect to SM elementary fermions and bosons
which, contrary to the Higgs scalar, acquire their mass via the EWSB mechanism). This
can be solved if the Higgs boson is a bound state rather than an elementary scalar.
On another front we have the large differences between the masses of the different
fermions (see Table 2.2). In particular, there are more than six orders of magnitude
between the top quark mass (m; ~ 173 GeV) and the electron mass (m. ~ 0.5 MeV).
Even in the same family the splitting can be very large. For example, m; — m; > 100
GeV. These unnatural differences can not be explained by the SM, and hence they
suggest that the SM has to be enlarged with new physics (NP). But of most importance
is the fact that, contrary to what several experiments have definitely well established,

neutrinos are massless within the SM ®. The reason is that LH neutrinos do not have

"In (unbroken) SUSY, each fermion (boson) has a scalar (fermionic) superpartner that couples with
identical strength to the Higgs boson. Thus, any loop of fermions is accompanied by a loop of bosons.
Due to the different sign in fermions and boson loops, these contributions cancel exactly.

8Neutrino experiments, mainly solar [48-53], atmospheric [54, 55|, reactor [56-59] and accelera-
tor [60-62], have provided compelling evidences for oscillations of neutrinos. By neutrinos oscillations
we mean that, if a neutrino with a given flavor i is produced in some process, at a large enough distance
L from the source the probability to find a neutrino of a different flavor j is not zero. This quantum
mechanical effect can not occur if neutrinos are massless. For a large review on this we refer to [43].
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their RH counterparts. In addition, Majorana mass terms m, ¢y, violate explicitly
gauge symmetry and thus can neither be written at the tree level nor be produced at
any order in perturbation theory. As a result, LN is also accidentally conserved. Note
that this conserved quantity does not come directly from gauge symmetry, but as a
combination of both gauge symmetry and renormalizability. Indeed, at the effective
level we can construct the Weinberg operator O® = (I¢¢*)(¢'Ly). This operator is
compatible with the gauge symmetry while does not conserve LN, and in fact gives a
Majorana mass to the neutrinos after EWSB ?. Hence, if we consider neutrinos to be
Majorana (see Footnote 9), the question is whether the scalar sector is also responsible
for neutrino masses, and then of LNV, and if can be tested at the LHC. That is to say:
whether signals of LNV scalars can be found at the LHC. This is precisely what we
answer in Section 5. There we classify, using an EFT approach, the scalar fields with
LNV interactions that can be potentially observed at the LHC, and bound this NP
using current ATLAS and CMS analyses. Among the models that can fulfill our EFT
approach, the see-saw model of type II is the most famous one. In fact, the ATLAS and
CMS analyses that we use in Section 5 proposed to probe this model. In Section 2.4.2

we briefly introduce the see-saw model of type II.

2.4.1 Composite Higgs models

CHMs [63-65] provide a compelling solution to the hierarchy problem. The Higgs boson
arises as a bound state of a new strongly-interacting sector, with a global symmetry
group G spontaneously broken to H C . Thus, its mass is protected by its finite size.
The Higgs boson is assumed to be a pseudo Nambu-Goldstone boson (pNGB) of the
global symmetry breaking pattern, and hence if the NP scale f is around the TeV, the
Higgs boson mass can be naturally at the EW scale.

Two ways are usually considered to achieve the explicit breaking of GG: gauging only

the SM gauge subgroup of H and mixing linearly the composite resonances with the

90ne can of course also try to extend the SM with the neutrinos RH counterparts, v, in order
to give neutrinos a mass through the Higgs mechanism as for the rest of the SM Dirac fermions. In
such a case, however, the LNV gauge invariant term Mv§vg is present, and thus neutrinos are still
Majorana unless some NP is invoked to make LN an exact symmetry. At any rate, the observation of
non-vanishing neutrino masses necessarily requires NP. Either to explain why LN is an exact symmetry
and neutrinos are Dirac, or to achieve Majorana masses and thus LNV. We only consider this last case
in this text.
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SM CHCG

Figure 2.1: Pictorial description of CHMs. A new composite and strong sector, with
approximate global symmetry group G is spontaneously broken to H. It couples to the
elementary particles via linear mixings, while the Higgs remains fully composite.

elementary SM fields. As a consequence, the physical fields are admixtures of composite
and elementary states (partial compositeness [66]). This point implies that the larger
the mixing, the larger the interaction of an elementary field with the strong sector
—in particular with the Higgs boson, which is fully composite— and thus its mass.
Therefore, flavor can be naturally accommodated in this framework. Contrary to what
happens in the SM, the Higgs potential is dynamically generated.

This scenario can be pictorially shown as in Figure 2.4.1: two sectors, one elementary
and the other new strongly coupled, mix linearly. The dynamics of the composite
Higgs boson at low energy is described by a non-linear sigma model, and thus non-
linear interactions parametrized by the scale f appear. In this sense, the scalar sector
is non-minimal. The couplings of the Higgs boson to the SM particles become hence
modified at order & ~ v?/f2 If £ is close to zero then the Higgs couplings are SM-
like. In addition, new heavier particles (the ones the elementary SM fermions linearly
couple to, together with their partners filling full representations of G) are also present.
Although EW precision data (EWPD) typically require these resonances to be beyond
the reach of current analyses [67-69], we will see in Chapter 4 that more ingenious
searches can actually probe the new strong sector even with the data of the first LHC
run. In particular, in Sections 4.5, 4.6 and 4.7 in that chapter we see that new color-
octet resonances can be more efficiently searched for through their decay into a massive

fermion resonance and a SM quark, due to the very distinctive kinematics.
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Figure 2.2: LNV interactions in the see-saw models of type I and 11T (left) and II (right).
In the see-saw model of type I (III) LNV is mediated by new singlets (triplets with
Y = 1) fermionic resonances. In the see-saw model of type II this is achieved through
the addition of a new scalar triplet with ¥ = 1. The heavy fields are denoted with a
double line. The gray big dot represents a (LNV) mass insertion. After EWSB, the field
¢o takes a VEV and these diagrams generate a Majorana mass term for the neutrinos.

2.4.2 Seesaw model

The see-saw models of type I, II and III allow the neutrinos to get Majorana masses at
the tree level '* extending the SM with heavy fermionic SM singlets [75-79], a heavy
scalar SU(2)y, triplet with Y = 1 [80-85] and heavy fermionic SU(2), triplets with Y =
0 [86, 87] respectively. As we assume that NP is likely related to the Higgs sector, and
we in fact extend see-saw of type II searches to generic LNV scalar interactions, let us
consider here this second model. We only describe the basic features that are needed for
further discussions in Chapter 5. For more details see for instance reference [88]. In the
see-saw of type II, the SM scalar sector is accompanied by an SU(2), triplet with Y = 1
that we denote A = (AT, AT A%7. As we will see in Chapter 5, A can interact with
the leptons through the operator O = yA(i_LT‘lLL)MCﬁAbth.C., where a,b=1,0, —1,
M? is a 3 times 3 matrix with entries equal to 1 for a + b = 0 and zero in other case.
7% are the Pauli matrices in the spherical basis, AT! = —\%(Al —iAy), A% = Az, A7t =
\%(Al +iA,), times the Clebsch-Gordan coefficients C}';*%, up to a global factor and
sign: 7 = +(0y Fioy)/2, ° = 03/v2. And L, = ioy,LS. Abusing of notation, we
also call A to the traceless matrix A = [(A*/v/2, A*+), (A%, — Deltat/v/2)]. In this

way, the lagrangian involving the SM gauge and Higgs bosons and the new field can be

10More elaborated models give rise to radiatively-generated Majorana masses. See for instance
references [70-74].
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written as

L = (DAY DEA + mAtr(ATA) + M\ (6Td)tr(ATA) + Mo[tr(ATA))2 (2.13)

+ Agdet(ATA) + Ay (pTAATY) + [%u(ng@'@Aqﬁ) + h.c.] :

The first term in equation 2.13 stands for the kinetic term of the triplet and the rest of
the equation represent the new scalar lagrangian. In this model, the EW scale v ~ 246
GeV does not coincide with vy, = (¢°) but rather v = , /3 +v3 /2 being va o< pv}. va
gives neutrinos a Majorana (and hence LNV) mass once it is inserted in the operator
Oa. Thus, in order to break LN both ya and p have to be non-vanishing. va breaks
also the custodial symmetry, and thus has to be small to fulfill the constraints on the
p parameter. Besides, the tiny neutrino masses, together with a natural value of ya,
also require va to be small. The addition of A to the SM implies that we have five

physical scalar degrees of freedom instead of only one. Among these, we find three

+

phys Siven by

neutral scalars, two singly-charged scalars A

V2ua

v

Ai

phys = —sin BAi -+ cos ﬁ(zsi’ with tanﬁ =

(2.14)

and, of most importance for this work, two doubly-charged scalars AT+ that can decay
into same sign leptons trough the operator Oa (if ya is non-vanishing) and into same-
sign W bosons trough (D,A)'D*A (if 4 —and hence va— is non-vanishing). Thus,
A** can decay into [TI* and W*W¥ if, and only if, LN is violated . Otherwise,
if they only decay into two leptons with the same leptonic charge, the LN would be
well-defined and different from zero by 2 units, while if they only decay into a pair of
gauge bosons, their LN would be preserved and equal to 0.

Although current ALTAS [89] and CMS [90] searches proposed to probed the see-
saw model of type II only consider leptonic decays (and hence do not provide LNV
bounds), we see in Chapter 5 that LNV scalar interactions can be also tested with

current analyses.

Note that A**+ can also decay into their singly-charged partners A;thys and a W boson if there is a

large enough splitting between the mass of the doubly-charged scalar and the mass of the singly-charged
one. We discuss this point in detail in Section 5.



Chapter 3

Collider phenomenology and Monte

Carlo simulations

In the previous chapter we have presented the SM of particle physics. We have remarked
that, although most of the phenomenology of elementary particles is in very good
agreement with the SM predictions, there are a few open questions that can not be
accommodated within this framework. We have argued that extending the scalar sector
of the SM can provide good explanations to the observed deviations. In the following
we want to test whether these non-standard Higgs sectors are reliable or not.

The common prediction of these models are new particles that can be produced at
colliders. The signals of these particles at the detectors are the distinctive traces that
have to be compared with the theoretical predictions [91]. However, the understanding
of both the production of these particles and the traces of their subsequent decays on
the detectors require a huge amount of computation. This is mainly due to the large
number of involved Feynman diagrams [92], the radiation and hadronization ! of colored
particles and the precise description of detector effects. Hence, in order to address this
work, computational tools, mainly Monte Carlo ( MC) simulators, are unavoidable.
At the most basic level, a MC generator is a program which produces particle physics

events with the same probability as they (would) occur in nature. In other words: it

1Quarks and gluons can be found only within hadrons, either baryons -made of three quarks- or
mesons -made of one quark and one anti-quark-, except the top quark, whose mean lifetime (~ 1072°
s) is so small that is decays before hadronization [43]. This phenomenon is known as confinement.

37
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is a virtual collider. We describe the fundamentals of MC simulation in Section 3.3.
But first we describe the general features of the collider and detectors where the NP
we want to test takes place: the LHC and the ATLAS and CMS experiments. This is

discussed in Sections 3.1 and 3.2, and it is mainly based on reference [93].

3.1 The Large Hadron Collider

The LHC [94-96] is a proton-proton collider located at CERN laboratory, near Geneva
(Switzerland). With a c.m.e. of /s = 8 TeV, it has become the world’s largest and
highest-energy particle accelerator. The LHC is designed to give an answer to some of
the most relevant questions in high-energy physics: the origin of mass, the hierarchy
problem, the DM observation, the mystery of antimatter and the origin of our Universe
among others. The LHC is a circular accelerator with 26 km of circumference, installed
at an average depth of 100 meters. At the end of 2010, the LHC began colliding protons
at /s = 900 GeV and, for the first time, at /s = 2.36 TeV, exceeding the c.m.e. of
Tevatron. On March 30, 2010 the LHC achieved collisions at /s = 7 TeV, launching
a new era in particle physics. Since April 2012 until today a luminosity of around 20
fb~! of collisions at /s = 8 TeV has been recorded, and the operations for a running
at /s = 14 TeV just started.

The beams of protons collide at four interaction points, where ATLAS, CMS, AL-
ICE and LHC-B detectors are placed. The first two are generic purpose detectors,
appropriate to study the physics we discuss in this work.

The production of high-energy proton beams requires a complex injection and ac-
celeration chain. Protons are obtained from hydrogen atoms, then produced in bunches
and injected in the linear accelerator LINAC. After this step protons have an energy
of 50 MeV. Afterwards, they are injected in the PSB synchrotron, reaching an energy
of 1 GeV. These protons are then accelerated up to 26 GeV in the PS synchrotron and
are further accelerated to 450 GeV in the SPS one. Finally, the two counter-rotating
beams are injected in the main ring (LHC) where they reach a maximum (so far) energy
of 4 TeV. The proton bunches circle the ring inside vacuum pipes, guided by super-
conducting magnets. There are thousands of magnets directing the beams around the
accelerator: 1232 dipole magnets keeping the particles in their orbits, placed in the

curved sections of the LHC; and 392 quadrupole magnets focusing the beams, located
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proton beam energy 7 TeV
number of particles per bunch 1.15 x 10
number of bunches 2808

bunch spacing 25 ns
circulating beam current 0.582 A
stored energy per beam 362 MJ
mean bunch length 7.55 cm
mean beam diameter (ATLAS and CMS) 16.7 um
peak luminosity (ATLAS and CMS) 1034 cm 2571

Table 3.1: Summary of relevant parameters for the LHC collisions (extracted from [93]
and [97]).

in the straights ones. For a 8 TeV c.m.e., the dipoles have to work at a temperature
of 1.9 K (using superfluid helium for cooling), providing a 8.4 T magnetic field and a
current flow of 11.7 kA. The beams are accelerated and kept at a constant energy with
superconducting radiofrequency cavities. The LHC uses eight radiofrequency cavities
per beam. These cavities are operated at 4.5 K. At /s = 14 TeV, the LHC will be able
to reach a luminosity of 103* cm~2s~! when working under nominal conditions. This
would give an integrated luminosity of about 100 fb~! per year (in ATLAS or CMS).
Under these operating conditions, each proton beam has 2808 bunches, being the num-
ber of particles per bunch of around 1.15 x 10''. Table 3.1 summarizes the relevant

LHC parameters.

3.2 General Features of detectors

The ATLAS [98, 99] and CMS [100] are the two general-purpose detectors placed at
the LHC. Although they differ in the details, the general features we describe here are
shared by these two experiments.

For its interest in this work, we describe briefly the coordinate system in this kind
of detectors. This is represented in Figure 3.1 left. The nominal interaction point is
defined as the origin of the coordinate system, while the z-axis is placed along the
beam direction, and the xy plane is transverse to this. The positive z-axis is defined as
pointing from the interaction point to the centre of the LHC ring, and the positive y-axis

is defined as pointing upwards. The azimuthal angle ¢ is measured around the beam axis
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Figure 3.1: Left: General-purpose detector coordinate system (figure extracted
from [93]). The positive z-axis is defined as pointing from the interaction point to
the center of the LHC ring and the positive y-axis is defined as pointing upwards. The
side-A of the detector is defined as that with positive z and side-C is that with negative
z. The azimuthal angle ¢ is measured around the beam axis (with ¢ = 0 corresponding
to the z-axis), and the polar angle 6 is the angle from the beam axis. Right: Pseudo-
rapidity as a function of the polar angle. As angle increases from zero, pseudorapidity
decreases from infinity.

(with ¢ = 0 corresponding to the z-axis), and the polar angle 6 is the angle measured
from the beam axis (z-axis). The pseudorapidity is defined as n = — log tan (0/2) and it
is represented in Figure 3.1 right 2. The distance AR in the pseudorapidity-azimuthal
angle space is defined as AR = \/W In the following, we also define the
momentum of any particle in the transverse plane to be pr = \/m , where p, and
py are the components of its momentum in the z and y directions respectively. Also,
its transverse energy is defined to be Fr = \/]m, being m the particle mass. E,
and F, are defined analogously.

Inside the detectors, the trajectories of charged particles are bent by magnetic fields,
and their radius of curvature is used to calculate their momentum: the higher the kinetic
energy, the shallower the curvature. Other important parts of a detector are calorime-

ters for measuring the energy of particles (both charged and uncharged). Combining

20ne can also define the rapidity y = 1/2log[(E — p.)/(E + p.)], where p, and E represent the
momentum in the z direction and the total energy respectively. For massless (or ultra-relativistic)
particles, y = 7.
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the information from the different layers of the detector, it is possible to determine
the type of particle which has left each trace. Indeed, electrons are very light and
therefore lose their energy quickly in the electromagnetic calorimeter, while charged
hadrons penetrate further through the layers of the detector. Photons themselves leave
no trace, but in the electronic calorimeter each photon converts into one electron and
one positron, the energies of which are then measured. The energy of neutral hadrons is
also measured indirectly: they transfer their energy to charged hadrons, and these ones
are then detected. Muons are the only particles that reach (and are detected by) the
outermost layers of the detector. And neutrinos do not interact with the detectors, and
so they manifest as missing energy. Thus, it is clear that only electrons (or positrons),
photons, muons and hadrons can be distinguished.

Besides, hadrons are grouped into jets, in order to be related to parton quarks 2.
Thus, what a jet exactly is depends on the algorithm we use [101]. Roughly speaking,
there are mainly two kind of algorithms: cone and clustering based algorithms. At the
most basic level, cone algorithms work in three steps: (i) some hadron with pr (or Er)
above certain threshold is used as the seed of the algorithm. (ii) a cone of fixed radius
R is constructed around this particle, and all the objects inside the cone are merged.
(111) step (ii) is iterated until the cone becomes stable (by stable we mean that the cone
points in the direction of the total momentum of their constituents). (iv) this cone is
considered a proto-jet. (v) steps (i) to (iv) are done with every different seed. After
this process, proto-jets can overlap, what has to be resolved with further algorithms
(split-merging procedures [102]). With slight differences, IC and SISCone [102] among
other algorithms work in this way. However, cone algorithms are commonly not infrared
and/or collinear safe. That means that the algorithms usually provide different jets
if they are applied over a colored particle or over the system formed by this particle
and its soft emissions or collinear splitting. Accordingly cluster algorithms (that are
infrared and collinear safe by construction), such as the k; [103, 104] and the anti-k; [105]
algorithms are typically used. These procedures usually start defining a distance d;;
between any two hadrons ¢ and j, and a distance d;p between any hadron 7 and the

beam. Then one finds the smallest of all the distances: if this corresponds to any d;;

3Note that, due to radiation and fragmentation, a same final state quark can lead to a large amount
of hadronds.
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then ¢ and j are recombined. Otherwise (i.e., if the smallest distance is some d;p)
i is called a jet and removed from the list of objects. After that the distances are
recalculated and the procedure is repeated until no objects are left. The definition of
d;; and d;p depend on the momenta p; ; of the particles involved, and are given by the

equations
2

dij = min(p;!, i) Rij dip = i, (3.1)

being A7 = (i — y;)* + (¢ — ©;)* and R and arbitrary parameter. What makes the

difference between different algorithms is the value of x. Thus, for instance, x = 1
stands for the k; algorithm and x = —1 for the anti-k;. It is worth noting that, at the
experimental level, jets produced by b quarks can be distinguished from other jets *.
This is called b-tagging.

Finally, transverse missing energy, that we call E¥*** hereafter, can be measured for
the transverse energy in the initial state is known to be zero: (EP*%)? = (3, EL)* +
(32 E})? where the sums extends over all the objects 7. This fact does not apply to
missing energy in the z direction, as this is governed by the parton-distribution functions

(PDFs) of the partons inside the initial protons.

3.3 Monte Carlo simulations

We have mentioned that MC generators are mandatory to properly make predictions at
colliders. The work with MC tools commonly comes in three different steps. First, we
should get the resulting particles after the pp collisions (depending on the collider, we
can of course have different initial states: ete™ (LEP), pp (Tevatron), etc.). This is the
so-called partonic level, where NP lies, and which is of course model dependent. This
step is usually given by perturbative calculations. However, these calculations describe
final states in terms of quarks, gluons, leptons and photons, while experiments observe
the signatures of mesons, baryons, leptons and photons in the detector apparatus.
So, we need tools in order to provide the connection between these two pictures. This
connection lies in the two final steps. In the second one, we should describe the evolution
(including the subsequent radiation) of these partons before forming bound states:

mesons and baryons. This evolution starts at hard interaction scale described in the

4Although this also applies to different flavors, the efficiencies are much smaller.
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first step, and ends at the hadronization scale, where the last step takes place. The
physics behind these steps is well known, since it relies mainly on QCD, being then
model independent. However, matrix elements involving ¢ — ¢g (or ¢ — gg) are

strongly enhanced when the final state particles are close in the phase space °:

1 1
(pg +1py)?  2E,E,(1 —cos?).

(3.2)

Hence, we see that we have both soft (due to low energies) and collinear (due to small §)
divergences. In this case, the integration over the phase space becomes a very hard task
and the description based on matrix elements is no longer satisfactory. Furthermore,
this step usually involves too many particles, and for this reason its implementation is
computationally very expensive. The common practice in order to avoid this problem is
describing the evolution of partons in the step two with an approximate algorithm. This
parton shower algorithm has to complement the evolution in terms of matrix calcula-
tions. Matrix calculations are the appropriate description of well separated partons, i.e.,
away from collinear region. Matrix calculations also provide a good of description of in-
terference effects and spin correlations, and are implemented in many software packages,
although not all of them use the same approach. For instance, MadGraph/MadEvent and
Sherpa [106] use Feynman diagrams and helicity amplitudes, while ALPGEN [107] and
HELAC [108] use recursion relations (S-matrix [109]/Dyson-Schwinger [110-112]). On the
other hand, parton showering describe successive QCD bremsstrahlung emissions, using
the soft/collinear emission approximation. In this approximation, collinear emissions
factorize and can be easily iterated [113]. This is of course the leading contribution,
but we should keep in mind that as the energy grows and the angle of emission becomes
larger, the MC prediction based on parton showering is less accurate. In order to avoid
this problem, we need to compute (exactly) as many as possible real emission diagrams
before starting the shower. Several software packages implement the parton showering.
PYTHIA [114], HERWIG [115] and ISAJET [116] are some examples of them. They use
different variables in the parametrization of the parton evolution: p2 is used by PYTHIA
and ISAJET, and E%0? by HERWIG. The main differences between the matrix elements

*Here p, (E,) and p, (E,) stand for the momenta (energy) of the final quark and gluons in the final
state respectively. 0 represents the angle of each momentum with respect to the incoming direction.
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Matrix elements Parton showering

v Fixed order calculation v" Resums large logs

v' Computationally expensive v' Computationally cheap

v' Limited number of particles v No limit particle multiplicity

v' Hard and well-separated partons v' Collinear and/or soft partons

v/ Quantum interference correct v Partial quantum interference

v Multi-jet description v' Hadronization/detector simulation

Table 3.2: Main differences between matrix elements computations and parton show-
ering.

and the parton showering approaches are shown in Table 3.2. So, we see that the two
approaches are complementary, and are necessary in high-precision studies of multi-jets
processes. However, although they work almost in well separated regions of phase space,
they can overlap in some events. Thus, we need to avoid this double-counting in order
to get correct results, and this is the idea behind matching: using matrix element de-
scription for well separated jets, and parton showers for collinear jets [117]. In this way,
we can combine the two descriptions without double counting. We would also like to get
a smooth transition between the two phase space regions, as well as a small or even null
dependence from precise cut-off and the largest multiplicity sample. So far, there are
mainly two solutions: the CKKW [118, 119] matching and the MLM [120] matching.
For its interest in this work we restrict here to the last one. The MLM procedure is
implemented in both MadEvent and ALPGEN. According to MLM, the hadrons produced
in the showering routine (e.g. PYTHIA or HERWIG) are matched to the partons obtained
from the matrix element calculation. For this purpose, a jet clustering algorithm (so
far, IC or k; have been investigated) is applied to the final-state particles. The event is
kept if each hard parton in the event can be matched to a jet, based on a distance in
1 — ¢ space. Otherwise it is rejected. The parton-level configuration for the samples is
generated for a particular number of hard jets (exclusive sample). Only for the sample
with the highest jet multiplicity, extra jets which do not match to hard partons are
allowed to be present after the showering is performed (inclusive sample). Events with
extra jets from parton shower are kept if extra jets are softer than matrix elements
jets. Although the parameters used for the clustering and the matching are somewhat

arbitrary, usually the cuts with respect to the separation and minimum momentum
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applied at parton level are used.

The last step in the chain simulation is the simulation of the detector. After this step,
we should get the detector response to the interaction of leptons, photons and hadrons.
The transverse momentum of the neutrinos (and, if they exist, other weakly interacting
particles) can also be reconstructed, because of conservation of transverse momentum in
proton-proton collisions. Two widely used simulators are PGS [121] and Delphes [122].
Every generic-purpose simulator provides the following features: realistic simulation
taking into account subdetector extensions, types, segmentations and resolutions; a
tracker in a solenoidal magnetic field; calorimeters with electromagnetic and hadronic
sections; a muon system; trigger simulation and, of course, a human-readable output,
like LHEF [123] of even a ROOT [124] file directly.

In this text, unless otherwise explicitly stated, MadGraph v4 [125] is used for the gen-
eration of parton level signal events and ALPGEN v2.13 [107] is used for the generation
of background events ¢, with the default parameters; linked both to PYTHIA v6 [114]
for initial and final state radiation, parton showering and hadronization, matched via
the MLM method [120]. Delphes v1.9 [122] is used for detector simulation. Regarding
the latter we use a tuned version of the standard ATLAS card that results in an very
good agreement with published experimental results [126]. The main changes are: the
tracking efficiency is updated to 95; the isolation criteria is changed to AR = 0.4 and
the b-tagging efficiency is set to 0.7. Also we use the CTEQ6L1 [127] PDFs and the
default values of the renormalization and factorization scales. In addition, the anti-k;
algorithm implemented in Fastjet v3 [128] with R = 0.4 is assumed to be used unless
otherwise stated for jet definition, and the b-tagging fake-rate is conservatively set to
1/100 for light jets and 1/10 for c-jets. Jets j are required to have |n;| < 5, and light
leptons (e and p), that we call ¢ instead of [ (that is used also for 7), are required
to have |ny| < 2.5. They are also required to be isolated from any jet by demanding
AR((,7) > 0.4. Missing transverse energy is denoted as EI**s.

3.4 Statistical tools: limits and sensitivity reach

Particle physics experiments usually involve cross section measurements, through the

counting of events in different regions of the available phase space, or observables con-

5What signal and backgrounds events exactly mean is defined in the next section.
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structed out of them (such as asymmetries).

As of today, the SM has revealed itself as an excellent description of the real data, so
that NP manifests as departures from the SM background. However, given its quantum-
mechanical nature, the background can fluctuate. Hence, the question is how we can
discriminate between random background fluctuations and actual departures (signals).
We would like to address two main goals: () given a signal prediction determine whether
it is or not compatible (at some C.L.) with the observed data; and (i) giving a data
departing from the SM background predictions, quantify how statistically significant
this fluctuation is.

Concerning point (i), let us consider an N-bin experiment (where each bin is typ-
ically the number of events in a particular phase-space region). We make use of the
CL; method [129] for the calculation of exclusion limits, which constructs the statistic

defined by

s; 4 by)ie=(sitba) _ 5 1M
1 — _Zism 1 ot
Q= H e [ + bi] : (3.3)

blie—bi ;
where b; and s; are the number of predicted background events and of expected signal
events for the bin ¢, respectively, while n; is the Poisson-distributed variable with mean
si+b; (b;) for the signal+background (background-only) hypothesis. @ is then a random
variable distributed according to some density function Ps,(Q) (resp. P,(Q)) in the
signal+background (resp. background-only) hypothesis. The confidence estimators

(e 9]

CLin=1- [ Psl@dQ and CLi=1- [ R@dQ (1)
Qobs Qobs

are then defined integrating the corresponding density functions up to Q.us, which is
the value of for n; equal to the number of observed events n;. In what is called the
CL,,, method, one carries out a statistically test based only on the CL,, variable. In
such a case, a signal is said to be excluded at the 95% C.L. if CL,,, < 1—0.95 = 0.05.

However, it is well known that, when the signal is small, and hence the functions P,
and P, are strongly overlapped, the CL,,;, method can exclude signal levels which are

not statistically significant. In order to avoid this problem, the parameter space regions
excluded at the 95 % C.L. can be obtained requiring that CLy = CL,,,/CL;, < 0.05.
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The signals excluded by CLg are thus equivalent to those excluded by CL,; in the limit
of large s.

It is also worth noting that either @) or log ) can be used as statistic, although
the latter is more convenient for calculating CL; if there is only one bin (counting

experiment). Indeed, in that case

0mct(iep) smmo=sen(1c). 69

Hence, log @ is distributed as nn up to a scale factor and a shift. But none of them
changes the ratio of areas defining CL,, being then easier to use the n distribution as
statistic. This result implies, in particular, that the number of signal events that are
excluded in a one-bin experiment when zero events are expected and zero events are
observed is s ~ 2.996. That means, in any case, that no model can be excluded if it
does not predict more than 3 events.

If we consider multi-bin analyses, the MC estimation of the () distributions has to
be performed. As a matter of fact, this can be carried out using the TLimit class of
ROOT, which contains all the required routines.

In what respects to point (i), we briefly comment the case of a single background
component (we refer to [130] for multi-bins examples and further details). In such
a case, if s is the number of predicted signal events and b stands for the number of

predicted background events, the sensitivity S(s,b) that is used in this text reads *

S(s,b) = \/2 [(s + ) log (1 + %) - s} (3.6)

A discovery is claimed when S(s,b) = 5. As explained in reference [130], when this
equation is used to predict the sensitivity reach of a future collider experiment by means
of MC simulations, one important remark is mandatory: this equation can be only used
if the number of generated events (both for signal and background) is much larger than
the number of expected events in such a experiment. Otherwise, the limited statistic
has to be taken into account. We return to this point in Section 4.6, where we consider

the effects of limited statistics using SigCalc [130].

In reference [130] the limit s < b is proved to give the widely used expression S(s,b) ~ s/v/b.






Chapter 4
Composite Higgs models

CHMs, which were introduced for the first time by Georgi and Kaplan in [63, 64], are
an appealing solution to the hierarchy problem, in which the Higgs boson is assumed
to be a bound state of some new strongly interacting sector instead of an elementary
scalar. In order to explain its low mass, it is further required to be the pNGB of a
spontaneously broken global symmetry G — H in the strong sector, in analogy to the
chiral symmetry breaking in QCD !. The low-energy theory description of the Higgs
sector is thus described by a non-linear sigma model. The phenomenological implica-
tions of the CHM solution include: (i) deviations in the SM couplings introduced by
the non-linear interactions in the scalar sector; and (i) the presence of new fermionic
and vector resonances mixing with the elementary SM particles, whose experimental
observation depends largely on the SM fermions they mostly couple to. Thus, in the
following sections, we discuss the general details of CHMs in Section 4.1 and introduce
the low-energy theory description of the Higgs sector in terms of non-linear interac-
tions in the Coleman-Weinberg-Wess-Zumino (CCWZ) formalism in Section 4.2. In
Section 4.3 we describe the fermionic resonances of the strong sector and their mixing
with the SM particles in the partial compositeness setting. We then discuss in detail

the minimal realization of a phenomenologically viable CHM, based on the breaking of

LOther strongly-interacting scenarios include technicolor theories [131-133] and little Higgs mod-
els [134, 135]. In the first case, the EW symmetry is already broken by the strong sector, and thus no
Higgs is necessary at all. In the second case, although a Higgs boson is also present in the NGB spec-
trum, only its mass (and not the corresponding quartic coupling) is radiatively generated, in contrast
to CHMs in which the whole potential is generated at the loop level.

49
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SO(5) — SO(4), in Section 4.4. This introduction is mostly based on references [136—
138]. The text which is properly speaking part of the work done in this thesis is pre-
sented in Sections 4.5, 4.6, 4.7 and 4.8. In Sections 4.5, 4.6 and 4.7 we study the collider
signatures of the new fermionic resonances depending on whether they mainly couple
to the top, bottom or light quarks, respectively. We also discuss their interplay with
other vector resonances and their impact on indirect observables (such as asymmetries).
We then argue that the study of non-minimal CHMs is timely, and introduce finally
in Section 4.8 an extended CHM based on the breaking of SO(7) — G,. We study its

algebraic structure in detail and its phenomenological implications at the LHC.

4.1 General idea

CHMs provide an elegant solution to the hierarchy problem assuming the Higgs is a
composite state. In this way, its finite size protects its mass, which is not sensitive to
radiative corrections above the compositeness scale f,. However, the lack of evidence of
NP up to near the TeV scale [139] implies f, ~ TeV, while the mass of the Higgs boson
is known to be well around ~ 125 GeV. In order to reconcile these two observations
we consider the Higgs boson to be a pNGB of the strong sector, dynamically generated
by the spontaneous breaking G — H of an approximate global continuous symmetry
G. Thereby, the Higgs boson mass is naturally small while the NP stays at the TeV
scale. Given the appropriate description of nature provided by the SM, G and H
are typically required to fulfill the following properties: (i) both G and H contain
the SM group SU(3). x SU(2), x SU(2)gr, where the custodial symmetry has been
included in order to protect the p ~ 1 parameter; (i) the NGBs of G/H contain at
least an uncolored bidoublet of the SM group, acting then as the Higgs degrees of
freedom; (4ii) all the SM fermions can be embedded in representations of G. This last
requirement implies that the elementary SM fermions can mix with fermionic resonances
in the strong sector without breaking the SM gauge symmetry. In the following, given
that we will not consider colored scalars, we assume breaking patterns of the form
G x SU(3). — H x SU(3). and forget the SU(3). components. Several coset structures
fulfill this setup, from the minimal CHM (MCHM) 2 based on the coset SO(5)/SO(4)

2Tt is minimal in the sense that only four degrees of freedom, that will be identified with the Higgs
doublet, arise as pNGBs. The CHM based on the coset SU(3)/SU(2) x U(1) provides also a minimal
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described in Section 4.4 to extended ones like the SO(7)/G5 of Section 4.8.

On another front, the global symmetry group G is explicitly broken in two ways:
(i) by the gauging of SU(3). x SU(2), x U(1l)y € H and (i) by the linear couplings
of the SM fermions to the fermionic resonances in the strong sector. In the first case,
the loops of gauge bosons propagate the breaking of the global symmetry —for those
NGBs whose generators do not commute with the generators T, of the SM— and
thus generate an effective potential. The rest of the generators, that is, the T, of G
satisfying the relation [T,,Tsy| = 0 are uncharged under the SM symmetry and, as
a consequence, their associated NGBs do not interact with the gauge bosons. The
group constructed out of these operators is actually the largest subgroup of G that
contains SU(3). x SU(2) x U(1)y as an ideal. Thereby, the gauging of the SM group
explicitly breaks G to this group. However, as firstly shown by Witten [140], the
radiative contribution from gauge fields generate a potential whose VEV tends to be
aligned in the direction that preserves the gauge symmetry. In the second case, the
symmetry breaking comes from the fact that SM fermions do not transform in complete
representations of G, and thus the symmetry is explicitly reduced to the SM gauge
group. Loops of fermions thus induce an effective potential which can give rise to a non-
trivial EW VEV. For this reason, hereafter we only consider the fermion contribution
to the effective potential, although gauge contributions are relevant if one wants to
perform detailed calculations.

The mixing of heavier resonances with SM fermions is also responsible for the
Yukawa interactions. As we discuss in Section 4.3, the physical degrees of freedom
are admixtures of elementary and composite states, according to the so called partial
compositeness setup. The Higgs boson, however, remains completely composite, and

the fermion masses arise after EWSB.

4.2 The CCWZ formalism

In order to describe the dynamics of the low-energy states of a CHM, the NGBs are
parametrized as fields ¢, taking values in the coset space G/H. An effective lagrangian
can be constructed out of these fields applying the CCWZ [141, 142] formalism. This

Higgs sector but, unlike SO(5)/SO(4), does not respect custodial symmetry and thus does not hold
point (%) of the discussion above.
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method starts considering the Maurer-Cartan one-form of the global symmetry group

G (see Appendix B for further details) reduced to the coset space. That is,
wy = —iU0,U, U=e ™ with =Y ¢,C" (4.1)

where C'* represent the broken generators. f,; has been introduced to normalize the
dimensions inside the exponential. As stressed in Appendix B, w can be decomposed
in its components along the broken and unbroken generators. These components are
usually called perpendicular (d,) and parallel (E,) projections respectively, and allow
us to write —iUT9,U = d, + E,. The CCWZ formalism states that the lagrangian
describing the dynamics of the NGB associated to G/H, at the level of two derivatives,
is given by

L= fz’%tr(dud“). (4.2)

fr is thus an arbitrary energy scale that can be shifted if the generators are normalized
in a different way, or if the fields ¢, are redefined. In any case, the limit f, — oo
represents the point in which the underlying NP decouple.

A last comment is in order. If we want to consider gauge theories, in which some
subgroup of H is gauged, we only need to make the replacement 9, — D, in the
definition of w in equation 4.1, where D, is the covariant derivative of the SM gauge
group. We apply this formalism to the case of SO(5)/S0(4) in Section 4.4.

4.3 Partial compositeness

The global symmetry of the strong sector in CHMs is explicitly broken by the coupling
of the elementary fermions ¢ to some composite operators O(x), but this is also the
mechanism in which fermions acquire a mass in CHMs. The question is which composite
operators the elementary fermions couple to. Several attempts to give an answer to
this question have been proposed. For instance, inspired in technicolor theories [131—
133], one could start proposing a bilinear coupling between elementary and composite
operators, ~ Awiﬂw(’)(:t). However, it has been shown that this mechanism either
introduce again the hierarchy problem or large FCNC (if one wants to generate large
enough fermions masses), but they can not be avoided at the same time. Thus, an

alternative mechanism consists of coupling linearly [66] the elementary fermions to
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the composite sector, ~ AypO(z) + h.c. In such a case, FCNC can be suppressed
without reintroducing ultraviolet (UV) instabilities and, in addition, provides a natural
explanation of the hierarchies in the fermion sector (except of course for the neutrinos),
through the renormalization-group evolution of the A, couplings.

As a consequence of these linear couplings, we find another interesting feature,
called partial compositeness, which stands for the following property. At energies below
the scale of compositeness, the operator O(z) can excite a tower of massive fermionic
composite states &,, i.e., (0|O(z)|¢,) = m,, so that linear couplings induce mass mixing
between the composite states and the elementary fermions: L, = > mn(i/jfn + h.c.).
This mass mixing means that the physical states before EWSB are an admixture of
elementary and heavy states (thus the name partial compositeness) in CHMs. As a
first approximation, the low-energy phenomenology of these models can be studied if
we consider a truncation of each tower of composite fermions to the first resonance,
neglecting the rest of the heavy states. As an example, we consider for simplicity the
case of only one vector-like resonance £ and a chiral LH elementary fermion 17, whose

lagrangian in the elementary/composite basis reads

L= i@ +£(id — M)E+ Ay(Yrér + hc.). (4.3)

Neither £ nor 97, are mass eigenstates, due to the mixing term. Hence, in order to obtain
the physical states we have to take the rotation given by ¢, — cos ¢y ¥ + sin ¢y &1,
and £, — —sin¢yg, Y + cos ¢, &1, where ¢, is the rotation angle and its value is given
in terms of the previous parameters by tan ¢, ~ A, /M. The resulting lagrangian after

this rotation is expressed as

— (. M

L =iy + € (z — —> €. (4.4)
cos ¢y,

We see that the elementary fermion remains massless (before EWSB), due to the con-

servation of the fermionic index ®. In a more complete model, before the rotation, only

& couples to the Higgs sector though proto-Yukawa interactions, for the Higgs boson is

3Charged fermions Dirac masses mix LH fields with RH fields. The fermion content we started with
was two LH fields and one RH field, thus, after rotation we are left with a single LH field that has to
be massless.
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fully composite. After diagonalization 1, also interacts with the Higgs boson, so that
after EWSB it gets a mass. Thus, concerning the value of ¢, several comments are
worth to emphasize: (i) the larger the value of ¢, the more composite a SM particle
is (the SM yukawa is typically given by y ~ Y, sin ¢, cos ¢r once we consider also RH
fermions, where Y, stands for the yukawa among composites). (ii) heavier particles
(after EWSB) couple stronger to the Higgs and therefore are more composite, what
means that sin ¢, (the degree of compositeness) is large, while light particles are more
elementary . Thus, it is expected that heavier fermions like the top and bottom quarks

play a main role in the phenomenology.

4.4 The minimal composite Higgs model

The MCHM [143] is based on the symmetry breaking pattern SO(5)/SO(4). The group
theory of SO(5) and its maximal SO(4) custodial subgroup can be found in Appendix
C. The coset space has dimension four, and thus four scalar degrees of freedom appear
in the NGB spectrum, with the same quantum numbers as the SM Higgs boson. In the
following, we first discuss in Section 4.4.1 the scalar sector (both gauge and Yukawa
interactions) of the MCHM, and in particular we show how the interactions with the
elementary particles become modified with respect to their SM values, and compare with
the recent measurements performed at the LHC. We then implement in Section 4.4.2
the partial compositeness formalism, and derive the quantum numbers of the fermionic
resonances and their interactions with the SM quark fields. In the MCHM we just embed
the SM fields in the 5 representation of the whole group, because this is the smallest
representation that can be used to protect the Zby b, coupling [144]. In the literature,
this scenario is referred to MCHMS5 [144]. Nonetheless, other representations, like the
4, the 10 and the 14, have been also considered [143-148]. In Section 4.4.3 we derive
the Coleman-Weinberg potential [149, 150] induced by loops of SM particles, giving rise
to the mass and quartic terms in the Higgs potential, and comment on the interplay
between the Higgs mass and the presence of light resonances in the spectrum. Finally, in

Section 4.4.4 we argue for the presence of colored-vector resonances in the MCHM and

4This fact guarantees the absence of flavor violating processes in the light generations, because
these are suppressed by the small mixing angles. These can be large, however, if some flavor symmetry
is forced on the strong sector, like in the scenario that we consider in Section 4.7.
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describe their interactions with the SM fields and the fermionic resonances. We then
briefly discuss the approximations that are taken in order to study the phenomenology

of composite tops, bottoms or light quarks.

4.4.1 Scalar sector

The scalar sector of the MCHM contains four degrees of freedom that we call ¢,. The
dynamics of ¢, is well described by the perpendicular component d,, of the Maurer-
Cartan one-form as commented in Section 4.2. In order to project d, into the coset
space as required by the CCWZ formalism, we can take a vacuum X, that is killed only
by the SO(4) subgroup generators 7*. That is, T*%, = 0 while C*%y # 0. According to
the matrices presented in Appendix C, this vacuum can be trivially chosen to be ¥y =
(0,0,0,0,1)". In this way, the non-linear sigma model lagrangian £ = 1/4 f2 tr(d,d")
can be also computed as

L= i (D) DFY, with & = UX, (4.5)

2 . ’ ’

where we have defined f = v/2f, in order to simplify the following equations. The

explicit expression for ¥ is hence given by:

. T
5= 2D o1 60 on o loleot ()] ol = et r gt et o

In the unitary gauge, three of the NGBs are eaten by the gauge bosons. In such a
gauge, we can impose the physical Higgs h to be completely aligned in the ¢3 direction
without loss of generality. In that case, h = ¢3 = |¢| and

yT = {0, 0, sin (%) 0, cos (?)} (4.7)

According to the conventions we are using in this text, the covariant derivative acts on
Y as

DY = (0, +igTyW,, +igY B,) (4.8)
g

- o+ 5

N :
(T"W,S+T" W)+ J(Tg — s Q) 7, + zeQAu} %, (4.9)
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where now the matrices are the five-dimensional matrices of Appendix C generating the
SM subgroup of SO(5). Therefore, the term (D,%)T DY in equation 4.5 is given by

2
g et —\2
(D,2)! D' =(8,%) 0" + ZT{3 (T*Wr+T"W,)

+ :; [(Tg — SWQ) } + 62Q2AMA”}Z

2
w
1 92 ) h g° h
d,h 2= ) Wiwr 4 = -\ z,z". 4.10
f ( ) 92 P (f) 12 + 4CW Sln f 12 ( )
Thus,
1 g* h g> h
E = éauha“h —+ ZfQ Sin2 (?> W;Wui + 8?](2 Sin2 <?) ZMZ'M. (411)
W

Up to this point, the Higgs boson h is an exact NGB, described by a kinetic term and
a set of non-linear interactions to the gauge bosons. As it was previously discussed, the
interactions with the gauge bosons generate a potential and then a mass, but they tend
to align the VEV in the unbroken direction. However, the couplings to the fermion
sector can generate a non-trivial VEV (h). If we expand the previous lagrangian to

second order in A after symmetry breaking, we get

1
Lz—a ho'h + 2 [v +20y/T= gh+ (1 - 26)1?] {WJW“ + g I

where we have defined )

v = fsin (<;—>), and £ = %
v ~ 246 GeV fixes the EW scale, while ¢ is called the degree of compositeness. Note
that, in this framework, the Higgs VEV (h) does not coincide with v. We see that
the tensor structures of the hV'V and hhV'V interactions (where V' stands for any SM
gauge boson) are identical to the SM ones, but the couplings differ by deviations of
order O(§). Indeed, in the limit £ = 0, i.e., in the limit in which the scale of NP, f, is

large enough, we recover the SM Higgs lagrangian. The NP coming from the composite

(4.12)

sector decouples.

In order to analyze the Higgs interactions with the fermions, the SO(5) group has
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to be extended to SO(5) x U(1)x. Otherwise, the elementary quarks and leptons can
not be embedded in representations of the global symmetry ®>. Given that U(1)x is
not broken, ¥ is not charged under this group and the previous computations are not
affected.

The full description of the Yukawa lagrangian requires the introduction of the com-
posite partners according to the partial compositeness language, and are in fact worked
out in detail in the next section. However, if we are only interested in the lowest-mass
degrees of freedom we can decouple the heavy masses mg (that is, mg > A being A
any other relevant scale). This is useful, for instance, if we only want to know the SM
corrections to the Yukawa sector coming from non-linear effects. In that case, we only
need to introduce, for each fermion family, four new multiplets of SO(5), that we call

1/3, 21/3,UR and Dg. The SM up (ur g) and down (d, r) fields are embedded in
these multiplets in the following way (see Appendix C):

T T
25 _ L (00 Zidy, un, iu o> U :i(oooo\/?u)
L \/§<La Ly, WL, L, ’ R \/§ s Uy Uy Uy R )

_ 1 ! 1 !

The superscript in @7, denotes the charge under U(1)x, while Ug and Dy have charges
X =2/3 and X = —1/3 respectively. The hypercharges Y = T3+ X of the quark fields
are thus correctly reproduced in this embedding. The Yukawa lagrangian is then given

by the following equation (note that we are ignoring family mixings):

Ly = [ [-5Tr2)(S7Q}) - ya DD)(57Q )| + e,

= —% sin (%) cos (%) (quuR +yadrdp + h.c.) ) (4.14)

Again, after EWSB, h — h+ (h), and we obtain, up to factors of order O(h?/f?) 6, the

SIf we were not introducing an extra U(1)x group, the hypercharge would be given by the T3 gen-
erator of SU(2)r. However, the five-plets in SO(5) (see Appendix C for more details) only decompose
under this T3 in representations of charge +1/2 and -1/2, so that fermions with hypercharges different
from these values are not allowed.

SHigher-order terms produce effective tree-level interactions with two Higgs bosons and two
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following lagrangian:

h —
Ly = — { 1-¢&+(1— 2{);} (quUR + yadrdr + h-C-)

v
V2
1-2 h —
Of course, we recover the SM again in the limit £ = 0. Thus, the ratios of the tree level
couplings of the Higgs to two SM particles to the corresponding SM coupling are given
by

1-2
thv =\ 1 —f and Rhff = 1 _i, (4.16)

where V' and f stand for any EW gauge boson and SM fermion, respectively. Thereby,
the Higgs production cross section in the GF channel receives a suppression proportional
to R? 7 while that in the VBF channel becomes multiplied by R2%,,,. Analogously [151,
152], the different decay widths scale with the corresponding couplings squared except
for the h — v+ channel that reads

(Rugrly + RhVV‘]’Y)ZFSM

I(h—yy) = (AL (h =), (4.17)
where the functions 7, and J, read
L= —Sallt (1= a) i), Jy =2+ 30wl - @ —ow)f(aw)], (419
with z; = 4m?/m3, xw = 4m3, /m} and
arcsin[1//1]?, r>1,
flz) = L [m% L 2’ o (4.19)

The h — ~Z is also modified in a similar way, with different loop functions. We do
not give the explicit result as it is not used in the following. The above equations

completely determine all the relevant properties of the Higgs due to its pNGB nature

fermions. These interactions are important as they give rise to strong double-Higgs production in
CHMSs. We come back to this point in Section 4.7.
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Figure 4.1: Left: Higgs production cross section (separated in GF and VBF) times BR
into different channels in units of the corresponding SM process, and best fit value for
the same observable obtained by the CMS Collaboration. Right: BRs of a composite
Higgs of mass 125 GeV as a function of the degree of compositeness in logarithmic scale.

The Higgs becomes SM-like in the limit £ = 0. As an example, we show in Fig. 4.1
the Higgs production cross section times branching ratio (BR) into different channels
in units of the corresponding SM cross section as a function of . For comparison we

also show the best fit values for these cross sections as reported by CMS in [153].

4.4.2 Fermionic resonances

Up to this point, we have considered decoupled fermionic resonances, to study the effects
of non-linear scalar interactions in the SM fermions. However, fermionic resonances are
naturally light (as we will comment below), and thus their dynamics has to be included
in the theory. In order to do that, we use the language of partial compositeness.
We introduce vector-like fermions which have quantum numbers such that they can
mix linearly with the SM fermions embedded in the representations given in equation
4.13. We introduce composite fermions transforming as complete 55/3 and 5_; /3 under
SO(5) x U(1)x. The composite multiplets for one family can be written as

T
Yy = (D — Usys, —i(D 4 Uss), U + Uz, i(U — Uyys), \/§U) : (4.20)

T
Yp = (D4/3 —U', —i(D_4y3+U"), D_y/5+ D', i(D_y/3 — D'), \/ED) ,

G- 5l
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where the subscripts indicate the electromagnetic charge of the corresponding fields, and
U', D' and D have Q = 2/3, Q = —1/3 and Q = —1/3 respectively. The lagrangian
for the fermionic fields and the Higgs then reads:

c=2 (@ pQ v e ) Y e (421)
%=Ugr,DrYu,¥p
2
+ fz (D) D= Y [V f@E)(ETY) + My

Y=y, %p
— (Am%Qi/g + AL2¢_DQ21/3 + AurUrvy + AgrDrtvp + h.c.) .

The first line contains the kinetic terms of both the elementary and composite states.
In the second line, we have the lagrangian of equation (4.11), the proto-yukawa interac-
tions and the vector-like mass terms, parametrized by the constants Yy (py and My (p)
respectively. The third line contains the mixing terms breaking the full global SO(5)
symmetry according to the partial compositeness setup.

We should diagonalize the mixing matrices to obtain the physical states. However,
the fact that the SM LH doublet mixes with two different sectors through Ap; and
Ao, complicates the expressions for the corresponding rotations, which can be only
obtained numerically or if some approximation is used. We will elaborate on this in
Sections 4.5, 4.6 and 4.7.

4.4.3 The Coleman-Weinberg potential

The linear coupling of elementary fermions to the composites, parametrized by the
terms Ap1, Az, Ayr and Agr in equation 4.21, breaks explicitly the global symmetry
of the strong sector. The loops of fermions hence generate an effective potential that,
in particular, provides a mass to the scalar particles, so that they are no longer NGBs
but pNGBs. In order to study this radiatively induced potential, let us consider the
lagrangian in equation (4.21) in the unitary gauge. We only keep the u-like contribution,
since this represents also the top quark which, as commented in Section 4.3, plays the
7

main role because of its large interaction with the strong sector If we work in

"Note also that heavy partners do not break the global symmetry, so that they do not need to be
introduced in the potential computations.
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Figure 4.2: uy /g one-loop contribution to the effective Coleman-Weinberg potential for
the Higgs boson. Diagrams in the top panel stand for the contribution with only ug or
only uy. Diagrams in the bottom panel involve both u; and ug (note that in order to
close the loop we need two vertex, and thus the square in the Higgs potential).

momentum space, the relevant lagrangian is then given by

Ly =z [140) + i () 0000 e [0+ i () 146

1 h h
+ —= M} (p*) sin <—> cos (—)EuR + h.c. (4.22)
V2! f f
Hg and M{* are form factors and are related to the free parameters in equation (4.21),
and p stands for the transfered momentum. The loop contribution to the Higgs effective

potential can be evaluated through the Coleman-Weinberg equation [149, 150]:

o d4p 82£eff

where N, is the number of colors, and ; can be either uy or ug. Up to Higgs-

independent term we find

V(h) = —2Nc/%{ log [1 + %sin2 (;) E—%] + log {1 + %sin2 <;) E—;ﬂ (4.24)

tog 1= g0t (7)o (7)o 773 T s 7 )




Chapter 4. Composite Higgs models 62

The first two contributions come from diagrams involving only u; or ug (top panel
of Figure 4.4.3) 8, while the last contribution comes from diagrams involving both wup,
and ug. It is usually assumed that the integrals involved in the previous calculation

converge, and that we can expand the logarithms so that

f

d'p (1 I d'p [ (M)’
’ / (2m)* (Hg ' HS)’ ’ / (2m)* [pQH%HB‘] (420

The actual values of these integral determine whether V' (h) can generate or not a

V(h) =~ (a — ) sin® (ﬁ) + Bsin’ (;) (4.25)

with

reasonable VEV. The form factors can be explicitly calculated in theories with extra
dimensions [68], or by means of Weinberg sum rules [146, 154, 155] in the large N,
limit [156, 157] (otherwise they are free parameters to be constrained by the experi-
ments). It turns out that, when explicitly computed, they relate the Higgs mass to the
mass of the composite resonances. These relations, together with the observation of a
light Higgs and naturalness arguments, prefer lighter fermion resonances for the third
generation [146, 155, 158, 159]. We will keep this in mind although we will not enter

in more details in the following.

4.4.4 Vector resonances

In addition to heavy fermions, vector resonances can be also present in the spectrum of
CHMs. In particular, the implementation of partial compositeness in the quark sector
requires the fermionic composites to transform as triplets of the SU(3). gauge group.
Hence, the presence of spin-1 color octet resonances is mandatory in this framework,
as they arise from the tensor product of spin-1/2 color triplets, given that 3 x 3 =
1+ 8 for SU(3).. They can then mix with the SM elementary gluon in a similar way
to that described in Section 4.3 (as the p-photon mixing in QCD). The lagrangian
describing the dynamics of both the elementary (written with superscript e) and the

composite (superscript ¢) gluons contains the elementary and composite kinetic terms:

8Contributions coming from gauge bosons, that tend to align the VEV and hence will not be
discussed here (see Section 4.1), provide a term similar to this one.
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—1/2tr(G¢,G*) and —1/2tr(GS, G") respectively, and a mixing term given by *

1 (g Mge\> 1 lg
_ e ¢ e\2 2 c\2 € nr2 c e
Loz = 3 ( " ) (G)" + §MGC(GM) + §—CMGCGMG a (4.27)

where g. and g, stand for the strong couplings in the elementary and composite sectors
respectively. This lagrangian can be diagonalized by means of the following rotation:
G}, — cosO Gy, +sinf G, and G}, — —sinf G}, + cos0 G}, where tanf = ge/ge- The
physical massless gluon, that we will still call g remains massless, while the physical
heavy gluon, G, has a non-vanishing mass. The SM strong gauge coupling is given by
gs = geCcost = g.sinf.

The relevant part of the lagrangian that is used in the following adds the heavy gluon
contribution to the lagrangian of equation 4.21, together with the potential obtained in
the last section. If we consider up to renormalizable interactions (see references [161-
163] for a discussion of the non-linear Higgs couplings effects), the full lagrangian can

be written as

1 1 [ geMge\? , . —
£=— (GG + 5 (g g : ) (G)* + @ilDqr + UgiPur + drilddr
1

— —tr(GS,GM) + %Mgc(c:;)z + %tr(DuHTD“’H) —~ V(HH)

+t0[Q (i) — g.G° — Mo) Q] + U (ilp — 9.G° — Mo) U

+tr[D (il — 9.G° — Mg/) Q] + D (i) — g.G° — Mo/) D

— [Yutr (QH) U + Yptr(QH) D + Apgz (U, D) + Apaqz (U, D')"

+ AurTRU + AgrdrD + h.cl, (4.28)

[\

where we have defined the scalar bidoublet H, and the fermionic bidoublets @ and Q’,

in the following way:
Lot U U Dy U
1 — %7 ¢ 0= 5/3 O = 1/3 . (4.29)
—¢~ o D Uy D_43 D

9This mixing term can be seen to be equivalent to that obtained from the Hidden Local Symmetry
method [160].
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Resonance T3 T X Y=T}+X Q=Y +T;}
U 1/2 -1/2 2/3 1/6 2/3
Us/s 1/2 1/2 2/3 7/6 5/3
D -1/2 -1/2 2/3 1/6 -1/3
Us/s -1/2 1/2 2/3 7/6 2/3
D_ys 1/2 “1/2 -1/3 5/6 -1/3
U’ 1/2 1/2 -1/3 1/6 2/3
D_ys -1/2 -1/2 -1/3 -5/6 -4/3
D' -1/2 1/2 -1/3 1/6 -1/3
U 0 0 2/3 2/3 2/3
D 0 0 -1/3 -1/3 -1/3

Table 4.1: T3, T3, X, hypercharge and electric charge quantum numbers of the different
fermionic resonances involved in the lagrangian of equation 4.28.

We also define Mg = My and Mg = Mp. Thus, up to higher-order corrections, the
physics of the composites appears to be equivalent to a theory of two singlet vector-like
quarks, U and D, two vector-like bidoublets, Q@ and @', and a color octet vector field
conveniently coupled to the SM elementary fields. Note again that none of these fields
(excepting the fully composite Higgs) are mass eigenstates.

This model has been first proposed in [164], where the phenomenology of the heavy
quarks and gluon and their interactions with the gauge bosons is studied in very detail.
In Sections 4.5, 4.6 and 4.7 we adopt different limits of this lagrangian in order to study
separate aspects of the resonances phenomenology, but with emphasis on Higgs-related

channels.

4.5 Composite top

According to our framework, the top quark is highly motivated to have a large degree
of compositeness, given that, under the assumption of an anarchic composite sector,
heavier particles mix more strongly with the composite resonances. Thus, under the
anarchic assumption, we mainly expect the phenomenology of top partners (heavy
resonances with the quantum numbers of the top) to be relevant in a first run of
experiments at the LHC. Top partners decay to a top (or bottom) quark plus a SM
gauge or Higgs boson as depicted in the left panel of Figure 4.3, although they can be
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Figure 4.3: Left: Decay of a heavy quark into a SM quark and the Higgs boson. Right:
Decay of a heavy gluon into a SM quark and its heavy partner.

produced in several and very different ways. For instance, as heavy quark partners are
charged under SU(3)., they can be pair produced through QCD interactions, so that
this mechanism is essentially model independent [165, 166]. An alternative channel has
been considered in [167, 168]. It consists of EW single production of new vector-like
quarks with subsequent decay into the Higgs and a SM quark. This channel is more
model dependent as the production cross section depends on unknown EW couplings of
the heavy quark. In this section, instead, we consider the production of heavy quarks
through the decay of the heavy gluon into a heavy-light topology, as represented in the
right panel of Figure 4.3. This channel, as we discuss below, is dominant in a wide
region of the parameter space if the heavy gluon mass is not large enough to open the
final state made of two heavy partners.

In order to study the constraints on the model we are dealing with, as well as the
collider implications it has, we first need to properly define the degrees of freedom and
parameter space region that are actually relevant for our study. These are apparent once
we go from the elementary/composite basis to the physical one. As we mentioned previ-
ously, we need either to proceed numerically or to adopt any well-motivated approxima-
tion, as the presence of Ay, and Ay, makes this diagonalization non-trivial. In this case,
we decide to take the limit Ay, < M, with M any of the dimensionful parameters in the
lagrangian of equation 4.28. This limit is well motivated by the fact that corrections to
the Zby b, coupling scale like A?, and experimental bounds on this coupling therefore

imply that Ay < M [164] °. Furthermore, the bottom quark mass is also propor-

10 Actually, in the limit Azy = 0 we are effectively decoupling the heavy resonances in the 5_; /3
representation from the LH quark sector, so that it only couples to the representation 55,3. This
representation, however, has the desirable feature that the the Zby,b;, vertex does not receive tree-level
corrections, provided that a discrete symmetry Prp exchanging the SU(2); and SU(2)g factors is
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tional to Ars and we can relate the absence of large corrections to the ZbL by, vertex
with the fact that m, < m,. Finally, the choice Ay, < Ay is radiatively stable [144].
This assumption has two other implications for our approach: (i) the bottom sector,
characterized by the quark bidoublet Q" decouples from our study ; and (4) analytical
expressions for the rotation matrices can be obtained. Thus, under this approximation,
and before EWSB, the model is described in terms of two vector-like quark doublets,
that we call Q6 = (T, B)" and Q6 = (Ts/3,T2/3)", with hypercharges 1/6 and 7/6
respectively, one singlet, T, with ¥ = 2 /3 and a heavy gluon G. The degree of compos-
iteness of the quarks q; = (tz,br)7, tg, bg and the SM gluon is then given in terms of
the free parameters of equation 4.28 (ge, ge, Mge, Mo, Mo/, Y7, Ye, A1, Ars, Atr, Apr),

respectively, by the expressions

Air
Mo’

A A .
tan ¢qL = Fm tan qbtR = tan ¢bR = el tan 03 = g— (430)
Q

M Q’ 7 Je
The masses of the physical states then read:

(\/ZQ MGC
M, = M, =M Mz=——"—  Mqg= 4.31
Q1/6 ) Q7/6 < T CcOoS thR ’ “ cos 8, ( )

) . . v . .
my ~ —2YT sin ¢gp sin (¢r), My —2YB sin ¢ sin gy g,

where sin ¢g = Ao cos ¢y, /M. If we take Y, = Yy = Yp and Mg = 2M; we have
to deal only we the following set of free parameters: g¢.3 = g., Mg, Si;g = sin ¢, and
s9 = sin ¢y. The requirement Mg = 2Mjy is enforced to restrict ourselves to the region
of parameter space in which the decay of GG into two massive fermionic resonances is
kinematically suppressed, given that when this decay mode opens up, the width of G is
of the order of the mass itself and talking about resonances stops making sense. Indeed,

the coupling of the massive gluon G to the SM fermions ¥ = qr,tgr or by is given by

GGy = Js (sin2 ¢y cot B — cos® ¢y tan 63) , (4.32)

enforced [144].

1 The EW singlet B, with charge Q = —1/3, can be also disregarded in the processes that we study
in this section, given that, although it can be produced in association with bg, this process is not
relevant in the region of the parameter space we are interested in.
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Figure 4.4: Left: Massive gluon width as a function of its mass for M+ =1 TeV, s,z =
0.6, s = 0.1 and g.3 = Y, = 3. Right: Massive gluon BR in two SM quarks (labeled
qq), one SM and one heavy quark (Qq) and two heavy quarks (QQ), respectively.

while the coupling of G to one SM fermion and one composite resonance, and the

couping to two fermionic resonances are given respectively by

Sin ¢y, COS Oy

sin 05 cos 6, goww = gs(cos® gy cot O — sin’ ¢y tan ), (4.33)

9Gypv = Js
where the relevant combinations of ¥V are t;71;, by By and tRTR, and where ¢y =
Gars b1, Gur for T, B and T respectively '2. Thus, for a strongly coupled sector (g.3 >
1), cotfy > 1 and the heavy resonances are strongly coupled to the heavy gluon
(except for maximally composite SM fermions). For instance, for the choice M; = 1
TeV, s;g = 0.6, so = 0.1 and g,3 = Y, = 3, we obtain the G decay widths and BRs of
Figure 4.4.
In the following, we fix Y, = 3 and s, = 0.1, and vary the parameters g.,3, Mg and
str, although we also give results for a benchmark model defined by g.3 = 3 and s;z =
0.6. The model constraints in terms of these parameters are given in Section 4.5.1, while

the LHC implications for the current and futures runs are discussed in Section 4.5.2.

12Qther quarks present in the spectrum couple in pairs to G with a similar structure but different
values of the couplings. These couplings are nevertheless irrelevant for the process we are interested
in. See [144] for details.
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4.5.1 Constraints

The constraints to the model we are dealing with come mainly from three different
kind of searches. (i) Dijet searches. Indeed, the heavy gluon G couples to pairs of jets
(this is in fact the main production mechanism we consider in pp collisions) 3. In this
case, dijet production can impose stringent constraints in the model. A very detailed
study of the implication of dijet searches on contact interactions is reported in [169].
Their analysis considers the experimental results reported in [170], that correspond to
an integrated luminosity of 2.2 fb~!. Denoting the coupling of the first generation SM

quarks to the massive gluon by
G;j quq_Lv“TAqL + guRﬂgv“TAuR + ngCZR’Y’MTAdR], (434)

we get the following effective Lagrangian after integration of the massive gluon, in the
basis of [169]:

1 (1) ®) (8) (8) 8

_ Cuu a1 Cad A1) | Cud ~©®) | Caa (8 Cqu (8 qd_~(8)
L= Wa(“‘) + Wodd + mOud + Wo,g,; + WOSW) + WO‘N , (4.35)
where the different coeflicients read
2 2
Gu 1 94 8
C1(¢1u = _?Rv Cgld) = _?Rv Cq(ul) = ~YurYdgr; (4'36)
9 (®)
Cffz) = _%7 Ct(]i) = —Y9q19ur> qu = —Y9qr.9dg- (437)

The results of [169] can be directly applied to these coefficients to obtain the corre-
sponding bound on M. Besides, direct dijet resonance searches can also constrain
our model. We have simulated dijet signals in our model and compared the results
after cuts with the bounds on simplified gaussian resonances reported in [171]. The
corresponding limits are included in our final results in Section 4.5.2.

(#) tt searches. In models of strong EWSB with a composite top, new vector

resonances and in particular heavy gluons decay most of the time in ¢ pairs, which has

3Note that, although we are considering that light quarks have a negligible degree of compositeness,
they couple to G°, which is partially composite and then the coupling is propagated to G. This can
be also seen from equation 4.32 if we set ¢, = 0.



Chapter 4. Composite Higgs models 69

been traditionally considered the golden discovery mode of such new particles. If the
top is not fully composite (as in the case we are considering), if other quarks can be as
composite as the top (as we will see in Sections 4.6 and 4.7), or if new decay channels
involving fermion composite states are open, the BR into #f can substantially change.
At any rate, this production mechanism is always present and current limits [172-174]
set non-negligible bounds. We include the constraints resulting from these searches in
our general analysis in Section 4.5.2.

(#ii) Higgs searches. In one hand, we should consider the implications that current
Higgs measurements have on CHMs. These have been studied in detail in [151, 152]
and in more general extensions in [175-178]. The result is that, for m;, = 125 GeV, the
region 0 < ¢ < 0.4 is allowed. As a consequence, we use £ = 0.2 as a benchmark value
in this section. Effects of variations in this parameter can be easily obtained rescaling
the number of signal events by the ratio of Higgs BR in the corresponding channel for
the different values of £, what is displayed in the right panel of Figure 4.1. On the other
hand, let us point out that searches of htt, which is the final state we consider in the
next section (resulting from the production of pp — G — Tt(T%) and the subsequent
decay of T'(t) — t(t)h), do not exclude significant regions of the parameter space of the
model, quite the contrary. Indeed, the last searches on htt performed by both ATLAS
and CMS [179, 180] suggest a (still not significant enough) small excess of events over
the SM background. In fact, our studied production mechanism has been proposed
as a possible explanation of this phenomena, and has been considered by CMS as a

guideline for future analyses [181].

4.5.2 Collider signatures

The new Higgs production mechanism we want to study consists of single production
of new vector-like quarks (together with a SM quark) mediated by the exchange of a
heavy color octet vector boson. The vector-like quark then decays into the composite
Higgs and a SM quark. Sample diagrams of this production mechanism are shown
in Figure 4.5. The t-channel diagram on the right panel of the figure is actually not
relevant in this scenario, for first generation SM quarks are assumed to be completely
elementary. The final state is then htt. The corresponding cross sections depend on the
coupling of G to the SM quarks, to ¢@) and also on the BRs of the heavy quarks into a
SM quark and the Higgs. The relevant such BRs are, in the limit of large masses [164],
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Figure 4.5: Sample diagrams for the new Higgs production mechanism. The t-channel
exchange on the right is only relevant for composite u or d quarks.

BR(T — th) =~ 0.5, BR(I' — th) ~ 0.25, while other channels do not result in a
Higgs boson in the final state. We show in Figure 4.6 the production cross section
times BR for the htt channel in the benchmark model. In the following we propose a
dedicated analyses for this channel. We consider three different configurations for the
LHC parameters, namely 5 fb™! integrated luminosity at /s = 7 TeV (LHCT), 20 fb~!
integrated luminosity at /s = 8 TeV (LHCS8) and 100 fb~! integrated luminosity at
Vs =14 TeV (LHC14). The range of masses probed with the first two configurations
(that we call the low-energy phase) is quite different from the one probed by the high-
energy phase (the third option). Thus, the analyses are also different depending on
the phase. In particular, as we describe below, the analysis in the high-energy phase
benefits from using boosted techniques. In these analyses the anti-k; algorithm with
R = 0.7 is used for jets, and pr(j) > 30 GeV is required. Isolated charged leptons (e
or u) are considered when pr(¢) > 20 GeV. We use as discriminating variable as the

scalar sum

Sr=> pr(i) + > _pr(l) + B, (4.38)
j=1 (=1

where n;, is the relevant number of jets or leptons (ordered according to their py), which
depends on the analysis and is specified later on. We list in Table 4.2 the leading-order
(LO) cross sections for the main backgrounds and two sample points in parameter space
for our benchmark model. For the low energy phase (1/s = 7 or 8 TeV), the mass range
that can be probed at the LHC is relatively low. This means that the decay products
are not extremely boosted. Thus, traditional analyses are more efficient probing this

region of parameter space than analyses that use boosted techniques. Also, since we
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Figure 4.6: htt production cross section in the benchmark CHM mediated by a color
octet vector resonance with decay into a fermionic resonance and a top quark.

have the leptonic top decays to trigger on, we can afford to use the main Higgs decay
channel, namely bb, with BR(h — bb) = 0.48. We are therefore interested in the process
pp — G — Tt+ Tt — htt — 4b+ 25 + £ + Ef¥*. The main backgrounds are tf and
ttbb. In order to reduce the number of background events to manageable values we
impose the following initial cuts. (i) at least four jets j, of which at least three must
be tagged as b-jets; (i1) at least one isolated charged lepton ¢; (éii) a cut on Sy (in
this case we have n; = 4 and n, = 1) that depends on the test Mg we are considering:
Sr>0.9, 1.1, 1.5 TeV for Mg = 1.5, 2, 2.5 TeV.

We show in the left panel of Table 4.3, the efficiencies of the different cuts for the
main backgrounds and our signal for our benchmark model with Mg = 2 TeV. The
global efficiencies for the signal and relevant backgrounds are reported, as a function of
Mg, in the right panel of the table.

In the high-energy phase, /s = 14 TeV, larger masses can be probed. In this
case the decay products of the heavy gluon and quarks are highly boosted and one
can benefit from the use of boosted techniques. In this study we use a very simple
technique, based on fat jet invariant masses. Clearly there is room for improvement
if more sophisticated tools are used. Hence, we propose the following set of cuts for
this phase: (i) at least three jets j, with a minimum of two b tags; (ii) at least one

isolated charged lepton ¢; (i) all jets are then ordered according to their invariant
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Process LHC7 LHC8 LHC14
o [pb] o [pb] o [pb]
Mg =2 TeV 0.029 0.058 0.39
Mg =3 TeV 0.00061 0.0018  0.046
tt + 0 — 4j (semileptonic+leptonic) 48 70 297
ttbb 0.09 0.15 0.85
Zu/yu +1—4y 531 641 1423
WiW +0—25 15 23 49
Wy, + 1 =25 (pr > 150 GeV) — — 85
Wi +1—44 5133 6489 —

Table 4.2: LO cross sections for the signal and main backgrounds for different values
of the LHC energy. | = e, u, 7 have been considered in both semileptonic and leptonic
decays. The corresponding BR are included in the calculation of the cross section (when
the decays -leptonic or semileptonic- are explicitly stated).

cut €EMg=2 TeV €t €47bb Mg [TeV] €s €t €47bb
n; >4 77.31 52.16 91.85 1.5 15.8 0.00652 0.514
ng > 1 66.86 63.02 42.84

ny >3 3531 9 64 33 08 2.0 13.69 0.00108 0.156
St 75.01 0.12 1.20 2.5 9.67 0.000292 0.0174
Total 13.69 0.00108 0.156 3.0 9.14 0.000292 0.0174

Table 4.3: Left panel: Cut by cut efficiencies for the signal and main backgrounds for
the htt analysis in the low-energy phase for a sample point (benchmark model with
Mg =2 TeV). Right panel: Global efficiencies for the signal and relevant backgrounds
as a function of Mg. All efficiencies are reported as percent.

mass and the first two jets are required to have invariant masses close to the top and
Higgs mass, respectively, |m;, —my| < 40 GeV and |m;, — my| < 40 GeV (here j; o
are the jets with the largest and second largest invariant masses); (iv) a cut on Sy (in
this case we have n; = 3 and n, = 1) that depends on the test Mg we are considering:
Sr>1.2, 1.5, 1.7, 2 TeV for Mg =2, 2.5, 3,> 3.5 TeV. The results of these cuts on

the main backgrounds and the signal are reported in Table 4.4. In the left panel we
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cut EMg=3 TeV €if €tibb Mg [TeV] €s €17 €1ibb

n; >3 98.03 85.46  98.88 2.0 11.74 0.00265 0.1021
ne =1 7524 61.08 4516 95 15.61  0.00095 0.0518
Z;jlz’?mt gggz 20?'2429 618.'7500 3.0 18.06 0.00054 0.0298
mj, ~ mp 72.70 15.36 31.72 3.5 17.74 0.00027 0.0188
St 90.07 10.24  18.10 4 19.08 0.00027 0.0188
Total 18.06 0.00054 0.0298 4.5 19.40 0.00027 0.0188

Table 4.4: Left panel: Cut by cut efficiencies for the signal and main backgrounds for
the htt analysis in the high-energy phase for a sample point (benchmark model with
Mg = 3 TeV). Right panel: Global efficiencies for the signal and relevant backgrounds
as a function of M. All efficiencies are reported as percent.

report cut by cut efficiencies for a sample signal point (benchmark model with Mg = 3
TeV) whereas in the right panel we report the global efficiencies as a function of M.
With all this information, we now proceed to report our results as a function of the
most relevant input parameters. We found that the discovery limits or exclusion bounds
are not very sensitive to the composite Yukawa couplings Y, but the main sensitivity
is to the composite coupling of the heavy gluons, g.3, and the degree of compositeness
of the tg, parametrized by s;z. In all cases we show our results in the form of contour
plots of the required luminosity for a 5o discovery, defined as S(s,b) = 5, and we also
show contours of the luminosity required for the expected 95% exclusion bound (see
Section 3.4 for the pertinent definitions). Our main results are shown in Figure 4.7 4.
Several comments are worth to emphasize: (i) using the 2011 run, masses up to
Mg ~ 1.9 — 1.6 TeV can be discovered in the region allowed by current constraints for
gx3 = 4—>5. Exclusion bounds in the Mg ~ 2.2—1.9 TeV can be reached for g,3 ~ 3—5.
These results assume s;g ~ 0.5 — 0.7, outside this range the reach decreases as shown

in the left column of Figure 4.7. The plot corresponding to this energy is not shown as

4 Note that, because we are imposing the SM light quarks to be fully elementary, the bounds from
dijet contact interactions depend only on g.3. In particular, for the benchmark value g,3 = 3 they
imply a constant bound Mg > 2.5 TeV. This bound decreases as g, 3 increases. For instance it becomes
Mg > 1.5 TeV for g, 3 ~ 4.6.
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Figure 4.7: Contours of required luminosity for a 50 discovery (bands and solid lines)
and 95% exclusion limits (dotted lines) as a function of s,z and Mg (left column) and
gx3 and Mg (right column) for /s = 8 and 14 TeV (first and second row, respectively)
in the htt channel. Current bounds are shown with dashed lines (the area below the
dashed lines is excluded).

it is quite similar to the one at /s = 8 TeV, only with the numbers reduced to match
the results we have described. (i) the 2012 run with 20 fb~! at /s = 8 TeV can lead
to a discovery in the region Mg ~ 2.5 — 2 TeV (and a similar exclusion with just 5
fb~1) for g.3 ~ 3 — 5. Exclusion bounds in the Mg ~ 2.8 — 2.4 TeV region can be set,
for g.3 ~ 2.5 — 5, with the same luminosity. (i) data with y/s = 14 TeV can probe a
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much larger region of parameter space. Values up to Mg ~ 4.3 TeV can be discovered
with 100 fb~! and bounds up to 4.8 TeV can be set with the same luminosity.
If we consider composite bottoms or light quarks, the phenomenology can be dras-

tically different. We explore these scenarios in the next sections.

4.6 Composite bottom

In this section we reveal the implications that the fact of a composite bottom quark has
at the LHC. In this case, we do not make use of the explicit approximate expressions
obtained in the limit A7, < Api, but we use the top and bottom quark masses to
(numerically) fix the values of Ay and Aps in terms of the remaining parameters of the
model. We have checked that, in all the cases we consider, the hierarchy Ays/Ap; < 1is
preserved. Now, we have to add s,r = sin ¢g to the list of free parameters. Concerning
the fermionic spectrum, it has to be pointed out that B as well as @ do play an
important role in this case. We also decide to set Mg = Mg = Mp '°. Y, = 3 is still
assumed. Thus, for each value of s;r = sin ¢y, Sp,r and Mg the fermion spectrum is
then completely fixed.

Under these assumptions, the lightest new fermion is almost always a charge -1/3
quark that decays, with 100% BR, into hb. Let us call this fermion By,. By, turns out to
be a combination of B and B* = (B'+B_,/3)/v/2. BT is thus a symmetric combination
of quarks with third component of isospin T} = 41/2, so that in absence of any further
mixing, it has the decay pattern BR(B™ — hb) = 1. Hence, By, inherits its large decay
to hb from BT. In the left panel of Figure 4.8 we show the mass of the lightest charge
2/3 (solid horizontal lines) and charge -1/3 (dashed line) new quarks as a function of
spr and for two different values of s;g, corresponding to a midly (s;z = 0.6) and very
strongly (s;g = 0.95) composite tg, respectively. We assume Mp = 1.5 TeV (which
corresponds to the mass of the charge 5/3 and charge -4/3 new quarks). The dots in the
figure represent the mass of the charge -1/3 new quark that decays predominantly (with
100% BR for the parameters of the plot) into hb. This always agrees with the lightest
one (still, if Mo < Mg as suggested by naturalness arguments [146, 155, 158, 159],

5Note the difference with respect to the mass conditions in the last section. There we were fixing
the masses of the different quarks after mixing with the elementary fermions. Now we are fixing the
masses before mixing (and of course before EWSB).
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Figure 4.8: Left: Mass of the lightest charge 2/3 (solid) and —1/3 (dashed) quark as
a function of syr and for different values of s;z. The dots correspond to the mass of
By, (see text). Right: BR of the heavy gluon into Byb + B,b as a function of s,z and
for different values of s;r. We have fixed Mg = 2.5 TeV, g. = 3 and the mass of the
fermion resonances are fixed so that the lightest new fermion has a mass M¢/2.

there is a relatively light charge -1/3 quark with a 100% BR into hb [7]).

Let us now turn our attention to the only two remaining parameters in the model,
namely Mg and g.. Again, in order to avoid too large a width for the heavy gluon we
choose its mass so that pair production of top and bottom partners is kinematically
forbidden. Thus, we fix the mass of the heavy gluon to have twice the mass of the
lightest new heavy fermion after EWSB 6. Once My is fixed, all the phenomenological
implications of the model can be worked out. We show in the right panel of Figure 4.8
the BR of the heavy gluon into B,b+ Byb as a function of s,p for different values of s;z.
We fix Mg = 2.5 TeV and g. = 3 in this figure. The bell-like shape of the figure arises
from the fact that the coupling between the heavy gluon and bg By, is proportional to
SprCbR, (analogously to equation 4.33) where c,r = cos @pg.

Hence we see that the heavy gluon has a sizably BR into Byb+ Bj,b for a wide range
of values of s,r. Thus, similarly to the case of composite top quark, single production
of By, via the s-channel exchange of G results in an hbb final state with a significant
production cross section. We show in Figure 4.9 the hbb production cross section as a

function of the heavy gluon mass. This production cross section is sizable but not large

16In practice what we do is to choose a value for Mg and fix the value of My that makes the mass
of the lightest new fermion Mg /2.
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Figure 4.9: hbb production cross section with g. = 3, as a function of Mg. My has
been chosen such that the lightest fermionic resonance has a mass M¢/2.

enough to allow us to use the cleaner h — v, ZZ* decay channels. Among the two
leading decay channels, the h — bb is the most promising one. The main reasons are
the large number of b quarks in the final state, which is a very powerful discriminator
against the background, together with very special kinematics inherited from the large
masses of G and Bj,. As we now show, the latter ensures a clean trigger and a very
simple reconstruction algorithm.

The process we are interested in is therefore
pp — G — Bypb + Bpb — hbb — 4b. (4.39)

Due to the large masses we can probe at the LHC, all four b quarks in the final state
are very hard. We show in Figure 4.10 (left) the py distribution of the four b quarks
at the partonic level, for a heavy gluon mass Mg = 2.5 TeV, together with the pp
distribution of the hardest b quark for the irreducible QCD background (distributions
are normalized to unit area). All four b-jets are quite hard with the pr of the two leading
jets well above 300 and 200 GeV, respectively. This allows for a very clean trigger of the
signal events and also for the possibility of hard cuts on the pr of the leading b-jets, an
important ingredient to bring the irreducible background down to manageable levels.

Again, one important feature is that, due to the relatively large mass of By, the Higgs
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Figure 4.10: Left: Parton level py distribution of the four b quarks in the signal (de-
noted in decreasing order of pr by by 234) and of the hardest b quark in the irreducible
background. Right: AR separation between the two b-quarks from the Higgs decay at
the partonic level for two different values of the heavy gluon mass. All distributions
are normalized to unit area.

boson tends to be quite boosted and its decay products relatively aligned. We show
in Figure 4.10 (right) the AR separation between the two b-quarks that reconstruct
the Higgs, at the partonic level, for two different values of Mg (recall that we have
Mg, = M¢/2). We find that less than 35% of the events have AR < 0.4 for Mg = 2.5
TeV. This number goes up to 60% for Mg = 4 TeV. Thus, it is clear that, once more,
for larger heavy gluon masses the use of boosted techniques is likely to enhance the
sensitivity. However, we decide to restrict ourselves to traditional techniques because
the use of one less b-tag forces us to consider new background processes that are difficult
to estimate with other means than data-driven methods.

In the analysis we propose, jets and charged leptons ¢ are defined to have py > 20
GeV. We consider two different configurations for the LHC parameters: /s = 8 TeV
with L, = 20 fb~! (LHC8) and /s = 14 TeV with L;,; = 100 fb~! (LHC14). Before
discussing the phenomenological implications of the proposed analyses, let us consider

the bounds that current LHC searches can impose on our signal.

4.6.1 Constraints

As we have discussed in the previous scenario, dijet searches impose severe constraints

on our model, and these are again included in the final results in Section 4.6.2. In
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addition, other current searches, not specifically aimed at this model, can be some-
what sensitive to the signal we are considering. Among them, the most important ones
are searches with many b-quarks in the final state, typically motivated by SUSY mod-
els [182-185]. In particular, searches for hbb production in SUSY models and searches
for multi-b final states in association with EZ** are the most sensitive ones. Let us
discuss them in turn.

Searches for hbb (or hb) in SUSY look for events with three or more relatively hard
b-jets in the final state and try to reconstruct the Higgs from the two leading b-jets. The
expected pr distribution of the signal in SUSY models is much softer than in our model
(see Figure 4.10 left) and therefore the focus is in a highly background populated region
in which our signal gets easily diluted. This fact, combined with the small luminosity
collected up to the date, make these searches not very sensitive to our model, although
a very simple extension of the analysis with harder cuts on the pr of the b-tagged jets
would make them a very sensitive probe of CHMs.

Searches for multi-b final states in association with EZ"** on the other hand, look
for signatures with many b-jets in the final state, with a large value of Hp (scalar sum
of all the b-jets pr) and a sizable amount of EM*. Due to the large energy of the
final state particles in our model, the fake EM** is non-negligible and these searches
are sensitive to our model. It is interesting to note that analyses in which sophisticated
observables are used to avoid contamination from fake E7* (like ar in [186]) kill our
signal together with the multi-jet background. However, other analyses in which the
rejection of fake EJ*% is less sophisticated impose some constraints on the parameter
space of the model in our current scenario. We have used reference [187] that analyzes
the full 8 TeV LHC data and show in next section that, although this search imposes
some constraints on the model, our modified analysis in which the E¥*** requirement is
replaced for a more stringent requirement in terms of the pr of the different b-jets, leads
to a much better reach. This is an example of a very simple modification of current

analyses that could maximize the number of models the searches are sensitive to.

4.6.2 Collider signatures

In order to design the analyses, we have to figure out which backgrounds can overwhelm
the signal we are dealing with. The main one comes from the irreducible QCD pro-

duction of four b-jets, given that other purely hadronic backgrounds are suppressed by
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the small b-tagging fake-rate (see Section 3.3) and hence can be neglected. The same
happens to other SM processes in which at least one isolated lepton is produced (we do
impose a lepton veto to reduce these to negligible levels). Thus, the only background we
have to consider is the irreducible one. Still, the cross section of this QCD background
is so large that we are forced to generate events in the phase space region defined by
p% > 50 GeV and AR(b,b) > 0.3, since otherwise we are not able to generate a large
enough sample. The cross section in this region of the parameter space is ~ 12 pb.
In order to ensure enough statistics we generate a number of events corresponding to
a luminosity of ~ 1 ab™!. In light of the results of next-to-leading order (NLO) stud-
ies [188, 189] we assume that the shape of the py distributions is well described by our
LO calculations but the total cross section must be corrected with a K-factor that we
conservatively set to 1.5.

In order to bring the irreducible background down to manageable levels, we impose
the following set of cuts 17: (i) at least four b-tagged jets are required; (i7) zero isolated
light leptons ¢; (iii) the pr of each of the b-tagged jets has to be larger than 50 (60)
GeV; (iv) the pr of the hardest jet is required to be larger than 200 (300) GeV; (v) the
pr of the second hardest jet has to be higher than 100 (200) GeV; (vi) [my,y, —mp| < 30
GeV, where we denote b, and b), the two b-jets that better reconstruct the Higgs. After
this, we impose a final cut, (vii) the invariant mass of the four leading b-jets (that is
used as the discriminating variable) is required to be close to the test mass of the heavy
gluon: Mg —1000 GeV < my, < Mg+500 GeV. The efficiencies of the different cuts for
the signal (with Mg = 2.5 TeV) and the irreducible background are given in Table 4.5.
The relatively low efficiency for the signal of the IV, cut is due to the fraction of boosted
events.

We show in Figure 4.11 (left) the invariant mass of the four leading b-jets, after the
cuts we impose, for the signal and irreducible background. The figure shows that this
observable is clearly a discriminating variable, with a distinct peak around the mass of
the heavy gluon. Cutting on a window around the test mass, the background is reduced
to negligible levels. Once we reconstruct the heavy gluon mass, we can reconstruct the

heavy bottom by taking the invariant mass of the two b-tagged jets that best reconstruct

17"The parenthesis indicate that the corresponding cut applies only for LHC14. Otherwise, the cut
is set for both LHC8 and LHC14.
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8 TeV Ny Noopho pbt % | —ma|  mi(4b)
Signal 16 99 68 99 99 56 89
Background 17 99 10 13 &9 46 0.7
14 TeV

Signal 16 99 59 98 98 59 92
Background 20 99 12 7.6 63 36 11

Table 4.5: Cut by cut efficiencies (in percent) for the signal with g. = 3 and Mg = 2.5
TeV for two different c.m.e, and the irreducible bbbb background. The slightly low
efficiency in NV, for the signal is consequence of the boosted regime.

the Higgs mass (b, and b)) and the leading one among the remaining b-jets (denoted
biead)- It can be checked that the peak in this distribution around the heavy bottom
mass is narrower than the one obtained with other combinations of b-jets, for the values
of Mg and Mp, that we consider. An example of this is shown in the right panel of
Figure 4.11.

With all this information, we can report on the expected bounds and discovery
reach at the LHC. Our main result, summarized in Figure 4.12, shows the expected
95% C.L. upper limit on the hbb production cross section as a function of the heavy
gluon mass. We overlay the cross sections for several points in parameter space for our
model that allow us to compute the corresponding bounds on M. The results for the
LHCS are shown in the left panel of the figure in which we also show the corresponding
bound from current searches on multi-b plus EZ'*** final states. As we see, our modified
analysis can improve the current limits (using the same data) by more than an order of
magnitude in cross section and by almost 1 TeV in the reach of the heavy gluon mass
up to ~ 3 TeV for the benchmark model (defined with g. = 3). The expected bound
for the LHC14, together with several different scenarios for this model (i.e., different
values of syr and g.) is shown in the right panel of the figure. In this case 100 fb~! of
integrated luminosity allow us to probe masses in the 4 — 5 TeV region for the heavy
gluon, depending on the parameters.  The sensitivity of the LHC8 and LHC14 to
different parameters in the model is shown in Figures 4.13 and 4.14 respectively, in

which we give the sensitivity that can be reached, as a function of syr (left) and g,
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Figure 4.11: Plots of reconstructed events after the imposed cuts (see the text). The
dashed, dotted and solid lines represent the signal, the background and the sum (data)
respectively. Left: Reconstruction of G' from the four leading b-tagged jets. Right:
Reconstruction of By, from the two jets reconstructing the Higgs plus the hardest among
the remaining b-jets after the imposed cuts (see the text).

(right), for different values of the heavy gluon mass and for the two LHC configurations
with LHCS8 in the first figure and LHC14 in the second. In order to account for the
finite statistics, in this case we use SigCalc, that takes 7 = Lgata/Lyc as an input,
where Lq.n and Lyc represent the actual and the generated luminosities respectively.
The result given by SigCalc reduces to equation 3.6 in the limit 7 — oo. In this plot we
show again the bounds derived from dijet searches [169], which are more constraining
than multi-b searches for our model. As we see, despite the stringent bounds on the
model from dijet searches, there are allowed regions in parameter space with heavy
gluon masses in the 1.5 — 2.75 TeV range that can be discovered with the LHCS8 data.
At the LHC14 masses up to 5 TeV can be constrained and up to 4.5 TeV discovered
with 100 fb=1.

Thus, as conclusions, the requirement of very stringent cuts on the pr of the different
b-tagged jets and a relaxation in the amount of EF**$ requested can significantly reduce
the background without sensibly affecting our signal. In this way, masses up to ~ 3
(2.75) TeV for the heavy gluon can be excluded (discovered) with current data at the
LHCS8. The bounds and discovery limits go up to ~ 5 and 4.5 TeV, respectively at the
LHC14 with 100 fb~! of integrated luminosity.



Chapter 4. Composite Higgs models 83

g g
o) o)
< <
T 10 ¢ exduded (SUSY searches) | T
@ @
= S N z
Qe 2
S T _?C
& 102 _e@QfQj .......... m
g 950, R — g
T 103 . . L T
1500 2000 2500 3000 3500
Mg [GeV]

Figure 4.12: 95% C.L. exclusion bound on the hbb production cross section as a function
of the heavy gluon mass for the LHCS (left) and LHC14 (right) with 20 fb=! and 100
fb~! of integrated luminosity, respectively. The dashed lines correspond to the cross
section in our model for different values of the input parameters.
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Figure 4.13: Sensitivity reach in the model as a function of s,g (left) and g. (right), for
the LHC8 with 20 fb~!. The bounds from current dijet searches are also shown.

4.7 Composite light quarks

We have argued before that, according to the partial compositeness setup (Section 4.3),
light quarks are naturally mostly elementary and thus flavor-violating processes involv-
ing the first generations of quarks (which are very constrained) are suppressed by the
small mixing angles. However, light quarks can be also strongly composite, and then
interact strongly with the heavy fermions, if some new symmetry is enforced in the

strong sector [190-193]. In the implementation of minimal flavor violation (MFV) in
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Figure 4.14: Sensitivity reach in the model as a function of s,r (left) and g, (right), for
the LHC14 with 100 fb~'.

CHMs [192, 194] this is guaranteed by imposing Ar; = Ao = 0, so that LH light quarks
are completely elementary. In that case we have, in particular, Mg, , = Mg, , = M,
where now Q16 y Q76 stand for the doublet resonances of the light quarks. Thus, we
deal with two vector-like quarks Q1,6 = (U, D)T and Q7,6 = (Us3, Uz/3), degenerated in
mass, with hypercharges 1/6 and 7/6 respectively, that couple with identical strength
Ao = Y.sin¢,r to the RH light up quarks. In the following, we disregard the down
sector, as well as the physical singlet U. Given that u quarks are much more relevant
than ¢ quarks in processes mediated by quark anti-quark annihilation, hereafter we
only consider that ug is composite enough, and study its phenomenology. This model
is known in the literature as the Degenerate Bidoublet model, and has been described
in full detail in references [195, 196] (for an implementation in the lepton sector see
references [197, 198]).

Let us denote the two charge 2/3 vector-like quarks present in the spectrum, U and
Usss, by Uz and Uy, respectively, and Us;3 by X. After EWSB, all the observables can
be parametrized in terms of two masses, that we take to be m,, the SM up quark mass
and the common mass M = my, = mp = my, and a mixing angle sgp = sinfp '%.

The relevant relations between all these parameters are given by the following set of

8Note that this angle has nothing to do with sin ¢, r. sg refers to the mixing of ug with the vector-
like quarks after EWSB, while sin ¢, g refers to the mass mixing term of ur and U coming from partial
compositeness before EWSB. In terms of A\g = Y, sin ¢, r, Sg is expressed as sg ~ —\/iAQU/M.
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equations:

2 /072 ~
my, = Mecp/cr, sp=sgm,/M* =0,

m
k= V2l =Vorl, = sp, Yl = SRCR%- (4.40)

Here “5U27 k2 and k%, stand for the couplings of ug, the heavy quarks and the gauge
bosons when their interactions are written as

%ijupﬁv“DR + %W,;@XWWXR + L7 b, TR Uz +hee. (4.41)

\/_ \/_ 26W
Similarly, nyH represents the Yukawa coupling between ug, U, and the Higgs boson.
All other couplings are either vanishing or suppressed by powers of s; and therefore
negligible. From these couplings, it should be clear from the choice of notation that the
only allowed decays for the charge 2/3 quarks are Uz — Zu and U, — hu. Similarly,

X and D can only have charged current decays.

4.7.1 Constraints

In order to study the phenomenology of this model (constraints and implications),
there are two different approaches, depending on whether the heavy gluon is assumed
to be present in the spectrum or not. Let us first concentrate in the second case.
Note that the model enjoys a custodial symmetry protection of the SM quark gauge
couplings, so that they only receive corrections proportional to powers of |sz| < 1071
from the mixing with the new quarks. Thus, constraints on the S parameter [199]
give the very mild bound [195] [sg| < 0.75. Direct searches, however, result in the
most stringent constraints for this model. Here we translate the constraints obtained
in reference [200] to our model and the results are shown in Figure 4.15 (left). In
reference [200] the bounds were obtained assuming only one type of quark at a time.
In our model we have only one quark, Uz, contributing to the neutral current channel,
and therefore the experimental bound as given in reference [200] applies to our analysis
as well. However for the charged current channel we have two quarks, X and D,
contributing simultaneously whereas in reference [200] only one quark was considered.

Hence in extracting the limits on the coupling we have to consider the case that both
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Figure 4.15: Left: Upper bound on the value of the mixing angle, sg, as a function of
the common heavy quark mass, M, for the degenerate bidoublet derived from direct
searches [200]. Right: Maximum deviation of Higgs decay widths I'(h — gg,~y) with
respect to the SM in the degenerate bidoublet model when the bounds from direct
searches (left panel) are taken into account.

quarks are simultaneously present '°. The bound presented in Figure 4.15 (left) is
the most stringent one of the charged and neutral current channels. These constraints
are stringent enough that Higgs searches do not impose any further constraints. For
instance, given the current bounds in Figure 4.15 (left), GF is enhanced with respect
to the SM by less than 5% and the h — v channel decreased by less than 2% as shown
in Figure 4.15 (right). These direct constraints on sg also imply that my, ~ M with
an approximate precision of 1%, well within the experimental resolution. Thus, from
now on we consider all four quarks to be degenerate.

If we consider that the heavy gluon is also present in the spectrum, we have to
include the bounds we already considered in Section 4.5 too, namely dijet searches
(that in this case becomes more important given that both the production of the heavy
gluon and its decay into jets are enhanced) and t¢ searches. We include these constraints
in the corresponding plots with the summary of the results of the phenomenology of

this model when the heavy gluon is included.

19 Although we have disregarded the interactions with U in the present phenomenological study for
it does not contribute to the Higgs channels, properly speaking we should include its contribution to
these bounds. This, however, only slightly modify the values of s in Figure 4.15.
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(a) (b)

Figure 4.16: Sample diagrams for: (a) single production, (b) vector boson Higgs fusion
and (c) associated production of U, with subsequent decay into hu.

4.7.2 Collider signatures

As in the previous sections, we only concentrate in the relevant single production mech-
anisms of new quarks that involve at least one Higgs boson in the final state (see refer-
ences [194, 195] for the discussion of non-Higgs mechanisms). Given current constraints
from single production in the EW gauge boson channels we focus on the LHC running
at its highest designed luminosity with /s = 14 TeV. Let us start considering the
phenomenological collider implications of this model when the heavy gluon is assumed
not to be in the spectrum. One important feature of the model is the fact that each of
the heavy quarks couples to the u quark and only one gauge boson or the Higgs, i.e.,
BR(X — uW™') = BR(Uz — uZ) = BR(D — uW~) = BR(U, — uh) = 100%. This
strongly restricts the number of relevant diagrams that contribute to Higgs production
through the decay of the heavy quark Uj. The three mechanisms that we consider and
their relevant features are: (i) Single production: qq — jU, — jjh. In this channel,
the heavy quark U, is produced in association with a single (forward) jet. Subsequent
decay of the heavy quark to a jet and the Higgs boson leads to a final state of hjj as
shown in Figure 4.16 (a). Single production is suppressed in our model by the up quark
Yukawa coupling and is disregarded henceforth.

(11) Vector boson Higgs fusion (VBHF) q¢ — jVU, — jjVh, where V. =W, Z. In
this channel, the heavy quark U, is produced in association with a (forward) jet and
an EW gauge boson. After the decay of the heavy quark we have a final state of Vhjj,
where V' = W, Z gauge boson as shown in Figure 4.16 (b). The VBHF production
mechanism is initiated by two valence quarks, involves unsuppressed couplings and has

a longitudinal gauge boson enhancement. Thus, the corresponding cross section can
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Figure 4.17: Cross sections for the associated production channel (labeled hh + 17)
and the VBHF channel (labeled Wh+ 25 or Zh + 2j) for sy fixed to the current upper
bound. For reference we also show the SM production cross section of two Higgs bosons
and two Higgs bosons plus a hard jet with pr(j) > 100 GeV.

be sizable and relatively insensitive to the mass of the heavy quark. This is shown in
Figure 4.17 where the cross sections correspond to the currently allowed values of sg.
The presence of an EW gauge boson allows for a clean trigger using its leptonic decays
thereby allowing the use of the dominant bb Higgs decay.

(111) Associated Production: qg — hUy, — jhh. In this channel, the heavy quark U,
is produced in association with a Higgs boson and the subsequent decay of the heavy
quark leads to a unique two Higgs plus a hard jet final state shown in Figure 4.16
(¢). Double Higgs production has been studied as a way of measuring Higgs self-
couplings [201-203] and anomalous Higgs couplings [204-206]. The presence of a hard
jet from the decay of the heavy quark in our analysis enhances signal over background.
Associated production is initiated by a valence quark and a gluon. Hence the cross
sections can be quite large for small values of M but suffer a stronger suppression for
larger values of the heavy quark mass, due to the steeply falling gluon PDFs. We show
the cross section for this process in Figure 4.17 for the currently allowed values of sg.
For comparison we also show in Figure reffig:production the production cross section
for hh+X and hh+j+X in the SM, with py(j) > 100 GeV, as computed in [202]. In the
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Background o(pb) Background o(pb)
tt semileptonic + 0 — 47 223 Wi, WW +0—2j 0.14
tt fully leptonic + 0 — 45 54 WWZ+0-2j 0.18
Wy, bb + 0 — 2j 13 Wy, + 15, plh > X 178
bbb + 14, pit > X 3.1 ttbb 0.9
bb + 3j 515 Wi, W +0 — 2j 49
Zu)yu+1—4j 1423 WZ+0-—2j 40
ZnZ+0—2j 2.4 Zubb 40 — 2j 4.5

Table 4.6: LO cross sections for the various background processes for /s = 14 TeV.
In our notation W;, and Z; represent leptonic decays of the W and Z gauge bosons
and | = e,pu, 7. The transverse momentum cut for the hardest jet (j) for W+jets
background is X = 130 GeV. In the case of bbbb + 1j we have X = 150 GeV. The
explicit number of jets listed stands for the ones generated at the parton level and the
rest of the jets are from initial and final state radiation. The first three are the main
backgrounds to the VBHF channel and the next two are the main ones for the bbbb + j
associated production channel. The other background processes listed in the table have
been considered in the analysis but become irrelevant after all the optimization cuts
have been applied.

following we describe the analyses we propose to measure the VBHF and associated
production mechanisms. In these analyses jets and leptons are defined as requiring
pjT > 30 GeV, and p5 > 20 GeV. In Table 4.6 we show the relevant backgrounds for
the analyses in this section with their corresponding cross sections at /s = 14 TeV.
In the VBHEF channel, the heavy quark U is produced singly in association with a
W or Z gauge boson and a jet leading to the final state pp — VU,j — V hjj, where
V =W, Z. Of the two jets in the final state, the one coming from the heavy quark
decay tends to be quite hard whereas the other one tends to be relatively forward.
Furthermore the Higgs boson comes from the decay of a massive particle (U,) and is
typically quite boosted. These features can be used to enhance signal over backgrounds.
Considering the leptonic decays of the gauge boson helps to reduce QCD backgrounds
as well as provide a clean trigger. Hence we consider only the leading h — bb decay. The
final state is therefore bbjjlER**s or bbjjll, for V =W or Z gauge boson respectively.
The latter process is potentially cleaner but suffers from reduced statistics. The cross
section is of O(fb) once the decay BRs of the Z and h are included. Thus, even a
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M (GeV) os (fb) €s €tf EWbh

500 79 0.010 1.0x10* 14x10*
1000 46 0.040 4.7 x107° 7.7x107°
1500 50 0.025 7.7x107% 14x107°

Table 4.7: Cross sections for the signal (WWhjj) and efficiencies for signal and main
backgrounds for different values of M. The corresponding background cross sections
are listed in Table 4.6.

minimal set of cuts quickly reduces the number of events to just a few except for very
large luminosities. For this reason we focus on the more promising charged current
channel. For this channel we propose the following cuts: (i) exactly one charged lepton
¢ (e or u) plus at least four jets j with exactly two b tags; (i) pr(jn) > 200 GeV for
the hardest jet that is not b-tagged; (uii) the two b-tagged jets have to reconstruct the
Higgs mass, i.e., |my — mp| < 30 GeV; (iv) the Higgs is required to be boosted in the
sense that AR(bb) < 1. And finally (v), we reconstruct the mass of the heavy quark
requiring |myy,;, — M| < 200 GeV. We show in Table 4.7 the signal cross section and the
total efficiencies for the signal and main backgrounds for different values of the heavy
quark mass. All relevant background processes are considered but we only report the
ones that are non-negligible after all the cuts in Table 4.7. In Figure 4.18 (left) we
show the 2 and 5 o sensitivity for the production cross section times BR for the Whjj
channel as a function of the heavy quark mass, M, for the LHC with /s = 14 TeV
and an integrated luminosity of 300 fb~!. For reference we also show the current (95%
C.L.) upper bound (indicated by the dotted blue curve) imposed by the constraints on
SR-

In the associated production channel, the heavy quark, Uy, is produced in association
with a Higgs boson as shown in Figure 4.16 (c¢). Subsequent decay of the heavy quark
leads to the unique final state with two Higgs bosons and a hard jet: pp — hU;, — hhj.
Double Higgs production has received some attention as a means of measuring the
Higgs self-couplings in the SM, see for instance References [201-203]. In the case of
the SM, this is a very difficult measurement at the LHC due to the very low cross
section, ogp (pp — hh + X) = 28.4 tb [202]. As shown in Figure 4.17 the double Higgs

production cross section can be larger (by up to an order of magnitude for the lowest
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Figure 4.18: Left: 2 and 5 ¢ bounds (indicated by dark and light colored regions
respectively) on the production cross section times BR for the Whjj channel as a
function of the heavy quark mass, M, for the LHC with /s = 14 TeV and an integrated
luminosity of 300 fb~!. For reference we also show the current (95% C.L.) upper bound
(indicated by the dotted blue curve) in the context of the degenerate bidoublet model.
Right: Contour plot of the luminosity required for a certain degree of C.L. as a function
of the heavy quark mass with sp fixed to the current limit.

masses) in our model for masses M < 1.4 TeV. Furthermore, the presence of a very hard
jet from the decay of the heavy quark in our model provides better signal sensitivity
over background. In fact, even for the lowest value of the masses considered, in over
90% of the signal events the hardest jet has pr(jn) > 100 GeV whereas in the SM the
corresponding cross section goes down to ogy(p — hhj + X;pgp > 100 GeV) = 3.2
fb. Even without the extra hard jet it has been argued recently that the LHC can
be sensitive to double Higgs production in models beyond the SM with anomalous
Higgs couplings [204-206] with an enhancement factor with respect to the SM cross
section similar to the one present in our model. Hence, our analysis, which probes the
underlying structure of the degenerate bidoublet model, is competitive with the other
double Higgs studies (which probe different theoretical aspects).

The presence of two Higgs bosons can lead to different final states based on the
decay modes of the Higgs. We consider two scenarios: one where both Higgs bosons
decay to bb and the other where one Higgs boson decays to bb and the other to a pair
of photons. This gives rise to the final states bbbbj and bbyvj respectively. We estimate
the LHC reach for the associated production channel with these two final states.

The bbyy channel has been studied in detail in reference [201] in the context of
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cut €800  €1600  Eirred.
Equation (4.42) 0.14 0.087 0.00023
Equation (4.43) 0.76 0.7 0.13
Equation (4.44) 0.99 1 0.011

Table 4.8: Efficiencies for the signal (with M = 800 and 1600 GeV) and irreducible back-
ground in the bbyy channel for the various optimization cuts listed in equations (4.42)
- (4.44).

the SM and in reference [205] in models with anomalous diHiggs couplings (like the
ones present precisely in CHMs). The result is that the cross section is too small for
a reasonable measurement in the SM but in some CHMs one can reach discovery in
this channel for values of the cross section o(pp — hh — bbyy) = 6 x o(pp — hh —
bbyy)¥™ [205]. In our model there are regions of parameter space in which the double
Higgs production cross section is enhanced by an even larger factor with respect to the
SM, even before taking into account the presence of a hard jet. In order to estimate
the LHC reach we generate events for the signal and the irreducible background. We
implement the following cuts as suggested in Reference [201]: (i) two b-tagged jets and

two photons satisfying

pr(b) > 45 GeV, |n(b)| < 2.5, AR(b,b) > 04,
pr(vy) >20 GeV, |n(y)| <25, AR(v,v) > 0.4, (4.42)
|mepy — mp| <20 GeV,  |my, —my| < 2.3 GeV, AR(y,b) >04.

(11) angular cuts:
AR(b,y) > 1.0, AR(y,7) < 2.0. (4.43)

(117) finally we also impose an extra cut on the pr of the hardest jet to further reduce
the background:
pr(jn) > 100 GeV. (4.44)

The signal and irreducible background efficiencies for the cuts in equations (4.42) -
(4.44) are shown in Table 4.8. Note that the cut on the py of the hard jet is rather

conservative since a larger cut such as pr(jn) > 300 GeV reduces the background
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Figure 4.19: Same as Figure 4.18 but for the hhj channel with bbyyj final state.

significantly while preserving most of the signal. The cross section for the irreducible
background after the cuts of equation (4.42) and equation (4.43) agree with those in
references [201, 205] to within O(15%). Given this agreement we use the efficiencies
for the reducible (subleading) backgrounds from references [201, 205] and assume the
same efficiency for the cut on the pr of the hard jet as in the irreducible background.
We use the resulting efficiencies to estimate the 2 and 5 ¢ reach for this channel at
the LHC with /s = 14 TeV for 300 fb~! of integrated luminosity and the results are
shown in the left panel of Figure 4.19. For comparison the current bound in the model
as obtained from single EW production is also shown as the blue dotted curve. In the
figur panel of Figure 4.19 we show the C.L. as a function of the heavy quark mass for
different values of total integrated luminosity when sg is fixed to the current upper
bound. We see that with an integrated luminosity of 300 fb~! we can obtain a 2 (5) o
measurement up to 1.4 (1.0) TeV.

The bbbbj channel (which turns out to be the channel with the largest BR), is
a priori extremely challenging due to the immense QCD background 2°. A realistic
determination of the feasibility of this multijet channel requires computing resources
and data-driven methods that are beyond the scope of this analysis. Hence we can

only get a rough estimate of the LHC reach for this channel. In this study we aim to

2ONote that, although the topology of the final state is similar to that we studied in Section 4.6, the
phase space regions are completely different. In particular, unlike this last one, the process we study
in this section does not contain very hard b-tagged jets, and thus the copious production of MC events
can not be easily performed.
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point out the unique features of this final state that enhances signal sensitivity over
the large backgrounds. These unique features include a very hard jet, four b quarks
that reconstruct two Higgs bosons and the reconstructed heavy quark. We believe that
our results are sufficiently promising to warrant a more detailed experimental study.
We generate the following two background processes: the irreducible bbbb + 15 and the
bb + 35 backgrounds. The corresponding cross sections are shown in Table 4.6. The
huge background reduction resulting from the requirement of four b-tagged jets (here
we assume a fake tag rate of 1%) allows us to neglect pure multijet QCD backgrounds.
We propose the following cuts: (i) at least five jets, four of which must be tagged
as b-jets; (i) pr(jn) > 300 GeV; and (uii) |m;; — my| < 50 GeV (for both pairs of
b-jets). The very large bb + 3j cross section (see Table 4.6) is greatly reduced due
to the requirement of four b-tags, given the 1% mistag rate we consider. This huge
reduction makes it very challenging to generate enough statistics to reasonably estimate
the efficiency of the remaining cuts. In order to estimate this efficiency we do not impose
the requirement of the four b-tags but rescaled the corresponding cross sections with
the factors resulting from the b-tagging efficiency (eq,(bbbbj) ~ 0.25) or mistagging rate
(€45(bbjjj) =~ 1.5x 1071). The remaining cuts on the transverse momentum of the hard
jet and the Higgs mass reconstruction are then implemented. The pairs of jets used
to reconstruct the Higgs boson are selected from the four subleading jets, as in the
signal the hardest jet is typically the one from the decay of U, and is not a b quark.
The two jets that reconstruct the Higgs mass closest to m, = 125 GeV form the first
pair while the remaining two jets reconstruct the other Higgs boson. Once the two
Higgs candidates are selected we construct the invariant mass of one Higgs boson and
the leading jet and require that at least one of these invariant masses is in the region
|mpj, — M| < 400 GeV. We show the corresponding efficiencies after all cuts for the
signal and the two backgrounds we consider in Table 4.9 and a summary of the results
in Figure 4.20. Keeping in mind the inherent lack of precision in the estimation of the
backgrounds for this process we see that this channel is potentially even more promising
than the bbyy one. A 2 (5) o sensitivity can be obtained for masses up to 1.7 (1.3) TeV
with 300 fb~! integrated luminosity.

Let us know consider the heavy gluon G to be present in the spectrum. This allows

us to study the production of G and its decay into uUp, following by the subsequent
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M (GeV) os (fb) € €w+j  €r3; background events/100 fh!
500 125 0.033 0.0051 0.0029 456
1000 12.6 0.057 0.005 0.003 412
1500 5.6 0.03 0.0008 0.0005 71

Table 4.9: Cross sections for the signal (bbbbj channel) and efficiencies for the signal and
main backgrounds after all the cuts listed in the text for different values of heavy quark
mass, M. The total number of background events with 100 fb~! of integrated luminosity
is also shown in the last column. The efficiency due to b-tagging as described in the
text is not included in this table but it is used to compute the number of background
events.
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Figure 4.20: Same as Figure 4.18 but for the hhj channel with bbbbj final state.

decay of Uy, into hu. The Higgs is then produced in association with two jets. Due to the
presence of the heavy gluon, the phenomenology of this channel can not be described
just with the single parameter sz. Thus, as in Section 4.5, we set Y, = 3, so = 0.1,
Mg = 2U, and vary the parameters g.3, Mg and s,g = sin¢,g. The constraints
on si are then translated to curves in this parameter space. The cross section for this
processes for the choice g.3 = 3 and s,z = 0.6 as a function of M is given in Figure 4.21.
Even if the two extra jets are quite hard or forward, depending on whether we have an
s— or t—channel contribution, the signal is completely swamped by backgrounds if we
consider the h — bb decay channel. We are therefore forced to consider the h — WW*
channel. Even so, the relatively small cross sections and the huge W + jets background

makes the dilepton mode the only one in which the signal can be realistically extracted
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Figure 4.21: Left panel: hjj production cross section for g,3 = 3 and s,z = 0.6 as a
function of Mg mediated by a color octet vector resonance with decay into a fermionic
resonance and a jet.

from the background. The penalty to pay is then the low cross sections and we are
in all cases statistics limited. Due to this limitation, we only consider the high energy

LHC phase (LHC14) for this channel. The process we are interested in is therefore
pp — G — Ut + Uu — huti — 2j + 20 + EFs, (4.45)

The main backgrounds are W + jets, Z + jets, WW + jets and tf + jets. The cuts we
propose are: (i) at least two jets j; (ii) exactly two charged light leptons ¢, both with
pr(l) > 50 GeV and |A¢(¢1,05)] < 0.5; (ii) a veto on b-tagged jets (no jet should be
tagged as a b-jet); (iv) pr(j1) > 400 GeV, pr(j2) > 200 GeV (j; 2 denote the two hardest
jets); (v) a cut on the invariant mass of the two charged leptons 15 GeV < my < 70
GeV; (iv) a cut on the transverse mass of the Higgs decay products mr (¢, £, E75) < 120

GeV, where the transverse mass is defined as

my =\ (BYf + B2 — |plf + pr?. (4.46)

with B = \/|p¥]2 + m2, |pr| = E¥ss, and |p¥| = p¥. And (vii) a cut on Sy >
1.5, 2.1 ,2.3 TeV for Mg = 2, 2.5,> 3 TeV. The effect of the cuts on the different

backgrounds and our signal for g,3 = 3, syg = 0.6 and Mg = 2 TeV are described in
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Cut EMg=2 TeV ew €if
2<n; <6 99 76 96
ne = 2, pr(f) > 50 GeV, |Ag| < 0.5 28 0.0206 0.158
ny =0 95 86 22
pr(j1) > 400 GeV, pr(jz) > 200 GeV 79 31 4.8
15 < my < 70 GeV 91 47 75
mr(Higgs) < 120 GeV 62 19 17
Sr 97 98 97
Total 12 3.6 x107* 2x 107

Table 4.10: Cut by cut efficiencies for the signal (with g.3 = 3, s,z = 0.6 and Mg = 2
TeV) and the main backgrounds (W+ jets and ¢t) in the hjj channel at /s = 14 TeV.
All efficiencies are reported as percent.

Mg €EMg=2 TeV ew €t Eww
1.5 10.4 0.00148 0.00096 0.01
2 11.75 0.000361 0.0002 0
2.5 6.82 74x107° 1.57 x107° 0
3 7.26 4.54 x 107° 0 0
3.5 8.15 4.54 x 10~° 0 0

Table 4.11: Global efficiencies for the signal and main backgrounds as a function of the
test mass in the hjj channel at /s = 14 TeV. All efficiencies are reported as per cent.

Table 4.10. The cuts completely kill the Z and WW backgrounds which are therefore
not reported. The cut on S has no effect for this mass but is relevant for heavier
masses. The global efficiencies for the signal and the main backgrounds as a function
of the test mass are given in Table 4.11. The discovery and 95% bound contours for
this channel as a function of (sur, Mg) and (g.3, Mg) are given in Figure 4.22. Note
that, even with y/s = 14 TeV, more than 30 fb=! of integrated luminosity are required
for discovery in the allowed region of parameter space. With 100 fb~!, masses up to
Mg ~ 3.3 TeV can be discovered and up to Mg ~ 3.5 TeV excluded if no signal of NP
is observed.

A last comment is in order. It has been shown [10, 207, 208] that the presence
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Figure 4.22: Contours of required luminosity for a 5 ¢ discovery (bands and solid lines)
and 95% exclusion limits (dotted lines) as a function of s,z and Mg (left column) and
g«3 and Mg (right column) for /s = 14 TeV in the hjj channel. Current bounds are
shown with dashed lines (the area below the dashed lines is excluded).

of heavy color octet resonances, that naturally arise in CHMs as we have repeatedly
argued, can explain the observed ¢t forward-backward asymmetry (Ath) at the Teva-
tron [209, 210]. Indeed, both Tevatron experiments, CDF and D@, have observed an

anomalously large A%B asymmetry in ¢t production, defined by

N(Ay" > 0) — N(Ay" < 0)
N(Ay" > 0) + N(Ay't < 0)’

Al = (4.47)

where Ay** =y, — y7 and N is the total number of events satisfying the corresponding

constraint. This asymmetry has been measured in semileptonic decays with the fol-
lowing result: A%;(CDF) = 0.164 4 0.047 [209] and A%,(D®) = 0.196 £ 0.065 [210],
to be compared with the SM NLO prediction with EW corrections included [211]:
Al (SM) = 0.088 4 0.006. Although not statistically significant for a discovery, the
observed excess is consistent among experiments. A puzzling aspect of the observed
excess is that the large values of the measured asymmetries are not accompanied by any
sizable deviation in other top observables, such as the total or differential ¢£ production

cross sections. This strongly constrains possible explanations of the anomalous A%,
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Figure 4.23: Left: Transverse mass for the W j, system in the Wjj analysis described
in the text for the SM (solid blue) and the model with the heavy gluon (data points
with statistical errors). (See reference [10] for the details.) Right: Result of the fit
of the my;, distribution for the Zjj channel for the SM (solid blue), the model with
the heavy gluon (data points with statistical errors) and the fit to both distributions

(dotted black). Both plots are for the 7 TeV LHC with 4 fb~!. In any case, jj, refers
to the hardest jet.

However, it has been shown that an s—channel gluon resonance G of relatively low mass
(Mg < 1 TeV) can explain the large value of the asymmetry consistently with all the
other observations [10, 207, 208]. It needs to have small, close to axial couplings to
the light quarks (thus light quarks have to be midly composite as in the case under
study) together with a large coupling to the RH top quark. The key ingredient is in
fact a large gluon width, provided by new decay modes of type G — Qg, ¢Q, where
q is a standard quark and ) a massive vector-like excitation [10]. Because this arti-
cle is not strictly speaking part of this thesis, we refer to [10] for details and explain
only briefly the main phenomenological LHC implications that can be pointed out from
that study. These are mainly two: (i) the new fermionic resonances, produced through
the decay of G, can be well looked for when they decay into non-Higgs channels (i.e.,
p — G — Qq(qQ) — Vjj, with V.= W, Z). As an example, Figure 4.23 shows the
heavy quark mass reconstruction in the Wjj (left) and Zjj channels. And (i) two

other observables, namely Atct— and AY, can drastically deviate from their values in the
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Figure 4.24: Distribution of the ratio A% /AS at the LHC as a function of p% (left)
and my; (right) for the SM (dotted black), for six different heavy gluon models (lines
solid blue, solid red, solid purple, dashed blue and dashed purple) and the Z" model of
reference [212] (solid green). See reference [11] for the details.

SM. These observables are defined in semileptonic tf events by

N(AJyl" > 0) — N(Aly|" < 0)

A€ — _ _ 4.48
"= N @l > 0) + N AT <0) (445
and A tl A tl
N >0)—N <0
AC — (Aly ) — N(Aly] )7 (4.49)
N(Aly|* > 0) + N(Aly|* < 0)
where we define
Alyltt = lye+| — |yg|, for lepton?c top. decays (4.50)
lye] — |ye-|, for leptonic anti-top decays.

In order not to exceed to much in this discussion, we only point out that the ratio of
these observables is studied in different heavy models with heavy gluons (and other
well-motivated models) in reference [11]. We show in Figure 4.24 this ratio for different
scenarios beyond the SM (see reference [11] for details) and for the SM as a function
of the pr of both the lepton in the semileptonic decay and my;. It is clear from the
figure that the ratio of lepton-based and ¢t charge asymmetries can be a powerful
discriminator of NP. This study have been performed for the LHC with /s = 8 TeV
c.m.e. Nevertheless, the shape of the ratio of the asymmetries as function of pf or m;

should be a particularly useful observable for the longer LHC run with an upgraded
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energy /s = 13/14 TeV. Moreover, it is expected that the ratio of related asymmetries

in the dileptonic ¢ channel has similar discriminating power.

4.8 A non-minimal composite Higgs model

In the previous pages we have seen that the MCHM can not only alleviate the prob-
lems related to the elementary nature of the Higgs boson, but also provide plausible
explanations to the (slight) deviations that have been found both at the Tevatron and
the LHC colliders. As an example, we have discussed the recent measurements of the
htt production cross section measured by the ATLAS and CMS experiments in Sec-
tion 4.5.1 and the observed deviation of A%, and their implications at the LHC in the
last section. However, there are other physical observations that can not be accommo-
dated in the framework of the MCHM. The well-established evidence of DM [213] is a
good example of this. In such a case, the MCHM can be extended to the non-MCHM
SO(6)/SO(5) [214], for which an extra pNGB, 7, is present in the spectrum fulfilling
the requirements of a weak-interacting massive particle (WIMP) if the SM fermions
are embedded in appropriate representations of SO(6) [215]. In this section, instead,
we focus on a different observed discrepancy, namely the recent diphoton excess, which
can be in fact a hint of an extended Higgs sector. Indeed, recent fits to a combination
of ATLAS, CMS and Tevatron data on Higgs searches, seem to point to an excess in
h — v events by a factor of ~ 1 — 1.5 with respect to the SM prediction, while they

agree pretty well in the rest of the channels 2!

Although the excess is not yet sig-
nificant, it could mean an intriguing source of NP. For this reason, many groups have
proposed explanations to this discrepancy, through the introduction of new uncolored
(in order to not contribute to the GF channel) particles which, when running in the
loops, can increase the I'(h — 77) width, while keeping the rest of the channels in-
variant [198, 218-258]. In this way, the BR of the Higgs into diphotons can be easily
increased up to the current measurement ~ 1.2 x BR¥™ without conflicting with the
others channels. These new particles could be both uncolored scalars or leptons. In any
case, the NP contribution is suppressed by the mass scale of the new particle running

in the loop. Thus, the lighter these particles are, the larger the contribution is. This

21 Actually, the excess is now present only in the ATLAS results [216]. In the first ATLAS [217] and
CMS measurements [153], however, this excess was also pointed out.
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requirement can be successfully achieved in the context of CHMs, given that the Higgs
boson, as well as possible new scalar states, arise as a pNGB of a new strongly interact-
ing sector and are therefore naturally light. However, we should consider non-MCHMs
in order to get charged scalar states, like SO(6)/S0O(4) x SO(2) 2HDM [259]. Spherical
CHMs, based on SO(n+1)/SO(n) can also explain this excess, whenever n + 1 is such
that possible anomalous representations appear. In that case, the Higgs boson can
mix with the new extra singlet scalars which, although they are not charged, can still
couple to pair of photons through nF,, F'* interactions coming from anomalies in the
strong sector [214, 260]. Here, however, we present a new CHM based on the symmetry
breaking pattern of SO(7) to G [6]. In this case, an uncolored SU(2), singlet charged

scalar, kT

, as well as a neutral singlet scalar, n, appear in the spectrum in addition to
the SM Higgs doublet. As we show below, loops of k¥ can substantially modify the h
BR to photons, thus explaining the observed anomaly. This part of the text is then
structured as follows. In Section 4.8.1 we introduce the group structure of the model
and obtain the two-derivative scalar interactions described by the non-linear sigma
model lagrangian. In Section 4.8.2 we also discuss the embedding of the SM fermions
into representations of the whole group and construct the lagrangian quadratic in the
fermion fields, in analogy to what we already did in Section 4.4 for the MCHM. Finally,
in Section 4.8.4 we briefly discuss the constraints and phenomenological implications of

this model at the LHC.

4.8.1 Scalar sector

The model is based on the symmetry breaking pattern SO(7)/G,, which can be achieved
through the VEV of a field ® transforming in the spinor representation 8 of SO(7). The
21 generators Jp, = —Jum of SO(7) and the G4 subgroup generators in this representa-
tion are detailed in Appendix D. The generators correspond to the sets F; and M; that
are there explicitly shown. The rest of the generators, the set N;, generate the coset
manifold. They transform in the 7 representation of (G5, and decompose under the sub-
group SU(2) x SU(2)g into (2,2)4(1,3). Some of the relevant commutation relations
are [F}, Fy] = ie""Fy,, [M;, M;] = \/LgeijkMk, [F;, M;] =0, [F;,N;] =0, [M;,N3] =0,
[M3, N*¥] = FN*, N* = N; £iN,, where j = 1,2,3. All the SO(7) generators of
Appendix D are normalized according to tr(7;7;) = ¢;; (note that the SU(2)x group
is generated from v/3M; rather than M; alone). From these equations, we explicitly
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see that Ny o3 are not charged under SU(2), and we get their hypercharges. In fact,
these generators transform in the (1,3) representation mentioned above (and so do
the corresponding NGBs), while the rest of them live in the (2,2), giving rise to the
Higgs doublet. Thus, the physical pNGB spectrum is composed of the Higgs boson
h, a neutral scalar  and a singly charged scalar k*. Thus, according to the CCWZ
formalism (see Section 4.2), the scalar lagrangian is described by a non-linear sigma
model over SO(7)/Gs. Using the explicit expression of IT in Appendix D, we can write

the lagrangian in terms of charge eigenstate fields up to order O(1/f?) interactions:

1 2 1, 9
L= §<auh>2 + 50 + O + 555 [0,610))° + 5O (4.51)
5 2f2 (QN@&LW + 2}2 [ <"0+’1_)}2 + 2_;8#(¢T¢)au(ﬁ+’i ) + Qanqua#(’f k),

where, as before, ¢ = (¢+, ¢°) and k* = (k) £ iky)/V/2.

4.8.2 Fermion spectrum

As in the case of the MCHM, in order to construct the effective lagrangian for the
fermions, we extend the symmetry group to SO(7) x U (1) x and embed the SM fermions
in multiplets of this group [143], with the proper X charge. Two appropriate represen-
tations of the whole group SO(7) are the fundamental 7 and the spinorial 8 represen-
tations. Under the unbroken subgroup G, the first one remains as 7 while the second
decomposes as 1 + 7. We work in the latter scenario because, as we discuss later, the
presence of a whole GG singlet is necessary to give a mass to the top quark. Under the
custodial symmetry group SU(2), x SU(2)g, the 8 decomposes as (1,1)+(2,2)+(1, 3).
The SM elementary fermions mix, therefore, with multiplets of SO(7) with charges 8,3
and 8_1/3. We pictorially ** represent the 8 as

(2,2) = (¢, Q) (2,2) = (@4
8ys=| (1,3)=(X,0,0)" |, 8_iz=| (L3)=@" ") |, (452

(1,1) =t (1,1) =¥

22Pictorially in the sense that we are not writing the generators of Appendix D in the canonical base
of equation (4.52). Thus, for instance, in the base used for the generators, the custodial (1,1) of the
whole 8-dimensional space is not (0,0,0,0,0,0,0,1)” but rather (0,1,0,1,0,—1,0,—1)7. Equations
(4.53), (4.54) and (4.55) should then be clear in light of this consideration.
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where the decomposition into irreducible representations of SU(2), x SU(2)g is mani-
fest. Let us discuss how the SM fields have to be divided among the different entries.
For this purpose, in the following we consider that only the top and bottom quarks are
composite enough and that is why we write £ and b in the previous equation. In order
to give a mass my to the bottom quark, both the LH components of the quarks along
q7 as well as the component of the bottom quark along 0/, should be different from
zero. The component along ¢}, however, has to be small enough to protect the Zb.by,
coupling [261], and then the component of b along b, should be near one to naturally
get a non-negligible my;. Thus, the component of the bottom quark along br can no
longer be large. This, however, only affects the k* decay width. b% can be fixed to
zero without any conflict. On the other hand, the component of the top quark along tg
should be nearly one to allow a naturally large top mass, making the component along
'z rather small. We choose a prescription consisting of two 8,3 fields, Q7 and Tx. The
SM doublets can be embedded in the (2,2) of Qp, where the Zb.b;, coupling becomes

protected as mentioned above:

1
QL= %(Z’tL—bL, tr,—iby, —it,—bp, tp+ibp, it +by, tr+1br, by, —ity, tL—ibL)T. (453)
The T field can contain the tg singlet in both the (1, 1) and the neutral part of (1, 3),
proportional to cosf and sin 6 respectively, and also a small component (parametrized

by some parameter €) of the bg field in the same (1,3):
1
T = 5(80151%, Cotr, —Solr, Colr, —Solr, —Colr, Sotr, —Colr)" + €Bp, (4.54)

R \/—( RyYR R R Ry YR R R) ( )

Although the embedding of by in B does not give a mass to the bottom quark, € has to
be different from zero. Otherwise, k* appears always in pairs and then becomes stable,
giving rise to undesirable consequences [262-265]. The hypercharge Y of the different
elementary fields is Y = T + Qx, where T refers to the third generator of SU(2)x.
Note that, as we see below, whenever sin @ is different from zero, a trilinear coupling

for n is generated, allowing it to decay into pairs of fermions. The lagrangian for the
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fermions and their interactions with the pNGBs can be written as
Lop =Tap (H?R + ﬁ§R2T2> Tr+ Qup (0, + 11 £7%) @, (4.56)
1 ~
+ 1—6f (Mt QLETSTR + h.c.) ,

where ¥ = exp [—ill(x)/f]Zo, and X = (0,1,0,1,0,—1,0,—1)7 /2 is the vacuum of ®
in the representation we are considering [266-268]. The explicit expression of II(z) in
this case is given in Appendix D. After expanding this lagrangian up to O(1/f?) we

get, in the unitary gauge, the following effective lagrangian for the quarks:

2 2
Lo = trp (HSR + Hth |:COSZ 6 + sin? 9% — % (h2 + 772 + 2/5%‘) + 2 cos 0 sin 9%]) tr
7 0 G 07 27 0 ﬁth + .-
+ tL]ﬂ HQL + QHqLF tr + HquL}ﬂbL +e€ bRp HtR + F/ﬁ K br
_l’_
t

Kkt M, _
+ {Hthe cos HtRp% (1 + tan 6%) br + EEtLth%

+ % cosOtrtrh [1 - QLfZ (R* + 1>+ 25TKk7) + tan® ?] + h.c.}. (4.57)
After EWSB, we obtain trilinear couplings of x* to the fermions whenever € is different
from zero, that allows x* to decay into SM particles. Similarly, if cosf = 1 we get
a symmetry 7 — —n that does not allow 7 to decay into pair of fermions 23. Thus,
hereafter we assume that € # 0 and cos@ # 1. Since the k* are charged under T3, they
interact not only with the SM fermions through the lagrangian of equation (4.57), but
also with the Z and « bosons. These interactions are fixed by the gauge symmetry. They
are given by the coupling of A, and Z, to the neutral current J, = i(k~ partial,x™ —
KTOuKT).

Besides, as we already discussed in the MCHM, the Higgs interactions with the

2 24

SM particles receive corrections of order £ = (v/f) In order to see that, note

BThe n — —n symmetry is also present in the scalar lagrangian up to O(1/f?), as can be directly
probed regarding equation 4.51. Thus, if cos@ = 1, i provides a DM candidate [6]. This choice is, in
fact, radiatively stable.

24n this case, v = (h) ~ 246 GeV, because we are considering only up to O(1/f?) interactions.
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that the field h in the equations above is not written in the canonical way, since after
EWSB we get new contributions to the Higgs field kinetic term coming from the Oy
operator Oy = %(@(gb%))z typical of the strongly-interacting light Higgs (SILH)
model [269], where the ¢y parameter turns out to be ¢y = 1 in this case. So, we should
perform the following h field redefinition in order to get it canonically normalized:
h=[1- % + O(£?)] hphys + v. Thus, the coupling of & to the gauge bosons W and Z
and the fermions change. In our case, this change is the same as the MHCMS5 one (see

Section 4.4) at this order in the 1/f expansion.

4.8.3 The h — vy deviation

Once we have the fermionic lagrangian, we can compute the radiatively generated po-
tential. We refer to [6] for the details, while here we concentrate only on the A h?kT k™
term that is generated as a part of this potential. It can be shown that negative values
of A\, are allowed if one requires the EW VEV to be (h) = \/1i7 /M, (n) = (k) = 0,
being —p? and );, the quadratic and quartic Higgs terms respectively. And this is, in
fact, what we need to increase the vy rate. After EWSB, the term \,.h%k"k~ gives
rise to the trilinear coupling 2\j,.vhx" k™. In general, the addition of a uncolored singly

charged scalar particle S modifies the vy width in the following way [246]:

2

o*mi | ghww 89ntt 9hss

when the only relevant SM considered contributions come from ¢ and W loops. gnww
and gpy; are the coupling constants of both W and ¢ to the Higgs boson, which in the
SM case become ¢2/2 and \;/v/2 respectively, while in CHMs they receive deviations
of order . mg stands for the mass of the new scalar, 7; = 4m?/m? and A;, Ay and

Ay /9 are defined as (see Appendix A of reference [246]):

i

[e)

3
I

—z* [z~ = f(z7h)], (4.59)
Ay(x) = —2? [2:17_2 + 3z + 3227 — 1)f($_1)] ,
Al/z(fﬁ) = 22° [93_1 + (1'_1 - 1)f($_1)] )

with f(z) = arcsin?y/z. In Figure 4.25 we show, for £ = 0 (SM-like couplings), the
/T (h — ~v) as a function of both m, and A.. T'(h — ~7) is reduced by 10% for
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Figure 4.25: Left: T'/T"M(h — ~7) in this model as a function of the mass of the new
scalar k% for different fixed A, couplings. Right: T'/T*M(h — ~v) as a function of
A for different masses of k*. We are neglecting & corrections in any case, so that the
couplings are SM-like.

¢ ~ 0.25, but then the other channels become also modified [269].

4.8.4 Constraints and collider implications

The phenomenology of x* can be very different depending on its mass. For large
masses, it can decay into tb(bt) pairs, and it can then been looked for at the LHC in
the ttbb final state coming from xx~ production, since its production cross section is
completely determined, up to & factors, by gauge interactions mediated by Z/v (see
Figure 4.26). These large masses, however, require a much larger coupling A, in the
term h?kTk™ to explain the observed discrepancy in BR(h — 7). Moreover, searches
of W’ decaying to a top and a bottom quarks can impose important constraints on the
mass of the k¥ boson. The most important experimental constraints on these searches
come from ATLAS [270], CMS [271], and also from CDF [272] and DO experiments [273].
Both ATLAS and CMS put bounds on the mass of the W’ near the 2 TeV for a W’tb
coupling ¢’ ~ g,. In our case, the amplitude for the production of x* and decay into tb is
proportional to & ~ 0.1, to be compared with g2 ~ 0.5, and can still be very significant
(unless the free coupling between x* and the fermions is very small) depending on how
the analyses affect the scalar signal compared to the vector one. For lower masses,
where the v excess can be successfully explained, ¥ can no longer decay into on-shell

t and b quarks, and the decay through virtual heavy quarks is very small. Experiments
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Figure 4.26: Main x* production channels at the LHC. The coupling in the left plot is
of order v/ f and model-dependent, whereas the one in the diagram on the right panel
is fixed by the gauge invariance.

at both LEP and LHC found limits on the mass my+ of a charged SUSY-like scalar
in the region 90 GeV < my+ < 160 GeV, depending on its properties [43]. The decay
into leptons and neutrinos is also strongly constrained by W' searches [274, 275], and
the decay into jets [171, 276] is completely contaminated by the QCD background.

The 1 phenomenology is even more cumbersome, given that 7 is not charged under
the SM gauge group. According to equation 4.57, n couples linearly to fermions but
with a coupling suppressed by a factor 1/ f through the operator O = %mhdﬂ/m (other
dimension 5 operators are equivalent to this one via the classical equations of motion),
where Y is the fermion Yukawa coupling and c is expected to be order one. The main
standard production mechanism for 7 is then GF but with a rate that is suppressed by
a factor v?/f? with respect to the SM Higgs GF production. Thus, for masses above
twice the top mass, the GF production of n and its subsequent decay into ¢ is expected
to be the main channel for the discovery of the singlet. However, for masses below
~ 350 GeV ?°, the main decay of 7 is into a bb final state, which suffers from a huge
QCD background.

In this case, however, one can expect that a process similar to the one we have

considered in Section 4.6, with the replacement of A with 7,
pp — G* — Byb+ B,b — nbb — 4b, (4.60)

can provide the leading channel for the discovery of such a composite singlet.

25Remember that, due to their pPNGB nature, composite scalars prefer to be light.



Chapter 5
Lepton number violating scalars

As we have argued in previous sections, the naturalness problem, as well as the puzzling
quark mass hierarchy, can be alleviated if the Higgs boson is a composite state, whose
dynamics is described by an extended scalar sector containing new effective interactions.
We have then unraveled the phenomenological implications of such a scenario at the
LHC. Nevertheless, not only these problems suggest that the minimal SM Higgs sector
should be enlarged. The well-established neutrino masses [43], in fact, are the only clear
experimental signal of physics beyond the SM so far, if we obviate the cosmological
evidence of DM. And, as we assert below, they can be accommodated by an extended
scalar sector involving LNV interactions.

Indeed, neutrinos are massless in the SM because they have no RH counterparts,
Vgi, to form Dirac masses and LN is an accidental symmetry protecting them from
acquire Majorana masses [277]. Hence, in order to describe neutrino masses, we have
to add new degrees of freedom to the SM: either RH neutrinos with the corresponding
Yukawa couplings giving Dirac masses to neutrinos after EWSB: /J};V = _yz‘jL_LiVRjgg +
h.e. = —y;;(v/V2)ULivg; + h.c., with v ~ 246 GeV the Higgs VEV; or new (heavy)
fields, which in particular may be also vg;, with couplings violating LN explicitly or
spontaneously and generating Majorana masses for the SM neutrinos at some given
order in perturbation theory. In this case, once the heavy modes are integrated out,
the model is described at low energy by an effective Lagrangian with extra higher-
order operators, the one of lowest dimension being the Weinberg operator [278], O®) =
(LS ¢*)(¢TLy), parametrizing the neutrino Majorana masses: s = —c(?)(’)g) JA +

109
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h.c. = —(CE?)UQ/QA)V_EZ-VLJ' +h.c., with A the scale of NP 1. In such a case there are not
new light degrees of freedom to start with; being the simplest realizations characterized
at low energy by the very tiny LNV induced by the neutrino Majorana masses, (m,);; =
01(]5-)1)2 /A ~ 0.1 eV, whose measurement is the purpose of the next generation of Ovgs
experiments [279] 2.

However, the relevant question in the LHC era is whether LNV is at the LHC
reach or not. This is to ask if there are new particles with masses A ~ TeV (and
then cg’) ~ 107!1) with observable LNV signatures [282] 3. There is a wide literature
dealing with the simplest realizations of this scenario, which are referred to as see-saw
mechanisms of type I, IT and III and obtained extending the SM with RH neutrinos [75—
79], a scalar triplet [80-85] and vector-like fermion triplets [86, 87], respectively, as we
already commented in Section 2.4.2 .

In order to assert the violation of LN at the LHC it is enough to observe final states
with non-zero LN, given that the LN of the initial state (pp) vanishes. This means in
practice to observe events with an excess of leptons or anti-leptons. First, however,
several general comments are worth to emphasize: (i) LNV is minuscule, and hence
the production of LNV particles at the LHC must be very suppressed or their decay
very slow. As in the former case these are not observable, they must transform non-
trivially under the SM gauge symmetry and hence be produced with EW strength *.
(i) Thereby, LN must be violated in the decays of the new heavy particles, and thus

they are required to have at least two dominant channels with different LN °. (4i1) We

!Note that we are here using A instead of f for the scale of NP, to make clear that we are considering
weakly-coupled physics now, rather than a new strong interaction.

2The leading contribution to 0v33 may come from other (higher-order) operators in very elaborated
models [70-73, 280, 281].

3If the observed baryon asymmetry in the universe is originated from leptogenesis, LNV must be
at work at some energy too [283].

4Obviously, singlets can be produced through mixing with non-singlet states, but this mechanism is
in general suppressed by the corresponding mixing angles. An example is heavy neutrino production
through mixing with SM leptons [284-286], which is suppressed because the corresponding mixing
angles are bounded to be small by EWPD [287]. We in addition assume that new particles do not
carry color charge.

5Majorana fermions are charge self-conjugated, so that if they decay into a final state with non-zero
LN, they do also decay into the charge-conjugated state with opposite LN.
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restrict ourselves to SM extensions with LNV in the scalar sector because, as stressed
in 2.3, the discovery of the Higgs boson proves the fundamental character of the SM
scalar sector at low energy which, however, remains the least known sector of the
model and thus NP is likely related to it. In summary, the experimental observation of
neutrino masses together with the outstanding LHC performance make the search for
LNV scalars (eventually contributing to neutrino masses) especially timely.

Thus, in Section 5.1 we study the scalar multiplets that have renormalizable LNV
interactions. We show that the only ones that are potentially observable at the LHC
contain doubly-charged components like the see-saw of type II. Given that a fundamen-
tal renormalizable theory is likely far from the reach of the LHC, it is worth considering
whether the particles of such a theory can give rise to similar LNV interactions mediated
by doubly-charged scalars at a lower scale after integrating them out. That is to say,
whether new scalar multiplets can have effective LNV interactions. In Section 5.2 we
show that, in general, the larger their isospin, the higher the dimension of the operators
parametrizing the heavy scalar decay and hence smaller their decay rate. This however
does not play any crucial role, given that LNV interactions are highly suppressed by
themselves, as we pointed out in (z). The production mechanisms for these particles are
discussed in Section 5.3. The dominant mechanism for doubly-charged scalar pair and
associated production is through the s—channel exchange of EW gauge bosons, while
VBF contributions stay below 10% for the scalar masses of interest. On another front,
the observation of LNV mediated by doubly-charged scalars requires the BR into two
same-sign leptons to be comparable with the BR into gauge bosons. In simple models
the region of parameter space allowed by this condition is small. In general, one of the
two couplings is larger than the other and therefore the corresponding decay dominates,
as we also discuss in Section 5.3. However, both decays can naturally have a similar
rate in more elaborated models [70-74, 288-292].

In Sections 5.4 and 5.5 we describe the analyses performed by the ATLAS [293] and
CMS [90] experiments, that we extend to estimate the current and future bounds on
LNV processes mediated by doubly-charged scalars. In particular, we provide tables
with the efficiencies for the reconstruction of the different decay modes, which allow us
to derive the corresponding limits on doubly-charged scalar production for any set of

BRs and hence model. Once LNV is observed the question is which its origin is. In
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the case of the doubly-charged scalar production under consideration one would like to
determine the type of multiplet the doubly-charged scalar belongs to. This can be done
sampling appropriately the events with four and three isolated leptons, as we describe

in detail in Section 5.6.

5.1 Renormalizable LNV interactions

If LN is violated in the scalar sector, new scalars coupling to leptons with non-vanishing
LN must extend the SM. Indeed, the only renormalizable interactions involving scalars
and leptons are given by Yukawa-like terms. The only lepton bilinears with non-
vanishing LN available in the SM are L_CLL L, El r and L_El R, corresponding to the three
different chirality pairings containing all of them the product of two same-sign charged
leptons (=1~ ©. In fact, we can restrict ourselves to the first two combinations because
the operators involving the third one are not independent of those built with the first
two: the third combination L[ requires a v, insertion because of the fermions’ chiral-
ity, and hence the presence of a covariant derivative to ensure the operator is Lorentz
invariant. Then, using integration by parts and the equations of motion, the corre-
sponding operators can be seen to be equivalent to the ones involving L_CLL 1 and El R-
The two independent lepton bilinears can be coupled to build an SU(2), triplet with
hypercharge Y = —1, a singlet with Y = —2 or a singlet with Y = —1. (Of course,
a flip on the sign of the hypercharge Y can be obtained in any case considering the
charge-conjugated fields). This implies that the only LNV scalars that can be added
in a renormalizable way to the minimal Higgs sector of the SM are an SU(2) triplet
A= (AT AT AYT with Y =1 [80-85], a singlet k™" with Y = 2 [70, 73, 294] and a
singlet 7+ with Y = 1. The first two cases contain doubly-charged scalars 7, while the
last one contains only a singly-charged scalar. The only dimension-four gauge invariant
operators coupling k™ and the doubly-charged component of A to a pair of same-sign

charged leptons are given by

O, = IGlpr™™; Oa = (E_LT“LL)MQAI)A”, with a,b=1,0,—1; (5.1)

6Remember that charged leptons are denoted by {(¢) when tau leptons are (not) included.

"The first one is actually the see-saw of type II.
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where, as we commented in Section 2, M* is a three times three matrix with non-zero

entries only for a + b = 0:

0 01
Mi=1{0 1 0], (5.2)
1 00
and 7% are the Pauli matrices in the spherical basis, A™! = —\%(Al —iAy), A =

As, A7 = \%(Al +iAs), times the Clebsch-Gordan coefficients C}l’x_lfo, up to a global
factor and sign: 7' = £(0y Fioy)/2, 0 = 03/V/2.

7T (resp. ) can eventually decay into e™v (resp. e~ 7), what in practice means that
we are not able to distinguish its LNV interactions, given that we cannot differentiate
between neutrinos and anti-neutrinos at the LHC for both manifest as Ef"** in the
detectors. Moreover, the observation of LNV at the LHC can be only established if
the doubly-charged scalars decay also into SM boson pairs, giving rise to final states
with vanishing LN. Otherwise, the coupling to same-sign charged leptons alone fixes
the scalar LN equal to —2, but does not stand for LNV. Indeed, the only other possible
two-body decay into SM particles of a doubly-charged scalar is into two W bosons, if
we assume that the mass splitting between the different components of the multiplet
is small and hence the mixing with heavier scalar multiplets and with the SM Higgs
(otherwise, cascade decays within the multiplet, of EW strength, are overwhelming,
and in addition the final fermions are softer and do not exhibit the resonant behavior
in the same-sign dilepton channel). In the scalar triplet case the decay AT+ — WEW=
arises after the LN breaking by the (small) non-zero AY VEV. In the singlet case
this coupling must appear through mixing with other (heavier) scalar multiplets with
diboson couplings.

We know, however, that a fundamental renormalizable theory is likely at an energy
scale much larger that those that are being (and will be) tested at the LHC. Thus, if
some NP is observed at the LHC it will not be necessarily part of a renormalizable
theory. Instead, new doubly-charged scalars at the TeV scale could be observable at
the LHC if they decay into same-sign leptons through their mixing with any A™* or
k1T at a higher scale A, as it is schematically shown in Figure 5.1. The integration out
of the scale A gives rise to a tower of effective operators mediating LNV decays, which

are then suppressed by factors of A. Thus, we assume that there is a more fundamental
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Figure 5.1: Left: Decay of the doubly-charged component of an SU(2), doublet x with
Y = 3/2 into same-sign leptons through its mixing with a singlet x™+ with Y = 2
mediated by one Higgs field ¢. Right: Decay of the doubly-charged component of an
SU(2)r quintuplet © with Y = 0 into same-sign leptons through its mixing with the
AT component of a triplet with Y = 1 mediated by two Higgs fields.

theory reducing at lower energy to the SM plus an extra scalar multiplet H ® near the
TeV scale with LN= —2 and a doubly-charged component H**. Hence, its isospin T'
and hypercharge Y must fulfill

T > |1 =2 —yH|. (5.3)

We extend the SM with an extra TeV scalar multiplet at a time, neglecting possible
mixing effects with other heavier scalar multiplets (except to allow for the decay of
the TeV scalar multiplet into gauge bosons as previously discussed). In the following

section we describe the details of such scalars and their effective LNV interactions.

5.2 Effective LNV interactions

In general, for any pair of isospin and hypercharge assignments satisfying relation (5.3),
there is a tower of gauge invariant operators with vanishing LN involving H, any of the
two bilinears with LN = 2, L¢ Ly, or El r, and an increasing number of Higgs doublets

&(). This reflects the fact that any SU(2), x U(1)y representation satisfying equation
(5.3) can be obtained from the Clebsch-Gordan series of the product of a large enough

8n the text generic scalar multiplets are denoted by H and their doubly-charged component by
HE+,
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number of fundamental representations ¢(¢), with T'=1/2 and Y = 1/2(—-1/2) [8]. In
particular, one can correlate the operators involving I~/_L7'“L L, withT =1and Y = —1,
to those involving El r, with "= 0 and Y = —2, contracting the former with ¢Tr_ag5;
and vice-versa multiplying by ¢f7%¢. In general, however, for any given H only the
operators of lowest dimension matter because they are the ones formally giving the
largest contributions to the dileptonic HT+ decays after EWSB.

In the phenomenological studies, we restrict ourselves to scalars multiplets with at

most doubly-charged components:
™ =Tl <9 (5.4)

In fact, this exhausts the list of multiplets that can mix with x™* and/or A trough the
Higgs in a renormalizable way °. They are given by a doublet xy = (x™, x")T with
Y = 3/2, aquadruplet ¥ = (X7, 21 39 37)T with Y = 1/2 and a quintuplet —which
we assume to be real— Q = (QTF QT Q0 O~ Q)T with Y = 0. The lowest order
gauge invariant operators coupling the doubly-charged component of these multiplets
to a pair of same-sign charged leptons after EWSB are of dimension five for y and ¥,
and six for :

0P =Tilp(ohx); O = (Lir*Li)M(o'7"y),  with a,b=1,0,~1;

_ 1 3
Os = (Lpm*L)MZ,,0"5¢,  with a=1,0,-1, b= t5. c=3

Oq = (E_LTaLL)MSQb((;TTbQﬁ)QC, with a,b=1,0,—1, ¢

)

NNV

Y

N | —

1
27

27
2,1,0,—1,-2.  (5.5)

M"Y are matrices with only non-zero entries for a + b = 0 in the case of y and for
a+b+c=0when H=2X or :

0 0 1
ME=10 -1 0];
1 0 0

9Multiplets with higher charges can have striking signatures, H¥** — HE¥tW* — (£/=W+ but
the momenta of the final products are smaller and do not identify doubly-charged resonances in any
case —what is required by current analyses, as we comment in Section 5.4—, although the total cross
section is in general also larger for larger T (it also depends on T35 and Y).
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0 0 0 0
P Y P .
%,ab - 0 0 ) M%,ab = 0 o % ’ M—C,—a—b = Mc,ab )
0 —1 \/Lg 0
0 00 0 O 0 0 \/Lg
Mi,=100 0], M, =10 0 % M, =10 2 9 |,
Mgc,fafb = Mcs,zab : (56)

In the case of the doublet x, two more effective operators can be written: the one with
the two lepton doublets coupled to form an SU(2), singlet, given by the expression
(IN/_LLL)(ngx), and the operator given by (E_Lx)(ngLL). In the first case, however, the
doubly-charged component x** couples to {eSv;, — véer} through the interchange of
¢~ , rather than to a couple of same-sign leptons; while the second case can be related
to the first operator and that of equation (5.5).

There can be also operators of the same order but, for instance, quadratic in the
scalar fields. However, they are in general further suppressed. For example, in the
quadruplet case the dimension-five operator Oygys = (ETOQZ)(ZLT“L L) (where O, are
four-times-four matrices projecting the ¥ ® ¥ product into the triplet representation)
can also couple X1 to a pair of same-sign leptons once the neutral ¥ component gets
a VEV, (X%). However, this VEV has to be rather small ((X°) ~ few GeV) in order to
satisfy, for instance, the constraint on the rho parameter (p = 1.000470 0003 at the 95%
C.L. [43]) '°. This justifies neglecting the contribution of this operator.

The renormalizable interactions of x*+ and A with the leptons discussed in Sec-
tion 5.1, as well as the previous effective interactions mediated by higher-isospin SU(2)

multiplets after EWSB, result in the following generic Yukawa interactions for the

10°As can be derived from its generic expression (to lowest order in perturbation theory)
2k [Te(Th + 1) — V2] g
> 2V} 7

where k labels the scalar multiplets in the model, and T}, Y; and vy are the corresponding isospin,
hypercharge and VEV, respectively.
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Vertex Singlet  Doublet  Triplet Quadruplet Quintuplet
aiLj 0 —%cgi —CAGj %czij ;);cmj
045 Crij %c% 0 0 0
vl e v s v? e
Byj 0 Xij i i ij

A2 V2 A3 A 2

Table 5.1: Scalar-Fermion-Fermion couplings for the different multiplet assignments in
equation 5.7.

li li
2ip5 Pr

L vj

Table 5.2: Feynman diagrams and rules for Yukawa interactions. The arrows indicate
the LN flow. « and [ are shown in Table 5.1, and are in general symmetric, flavor-
dependent and suppressed by powers of v/A. These diagrams mediate the decay of H*
and H* into dileptons.

singly- and the doubly-charged components:

L Oy — (ol + afligleg) B+ By (Ve + Gvis) H - (5.7)
where the couplings a and 3 are in general symmetric, flavor-dependent and suppressed
by powers of v/A, as shown in Table 5.1. Singly-charged scalar interactions are a
priori related to doubly-charged ones, although in practice these relations only have
phenomenological implications in quite specific models, as we argue later. The Feynman
rules for these interactions are depicted in Figure 5.2. Note the importance of these
equations, which means that the structure of any doubly-charged scalar decay into
same-sign leptons is equivalent to that of the see-saw of type II (if we neglect the
effects of different chiralities, that are not being studied in current experiments). This

in particular implies that current searches, which concentrate on the triplet case, can

also test NP scenarios without the need of any efficiency corrections (that typically
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Figure 5.2: Feynman diagrams and rules for gauge trilinear interactions of doubly (c)
and singly (/) charged scalars. The arrows indicate the LN flow; whereas the H¥+(+)
(p1) and H==(7) (p,) momenta are leaving the vertex.

come from the presence of higher-order derivative interactions that potentially modify

the kinematic distributions).

5.3 Production and decay

In order to study how H can be produced, let us note that these scalar multiplets,
containing doubly-charged components, H"*, transform non-trivially under the EW
gauge group and thus couple to v,Z and W (except in the singlet case which only
has neutral interactions). The explicit form of the gauge couplings is derived from the

corresponding kinetic Lagrangian:
£¥ = (p*H)' D, H, (5.8)
where the action of the covariant derivative reads

D,H = (8, +igIyW,! +ig'YB,) H

19 R g .
7 (T*Wr+T"W, )+ - (T3 — sy Q) Z, +ieQA, | H.  (5.9)

Expanding £ and reordering terms, the trilinear and quartic gauge couplings involved

= |0, +

in the calculation of the pair and associated production of doubly-charged scalars can
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Figure 5.3: Feynman diagrams and rules for gauge quartic interactions of doubly and
singly-charged scalars. The arrows indicate the LN flow.

be written

i {z’%\/(T Y +2)(T+Y — )W, [HTH(9"H) — (9"H ) H"| (5.10)

+i |:2€A + —(2 Y — 2537, ] HY(0"H )
Cw

+ i |:6AH + i(1 -Y - S‘Q/V)ZM:| HY(0"H™) + h.C.}
cw

—(2=-Y)?|WiW FHtTH -

+ ¢ [T(T
+{\if VT =Y +2)T+Y - )W, [3eAﬂ+i(3—2Y 352 )Z“:|H++H_+h.c.}
cw

[2eA + i(2 —Y - 23%/[/>Z,u:| {QeA“ + L@y - 23%)#} HHH.

cw w

These couplings depend on the type of multiplet, i.e., on T and Y, the doubly-charged
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Vertex  Singlet Doublet Triplet Quadruplet Quintuplet
2 2
g 2 39 2
0 = - 2
Cww 5 g 9 g
c 0 ie 3e 3\/§e 3v/2¢
Woy NG 9 9 5 g g
—392812/1/ 92 \/§92 3v/2
0 = [1-3s3 = [2-3s%] —g*[1-52
‘wz NG e [ ] 2 e [ W] ow 9| W
Coyy 4e? 4e? 4e? 4e? 4e?
SW 2eqg deg 2eg 8eg
C,YZ —8625 a [1 — 4812/1/] J [1 — 2512/1/] J [3 — 48%[/] @ [1 — SIZ/V]
4 2 2 2
25w g 212 9 2 12 g 2 12 4g? 2 12
¢zz 4g 2 i, [1—4s7,] = [1—2s7,] 12 [3 — 4s7y ] 4 [1—s]

Table 5.4: Scalar-Scalar-Vector-Vector couplings for VBF doubly-charged pair and as-
sociated production.

scalar belongs to, as do the corresponding cross sections. In equation (5.10) we use
equation (5.3) but omitting superindices for easy reading. The doubly (2) and singly (1)
charges have been also made explicit. In Figures 5.2 and 5.3 and Tables 5.3 and 5.4 we
gather the Feynman diagrams and rules (couplings) for the scalar multiplets satisfying
equation (5.4). The first two lines describe the s—channel exchange of gauge bosons [8],
whereas all of them enter in the calculation of the VBF contribution. Indeed, doubly-
charged scalars are pair produced with EW strength through the s—channel exchange
of photons and Z bosons, pp — v*/Z* — HTTH™~. Similarly, its associated production
with a singly-charged scalar proceeds through W exchange, pp — W** — H*¥H*,
Both cross sections depend on the quantum numbers of the scalar multiplet the doubly-
charged scalar belongs to. In Figure 5.4 we plot them as a function of the doubly-charged
scalar mass my++ for the five cases in Tables 5.3 and 5.4 and for /s = 8 TeV (cross
sections for 7 TeV are only slightly reduced with respect to those of Figure 5.4). The
corresponding cross sections for /s = 14 TeV are shown in Figure 5.5.

The two final states (i.e., pair and associated production) can be also produced
through VBF but accompanied by two extra jets, pp — HTTH~ 54, H¥H7jj. These

processes are subleading as expected from gauge-coupling power counting. The con-
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Figure 5.4: Doubly-charged scalar pair (left) and associated (right) production at the
LHC for /s = 8 TeV, with scalars H belonging to a real quintuplet €2, a quadruplet

Y, a triplet A, a doublet x or a singlet x with hypercharges 0, 1/2, 1, 3/2 and 2,
respectively.

5 0 5
; ; ; 10 10 T T T I 10
quintuplet (NC) ----- quintuplet §CC

1 ko quadruplet (NC) —— 4 . quadruplet (CC
10 O triplet (NC 710 10F B triplet (CC

N doublet (NC) - N doublet (CC
S - . singlet (NC) - 4 10°

. \‘
",

4

3 10

c (pb)

103

# events (for 100/fb)
S (pb)
S
# events (for 100/fb)

200 300 400 500 600 700 800 200 300 400 500 600 700 800
my++ (GeV) my++ (GeV)

Figure 5.5: Same as Figure 5.4 but for /s = 14 TeV.

tributing diagrams are depicted in Figure 5.6. Although this mechanism is enhanced
because the initial partons are both valence quarks, its size stays below 10% of the
s—channel production, being almost negligible for low scalar masses. As an illustration,
in Figure 5.7 we plot the ratio of the VBF to the s—channel production cross section
for the same scalar multiplets and /s = 8 TeV !, As can be observed in the figure,

VBF starts to be important only for large masses, when the valence quark PDF's are

1The ratio for pair production but including only the VBF of two photons, vy — HTTH™~, is quite
similar as previously shown in other articles. These partonic cross sections diverge when the photon
is emitted collinearly and then are sensitive to the limit on the corresponding partonic transverse
momentum. We assume as a conservative value pJ. > 10 GeV throughout the paper.
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Figure 5.6: Feynman diagrams contributing to VBF doubly-charged scalar pair pro-
duction.

200 300 400 500 600 700 200 300 400 500 600 700

my+ [GeV] my++ [GeV]

Figure 5.7: Ratio of the VBF to the pair (left) and associated (right) production cross
sections as a function of the doubly-charged scalar mass for the same multiplets as in
Figures 5.4 and 5.5 and /s = 8 TeV.

relatively large. At any rate, this production mechanism is always present and should
be taken into account, although it is possible to separate the corresponding events by
requiring two extra forward jets. (Collinear v production can be calculated using the
Weizsaecker-Williams approximation [295, 296], giving also similar contributions [297].)

Besides, there can be also NP contributions, although in general further suppressed.
In one hand, contact interactions generated by (even) heavier particles after integrating
them out, which arise naturally in the context, for instance, of non-minimal CHMs [214,
259], can be present. The corresponding operators, however, are at least of dimension
six and hence suppressed by two powers of the heavier effective scale A. This means
a suppression of the doubly-charged scalar production cross section at the LHC of the
order of (my++/A)*. Indeed, the contact interactions of lowest dimension must involve
the gauge invariant contraction of two gluon field strength tensors G,” G, or a colorless

quark bilinear g¢’. In the former case the EW singlet of lowest dimension involving at
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least one scalar multiplet H with a doubly-charged component H** is H'H. Thus,
the corresponding lowest-order operator Gfl“’GZVHTH is of dimension six, being also
the only one of this dimension and form. In addition, there are two possible types of
quark bilinears depending on the fermion chirality: qL—(R)fyuq’L( R) and qL—(R)q;%( L) where
qg) = up,dr. But there is no invariant product of any of them with only one scalar
multiplet H coupling the quark bilinear to the H doubly-charged component in the
unitary gauge, and hence contributing to doubly-charged scalar production at hadron
colliders. Besides, the vector quark bilinear requires an additional covariant derivative
to ensure that the operator is Lorentz invariant. In this case there is then only one
invariant operator of lowest dimension involving two H multiplets and not suppressed by
a small quark Yukawa coupling;: HT(D“H)qL—(R)'qu’L( r)- Other operators of dimension six
with the covariant derivative acting on the quark fields can be shown to be suppressed
by a small quark Yukawa coupling using the equations of motion; while the operator
with the covariant derivative acting on the other scalar multiplet can be written as a
combination of all the other operators integrating by parts.

The lowest order operators involving the other quark bilinear and two H multi-
plets are also of dimension six because they must involve at least a ¢ factor to render
the operator invariant under isospin transformations. Thus, all such operators resem-
ble §;¢urH'H, being hence suppressed after EWSB by a v/my++ factor relative to
HT(D“H)qL—(R)’yﬂq’L( r)- Thus, the largest contribution (at least formally) coming from
contact interactions results from the operators of this form which can be, for instance,
obtained after integrating out a heavy Z’. But their contribution is in general sup-
pressed far away from the heavy resonance by a (my++/A)? factor (as it is the case for
GG HH, too).

On the other hand, possibly s—channel contributions are in addition suppressed by
small far off-shell propagators '?; while t—channel contributions are forbidden, since
doubly-charged scalars do not have trilinear couplings to quark pairs.

In summary, although there can be a variety of production mechanisms, in general

the main production cross sections are fixed by the scalar multiplet quantum numbers

12This is also the case for the Higgs s-channel exchange, whose rate is much smaller than the one
from the exchange of gauge bosons, unless the effective Higgs coupling to doubly-charged scalars is
unnaturally large (equal to v with A much larger than one).
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in equation (5.10); and thus their measurement would allow to determine the total
isospin and hypercharge of the scalar multiplet [8, 14]. In the signal simulations below
we add the s—channel as well as the VBF production, multiplying the former by a
K-factor equal to 1.25 in order to account for NLO corrections [298].

Concerning the decays of H, we emphasize that the Yukawa interactions described in
equation (5.7), Table 5.1 and Figure 5.2 mediate the decay of H¥* and H* into [*]* and
I*v,(7;) respectively. However, the quartic couplings of the scalar multiplets containing
a neutral component H°, i.e., for TH > |T§{+Jr — 2|, also mediate LNV doubly-charged

scalar decays once the LN = 2 neutral component gets a VEV 13,

cr — 9;\/(T +Y)T+Y - 1)(T =Y +2)(T-Y + )W, W HH" (H% . (5.11)

Moreover, as we have already stressed several times, multiplets without neutral com-
ponents can also decay into W pairs by mixing with other multiplets with a neutral
component developing a VEV, which may be expected in generic UV completions. In
order to establish LNV both types of decays, H¥* — [*[%, W*W=, must be observed.
Otherwise, the scalar LN could be just 2 in the former case or 0 in the latter one, but
still conserved. In general, it makes sense to look for decays into lepton as well as into
gauge boson pairs because, although the decay into vector bosons is proportional to a
VEV (which turns out to be minuscule !*), decays into same-sign charged lepton pairs
are stringently constrained by current limits on lepton-flavor violation. In the case of
the scalar triplet, for instance, A** can decay into lepton and boson pairs because it
couples to two identical (neglecting family replication) lepton doublets (which defines
its [LN| = 2) and to gauge boson pairs (with LN = 0) if its neutral component gets a
VEV, (A% # 0, breaking LN. If the Yukawa coupling is too large the triplet components

always decay into two leptons, and if it is very small and (A°) large enough then their

13Similar arguments apply for the decay of H* into W*Z.

4Note that the small couplings can induce displaced vertices [299], although in any case the
charged scalars always decay in the detector. For instance, in the see-saw of type II, if both chan-
nels have the same partial decay width, then the decay length is ~ 10pum. In general, for doubly-

-1
charged scalar masses heavier than few hundreds of GeV, [Z (A = Ll)T(A — WW)} R~

~15 2
10 [Zi:1,2,3 my,

Lj=e,pu,T

4 4
mh > 10 i Hm.
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Figure 5.8: Left: Scalar BRs for the triplet A as a function of (A% for 37, ,m? =
0.12 eV? and ma+= = 500 GeV, and Am = 1 GeV for the decay into A*W** —
A*eFy,,---. Right: Scalar BRs for different H multiplets as a function of Am =
my++ — my= for myg++ = 500 GeV and ['(H** — [#*) = T(H** — W*W*) and the
HW,W* coupling equal to 5.5 x 107°¢g* GeV.

decay is always into two gauge bosons. This is depicted in the left panel of Figure 5.8,
where we plot the two-body BRs for the triplet doubly-charged scalar component as a
function of (AY) . As it is apparent, only near (A% ~ 5.5 x 107° GeV both decay
rates are comparable and hence genuine LNV signals can be eventually observable at the
LHC. However, in order to observe LNV at the LHC not only the two types of couplings
involved in the process must be of the same order, but no other messenger decay can
be much larger. This requirement further constrains the model, restricting the mixing
of the new heavy multiplets with other scalars to small values [300], as it is confirmed
by the curves in the right panel of Figure 5.8. There we plot the H¥* — H*W** BR,
which grows with the isospin 7, for the different multiplets we are interested in !°, as
a function of the mass splitting between contiguous components Am = my++ — my+,

which completely dominates for differences larger than the GeV. Thereby, it is clear

15This result can be trivially translated to any scalar multiplet if (Ag) is changed by the effective
diboson coupling properly normalized (i.e., divided by g¢?).

4 5 .
P(HEE 5 HEW** - HEeFy,, -+ ) = n2 T3 Am’ for small Am, where n is the number of open
P

’ 24073 my, ’

lepton and quark channels (5 for Am < m,,---) and T the total isospin (0 for &, % for x, 1 for A,

).
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that observing LNV directly at the LHC carries serious difficulties. In the following we
adopt the most optimistic approach (i.e., assuming that both decays into leptons and
gauge bosons are similar and dominate over other decays) and consider how large can

be the constraints that current LHC analyses impose.

5.4 Current constraints

CMS [90] and ATLAS [293] have provided limits on doubly-charged scalars decaying into
same-sign e and p pairs using samples with four and three isolated charged leptons for
Vs =7 TeV, for the see-saw of type IT model. CMS, besides, includes doubly-charged
scalar decays into 7 leptons. As we have commented previously, these searches can
constrain the parameter space of not only the triplet case A, but also higher multiplets,
as we describe in the next sections. Thus, in Section 5.4.1 we reproduce the analyses
by CMS and obtain limits on the parameter space of the different H for 7 TeV. We also
show how the bounds vary among the multiplets.

CMS has performed six different analyses using four and three isolated charged
lepton samples, ¢0¢¢ and 000, with ¢ = e, (hadronic taus 7, are also considered,
although at least two of them must be same-sign electrons or muons). In any case
the doubly-charged scalars (which are pair produced in the first three analyses while
associated produced in the last three) are assumed to decay 100% of the time into £*¢*,
(7% and 7F7F in turn. The cuts and efficiencies are optimized for each case, and events
are generated for different scalar masses. These analyses, however, are actually sensitive
(i.e., they have large efficiencies) to more general processes, where the two produced
scalars do not necessarily decay into the same final state. This includes, among others,
LNV signals, for which we obtain the first LHC bounds in Section 5.4.2.

In this case, the MC simulations are performed implementing the relevant inter-
actions in MadGraph v5 using FeynRules v1.6 7, and Delphes v3 is used for fast-
detector simulation. Finaly, instead of ROOT, now we use MadAnalysis v5 to perform

the analyses.

17The UFO model can be found in http://cafpe.ugr.es/index.php/pages/other/software in the package
LNV-Scalars_UFO.tar.gz.
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5.4.1 Non-LNYV processes

In Table 5.5 we collect the corresponding cuts and our estimates of the cumulative cut
by cut efficiencies in the four leptons sample for a low (200 GeV) and a relatively large
(500 GeV) scalar mass for illustration. As pointed out by CMS, the efficiencies slightly
increase with the scalar mass. Among all the cuts, the mass window is the most effective
one, implying a large reduction of the background. In the (*7H(F7rF and 777777
analyses, tau decays into hadrons are also taken into account. Analogously, in Table
5.6 we gather the corresponding cuts and estimated cumulative efficiencies for the three
charged lepton sample and doubly-charged scalar associated production. Similarly to
the doubly-charged scalar, the singly-charged scalar H* is assumed to decay 100% of
the time into (*v,, (*v,(7%1,) and 75, in turn. In order to be conservative, we make
use of the (*757Fy, efficiency also for (*75¢Fv., although the former is smaller due
to the required extra tau BR into electrons and muons. As emphasized in the CMS
analysis, the efficiencies for the three-lepton analyses are near a factor 2 smaller than
for the corresponding four-lepton analyses. We also show in both Tables 5.5 and 5.6
the number of expected background events as well as the number of observed events as
reported by CMS.

Using the estimated efficiencies for seven doubly-charged scalar masses, my++ =
200, 300, 400, 450, 500, 600 and 700 GeV, and the expected background and observed
number of events, we can draw the corresponding exclusion plots as no event excess is
observed. In Figure 5.9, from top to bottom, we plot the 95% C.L. limits (see Section 3.4
for the pertinent definitions) for the analyses in Tables 5.5 (left) and 5.6 (right) 8.

The bounds very much coincide with those reported by CMS for a doubly-charged
scalar mediating the see-saw of type II, ranging from 400 to 200 GeV depending on
the scalar decay mode. (What in particular implies that the efficiencies we use are
consistent within the fast simulation algorithm uncertainties with those obtained by
CMS.) However, if the doubly-charged scalar belongs to other type of multiplet, its
cross sections vary and so the bounds on its mass. We superimpose in the plots the
corresponding predictions for the five multiplets discussed before, increasing the limits

with the cross section (total isospin). The most stringent bounds are then obtained for

8Exclusion limits for intermediate masses are obtained by splines interpolation.
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Cuts Efficiencies
(EOETOT
Basic cuts pfpm) > 20(10) GeV, |nf| < 2.5 68 72
Total pr S ph > 0.6mp=+ + 130 GeV 99 100
Mass window  my+pr € [0.9mpss, 1.1myge+] 92 89
Total 62 64
(ErE(F T
Basic cuts  pr® > 20(10) GeV, || < 2.5 16 23
Total pr S ph > mp=+ + 100 or > 400 GeV 82 99
Z veto |mgzer —myz| > 10 GeV 85 92
Mass window  myp+ € [0.5myss, L.1my++] 81 66
Total 90 14
Tt T T
Basic cuts pfpm) > 20(10) GeV, |nf| < 2.5 3.0 5.0
Total pr S ph > 120 GeV 99 100
Z veto |myzer —mz| > 50 GeV 82 86
A¢ Agprpr < 2.5 80 80
Total 2.0 3.5

Table 5.5: Applied cuts to the four isolated charged lepton sample ¢0¢, with two £ = e
or p and the other two e, i or 75,, and efficiency percentage for each successive cut for the
final states (F(E(T(T (F75(T7rF and 77757 F7T and two representative scalar masses:
200 GeV (left) and 500 GeV (right). The basic transverse momentum cuts are imposed
on the two leptons, electrons or muons, required by the trigger; whereas the transverse
momentum sum is over the four charged leptons, as the generic pseudo-rapidity cut. In
the three analyses no background events are expected and no event is observed for an
integrated luminosity of 4.9 fb=! at /s = 7 TeV.
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Cluts Efficiencies
(E0E 0Ty,
Basic cuts pr® > 20(10), || < 2.5 78 82
Total pr ST ph > Limpz« + 60 84 87
7 veto |mygter —my| > 80 59 90
A¢ Agptpr < my++ /600 + 1.95 86 94
Mass window Myt € [0.9mpges, 1. 1my++] 94 93
Total 31 56
Expected background 0.99 0.14
Observed events 2 1
(ET50F v (1)
Basic cuts peTl(Q) > 20(10), ‘| < 2.5 16 20
Total pr S p% > 0.85mype+ + 125 38 48
Z veto |mgs= — my| > 80 85 93
Eiss Emiss > 2() 98 99
A Aptpr < my++/200 4 1.15 83 100
Mass window Myt € [0.5mpp+, 1. 1mps+] 91 89
Total 3.8 7.9
Expected background 1.51 0.18
Observed events 3 1
TErEr Ty

Basic cuts ple(Q) > 20(10), ‘| < 2.5 4.2 8.3
Total pr S p% > mp++ — 10 or > 200 55 91
Z veto |mgs= — my| > 50 80 85
Emiss Emiss > 40 86 97
Ao Appepr < 2.1 84 84
Mass window Myt € [0.5mpr+ — 20, 1.1mypg++] 76 42
Total 1.0 2.2
Expected background 1.51 0.18
Observed events 3 1

Table 5.6: Same as Table 5.5 but for the three isolated charged lepton sample.
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mpg+=+
ei” 200 300 400 450 500 600 700
eeee 53 62 67 68 69 70 71
teer 23 27 30 31 32 32 33
trr 7.2 8.7 9.4 9.4 9.5 9.7 9.9
www 0.6 1.1 1.3 1.3 1.4 1.4 1.5
lrer 9.0 11 13 14 14 14 14
rrr 2.0 2.6 3.3 3.4 3.4 3.4 3.7
(rWW 0.2 0.4 0.6 0.6 0.6 0.7 0.7
TTTT 0.3 0.5 0.6 0.7 0.7 0.7 0.7
TTWW 0.1 0.1 0.2 0.2 0.2 0.2 0.2
WWww <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Table 5.7: Efficiency percentages 67(;?[) for different scalar masses (in GeV) and final
modes ij for four-lepton analyses at /s = 7 TeV and the /7=(T7T cuts in Table 5.5.
We omit the efficiencies for associated production processes because all of them are
below ~ 0.1%, as these final states do not pass the cuts imposed on the four-lepton
sample.

the quintuplet, being typically ~ 150 GeV higher than for the triplet (see-saw of type
I1).

5.4.2 LNV processes

No dedicated searches for LNV signals are available for doubly-charged scalar produc-
tion analyses up to now. However, the ATLAS and CMS searches for doubly-charged
scalars using four- and three-lepton samples are also sensitive to other final states, in-
cluding LNV processes. We in fact compute the efficiencies that such analyses have
for the more general two-body decay processes (that is, for all the processes in which
the two charged scalars can decay in any of their allowed two-body final states), and
then use these efficiencies to bound LNV signals. This is actually a convenient way of
giving a more complete information on the experimental bounds on NP, since the limits
on new models can be thus estimated without performing new analyses. For instance,
in the case at hand, just giving the bounds on the processes with the doubly-charged
scalars decaying 100% of the time into (*¢* (pp — HFF*HTT — (£(*(T(F) and into
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Figure 5.9: Estimated 95% C.L. limits on the final modes (T¢E(T(T, (F7E(T1T,
75757777 (left column from top to bottom) and (0T vy, (50T v (7T v,), 57T,
(right column from top to bottom) as a function of the doubly-charged scalar mass H"
for /s =7 TeV and L;,; = 4.9 fb~! at LHC. There are superimposed the corresponding
cross sections for the five scalar multiplets of lowest isospin and hypercharge containing
a doubly-charged component, a singlet s, a doublet x, a triplet A, a quadruplet ¥ and

a quintuplet €.
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Mmyg++
e 200 300 400 450 500 600 700
ceee 2.7 5.0 7.5 8.7 9.5 10 11
(eer 17 25 31 33 34 34 35
trr 18 24 28 29 30 31 32
Uww 6.9 13 17 18 19 20 21
(rir 14 19 24 24 25 26 26
lrrr 4.9 6.9 8.6 8.6 9.0 9.2 9.3
(rWw 2.3 4.6 6.3 6.6 6.7 7.0 7.2
TTTT 0.8 1.2 1.4 1.4 1.4 1.6 1.6
TTWW 0.4 0.8 1.0 1.0 1.1 1.2 1.2
WWWW  <0.1 0.3 0.4 0.4 0.5 0.5 0.5
(eey 38 53 64 66 68 70 72
(v 18 26 31 33 34 35 36
wwz 5.0 8.5 11 12 13 13 14
(rly 15 21 26 27 28 29 29
(rrv 3.8 5.4 74 7.6 7.9 8.4 8.5
rWZz 1.6 2.9 3.9 4.0 4.1 4.5 4.5
Ty 2.3 3.4 4.3 4.5 4.6 4.8 4.9
TTTV 0.4 0.6 0.7 0.8 0.8 0.8 0.9
TTWZ 0.2 0.4 0.6 0.6 0.6 0.6 0.7
WW ey 0.3 0.7 1.0 1.0 1.0 1.1 1.2
WWrv 0.1 0.2 0.3 0.4 0.4 0.4 0.4
WWWZ <01 0.1 0.1 0.2 0.2 0.2 0.2

Table 5.8: Efficiency percentages eg@ for different scalar masses (in GeV) and final

modes ij for three-lepton analyses at /s = 7 TeV and the (*75(Fv, (7F1;) cuts in
Table 5.6.

(F7% (pp — H¥HTF — (£7%(F77), in turn, one can estimate the corresponding lim-
its on a model where the doubly-charged scalars decay half of the time into each of
these two final states, but without being able to use the (*¢/*¢F7r¥ events and hence
half of the statistics. With this in mind, we collect the efficiencies for the four-lepton
and three-lepton analyses in Tables 5.7 and 5.8, respectively, for all two-body decays of
the doubly and singly-charged scalars, ¢¢, {7, 77, WW and fv, 7v, W Z, and seven scalar
masses, my++ = 200, 300, 400, 450, 500, 600 and 700 GeV.
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As H** (H*) has 4 (3) different two-body decay modes, there are a priori 4 x 4 +
4 x 3 = 28 final states and hence ¢;; efficiencies. But for pair production ¢;; = €;;, being
then only 10 of the 16 efficiencies independent. In Table 5.7 we omit the H¥*HT decay
modes because all their efficiencies are below ~ 0.1%. For both analyses, the applied
cuts are common to all final states, thus not optimized for the different modes but
for the full set. Following CMS analyses for benchmark points we choose the cuts for
(70T 7T in Table 5.5 and for (*75(T v, (7F1;) in Table 5.6 to calculate the efficiencies
in Tables 5.7 and 5.8, respectively. They grow with the scalar mass because the cuts
stay fixed. For example, electrons and muons are harder for larger scalar masses and
thereby they satisfy more easily not only the basic cuts but also the cuts on > p4% and
on EMss. The latter is particularly stringent for pair produced events because in this
case the EI comes either from missed leptons or from EZ'** measurement errors
and, accordingly, it is relatively small. In addition, the E#*** and the total transverse
momentum in the event are in general correlated. The Z veto, on another front, is also
less restrictive for larger masses, in contrast with the mass window constraint for events
involving tau leptons. Changes in parton shower and detector simulation inputs result
in variations in the efficiencies of around ~ 15%. This is the total uncertainty that has
to be assumed for our estimates in Tables 5.7 and 5.8.

As already emphasized, we can make use of the these efficiencies in order to derive
the corresponding bounds on LNV, given that no event excess has been observed neither
in the four- nor in the three-lepton analysis. We restrict ourselves to the LNV final
states LOWW and €W Z because they have the largest efficiencies (see Tables 5.7 and
5.8), showing the results for the three-lepton analysis only for it is by far the most
sensitive to LNV. For a given integrated luminosity L;,;, the number of signal events
N z%&wwew 2 is estimated multiplying L;,; by the corresponding cross section, onc(ce)
for doubly-charged scalar pair (associated) production, times the model BRs into ¢/
and WW (W Z) times the selection efficiency:

N = Li X one x BRE® — 50%) x BR(HTT — WTWT) x i)

NS = Loy X 00c x BRI — (£0%) x BR(HT - W72Z) x €8, . (5.12)

Making use of these expressions and the number of expected background events and

observed events we can derive the exclusion plots for onc(cc) (see Section 3.4). In
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Figure 5.10: 95% C.L. limits on the LNV channels pp — H*¥ HFT — (FEWTWT
(left) and pp — HEEHT — (£(XWTZ (right) as a function of the H** mass for \/s = 7
TeV and L;,; = 4.9 fb~! at the LHC. There are superimposed the corresponding cross
sections for the five scalar multiplets of lowest isospin and hypercharge containing a
doubly-charged component: the singlet x, the doublet y, the triplet A, the quadruplet
Y2 and the quintuplet €.

Figure 5.10 we plot the corresponding limits assuming that the heavy scalars have the
same decay rate (50%) into light (first two families) lepton and gauge boson pairs. We
superimpose the cross sections for the different doubly-charged multiplet assignments
conveniently normalized by the assumed BRs: 1/2 for pair and 1/4 for associated pro-
duction. The exclusion plot for W W (¢4W Z) is shown on the left (right). The number
of expected background and observed events are the same as for the (75T, (7F1,)
three-lepton analysis in Table 5.6.

As a conclusion of this section, we should emphasize several points: (i) the LHC in
the current phase has in general no sensitivity to the LNV signals considered (this situ-
ation, as we discuss in the next section, is completely different for \/s = 8 and /s = 14
TeV with a larger integrated luminosity). (iz) These estimates will be improved by the
experimental collaborations when cuts and efficiencies are optimized for these searches.
Indeed, note that we have used the only analyses sensitive to doubly-charged scalar
production experimentally available up to now. Hence, more sophisticated analyses
taking into account the specific topology of LNV processes have to be performed in
order to extract all the possible information from future runs. A first attempt in this
direction was already given in several works [8, 14]. (i77) LNV processes are in general
rare and as previously indicated, only in special regions in parameter space they are

relatively large with almost half of the events from doubly-charged scalar pair and as-
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Process  o[7 TeV] @ NLO (pb) o[8 TeV] @ NLO (pb) o[14 TeV] @ NLO (pb)

Drell-Yan (21 +1) x 10? (25 + 2) x 10? (48 + 4) x 10?
WHW- 4141 50 = 2 107 + 4
Wtz 17+1 21+ 1 A7 +2
77 5.540.2 6.6 4+ 0.2 14.5+0.4
t 141 + 15 198 + 20 766 + 75

Table 5.9: Partonic cross sections for the main backgrounds considered in the analyses
at NLO in QCD. They are calculated with aMC@NLO , using the 5 flavor scheme and the
MC@NLO method [117] for matching with parton showers. Jet transverse momenta are
in general required to be larger than 10 GeV; whereas Drell-Yan leptons must satisfy
Py > 20 GeV, my+- > 30 GeV and AR+~ > 0.4.

sociated production violating LN. This is what we assume to draw Figure 5.10. If the
BRs are different we have to normalize the H cross sections accordingly to read the cor-
responding limit from the Figure. (iv) Relatively large LNV signals are natural in more

elaborated models, as for example those with neutrino masses radiatively generated.

5.5 Future constraints

In this section we estimate the limits that can be obtained in experimental searches
of doubly-charged scalars with the current collected data, 20 fb~! at /s = 8 TeV
and in a future larger run: /s = 14 TeV and 100 fb~!. Given that no experimental
information is still reported for these analyses, the expected bounds are set assuming
that no departure from the SM is observed. In such a case, the number of expected
observed events is equal to the number of predicted SM background events.

In order to estimate the number of background events at /s =8 TeV, we proceed in
the following way: since the signal efficiencies for /s = 7 and 8 TeV are similar (we find
differences of at most ~ 10%), we assume that this is also the case for the backgrounds
and estimate them at 8 TeV scaling the CMS values in Table 5 of [90] by a factor of

og Lg

— X — =~ 1.2x4.08, (5.13)
o7 L

where the first number is the average of the ratios of the corresponding cross sections for



Chapter 5. Lepton number violating scalars 136

myg++
ei” 200 300 400 450 500 600 700
eeee 54 62 66 68 69 69 70
Uww 0.6 0.9 1.1 1.4 1.4 1.4 1.5
WWWW <01 <01 <01 <0l <0l <01 <01
1442% <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
uwz <0.1 0.1 0.1 0.1 0.1 0.1 0.1
WWiv <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
WWWZ <01 <01 <01 <0l <0l <0l <01

Table 5.10: Efficiency percentages ez(;w) for different scalar masses (in GeV) and final

modes ij for four-lepton analyses at /s = 14 TeV and the (75(F7F cuts in Table 5.5.

the largest backgrounds in Table 5.9 (Drell-Yan, W W=, W*Z  ZZ and tt production),
and the second one is the luminosity ratio 20/4.9. For the LHC run at 14 TeV we instead
simulate the complete set of backgrounds in Table 5.9 for an integrated luminosity of

100 fb~t.  As well as in the case of 7 TeV, we can estimate the bounds on any particular

my++
e 200 300 400 450 500 600 700
eeee 3.9 6.9 10 11 12 13 14
Uww 7.4 14 18 20 21 22 23
WWWWw <0.1 0.3 0.4 0.5 0.6 0.7 0.7
00ty 40 55 66 68 70 72 74
wwz 5.2 9.3 13 13 14 15 16
WW ity 0.3 0.8 1.0 1.1 1.1 1.2 1.3
WWWZz <0.1 0.2 0.2 0.3 0.2 0.3 0.3

Table 5.11: Efficiency percentages eg’@ for different scalar masses (in GeV) and final
modes ij for three-lepton analyses at /s = 14 TeV and the (£75(Fv (7F1,) cuts in
Table 5.8.

two-body decay process mediated by pair and associated production of doubly-charged

scalars providing first the table of efficiencies for the different final states, assuming the
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Isospinhypercharge
\/E (TeV), ﬁint(fbil) 02 %% ]_1 %% 20
my=++ (GeV) bounds from (E(£(F(F
7, 4.9 340 350 395 450 490
8, 20 480 490 550 610 665
14, 100 900 915 1030 1140 1230

Table 5.12: Estimated limits on the cross section and on the corresponding scalar mass
my++ (GeV) as a function of the multiplet if belongs to from LHC searches for doubly-
charged scalars. We only consider the (*¢*¢¥(¥ analysis, and assume that H¥* — ¢¢*
100 % of the time.

same analyses as those already performed by CMS at 7 TeV and used in the previous
section. For LHC at 8 TeV, as already emphasized, the corresponding table can not be
distinguished from Table 5.8 within the fast simulation uncertainties. Thus, we stress
that Table 5.8 also provides the 8 TeV information. In addition, as we learned from
Table 5.8 that ¢00¢ and ¢(WW (or ¢/W Z) final states result in the largest efficiencies
for non-LNV and LNV processes respectively, we only provide reduced efficiency tables
for LHC at /s = 14 TeV. These are shown in Table 5.10 and Table 5.11 for the four-

and three-lepton analyses respectively.

5.5.1 Non-LNYV processes

We briefly discuss the expected bounds for non-LNV signals mediated by doubly-
charged scalars in the most promising channel, i.e., £0¢¢. We collect the expected
limits for the different multiplets assignments in Table 5.12 for /s = 8 and 14 TeV.
The results for /s = 7 TeV are also shown for comparison. We are again assuming a
100% BR of H** into ¢*¢*. We observe that the expected bounds at 8 TeV with £;,; =
20 fb~! range between ~ 500 and 700 GeV depending on the scalar multiplet, while
these limits can be up to ~ 500 GeV larger at 14 TeV with an integrated luminosity of

100 fb~!. In the next section we consider the bounds on LNV signals.
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5.5.2 LNV processes

In order to establish the expected limits on LNV processes for /s = 8 and 14 TeV, we
proceed as in Section 5.4, but using Table 5.8 for 8 TeV and Table 5.11 for 14 TeV. The
number of expected and observed events for 8 TeV is computed following the principle
we have commented at the beginning of this section. For 14 TeV, instead, we find a
total of 42, 37, 18, 15, 9, 7 and 0 events for an integrated luminosity of 100 fb=! and
mu++ = 200, 300, 400, 450, 500, 600 and 700 GeV, respectively, after the corresponding
cuts. We draw these limits as a function of the mass of the doubly-charged scalar and
for the different multiplets in Figure 5.11, for 8 TeV (top) and 14 TeV (bottom). As
we already did for 7 TeV, we superimpose the cross sections for the different doubly-
charged multiplet assignments conveniently normalized by the assumed BRs: 1/2 for
pair and 1/4 for associated production. The exclusion plots for /0WW (W Z) are
shown on the left (right). Regarding these plots we note that, in future runs, masses
of up to nearly the TeV can be excluded in LNV processes, what means a significant

improvement with respect to the case of \/s =7 TeV.

5.6 Discovering LNV scalars

Doubly-charged scalars are predicted by many SM extensions and may show up at the
LHC even if no LNV signal can be ever established at colliders. Therefore, a resonance
in the same-sign charged dilepton channel can be detected and hence the question
is whether the EW multiplet it belongs to can be determined. As stressed above,
the production cross section depends on the total isospin and hypercharge but the
number of observed events in each final state is also proportional to the corresponding
BR. Then, a multi-sample analysis is mandatory. In Section 5.6.1 we explain how to
measure the doubly-charged scalar pair production cross section. For the determination
of the multiplet it belongs to it is also necessary to distinguish the doublet from the
singlet, whose corresponding cross sections are similar, by the observation (or not) of
charged-current processes. This is discussed in Section 5.6.2. We still assume that only
two-body decays are sizable and the two-lepton channel H¥* — ¢*¢* is observable. We
conclude that only with a relatively large statistics and a large enough H** — (*¢* BR
it is possible to obtain a crucial test. For example, the production cross sections for the
different multiplets stay apart by at least 3o if H¥* only decays into (=¢* for /s = 14
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Figure 5.11: 95% C.L. limits on the LNV channels pp — HE¥HFF — (2(EWFWT (left)
and pp — HE*HFT — (2(*WTFZ (right) as a function of the H** mass for \/s = 7, 8
and 14 TeV and L;,; = 4.9, 20 and 100 fb~! at LHC, respectively (from top to bottom).
There are superimposed the corresponding cross sections for the five scalar multiplets
of lowest isospin and hypercharge containing a doubly-charged component: the singlet
k, the doublet y, the triplet A, the quadruplet > and the quintuplet 2.

TeV and Ly = 300 b, However, if H¥* decays 50% of the time into ¢*¢* and ¢+,
respectively, this integrated luminosity is not enough to separate the doublet from the
triplet, and a longer run to accumulate 3000 fb™' becomes necessary to distinguish the

different cases.

5.6.1 Measurement of the cross section

We focus only on a large run with /s = 14 TeV, given that a large amount of statistic
is necessary to properly measure the corresponding cross sections in the different chan-
nels. In Figure 5.5 we plotted the corresponding cross sections for the five cases listed
in equations 5.1 and 5.5. It is important to note that since the hypercharge and the

isospin are related by TH 4+ YH = 2 in these cases, it is enough to measure one of the
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two production cross sections in order to discriminate among the different possibilities.
Both, neutral and charged production grow with the isospin, but pair production pro-
vides a better discriminator because it has smaller backgrounds and a smaller number
of channels that contribute to the final modes of interest . Hence, in the following we
concentrate on this case. Obviously, no particular channel allows the determination of
the strength of the couplings involved in the production, but only their product by the
corresponding BR. Hence, although the production cross sections are fixed by gauge
symmetry, we have to rely on measuring several (preferably all) decay channels in or-
der to estimate the total cross section, and determine which of the scalar multiplets is
being produced. The proposed analysis is based on the refinement and extension of the
searches discussed in the previous sections.

We focus only on four-leptons final states, either coming from the decay of H** into
(*0* or from its decay into ab, with a,b = I*, W* and the subsequent decay of a and b
into light leptons ¢. Thus, the four charged lepton () cross section for any given chan-
nel ab can be written o4, = (2 — d4)0242s, Where o is the total scalar pair production
cross section we want to measure and z,; the corresponding BR. Thereby, the doubly-
charged pair production cross section with both scalars decaying into two leptons of the
first two families reads ozZ; whereas, for instance, the doubly-charged pair production
cross section with one scalar decaying into two leptons of the first two families and the
other to anything giving two charged leptons of the first two families, too, plus EF** is
written oypmiss = Oeuee+2 Za:eT,TT,WW 0zuz,Br(a — 00+ E5*). Hence, if we are able

to reconstruct and estimate all oy, = 2024024, a # L, besides oy, we can then evaluate

2
1
o= <Uém + B Z Ueea) /Tuue - (5.14)

)

In the following we argue that this is feasible, knowing that experimentalists can improve
on the assumptions being made here, especially when using real data. We assume for

illustration a heavy scalar mass my=+ = 500 GeV 2°, and proceed as follows. We select

19Tf we were considering three-leptons final states, both the /W W and (W Z decays enter in the
computation, whose magnitudes are related by model-dependent relations.

20Note that present limits, showed in Figure 5.9, are much weakened when H¥*+ does not decay only
into £+¢*.
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Figure 5.12: Left: Invariant mass of the two same-sign leptons that provides the poorest
reconstruction of the H** mass in doubly-charged scalar pair production for different
decay modes. Right: Momentum fraction, z3, of the most energetic lepton of the two
which worst reconstruct the H** mass in doubly-charged scalar pair production for
different decay modes.

events with four charged leptons of the first two families with zero total electric charge,
plus possibly E7$% and require that at least one same-sign pair ¢1¢5 reconstructs the
scalar mass within +£40 GeV. These events are then separated into three disjoint sets
depending on the category associated to the other same-sign pair: ¢4, {7 and 77+ WW.
We denote by ¢/ those events resulting from the decay of the second doubly-charged
scalar into two leptons of the first two families, and hence, those with the second
same-sign lepton pair ¢3¢, also reconstructing the scalar mass within +40 GeV. For the
remaining events we assume that ¢3 and ¢4 are products of semileptonic tau decays, and
distribute the E7** of the event between both tau leptons with the requirement that
their momenta align along the momentum of the corresponding product charged-lepton
momentum it decays to: zpt = p}’, with 0 < z < 1. Then, we identify the event with
the second scalar decaying into a lepton of the first two families and a tau lepton, /7,
as those fulfilling that the fraction momentum of the most energetic of the two leptons
not reconstructing the scalar mass, which we name ¢3, (x3) is larger than 0.8. The
other events are classified as resulting from the decay of the second scalar into two tau
leptons or two gauge bosons, 77 + WW.  Figure 5.12 proves the usefulness of the
procedure. Indeed, the left panel of Figure 5.12 shows the same-sign dilepton invariant
mass for the lepton pair which provides the poorest reconstruction of the doubly-charged
scalar mass and for its four decay modes: H*¥* — (i¢F H* — (frF — (507 Epss,
H** = 737% 5 (307 B and H — WEW* — (7 E7ss. The separation of the
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Variable CEOEOFOT (R E0FrT (R ETE(WEWE)
# of leptons 4 4 4

|m£i{:£§: — M| <40 GeV <40 GeV <40 GeV
|m£§6t — M+ <40 GeV > 40 GeV > 40 GeV
Eqes not applied > 50 GeV > 50 GeV

T3 not applied > 0.8 <0.7

Table 5.13: Main applied cuts for the analyses used in the discrimination of the different
multiplets.

first sample is obtained simply requiring Mygx O be in between mp++ £ 40 GeV.

In the right panel we plot the momentum fraction assigned to the most energetic
lepton of the second same-sign pair for the former four types of scalar decays. As can
be observed, 3 > 0.8 provides a rather clean separation of the first two decay modes
from the last two. The different distributions reflect the fact that the leading lepton
tends to be the one which is not a decay product of a 7 or a W, and thus with x3 ~ 1.
In order to further reduce the contamination we also require x3 < 0.7 for 77 + WW
events. This discussion is summarized in Table 5.13, where the main cuts applied in
this analysis are listed.

One last comment is in order: separating 77 and WW decays is rather inefficient
(as shown in Figure 5.13 we can not rely on the invariant mass distribution of the
reconstructed 7s or Ws), so we have to keep both at the same time. This approach is
justified by the fact that the efficiency € for evaluating the cross sections of both types
of processes is rather similar, allowing to treat both together consistently.

In order to measure the total pair production cross section using equation (5.14),
we have to estimate the efficiency for each process. From our MC simulations we can
calculate the efficiency for each subsample including the corresponding BRs, obtaining:
€oooe = 0.6, €ggpr = 0.09 and €pprr ~ o = 0.02, respectively. Then, counting the num-
ber of events of each of the three subsets and dividing by the corresponding efficiency,
we can measure the doubly-charged scalar pair production cross section, once the inte-
grated luminosity L;,, is known. If the statistics is low (either because the luminosity is

small or because the BR into non-£/ states are large and then the efficiencies kill most
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Figure 5.13: Left: Invariant mass distribution of the two reconstructed taus for both
(FOEWTWT and (F(*7F7F decay channels in doubly-charged scalar pair production.
Right: Transverse mass distribution of the opposite-sign lepton and the Ef*** for several
signals.

of the signal), the number of events entering equation 5.14 is small and then the relative
error on the determination of ¢ is large. As an example, we illustrate in Table 5.14 four
different cases: (z¢, 2er, 27 +2ww) = (1,0,0),(1/2,1/2,0),(1/2,0,1/2),(1/3,1/3,1/3),
21 for each multiplet addition. Note that we specify in each case the total number of
events passing the cuts in Table 5.13, (¢(*()(FT(TEP and also have both same-sign

pairs reconstructing the doubly-charged scalar mass, (¢*¢*)((F(F).

5.6.2 Determination of the quantum numbers

Once the neutral cross section is determined, the different multiplets can be distin-
guished, excluding the singlet and the doublet which are essentially equivalent as their
neutral cross sections are. In the left panel of Figure 5.14 we plot the statistical er-
ror for such a determination for several H** BR assumptions and the five multiplet
assignments Ty discussed above.

The cross sections are correctly reproduced because they are an input, but what
matters is with which precision can we measure them in order to distinguish between
different multiplet assignments. We draw statistical errors including the effect of SM
backgrounds for three different integrated luminosities: 100, 300 and 3000 fb~*. (For

2lTn definite models as in the see-saw of type II, the Yukawa couplings giving neutrinos a mass are
the same mediating the same-sign dileptonic scalar decay, and they are then constrained, but this is
not so in general.
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(1,0,0) (3,3,0) (5,0,3) (5:5:3)
Q (IEF)IFIFERSss 1307 & 38 501 & 25 362 4 22 238 419
(I (IFIF) 1046 + 32 261 + 16 261 + 16 116 + 11
5 (IEIF)IFIFERss 765 £ 30 293 + 20 212 £ 18 139 + 16

(IE1F)(IFIF) 612 & 24 153 4+ 12 153 + 12 68 =8
(IFIF)IFITERss 383 422 147 4+ 16 106 + 15 70 £ 13

A { (1) (IFIT) 306 + 18 T7TE£9 TT+9 34+6
(IFIF)IFIFERSs 189+ 17 734 14 53+ 13 35412

X (I (IFIF) 151 4+ 12 38+6 38+6 1744
(IFIF)IFITERSs 168 £ 17 64 413 474+ 13 31412

o (IE1F)(IFIF) 135+ 12 3446 3446 15+4

Table 5.14: Number of expected signal events with four charged leptons, electrons or
muons, at LHC with /s = 14 TeV and an integrated luminosity of 300 fb~! for a
doubly-charged scalar mass of 500 GeV belonging to an EW quintuplet, quadruplet,
triplet, doublet or singlet with hypercharge 0, 1/2, 1, 3/2 and 2, respectively, and
different BR (zy, 2¢r, 2+ + zww) assumptions, after the cuts of Table 5.13. We also
specify the number of events with the two same-sign pairs reconstructing both scalars.
Only statistical errors are included.

example, we find ~ 50 background events for £;,; = 300 fb~! with four charged leptons
adding to zero total electric charge and a same-sign pair reconstructing the H¥* mass
within 40 GeV.) As in Table 5.14, we fix four definite sets of doubly-charged scalar
BRs: (zw, zir, 2. + 2ww) = (1,0,0), (1/2,1/2,0), (1/2,0,1/2), (1/3,1/3,1/3), being
higher the precision with z, > 24 > 2.+ + 2zww . Concerning the discrimination of the
singlet and the doublet, we have to rely on the associated production channel, given
that this is absent in the first one. If there is a significant excess of events compatible
with H¥*HT, the singlet hypothesis is automatically ruled out. However, to establish
whether this is the case must be carefully assessed because the observation of only three
leptons in the final state does not uniquely characterize this (charged-current) process.
For instance, pair produced doubly-charged scalars decaying into (X¢*¢FrF (F(+7FrF
or /(W FWTF can also produce only three leptons if one 7 or W decays hadronically.
Therefore, we need to rely on extra variables in order to forbid these (neutral-current)

contributions. Two discriminators appear to be most convenient: the EM which is
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Figure 5.14: Uncertainty on the determination of o(pp — H*TH~ ") for different H**
BR assumptions at three different luminosities at the LHC: 100, 300 and 3000 fb~!.
The labels on the left stand for the doubly-charged scalar Ty quantum numbers.

larger in single H** production than in /*¢*¢¥77 events with 77 decaying hadronically,
which allows to separate both contributions; and the transverse invariant mass of the
opposite-sign lepton and the EF*, mqp(IF EF%), which peaks near the H* mass in
the charged-current process, as shown in the right side of Figure 5.14. It is apparent
from this figure that a cut on my > 250 GeV suppresses the neutral 77 and WW
contributions quite efficiently.

A final comment concerns the experimental confirmation of LNV. A detailed analysis
for such a purpose is not covered in the present text, although we propose the following
guideline. If such a doubly-charged scalar is observed, one must attempt to separate 77
from WW events. This separation should make use of the invariant mass distribution in
Figure 5.13: WW events are defined as those outside a wide enough interval around the
H** mass. Reconstructed 77 events near the doubly-charged scalar mass are interpreted
as genuine 77 decays. For the events left, and interpreted as WW decays, one must
also check that the assignment is consistent with such an H** decay. One can also
check the consistency with the excess of events resulting from the semileptonic decay
of the WW pair, but this has additional backgrounds.






Chapter 6
Conclusions

The Standard Model of particle physics represents the triumph of our understanding
of the properties and interactions of the elementary particles. In particular, with the
discovery of the Higgs boson in 2013, the search for all the elementary particles pre-
dicted by the Standard Model has concluded. However, there are still intriguing open
questions, both from the theoretical and experimental sides, that the Standard Model
can not answer. Some of these questions are related to the mass of the elementary
particles (and hence with the Higgs sector): why is the Higgs boson so light, if it is
supposed to be an elementary particle? Why the mass of the elementary fermions are
so different? And why neutrinos are massive, as evidenced by a large number of very
different neutrino experiments, contrary to what the Standard Model asserts?

All these questions suggest that there should be physics beyond the Standard Model.
Given that the Higgs sector is the source of most of these problems, and is the one from
which we have the least experimental input, we have argued that new physics is likely
related to the scalar sector. According to this, we have considered two important
extensions of the Higgs sector that can give an answer to some of the open questions.
These are composite Higgs models (which can explain why the Higgs boson is light in
a natural way as well as the hierarchy in the fermion masses) and models with lepton
number violating scalars (that can therefore account for the —Majorana— mass of the
neutrinos). In both cases, new particles potentially observable at accelerators appear.
We have mainly focused on the phenomenology of these particles at the LHC. In order

to do that, we have first presented the relevant computational and statistical tools and
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then we have discussed the phenomenology of these models in much detail.

Composite Higgs models assume the Higgs boson to be a bound state of a new
strongly-interacting sector, with global symmetry group G spontaneously broken to H.
The global symmetry is explicitly broken by the linear couplings between the composite
and the elementary sectors (which mix the composite resonances with the fermions in
the elementary sector). Then the Higgs boson arises as a pseudo Nambu-Goldstone
boson. We have distinguished the phenomenological study of the new resonances (which
can be either vector or fermionic) according to whether they interact mostly with the
top quark ¢ (Section 4.5), with the bottom quark b (Section 4.6) or with the light quarks
q (Section 4.7). We have discussed [4, 5, 7, 10, 12, 15], in the minimal composite Higgs
model, the production of an s-channel heavy gluon G and its subsequent decay through
a quark 1 and its heavy partner ¥, according to the process pp — G — YW — hyn),
where h stands for the Higgs boson and v = t,b or ¢ depending on the case. The final
states to which this process gives rise are, respectively, htt, hbb and hqq. In the first two
cases we can consider the main Higgs decay channel, that is A — bb, while in the third
one we consider the decay into W bosons, h — W**WT. The detailed study of this
process has allowed us to conclude that, even with the current experimental constraints,
very large regions of the parameter space could be probed with the /s =7 and 8 TeV
LHC data. And even further when the LHC starts working at /s = 14 TeV.

In the htt final state, the most stringent bounds come from ATLAS and CMS direct
searches of fermionic resonances decaying into tt, from dijets searches and, at a lesser
extent, from Higgs measurements. With the analyses we have proposed, the htt final
state mediated by a heavy gluon of mass Mg can be discovered (excluded) with the
current data for Mg of up to ~ 2.5 — 2 (2.8 — 2.4) TeV, depending on the parameter
space region. For /s = 14 TeV and an integrated luminosity of 100 fb~!, these numbers
are larger, being the discovery (exclusion) limit for this process at Mg ~ 4.3 (4.8) TeV.

In the hbb channel, the main experimental constraints are given by measurements
in four b-jets final states, motivated mostly by SUSY searches, although dijets searches
are also relevant. With the proposed analyses, the hbb final state mediated by a heavy
gluon with mass Mg can be discovered (excluded) for Mg < 1.5 —2.7 (3) TeV with the
current data, and for Mg < 4.5 (5) TeV in a larger run with 14 TeV and 100 fb™!,

In the hgq channel the most important bounds come from searches of single-produced
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light quark resonances, although again dijets searches impose non-negligible constraints.
The discovery of this final state mediated by a heavy gluon of mass Mg becomes un-
reachable with the 7 and 8 TeV data, and only for masses below ~ 3.3 (3.5) TeV could
be discovered (excluded) at 14 TeV.

We also study the production of resonances of the up quark, U, not mediated by
a heavy gluon. Two different channels are considered. First, the vector-boson-Higgs
fusion channel, which leads to the Vhjj final state (with V' = W, Z). In this case, Uy,
masses of up to 1.8 (2) TeV can be discovered (excluded) depending on the region of the
parameter space in LHC collisions at y/s = 14 TeV and an integrated luminosity of 300
fb=!. Second, the associated-production channel, g¢ — hU, — hjj. In this channel the
discovery and exclusion regions change depending on whether we consider the hh decay
into yybb or into bbbb. Again with /s = 14 TeV and 300 fb~!, masses of up to 1 (1.4)
TeV in the first case and up to 1.2 (1.6) in the second one can be discovered (excluded).
In this section too, we argue that the ¢ asymmetry observed at the Tevatron can be
also explained by the interference of a broad heavy gluon, provided it decays into a SM
quark and its heavier composite partner (V1) final state [10, 11].

We have also briefly introduced (Section 4.8) a new composite Higgs model based
on the symmetry breaking pattern SO(7) — G5 [6]. We have seen that seven degrees
of freedom arise in the scalar spectrum of this model, that transform as (2,2) + (1, 3)
under the custodial symmetry group SU(2), x SU(2)g. Thus, they give rise to the
Higgs doublet ¢ together with three additional singlets x* and 1 with electric charges 0
and *1 respectively. We have seen that both the right- and the left-handed components
of the top and bottom quarks can be embedded in two representations 8 of SO(7), in
such a way that: (i) the bottom (top) quark mass is naturally small (large); (4i) the
Zbrby, coupling is protected; and (iii) k* and 1 decay into Standard Model fermions.
We have also outlined the phenomenological implications of this model. In particular,
the Higgs decay into diphotons, wich becomes modified by loops of k¥, in agreement
with some recent measurements.

The phenomenology of lepton number violating scalars [9, 13] has been discussed
in Sections 5.1 (for scalars with renormalizable couplings to the leptons) and 5.2 (for
scalars with effective leptonic interactions). In this way, we have extended the see-saw

model of type II and classified the scalar multiplets H which produce the same signals,
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paying special attention to their lepton number violating decays: pp — H*tTH™~ —
(FEWTWT and pp — HFFHT — (F/*WTZ, not explicitly considered up to now. All
those multiplets include doubly-charged scalars. We have discussed the main doubly-
charged scalar production mechanisms and worked out the corresponding Feynman
rules in detail, providing an UFO model for MadGraph. As a practical application we
have reproduced the current searches for doubly-charged scalars performed by CMS
and ATLAS at /s = 7 TeV. This has allowed us to provide an efficiency table for the
different processes in which the charged scalars present two-body decays into Standard
Model particles. Using this table for non lepton number violating processes we have
obtained that current limits (Section 5.4) in the mass of these particles are of the order
of 400 GeV for the triplet belonging to the see-saw model of type II (depending on
the decay channel considered), going up to 500 GeV for the highest-spin multiplet
(the quintuplet). For the first time, we obtain also limits for lepton number violating
processes. Although current bounds are low (being always smaller than 300 GeV —see
Section 5.4.2—), future analyses can exclude masses of the order of 1 TeV for /s = 14
TeV and 100 fb~!. Finally, we have discussed how to measure the quantum numbers
of H if it is experimentally observed in future collisions at the LHC [8, 14]. In order to
do that, it is mandatory to count the number of events in some of the allowed decay
channels that HT"H~~ and H**H¥ pairs can decay to (Section 5.6). As a result, we
have found that the different scalar multiples can be distinguished at the 3 o confidence
level only with a large luminosity. For instance, if H decays only into ¢*¢* pairs, the
required luminosity to discriminate between different multiplets stays around 300 fb—!
for \/s = 14 TeV; while if H decays into /7% too, around 3000 fb~! are necessary.
Note that for this study we have assumed the most optimistic scenario in order
to estimate the LHC potential for these searches. We not only assume that doubly-
charged scalars have similar decay rates into same-sign lepton and gauge bosons, but
that cascade decays within the multiplet are negligible. Which requires that the scalar
mixing is rather small. At any rate, it is worth to point out that in specific models
(typically with radiatively-generated neutrino masses) this scenario naturally arises.
In summary, we have shown that the LHC has a unique potential to disentangle an
extended Higgs sector, thereby providing essential information to address some of the

most exciting mysteries of particle physics.



Conclusiones

El modelo estandar de la fisica de particulas ha supuesto un éxito sin precedentes en
la comprensién de las propiedades de las particulas elementales y sus interacciones. En
particular, con el descubrimiento del boson de Higgs en 2013, la busqueda de todas y
cada una de las particulas predichas por el modelo estandar ha concluido. Sin embargo,
todavia hoy existen cuestiones tedricas y experimentales de suma importancia a las que
el modelo estandar no es capaz de dar respuesta. Algunas de las mas destacadas estan
relacionadas con la masa de las particulas elementales (y, por lo tanto, con el sector de
Higgs): jpor qué el bosén de Higgs es tan ligero, siendo una particula escalar elemental?
. Por qué los fermiones tienen masas tan diferentes? Y ;por qué los neutrinos tienen
masa, como evidencia una vasta cantidad de experimentos, a diferencia de lo que afirma
el modelo estandar?

Estas preguntas sugieren que ha de existir fisica mas alla del modelo estandar. Por
cuanto el sector de Higgs es la fuente principal de estas preguntas, y es asimismo el sector
del que menos informacién experimental disponemos, hemos insistido en la fisica nueva
ha de estar relacionada con el sector escalar. De acuerdo a esta observacion, hemos
considerado dos grandes extensiones del sector de Higgs que pueden dar respuesta a
algunas de las preguntas abiertas: modelos de Higgs compuesto (que explican por qué
el bosén de Higgs es tan ligero y por qué los fermiones tienen masas tan distintas) y
modelos con escalares que violan numero lepténico (que, por tanto, pueden explicar
por qué los neutrinos tienen masa —de Majorana—). En ambos casos aparecen nuevas
particulas que podrian producirse en aceleradores. Por su importancia actual, nos
hemos centrado esencialmente en la fenomenologia de estas particulas en el LHC. Para
ello, hemos introducido primero las herramientas computacionales y estadisticas, y

hemos discutido en detalle después la fenomenologia de estos modelos.
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En los modelos de Higgs compuesto se asume que el boséon de Higgs es un estado
ligado de un nuevo sector fuertemente acoplado, con simetria global GG espontaneamente
rota a H. La simetria global estd expl¢itamente rota por las interacciones lineales entre
el sector compuesto y el sector elemental (que mezclan las resonancias de uno con las
particulas del otro). El bosén de Higgs aparece asi como un seudobosén de Nambu-
Goldstone. Hemos distinguido el estudio de la fenomenologia de las nuevas resonancias
(fermidnicas y vectoriales) de acuerdo a si estas interaccionan més fuertemente con
el quark top t (seccion 4.5), con el bottom b (seccién 4.6) o con los quarks ligeros ¢
(seccién 4.7). En los tres casos hemos estudiado en detalle [4, 5, 7, 10, 12, 15], en el
modelo minimo de Higgs compuesto, la produccién de un gluén pesado G en canal s y
su posterior desintegraciéon via un quark ) y su correspondiente resonancia fermiénica
U, segun el proceso pp - G — V¥ — hiyn), siendo h el bosén de Higgs y ¢ = t,b,q
seguin el caso considerado. Los estados finales a los que este proceso da lugar son,
respectivamente, htt, hbb y hqg. En los dos primeros podemos considerar la desinte-
gracién del bosén de Higgs en su canal principal, bb. En el tercer caso consideramos
h — W*WT. El estudio detallado de este proceso nos ha permitido concluir que, aun
con las cotas experimentales actuales, podrian probarse regiones amplisimas del espacio
de pardmetros con los datos de que disponemos a /s = 7y 8 TeV y, sobre todo, en un
futuro préximo en el que el LHC funcione a /s = 14 TeV.

En el estado final htt, las cotas experimentales ms importantes vienen de bsquedas
de resonancias fermiodnicas en tt, de bisquedas en pares de jets y, en menor medida, de
medidas de las propiedades del bosén de Higgs. Con los andlisis que hemos propuesto
(seccién 4.5.2), las resonancias del top producidas tras la desintegracién de un gluén
pesado G de masa M podrian descubrirse (excluirse) con los datos actuales para Mg
de hasta ~ 2.5 —2 (2.8 — 2.4) TeV dependiendo de la regién considerada del espacio de
pardmetros. Para /s = 14 TeV con una luminosidad integrada de 100 fb™!, los limites
crecen hasta Mg ~ 4.3 (4.8) TeV para el descubrimiento (la exclusién).

En el canal hbb, las principales restricciones experimentales vienen de medidas en
cuatro jets b, motivadas principalmente por busquedas de SUSY, aunque las buisquedas
en pares de jets son asimismo relevantes. Con los andlisis propuestos, el canal hbb
mediado por un gluén pesado de masa Mg podra ser descubierto (excluido) para Mg <

1.5—2.7 (3) TeV con los datos actuales, y para Mg < 4.5 (5) TeV en una fase posterior
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del LHC.

El canal hqq las cotas ms importantes vienen de busquedas directas de resonancias
de quarks ligeros, aunque de nuevo hay que tener en cuenta las bisquedas en pares de
jets. El descubrimiento del estado final hqg mediado por un gluén pesado de masa Mg
con los datos de LHC a 7 y 8 TeV sercasi imposible. No obstante, podria descubrirse
(excluirse) para masas por debajo de ~ 3.3 (3.5) TeV a 14 TeV. La produccién de
resonancias del quark up la estudiamos también en dos canales en los que no interviene
un gluon pesado. En primer lugar, mediante fusién del Higgs con los bosones vectoriales,
lo que da lugar al estado final Vhjj (con V =W, Z). En tal caso, masas de U, de hasta
1.8 (2) TeV podrian descubrirse (excluirse) dependiendo de la regién del espacio de
pardmetros, en colisiones en el LHC a /s = 14 TeV con 300 fb~! de luminosidad. Y en
segundo lugar, ia produccién asociada, gg — hU, — hjj, en cuyo caso los limites son
distintos dependiendo de si se considera la desintegracién de hh en vybb o en bbbb. As,
con /s = 14 TeV y 300 fb~! se podrian descubrir (excluir) masas de hasta 1 (1.4) TeV
en el primer caso y de hasta 1.2 (1.6) en el segundo. En esa misma seccién discutimos
que, en regiones adecuadas del espacio de parametros, la asimetria en ¢ observada en
Tevatron también podria explicarse por la interferencia de un gluén pesado con una
anchura grande debido a su desintegracién en otras resonancias fermidnicas [10, 11].

También hemos introducido brevemente (seccién 4.8) un nuevo modelo de Higgs
compuesto basado en la rotura de simetria SO(7) — G2 [6]. Hemos visto que el sector
escalar de este modelo estd compuesto por siete grados de libertad, que transforman
bajo la simetria custodial SU(2),, x SU(2)g como (2,2)+(1,3), dando lugar al doblete
de Higgs, ¢, v a tres singletes k¥ y 1 con cargas 0 y %1 respectivamente. Hemos
visto cémo embeber las partes levérigas y dextrogiras de los quarks top y bottom en
dos representaciones irreducibles 8 de SO(7), de tal suerte que: (i) de forma natural,
la masa del quark bottom (top) es pequena (grande); (ii) el acoplamiento Zbyb; esta
protegido; y (iii) kK y 1 se desintegran en fermiones del modelo estdndar. Hemos dis-
cutido someramente las consecuencias fenomenoldgicas de este modelo. En particular,
la desintegracién del Higgs en dos fotones, que se ve alterada por los loops de ¥, de
acuerdo con lo que sugieren algunas medidas recientes.

La fenomenologia de los campos escalares que violan nimero lepténico [9, 13] la

hemos discutido en las secciones 5.1 (aquellos cuyas interacciones con los leptones del
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modelo estdndar son renormalizables) y 5.2 (aquellos con interacciones efectivas con
los leptones). De este modo, hemos extendido el modelo see-saw de tipo II y clasifi-
cado los multipletes escalares H que producen las mismas senales, prestando especial
atencién a los procesos que violan niimero lepténico: pp — H¥TH™= — (FEWTWT y
pp — HFHT — (F(*WTZ, los cuales no habian sido considerados explicitamente hasta
la fecha. Todos estos multipletes contienen, pues, componentes escalares doblemente
cargadas. La produccion de estas y su consecuente desintegracion las hemos estudiado
en la seccion 5.3. Asimismo, facilitamos las reglas de Feynman y el correspondiente
modelo UFQ para MadGraph. Con todo, hemos reproducido las busquedas actuales de
escalares doblemente cargados en ATLAS y CMS a /s = 7 TeV. Esto nos ha permi-
tido construir una tabla de eficiencias para todos los procesos en los que los escalares
cargados se desintegran en pares de particulas del modelo estandar. Utilizando esta
tabla para procesos que no violan nimero lepténico, obtenemos que los limites actuales
(seccién 5.4) en la masa de estas particulas son del orden de 400 GeV para el triplete
del see-saw de tipo II (dependiendo de el canal de desintegracién considerado), y de
hasta 500 GeV para el multiplete de mayor isospin (el quintuplete). Por primera vez,
obtenemos también limites para procesos que violan ntimero leptonico. Si bien las cotas
actuales para la masa de los escalares que median estos procesos son pequenas (menores
de 300 GeV en cualquier caso —véase seccién 5.4.2—), podrian llegar hasta cerca del
TeV para /s = 14 TeV con una luminosidad de 100 fb~!. Finalmente, hemos discutido
cémo identificar los nimeros cuanticos de H si este es observado experimentalmente en
colisiones futuras en el LHC [8, 14]. La estrategia se basa en medir algunos de los distin-
tos canales en los que los pares HYTH™~ y H¥*HT pueden desintegrarse (seccién 5.6).
Como resultado, encontramos que los multipletes escalares pueden distinguirse unos de
otros (con una confianza de 3 ) solo con suficiente luminosidad. Por ejemplo, si estos
solo se desintegran en pares (/% se necesitarfan 300 fb~! a /s = 14 TeV; mientras que
si se desintegran tanto en /*¢* como en ¢*7F harfan falta alrededor de 3000 fb=!. Cabe
destacar la relevancia de estos resultados para el estudio fenomenolégico de modelos en
los que as masas de los neutrinos se producen radiativamente.

En resumen, hemos mostrado que el LHC tiene una capacidad inigualable para
desentranar la fisica de un sector de Higgs no estandar. Y, por tanto, arrojar luz sobre

algunos de los misterios mas excitantes de la fisica de particulas actual.



Appendix A

SU(2) and the Pauli matrices

The SU(2) group is the universal recovering of SO(3) —the group of rotations in the
three-dimensional vector space—. It has therefore dimension three. Its Lie algebra can
then be expanded in terms of three operators that we label T}, T5 and T3, independently
of the explicit representation considered. The algebraic structure of SU(2) can be

defined through the commutation relations

[Tb TJ] =1 Z erirTx, (A-1>

1
where €77 is the totally antisymmetric Levi-Civita tensor in three dimensions. In
addition, two more operators, 7+ and 7, are defined to be T = T} 4 iT5. There is
only one representation of SU(2) for each dimension. The explicit matrix expressions
of the first non-trivial representations are given below. For dimension two we have

T; = 1/207, being o; the Pauli matrices:

0'1:<O 1), 0'2:(9 _Z>, 0'3:<1 0) <A2)
10 t 0 0 -1

For dimension three we have

L (010 (0 -1 0 10 0
]
Tv=—74|[101|, h=—42|1 0 -1|, T5=]00 0 A3
=5 2= 75 3 (A.3)
010 0 1 0 00 —1

155



Appendiz A. SU(2) and the Pauli matrices

156

For dimension four we obtain

0 ? 0 0
- \/; 0 1 0
1 0 1 0 \/73
0 0 ? 0
Ty =

while for dimension five we get

0 1 0 0 0
1 0 ? 0 O
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Appendix B

The non-linear sigma model and the

Maurer-Cartan one-form

Typically in particle physics, and mainly in gauge theories, lagrangians are constructed
out of fields taking values in linear spaces. In general, however, the introduction of
target manifolds without any kind of vector structure is mandatory, giving rise to non-
linear sigma models. This is the case, for instance, of the lagrangian describing the
dynamics of a NGB coming from the symmetry breaking of G' into H, in which the
target manifold is the coset space G/H.

In the description of non-linear sigma models, a role of main importance is played by
the Maurer-Cartan one-form over the group G. Let us call the Maurer-Cartan one-form
over G as €. 2 is a one-form taking values in the Lie algebra of G, Q : TG — L(G),

and thus a matrix of linear forms, defined in a point g € G as

Q)= (g7 )*(da),, (B.1)

k

where ¢ is the entry ij of the matrix defining the group element g, and 2% are co-
ordinate functions over G, % : G — R with 2% (g) = ¢". Given that physical fields
are typically defined over the space-time M, it is convenient to consider a section

v : M — G of GG, and pull-down €2 to the space-time by means of . That is:
*(O)\i _ ik 0 L
(e Q) =33 (¢71@)" 5 2¢" @) (A", (B2)
m k
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i.e., a matrix of one-forms over M, where now 2% denote the usual coordinates on M.
This notation can be however a bit cumbersome. In order to get the standard notation,

let us write p(z) = g(x), and forget the explicit dependence on z. Then,
*()\ij ik O
(") = ;;(9 ) g (B.3)
Forgetting now the sums and the matrix components, and defining w = ¢*€), we obtain
w =g '0,9dz", (B.4)
what is typically written as

w =g 'dg. (B.5)

Now, remember that every element of the group, ¢ € G, can be expressed as the

exponential o some linear combination of generators in the Lie algebra of G:

g=exp i’y ] (B.6)

for some real values h, and a base 7. In such a case, the Maurer-Cartan one form w,
can be written as

w, = U"'9,U, U =exp [z 3 ha(x)T“]. (B.7)

When dealing with coset manifolds G/H, we only consider the coset generators C,
instead of the whole set of generators T,,. Thus, we will usually work with the following
objets:

w, =U"'9,U, U =exp [z 3 ha(x)oa] (B.8)

Giving that w takes values on the Lie algebra of (G, it can be decomposed as the sum of
two parts, one aligned along the broken generators C'* and the other along the unbroken
ones 7. These two parts are usually called d,, and E,, respectively. The Maurer-Cartan

one-form can then be written as
w, =U'0,U =d}T, + EiT, = d, + E,. (B.9)

d, will be the main object in the description of non-linear sigma models.



Appendix C

SO(5) and its SO(4) subgroup

The SO(5) group is the group of rotations in the five-dimensional vector space. It has
dimension ten, and thus its Lie algebra can be expanded by means of ten operators
that we call J™", for n > m and m running from 1 to 5. In its fundamental (i.e.,

Jmn

five-dimensional) representation, the operators can be expressed in a convenient

matrix form, with ij components given by

?

V2

They are all normalized to tr(J™J*) = §™§"*. The SO(4) group is maximally con-
tained in SO(5). Indeed, it is trivially expanded in terms of the the six operators
J12, 018 3% 3% and J**. However, given that SO(4) holds the well-known equality
SO(4) ~ SU(2) x SU(2), it is convenient to change the basis given by the previous

operators to the one made of the operators

mn __

(6707 — 678 . (C.1)

1

V2

1 1

T} = %

(J14 + J23) , TIQJ (J24 _ J13) , Tg (J12 + J34) ’ (C2>

S

and

Th= = (P J4), TR L (), Tho -

V2 V2 V2

Thus, the first three operators, T}, expand the algebra of one SU(2) that we call
SU(2)1, while the T}, expand SU(2)g. The SM gauge group is trivially embedded in

(JZ=J%.  (C3)
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SO(4) ~ SU(2);, x SU(2)g once U(1)y is identified with T. The rest of the operators,
J™® expand the coset space SO(5)/SO(4). We set by definition

Cm=J" m=1,23,4. (C.4)

The four C™ operators transform in the 4 (resp. the (2 x 2)) representation of SO(4)
(resp. SU(2)xSU(2)g), thus generating the quantum numbers of the SM Higgs boson.

A vector in the 5 representation of SO(5) transforms as
5=4+1=(2,2)+(1,1) (C.5)

under SO(4) and SU(2) x SU(2) respectively !. Thus, in terms of its components
along the custodial symmetry group, the five degrees of freedom of a field ¢ in the 5

representation of SO(5) are expressed as

P ™ Pt
. —i(p—— +ipiy)
= et | (C.6)
i(p4— — o—4)

\/59000

The indices s; and sy of ¢, ,, identify its charges under T3 and Tp. Thus, s;/2 is the
charge of ¢, under T3 and s,/2 is that under T%. The /2 factors have been set to
properly normalize . Finally, it is also worth noting that the commutator of two coset

operators C™ and C™ has no components in the coset space. That is to say,
(™ M=) fric! (C.7)
1

for some structure functions f™*. In other words, the symmetry breaking pattern

SO(5)/SO(4) gives rise to a coset symmetry space.

Tndeed, a rotation in SO(n) is always made around some vector 7i. The vectors in the perpendicular
plane to this vector rotate according to an SO(n — 1) transformation, while the vectors along 7 form
a one-dimensional vector space that stays unchanged. This subspace is thus an invariant space. In the
current representation, this vector space is the one expanded by the fifth component.
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SO(7) and its Gg subgroup

The generators of SO(7) in its 8 representation can be constructed out of the seven ~y

matrices [267] Y1 = 2'0'2®’l'0'2®’l'0'2,’}/2 = O'1®Z'O'2®1,’}/3 = i02®1,’}/4 =

1®01®'é02,’}/6 =

matrix. Out of them, we can construct the generators as .J,,,, =

—03®109®1 and y7 =

—102®1R03, 75 =

—1®03®1i0,, where o; represents the ¢th Pauli

The G, Lie algebra is then generated from the 14 generators F; and M; of the following

set [266]:

7
F = —§(J24 — J51),

l
Fy = 5(«]54 — Ji2),

7

Fy = —§(J14 — Jos),
7

Fy = _§(<]16 — Ju3),

{
F5 = _§(J46 — Ja1),

i
Fe = —§(J35 -

1
b7 = §(J65 — Ja3),

J62)7

M; =

—~

Jog + Js1 — 2J73),

(J54 + Ji2 — 2Js7),
(J14 + Jo5 — 2J56),
(J16 + Juz — 2J72),

(J46 + J31 — 2J57),

———(Jo5 + J23 — 2Ja7),

E

(J35 + Joa — 2J71),

Ny =
Ny =
N3 =
Ny =
N5 =

Ne =

N; =

Jog + JIs1 + J73),

(J54 + Jia + Jer),
(J14 + Jos + Js6),
(J16 + Jus + Jr2),
(Jag + J31 + J57),
(J35 + Jo2 + Jr1),

(J65 + J23 + J47).

o

These are shown in Figure D.1. The coset manifold (represented by the red area in

Figure D.1) and the relevant SU(2); and SU(2)g groups (represented in gray) are also
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F1 F4 FT M3 M6 N2 N5
/ G/H
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F3 F6 M2 M5 N1 N4 N7

\

SU(2)g SU(2)r

Figure D.1: Pictorial representation of the Lie algebra of SO(7), and the embedding of
its important subgroups SU(2), x SU(2)r C Go.

shown.
The symmetry-breaking patter given by SO(7) — G5 provides seven new degrees

of freedom. In order to describe the dynamics of these fields, we have to construct the
Maurer-Cartan one-form of this manifold, and thus U = expill, where I = > C,h%,

C, are the coset generators and h® are the five pPNGBs. The explicit expression of II in

the basis we are using is given by:

0 ky _k katn _h _n 0 _ kot
2 2 2 2 2 2
_ k2 0 ko= iy ul 2kith  _k2tn
2 2 2 2 2 2
k1 ka—n ) ka—n h n
5 > 0 5 0 - -3 2
ko+n k1 ko ko—n n 2ki1—h
no 2% -2 -7 0 =Rt S g (D.1)
3 h _n 0 ka—n 0 _ k2 k ka—n
2 2 2 2 2 2
n 2k1+h ka—n h ko 0 ka+4n _k
2 2 2 2 2 2
0 katn h 1 _k _kedn 0 _k2
2 2 2 2 2 2
ka+n h _n _ 2ki—h ko—n k1 ko 0
2 2 2 2 2 2

Note that only the would-be physical degrees of freedom are explicitly written. The
three degrees of freedom that, together with i form the Higgs doublets, are not shown.
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