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Introduction

A currently open question is whether the Higgs boson particle is truly elementary (i.e. pointlike),
down to distance scales much shorter than the Electroweak scale, or if, on the contrary, it is a
composite bound state of more fundamental degrees of freedom, whose physics should be revealed
at energies not far above the weak scale. In either case the discovery of this scalar particle was
truly remarkable. If it turns out to be elementary, it would be the first and only known example
of this kind in nature. On the other hand, if it turns out that the Higgs boson is a composite state
arising from some underlying strong dynamics, we would be in a situation that also presents new
characteristics compared to other known composite scalars. We elaborate on this last possibility in
the present thesis.

This thesis aims to be a pedagogical and self-contained theoretical review of some of the most
relevant aspects of general composite Higgs theories. It begins with section 1 reviewing the basics of
the Standard Model. Section 2 reviews some important characteristic of the Higgs boson: its most
important decay and production channels, as well as its radiative corrections. Section 3 explains
the hierarchy problem, and presents the best-known approaches that address this problem. In
section 4 we explain the composite sector of a composite Higgs theory and proceed to present
the CCWZ prescription, a fundamental tool when it comes to understand the low-energy and
confinement regime of a strong dynamic. Section 5 present the elementary and composite sectors.
In section 6 we introduce extra spin-0 and spin-1 resonances. Finally, in section 7 we introduce
the phenomenology of a particular composite Higgs model analyzed in Ref. [123] and in which the
author of the thesis was part.
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1 The Standard Model of Particle Physics

1.1 Quantum Field Theories

Modern particle physics is described in terms of quantum field theories (QFTs). A quantum field
theory constitutes a mathematical and conceptual framework that combines three of the major
themes of moder physics: classical fields, special relativity, and quantum mechanics, in addition to
some set of fundamental assumptions. The fundamental entities of these theories are quantum fields.
A quantum field is some data on spacetime [1]; it is a fundamental property of space. Technically,
a typical example of a classical (i.e. non-quantized) field is a section

¢p: M — S (1.1)

in a vector bundle S over the spacetime manifold M. On the other hand, an example of a quantum
field is a linear map from the space of smooth sections of some vector bundle over spacetime to
operators. For each particle species, there will be a corresponding quantum field.

1.1.1 Lagrangians

The formulation of a (four-dimensional) quantum field theory begins with its description at the
level of a classical field theory, which eventually we proceed to quantize in order to obtain the
corresponding quantum field theory. The description of the field can be formulated in terms of a
Lagrangian or Hamiltonian formalism. In the Lagrangian formalism, the basic laws of a system
consisting of a collection of local fields ¢; are encoded in the action S, the time integral of the
Lagrangian function! L of the system, which in turn can be written as the spatial integral of a
Lagrangian density? £, namely

S = /L dt = /ﬁ[@,am] diz (1.2)

where d*z is the integration measure in four-dimensional Minkowski space and i runs from 1 to the
number of fields. Now, the dynamics for such a Lagrangian system is determined by the principle
of least action, which states that the system evolves from one initial configuration at ¢; to another
final configuration at ¢y along the path in its phase space for which S has a minimum and 5 = 0
holds. It follows from this principle that the evolution of the system is governed by the so-called

Euler-Lagrange equations

oL oL

—— — 0y () =0 (1.3)
;i 9(0ui)

and for which there will be one such field equation for each field presented in the system. From the

point of view of the Hamiltonian formalism, the object of interest is the Hamiltonian function H,
the spatial integral of a Hamiltonian density H[¢;, ;] which in turn is a function of the fields ¢;

"We will use a calligraphic script for densities and an italic script for integrated quantities.
2The word “density” is almost always omitted.
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and their conjugate momenta density?

. OL[¢;, )]

= .
0¢i

where ¢;[¢;, ;] = Oi¢; and it is implicitly defined by 1.4. The Hamiltonian density is formally
defined as the Legendre transform of the Lagrangian density

(1.4)

H = /7—[ P = / (mgz}i[@,nj] —ﬁ[@,g’ﬁi[@,mn) Pz (1.5)
The evolution of the system is then governed by the Hamiltonian field equations
. OH OH
— d .i = — 1.
) o, and 7 9; (1.6)

The Lagrangian formulation of a field theory is, however, particularly suited to relativistic dynamics.
The simplest reason for this is that Lagrangians and all other expressions are explicitly Lorentz
invariant. In general, we require the following properties hold for the Lagrangian:

1. It is a function of the fields and their derivatives only, so as to ensure translational invariance.
2. It depends on the fields taken at one spacetime point z* only, leading to a local field theory.
3. It is real, so that the total probability is conserved.

4. It is analytic function in the fields. This is not a general requirement, but is common to all
field theories that are solved via perturbation theory. In all of these, we expand around a
minimum, and this expansion mean that we consider a Lagrangian that is a polynomial in

the fields.
5. It is invariant under the Poincaré group, the external symmetry of the theory.

6. It is invariant under certain internal symmetry groups.
We impose two additional requirements:

7. Naturalness*: every term in the Lagrangian that is not forbidden by a symmetry should
appear.

8. Renormalizability: a renormalizable Lagrangian contains only terms that are of dimension
less than or equal to four in the fields and their derivatives.

The requirement of renormalizability ensures that the Lagrangian contains at most two 9,, opera-
tions, and leads to classical equations of motion that are not higher than second order derivatives.
If the full theory of the nature is describe by a QFT, its Lagrangian should indeed be renormal-
izable. The theories that we will consider in this thesis and, in particular, the SM are, however,
only low energy effective field theories, valid up to some energy scale A. Therefore, we must in-
clude also non-renormalizable terms which have coefficients with inverse mass dimensions 1/A"
withn=1,2,....

3The fields ¢; and conjugates m; form an infinite dimensional phase space, because fields have an infinite number
of degrees of freedom.
“Do not confuse this concept with the one presented in (3.2.4).
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1.1.2 Symmetries

The central role of symmetry was a primary lesson of the physics of the first half of the 20th
century [2]. Symmetries in QFT have a strong predictive, or explanatory, power. The main
consequences of the various types if symmetries are summarized in Table (1.1).

Table 1.1: Symmetries and consequences

‘ Type of symmetries \ Consequences \
. Conservation of energy, momentum,
Spacetime
and angular momentum
Global (exact) Conserved charges
Global (spon. broken) Massless scalars
Global (spon. & expli. broken) Massive scalars
Local (exact) Interactions, massless spin-1 mediators
Local (spon. broken) Interactions, massive spin-1 mediators
Discrete Selection Rules

In the Standard Model, only local symmetries are imposed. Similarly, in most of the extensions
of the Standard Model, only local and discrete symmetries are imposed. While it is possible,
in principle, to impose also global continuous symmetries, this is rarely done in current modern
buildings.

1.1.3 Gauge Theories

A gauge theory is a field theory involving a local internal symmetry group, known as gauge groups,
under which the Lagrangian of the theory is invariant. Many interesting theories in physics, like
the Standard Model of elementary particles, are gauge theories. The main idea underlying a gauge
theory is that symmetry generate interaction. For each group generator of the gauge group will
necessarily arise a corresponding vector field called a gauge field. Gauge fields are included in the
Lagrangian to ensure its invariance under the gauge transformations (called gauge invariance).
When such a theory is quantized, these quanta of the gauge fields are called gauge bosons. If the
gauge group is non-commutative, then the gauge theory is referred to as non-abelian gauge theory.

The specific kind of Lie group in a gauge theory (its dimension, whether it is abelian or not,
whether it is simple or splits as a product of several factors, and so on) is reflected in interesting
ways in the physics. For example, in the case of the Standard Model (see 1.7), it turns out that:

1. The fact that there are 8 gluons, 3 weak gauge bosons and 1 photon is related to the dimensions
of the Lie groups SU(3)c and SU(2);, x U(1)y.

2. The fact that gluons interact directly with each other while photons do not is related to the
fact that SU(3)c is non-abelian while U(1)gy is abelian.

3. The fact that the strong, weak and electromagnetic interactions have different strengths
(coupling constants) is related to the product structure of the gauge group 1.7 (GUTSs built
on simple Lie groups like SU(5) have only a single coupling constant).
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1.2 The Standard Model
1.2.1 Introduction

The Standard Model (SM) of particle physics is a gauge quantum field theory describing three of the
four known fundamental interactions in the nature, namely, the electromagnetic, weak and strong
interactions, as well as classifying all known elementary particles. An array of experimental results
confirm every feature of the theory to a high degree of precision, at the level of testing higher order
perturbation theory.

The local internal symmetry group of the Standard Model is
Gsm = SU(3)c x SU(2), x U(1)y (1.7)

which combines the SU(2)1, x U(1)y Glashow-Salam-Weinberg theory of electroweak interactions,
together with the SU(3)c theory of Quantum Chromodynamics describing strong interactions.

1.2.2 Fields and Notation

Fermions (quarks and leptons) in the SM are simple structureless (as far as we know) spin-1/2

particles. They are modelled by Dirac spinors v, with four components n = 1,...,4, which are
functions of the spacetime coordinates z, = (¢, z,y, z). Free Dirac fermions obey the Dirac equation
(id —m)y =0 (1.8)

Let i and « be the flavour/generation and color indices respectively, and L, R chiral indices; then
the fermionic content of the Standard Model can be labelled as follows:

1. Left-handed lepton doublets:

Lip €(1,2,—-1/2) (1.9)

2. Right-handed lepton singlets:
eir € (1,1,-1), vig € (1,1,0) (1.10)

3. Left-handed quark doublets:
Q% € (3,2,1/6) (1.11)

4. Right-handed quark singlets:
uip € (3,1,2/3), dip € (3,1,—1/3) (1.12)

Massless gauge boson are spin-1 particles with two polarization states (left-handed and right-
handed). They are modelled by a four-component vector potential A, (z) with a Lorentz index
1 =0,1,2,3. Although there is only one type of photon mediating electromagnetic interactions, in
general there will be n = dim(G) types of gauge bosons mediating the a corresponding gauge inter-
action with gauge group G. Massless gauge bosons are physical degrees of freedom and therefore
must carry energy and momentum themselves; to describe these physical features, and following
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the successful theory of Maxwell on electromagnetism, we introduce in a similar way the a kinetic
energy term

1
L= FuF (1.13)

Conditions must be imposed on every AZ(JE) to select only the physical degrees of freedom, as
different AZ(JI) can give rise to the same physics. The massless gauge bosons presented in the
Standard Model are:

5. Gluons Gl‘j‘ with field strength tensor:
G, = 0uG = 0,G}} — gsfapcGEGS (1.14)
where A =1,...,8 and fapc are the SU(3)¢ structure constants.

6. W bosons Wlf with field strength tensor:
Wi, = 0.W) —0,W, — gersx W,/ WK (1.15)
where I = 1,2,3 and €5 is the is the totally antisymmetric symbol.

7. B boson B,, with field strength tensor:

By, = 8,B, — 8,B, (1.16)

Finally, scalar bosons are spin-0 particles modelled by Klein-Gordon equation
(O+m?)¢ =0 (1.17)
As far as we know, the Higgs Boson is the only fundamental scalar in the Standard Model:
8. Higgs doublet:
H= (iﬁ) - \2 (i;j:ii) € (1,2,1/2) (1.18)
9. Conjugate Higgs doublet:
H=io’H* € (1,2,-1/2) (1.19)

In each of the previous cases, the first two numbers in bold correspond to the dimension of
the multiplets under SU(3)c x SU(2)y, while the third number corresponds to their hypercharge.
The electric charge (), the third component of weak isospin I3 and the hypercharge Y satisfies the
so-called Gell-Mann-Nishijima formula

Q=L+Y (1.20)

Finally, the Standard Model contains 26 free parameters that have to be input by hand. There are
the Yukawa couplings y; of the 12 fermions, the three gauge couplings g, ¢’ and g, the 2 parameters
describing the Higgs potential, u and A, the 8 mixing angles of the PMNS and CKM matrices, and
the strong CP phase 6.
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1.3 Strong Interaction

The existence of certain similarities between QCD and CH models makes it worthwhile to review
some relevant aspects of the first theory.

1.3.1 Basic Structure

The strong interaction is described by Quantum Chromodynamics (QCD), which is a non-abelian
gauge theory based on a local symmetry SU(3)c. Each quark flavour constitutes a color triplet
in the fundamental representation of SU(3)c. All other particles are color singlets and do not
experience strong interactions. The corresponding gauge fields (i.e. the gluons) transform under
the complexified adjoint representation of the real Lie algebra su(3), namely

sl(3;C) = C @ su(3) (1.21)

while the gauge invariance ensures that they are massless. The QCD Lagrangian may be written
as

1 = .
Lacp = *ZGquAW +> Qi —my)Q; (1.22)
J
1 Sar- .
= GG £ Y Q5 (10" (BapOy +igstisCyl) — midap) Q] (1.23)
J B

where j € {u,d,c,s,t,b} is a flavour index and a, 8 € {r,g,b} are color indices. Here g, is the
strong coupling constant, t* are the generators of SU(3)c related to the Gell-Mann matrices by
tA=)\4 /2, and the structure constants fapc are defined by

[tA, tB] = ifABctC (1.24)

The gluon field tensor Gﬁy is given by Eq. 1.14 while the covariant derivative is defined by

D, = 8, +igsG, (1.25)
where .
Gu=Y_ Gii(x)t" (1.26)
A=1

is the so-called gluon potential matrix.

1.3.2 Asymptotic Freedom

The strong coupling constant g, is not quite constant, but it depends on the characteristic energy
scale of the processes. From the renormalization group equation, the strong structure constant

2
Js
s 1= == 1.2
@ 47 (1.27)
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can be shown to have the following 1-loop scale-dependence:

N 4
= Bo(Q2/A20p)

s (Q%) (1.28)

as a function of the momentum transfer scale Q. Here By = 11 — 2ny/3 with n; the number of
active quark flavor. Moreover, one of the striking properties of QCD is asymptotic freedom [3,4]
which states that

the strong coupling o increases with increasing distance or decreasing scale and de-
creases with decreasing distance or increasing scale.

This strange behavior of the strong coupling has been verified in high-energy experiments to very
high precision [5]. Indeed, from 1.28

lim os(Q%) =0 (1.29)

Q2%—00
hence the term asymptotic freedom. The integration constant

Aqep =~ 250 MeV (1.30)

is an intrinsic scale of QCD, known as confinement scale. This parameter establish the scale at
which non-perturbative effects take over. For energy scales much above Aqcp the theory is weakly
coupled (asymptotic freedom). On the other hand, for small scales (i.e. for Q? — AéCD) the run-
ning coupling diverges® and the theory is strongly coupled (confinement), signalling the breakdown
of perturbation theory and any ideas of treating quarks as quasi-free particles. Consequently, a
phase transition must occur when energy scale varies from higher to lower one.

The strong interaction scale Aqcp allows us to introduce the notion of light quarks, the ones
having masses much smaller than the strong scale, and heavy quarks, the ones having masses much
larger than strong scale. The up and down flavours are qualified for light quarks, whereas the
charm, bottom, and top may be regarded as heavy. The strange quark is an exception.

1.3.3 Chiral Symmetry Breaking

Let us focus on the massless quark term that could be identified from the Lagrangian 1.22, namely
LqlQj] =) Q;ilQ; (1.31)
J

Any quark field @); can be decompose as a linear combination of its chiral components: @ =
Qi1 + Qjr- If we plug this decomposition into the QCD Lagrangian 1.31, then we can write

LqQ;] = LolQjL] + Lo|QjR] (1.32)

®Because of this, Aqcp is also called the Landau pole of QCD; other terms found in the literature are the strong
interactions scale, QCD scale or hadronic mass scale.
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and the QCD interaction does not couple the left and right-handed quarks. On the other hand, as
an example, let us consider just up and down quark flavours. Still under the massless assumption,
we can write the quark term as

Lq[u,d] = Z Q;ripQ;L + Z Q;riDQ;r (1.33)

i=u,d i—u,d
(o a)in () + e d)iv () (1.3)

and so the up and down quarks may be regarded as two independent states of a new same ob-
ject, conveniently called left or right chiral doublet. The Lagrangian 1.33 is invariant under the
independent rotations of left and right doublets in their respective spaces. More explicitly,

<UL,R> — UL R (UL’R> (1.35)
dr.r " \dL,R

where Ur p € SU(2), - We then say that the massless quark part 1.33 of the QCD Lagrangian
has a (global) chiral symmetry

GX = SU(?)L X SU(?)R (136)
It turns out that non-perturbative strong effects induce the presence of quark vacuum condensates
(Qluuf Q) qep = (TR e ~ —47 2605 (1.37)

generating dynamical quark masses, even if they had zero mass in the original QCD Lagrangian.
The presence of these condensates breaks spontaneously the chiral symmetry 1.36 down to the
so-called isospin subgroup®

SU@)14r (1.38)

which corresponds to rotations Uy, = Ug. In fact, this is the symmetry realized in the spectrum;
it is the observed isospin symmetry. In Eq. 1.37, |Q) is the ground state of QCD whose symme-
try group is 1.38, and f; ~ 93MeV is the so-called pion decay constant. Note that as long as
my = mg > 0in 1.22, the isospin symmetry is exactly conserved. According to the Goldstone theo-
rem, this spontaneous breaking must leads to the appearance of massless particles in the spectrum
of physical states - the Goldstone bosons - and taking place at some chiral symmetry breaking scale
Ay- Indeed, they can be identified with the triplet of pions” 7#F and 7Y in the limit m,,, mqg — 0,
corresponding to pseudo-scalar mesons transforming in 3 of SU(2)p4R.

Finally, the actual small but non-zero difference between quark masses (i.e. m, # mgq > 0) also
break the chiral symmetry explicitly as well, and pions become pseudo-Nambu-Goldstone bosons
(pNGBs), acquiring the small masses that we actually measure. In general, if N denotes the number
of flavours presented in 1.22, then note that in the limit of equal mass quarks it possesses a global
SU(N)L4r isospin symmetry, and in the limit of massless quarks an SU(N)p, x SU(N)g chiral
symmetry is present.

5Also called the vector subgroup.
"According to the Goldstone theorem there is one massless boson for each generator of a broken continuous
symmetry. Since SU(2)r, X SU(2)r — SU(2)L+Rr, then (34 3) — 3 = 3; hence the three pions.
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1.3.4 Color Confinement

One of the prominent features of QCD at low-energy is color-confinement, which states that:

any strongly interacting system at zero temperature and density must be a color singlet
at distance scales larger than 1/Agcp.

The traditional physical interpretation of it consists in that at distances of order

1

~ 0(107"° m) (1.39)
Aqep

interaction of quarks becomes very strong, and as a consequence isolated free quarks cannot exist in
nature (quark confinement). The color confinement of QCD is a theoretical conjecture consistent
with experimental facts; it remains as one of the most difficult problems in theoretical particle
physics [6].

1.3.5 QCD Phase Diagram

In summary, the essential features of hadron structure are color confinement and spontaneous chiral
symmetry breaking. The former binds colored quarks interacting through coloured gluons to color-
neutral hadrons; the latter brings in pions as Goldstone bosons and gives the essentially massless
quarks in the QCD Lagrangian a dynamically generated effective mass.

Nevertheless, both features will come to an end when hadronic matter is brought to sufficiently
high temperatures T or baryon chemical potential® pp. Indeed, putting both concepts together,
we obtain a speculative QCD phase diagram as illustrated in Fig. (1.1); a central goal of heavy
ion collision experiments is to map this phase diagram of as a function of both thermodynamic
parameters [7-9]. In what follows, we proceed to comments a little about the different regions
present in the diagram:

i. For low temperature and low net baryon density, we have hadronic matter as confined phase.

ii. For high temperature and high baryon chemical potential, deconfinement sets in and the
chiral symmetry is restored, resulting in a phase consisting of unbound colored quarks and
gluons, called quark-gluon plasma (QGP). In heavy ion collision, reducing the beam energy
increases the pp of the QGP produced [10, 11] (principally because lower energy collisions
make less entropy but also because they deposit more of their baryon number in the plasma)
but it also reduces the temperatures achieved.

iii. Along the baryon chemical potential axis, and for low temperature, we are compressing cold
nuclear matter and we can reach a region of color deconfinement alongside a state of broken
chiral symmetry [12], i.e. quarkyonic matter [13—15], and whose formation requires only weak
attractive interactions. In such a scenario, color deconfinement would result in a plasma
of massive, unbound, and “dressed” quarks; the only role of gluons in this state would be
to dynamically generate the effective quark mass, maintaining spontaneous chiral symmetry

8The discussion is sometimes also given in terms of Net Baryon Density, i.e. the density of baryons minus the
density of antibaryons.
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Figure 1.1: A speculative phase diagram for strongly interacting matter. The QCD vacuum in
which we live, which has the familiar hadrons as its excitations, is but one phase of QCD, and
far from the simplest one at that. Because of asymptotic freedom, the high temperature and high
baryon density phases of QCD are more simply and more appropriately described in terms of quarks
and gluons as degrees of freedom, rather than hadrons [7].

breaking. They can moreover also combine to coloured bosonic diquarks. Deconfinement at
high density is believed to happen in the interior of neutron stars, where nuclear matter is
compressed under the star’s own weight to up to 10 times the normal nuclear density.

iv. At lower temperatures or higher densities, the above diquarks could condense to form a color
superconductor [16-18]. Conversely, heating such a superconductor would “evaporate” or
“melt” the condensate, just as it does for a normal superconductor, and we recover either the
massive quark phase, or the conventional QGP with restored chiral symmetry. The transition
between this two phases is likely first order.

v. Along the temperature axis, at zero pp, the phase diagram features a crossover? from QGP

9Roughly speaking, crossover is a generic term to describe a smooth transition between two separate phases of
matter, upon changing some (thermal/non-thermal) parametres. The key point is that in a crossover, no canonical
“phase transition” occurs, although there is a drastic change in the phase of the system. Phase transitions are
classically defined & la Ehrenfest (discontinuities in the derivatives of the Free energy functional) or & la Landau
(symmetry-breaking mechanisms). A crossover is thus not associated with a change of symmetry, or a discontinuity
in the free energy functional, but typically it occurs in a region of the phase diagram, rather than a singular point.
Microscopically, in a crossover, the ground-state of the system changes radically (so that any perturbative expansion
around the original ground-state will fail to capture the new ground-state), but in a very smooth manner; i.e., without
any discontinuity in the thermodynamic observables (which is the hallmark of phase transitions).



1 THE STANDARD MODEL OF PARTICLE PHYSICS 17

to ordinary hadronic matter as a function of decreasing 7' [19-21]. Increasing pp corresponds
to doping the QGP with an excess of quarks over antiquarks, and it is an open question
whether the crossover becomes a sharp first order phase transition beyond some critical point
(CEP) [9,22]. By increasing the temperature, the surround constituent quark cloud!® melts
away and at som critical temperature 7, it has “evaporated”, leaving pointlike quarks and
gluons. Here, T, is known as the critical temperature transition and it is now well established
that the QCD transition is just a rapid crossover at [23-25]

T. ~ 155 MeV (1.40)

In this region there remains only one transition, the simultaneous onset of color deconfinement
and chiral symmetry restoration. A priori there is no reason for both the (de)confinement and
chiral symmetry restoration scales to be the same [26]. However, lattice studies'! at up = 0
have shown that there deconfinement and chiral symmetry restoration in fact coincide [27].
Deconfinement by heating up nuclear matter is achieved by colliding heavy nuclei at enormous
energies, for example at the Relativistic Heavy Ion Collider (RHIC), or at the Large Hadron
Collider (LHC).

It turns out that the picture presented by lattice QCD for T" > 0 and up = 0 cannot be
easily extended to the case of nonzero pp. In these cases, lattice calculations become extremely
difficult [28] mainly because standard Monte Carlo simulations can only be applied to the case where
either up = 0 or it is purely imaginary. Simulations with up # 0 are hindered by the sign problem,
see, for example, [28], though some mathematical extensions of lattice techniques [29-31] can probe
this region'2. Also, the scaning of the diagram (1.1) is complicated from a theoretical point of view
due to the absence of first-principles theoretical calculations providing reliable guidance, as to the
whether there is a critical point in the phase diagram of QCD, or its location if it does exist [7,32]
(model calculations suggest the existence of a critical point, but disagree wildly on its location in
the (up,T) plane).

1.4 Electroweak Interaction

1.4.1 Basic Structure

The electroweak theory is based on the gauge group SU(2);, x U(1)y. The Lagrangian describing
the electroweak interactions is

Lew = —infI,WI“” — iBWB‘“’ (1.41)
+ (D, H) (D'H) — p?(H'H) — A\(HTH)?
+ LiilL;, + €jrilejp + Q;rilPQ;L + jrilPujr + d;rilpdr
+ (5 LirHejr + Qi Hdjr + ysQir Hujr + h.c.)

10A constituent quark is understood as a current quark surrounded by a cloud of virtual quarks and virtual gluons
excited from the “sea”. This cloud underlies the so-called constituent quark mass. In this way, hadrons consist of
“glued” constituent quarks.

1 Lattice QCD is a discretized version of QCD in the Euclidean space time which reproduces QCD when the lattice
spacing goes to zero, that is in the continuum limit.

128chwinger-Dyson equation techniques can also be employed to explore all region of the phase space [33,34]
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e,d,u

where the matrices Y describe the Yukawa couplings between the single Higgs doublet H, and
the various flavours z and j of quarks and leptons. In the above, right-handed neutrinos could
be added, but since they are not necessary for the consistency of the theory, and it is not certain
whether they exist or are part of the low-energy theory, we have not added them to the picture.
The interactions are encoded in the covariant derivative

D, =0, +zg Wl+zg Y B, (1.42)
which for every particular case are given by

Dqu‘L=<3 +290 W) +ig' B)QzL DuLiL:<a +Zg WI—ZQ B>L

2
. /2 W)
D,uir = <8u +ig 3Bu) UiR D,eir = (0, —ig'Bu)eir
D 9, —ig o B Dot = (0, vig™w! +igtn ) 1
udiR = w — 19 § n diR ptd = “w +197Wu + 19 5 0

with g and ¢’ being the SU(2);, and U(1)y gauge couplings, respectively. The SU(2);, generators
are Pauli spin matrices obey the usual relation

0!, 07] = 2iepjco™ (1.43)

The different transformations of the L and R fields (i.e. SU(2)r, is a chiral symmetry) is the
origin of parity violation in the electroweak sector. This also forbids any bare mass terms for the
fermions.

1.4.2 The Electroweak Symmetry Breaking

Gauge invariance does not allow mass terms in the Lagrangian neither for the gauge bosons nor
for chiral fermions. However, massless gauge bosons are not acceptable for the weak interactions,
which are known to be short-ranged, so that the gauge invariance must be spontaneously broken.
The Standard Model incorporates the minimal mechanism for the spontaneous symmetry breaking
of the electroweak sector

SU(Q)L X U(l)y

J (1.44)
U(1)eu

through the so-called Higgs mechanism [35-37], and which preserves the renormalizability of the
gauge theory [38]. In order to achieve the EWSB, the lowest energy state (i.e. the vacuum of the
theory, and denoted by |2)) must not respect the gauge symmetry. The breaking is triggered for
the choice u? < 0 in the Higgs sector

Litiggs = (D H) (DPH) — p2(HV ) — A (1.45)
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which is clearly!® O(4) ~ SU(2)r, x SU(2)R invariant (see 1.18). The Higgs doublet then acquires
a non-zero vacuum expectation value (vev):

v := (Q|H|Q) = constant (1.46)

which in turn is a function of the vev’s v; := (Q]¢;|?). The vev v can be determined by rewriting
the Higgs potential as

4 4 2
V(H) = V(v) = %M <Z v§> + %A (Z ﬁ) (1.47)

i=1 i=1
and choosing the v;’s in such a way that V' is minimized; this yield the condition

2
v%%—v%%—v%—kviz—% (1.48)
This picks out a vacuum manifold of degenerate vacuum states (all of which have a vev equal to v),
isomorphic to S? in four dimensions. Now, and without loss of generality, we can choice the neutral
component of the Higgs doublet with a non-zero vev; to be precise (Q|¢;|2) =0 for i = 1,2,4 and
(Q]p3|2) = v, so that
1 /0
(QHI|Q) 7 <v> (1.49)
and v given by v? = —p2/\. This vacuum is still invariant under the SO(3) rotations of the first
three dimensions. This corresponds to spontaneous breaking of symmetry from SO(4) to SO(3),
analogue of the isospin group. While the generators T', T2, and T3 — Y/2 are spontaneously
broken, the generator 7% +Y/2 is not, so the U(1)gy of electromagnetism is not broken. Thus, the
electroweak SU(2)1, x U(1)y group is spontaneously broken to the U(1)gy subgroup'. We then
redefined the neutral component by ¢ = (h 4 v)/v/2, such that the physical field h (i.e. the Higgs
field) has a vanishing vev and positive mass squared. The Lagrangian of the Higgs sector expanded
around a new minimum U(1)gy describes three massless Nambu-Goldstone bosons (NGBs) which
are “eaten” as longitudinal component to form three massive vector bosons, W* and Z, and a
massless vector boson v, namely

1 Z cosbty —sinfy w3
l/‘/ + = — |/|/ 1 .|/|/ 2 H = H
V) ( w “) ’ (Au> (sin Ow  cos by > (Bu> (1.50)
plus one massive mode with mass m% = 2\v? = —2u?, the Higgs boson. The two couplings g, ¢’

can be expressed by the weak angle fy and the electromagnetic charge e as

e , e

(1.51)

sin Oy’ 9= cos Ow

Remarkably, the electric coupling is smaller than the weak one: weak interactions are weak because
the mass of myy implies a short range, not because the coupling is small. The symmetry breaking
thus results in masses for vector fields

1 1
mw = 5gv and my = 5’0\/92 + g2 (1.52)

3Here, ~ stands for locally isomorphic.
MNote that the U(1)em would be broken as well if the ¢+ field were also allowed to obtain a vev.
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and for fermions

1

ﬁyfv (1.53)

myg =

1.5 Effective Field Theories
1.5.1 Effective Lagrangians

The Standard Model of the strong and electroweak interactions has been successfully tested to a
great precision. For example, the Electroweak Precision Tests (EWPTs) [39] performed in the last
few decades have achieved great success in establishing the model 1.41 as the correct description
of electroweak physics. Nevertheless, it is commonly accepted that the model does not have the
trademark of a really fundamental theory which allows predictions up to arbitrary high energy
scales, but it corresponds to a low energy description of a more fundamental theory just applicable
up to energies not exceeding a certain scale Agy above the EW scale. This perspective defines
the SM as an effective field theory'® (EFT), i.e. a theory valid at energies below some scale at
which new degrees of freedom or other phenomena might manifest themselves. The basic premise
of effective theories is that

the dynamics at low energies (or large distances) does not depend on the details of the
dynamics at high energies (or short distances). As a result, low energy physics can
be described using an effective Lagrangian that contains only a few degrees of freedom,
ignoring additional degrees of freedom present at higher energies.

An EFT allows to consider a quantum field theory with a fundamental energy scale A at some
energies F' much smaller than A, so that all observables will be expanded in powers of E/A what
allows to truncate higher energy contributions. The idea of EFTs are implicit in all descriptions of
physical phenomena. In particular, they are relevant in CH models because allow to systematically
investigate TeV-scale models without knowing the underlying high energy dynamics. Also, a key
observation in favour of the EFT approach is that the relevant effective operators are actually much
fewer than the vast possibilities of physics beyond the SM. The reduction to the Standard Model
at low energies proceeds via decoupling of heavy particles with masses of order Agy; or larger; such
a decoupling at the perturbative level is described by the Appelquist-Carazzone theorem. The
natural criterion on whether an EFT description collapses or not is to check its unitarity. This
claim bases on the fact that EFTs does not describe all of the fundamental degrees of freedom
of the underlying theory. When energy is higher than the characteristic scale of the EFT, some
new degrees of freedoms will be excited consequently the unitarity is lost. Fermi’s theory of weak
interaction is a well known example.

Effective field theories are used in two distinct ways, namely the top-down approach and bottom-
up approach. In the former case, the high energy theory is well understood, but we find it useful to
have a simpler theory to do low energy physics. We integrate out heavier particles and match onto

15See, e.g. [40-42] for detailed reviews on EFTs.
Naturalness, from this perspective, is the assertion that features of this effective field theory should not be
extremely sensitive to the structure of the underlying theory.
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a low energy theory. This procedure yields new operators and new low energy couplings. More
specifically, we expand the full Lagrangian as a sum of terms of decreasing relevance

IR n
Ehigh >~ Elow = Z ﬁl(mz; (154)

where the sum in n is an expansion in decreasing relevance. The Lagrangians Ly and Loy will
agree in the infrared (IR), but will differ in the ultraviolet (UV), and the only remnants of the
high-energy dynamics are in the low-energy couplings and in the symmetries of the EFT. The
desired precision tells us when to stop, i.e. how far we go with the sum on n. In the latter
case, the underlying theory is unknown and we construct the EFT without reference to any other
theory. Even if the underlying theory is known, we can also consider constructing the EFT from
the bottom-up if the matching is difficult, for example if the matching would have to be non-
perturbative in a coupling and hence is not possible analytically. Most of CH models are almost
completely indifferent to the way the theory looks in the far UV. They are work in a bottom-up
approach considering only composite resonances, but not the fields they are composed from. The
advantage of this approach is less “model-dependence” which allows us to investigate the general
idea of compositeness and its compatibility with current experimental data.

1.5.2 The Standard Model as an EFT

A search for new physics in the Higgs sector can either involve examination of specific models or
the use of effective field theories respecting the symmetries of the low energy physics. If the latter
approach is chosen and it is assume that the SM is a good approximation to physics at the weak
scale, then the Higgs properties and its deviations from the SM can be conveniently parametrized
and systematically studied by a bottom-up effective Lagrangian of the form

% cn
Lett = Law + Z ﬁon (1.55)

n=1

where Ly is given by 1.41 containing two- and four-dimensional operators only, O,,’s are (4 4+ n)-
dimensional operators containing only SM fields, ¢,,’s stand for the corresponding Wilson Coeffi-
cients (dimensionless coupling constants containing all information about short-distance physics
above the scale A), and the series itself is an expansion in decreasing relevance with A an energy
scale of O(TeV). Here, the effective theory breaks down if the new physics contains physical states
much lighter than 1 TeV, since there would not be an energy scale that distinctly separates the
new physics from the SM; the dominant contributions of the new states can often be captured in
a few effective operators. The Lagrangian 1.55 is then used at energy scales much below A, where
the observed physics approximates the SM up to small corrections. While the higher dimensional

operators
[e.@]

N~y N0
AL = Anon_n;ceﬁ (1.56)

n=1

are generated at the new physics scale A, they are measured at the lower scale of the experiments.
Since we are interested in extensions of the SM, then 1.55 must satisfy the following requirements
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1. All effective operators Eég) are Ggy-invariant. This follows from requiring that the elec-

troweak breaking is indeed a phenomenon connected to the electroweak scale and not to A,
i.e. that for energies above the EW scale the complete Lagrangian is SU(2) x U(1)-symmetric.

2. The theory contains the assumption that no additional fields are present, such as coloured
scalars with masses O(Myy).

Once 1.55 is defined, the theoretical prediction for a given observable X is given by

Xth(cn) = Xsm + Z cnXn (157)

where Xgp is the SM prediction including loop corrections and X, is the correction to X from the
operator O,. After obtaining Xi,, we can compare the theoretical predictions with the measured
value X¢y of X and get constraints on the coefficients c,.

2 The SM Higgs Boson

2.1 Physics at the LHC
2.1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) not only is the world’s largest and most powerful particle accel-
erator but it is also the world’s largest machine, consisting of a 27-kilometre ring of superconducting
magnets with a number of accelerating structures to boost the energy of the particles along the
way. The LHC is a proton-proton collider (although it also operates with collisions of proton on
nuclei, and nuclei on nuclei), located approximately 100 m underground and straddling the border
between France and Switzerland. The LHC occupies the tunnel formerly used for the LEP acceler-
ator in which electrons and positrons collided at center-of-mass energies up to 209 GeV. The LHC
contains 9593 magnets of different varieties and sizes which are used to direct the beams around
the accelerator. These include 1232 superconducting dipole magnets 15 m in length which bend the
beams, and 392 quadrupole magnets, each 5-7 metres long, which focus the beams, being capable
finally of producing magnetic fields of the order of 8.4 T at a current of 11.7 kA, and a maximum
proton beam energy of 7 TeV, leading to a maximum collision energy of 14 TeV. At full power,
the LHC will collide 2808 proton bunches or bunch trains, each approximately 30 cm long and
16 microns in diameter and containing 1.1 x 10! protons, designed to reach a peak luminosity of
103* cm 25~ or 10nb~!s~! and a billion proton-proton collisions per second. The spacing between
the bunches is 25 ns leading to collisions occurring every 25 ns (this is called the interbunch crossing
time); thus, at full luminosity there will be on average 25 interactions every beam crossing, most
of which will be relatively uninteresting.

2.1.2 Proton-Proton Collisions

Most of the particles of the SM have short lifetimes and cannot be found by themselves in nature.
This makes the study of these particles rather difficult. In order to more thoroughly understand
and study the particles of the SM, it is necessary to produce them artificially. This can be done
in one of several ways; however, the most common way is by colliding stable energetic particles
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together that have accessible energies greater than the rest mass of the particle of interest. The
available energy in a collision between two particles can be characterized by a Mandelstam variables
s (a Lorentz-invariant), given by

s:= (p1 +p2)® = (E1 + E2)* — (F + §y)? (2.1)

where p; is the four-momentum of incoming particle i, E; is its energy, and p’; is its momentum
vector. The total energy available for physics experiments is maximized in the centre-of-momentum
frame (p'; = —p'5), in which case the total centre-of-momentum energy is

Ecom = Vs = Es + Ey (2.2)

The LHC collides protons because they are relatively easy to obtain, their ability to achieve high
rates of collisions, and their minimal energy loss due to radiation when accelerated in a circle
(i.e. the LHC tunnel), compared to electrons. However, several additional issues do arise when
colliding protons. Protons are not fundamental particles, but a pretty sophisticated object. Over
the last half century, an understanding of the proton has developed in which it contains three
valence quarks embedded into a so-called sea, this last one defined as the collective and continuous
presence of virtual quark-antiquark pairs (referred as sea quarks) and gluons within the interior of
the proton; all of these particles -valence quarks, sea quarks and gluons- are generically referred
as partons. The existence of the sea is allowed and governed by the uncertainty principle, which
implies that they annihilate after a certain short period of time. The flavours of the three valence
quarks determine many of the characteristics of the proton, but the strong force and the sea of
antiquark-quark pairs are primarily responsible for its mass. Experimentally, this picture was estab-
lished based on a variety of probes, one of the most important being deep inelastic scattering (DIS).

Every parton carry a non-negligible amount of the proton momentum. The momentum distri-
bution functions fi(x Q?) of the partons within the proton are simply called Parton Distribution
Functions'” (PDFs) when the spin direction of the partons is not considered. They represent the
probability density of finding a parton ¢ with longitudinal momentum fraction = (or equivalently,
with momentum p = xP) inside a proton that carries a momentum P at a energy scale Q2. Parton
distribution functions are very important in proton-proton collisions, since calculating the cross
section for a specific hard parton process o(pp — FX) of two protons'® to produce a final state F
or our interest, is accomplished by summing over the sub-process cross sections convoluted in each
case with the parton distribution functions f; and f;, namely

1 1
Opp—sFX = Z/o /0 fi(z1, Q%) fi(za, Q1) 0ijsr (21 P, 22 P2, Q%) dxydas (2.3)
i,J

where X is the inclusive scattering remnant, i,j are the possible initial state partons (gluon,
up quark, etc.), P; and P are are the initial momenta of the protons, and o;;_,r is the cross
section for the specific process, derived as a function of initial state momenta and energy scale,
Q?. Consequently, the detailed knowledge of the PDFs for the proton is an essential component in
the calculation of the expected Higgs boson production rate at the LHC. Fortunately, the proton
PDFs are well known and the related uncertainties on the various Higgs production cross sections
are less than 10%.

For an introduction to this topic, see for example [43].
18The discussion is generalizable to other hadrons.
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2.1.3 Luminosity

Two very important parameter characterizing the performance of a particle collider are the instan-
taneous luminosity and the integrated luminosity. The instantaneous luminosity £ is the number
of particles passing each other per unit time through unit transverse area at the interaction point,
with typical units cm™2s~!. This value is a function of several beam parameters, such as the num-
ber of protons per bunch, the number of bunches, revolution frequency, as well as many other beam
specific characteristics. The reaction rate R is the number of scattering events per unit time for a

given process, and is given by'?

dN
R(s) = —
(s)=—,

where o(s) is the total scattering cross section at squared CoM energy s. In the case of two colliding
beams like in the LHC, the beam density distribution is important in order to obtain an expression
for L. For the often fully justified Gaussian distributions, the luminosity is given by

(s) =0(s)L (2.4)

1 N1V
r— LN,

4Am o0y

karef (2.5)

where V; is the number of particles per bunch, fie, is the revolution frequency of the beams, kg
is the number of bunches, and o; are the standard deviations associated to the Gaussian profile
distributions of the beams.

The maximum luminosity, and therefore the instantaneous number of interactions per second,
is very important, but the final figure of merit is the so-called integrated luminosity. Over a period
of time At = t9 — t1, the number of events of interest for the given process is simply the integral of

the previous equation
to

N=oc Ldt=0L (2.6)

t1

where the cross section can be factored out of the integral as it is independent of time. The integral

to
L:= L dt (2.7)

t1

is the integrated luminosity, with units of cm~2, though the use of pb~! or fb™! (inverse pico- or
femto-barns) is more common, with

1b=10"2*cm? ~ 2570.7 GeV 2 (2.8)

Note that the integral must be taken over the sensitive time, i.e. excluding possible dead time.
As we can see, the integrate luminosity is proportional to the total number of collisions collected.
Thus, for example, if a detector has accumulated 100 fb~! of integrated luminosity, one expects to
find 100 events per femtobarn of cross-section within these data. The total data set obtained in
2010 at the LHC, for example, was 0.04 fb~!, compared to 5fb~! collected in 2011. Large integrated
luminosities correspond to large data sets, which allow for the study of rare processes.

19There will be another factor € < 1 on the right-hand side, which represent the detection efficiency.
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2.2 The SM Higgs Boson

Since the discovery of the Higgs boson, it has been of utmost importance to perform a detailed
experimental investigation of its fundamental properties, a crucial requirement to establish the
Higgs mechanism as the basic way to generate the masses of the known particles. To this end, a
very precise prediction of the production cross sections and of the branching ratios for the main
decay channels is mandatory. The Higgs boson couplings to the fundamental particles are set by
their masses. This is a new type of interaction, very weak for ordinary particles, such as up and
down quarks, and electrons, but strong for heavy particles such as the W= and Z bosons and the top
quark. More precisely, the SM Higgs couplings to fundamental fermions are linearly proportional
to the fermion masses, whereas the couplings to bosons are proportional to the square of the boson
masses.

2.3 Higgs Decay Channels

In principle, the Higgs boson can decay to all SM particle. However, because of the proportionality
of the couplings to the mass of the particles involve 77, the largest branching ratios are to the more
massive particles.

(a) Difermion Decay. (b) Divector Decay. (c) Digluon Decay.

Y v
AVAMVAY v |4 Y
4 b g _h
v v ¢!
Y v

(d) Diphoton Decay.

Figure 2.1: Four relevant Higgs decay processes to be analyzed in this section.

2.3.1 Higgs Decay h — ff
The transition amplitude M(h — ff) of the lowest order process (2.2) is given by

m

—iM(h = £F)(2m) 6% (1 = p2 = p3) = (2m)'6" (b1 — P2 = p3) [sa (2) (=1L ) 02y (3)|
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so that
M(h— ff) = usz (p2)vsy (p3)

It follows that the average square transition amphtude is given by

(M= FHPY =D M (h— fHM— ff)

spin color

=N X (s ) ) (s )

spin

= Nc::g: (Z Usgy (pZ)usz(p2)> ) (Z 033(1)3)”33(1)3)) -

$3
2

m
f
= Ne T (B +mp) (@, —my)]
Am?>
f 2
=N,—1L —
m}% (p2p3 mf)

where N, is the number of colors: 1 for leptons and 3 for quarks.

Figure 2.2: Feynman diagram describing h — ff at lowest order.

In the COM frame, we have

—

plz(mh,O), pQZ(Ef7ﬁ) and p3:(Ef7_ﬁ)

from where

2 4m2
m
myp = 2Ky and  paop3 fmff = 7}1 (1 — m{)

and thus 2.10 reduces to

B 2 2,2 4 2
(Mt DP) = N (1— mJ)

my

26

(2.9)

(2.10)

(2.11)
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Finally, the partial decay width of the process is given by

;‘m@Mw%fﬁH

L(h— ff)=——

h

2 4 2 3/2
_ Nemymn £y me (2.12)
8T v2 m3

2.3.2 Higgs Decay h - VV

The transition amplitude M(h — VV') of the lowest order process (2.3) is given by

MU= VY05 =2~ ) = (20501~ ) [eppa) (2 ) )|

so that )
M(h = VV) = —Le (p2)e™ (ps) (2.13)
h
_________

Figure 2.3: Feynman diagram describing h — V'V at lowest order.

It follows that the average square transition amplitude is given by

(M(h = VV)P) =) M (h—= VV)M(h = VV)

spin

(2.14)
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In a similar way to the previous case, we have in the CoM frame

—

p1 = (mp,0), po=(Ev,p) and p3=(Ev,—p)

from where

2 2
m 2m
my = 2E; and p2p3:2h<1— 2V>

and thus 2.14 reduces to

Am? m? m?
(M= VV)PP) = UQV <3+ ho_ 5) (2.15)

Finally, the partial decay width of the process is given by

oy |p
L(h—VV)= &Tln,l (M(h—= V)2
h
1/2
v my (1—4m2v>/ <3+ i —m’%> (2.16)
41 mpv? m? Aamt,  m? ’
h 174 174

where dy constitutes a statistical phase factor that corrects for double-counting when there are
identical particles in the final state: therefore dy =1 and §z = 1/2.

2.3.3 Higgs Decay h — gg

The decay of the Higgs boson to gluons is mediated by quark loops in the SM. Despite the “loop
nature” of the process, we shall see that it must be taken into consideration in view of the strong
coupling between the Higgs and the top quark, which gives rise to a non-negligible decay rate
contribution [44]. For every particular case, there are actually two diagrams: one as depicted in
Fig. (2.4) and the other with the gluons exchanged as shown in Fig. (2.5).

GZa (p2)

fib (p3)

Figure 2.4: First Feynman diagram describing h — gg at lowest order.



2 THE SM HIGGS BOSON 29

The transition amplitude M;(h — gg) of the process shown in Fig. (2.4) is given by

4 4 4
—iMi(h = gg)(2n) 6% (p1 — p2 — p3) = / (2:)14 / ((;:)24 / (;Zﬂl;l (2m)46% (p1 — g1 + @)

X (2%)454(q1 —k— pg)(27T)4(54(k7 — Qg2 — pg)

x (—1)Tr

mq\ Hd, +mq) DY
(_7/7@> g22 P) 5nk: _ngﬂ,yl/
v a3 —mg 2
i(k +mq) A% ldy +mag)
X oo 0\ s ) 55 Oin
—Q = mq

x € (p2)e;) (p3) (2.17)
where mg is the mass of any quark @ present in the loop, and €, (p2), €*%(p3) correspond to the
transverse polarization vectors of the outcoming gluons. Also note the presence of the Kronecker
deltas ensuring color conservation at every vertex. In order to simplify 2.17, first note that

M i 3\ Liyb 1
=t Oin = —ALANE = =11 al — a
5 9 5nk5l]5 4)\]Z>\ﬂ 1 I"[/\ A ] 25 b

On the other hand, we can evaluate the ¢;- and go-integrals making use of two of the Dirac deltas
present in the integrand. Finally, solving for the transition amplitude we can write

Milh = 99) =~ o) omio, | e (2.18)

where we have defined
™ = Tr [’V“(%Jr,% +mq)(k - p, +mQ)’YV(k+mQ)} (2.19)
D= (k2 — m)[(k+ p)? — m)[(k — py)? — m2) (2.20)

and we shall denote by I*” the integral presented in 2.18. In order to calculate I*¥, let us first to
evaluate the spinor trace

T = T [y (k+ p, + ma) (K = py + ma)7” (K +mo) |
= 4dmq [phph + k1KY — 2kFpY + 2ph kY — phpk + g’“’(mZQ — pap3) — k2g‘“’]
= dmN" (2.21)

The next task is to treat the denominator D. The usual method of Feynman parametrization

1 ! ! oSz +y+z-1)
—— =2 d d d 2.22
ABC /0 Z/o y/o Az + By + C2)3 (2.22)
can be used to combine the factors presented in D, with A := k? — mé, B := (k+p2)? — m2Q and
C:=(k—p3)?*— mé Then

Az + By+Cz = (k* — mé)x + [(k + p2)? — mé] y+ [(k —p3)? — mQQ] z
= (k% = md)(z +y + 2) + 2k(pay — p3z) + piy + p3z
= (K —md)(z +y + 2) + 2k(p2y — ps32) (2.23)
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where in the last step p3 and p3 are zero since they express the masses of the gluons which are
massless. Evaluating the integral with respect to x, yield

ABC—2/ dz/ dy/ dx dle=(-y=2)

m3)(@ -+ y+2) + 2K(pay — psz)]

1—z
e ! 21
0 0 [k;2 2

3
mg + 2k(p2y — psZ)}

Now, we complete the square by adding and subtracting the term (pay — p3z)?:
k? — m@ + 2k(p2y — p3z) = k* — mgy + 2k(pay — psz) + (pay — p32)” — (p2y — psz)”
= [k* + 2k(p2y — p3z) + (p2y — p32)*] — (p2y — p32)* — M
= [k + (p2y — p32)]> — (P39° + P32° — 2papsyz) — m
= (k + pay — p32)” + 2papsyz — my
= (k + pay — p32)? — d* (2.25)

where we have defined a? := m2Q — 2pop3yz. Hence, our integral becomes

d4]€ 1 1—2 8 N MY
= / 1 / dz/ dy e 3
(2m)* Jo 0 [(k + pay — p32)? — @?]

Now we take the change of variable k — k — poy + p3z which yield

/d%/ /1 ) 8mQN#)V (2.26)

N — [psp5 + 4k — p2y + p32)"(k — pay + p3z)” — 2(k — p2y + p32)"ps + 2py (k — pay + p3z)”
—phph + " (m§ — paps) — (k — pay + p3z)*g™ ]
= phph + 4kMEY — AkMphy + AkFphz — dph Kk y + 4p2p2y — dphphyz + ApE kY 2 — Aphphyz
+ 4phph 2 — 2kFpY + 2ph Py — 254z + 205K — 2phphy + 205 P42 — phps + mygH”
— papsg™’ — kg™ + p3yP g™ + p32 g + 2kpaygt” — 2kpszg + 2papsyzgh”
= AKFEY — K2 g" + phph (1 — dyz) — phps (14 dyz — 2y — 22) + pph (427 — 22)
+ phps (4y* — 2y) + g (mdy — paps + 2papsy=) (2.27)

and so N*¥ must be shift to

In the last step we have drop all terms that are linear in k*, since in each case, the corresponding
integral will vanish (because the interval of integration is symmetric and the integrand is an odd
function). Since the first two terms of N#” are apparently ultraviolet divergent, namely 4k*k" —
k2g"v, we shall need to employ dimensional regularization to perform the four-momentum integral.
In view of this, let us now divide the integral into two parts

" =" 4 (2.28)
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where I1" contains the ultraviolet divergent terms and 5" contains the rest. Let us first deal with

It". In order to do this, we shall make use of the following d-dimensional integral
ddk‘ (kQ)a
d; a*; = 2.29
J( 70, 7a7ﬁ) /(27T)d(k2—a2)ﬁ ( )
. d d
_ ’ 2é_2a7ﬁr(ﬁ_a_§)r(a+§) 2.30
= ——(a%)2(=a”) 7 (2.30)
(4m)2 LB (5)
and due Lorentz symmetry, the following property holds:
dd/{: (k;Q)akukV g;w
=2—J(d; 1 2.31
| Gz = L datia 1) (2.31)

Therefore, we can write

1—2 d v 2 pv
A (41" — k2gH)
"= i
8mQ/ dz/ @ dsi 2m)? (k2 —a2)?

1—z 4
= 8mQ/ dz/ dy lim g <d — 1) J(d;a?:1,3)

1=z ig" d (4 ovd_o d
—8mQ/ dz/ dy c1l1a4 )§4<d_1>(a)2 F<2—2> (2.32)

Using the change of variable d = 4 + 2¢ we ﬁnd

. 1 1—-2z Z‘guu € 5

83 1 11—z
_ 8img / s / dy (2.33)
0

where v is the Euler-Mascheroni constant. On the other hand

1 1—2 4
d'k 1
" — 8m /dz/ d / ] Eo¥ (1 — dyz) — phpl (1 + dyz — 2y — 22
5 o) = W G ap P3P (1 — 4yz) — pops (1 + dyz — 2y — 22)

+rhps (427 — 22) + phph (4y° — 2y) + g (mg) — paps + 2papsyz)]

11—z r 7/
= 8mQ/ dZ/ dy _W] [Php5 (1 — 4yz) — phps (14 dyz — 2y — 22)

+pph (42% — 2z) + phph (4y — 2y) + " (m — pap3 + 2p2p3y=)]

SZmQ

1-2
T 322 / dz/ dy a2 [Psp5 (1 — 4yz) — phps (1 +4yz — 2y — 22)

+pp5 (42 — 22) + phph (4y* — 2y) + g* (M) — paps + 2papsyz)] (2.34)
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Therefore

8img 1-z y u oy
392 dz dy 2 [p5p5 (dyz — 1) + phps (1 4 dyz — 2y — 22)

+p3p3(2z - 42 ) + Phph (2y — 4y°) + g paps(1 — dyz)] (2.35)

T —

This quantity will be multiplied with the polarization vectors of the gluons; but having in mind the
transversality of the polarization: €i*(p2)py = 0 and €} b(p3)p4 = 0, some terms vanish and then
the only remaining tensorial structure is

T — 8imq / dz /1 : {P3P2 dyz — 1) +9WP2P3(1 — 4yz)}

3272
SZmQ 1== 1 e
— d
8zmQ (! / /1 # 1-dyz
3972 p3p2 g p2p3 1 _ é_Q Ve
8 1 u
=552 (EQ) (Psp5 — 9" paps) (2.36)

Here, &g = mé/2p2p3 and the new function I is a form factor given by

I(&q) =¢q [2 —(4g — 1) [Li2 (ﬁ) + Lip (1—1-\/?—74&9>” (2.37)

where Li, is the polylogarithm function of order n. Finally, the transition amplitude M;(h — gg)
is given by

T om 8 1
Mulh = 99) = 55" ) 915 | 5o L 1(6) 0 — o para)]
2
8m} 1(&Q)ex (p2)es (p3)ban(Ps s — 9" paps) (2.38)

We need now to calculate the transition amplitude Mo (h — gg) for the second diagram. To find
it, observe that if we shift in the first diagram Fig. (2.4) the variables py <> p3, u <> v,a <> b,i <> k
and j <> [, then we get the second diagram Fig. (2.5).

Consequently, these transformations shift the transition amplitude 2.38 to

Ma(h = gg) = =-1(£0)e) (p3)e; (p2)dua (PP — 9" D3p2)

2
S
87 2
2
8

= 3.5, L&) (p 2)€s’ (p3)dan(PEDY — 9" paps) (2.39)

which it turns out to be exactly the same as the first one. Therefore, the two diagrams contribute
equally to the total amplitude. It follows that the average square transition amplitude of the process
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€, (p2)

fib (p3)

Figure 2.5: Second Feynman diagram describing h — gg at lowest order. Both left and right
diagrams are topologically equivalent.

(and taking into account the contribution due to all the quarks) is given by

(IM(h = gg)I? ZZIZWVM h = gg)|”

spin color

=422

spin color

I*(£Q)€s(p2) s (p3)dab (P30S — 977 p2ps3)

2
g * *
X E 87:21)I(fQ)ﬁ,f(pz)ﬁyb(p3)5ab(p§p5 — 9" pap3)
Q

= 167r4v2 | Z (P | Y e (p2)ep(p2)es (ps)ey (ps) [Z 5ab5ab]

spin color

X (pgpz — " paps3) (s ps — ¢ paps)

= 167T4’U2 ’ Z gQ gupgua] [ } (pgpg - gpap2p3) (péfpg - g“”png)
gs
= A2 (p2p3)?| > 1(&Q)I? (2.40)
Q

In the COM frame the four-momenta are given by

—

b1 = (mh,O), b2 = (Eg7ﬁ) and b3 = (Em _ﬁ)
from where

2
m
myp = 2E,, p2p3 = 7'1
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and thus 2.40 reduces to
gs
42

(|M(h — gg)?) =

mi| Y (&) (2.41)
Q

Finally, the partial decay width of the process is given by

mil > 1)l (2.42)
Q

where we have expressed the result in terms of the strong structure constant 1.27. Due to the form
factor I(£g), the heavier quarks contribute significantly to the decay rate. In the SM, the only
quark that is heavy enough to make an important contribution through this decay channel is the
top quark, so we expect only this quark to play an important role.

2.3.4 Higgs Decay h — vy

Now we consider the Higgs decay into a pair of photons. The process presents a very small decay
width but is of quite remarkable importance for experimental researches, since energy and momen-
tum of y-rays let very accurate measurements and so an accurate reconstruction of the Higgs mass.
Since the photon is massless there is no coupling between the SM Higgs and the photon. Instead,
this decay channel has two types of one-loop contributions at leading order: in one type of diagram
fermions propagate in the loop, while in the other the W boson propagates (see Fig. 2.1d). These
W loop diagrams are dominant and can interfere destructively with the subdominant top quark
loop. On the one hand the contribution from the fermion loop process can be carried out complete
parallel to the h — gg decay; on the other hand, the calculation of the W boson loop consists of 13
different diagrams, including apart from the W boson also ghosts and would-be Goldstone bosons.
The full expression including both contributions from the fermion and W boson loops reads [45]

2
2 3

Qg (M
L(h = yy) = % ZNCQ?Fl/Q(Tf) + Fi(tw) (2.43)
f

where N, is the color factor (N, =1 for leptons, N, = 3 for quarks), and Q is the electric charge

of the fermion in the loop. The dimensionless loop factors for spin-1/2 and spin-1 particles are
given by

Fyjo(r) =2[1 + (1 — 1)]‘(7‘)]7'_2 (2.44)

Fi(1) = —[27% + 37 4+ 321 — 1) f(7)]7 2 (2.45)

and the function f(7) is defined as

arcsin? /7 if r<1

T (R ] e

(2.46)
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The parameters 7; = m% /4m? with i = f,W are defined by the corresponding masses of the heavy
loop particles. The electromagnetic constant in the coupling should be taken at the scale Q? = 0
since the final state photons are real.

2.3.5 Higgs Boson Branching Ratios

Total Uncert

[
e

Higgs BR + Total Uncert

Higgs BR +
g

"
i,

100 200 300 500 1000

10-30 ‘ ‘1[‘)0‘ ‘ ‘12‘0‘ ‘ ‘140‘ ‘ ‘1(‘30‘ ‘ ‘180‘ ‘ ‘200
M, [GeV] M, [GeV]
(a) SM Higgs branching (b) SM Higgs branching (¢) SM Higgs total width as a
ratios as a function of Higgs  ratios as a function of Higgs function of the Higgs mass.
mass in the mass range of mass in the mass range of
90 < mpyg < 1000 GeV. 80 < my < 200 GeV.

Figure 2.6: Standard Model Higgs boson decay branching ratios and total width. Plots taken
from [46].

2.4 Higgs Production Channels

We turn now to the production of the Higgs boson in pp collisions. At the LHC, there are essentially
four mechanisms for the single production of the SM Higgs boson; they are depicted at low order
in Fig. (2.7). On the experimental side, the primary production mechanism for a Higgs boson in
hadronic collisions is through gluon-gluon fusion; on the theoretical side, it is the most challenging
process to compute because of the quark-loop.

2.4.1 Higgs Production gg — h

The primary production mechanism for a Higgs boson in hadronic collisions is through gluon-gluon
fusion, gg — h, which is shown in Fig. (2.7a). Analogously to the decay process h — gg, the loop
contains all quarks with mass m¢g > 0, and is totally dominated by the top quark because of the
strong Higgs coupling with the latter. The transition amplitudes M;(gg — h) and Ma(gg — h)
for the production processes depicted in Fig. (2.8a) and Fig. (2.8b) are given by 2.38 and 2.39,
respectively.

It follows that the average square transition amplitude of the process is given by

4
(Mlgg = W) = [Zsmil Y 1(&) (2.47)
Q
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(b) Higgs Boson
(a) Gluon-Gluon Fusion. Bremsstrahlung.

Q//

Q/ Q///

(¢) Quark-Quark Fusion. (d) Vector Boson Fusion.

9

Figure 2.7: The four major partonic Higgs production processes at the LHC.

p3
—>
¥ (ps) 09200000000
g
(a) First Feynman diagram describing (b) Second Feynman diagram describing
gg — h at lowest order. gg — h at lowest order.

Figure 2.8: Feynman diagram describing gg — h at lowest order.

and thus the cross section for the process is

oo 1) = 5. [ (Mlgg > D) )8 + 92 o)

2
= omi| Y 1(5Q)P(s — m}) (2.48)
Q

1 d°py
2s (2m)3

™
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where /s is the energy in the gluon-gluon center-of-momentum frame and the function I is defined
by 2.37. What we have calculated in 2.48 is the cross section of the lowest order process gg — h
at the partonic level. However, at the LHC, two protons collide head-to-head and so we should be
more interested in the cross section at the hadronic level (see Fig. 2.9).

P,

P

Figure 2.9: Hadronic gluon-gluon fusion process at the LHC. Here the two incoming protons carry
momenta P; and P.

Therefore, in our current process the hadronic cross section ohadronic(99 — h) can be obtained
through Eq. 2.3 by convoluting the partonic cross section 2.48 with the parton distribution functions
of the gluons

1 1
Uhadronic(gg — h) = /0 d$1A de 9(1'17@2)9(1'27@2)0'(99 — h) (249)

where 1 and xo are the longitudinal momentum fractions of each proton that is carried by a gluon
and g = g(z,Q?) are the PDF for the gluons. Let us analyse the cross section 2.49 for very high
energies; in this limit, we can consider the proton as massless. In the hadronic center-of-momentum
(HCoM), we have

P =(P,P), Po=(P|,—P), and S= (P +P)?=4P" (2.50)

Hence, the s variable in the partonic center-of-momentum (PCoM) can be rewritten as

s=(p1+p2)? = (21 P + 22P)* = 21225 = 75 (2.51)
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In addition, define de quantity 7o := m?/S. Therefore, in the HCoM we have

Uhadronic(gg — h) =

2
A

1 1
64wv2|§1(5Q)|2/0 dﬂﬁl/o dza g(21,Q*)g(x2, Q*)m3d(s — m3)

(¥2 1 1 1
5 I 2 2 2y, 2 T
Fims 2 160) [ o [ dnagtor @raten, @i g (22 - )

2
aSTO

1 d 1
- 647w2|§1(5Q)|2/0 511/0 dzs g(z1, Q%) g(x2, Q%)S(s — m})

64702

_ a3 2 1@ 2 2
Sl [ oo @0 o, @) (252)

which has to be integrated numerically.

2.4.2 Higgs Production QQ — Vh

This process, depicted in Fig. (2.7b), is considered the main search mode for Tevatron but not so
much at the LHC. This is because Tevatron is a pp collider and so the abundance of antiquarks in
the p-beam increases the probability of create a Higgs through the Higgs Strahlung channel. This
is a different situation from the LHC, which is a pp collider, reducing considerably the probability
of extract an antiquark from the sea.

Let us start with the case V' = Z depicted in Fig. (2.10a). Here, Feynman rules determine a
transition amplitude M(QQ — Zh) given by

—iM(QQ — Zh)(2m)*5 (o — p> — ps) = /

d4q
(2m)*

(2m)*0* (p1 + p2 — @) (27)*6* (q — p3 — pa)

X 0(p2) [2(;::9%1%(@@ - amﬂ u(p1)

quqv

[ =) (i”ZQZ)e*(pg) (2.53)

2 2 v
q- —my

where vy and ay are the vector and azial-vector coupling for the fermion f, respectively. It follows

that

2
M(QQ — 7h) = — 2 0(pa)* (vg — 02" Ju(p)e; )
~ (p3+p1)ulps + p4)u) 1
X (g;w 2 e " (2.54)
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(a) First Feynman diagram (b) Second Feynman diagram
contributing to QQ — V'h at lowest contributing to QQ — Vh at lowest
order. order.

(¢) Third Feynman diagram
contributing to QQ — Vh at lowest
order.

Figure 2.10: Feynman diagram describing QQ — V'h at lowest order.

Hence, the average square transition amplitude is given by

m2
(IMQQ = Z1)P) =3 [ 7 (p1 )y (vg — agy®)v(pe)ew (ps) <gMu _(ps +p4)“(2p3 +p4)”>

v cos Oy

spin Mz
1 gm?, 5
X — P(vg — ;
(3 +pa)? — m%] [ U COs 9Wv(p2)7 (v = aq7"Julpr)eo(ps)
" (g  (p3+pa)p(ps + p4)a) 1 ]
7 m3, (p3 4 pa)? —m3,
_ g'my €5 (p3)ev(p3) ( _ (p3+pa)ulps +p4)u)
v2 cos? O [(ps + pa)? — m%)? m m?,
P34 D4)p(P3 + Pa)os
X (gpa - )7;(2 ) Tr [’Y“(UQ — aQY’) (P, + M)’ (vg — agy’)
Z

X (pl + mQ)} (2.55)
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In order to evaluate this last trace, we neglect the mass quark. Hence

MQO — ZR)P) = L% (v + a3) M2 +2 2.56
(IM(QQ — Zh)|]*) = o2 Oy (s + pa = mid? [p1p2M 7 + 2(p1p3) (p2ps)] (2.56)

For the PCoM we have
plz(‘ﬁ‘vﬁ)a p2:(|ﬁ|7_ﬁ)7 p3:(EZ7ﬁI) and p4:(Eh7_ﬁ/)

and thus the cross section for the process is

2 2
o(QQ — Zh) = g*m?, (v, +ag,) AV2(s,m3,m%) [N(s,mz,m%) +12sm%]  (2.57)
576mv? cos? Oy s2(s — m%)? » Mhs s My

where \ = )\(s,m%,mzz) is the so-called Kdller function, triangle function or two-particle phase
space function, and which can be written in many forms

s, mj,m%) = [s — (mp +mz)°|[s — (mp —mz)?) (2.58)
= [mh — (Vs +mz)*|[mj, — (Vs —mz)?]
= [m% — (Vs +mn)?|[mZ — (v/s — mn)?]
= (s —mj, — mz)2 - 4m%m22
= 5+ m} +my — 2smi — 2sm% — 2mim%
The cases W depicted in Fig. (2.10b) and (2.10c) are very similar

2,2 ~ 2
0(QuQq — Wh) = 576%1;)‘/2 52(5Q— iz%y)g A2 (s,m2, m¥)) [A(s, mi,my) + 125m2Z] (2.59)

and
| 2

2,2 V-
A - _ gy ‘ Qu@
o(QuQa = Wh) = 576mv? s2(s — W;%V)

which correspond to equal contributions. Here, Q, = u,c and Q4 = d, s are considered massless
(as in the previous section). Therefore, the total cross section is given by

o(QQ — W*h) = 0(QuQq — WHh) + 0(QuQq — W™ h) (2.61)
= QU(Qqu — W+h)
= 2U(Qqu — W_h)

2)\1/2(s,m%,m%,v) [A(s,m%, m%v) + 12sm22] (2.60)

2.4.3 Higgs Production QQ — QQh

Although the gluon-gluon fusion process has the largest cross section, from the experimental per-
spective the vector boson fusion process QQ — VV — QQh is also important. This is because it
results in more easily identifiable final states consisting of just the decay products of the Higgs bo-
son and two forward jets from the break-up of the collinding protons. In contrast, the gluon-gluon
fusion process is accompanied by QCD radiation from the colour field, making the identification
of the Higgs boson final states less easy. The Feynman diagrams describing the six lowest order
processes QQ — ZZ — QQh and QQ — WIW — QQh are shown in Fig. (A.1) and Fig. (A.2),
respectively (see Appendix A).
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2.4.4 Higgs Boson Production Cross Sections

= oo 3
’-9%10; \s=7Tev : ;{ V§=14TeV§§ g ;%
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s i e 1
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(a) Higgs production cross (b) Higgs production cross (¢) The total Higgs cross
sections as a function of sections as a function of sections for /s = 7,8 and 14
Higgs mass at /s =7 TeV Higgs mass at /s = 14 TeV TeV.
pp collisions. pp collisions.

Figure 2.11: Higgs production cross sections and total cross section as a function of Higgs mass
at different pp collision energies. Here, pp — h corresponds to gluon-gluon fusion, pp — Q@h to
vector boson fusion, pp — V' h to Higgs bremsstrahlung, and pp — tth to quark-quark fusion in this
specific case with a top-antitop quark pair. Calculations were not performed for my > 300 GeV for
the bottom three processes, as their cross sections were deemed too low. Taken from [46].

2.5 The Radiative Corrections to the Higgs Mass

At high energies, heavy particles from a not yet fully known high-energy theory might well con-
tribute to various processes. Therefore, we assume the Standard Model valid up to some scale Agy
from where new physics shows up. At higher energies new physics takes over, which implies that
we do not know how to compute loop diagrams with momenta larger than Agy, being forced to
cut such loops off at Agy. The dominant corrections to the Higgs masses are due to the particles
with the strongest couplings to the Higgs bosons. At n loops the quadratic cutoff dependence of
the radiative corrections of the Higgs mass has the form [47]

ASwt 6, (u) (262)

omi gy = oM

where the n-loop coefficient C), (1) only depends on the gauge couplings g, ¢’, the Yukawa couplings
yy and the Higgs self-coupling A\. At 1-loop, the most dangerous radiative corrections come from
diagrams with the top quark, SU(2) gauge bosons, and the Higgs itself running in the loop (see
Figure 2.12), and is given explicitly by [47]

(612 oy = — Vi 72 s = 2902 (2.63)
h)top 12 \8M hw 3972 5M -
3N o oy 3d%

(5ml21)Higgs = A2 SM (6mp)z = 3972 SM
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Therefore, neglecting the numerically insignificant light fermion contributions, the 1-loop coefficient
function C; may be written as

9 3
Oy = —12¢y7 + 592 - 59’2 + 12X (2.64)

The next-order correction, first calculated in Refs. [48,49] and confirmed in [50] read

ln(26/33) 4 2 799,99 2
02—01'1‘16T 18y + i i +§9 — 32¢;
1
—%79'4 - %94 - ZE’gQg’2 + 6A(—6y2 4+ ¢g'2 + 3¢%) — 24)\2] (2.65)

and numerically does not change significantly the 1-loop result.

w* zZ h

h h wt z

Figure 2.12: Some of the leading one-loop corrections to the SM Higgs mass squared parameter
m%,, from: the top quark, the SU(2) gauge bosons, and the Higgs boson itself.

3 The Higgs Naturalness Problem

3.1 Introduction

The Standard Model describes all particle physics experiments performed to date with remarkable
success. At first sight, there seems to be no reason why it should not be the ultimate theory of
nature. However, a closer look reveals that there are good reasons for expecting physics beyond
the SM: the strong CP problem, neutrino oscillations, matter-antimatter asymmetry, the nature of
dark matter and dark energy, gauge couplings unification, stability of the electroweak vacuum, and
possibly the most important, the quantum gravity issue. Another of such motivations, the so-called
Higgs Naturalness Problem (HNP), is the subject of this thesis.
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The Higgs naturalness problem arises because the quadratically divergent 1-loop contribu-
tions 2.63 drive the Higgs mass my, physical t0 unacceptably large values unless its bare mass pa-
rameter mp, pare Were finely tuned in order to almost exactly cancels these 1-loop correction leaving
the small electroweak scale mass that we actually observe. Such cancellation might be technically
feasible, but seems ad hoc without a deeper explanation of why the cancellation terms would have
such fine-tuned values. This strongly suggests that the parametrization of the electroweak symme-
try breaking in terms of a fundamental scalar field is almost certainly an incomplete description,
which in turn has for many years been a guiding principle in the search for physics beyond the
SM, particularly for understanding the physics of electroweak symmetry breaking. This is just one
reason the SM is believe to lose its predictive power on phenomena at energy scale over O(TeV).
The naturalness problem of the Higgs sector is one of the deepest questions in particle physics, and
almost every one of its known solutions corresponds to a different vision of the universe. Identifying
the correct answer will not just solve a conceptual puzzle, but will change the way we think about
particle physics.

3.2 The Naturalness and Hierarchy Problem
3.2.1 The Gauge-Hierarchy Problem

To understand the origin of the problem, we should start by remembering why we need the Higgs
in SM. The Higgs is necessary to get a renormalizable low energy effective electroweak theory [51]
and it also allows the generation of mass for the W+ and Z bosons and fermions in a consistent
way. The W+ and Z bosons violate unitarity bounds at tree-level indicating that the theory is non-
perturvative at ~ 1 TeV. Interestingly, one scalar particle is sufficient to solve the renormalizability
problems arising form each of many different massive fields in the SM, of which each causes the
problem independently of the others. Now if we go one step further and whatever the theory is
beyond the SM, if it is supposed to be finite, for example if it were UV completed into string theory,
or more simply if it were the effective description of some condensed matter system, then the bare
mass parameter

m%z,bare = 2\0% = —2/12 (31)

of the unrenormalized Lagrangian and the cutt-off Agy; would be both physical, and the total Higgs
mass Mmp, physical could be written schematically as

Asm dm < dm?
2 2 —h
M, physical = M bare T /0 dE ks Asy AE b

) 2 2
= M}, bare T 0, sv + My, B

2 2

- mh,bare + 5mh (32)

with 5mh gum and (5mh psy being the corresponding SM and beyond the SM radiative corrections,
and where F should be regarded as the energy of the virtual particles that run into the loop diagrams
through which mh physical is computed. While (5mh BSM is a completely unknown contribution
resulting from energies at and above Agy, and so there is nothing we can tell about it before we
know what the BSM theory is, it turns out that dm3 sm comes from virtual quanta below the
cut-off and whose dynamics is by assumption well described by the SM. In consequence, the loop
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corrections contributing to this last term are, in good approximation, the sum of the four loop
contributions 2.63, namely

AZ 3A3 3 1
Imi, g 168%01(@ = 16;@;1\2/1 (‘4%2 + 592 + 59/2 + 4>\> (3.3)

where y;, g,¢’ and \ are the top Yukawa coupling, the SU(2)y x U(1)y gauge couplings and the
quartic Higgs self-coupling, respectively. In terms of masses the above expression becomes

3 2
Smj, sup ﬁ (—4m? + 2miy, +m% +mj}) (3.4)
where all the masses are determined by the well known mass-coupling relations
1 1
mi (1) = Sy (1*)v* (1) miys (%) = 70°(W)0* (1) (3.5)
1
mi, (%) = 2A(1*)v? (1) mz () = 7 [9°(u*) + g% (")) v* (u?) (3.6)

On the one hand, the ATLAS and CMS collaborations at LHC observed a scalar boson with
properties appearing well consistent with the SM Higgs based on data collected in 2011 and 2012
in the vy, ZZ*, WW*, 77 and bb final states [52,53]. A combination of ATLAS and CMS results
for the Higgs boson mass from kinematical reconstruction has yielded [54]

M physical = 125.09 £ 0.24(stat.) £ 0.11(syst.) GeV (3.7)

On the other hand, the only natural cut-off in the SM is the Planck scale mplanck = /hc/G, so
that?0
ASM ~ Mplanck ™~ 1019 GeV (38)

and so if no new physics exists between the electroweak and Planck scales, the quantum corrections
to M, physical Would be of order |5m,21’SM\ ~ (10! GeV)?, dragging the dimensionful scale M, bare
of the Higgs potential up to the Planck scale. Nevertheless, this destroy the stability of the weak
scale since the physical mass 3.7 is much smaller than the cut-off of the theory. In other words,
this implies that the bare mass parameter m%ybare (or equivalently, A or p and which is absolutely
free), must be a very large number

M} pare ~ (10'? GeV)? (3.9)

which means that, at least in the context of the SM, the Higgs boson mass prefers to be close
to the very high scale. This raises the question: why is there such a huge hierarchy between the
“natural” cut-off 3.8 of the theory and the “natural” energy scale (the observed Higgs mass) of
the theory.? This is the gauge-hierarchy problem, also known as big-hierarchy problem or just the
hierarchy problem. This set a huge hierarchy between the weak and Planck scales, yet the quadratic
divergences of the Higgs sector imply that the two scales should be similar. This hierarchy puzzle
can be rephrased in terms of a question about the extremely small dimensionless parameter of the
theory:

"Th,physical

Mplanck

Why is this number so small but not zero?

~ 1077 (3.10)

20A point particle of mass Mplancky/T 18 & black hole with radius equal to its Compton wavelength, a situation
which can not be dealt without a proper quantum theory of gravitation.
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3.2.2 The Yukawa-Hierarchy Problem

Apart from the inability to understand the extreme small parameter 3.10, the SM incorporates
another important hierarchy. Gauge interactions in the SM do not distinguish between the three
generations of leptons or between the three generation of quarks. These families only differ by their
mass values or, equivalently, their Yukawa coupling through 1.53. For example, in the quark case

Yu ~ 107° Ye ~ 102 yr ~ 1
(yd ~ 10—5> ) (ys ~ 10—4) ) (yb ~ 10—2) (311)
The values of the Yukawa couplings are not determined in the SM and so one could naturally
assumes that all of these parameters lie in the same range of magnitude. Since the experimental
evidence has shown this is not the case, one can ask: why there exist these three generations of
quarks and leptons, and why the measured Yukawa couplings for the three generations of quarks
and leptons display a striking hierarchy in sizes?. This is the Yukawa-Hierarchy Problem. As

with the gauge-hierarchy problem, there must be a deeper explanation for the Yukawa-hierarchy
problem, but this explanation must lie beyond the SM.

3.2.3 The Concept of Fine-Tunning

In order to see why there is also a so-called naturalness problem in the Higgs sector, first we
must introduce a precise definition of the concept of fine-tuning, for which we will use a criterion
introduced by R. Barbieri and G. F. Giudice [63]: consider an observable O = O(p;) as a function
of the most general parameters p; of the theory under study. The notion of naturalness is then
interpreted as the sensitivity of the observable with respect to variations in the model parameters.
To motivate the idea, define A, the amount of fine tuning associated to p;, by

00 op;

—=A, — 3.12

O Di pl ( )
where JO is the change induced in O by a change dp; in p;. In terms of [64], roughly speaking the
parameter |A;Z,1| measures the probability of a cancellation among terms of a given size to obtain a
result which is |A,,| times smaller. Formally, we define the Barbieri-Giudice fine-tuning parameter
as

ABG(O;pmaX) = H}?‘X{ ABG(O;pi)} (313)
where 00 olnO
o |moo] _|om
Apc(O;pi) : O om: ‘3lnpi (3.14)

for every parameter p;. The Barbieri-Giudice parameter 3.13 turns the formulation of the natural-
ness problem from a vague aesthetic issue to a concrete semiquantitative question. Given the above
statistical interpretation of |A;i1], alternative variants to this parameter have also been proposed,
such as [64,65]

A©) = \/Z Ap(O:p) .15
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nonetheless we will use throughout this thesis the convention 3.13. Finally, we avoid an unnatural
tuning by imposing
Apc(O;pmax) < T (3.16)

so that a percentage variation of any of the parameters p; does not correspond to a percentage
variation of © more than z-times larger. As Barbieri and Giudice did, many authors choose?!
x = 10 as a natural upper bound on Apg(O;Pmax)- The motivation is the subjective belief that
if the discrepancies between quantities were to be natural, they must be less than of one order of
magnitude; any « much greater than 10 will be classified as fine-tuned. Yet, as such, the choice of
a number is arbitrary. Applied to our current case, we have O = m}% and p; = pmax = A%M, and so
the Barbieri-Giudice parameter reduce to

2 2
Agy Omy,

A Ay =
BG(mh7 SM) m% BA%M

|omj| Asv )
= ~ | 1
m3 450 GeV (3.17)

The bigger is Apg, the more precise cancellation is needed to accommodate the observed Higgs
mass and the less “natural” the theory is. The above expression can also be found by rewritten
equation 3.2 as

miy = mj, [1+ Apa(mi; Ady)] (3.18)

and so we say either “the corrections are Apg times the Higgs mass”, “a fine-tuning of one part
in Apg is required” or that “a fine-tuning of Agé x 100 percent is required”. For example, if the
Standard Model were valid up to the cut-off scale Agyy = 10 TeV, a fine-tuning of about one part
in 200 is required. Thus we see again a manifestation of the hierarchy problem. If we want the
Standard Model to be valid up to Agy = 100 TeV, the fine-tuning required is much greater, about
one part in 20000; on the other hand, around Agy = 1 TeV, the need for fine-tuning disappears
completely.

3.2.4 The Concept of Naturalness

There is almost certainly a “naturalness criterion” within every branch of science. For example,
in environmental sciences, it refers to the degree to which an area is pristine, free from human
influence, and characterized by native species [55]. In mathematics, its meaning is associated with
the intuitiveness of certain fundamental concepts, viewed as an intrinsic part of our thinking [56].
It can also be found in computer science, agriculture, in linguistics, etc. However, it is perhaps in
physics that the idea has been more influential for the development of the field itself. The concept
of naturalness can be funded in particle physics embedded inside two ideas.

Definition 3.1 (Structural Naturalness). The first way the concept of naturalness can be found
in particle physics is called structural naturalness and refers to the “sesthetic beauty” underlying a
theory.

Structural naturalness has been a powerful guiding principle for physicists as they try to con-
struct new theories. This may appear surprising since the final product is often a mathematically

21Gince then, hundreds of authors have applied this criterion to various problems, from setting a naturalness contour
for SUSY particle search, to the fine-tuning problem of the neutrino seesaw mechanism. Barbieri and Giudice’s
sensitivity criterion has been widely adopted as the doctrine of naturalness judgment.
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sophisticated theory based on deep fundamental principles. However, these latter principles are
often inspired by criteria of simplicity and beauty. Structural naturalness is a powerful inspira-
tional principle but, of course, it cannot be used to validate a theory, and because of its subjective
character, it cannot be quantitatively defined.

Definition 3.2 (Technical Naturalness). The second way the concept of naturalness can be found
in particle physics is called numerical naturalness or technical naturalness, and represents a more
precise criterion that currently plays a fundamental role in the formulation of theoretical predictions
for new phenomena. The technical naturalness of a theory with cut-off A can be assessed by different
criteria:

1. A natural parameter £ is one for which & ~ A. A natural theory is one in which all of the
physical parameters are some combination of UV insensitive, natural, and symmetry-natural.

2. A ’t Hooft parameter or symmetry-natural parameter is a parameter £ for which at any scale
w the replacement {(p) = 0 would increase the symmetry of the system. In this case the
physical parameter {(u) is allowed to be very small, i.e. & < A, because the symmetry is
weakly broken somehow. Consequently, all the parameters associated with this approximate
symmetry are stable against radiative corrections, so that they do not receive significant
contributions from higher-order quantum effects.

3. A Dirac parameter is a dimensionless parameter £ of order 1.

4. An unnatural parameter is a parameter £ for which there is a fine-tunning at the cut-off scale
that produces m < A. This UV tuning somehow corrects for the large radiative corrections
of the low energy theory. An unnatural theory is fine-tuned. This is bad, because there are
no known physical mechanisms to produce fine-tuned theories. The only known explanation
for fine-tuning is accidental relations in the UV parameters.

Possibly, the first formulation of a technical naturalness criterion was made by Dirac, who
establishes that a physical theory is “natural” when all its dimensionless parameters are of order
1. This condition, however, is too restrictive because it would label as unnatural very successful
models such as the electroweak theory (fine structure constant o ~ 1072, electron Yukawa coupling
Ye ~ 1075 and so on). Historically, a second criterion emerged inside the context of QFT in
which the issue of the quadratic growth (divergence) in corrections to scalar masses was first raised
by Kenneth G. Wilson [57]. Subsequently, in the late 1970s also Weinberg [58], Susskind [59]
and Gildener [60], amongst others, identified a naturalness problem concerning the mass of a
fundamental scalar field. Nonetheless, it was Gerard 't Hooft who framed this issue in terms of a
principle, which he dubbed the naturalness condition [61,62]; he argue that

at any energy scale p, a physical parameter a(u) (or set of parameters) is allowed to be
very small only if the replacement a(pu) = 0 would increase the symmetry of the system.

Consequently, all the parameters associated with this approximate symmetry are stable against
radiative corrections, so that they do not receive significant (i.e. O(1)) contributions from higher-
order quantum effects. Most of the parameters of the Standard Model are natural in the sense
of 't Hooft. For example, the small quark and lepton masses are natural in the sense of 't Hooft
despite being orders of magnitude smaller than the weak scale. This is because in the limit that
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all of the quark and lepton masses vanish, the Standard Model has a large chiral global symmetry.
On the other hand, there is no such recovered symmetry restoration when the Higgs mass goes to
zero since the HTH mass operator is invariant under all symmetries of the Standard Model and all
chiral symmetries. Hence, the mass of the Higgs boson fails 't Hooft’s test?? and it is usually refer
in this sense that entails a problem of naturalness.

3.2.5 The Higgs Naturalness Problem

The bare mass parameter is not predicted by the SM, but when combined with the BSM corrections
loops 5mh psy it should largely cancel the 5mh guv term, leaving behind the weak-scale physical
mass for the Higgs 3.7. Nevertheless, just inside the SM the correct weak scale can only emerge if the
tree level value my, pare is an extraordinarily fine-tuned parameter; indeed, if we set Agn ~ 10" GeV
then note that

2 _ 2 2
M, physical = Mh bare + 01,
10* ~ 21038 —y - 108

so that )
x—y~10"3 (3.19)

and hence mp, pare must cancels the SM 1-loop corrections with extraordinary precision in order to
reproduce the small observed mass. Therefore, in this context our “true” theory formula for the
observed Higgs mass requires the miraculous cancellation between the two a priori unrelated terms
mibare and (5m,21, and being accurate up to 34 significant digits, and so each of this terms must
be known with at least 34 digits accuracy even if we content ourself with an order one estimate of
M physical.- 10 other words, the bare mass is extremely sensitive to the scale of new physics Agy and
the parameters in the theory need to be carefully fine-tuned to keep the Higgs mass at an accept-
able value of at most a few hundred GeV. Therefore, the square Higgs mass m? , ___ is an unnatural
parameter in the theory under our previous technical naturalness criterion. This systematic cancel-
lation of dangerous contributions can only be brought about by the type of conspiracy that is better
known to physicists as a symmetry. But since in the SM there is no known such symmetry relating
the various couplings, this situation is considered to be very unnatural and makes us think that
there is more than just a “coincidence relation”??. This is the Higgs Naturalness Problem. There
is no equivalently disquieting equation in particle physics that apparently requires such dramatic
fine-tuning of quantum corrections. Only the cosmological constant has perhaps more mystery of
such large discrepancies compared to expectations. Interestingly, it is argue in Ref. [47] that in the
symmetric phase of the SM, the gauge-boson plus chiral-fermions sector is renormalizable without
the Higgs boson and a Yukawa sector and scalars are not required at all to cure the high energy
behaviour, because it is renormalizable on its own structure. Therefore, in the symmetric phase
the mass-degenerate Higgs fields in the complex Higgs doublet can be as heavy as we like. Since

2For a more detailed discussion, see e.g. Refs. [66,67]
23 An interesting option was studied by M. J. G. Veltman in the context of dimensional regularization getting the
one-loop condition
f4mf+2m%,v+m2z+mi ~0
known as Veltman condition. This is satisfied for a value of the Higgs mass m; ~ 314 GeV in flagrant conflict with
experimental data.
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unprotected by any symmetry, naturally we would expect the Higgses indeed to be very heavy.
Indeed, the “origin” of the Higgs mass is very different in the broken phase, where the mass is
generated by the Higgs itself 3.1 and in the symmetric phase, where is is dynamically generated by
the “Planck medium”.

The previous problem does not hold exclusively to the Higgs Boson. Indeed, a fine-tunning
issue arises whenever the radiative corrections to the mass of a fundamental scalar particle (spin-0
particle) is calculated. In contrast, fermion and gauge boson masses do not lead to problems of
this nature because there is a symmetry protecting its mass, e.g. a chiral symmetry for fermions
or a gauge symmetry for gauge bosons, and so they do not have the direct quadratic sensitivity
to Agnm found in Eq. 3.4. For example, radiative corrections to fermion masses are logarithmically
divergent

A2
dmy ~ i—imf log (%) (3.20)

and so in the fermion case these corrections are small, i.e. dmy < my.

3.2.6 The Little-Hierarchy Problem

We now turn the argument in the other way around. Up to what scale can we expect the SM to
be valid if we suppose a fine-tuning of at most 1 part in 10 acceptable? The requirement sets an
upper bound

Asy < 1.4TeV (3.21)

This is generally taken as an indication that a simple extrapolation of the SM beyond a scale
close to 1 TeV suffers from a naturalness problem because ultraviolet contributions to m% exceed
its physical value. We should then expect to find new physics below or around this energy scale,
whose presence is dictated by some symmetry and that naturally cancel the contribution from the
top quark. This argument leads to an optimistic prospect, as it sets the scale of new physics on the
reach of LHC. However, beginning around the year 2000, LEP experiment opened what we now
known as a “little-hierarchy problem” [68-70]. It turns out that upper bounds of the type 3.21 are in
a certain tension with the experimental lower bounds on the suppression scale Agy of higher order
operators, derived from fits to precision electroweak data [68,71], which typically require Agy 2 10
TeV, ruling out new strong interactions at scales below about this scale; moreover, this problem
was exacerbated in the last few years by the first run of LHC experiments [72,73]. Therefore, since
LEP forbade new physics close to the weak scale, there must be a little hierarchy between the weak
scale and the scale of new physics; hence the name.

3.3 Some Approaches to the HNP

In the last decades, several theoretical extensions of the SM, attempting to provide a more satis-
factory picture of EWSB and conjecture the structure of the theory at the TeV scale, have been
proposed. In supersymmetry, new particles with masses at the TeV scale cancel divergent loop
corrections to the Higgs mass. In theories with extra-dimensions, the fundamental scale of gravity
is lowered from Mpjanck to the electroweak scale, thereby removing the hierarchy. In so-called little
Higgs models, the SM is embedded in a larger symmetry group broken in such a way to provide
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the exact amount of new physics at the TeV scale to stabilize mp, pare. In technicolour, the source
of the problem, i.e. the Higgs boson being a fundamental scalar, is removed since the Higgs is a
fermion condensate. New particles and new (strong) interactions are predicted at the TeV scale.
Another one, the Composite Higgs (CH) scenario, is analysed in this thesis.

3.3.1 The Technicolor Approach

Technicolor (TC) was first proposed in 1979 by S. Weinberg [58] and L. Susskind [59] as one of
the first solution to the HNP. This model was inspire in QCD and replaces the Higgs boson with
a new strong interaction at a scale Atc of few TeV, which eventually triggers the electroweak breaks.

The hypothesis proposed a new asymptotically free strong gauge interaction Gpg, called the
technicolor gauge group, often assumed to be?* SU(Nrc), with its gauge coupling grc being small
at very high scales (O(10'° GeV), say) and then growing to become strong and confining as we
descend in energy to

ASM = ATC ~ 0(1 TeV) (322)

Also, a new set of %N ¢ left- and right-handed doublets of Dirac fermions (known as technifermions)
is introduced, transforming under complex irreps. of Grc¢

U.
T = ( ) (3.23)
D; L,R

If the T3, are assigned to electroweak SU(2)1, as doublets and the TR as singlets, with appropriate
U(1) couplings for all the technifermions, then they are massless and have a large global chiral
flavour symmetry

Gy = SU(Ny)L x SU(Ns)r (3.24)

with SU(2)r, x U(1)y as a weakly gauged subgroup. When gpc becomes strong, this triggers the
production of bilinear technifermion condensates and technifermions acquire a dynamical mass
(technicolor indices are suppressed here):

<Q‘UiLUjR|Q>TC = <Q‘DiLDjR‘Q>TC ~ _47Tf%05ij (325)

where Q) is the ground state of TC and whose symmetry group is SU(Ny)v, the diagonal subgroup
of 3.24. The formation of these condensates will generate the spontaneous symmetry breaking?’
Gy — SU(Ny)v at the scale Arc. In other words, the technifermion chiral symmetry and the
electroweak group do not break until gpc becomes large enough that condensates <Tz‘LTjR>TC
form. Consequently, a number of N? — 1 massless Goldstone bosons result with decay constant
frc = v ~ 246 GeV, and three linear combinations of these Goldstone bosons are absorbed as the

longitudinal components of the W* and Z° weak bosons, generating the weak boson masses

1 1
my = §ngC and my = §ch\/ g%+ g" (3.26)

.. SUB)c x SU(2)1, x U(1)y x SU(Nrc) is now the total gauge group.
25 Just as happens in QCD, there should also be an infinite tower of bound states -technihadrons- that can be
classified according to SU(Ny)v.
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Technicolor exploits our understanding of QCD dynamics, which result in an elegantly dynamical
explanation for the electroweak symmetry breaking, analogous to the phenomenon that causes chiral
symmetry breakdown in QCD. On the other hand, the mechanism is natural and stabilizes the weak
scale far below mpjanck. However, while TC can explain the masses of of the W’s and Z, it has
no mechanics to generate mass for the ordinary quarks and leptons. The only natural possibility,
if we are to avoid introducing fundamental scalars, is to enlarge Gc to allow technifermions to
couple to quarks and leptons. This coupling is induced by gauge bosons of the enlarged group.
This approach is called extended technicolor?S (ETC), and the idea is to enlarge the gauge group
to

SU(3)c x SU(2), x U(1)y x SU(Npc + 1) (3.27)

in which technifermions, quarks, and leptons live in the same representations. The technicolor group
will be an SU(Npc) subgroup of the last factor. While a beautiful idea, this proposal still runs
into a number of difficulties. Perhaps the most serious is the problem of flavour-changing neutral
currents. In addition to four-fermion operators which generate mass, there will also be four-fermion
operators involving just the ordinary quarks and leptons. These operators will not, in general,
respect flavour symmetries. Prior to the Higgs discovery, other serious problems have long been
noted, especially difficulties with precision studies of the Standard Model. The existence of a Higgs
much lighter than 1 TeV, and with width less than a few GeV, is particularly difficult to understand
in a Technicolor framework. Most proposals to understand this assume that the technicolor theory
is nearly conformal over a range of scales, with a light, SM-like Higgs a consequence.

3.3.2 The Supersymmetric Approach

Supersymmetry (SUSY) not only has played a most important role in the development of theoretical
physics over the last three decades, but also has strongly influenced experimental particle physics.
Supersymmetry was first proposed, in the context of hadronic physics, by Hironari Miyazawa in
1966 [74]; however, Miyazawa’s work was largely ignored at the time. Later, J. L. Gervais and B.
Sakita (in 1971) [75], Yu. A. Golfand and E. P. Likhtman (also in 1971) [76], and D. V. Volkov and
V. P. Akulov (1972) [77], independently rediscovered supersymmetry in the context of quantum
field theory, as a radically new type of symmetry of spacetime and fundamental fields. It was
also rediscovered in 1971 by Pierre Ramond [78] and, independently, John H. Schwarz and André
Neveu [79] in the context of an early version of string theory where it was a symmetry of the
two-dimensional world sheet theory. Shortly after it was realised by Wess and Zumino [80] the
characteristic renormalization features of four-dimensional supersymmetric field theories, which
identified them as remarkable QFTs. Since then, supersymmetry, along with its monozygotic
sibling superstring theory, has become the dominant framework for formulating physics beyond the
standard model?".

Supersymmetry is a symmetry that relates bosons and fermions. Since all matter particles are
fermions and all force carriers are bosons, this remarkable symmetry unifies matter and forces. In
a theory with supersymmetry, bosons and fermions appear in pairs of equal mass. The particle of
the Standard Model do not have this property, so supersymmetry, if it exists in nature, must be
spontaneously broken. If nature is supersymmetric, the partners of the known fermions (quarks and

26For a detailed discussion about Technicolor and its extensions see, e.g. [81] and [82].
2TFor a historical review on supersymmetry and string theory, see [83]
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_____

Figure 3.1: Cancellation between fermionic top quark loop (left) and scalar stop squark tadpole
(right) in a supersymmetric extension of the Standard Model.

leptons) are complex scalar fields (with the same gauge charges). These particles are referred to as
squarks and sleptons. The partners of the gauge bosons are the gauginos. The fermionic partners of
the Higgs fields (supersymmetry requires a minimum of two Higgs doublets) are known as higgsinos.

There are several reasons why an elementary particle physicist wants to consider supersymmetric
theories. An important one is that radiative corrections tend to be less important in supersym-
metric theories, due to cancellations between fermion loops and boson loops; this happens because
superpartner-coupling constants are related to Standard Model-coupling constants by supersym-
metry, but superpartner-loops have the opposite sign from their Standard Model-partner because
of opposite spin-statistics. For example, in addition to the top quark loop, there is now a loop con-
taining a stop which tames the quadratic divergence of the Standard Model (Fig. 3.1). There are
actually two types of stops, one from an electroweak doublet, one from the singlet. For simplicity,
calling the mass of each of these scalars m;, the two Feynman diagrams yield

d*k 1 1
smjp = 3\} / — 3.28
h ] oAm)t k2 +m2 = + m? (3.28)
The leading quadratic divergence cancels, leaving only a logarithmically divergent term:
3y? A2
2 _ t =2 SM

Other famous problems solved by SUSY include the vanishing or extreme smallness of the
cosmological constant and the issue of renormalisation of quantum gravity. Nevertheless, it must
be noted that while supersymmetry could solve most if not all of these questions, it cannot be
the full answer, since we know that supersymmetry cannot be exactly realised in nature: it must
be broken at experimentally accessible energies since otherwise one certainly would have detected
many of the additional particles it predicts.

3.3.3 The Anthropic Principle

The last thing we should probably mention is that the apparently unnatural value of the u parameter
in the Higgs potential may also be motivated by the so-called anthropic argument, which states
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that

the parameters of the universe that we observe are governed by the requirement that they
must be able to support intelligent life, as otherwise we would not exist to observe our
UNIVETSE.

Hence, according to the anthropic principle, a significant fine tuning in certain fundamental pa-
rameters is indeed present. If there is only one single universe, with the same laws and parameters
everywhere, this is far from a satisfactory physical explanation. However, it has been realized that
some physical theories can support the existence of separated domains in the universe in which
different parameters and even different gauge groups are applicable. For example, in chaotic in-
flation [84] different domains have different Higgs vacuum expectation values, selecting different
effective particle physics theories. Such domains could be regarded as, effectively, different uni-
verses. In a multiple universe theory, the anthropic requirement that we live in a universe with
viable parameters is as natural as is the good fortune that we happen to live on a planet that has
a temperature ideal for life 28.

4 The Composite Sector and the CCWZ Prescription

4.1 The Composite Higgs Program

As we have seen, the mass of the Higgs boson receives quadratically divergent radiative corrections
making it sensitive to the energy scale of any new physics which interacts with it and thus, in the
absence of cancellations, is expected to be of the same size as the highest scale in the underlying
theory; this rise the question of why the Higgs mass is not, for example, of the order of the Planck
mass. Composite Higgs models aim to solve this problem by postulating an scenario where the Higgs
particle is not elementary but instead the bound state of some new unspecified strongly coupled
constituents, being thus shielded from the UV physics by its composite nature and distinguished
from other composite resonances due to the Nambu-Goldstone symmetry, and where the measured
value of the Higgs mass demands in addition the existence of lighter exotic resonances. Composite
Higgs models are the leading alternative to supersymmetric models for physics beyond the standard
model presently tested at the LHC.

4.2 Composite Sector in Isolation

In a CH scenario, the mass of the composite Higgs would not receive corrections from the quanta
of the fields at arbitrarily high energies, instead they will interact with its constituents directly.
This phenomenon is realized in QCD, and we will see that CH models assemble a mechanism that
shares some similarities.

We begin by postulating, in addition to the SM fermions and gauge fields, the existence of a
new unspecified strongly interacting sector carryng an ultracolor (UC) force?”, conceptually similar

28For a more detailed discussion, see e.g. [85]
29We follow some of the terminology presented in [86].
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Figure 4.1: Diagram with some of the sectors that can be presented in a composite Higgs model.

to a QCD-like confining theory, and the presence of some ultrafermions which interact via gauge

group
GUC X SU(Q)L X U(l)Y (4.1)

where Guyc is the gauge group of the new sector. This new strong sector is also endowed with a
global Lie group symmetry GG, which hereafter we assume to be compact, connected and semi-simple
and with its low-energy regime just above the electroweak scale. The essential feature of composite
Higgs being a solution of the NP is the strongly-coupled nature of the underlying UV theory, by
which the Higgs mass is stabilized through dimensional transmutation generating a mass scale that
is reasonably insensitive to the detailed UV physics. Then, below that mass scale the theory will
appear as being hadronized into bound states whose masses are roughly given by the hadronization
scale. It is also assume that when the composite sector is consider in isolation®?, strong effects
induce the presence of ultrafermion vacuum condensates breaking spontaneously G down to some
subgroup H C G at the cut-off scale

Asm = Auc = 4Anf ~ O(TeV) (4.2)

and where f is known as the decay constant (the analogue of the pion decay constant fr in QCD); the
currently preferred value is around f ~ 0.8 TeV [87], which gives a corresponding cuttof Ayc ~ 10
TeV. The parameter 4.2 is called the composition scale of the new sector, and describes the scale at
which the ultrafermions are confined and pNGBs, including the Higgs doublet, are produced [88];
conversely, above this scale the composite states cease to be the relevant degrees of freedom and
we begin to observe their internal constituents. The Ay is therefore an upper bound for a cut-off
of our forthcoming effective description. We are not going to make a distinction between a chiral
breaking scale and a composition scale as is the case with QCD at pu = 0; see section (1.3.5). The
mass of the composite Higgs would not receive correction from the energies which are higher than

39By this, we mean that we ignore the couplings of this sector with both the SM gauge fields and the SM fermions,
both of which break G explicitly.
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the inverse physical size ¢}, of the Higgs:

1
O ~ —— (4.3)
Auc
i.e. the quanta of the fields at arbitrarily high energies will not interact with the Higgs as a
fundamental scalar anymore, but instead they will interact with its constituents directly. The
spontaneous breaking implies a number of

Nxgp = dim(G/H) = dim(G) — dim(H) > 4 (4.4)

composite NGBs, including one with the quantum numbers of the Higgs. From them, we must
be able to construct at least one SU(2)1, doublet in order to identify the four real components of
the SM Higgs doublet (from where the constrain > 4 follows) plus possible other scalars from an
enlarged Higgs sector. The breaking also introduces a manifold of degenerate vacua

Hyacua = { |Po) | (Po|V|Po) is minimal } (4.5)

of the composite sector; any of those degenerate vacua ®y defines a so-called reference vacuum
orientation, and without loss of generality, it can always be chosen at our convenience. It follows
the identification

H = Stabg(q)o) = { geqd | g- P9 =P } (46)

and referred to as the corresponding reference invariant subgroup.

In order to work out the theory, first of all we must introduce a reference system in the Lie
algebra g of G and fix some basis of generators T4, divided into two categories

(TAY4mE = (T, ydmH (T, ) am e/ (4.7)

a=1

and usually normalized as

Te(TaTs) = s (4.8)

On the one hand, the unbroken generators T, span the subalgebra h C g of H, which are associated
to fields that do not lead to physical degree of freedom when describing the NBGs of the theory.
On the other hand, the broken generators Tj; expand the left coset space

~

G/H = { exp(iagTy) | g € R } (4.9)

and they are associated with the physical degree of freedom describing the NGBs of the theory.
Consequently, a reference vacuum ®( can by fixed describing one of the degenerate vacua of the
composite sector, such that3!

T,®o=0 and TPy #0 (4.10)

in order to be consistent with 4.6. At first, and from the viewpoint of the composite sector alone,
there is no preferred vacuum ®y. Therefore, the embedding 4.6 is arbitrary (i.e. any embedding

31Note that by the second equation, we mean that {T:®0} constitute a linearly independent set.
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of H in G by different vacua ®( is completely equivalent), and so consequently the choice of
generators 4.7. Nevertheless, we will see that CH models demand the embedding of the EW group

Gew :=SU(2)L, x U(1)y (4.11)

in H. In fact, this is precisely what makes CH models so different from technicolor: the existence of
two separate phase transitions in the theory. Namely, at some large scale one passes from a regime
of free fermions to one of light bound states (including the Higgs doublet); this is followed by a sec-
ond transition at the usual weak scale where the Higgs develops a VEV and breaks SU(2)r, x U(1)y.
Consequently, it is convenient to choose the T'4’s in such a way that the embedding of H contains
all the Ggw generators.

Finally, the phenomenology of the NGBs can be analysed by a non-linear sigma model. The gen-
eral formalism will be analysed in section (4.5) through the so-called CCWZ prescription. Nambu-
Goldstone boson fields parametrise the angular fluctuations ® = ®(x) around any chosen reference
vacuum Pp, and since we know that this fluctuations correspond to local transformations in the
directions of the T}’s, it will be convenient to perform the ansatz

‘I’(.ﬁ) = exp <i\;,§¢dj-'&> (I)O (412)

We have parametrized the NGBs
(25@ = ¢&($> (4.13)

arising from the general symmetry breaking G — H through the so-called ¥X-model field or Gold-
stone matrix

Y[¢] :=exp (i\fgb&Td) (4.14)
describing the NGBs as the fluctuations along the G/H broken directions, and which transforms
in the fundamental representation of G. This matrix can be defined for any G — H breaking and
it ubiquitously appears in CH models. The normalization factor ¥2 has been chosen to obtain a
canonical kinematic term for the NGB fields. Nambu-Goldstone bosons enter in the picture through
the Goldstone matrix, but eventually they form multiplets of some representation of H.

If the composite sector is still consider in isolation, then the ¢ fields are exact NGBs and hence
they have no potential and their VEV’s are completely arbitrary, i.e, they are unobservable. This
is because the inherent arbitrariness in the choice of the vacuum implies any possible values in the
VEV’s of the NGB’s, giving rise to an ambiguity in their choice. In this way, it is possible to set,
in full generality, (¢5) = 0.

4.3 Vaccum Misalignment

Up to now we discussed the global symmetry of the composite sector consider in isolation and its
spontaneous breaking; now we need to introduce one of its sources of explicit breaking. As we
anticipated in the previous section, another important condition that is demanded in CH models
is that the electroweak group 4.11 must be entirely embeddable into H. This is because in the
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limit of vanishing couplings between the strong sector and the gauge bosons, the EW group should
preserve the reference vacuum @, so we say that there is a perfect alignment, and hence whether
or not the weak interactions are broken becomes an alignment question. To be honest, the strongly
interacting sector G should also have an embeddable SU(3)¢ global symmetry associated to color,
but this is irrelevant for our considerations and so it will not be considered in what follows. The
existence of the embedding Ggw — H will have important consequences for the phenomenology
of the models built upon the symmetry breaking.

On the other hand, it turns out that the interactions of the resonances in the strong sector with
the SM fields, i.e. with the gauge bosons (by gauging Ggy € H) and fermions, explicitly break
the global symmetry, leading to a Higgs potential at loop level. Consequently, some NGBs become
pseudo Nambu-Goldstone bosons and their VEV (¢;) is not arbitrary anymore. Moreover, their
VEVs (¢3) become observable as it can not be set to zero by an exact symmetry transformation;
this uplifted the degeneracy of the vacua and fixes a true vacuum

Qo = E[{¢a)]Po (4.15)

corresponding to the EW vacuum; this phenomenon is knows as a vacuum misalignment (see Fig.
(4.2a)). Finally, it will happen that a Coleman-Weinberg potential for the (composite) Higgs will be
generated at one loop due to its gauge and fermion interactions. However, the gauge contributions
are usually aligned with the EW gauge group, unlike the fermion contributions and which are
expected to be large because of the large top mass. The latest will effectively provide a VEV to the
Higgs field h, triggering the EWSB and the breaking SO(4) down to the custodial SO(3) group.

Since CH models are extensions of the SM, a more general subgroup Hy C G including the EW
group could be gauged (see Fig. (4.2b)). Therefore, among the Nygp Nambu-Goldstone bosons
resulting from the spontaneous breaking G — H, there will be

N, := dim(Ho) — dim(Ho N H) > 3 (4.16)

of them eaten to provide the longitudinal degrees of freedom of the corresponding gauge bosons
associated with the broken generators of Hy, with at least three of them, say ¢+ and ¢°, giving rise
to the known EW gauge bosons W¥, Z9 (see Fig. 4.2b). The remaining NGBs ¢ become pNGBs
as result of the explicit breaking. Indeed, in the forthcoming discussions we will identify Hy with
the SM electroweak group: Hy = Ggu.

In CH models the SM fields, apart from the Higgs, are typically considered as mostly elementary
and not belonging to the new strong sector. It turns out the misalignment of the external sector
Ggw with respect to H is always possible to relate it with the value of the Higgs VEV through

v = fsin(¢) (4.17)

where (¢) is called the misalignment angle. This condition is conveniently expressed through the

fine-tuning parameter
2

v . 9

£:= - sin” (¢) € (0,1] (4.18)
which appears ubiquitously in the study of composite Higgs in the literature. Geometrically, it
determines the orientation of G'sy with respect to H in the true vacuum €2 or degree of misalignment
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Figure 4.2: (a) Schematic representation of the gauging process of Ggy; it breaks G explicitly, fixes
a non-zero VEV for the NGBs, and hence generates a vacuum misalignment. (b) Once Ggy has
been gauged, the G — H spontaneous breaking gives rise to at least four NGBs, say ¢+, ¢g and h,
three of which are eaten as the longitudinal degrees of freedom of the EW gauge bosons W, Z0.
The remaining unbroken gauge boson A, is the photon and the uneaten NGB h remains a physical
scalar.

(see Fig. (4.2a)), while algebraically it sets the size of the parametric suppression in all corrections
to the precision observables. The limit f — oo (i.e. £ — 0) with fixed v is thus a decoupling limit
where the Higgs stays light and all the other resonances become infinitely heavy. On the other
hand, the limit f — v (i.e. £ — 1), at fixed v, constitutes a technicolor-like scenario.

4.4 The Toy Model SO(3)/SO(2)

To illustrate some of the above general ideas and to gain a better understanding of the issues in-
volved in realizing the Higgs as a NGB, we will consider in this section a simple toy model which
incorporates the ideas presented in the previous sections.

Consider a theory with a global SO(3) symmetry spontaneously broken to an SO(2) subgroup,
at a scale A = Ayc. The manifold of equivalent vacua is Hyacua = 52, and for simplicity and without
loss of generality, we choose a representative vacuum ®g pointing along the third component

g = (0,0, )T (4.19)

and let ® = ®(x) be a triplet of real scalar fields parameterizing the fluctuations around the above
vacuum ®g. We propose the following phenomenological Lagrangian describing our toy strongly-
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interacting composite sector:
_ 1 T A 93 T 272
L[®,0,0] = 5(9“(1) oHd — §(¢> b — f9) (4.20)
The parameter g, controls the interactions in our Lagrangian, and it is thus interpreted as an

effective low-energy coupling of the composite sector. Given our choice of ®3 and taking into
account the conditions 4.10, the SO(3) generators, can be conveniently chosen as

1 0 —i 0
T=—17 0 0 (4.21)
V2 0 0 O
and
) 1 0 0 —i R 1 00 0
1=—(0 0 0], T52=—[|0 0 —i (4.22)
V2 i 0 0 V2 0 ¢ 0
which are also conveniently normalized as Tr(T4Tp) = dap. Indeed,
1 0 —i O 0 0
TPyg=— |1 0 0)]=160 Unbroken generator
V2 0 0 O f 0
1 00 —i 0 1 —if
TiPg=—=|0 0 O 0] =— 0 Broken generator
V2 i 0 f V2 0
1 00 0 0
T5¢g=—710 0 —I 0| =—4|—if Broken generator
V2 0 7 O f V2 0

and note that the theory 4.20 is invariant, as shout it be, under SO(3) transformations
O — exp(iaaTs)P (4.23)

with A = 1,2,3 and ag € R. Geometrically, the three generators T, Ty and T correspond to
rotations in the xy, xz and yz planes, respectively. As we said in the previous section, in order to
study the fluctuations around the vacuum @ it is convenient to perform a field redefinition and
to trade the three ® components as one radial coordinate o = o(z) plus two angular variables
¢12 = ¢12(x) (the NGBs). We write

0 0
¢ =exp (iﬂ¢afa> 0 =X[p1,¢2] | O (4.24)
! f+o f+o
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Note that this is not exactly the parametrization 4.12 since here we are including radial fluctuations.
The Goldstone matrix in this case is explicitly given by

0 0 —igy 0 0 0
211 1
S, da] = exp z? vl D v G
2\igr 00 V2\0 g 0
P$3+¢? cos ? P12 (—l—i-cos %) b1 g
#? @2 ® !
= | o192 (—;;—cos %) ¢§+¢>ch0$% ¢2 sin ? (4.25)
¢1 sin f —%2 sin ? cos %
where we have defined
¢ = (21> € 2 of SO(2) (4.26)
2
- T =
and ¢ :=1\/ ¢ ¢. The above expression for 3 can be simplify as
_9 1—cos®) —1gz 1—0089) 21 gin ¢
#? f ¢22 ! ¢ f
[p1, 2] = —%;m l—cos% —% 1—COS%) %sin?
—‘%sin% —%sm? cos%
s
_ 99 _ ) i@
_ 19 p 1 — cos f) 650 7 (4.27)
- T .
—% sin % coS ?
with inverse o .
12—¢¢ (1—cos9> —24in?
Sp1, ¢o] ' = o ! o= (4.28)
% sin % cos %

An analogous result is obtained in the more general spontaneous symmetry breaking pattern
SO(n) — SO(n — 1) (see Appendix B). Therefore, the field ® becomes

(g sin ¢
=(f+o0) ( ¢f> (4.29)

Cos %
f
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By substituting in the Lagrangian 4.20 we obtain, term by term:

T T =T - T
1 11¢ Ouo . ¢ (f+0)(@0up —¢ 0ud) . ¢ ¢ (f+0)0up ¢
§8M<I>T8“<I> =3 [qb i sm? + ( o) “¢2 k?) sm? + —( f¢0) E” cos f]
y [@Mo sm‘;j LU a)(w;j ~§0"9) Sm? LU ;;)8% o ?]
+ % [(Gﬂa) cos? - W sin ﬂ X {(8“0) cosjﬁ - W sin ﬂ
_1 (f+0)2((06)* = (99)*] . 2 & | (f+0)*(99)?
=3 [(80)2 + 2 sin? 7 + T
= 1(80)2 + E (1 + 0>2 [f2 sin? ?(85)2 + r <¢2 — sin? ¢) (8@5)2}
2 2 f) Lo f ¢* \ f? f
1 1 2re2 o 2 2 _
o o [ £ (o]

where in the last line we have used the fact that (0¢?)? = 4¢%(0¢)?. On the other hand, the
potential term yields:

2 1 2 2
g—(q)T(I) — )2 = Z(guf)?0* + M(73 + T g (4.30)
8 2 2 8
Putting these expressions together, the Lagrangian 4.20 becomes:
_ 1 2 1 2.2 _ Qif 3_ gj 4
L= 2(30) 2(g*f) o 5 O d (4.31)
L o [ 28, f2 (& ¢
+ - 1+> [sin2 06)* + <—sin2> p? 2]
2 < ) 1¢? f( ) 4pt \ f? f (6¢°)

In agreement with Goldstone’s theorem the ¢’s describe two massless boson associated with the
two broken generators T4 2. The o field has instead a mass

Mo = g f (4.32)

and in analogy with a strongly coupled sector, the o field will be called a resonance. In fact, we
will generically call a resonance any particle that emerges from the composite sector aside from
the Goldstone bosons [89]. This mass also gives the strong sector confinement scale, conceptually
similar to the chiral symmetry breaking scale A, in QCD. Furthermore, in a genuine strong the-
ory g could easily be of order 47. Also note that every NGB is derivatively couplet. Thus, its
interactions are proportional to its momentum, and as p — 0 it becomes a free field. This is clear
geometrically, since the potential is only a function of radial direction and not the angle, so there
can be no non-derivative terms containing #(x) in the Lagrangian. These derivative couplings of
the NGBs is another general consequence of the SSB of a global symmetry, and is very important
in the discussion of composite Higgs interactions.
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The presence of doublet 4.26 in 4.42 evidences the realization of a SO(2)-invariance

—

5 — exp(iaa2)¢ (4.33)

which can be traced back up to one of the symmetries of the original Lagrangian 4.20, induces by
the unbroken generator T

SO(2) = Stabgo(3)(®o) = { exp(iac?) |a €R } (4.34)

We say that 4.33 is a linearly realized symmetry as it acts in a linear and homogeneous way on
the field variables. Omn the other hand, there will be two non-linearly realized transformations
associated with the broken generators T;. Since SO(2) 2 U(1), we can switch from state space (i.e.
R? <+ C) by defining

o= \2(@ Tig) (4.35)
so that 1 1
¢1= ——(h+h*) and ¢y = ——(h—h*) (4.36)

V2 V2

This switch the Lagrangian 4.42 into

_} 2_1 22_93]0 3_9734
5—2(80) 2(g*f) o 5 O X (4.37)

1 o\ 2 o (V2R . 2o (20?5 (V2]
+2<1+f) [|h|2sm2 (f) Ouh 3“h+4|h|4< 72 — sin? 5 (0|h)?)?

Now that the NGBs have been obtained the last ingredient to construct the model is to gauge,
with coupling strength e, the unbroken U(1) subgroup. This is achieved by replacing the derivatives
in the Lagrangian 4.20 with the corresponding covariant derivative

0,® — D, @ = (0, + ievV2A,T)® (4.38)

where A, is a new U(1) gauge field with canonical kinetic term F),,, F*” and its gauge coupling with
® are elementary/composite interaction. The resulting Lagrangian

1 1 2
L[®,8,9) =~ FuF* + 5 (D,®) D' - %(qﬂ@ — )2 (4.39)
is gauge invariant provided the gauge field A, transform as
1 .
AT —U (AMT + ,3M) Ut where U = @7 ¢ U(1) (4.40)
ie

The gauging, since it selects one generator among three, breaks SO(3) explicitly to SO(2). The
effect of the gauging is also achieved in Lagrangian 4.42 by switching

8.6 — Dud = (9, +ieA, )b (4.41)
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so that
1 v
L= _ZFWFM (4.42)
Lpey? — Ligp2e? - Sd g8 _ 9 o8
+ 2(D0) 2(gf) o 5 0 X
1 02[f2-2¢ eI i <¢2 -2¢> 22]
+- |1+ = —sin® = (D¢ )"+ — | 5 —sin”" = | (0
$(1+5) [ §087 + i (o —sint ) (00
and in Lagrangian 4.37 by switching
Ouh — Dyh = (0, + ieA,)h (4.43)
so that
_1 o 1 Qz_ng 3_@4
L= 2(80) 2(g*f) o 5 0 d (4.44)

1 o\ | 2 . o[ V2Ih ] 2o (2n? 5 (V2R
t3 <1 + f> [|h|2 sin? (f) (Dyh)*(D*h) + L ( e sin? <f>> (6[h2)2]

Now a non-vanishing potential for h is no longer forbidden, which will be radiatively generated
by the gauge field loops. The potential gives in turn a non-vanishing VEV to our toy composite
Higgs h and the breaking of the U(1) gauge symmetry can take place. A vacuum misalignment
then take place by the now true vacuum of the theory

Qo = exXp <’L\!/f§ <¢a> T&) (I)o

It follows from one of the terms in 4.44 that

2
;V{;sm? (@) e* A, A*|h2 = % <ef sin */?M) A AP (4.45)
So, by setting the Higgs to its VEV (h) := V/1/2, the gauge boson A, acquires a mass
ma=cef sin‘; =ev (4.46)
where v := efsin(V/f) has been defined as the scale of the spontaneous symmetry breaking of

u(L).

4.5 The CCWZ Construction

When trying to understand the low-energy and confinement regime of a strong dynamic, there
are methods allowing us to work within this regime without the knowledge of the full underlying
theory and all the difficulties that this would imply. One of these approaches, nowadays known as
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the Callan-Coleman-Wess-Zumino (CCWZ) prescription [90,91], constitute a full treatment that
allows to write general low-energy effective Lagrangians for strongly or weakly coupled theories
characterised by a generic G — H global symmetry breaking pattern, describing the Goldstone
bosons associated with the breaking and the heavy resonances. It is readily extended to incorporate
explicit symmetry breaking. Furthermore the generality of the method makes it an essential tool
for the systematic study of non-minimal cosets, when trying to go beyond the custodial minimal

model SO(5)/SO(4).

4.5.1 Non-linear Realization of a Symmetry

Now we proceed to derive the CCWZ prescription. Let us begin by identifying the degrees of
freedom that described the NGBs, one for each broken generators as predict by Goldstone’s theorem.
In order to do this, we consider all the configurations that are related to some fixed representative
vacuum ®( by a local G transformation, namely

O(x)=g- Do (4.47)
and with - the appropriate action of G over Hyacua- For every g € G we have
g = exp(iaaTy) = expliocgTh + iogT,) (4.48)

where T4 denotes the full set of generators of the group G, and T, and T, are the broken and
unbroken generators of G, respectively. The scalar fields a; = () are coordinates of the coset
space G/H at each point of spacetime, and the set of group elements exp(ia&T@) parametrizes this
coset space (see 4.9). Returning to 4.47, we note that not all of the fields a4 are physical, but
some of them are redundant and they can be dropped from this ansatz. To see this, consider the

well-known fact that each element g € G can be written in a unique way as a product of the form
g = exp(iaTs) exp(iCaTh) (4.49)

This decomposition means that once we have a parametrization [(0) = exp(iH&Td), each group
element g € G can be uniquely decomposed into a product g = lh, where [ is the representative
member of the coset to which g belongs and h(() = exp(i(,T,) € H connects [ to g within the
coset. By applying 4.49 to the ansatz 4.47 we obtain

O(x) = X[0)Dy (4.50)
from where we defined, now in a natural way, the >-model field or Goldstone matrix:
S[0] := exp(i0,1%) € G/H (4.51)

with 6; = 0;(x). Then each 6, identified as a Nambu-Goldstone boson, can be seen as an angular
real-valued variable corresponding to an excitation around the reference vacuum ®y and in a direc-
tion defined by the corresponding generator 1. Nevertheless, it will be convenient sometimes to
work the Goldstone matrix as

L[] := exp (i\f%fa) (4.52)
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written in terms of canonically-normalized NGB fields

a\L) ‘= 79@ T 4.53
$a(z) 7 (z) (4.53)
Note that the fields associated with the unbroken generators have been dropped out from the ansatz
and hence do not lead to physical degrees of freedom.

Next, we are interested in the action of the group G on the NGBs 6;. In order to find this
action, we consider the action of an arbitrary element g € G over the Goldstone matrix 4.51. In
view of 4.49 we can decompose instead the product ¢gX[f] € G in a unique way as

g3[0] = B[0']h (4.54)

where we have set 2[0] := exp(if}T3), and clearly 6, = 60.[6; g] and h = h[0; g] = exp(i(,[6; g]Ta) €
H. Hence, from 4.54 we have
Y[0] = gx[6)hT (4.55)

which defines a global transformation for every element X[0] € G/H, namely

geG

2[0] &= (0] = gX[0]h! (4.56)

Without loss of generality, we assume 6;’s in the standard form. Then the non-linear realization of
G on the NGBs

62 <% 0, = 6,16: 4] (4.57)

is given implicitly by 4.56 which is what we were looking for. From 4.55, and looking up to second
order in the fields, we find
0, =0, +& + -+

with g = exp(i§4T4) and the dots stand for terms containing more than one power of NGBs or
transformation parameter. This is precisely the symmetry transformation that forbids the NGB
fields to have any potential and consequently allowing for any VEV. In accordance with 4.47,
expression 4.56 induces a symmetry transformation on the ansatz ®(x)

B(z) L5 0'(2) = g D(x) (4.58)

In view of transformations 4.57 and 4.58, we say that the fields 6; and ® transform in a non-linear
realization of the group G. It it now convenient to introduce the algebra of generators of GG, which
decompose as

[T, Ty) = ifSTe +ifST: = (A, T (4.59)
[T, Ty) = if&Te +if$,Te = (Ra)" T (4.60)

where the structure constants faéb and fi& vanish. Note that

(Ad})%, = ifq, (4.62)
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define the adjoint representation of the Lie algebra h of the subgroup H, while
(Ra); i=if5 (4.63)

form a not yet specified H representation, and denoted by R. This representation R is the one
in which the NGBs transform under H. It can be identified, for any coset, by looking at the
decomposition under H of the adjoint of GG, namely

AdY =Ad" @R (4.64)

In order to prove this, note that g = h @ g/h as vector spaces. On the one hand, there is the
adjoint representation of h on the whole of g. On the other hand, the adjoint action of b on itself
is a subrepresentation, since the algebras of Lie subgroups must be Lie subalgebras. Furthermore,
from Eq. 4.60 we have that g/b is also closed under the action of h by the Lie bracket, as it implies
[k, h] € g/b for every k € g/bh and every h € h. Hence, the map

R: b — End(g/h) (4.65)
h i [, h]

is a subrepresentation of the total representation of h on g. Since g = h @ g/h, we have that
representation indeed decomposes as 4.64.

Contrary to the general ones, the transformations of the H subgroup act linearly on the NGBs,
and hence 6%’s transform in R as

H . a nb
0, <5 0, = exp(icgRy) Eﬁb (4.66)

The situation is different for the transformations along the broken generators; there is no simple
way to write them explicitly, not even at the infinitesimal level, aside from particular cases. The
theory that we can construct is therefore invariant under the linear realization of H, and besides
the NGBs 6 it can contain any H-multiplets, which we collectively denote ¥. The NGB fields 8
will play the role of the Higgs field in our description, while the ¥ will describe other fermionic and
bosonic composite resonances. For the case SO(5)/SO(4) we will analyse the introduction of some
of these composite resonances in Chap. 5.

Now, we would like to use the non-linear realization 4.57 of the group G to construct G-invariant
Lagrangians, and derivatives are needed to construct non-trivial invariants. The problem is that,
despite the fact that the symmetry is global, the non-linear realization involves the Goldstone
fields and therefore is spacetime dependent. Thus, derivatives have to be transform intro covariant
derivatives. Furthermore, the non-linearity of the transformation makes the transformation of 9,,0;
complicate. Instead of starting with this object, we will consider the so-called Maurer-Cartan form

— X[0]1i0,3[6) = d2[0)T; + €20 Ta =: du[6] + e,[0)] (4.67)

which belongs to the Lie algebra g of the G group and has simpler transformation properties.
Related to the vierbiens dj; and spin connections e, we have introduced the shorthand notation

I
d,[0] == di[0]T; (4.68)
epll] == e[0T, (4.69)
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Note that ) A
d# = mde, du,& = dz and d"% = dZ

and similarly for e,. If the orthogonality relation Tr(T4Tp) = dap is imposed, then dz and e}, can
be obtain explicitly as follows:

di[6) = —Tr(E[H]Ti(?#E[H]T@) (4.70)
et (6] = —Tr(E[H]TiGME[H]Ta) (4.71)
The Maurer-Cartan form transforms as

—31i8,5 2% — (gnht)Tia, (goh)
= —h(21i9,8)h" — hid,hl

= hd,h' + h <eu + M) A (4.72)

From the above expression one can easily read off the transformations of d,, and e:
d,0) =% 1[0; g)d,[6)h[6; ]! (4.73)
eul0] 2<% 1[0 g] ( ulf] + 1@) h6; g)' (4.74)

In particular, when rewritten in components the d, symbol transforms as

dTy, 2 h(d¥T)h = P (hT3hY) = d2 exp(iCaRa)’y T

or

d2[0] =5 exp(iCaRa)® db[0) (4.75)

Equations 4.73 and 4.74 show that d,[f] and e, [f] transform under a local symmetry H, and that
in particular e, [f] transforms like a gauge field. It is thus possible to define a e-covariant derivative

V=0, +ie, (4.76)
for the U fields and an e-field strength tensor
ey = Ope, — Opey, +iley, €] (4.77)
which transforms homogeneously with A in the adjoint representation
e =+ h16; gleuuh[d; g (4.78)

Hence, the connection e, allows to write general G-invariant couplings to the matter fields ¥. The
d-symbol can be used to write the G-invariant leading order term

2 2n
@%zﬁmW%]mm%+zo@%wQ (1.79)
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This is the low energy NGB Lagrangian, and it provides the NGB kinetic terms plus an infinite
set of two-derivative interactions. Those higher order operators in 4.79 are completely fixed for a
given choice of the G/H coset. Also, note that the parameter f in the above expression acquires
a practical meaning: it controls the strength of the NGB interactions. In concordance with the
results of section (4.4), we find that NGBs enter only with derivative coupling and no scalar po-
tential appears; these interactions grow with the external momenta and become non-perturbative
at energies O(4nf). Also, the derivative couplings of NGBs among themselves and with other
composite states do not modify the mass spectrum and do not contribute to the generation of the
Higgs mass.

We therefore have basically four ingredients: X, d,, V, and e,, on which a general g € G
transformation acts as a local h[f;g] € H transformation belonging to the unbroken subgroup.
Thus, we just have to worry about built out H-invariant operators with these building blocks and
the standard group theory tools, and the full G-invariance will follow automatically. This is the
CCWZ prescription. The reason why this result in a systematic and simple procedure is that the
transformation rules are now entirely expressed in terms of the linear action of the matrix h[f; g|.

4.5.2 Gauge Sources

In order to add the description of the electroweak sector, we must generalize the situation to the
case where a subgroup Hy of the global group G is gauged. To extent the formalism, we introduce
the appropriate set of gauge fields through the gauge potential matrix

Ay = AST; (4.80)

where 7, 5 correspond to the generators of the gauge subgroup Hy. The gauge potential matrix 4.80
transforms in the standard way

x 1
A o) (4, + 50,) o) (181

under a local transformation p(z) € Hy. It turns out that instead of gauging just Hy C G, it is often
convenient to gauge formally all the fields (i.e. T = T4), promote them to a full multiplet in the
adjoint representation of G, couple it to the strong sector and eventually decouple the unwant ones
by an infinite kinetic term, which correspond to vanishing coupling strength. Therefore, some of

them will be made dynamical by the kinetic terms and the others will be regarded as non-dynamical
and eventually set to zero at the end of the calculation.

In this generalized CCWZ prescription, NGBs still transform implicitly according to 4.56 with
g € G being a local element, and the Maurer-Cartan form is generalized to

— X[0]'iD, (0] = di[0; AT, + €6[0; AT, =: d,[0; A] + e,,[0; A] (4.82)

with
D, =0, +iA, (4.83)
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The above transforms as

—31iD, S 5% (gSh1)i(9, +iA) (gShY)
— —n(3NiD, 3 )t - hiduht

1
= hd,h' + h (aﬂ + ie“) Il

and hence the generalized d,, and e, symbols transform as before:

d,.[0; A 2<% h[6; g)d,.[0; AJh[6; g)' (4.84)
eult; A +g—€—G% h[6; g] (eu[ﬂ; Al + 18u> h[G;gPL (4.85)

Analogously, if Tr(T4Tp) = dap is imposed then

de[6; A] = —Tr(E[H]TiD“E[H]Ta) (4.86)
€ [; A] = fTr(E[H]TiDME[Q]Ta) (4.87)

and Eq. 4.76 is generalized to
V, =D, +ie, (4.88)

Two new covariant structures can be constructed from the field strength of the external gauge fields
as follows

Ful0; A] = STO1F,, 2[6] (4.89)
= (1) Tu+ (£,)°Ta
= fi + fu
which transform as
£i£10; A] = hlg; 0] £:5,10; AR [g; 0] (4.90)

Finally, the 2-derivative non-linear sigma-model 4.79 trivially generalizes to

2
Exas = 14216, A1, 4 (4.9

containing now not only NGB kinetic terms and derivative self-coupling, but also interactions
involving the gauge fields, which are all dictated by the local G-invariance and predicted in terms
of the scale f. Finally, and according to the formalism introduced in Ref. [90,91], the most general
Lagrangian invariant under a non-linearly realized group G, spontaneously broken to a linearly
realized subgroup H, should be written using the components d,, and the covariant derivative V,
introduced before, that act on matter fields in representations of H.
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4.6 The CCWZ for the Minimal Coset SO(5)/SO(4)

The minimal choice we can think is H = Ggw = SU(2)1, x U(1)y. Accordingly, it follows from
equation 4.4 that the minimal choice of the global symmetry is G = SU(3); indeed, SU(3) contains
an SU(2) and an additional U(1) that we can try to identify with the EW group. However it
must be discarded because of the lack of custodial protection that ensures that the corrections to
certain electroweak observables are sufficiently suppressed?. We will refer to this model as the
non-custodial minimal model. To have a custodial symmetry, the subgroup H has to be extended
to

H =S0(4) ~SU(2)r, x SU(2)r (4.92)

which contains both the gauge group SU(2)y, as well as the custodial group SU(2)g. In this case
the minimal choice is

G = S0(5) (4.93)

Thus, the SO(5)/SO(4) symmetry breaking pattern constitutes the true minimal implementation
of a CH model [92]. We interpret the SU(2), factor as the SM one and we identify the hypercharge
with the third SU(2)r generator. We refer to this latest model as the custodial minimal model or
minimal composite Higgs (MCH) model in the sense that delivers the minimal number of NGBs
fields and relies on the minimal number of symmetry generators but still obey custodial symmetry.
Nevertheless, in order to reproduce the correct hypercharge, one must enlarge the global symmetry
by including an extra unbroken U(1)x factor and define the hypercharge as

Y =T+ X (494)
where T3p is the third SU(2)r generator of SO(5). Therefore the coset is actually
SO(5) x U(1)x/SO(4) x U(1)x (4.95)

The SU(4)/Sp(4) coset is usually considered as the next to minimal MCH model. However this is
a minimal choice when considering a description in terms of bound states of fermions [93,94].

In the MCH model, a number equal to
Nxg = dim SO(5)/SO(4) =4

of NGBs arise, while
Ne=dimGrw —dimHNGgw =4—-1=3

of them will be eaten as longitudinal components giving rise to the massive WMi and Zg gauge
bosons of the EW sector. As result, the composite sector does not contain composite resonances,
but only the pNGB Higgs 1.18 as a complex doublet of composite scalars of SU(2), x U(1)y and the
SM gauge fields. The generators of SO(5) and their convenient split into generators of SO(4) and
the broken ones can be found in Appendix (B.5). The manifold of equivalent vacua is Hyacua = S4
and the chosen representative vacuum configuration points along the fifth component

q)O = (O,O,O,O,f)T

32This non-custodial minimal model, for example, derives in large corrections to the Peskin-Takeuchi T’ parameter.
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The five real components of ® are conveniently parametrized with one radial coordinate o = o(x)
plus the four angular variables ¢; = ¢4(x) (the Nambu-Goldstone fields), as

) ¢Sln¢
o=slol(,0,) =+ >< d,f) (4.96)

f+o cos %

with the Goldstone matrix given by

ST .
14—¢¢2 (1—cos?> 2 4in ©

sin
5[g] = o £) e (4.97)
—% sin % oS %

and where we have defined the quadruple

¢ = (¢1, 02, b3, 04)" (4.98)

living in the 4 of the unbroken SO(4). In view of the local isomorphism 4.92, the above NGBs
transform equivalently as a (2,2) of SU(2); x SU(2)g, and so they can be expressed in terms of
the two Higgs doublet components ¢t and ¢" of 1.18 as

¢+ ¢t
» 1 (et = ¢")
i(¢"" — ¢°)

The symmetry content of the theory consist on the linearly-realized action of the unbroken genera-
tors Ty, and the four non-linearly realized transformations associated with the broken generators Tj.

Let us now turn to the determination of the d, and e, symbols. Those are defined in equa-
tions 4.86 and 4.87, respectively, one for each of the 10 generators of SO(5). As expected, only a
subset of those sources will be eventually made physical setting the unnecessary fields to zero. The
physical sources are the ones in the EW group, i.e Hy = Grw. Thus, we split the Aﬁ’s in unbroken
and broken components

{Af} = { A} = {AS [ AC R} AL =0} (4.100)

and already setting the latter ones to zero. We make the identification:
{A5 L) = {gW,, gW, g3 } (4.101)
{AL R} =1{0,0 g’B } (4.102)

Therefore, the gauge potential matrix A, will be
Ay = gW, T + gWiTy + gW3T3L + ¢ B, TS
g .
- \/‘WJ<T1L +7’T2L) \/‘ u Tl - ZTQ )
+ g(cos 0w Z,, + sin Oy A,,) T + ¢ (cos Ow A, — sin Oy Z,)T5*
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where the second equality is written in terms of the mass eigenstates W/f, Zg, and Oy denote the
Weinberg angle. The d,, and e, connections are given by

a 1 1 si ¢ ¢ u¢ \[ ¢
4t = —_ = o+ — G 4.103
=2 (5 o R (4103
e =—Anr+ ? ! sin? (écd) t%Dugg (4.104)
e p=—A%g @ ! sin? ;} 9D, (4.105)
where . B
Du¢ = (0p + 1A} 17 + 1A, rtR)O (4.106)

Now that the basic objects are known we can straightforwardly apply the general CCWZ machinery.
In particular, the non-linear sigma-model Lagrangian 4.91 is given by

LonGE = JZTr(E[H]T iD#E[H]Td) Tr (E[Q]TiD“E[G]T@)

2 2 H|? H
- e o Lo (L B s

By going to the unitary gauge, defined as usual by

1 0
H="1 <<h> N h<m>> (4.108)

where (h) denotes the Higgs VEV and h(z) describes the physical Higgs fluctuations, the above
Lagrangian is surprisingly simple

1 0, 9 2. o (W) +h 2 1 2
Lo = 5 (0uh)” + 7 f7sin T A +mzu (4.109)

from which we immediately read two consequences:

1. In general, to compute the Higgs couplings in models where the Higgs is a pNGB, it is
important to note that (h) is not the same as the SM Higgs vacuum expectation value of

v ~ 246 GeV. Instead,
2

v h)
£:= — =sin? 1 4.110
7 7 (4.110)
out of which we can extracted the definition of the physical EWSB scale v and its relation
with the Higgs VEV (h). The vector boson masses W and Z masses are then given by

1 h 1
my = cosOymy = 2gfsin<f> = 5gv (4.111)

and the misalignment angle (¢) can be identify as

(p) = @ (4.112)
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2. The Lagrangian 4.109 also contains an infinite set of local interactions involving two gauge
bosons and an arbitrary number of Higgs fields. By Taylor-expanding around h = 0 we have

f?sin? <<h>+h> = f?sin? <;L,> —thsinM + h? cosM — 2—h?’sinM

f f f 3f f
3
:v2+fh28in<;>cos<?>—l—h2 (1—251112 <hf>> 23};2 <?> cos<?>—

—1)2(1—1-2 1—§h+(1—2§7—f§ﬁ >

and so we can easily compute the first few interaction terms:

2 h
gzqﬂ (!WMP m:z922> ( I—&+(1-2) 7—75\/ : > (4.113)

In particular, this means that the SM couplings to the gauge bosons V' = Wﬁt, Zj are modified

as follows
gvvi = gVl —§ (4.114)
gvvin = govan (1 — 26) (4.115)

In addition, we see that high-dimensional vertices with more than 2 Higgs arise, which could
might trigger new phenomena.

5 The Elementary and Resonance Sectors

5.1 The Elementary Sector

Up to now, we have not introduced the SM fermions in the picture neither their interactions with
the Higgs nor their mass generation. Standard Model gauge bosons and fermions constitute what
we will call the elementary sector, since we assume it to be neutral under the interactions of the
strong sector. The Lagrangian of this sector will be
1 1
Lo = =W W' = 1B B (5.1)

elem
+ EjLilDLjL + éjRi]DejR + QjL’LlDQjL + ﬂjRilDujR + JjRi]ﬁde
The analysis of the following sections is largely insensitive to the structure of light quarks and
lepton couplings because in most CH scenarios these couplings are too weak to contribute to the
resonances’ collider phenomenology (e.g. top partner’s phenomenology); hence we will be mainly
interested only in the third generation of quarks. As we will see, by the partial compositeness
hypothesis the fields of this sector must be though as the real elementary states of the theory;
consequently we will refer to them as elementary fields. This is in contrast to what we will called
SM fermions, which correspond to the fermions observed experimentally and constitute linear
superpositions of the above elementary fermions and resonances. In general, elementary fields will
be embedded in representations of G as a consequence of the partial compositeness hypothesis and

the embedding of composite operators. Henceforth in the thesis we will focus only in the minimal
CH model SO(5)/SO(4).
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5.2 The Resonance Sector
5.2.1 Landscape of the Resonance Sector

Depending on the global symmetry of the strongly interacting sector, there may be additional light
pNGB scalars (i.e. kaon-like particles) arising from the strong sector, giving rise to an extended
Higgs sector. On the other hand, at the scale Ayc = 4nf the strong sector condenses and it
generates, on top of the pPNGB Higgs, a set of resonances with typical mass

My = gu f (5.2)

with g, € [1,47], and usually assumed to be the only ones below the cut-off of the model as
shown in Fig. 5.1. We will generically called a resonances any (composite) particle arising from
the composite sector aside from the Goldstone bosons (see Fig. 4.1). The SM gauge and fermion
fields are then considered as external sources. The spectrum of resonances is important not only
for the study of their on-shell production at the LHC, but also for assessing the compatibility of
the theory with EWPT, since loops of the new fermions contribute to the electroweak observables.
The upper bound on g, ensures that the loop expansion parameter (g./47)? is less than unity,
while the limit g, = 47 corresponds to a maximally strongly coupled theory in the spirit of naive
dimensional analysis. Is in this sense that the coupling g, measures how strong the coupling of the
model can become before it is replaced by a more fundamental description.

125 GeV O(below 2 TeV) O(2 -3 TeV) O(TeV)
! ! ! !
i i i i
mp <K M My = guf My = gu f Ayc ~dnf
UV Theory

Figure 5.1: Schematic picture of the spectrum in a CH model and a top partners-resonances
interplay. Resonance and top partner masses are depicted by m, = m,, m, and My, respectively.

It turns out that any realistic realization of a CH model will assume the existence of a whole
spectrum of these kind of hadrons coming from the new strong sector. They will play an important
role by means of the partial compositeness hypothesis, through which the generation of fermion
masses can be achived. It is due this hypothesis, in conjunction with the measured value of the
Higgs mass, that the existence of lighter exotic resonances in the theory is demanded. Concretely,
it will be necessary the presence of colored composite spin-1/2 resonances with a mass below 2
TeV [95-99], one for each SM fermion, mixing with the SM fermions.

5.2.2 Partial Fermion Compositeness

Standard Model gauge field are coupled to the composite sector by gauging Gy C G, but coupling
SM fermions to this same strong sector could not be so intuitive, and in fact more than one
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possibility can be found in the literature. One way to go would be to write down bilinear couplings
to composite operators, of the form

Loix = ' QrO%tr + y* QL O% R + h.c. (5.3)

where Qr, = ({1, bL)T, tr and dg are usually taken only as the third generation of quarks in the SM
since they play the most prominent role, and the dimensionless parameters yf’b defines how strong
the external perturbation is. The operator Og is a Lorentz scalar composite operator constituted
of strong sector fields forming Yukawa-like couplings. This mechanism for fermion mass generation
was adopted first in the context of Technicolor theories, and also in the first realizations of a
composite Higgs. For example, in minimal technicolor we have

(OS)ij - wiR¢L,j (5-4)

where ¢y, r are the chiral techniquark fields, endowed with flavor indices i,j = 1,2 in SU(2)1 x
SU(2)g. This mechanism, however, typically suffers from a severe flavor problem [100].

As a second possibility we introduce the so-called partial compositeness hypothesis, originally
proposed by D. B. Kaplan [101], and which constitutes nowadays in CH models the most appealing
way to break the Goldstone symmetry and generate the Higgs mass and the Yukawa couplings of the
elementary sector, through a mixing between these elementary states and operators of the strong
sector (i.e. with fermionic resonances), and without introducing too large flavour-violating effects.
The mechanism of partial compositeness postulates the existence of new elementary fermions with
the same quantum numbers to SM quarks and leptons, and that in the UV Lagrangian (i.e. above
the G-symmetry breaking scale) each chirality of these fermion couples linearly to a different com-
posite fermionic operator O r made of the composite fermions ¥ and the pNGB’s of the strong
sector

Lnix = ngLOQ,R + ytrO:L + yRbRrOL L + h.c. (5.5)

where we have written the terms that concern just to a third family of elementary fermions, namely
Qr = (tr,br), tr and bgr. Since the elementary sector does not respect the full global symmetry
G, once the composite and elementary sectors are coupled, the 1-loop effective potential generated
by the elementary-composite interactions will allow the Higgs to have a mass and fix its vacuum
expectation value in a Ggm-breaking direction, where the proto-Yukawa couplings yr, r can be
viewed as spurions parameterizing the effects of the explicit breaking and which constitute matrices
in flavour space. This is very interesting as contrary to the SM case, where the Higgs potential is
some ad hoc term in the Lagrangian. Thus, in these models we have a dynamical explanation of
the electroweak symmetry breaking and the Higgs mass.

5.2.3 (Top) Partners

After the linear mixings in the fermion sector 5.5 are diagonalized, we will find that the resulting
physical SM states are a linear combination of elementary and composite degrees of freedom [89],
namely

|Physical), = cos 6; |Elemental), + sin #; |[Resonance), (5.6)

The effects of the strong dynamics are encoded in terms of the form factors of these SM states
in momentum space, in analogy with the form factors of the nucleons in low-energy QCD. It is
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expected, and for each family, there will be at least one spin-1/2 resonance for each gauge-invariant
composite local operator O, g presented in 5.5. These kind of resonances are called partners. The
following are some of their fundamental characteristics:

1. Partners are multiplets of the unbroken symmetry H which in turn, as expected, should
contain the custodial symmetry SU(2) x SU(2) extending the electroweak symmetry SU(2) x
U(1).

2. Partners must carry QCD color because the composite fermionic operators must come in
color triplets in order to be consistently coupled with the quarks. Hence, due their coloured
nature, partners can be copiously produced at hadron colliders by QCD interactions.

3. The Partner’s mass originates from the strong sector confinement regardless of the breaking
of the EW symmetry. If they are charged, then they must thus be endowed with a Dirac mass
term, which means that both chiralities must be present with the same quantum numbers.
Following Eq. 5.2, the typical mass of the top partners will be represented by My and so the
corresponding coupling gy is defined through

gu = J\/.J[:Ij (5.7)

4. The naturalness of electroweak symmetry breaking will depend on the mass of the top-
partners. That is in close analogy with the supersymmetric case, where naturalness is largely
controlled by the mass of the bosonic top partners, the stops. The common feature of all
scenarios is that the top partners need to be light for a reasonably natural theory, but the
way the tuning scales with the top-partners’ mass is instead different in each case [102].

In general, the Higgs potential is largely determined by the dynamics associated with the top quark
and the partners it mixes to, which are specifically called top partners. As expected, top partners
will play a prominent role.

In the MCH model context, top partner fields ¥ must have well-defined transformation prop-
erties under the unbroken SO(4) group. We will consider three cases: ¥ transforming in the

re=1, r7¢g =4, and r¢g =29 (5.8)

of SO(4). Since partners are excited from the vacuum by the operators O, ;gr, it follows for
corresponding top partners ¥4 and ¥y that

<0’OL‘\P4> 7& 0 and <0|OR’\I/1> 7& 0 (5.9)

It is worth mentioning that fourth-generation quarks with SM-like chiral couplings are excluded
as they contribute through loops to the couplings of the Higgs boson, altering the Higgs boson
production cross-sections to values incompatible with observation [103,104]. These constraints
on chiral quarks can be evaded by heavy wvector-like quarks (VLQs) [105]: hypothetical spin-1/2
coloured particles that, unlike to fermions in the SM, both of their chiralities share the same
electroweak coupling; hence the qualification vector-like. Vector-like quarks are materialised in CH
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models as resonances discussed just above. Unlike other models®? predicting VLQs, it is perhaps
in CH models where they have their most crucial stand due their role stabilizing the loop-induced
Higgs potential and keeping the Higgs mass light [98,106]. Not only of theoretical interest due their
roles played in many BSM, VLQs constitute one active area of experimental search, such as the
carried out by both the ATLAS [107] and CMS [108] collaborations at the LHC. Since top partners
are heavy fermions coupled to top and bottom, the experimental searches for 4th family quarks
present a somewhat similar phenomenology, and can be used to derive bounds on particular CH
models [102].

5.3 Embeddings
5.3.1 Embedding Composite Operators

We now return to our problem of identifying suitable representations for the fermionic operators.
In order to simplify the possible choices, we focus on those that transform linearly under the
whole group SO(5). Apart from this, is an operator of the strong sector that transforms in some
representation ro of SO(5) x U(1)x and whose choice is, to some extent, free. Minimality and the
aim of reproducing explicit models considered in the literature, led us to consider two cases?*

ro = 52/3 and ro = 142/3 (510)

The choice of a specific embedding for the composite operators will have two immediate conse-
quences. On the one hand, the embedding of the elementary sector will be immediately set. On
the other hand, the decomposition of these SO(5) embeddings under SO(4) will motivate the cor-
responding embedding of the (top) partners.

Finally, we analyze the form of the composite operators. Let us suppose the elementary sector

is embedded into ro-multipletes. Since the fermion resonances ¥ sit in representations ry of H
only, then this implies that [96]

O x XV (5.11)

from where it follows that
O — (¢Bh")(hY) = gO (5.12)

By dimensional analysis the proportionality constant is chosen to be f, the decay constant of the
strong sector and the characteristic energy scale of it. Hence, the composite operators will have
the form

OZ(?I,%TW = fE\I]L,R (513)

Notice that the embedded Q1 r can not be contracted directly with ¥ because they live in different
spaces. The former transforms linearly under SO(5) as reported in 5.18 and 5.22, while ¥ transforms
under the non-linear representations of SO(4). For this reason one insertion of the Goldstone
matrix, transforming according to Eq. 4.56, is needed. Therefore the resonances ¥y, g, besides
being embedding in ry of H, must be “uplifted” to the representation rp of G in order to be

33VLQs also play a useful role in other models, like supersymmetry [109-111], and their phenomenology can be
studied in effective models, independently of the theoretical framework they come from (see, for instance, [112-117]).
34The phenomenology of the case 7o = 10 is, in addition to those presented here, studied in Ref. [118].
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correctly coupled to the elemental states through 5.5. On the other hand if, for example, the
elementary sector is now embedded into a two-indices symmetric traceless tensor representation,
then the composite operators will have the form

O = fX¥y, gX1 (5.14)
which can be used to construct the following G-invariant quantity:
Tr[O] = Te[fXURT] — Te[f (gEhT) (RURT) (g2AT)T]
= Tr[f2Uxf] (5.15)

In this sense, any representation g can be “dressed” with the matrices 3. to get representations of

G.

5.3.2 The Elementary Embedding rp =5

As we have said, the embedding choice of the composite operators sets the embedding of the
elementary sector. Our first case is the fundamental 5 representation, where both chiralities Q3
and Q% of the elementary states (in this case, just top quark-like states) have representatives
couplings y;, and ygr to the strong sector, respectively. We write these interactions

LY =y QIOF™ + " QROT™ + hec. (5.16)

mix

where we have defined the “incomplete” five-plets [118]

ibg, 0

5 1 L 5 0
QL = — ZtL y QR = 0 (517)

V2, 0

0 tr

with suitable transformation properties

Qi,R —gQ} p or (Qi,R)i = gij(Q%,R)j (5.18)
Qlr— Qlrg " or (QF )i (Q1r)ilg ), (5.19)

under g € G. The U(1)x charge for each five-plet is equal to 2/3.

5.3.3 The Elementary Embedding rp = 14

The second case correspond to a 14 embedding. The partial composite sector reads

Llere — ayTr [ygl’r‘p Q}:4O}{47w + y}{l’m’ Q%O}f’w’] + h.c. (5.20)

mix
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with ay = v5/2,v2,1 for ry = 1,4,9, respectively, and where we have defined the fourteen-
plets [118]

0 0 0 0 bt —tgr O 0 0 0

" 1 0O 0 0 0 br, " 1 0 —tp O 0 0
=—10 0 0 0 it Qp=——=1 0 0 -t 0 0 (5.21)

L L ) R R
V2o 0 0 0 -t 251 0 0 0 —tx 0
tby, bp ity —tr O 0 0 0 0 4ip
with suitable transformation properties

1L%R = LCJQ%R971 or (Q%R)ij = Qikgjl(QlL%R)kl (5.22)
Qi r—9Qrry™" or (Qrr)y+— Qr'r)u(g (™ (5.23)

under g € G. The U(1)x charge is equal to 2/3.

5.3.4 Decomposing ry

The decomposition of ro of SO(5) under representations of SO(4) will allow us to identify the
resonances that can coupled and how they should be embedded. Indeed, note that

9973 = la/3 © 43 (5.24)
1495 = 153 ® 49/3 D 993 (5.25)

Therefore, in both cases we expect to find a 153 and/or a 4, /3 in the low-energy spectrum. In
the last case this implies that, in addition to four-plets and singlets, the elementary states can also
mix with fermionic resonances that transform as nine-plets under SO(4). We proceed to analyse
the above cases in the next subsections.

5.3.5 The Resonance Embedding r¢y =1

The singlet representation ry = 1 allows the introduction of a single exotic top-like partner, denoted

here through 3
Uy :=T (5.26)

and whose Lagrangian is given by
Ly, = VipWy — MU0, (5.27)

Since it is a singlet of H = SO(4), it does not transform under CCWZ. The corresponding composite
operators are given by

O%}R =[SV R (5.28)
Oy = fEU] gXf (5.29)

where we have introduced the following 5 and 14 embeddings of SO(5) for this singlet partner

0

5. 4x1

- ( Wl) (5.30)
Uit = diag(01x4, U1) (5.31)
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Table 5.1: Charges for the different states found in the models ro = 5 and 14. The conventions
Q=I3+Y and Y = T3 + X are used.

Q I3 Y | Tsg | X
T [ 237 0 [ 23] 0 |2/3
Xos | /3 | 1/2 | 7/6 | 1/2 | 2/3
Xos | 2/3 | =1/2| 7/6 | 1/2 | 2/3
T [ 2/3 | 1/2 | 1/6 | —1/2 | 2/3
B | -1/3| -1/2| 1/6 | —1/2|2/3
Usjs | 8/3 1 | 5/3 1 |2/3
Usss | 5/3 | 0 | 5/3 1 |2/3
Uy | 2/3 | =1 | 5/3 1| 2/3
Yais | 5/3 1 [ 2/3] 0 [2/3

0

0

Yoais | 2/3 | 0 | 2/3 2/3

Yoy | =1/3 ] =1 | 2/3 2/3
Zyys | 2/3 1 [ =1/3] =1 [2/3
Zy | -1/3 0 | -1/3] -1 |2/3

Z g | —4/3| -1 | -1/3| —1 |2/3

5.3.6 The Resonance Embedding r¢ = 4

The four-plet representation ry = 4 allows the introduction of top partners encoded through

iB—iX5)3
W, = \2 Z,]; 1 gé/; (5.32)
T+ X33
where the subscripts denote the electric charge. It transforms under CCWZ as
Uy WUy or (W) h(04)) = exp (iCaRa)’; (Va)] (5.33)
Ty Ugh™h or (Uy); = (Bg);(h71, (5.34)

for a generic element h[p;g] € SO(4). This four-plet ¥y is decomposable into two doublets of

SU(2) 1, namely
T (Xs
Uy o < B) , < X2/3> (5.35)

of hypercharge 1/6 and 7/6, respectively. The former has the same quantum numbers as the doublet
(tr,br), whilst the latter contains a state of exotic charge 5/3 plus another top-like quark X /.
The Lagrangian of this four-plet ¥4 of top partners is given by

Ly, =V iVVy — MU0y (5.36)
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with ¥V = YV, given by

2
VM\I/4 = <8ﬂ + gig/BM + i6M> \1’4 (537)
The corresponding composite operators are given by
Op'p = FS¥iL p (5.38)
Oy =[O} pXt (5.39)

where we have introduced the following 5 and 14 embeddings of SO(5) for this four-plet of partners

0 = <‘164> (5.40)
Ul .= diag(¥y,0) (5.41)

5.3.7 The Resonance Embedding ry =9

The nine-plet representation rg = 9 allows the introduction of top partners encoded through
symmetric, traceless 2-contravariant tensor field [119] (elements in the upper diagonal have been
omitted for clarity)

Ty 1= (5.42)
—Usgyz + Yoz — Zay3
1 U, i€_4/3 - i/US/B z iU, Ug/'ro;/—’— Y2/3;~/_ Z_4/3'Z
— 5/3 -1/3 5/3 -1/3 tUs/3 tY_1/3 t¥s5/3 14.1/3
9 R +5 -4 v + K + 4+ A Uzs—Yas—Zys
_Mays iY./3 n Wiz 1Zays s/3 | Yass Ys/s  Zays iUs o —iZ Usga — Yoa + 2
5 7 5 7 NG 73 /2 72 2/3 2/3 2/3 2/3 2/3

and transforming under CCWZ as

W s hWgh™ or (W) — hiph! (Wg)H! (5.43)
\ilg — h\ilghil or (\i/g)ij — (\i’g)kl(hfl)ki(hfl)lj (5.44)
This nine-plet Wy is decomposable into three triplets of the SM gauge group SU(2)y, namely
Us/s Y53 Zay3
VoD | Uspz |5 | Yorz | | Zay3 (5.45)

Uyys Y3 Z.4)3

separated according to their T}% =1,0,—1for U’s, Y’s, and Z’s, respectively. The subscripts denote
the electric charge, and their hypercharge correspond to 5/3, 2/3 and —1/3 for each family. The
Lagrangian of this four-plet g is given by

Ly =Tr [WgiAWg| — Tr [MgWoWy] (5.46)
with A =~*A,, given by

. 2, . .
AV =V, Vg 4 iWge, = (8# + gzg’BH + Ze#> Vg +iWge, (5.47)
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The corresponding composite operator is given by

Oplf = foug] Xt (5.48)
where we have introduced the following 14 embedding of SO(5) for this nine-plet of partners

Uit = diag(¥y,0) (5.49)

5.4 Interaction Between Partners

It is possible to construct interaction terms between the previous partners using SO(4)-invariant
objects at our disposal, namely Wy, Wy, W9 and d;,. The following correspond to the terms of lowest
possible order:

1. Between ¥, and ¥4 we have
Ly, , = ic14(Pa)iv"dy, V1 + h.c. (5.50)
Indeed,

Z'0174(\T/4)fyudz\1/1 — ’L'CL4(@4)k<h_1)ki’y“hildiqﬁ

= 10174(@4);{(5[]{7“%#\1/1
=1icy 4(¢’4)17“dL\I’1
2. Between ¥ and ¥g we have
Loy, =i (Bg)ysd dI0, + h.c (5.51)
W9 — f 9)igty, 1 .C. .
3. Between ¥4 and W9 we have
5@479 = iC479(\i19),~j’y“dL(\I/4)j + h.c. (552)
4. Between ¥, ¥4 and ¥g we have
Lo, =i 259 (Gg), ytdi (0,0 + hoc (5.53)
Wi49 — f3/2 9)ij7V 0 ¥4 1 .C. .

The dimensionless coefficients ¢; ; and ¢14,9 are expected of order unity from power counting argu-
ments [120].
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5.5 The Models Mp
5.5.1 Identifying the Models

Finally, depending on whether the composite operators are embedded in 553 or the 1453 of
SO(5) x U(1) x, this will give rise to the corresponding models

Mo € {M5, My } (5.54)

Taking into account all the information of the previous chapters, the Lagrangian Ly, of each one
of the two previous models will be written as

Laig = L19

elem

+ L7 4 L9 (5.55)

mix

We proceed to detail each one of the previous Lagrangians:

1. L9 correspond to the elementary sector Lagrangian 5.1 with Qr r embedded into the

representation ro of SO(5).
2. L is the Lagrangian of the partners:

2.1 For ro = 5 the Lagrangian is given by

,CE&, =Ly, + Ly, + 'C\P1,4

= ‘ifliw\l’l — Ml‘iil‘lil + \I’4Z'W\IJ4 — M4‘I’4‘I’4 + (i61,4(\i’4)i’y“di\l’1 + h.C.) (5.56)

2.2 For ro = 14 the Lagrangian is given by

‘C}Il4 = ‘C‘Ill + ‘C‘I/4 + ‘6\1’9 + ‘6\111,4 + ‘C‘Pl,g + ‘C‘IJ4,9 + E\I’1,4,9

= WipUy — MyW Uy + WiV 0y — MyWy0y + Tr [WgiAWg| — Tr [MyWo Wy

+ <’LCl 4(\114)1’)/Md2 Uy + ’L (\Pg)wdz du’J\Ifl + 1c4 9(\119)2]7 d’ (\I/4)

;
) a0 0 e, ) (5.57)

t1 f3/2

3. L79 is the corresponding compositness Lagrangian:

mix

3.1 For ro = 5 the Lagrangian is given by

5,1 5,4
‘C?nlx . Emlx + Emlx (558)
where
Lo = ilQLfE\IflR + Y3 QLYY + b,
=y QL)% 501k + yy fIRE WL + hic. (5.59)
and

Lo =y QLIS VE, + y?%4QEisz‘I’iL + h.c.
=y Q)12 i (Var) + y3i" fERY%(Var)’ + hec. (5.60)
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3.2 For ro = 14 the Lagrangian reads

ol =gty gl plld (5.61)
where
V5
e 7Tr[ P rRwEst 4y QK rulisT| he.
\/5 14,1 ~14 I J 14,1 ~14 I J
=5 (yL fQRL) T X7 5Wr +yp f(QR) 1Y 557 5P, +h-C-> (5.62)
and

L34 — /oy [144 Wnplisi 4 WAgU gl Eq—i—h.c.

le

= V2 (5 Q=S5 (W) + yi Q) 1S S5 (W) +hee.) - (5.63)
and

L35 = T [y QE Fowhst + QK rRwd s he.
= y£49 (@ )IJEI ZJ (Tor)" +y1 9f(Q )IJEIiEJi(‘I’gL)ij +h.c. (5.64)

5.5.2 The Models M5 and M4

Finally, we present the Lagrangians of the two models 5.54. On the one hand, the Lagrangian of
the model Mj5 including the lowest order interaction between the partners ¥; and ¥, is given by

Laty = Llemn + L4 + Liyix
= —ZWjVWI“” - EBWB’“’ +Q1ilpQ5 + triltr
+ Uiy — My Uy + UiV Oy — MyWaWy + (icya(Vs)iyd), Uy + hec.)
+ (B @D W r + o FERE5 W + b))
+ (?JiAf(Q%)IEIi(‘IMR)i + y}r’;{4ffRE5i(\I’4L)i + h.c.) (5.65)

where I = 1,...,5and ¢ = 1,...,4, and all terms carrying dimension-4 operators. On the other
hand, the Lagrangian of the model M4 including the lowest order interaction terms between the
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partners ¥y, ¥, and ¥y is given by
[’M14 ‘Celem + ‘C £111141X
= —ZWL{VWIW — fB,wB‘“’ +QrilPQr + triltg
+ UipWy — M0 Wy + UiV Wy — My Uy + Tr [WoiAWg] — Tr [MoWgWy]

+ <zcl4(\v4wm i () d Ay e o (To) P ()

f

+1 f3/2 (\Ilg)zﬂ d (\114)7\111 + h. c>

+ \f (ygl’lf( i St 5E 5Vir + 9}34 1f(@}§)u2]52‘]5\11m + h.c.)

V2 (y QI B 5 (Wan) + i QRS 3 5 (War) + e

+ (U F@EY =T (Wor) T + it QK1 B (o) + huc.) (5.66)
where I,J = 1,...,5 and ¢ = 1,...,4, and with all terms, except Ly, , and Ly, ,,, carrying

dimension-4 operators.

5.6 The Sub-Models Mo g

It turns out that sometimes it is possible and convenient to develop a simplified description of the
previous models in order to study the phenomenology of the production of specific top-partner
sectors. Any of these simplified models should capture the robust features of the above complete
constructions Mp. In particular, robust and crucial features are the pNGB nature of the Higgs
and the selection rules associated with the small breaking of the corresponding global symmetry.
Depending on whether the composite operators are embedded into 7o = 54,3 or 1453, and partners
are in ry = 1y/3, 49/3 or 993 of the unbroken SO(4), this will give rise to five sub-models. We
denote them by

Mo, € {Ms,1, M54, M14,1, M144,Mi149 } (5.67)

and their classification is summarized in Table (5.2). Taking into account the information of the
previous sections, the Lagrangian Ly, , of each one of the previous sub-models can be divided as

EMO,\P = L0 4+ ﬁ\yr + Lrory (5.68)

elem mix

Table 5.2: The five sub-models shaped by the choices of the representations ry and rep.

ro=2>5 Ms 1 M5 4 -
ro=14 | My Mis 4 Mig9
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As an example, the Lagrangian of the sub-model M5 4 would be

5.4

mix

1 1 ~= . — .

= _EWF{”WW — BuwB" + QYiDQ7 + trilltr
+ WiV — MyU 40y

+ (3 F@) ST (Wan) + i FERS? (War)' + e (5.69)

£M5,4 = ‘Cglem + £‘1’4 +L

A detailed discussion of the sub-model Ms 1, M54, M4 and Mjss can be found in Ref. [102].
Nevertheless, in this Ref. authors consider the right-handed top quark ¢tz emerging as a chiral
bound state of the strong dynamics, and so tg must belong to a complete multiplet of the unbroken
subgroup SO(4); moreover, since they do not want extra massless states, it must be a singlet. In
this context, the above Lagrangian will change to

1 1 I
‘CM5,4 = _ZW;{VWIHV - ZB;WB"W + QileQ% (5.70)

+ WiV ¥y — MWyl + Epiltr + (ica r(Va)in"d,tr + hoc.)
- (yi’ﬂ‘f@i)ﬂ[i(\?m)" + oyt R Q) I str + h.c.)

6 Extra Resonances

6.1 Spin-1 and Spin-0 Resonances

Since pNGB transform as a 4 of SO(4), other resonances must fall in one of the following represen-
tations
44=10609 (6.1)

of SO(4). Therefore, the resonances can be equivalently encoded by one of the SU(2);, x SU(2) -
representations
(1L,1)®3,1)(1,3) 6 (3,3) (6.2)

and so symmetry implies that the possible spin assignments are
1. A spin-0 state n = (1,1)
2. Two spin-1 states pr, = (3,1) and pr = (1, 3)
3. A spin-0 state A = (3,3)

We will focus our analysis in the first two cases.

6.1.1 Spin-1 Resonances

On the one hand, and in view of Eq. 6.2, the existence of spin-1 resonances pf = (3,1) and
Pl = (1,3), below the cut-off of the theory at Ayc = 47 f, can be assume. They are parametrized
by a mass m, = g,, f and a coupling 1 < g, < 4w, which controls both the interactions among
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the resonances and the resonance-pion interactions (here xy € {L,R}). This scenario has been
considered in [95]. Their description as triplet representations of SU(2); x SU(2)gr follows the
vector formalism presented in [121], where the fields transform non-linearly as
i
pho=pht Tay s Pl hpkht + gf(haﬁhf)x (6.3)
Px
under a transformation g € SO(5), with h = h[¢; g] and the unbroken generators 7T, are defined in
Appendix (B.5). At leading order in derivatives, the most general Lagrangian allowed by Eq. 6.3
has the form [122]

EP = Z £1;;H + ﬁpx/PNGB + £PX/M

x=L,R
1 Ly ml27x o w2 mag
- Z — a2 Px P T (P — €)™+ Lattp, + Ly, (6.4)
x=L,R 4 Px 2gpx X
where
1
Lvpy, = ﬁaxi*]&(ﬂux — eux) +hec. (6.5)
1
[’ﬁi‘gpx = ?ﬁix‘]g:pﬂ”x + h.c. (66)

The e, symbol is given by Eqgs. 4.104 and 4.105, and the field strength is defined as
pi” = otpy — 0" pk + [p", p"] (6.7)

Lagrangian 6.5 encodes fermion currents coupled to the spin-1 resonances, whereas Lagrangian 6.6
contains tensors of the 2nd rank made out of fermions and coupled to the resonance strength field.
The set of fermion currents and 2nd rank tensors constructable for the four first sub-models in the
list 5.67 can be found in Ref. [95].

6.1.2 Spin-0 Resonances

On the other hand, and again in view of Eq. 6.2, the existence of a spin-0 resonance n = (1, 1), below
the cut-off of the theory at Ayc = 4rf, can be assume. It is parametrized by a mass m, = g, f
and a coupling 1 < g, < 4w, which controls both the interactions among the resonances and the
resonance-pion interactions. As done for the p resonances, we write the effective Lagrangian by
focussing on the leading operators in a derivative expansion d/A that are relevant for w7 scattering.
The Lagrangian that is found reads [122,123]

Ly = L5 + Ly pnes + Loy (6.8)
where

1. lelin in the kinetic and mass term

in 1
ﬁl,; = 7(8#77)2 — §m727772 (6.9)
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2. L, pngB is the Lagrangian coupling the pNGB sector and the n-sector

vyt

where cubic and quartic self-interactions for  have been omitted, and a,, b, < O(1).

2
LyjonGE = r < Ty >T&r[dud"] (6.10)

3. L, is the Lagrangian relating the Mo sector and the 7-sector

Lo = Loing + Lot (6.11)
where

3.1 Cd?M generates the derivative couplings

der
Lo = f\[ O0un + h.c. (6.12)
where the fermionic currents J! with ¢ € {Q,V,Q¥ } are summarized in Tables 6.1
and 6.2. We have divided for convenience the currents into the sub-models Mo v, but

for every model My we should sum the currents over the corresponding partners V.

3.2 E:}?M generates the trilinear fermion-fermion-scalar couplings

Lo, = (yi’%(@%)fzgwl R+ Y RSP + h.c.) 7 (6.13)
£%?M54 = (yLn(QL)]Z (\II4R) + yR’ ntREE’ (\II4L) + h. c) (6.14)
ot =Y (i ony sy m Qi) 1% 557 0, +h 6.15

77/M141_7 yLn< L) 54 5 1R+yp”]( R)IJ 52 5WY1r +he|n ( )

LiMuas = \f( L @EN B S5 (War) + yi (QF) 1B 2 5 (War) + h-C-> U
(6.16)
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Table 6.1: Fermionic current for the sub-model M5 ; and Ms 4.

Ms 1

|

Ms 4 |

Jo, = Q17"Q}

Jo, = Q17"Q}

J5, = Q" Q%

Jh, = Qry Q%

=tpy"tR = tpy'tr
T T R
= U y" 0, = (W4)ir"(Ts)’
Jopu, = QX" | Jh, 0, = Q131 ,
= (Q1Y)s7" ¥z = (Q1)i" (War)’

T pu, = QREN" ViR

ng = QEJ){E’Y“‘I’?;R

=Xy TR

= 1rY° " (VyR)’

Table 6.2: Fermionic current for the sub-model My4 1, Mi44 and Mg g.

Mig 1

|

Mig 4

|

Misg

|

Jo, = Tr [XTQ'SyST Q'Y

Jo, = Tr [XTQ'Sy ST Q'Y

Jo, = Tr [XTQI' 2T QY]

Jo, = Tr [ETQEEA" 2T QRS

Jo. = Tr [ETQEY" 2T QY]

JgR =Tr [STQHE*ET QY]

T =T [U]7 0]

Jr =T [U]7 0]

T, = T [l

JgL% =Tr [E;Qizw\pﬁ} ng =Tr [E; Qézyw}iﬂ JgL% =Tr [2; Qézywiﬂ
i i : — i
Jéﬁqul =Tr [E Qg 27“‘1’1}2] Jéﬁm =Tr [E Qg 27“‘1’41%] J(SR\I/Q =Tr [E Qg 27“‘1’91«2]

6.2 Bringing Together the Sectors

6.2.1 The Models M,, and M, ,, Coupled to Spin-1 or Spin-0 Resonances

We can now joint the elementary sector, the resonance sector and the pNGB sector in order to
construct a composite Higgs model with all the above characteristics. The Lagrangian of these

models read

Ly = LongB + Ly, + L

(6.17)

where LngB is given by 4.107, Ly, correspond either to 5.65 or 5.66, and L, is either 6.8 or 6.4.
Similarly, we can work with any of the four models 5.67. The Lagrangian of these sub-models then

read

Eﬂ(b;p = ﬁpNGB + EMOy\I/ + L

(6.18)
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where Ly, , is now given by 5.68. For example, the Lagrangian of the sub-model M; 4 coupled to
a spin-0 resonance 7 reads

Lg74 — »CpNGB + »CM5’4 + Lfr]

2 2|H 2 H|? 2|H
= 2"’;]’2 sin’ \f} (D, 1) (D* 1) + 8|J;I|4 <2fZ,’ — sin® \f} |> (01H*)?

1 1 _ _
— Wi W — 2B, B + QLilQ] + triltr
+ UiV Uy — MUy,
+ (Z/i’4f(Qi)Izli(‘1’4R)i + y%4fERE5‘(‘1/4L)i + h.c.)

1 1 2
+ 5(8u77) — §m,777 + f— <2a77f + by, f2> Tr(d,d"] + ( \[Jl“a,m + h.c.>
(yL D QDS (War) + yp ERES (War)' + h.c.) n (6.19)

7 Phenomenology of a Specific CH Model with a Spin-0 Reso-
nance

7.1 Introduction

Here, we show the basic result presented in Ref. [123] where the author of this thesis participated.
The work was realized under slightly different assumptions to the ones presented in the previous
sections. It explores the low energy effects from the interplay among an elementary, partner-
resonances and spin-0 resonance sectors in a SO(5)/SO(4) CH model framework. Such interactions
are encoded via derivative couplings of the scalar resonance 7, assumed to be a singlet of SO(4),
with a complete set of SO(5)-invariant fermionic current. The elementary sector is embedded into
the cases ro = 5 and 14. In the former scenario, the embedding 5.17 is used, while in the latter
one the right-handed top quark trp emerges as a chiral bound state of the strong dynamics and
must thus belong to a complete multiplet of the unbroken subgroup SO(4), and given we do not
want extra massless states, it must be a singlet

0 0 0 0 b
Lo 0o 0 0w
= 7 0 0 0 0 it |, QH=tg (7.1)
0 0 0 0 —tf

ibr, bp itp —tg, 0

Finally, the decomposition 5.24 and 5.25 are taken into account in order to generate the four model
M5 1, M5 4, M141 and My4 4, where the the case ry = 9 was dropped. The top partners are encoded
by 5.26 and 5.32.



7 PHENOMENOLOGY OF A SPECIFIC CH MODEL WITH A SPIN-0 RESONANCE 91

7.2 Spin-0 Production and Decay
7.2.1 Spin-0 Branching Ratios

All the quark partners are colored, hence their pair-production at hadron colliders is QCD-driven,
being completely model-independent and insensitive to the degrees of compositeness of the associ-
ated SM quarks. Qualitatively, the top partner production is independent on whether both or only
one multiplet is present in the effective theory.

0.100

Br(n » XX)

=
=]
—_
(=]

0.001

1.0 15 20 2.5 30
M, (TeV)

Figure 7.1: All branching ratios for the different n-decay modes at M54 by setting £ = 0.2 and
a, = 1/2, and accounting for no currents, i.e o; = 0, as well as their constribution when a; =1
(thick and dashed curves). Taken from Ref. [95].

Decays of the heavy resonance 7 may occur into single and double top partner’s final states (the
former accompanied by an associated SM quark), as well as into gauge and Higgs channels, e.g.
n — {hh, WW, Zh}. Fig. 7.1 gathers the branching ratios for two different cases o = 0,1 (thick-
dashed curves) at Ms 4 with £ = 0.2 and by setting a,, = 1/2 at 6.10, whose involved effective term
is responsible for the gauge and Higgs channels. Generically, these modes will be more relevant
rather than the fermionic channels as a consequence of the involve kinematics of both initial and
final states. It is worth noting that:

e No fermion-resonance currents («; = 0) entails dominant dijet, top-pair and gauge, Higgs
channels, while sub-dominant single-double partners final states. The dijet channel is the
dominant one for M, < 2TeV, becoming sub-dominant with respect the W-pair for a higher
mass value.

e The scenario is altered after switching extra fermion-resonance couplings on (c; = 01. In-
deed, the dijet, top-pair and gauge, Higgs channels qualitatively diminish, with a notorious
enhancement for all the single and double partner final states in contrast. Despite this, the
former modes are still relatively the dominant ones.
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e The enhancement occurring at the partner final states, may be a slight departure, as in the
case of the mode bB, or even an rough increase of one or two orders of magnitude for the
tXy/3 and TT' channels.

Analogous comments apply for the product of the scalar resonance production cross section times
the corresponding branching ratio. Once the scalar resonance are produced, their decays can
generate, aside from the gauge and Higgs channels, either a single or double quark partner in the
final states. A fuller top partner production mechanism is triggered by bringing QCD, EW and
Higgs-mediated interactions onto the stage.

7.2.2 Spin-0 Cross Sections

The role of spin-0 and spin-1 resonances on the pNGB scattering has been studied in [122], and
their experimental searches were explored for £ = 0.1 in [124,125]. Associated production cross
sections through the process pp — n where computed by using MadGraph 5. Fig. 7.2 displays all
the spin-0 production cross sections as a functions of the parameter M, in the benchmark mass
range M, € [0.6, 3] TeV, for all the models at /s = 14 TeV, and setting o; = 1 for £ = 0.1,0.2. The
resonance production is slightly altered when the fermion-resonance current interactions of 6.12 are
included, therefore the situation a; = 0 coincides with the one in Fig. 7.2.

14 TeV

a(p p - 1p (pb)

0.001|

1.0 15 20 25 30
M, (TeV)

Figure 7.2: Production cross section for 7 in all four models at 14 TeV, for £ = 0.1,0.2 (thick and
thin curves), and by setting a; = 1. Taken from Ref. [95].

Keeping the SM top quark mass at its experimental observed value requires the proto-Yukawa
couplings yi@%’ to be properly set, either through its predicted value and by implementing relations.
The scalar heavy resonances is predominantly yielded at the model M54 as it can be seen from
Fig. 7.2. In addition, a higher {-value enhances all the productions, although at M4 4 the production
is slightly increased. Notice that whether the elementary fermions are 5 or 14-embeddings, the four-
plet scenario favours higher production values rather than the singlet one. The scalar resonance is
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mainly yielded at Ms 4, reaching rough cross section values of ~ 150 pb (0.1 pb) at M, ~ 0.6 TeV
(3 TeV) for £ = 0.2. Posterior decays of the heavy resonance may occur into single and double top
partner’s final states (the former accompanied by an associated SM quark), as well as into gauge
and Higgs channels, e.g. n — hh, WW, Zh.

7.3 Partner Production
7.3.1 Double Partner Production

The production of double-partner final states receives contributions from QCD as well as SM gauge,
Higgs, and n-mediated processes. Fig. 7.3 collects double-partner production cross sections only for
neutral final states, where we have constructed the pair cross sections for each value of the mass
parameter My = M; = My by interpolation using MadGraph 5 simulations, at 14 TeV LHC in all
the models for £ = 0.2, and for a fixed scalar mass M, ~ 1.25TeV.
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3
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Figure 7.3: Double-partner production cross sections at 14 TeV for £ = 0.2, only for neutral final
states. Two different situations «; = 0,1 (thick-dashed curves) are plotted to compare the impact
on the production from the fermion-resonance Lagrangian 6.12. Taken from Ref. [95].

Two different situations a; = 0,1 (thick-dashed curves) display the impact on the production
from the additional fermion-resonance effects regarded here. Slight enhancements occurs at Ms 4,
whereas vanishing-tiny contributions are induced at the rest of the models due to the implied f-
suppressed derivative couplings of 6.12. The final states 77T and BB are dominantly produced via
pp collisions in M144 as the involved quark partner masses are smaller than the corresponding ones
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at M5 4. The final state Xo/3X5/3 does not distinguish the elementary embeddings representation
as the involved partner masses are equal at both models. The same comments apply qualitatively
and quantitatively for the channel X5,3X5,3 as the involved partner masses are degenerate with the
corresponding one for Xy/3. Generically, producing pairs either of X33 or X;5,3 will be kinematically
favoured with respect to the double production of both T" and B, because their relatively higher
masses. Likewise, the pair production of the singlet T' (Fig. 7.3) is favoured at M4 1, as the involved
masses result smaller at 14-elementary embeddings compared with the one at 5-scenario.

g X  ud X u, d X u, d X

g X ad X a,d X a,d X

Figure 7.4: Feynman diagram contributing to the double partner production, where V' = Z,~ and
with X € {T, B, Xy/3, X5/3,T }. Taken from Ref. [95].

7.3.2 Single Partner Production

QCD induces the production of single-partner final states, together with the SM gauge, Higgs and
n-mediated processes for the case of neutral final states respectively, Fig. 7.5. These channels are
gathered in Fig. 7.7 and Fig. 7.3.

wu,d q

w,d U, d

S
)

h,m \%

£
SN
=]

=
SN
=

Figure 7.5: Feynman diagram contributing to the single partner production, where V' = Z, v and
with ¢ standing for any up down-like quark conveniently couple to X € {T, B, Xy/3, X5,3,T }.
Taken from Ref. [95].

Notice that the departures induced by the extra fermion-scalar couplings in 6.12 are only ex-
hibited at the neutral final states as they are sensitive to the mediation of the scalar resonance 7
via derivative couplings at 6.12. Cross section values are generically increased by the presence of
the latter couplings, becoming notoriously enhanced at the channels ¢ X5,3 and ¢T for the models
Mj5 4 and Miy1 respectively.

The kinematic of less massive final states at the models My44 and M4 is responsible for
the relative dominance of the former with respect M54 and of the latter compared with Ms; at
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Neutral states
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Figure 7.6: Single-partner production cross sections at 14 TeV for £ = 0.2 and for the neutral final
states. Two different situations «; = 0,1 (thick-dashed curves) are plotted to compare the impact
on the production from the fermion-resonance Lagrangian 6.12. Taken from Ref. [95].

the neutral channels bB, tT,tT, and at the charged final states bX5 /3 bT as well. Although some
cases do not obey this, like the mode tX5/3 and {X5,3, where the combined effect of fermion
diagonalization effects roughly suppress the induced contributions from the additional interactions
of 6.12. Despite the absence of the flavour-changing neutral couplings in the charge 1/3 sector [102],
and of the B — hb channel at M5 4, the final state bB is still possible at the four-plet models via
derivative couplings of 6.12 as it can be seen from Fig. 7.7. Yielding the singlet 7" at the 14-
elementary embeddings results dominantly favoured rather than at the 5-scenario as the involved
masses result smaller at the former model.

7.4 Parameter Spaces

It has been derived here the parameter spaces allowed by the recent available LHC partner searches,
in terms of £ and the mass scales M, and My. CMS has released [108] the results of searches for
vector-like quarks, 2/3 and —4/3 electrically charged, that are pair produced in pp interactions at
Vs = 13TeV, and decaying exclusively via the Wb channel. Events were selected requiring a lepton
and neutrino from one W, and a quark-antiquark pair from the other boson gauge. The selection
requires a muon or electron, significant missing transverse momentum, and at least four jets. A
kinematic fit assuming a pair production of 2/3 or —4/3 electrically charged vector-like quarks was
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Figure 7.7: Single-partner production cross sections at 14 TeV for £ = 0.2 and for the charged final
states. Two different situations a; = 0,1 (thick-dashed curves) are plotted to compare the impact
on the production from the fermion-resonance Lagrangian 6.12. Taken from Ref. [95].

performed and for every event a corresponding candidate quark mass was reconstructed. Upper
limits were set in [108] for the pair production cross sections as a function of the implied vector-like
quark masses. By comparing these limits with the predicted theoretical cross section of the pair
production, the production of 2/3 or —4/3 electrically charged vector-like quarks is excluded at
95% confidence level for masses below 1295 GeV (1275 GeV expected). More generally, the results
set upper limits on the product of the production cross section and branching fraction to Wb for
any new heavy quark decaying to this channel.

Such limits have been imposed in o x Br for all of our models and are translated into exclusion
regions for the parameter spaces involved by &, M, and My. Computation of Br(T' — Wb) and
Br(T — Wb) is performed including a scalar resonance in the final states for the total width,
with a posterior simulation via MadGraph 5 of the pair production cross section of TT and T'T
at /s = 13TeV for the four-plet and singlet models respectively. Fig. 7.9 gathers the allowed
parameter spaces (My, §) for all the four-plet and singlet models, with a total decay width summing
the standard modes Wb, Zt and ht up (1st-2nd plots), and augmented by nt (3rd-4th graphs).
Consequently, the branching ratio for any channel will be also M,-dependent and will entail a
parametric dependence on the extra fermion-resonance interactions regarded here in 6.12. Their
impact is scanned along two different situations: the dashed border regions stand for the allowed
parameter spaces assuming extra fermion-resonance couplings weighted by «; = 1, whilst the others
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Figure 7.8: Parameter space (My, £) obtained from recent bounds on top partners searches through
top-like decays into Wb final states: prior to the inclusion of the scalar 7 into the final states (1st-
2nd plots) and after its inclusion by setting M, = 3TeV (3rd-4th plots). Bound from [108] on top
partner searches through top-like decays into Wb final states have been imposed at all model. T'wo
situations have been explored a; = 0,1 (thick-dashed border). Taken from Ref. [95].

zones denote no additional interactions, i.e. a; = 0. The scalar resonance mass is fixed at the
benchmark value M, = 3TeV at the 3rd-4th graphs. As a conclusion, the recent upper limits on
top-like partners production permit part of the parameter spaces from Mj4 4 and from the singlet
models if the scalar resonance 7 is disregarded, and whether the extra fermion-scalar interactions
are considered or not. By including the scalar field into the final states a strongly bounded region,
further constrained if the extra interactions in 6.12 are included, remains at M4 4 and M5 1 only. In
this sense, those extra couplings are useful in discerning models and refining further their involved
parameter space.

An additional insight into the parametric freedom of the assumed scenarios can be explored by
fixing the partner mass scale and letting the scalar resonance one to vary. This entails of course the
scalar resonance inclusion at the final states. Fig. 7.9 illustrates this by setting Mgy = 1.25TeV. The
parameter spaces are notoriously split into a left and right-handed regions, with the intermediate
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Figure 7.9: Parameter space (My, §) by fixing My = 1250 GeV. Two situations have been explored,
a; = 0,1 (thick-dashed border). Taken from Ref. [95].

excluded ranges M, ~ 1.2 —1.4TeV and M, ~ 0.9 —1.2TeV at the 14-embedding scenarios, and
with M5 1 favouring the higher scalar mass range ~ 2.8 — 3 TeV. The inclusion of extra derivative
couplings reduce a bit the higher and lower range masses at M4 4, shifting the range masses to a
lower one at Ms 1, while strongly constricting the right handed region to M, ~ 1.2 — 1.6 TeV at
Miy4,1. Consistent {-values are still feasible.
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Appendix A Transition Amplitures for QQ — VV — QQh

There are six channels of type QQ — ZZ — QQh, and another six of type QQQ — WW — QQh. We
begin with the channels that involve ZZ-fusion, with all the possibilities (at lowest order) depicted
in Fig. (A.1). Because the difficulties (due very large terms) at calculating explicit expressions for
the cross section for these processes, we will give just the transition amplitude for each case. Let
us analyse the first case, depicted in Fig. (A.la). Feynman rules determine a transition amplitude

M (QQ — ZZ — QQh) given by

diq diqo

(2myi (s ) P a)

—iMo(QQ — ZZ — QQ'h)(2m)*6* (p1 + p2 — p3 — ps — ps) = /

x (21)26*(p2 — pa — q2) (27) 6% (@1 + g2 — ps)u(p3) [C:g’Y” (vg — CLQ’YS)] u(p1)

2
. q1p410
_q U \Gpo — — 2
- g 5 ( s my )
X U —_— Vo — ao’ u
(pa) {2@7 (vqr — agry )] (p2) e
—1 (gug/ — 7(12::220,> 212 ,
X 5 (—ing""> (A1)
g3 —my v
from where
/ / g2m2Z oo’ ~ n 5 - v 5
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(guo — (P1 = 13)u(P1 = P3)o/ M%) (Guor — (P2 — P4)u (P2 — Pa)or /M%)
x 5 (A.2)
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The remain transition amplitudes are

2,2
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QQ — Z7Z — QQh. 27 = QQ'h. QQ — Z7Z — QQh.

Figure A.1: Feynman diagrams describing Higgs production process QQ — QQh of type QQ —
Z7Z — QQh at lowest order.

On the other hand, all the possible channel (at lowest order) involving W W -fusion are depicted
in Fig. (A.2). Their transition amplitudes are given by



A TRANSITION AMPLITURES FOR QQ — VV — QQH 101

2,2
Ma(QuQif = WW = Q@i k) = TV Vg™ alps)y* (1= 7) u(pr)a(pa)r” (1= 77) u(p2)
(910 = (01 = P5)u0r = 23)o /) 0y = (02 = Pi)ulr2 = pi)or )y

[(p1 — p3)% — mi)[(p2 — pa)? — miy]

X

2,2
Mb(Qu@f = WW = QuQih) = LTV Vg™ 0(pr)y" (1= 77) v(ps)5(p2)7” (1= 77) vlpa)
% (g,ua - (pl - pS)u(pl _pS)a/mIQ/V)(gVU’ - (p2 - p4)l/(p2 _p4)0’/m12/v) (A.Q)

[(p1 — p3)? = miy][(p2 — pa)® — miy]

4 ud’
(guo — (P1 — P3)u(P1 — P3)o /M3y ) (Guor — (P2 — Pa)u (P2 — Pa)or /Miy)
2

[(p1 — p3)2 = miy][(p2 — pa)? — miy]

M(QuQN — WW — QL,Q!h) =

Viram g7 a(ps)y* (1 — %) u(p1)v(p2)y” (1 —~°) v(pa)

X

(A.10)
2,2

My(QuQly — WW — Q,Qu'h) = g ZZW Vi Vi 97 w(p3)y* (1 =~°) u(p1)v(p2)y” (1 —°) v(ps)

o o = (p1 = p3)u(pr — P3)o /M3y ) (Guor — (P2 — Pa)u(p2 — pa)or /miy,)
[(p1 — p3)? — my)[(p2 — pa)? — m3y]

(A.11)
2.2

Me(QuQly = WW = QUQi) = Vi Vg g™ 5(p2)r* (1= 77) ulp)alps)y” (1 =7) v(pa)

o« Guo = (pr+ p2)u(p1 + p2)o /My ) (Guor — (D3 + Pa)v (D3 + Pa)or /MGy)

[(p1 + p2)? — my][(ps + pa)? — miy]

(A.12)

2m2 / _ v
4,UW ViraVurmar g7 0(p2)y* (1 — ~°) u(pr)a(ps)y” (1 — %) v(ps)
 Guo = (P14 P2)u(P1 + P2)o/my) (Gvor — (P3 + Pa)u(P3 + Pa)or /i)

[(p1 + p2)? = my][(p3 + pa)? — miy]

M(QaQly — WW — QQh) = 2

(A.13)



B GROUP REPRESENTATIONS AND GENERATORS

Qu P1 p3 Q:l
\ “ /

———————— h

y /p: m\\ Qv

(a) Channel Q, Q] —
WW — QL,Q\h.

———————— h
Q /,: p4\~ Q

d) Channel Q4Q’ —
(d) Qg
WW — Q.,Q"h.

Qv

(b) Channel Q, Q) —
WW — QL,QW h.

(e) s-Channel Q, Q) —
WW = QUQU .

102

Qu

Qu

(c) Channel Q,Q" —
WW — Q,Q h.

Q

(f) s-Channel Q4Q), —
WW = QUQU'h.

Figure A.2: Feynman diagrams describing Higgs production process QQ — QQh of type QQ —

WW — QQh at lowest order.

Appendix B Group Representations and Generators

B.1 Low Dimensional Accidental Isomorphisms

Important low dimensional accidental isomorphisms:

Spin(1) &
Spin(2) &
Spin(3) =

Spin(4)
Spin(5)
Spin(6)

e

I

U(2) x SU(2)

p(4)
U4)
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Table B.1: Matrix Lie groups.

Group (Real) Dimension | Compact | Connected | Simply Connected | Components
GL(n;R) n? No No No 2
GL(n;C) 2n? No Yes No 1
SL(n; R) n?—1 No Yes No 1
SL(n;C) 2n? — 2 No Yes No 1

O(n) n(n—1)/2 Yes No No 2

SO(n) n(n—1)/2 Yes Yes No 1

U(n) n? Yes Yes No 1

SU(n) n?—1 Yes Yes Yes 1

Sp(2n) 2n® +n No Yes No 1
Sp(2n;C) 4n® + 2n No Yes Yes 1

B.2 The Goldstone Matrix for SO(n)/SO(n — 1)

From the spontaneous symmetry breaking SO(n) — SO(n—1) there will be n—1 Nambu-Goldstone
bosons. The generators T4 of SO(n) can always be split as

n(n—1) (n—1)(n—2)

{Ta}al = A{Ta)isi U{Tu} ey ? (B.1)

The non-broken generators T, form an so(n — 1) algebra in the n irreducible representation of
SO(n), and can be written as

ty 0 .
To={-=%'~-] with 0" =(00---0) (B.2)
0o ——

(n=1)(n—=2)
where {t,},_; must form an so(n — 1) algebra in the defining representation of SO(n — 1).
One way to write them is

7
(Ta);w = (Taﬁ)uu = _5(504156# - 55u5au) (B.3)

with 1 <a<f<n-—1and p,v=1,...,n— 1. On the other hand, the n — 1 broken generators

T, can be written as
1

75010 — 8507) (B.4)

(Ta)17 =
with I,J =1,....n.

In this particular case of spontaneous symmetry breaking, the Goldstone matrix is given by

ST - - -
1,1 — 09 (1 — cos %) 2 _gin 1]

= B} = T
S[¢] = 92 g 9] g (B.5)
—% sin N2 cos 5
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with inverse

- T - o -
1,1 — 22 1—coslel) —2 ginlel
Sl ! = o2 \" f) i (B.6)
T?I sin ‘%l cos @
B.3 SU(2) x SU(2)
Every element of U € SU(2) x SU(2) can be written as
U0, ¢7) = exp(i6'S;) @ exp(ic’ ;) (B.7)
where i,j = 1,2,3 and A
S; = % (B.8)

with ¢; the Pauli matrices. The representations DU1:72) of SU(2) x SU(2) are given by two param-
eters ji,ja € Z(T/Q. Explicitly

DORU (Y, 7)) = exp(i07d)(S,) ) @ exp (i6/d)(5) ) (B.9)
where dU) the corresponding irrep. of SU(2). Note that

dim (DY) = (21 +1)(2j2 + 1) (B.10)

Table B.2: The first few representations of SU(2) x SU(2) and their dimensions.

dim (j17j2)
1 (0,0)
2 (3,0), (0, 3)
3 (1,0),(0,1)
4 (%70)7(07%)7(%7%)
5 (2,0),(0,2)
6 | (3,0,(0,3), (3,1, 3)
7 (3,0),(0,3)
B.4 SO(4)
Every element of O € SO(4) can be written as
O(0',¢) = exp(if'S;) ® exp(i¢’ S;) (B.11)
where i,j = 1,2,3 and ‘
S =2 (B.12)
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with o; the Pauli matrices. The representations DU1:72) of SO(4) are given by two parameters
J1,J2 € ZO+/2 such that j; + ja € ZS’, i.e. such that j; and jo are both simultaneously integers or
half-integers. Explicitly

DURI0(!, 7)) = exp(i0'd)(S,) ) @ exp (i6/d ) (5) ) (B.13)
where dU) the corresponding representations of su(2). Note that

dim (DY) = (21 +1)(2j2 + 1) (B.14)

Table B.3: The first few representations of SO(4) and their dimensions.

dim | (j1,J2)
i (0,0)
2 _
3 (1,0),(0,1)
1 (3.3)
5 1 (2.0),(0.2)
6 -
7 (3,0),(0,3)

B.5 SO(5)
The 10 generators T4 of so(5) are split as
{Ta}ily = {Tu}omy U {Ta}ams (B.15)

with the T;,’s forming an so(4) algebra. Since Spin(4) = SU(2)z, x SU(2)g is the universal covering
space of SO(4), these generators in turn can be conveniently split as

{Tu}oo1 = {TaL = <t‘6L 8) TR = <t‘6R 8) }3 (B.16)

a=1

where
i C a a
(ta)is = — [ascd85 + (3767 — 3767)] (B.17)

i C a a
(tar)ij = — [caned?8 — (576} — 5761)] (B.18)
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with ¢, = 1,2, 3,4 corresponding to generators of the subalgebras su(2); and su(2)g, respectively.
Explicitly, they correspond to

0 0 01 0 0 -1 0 0 1 0 0
b=t 0 0 10 b = b 0 0 0 1 for = tf-10 0 0
=510 -10 0 =711 0 o0 o0 77510 0 0 1
-1 0 0 0 0 -1 0 O 0 -1 0
0 0 0 -1 00 -1 0 10 0
; _ +f0 0 1 0 ; _ 1100 0 -1 por 1 -1 0 0 O
=79 10 -1 0 o0 =79 (10 0 o0 =710 00 -1
1 0 0 0 01 0 O 0 01 0
On the other hand, the remaining four broken generators are given by
(Ta)1y = ——= (536 — 8353) (B.19)
V2
witha=1,2,3,4and I,J =1,2,3,4,5. Explicitly, they correspond to

0 00 0 —i 0000 O

) 1 0000 O ) 1 00 0 0 —

Ti1=—10 0 0 0 O Thy=—10 0 0 0 O

V2 0000 O V2 0000 O

i 00 0 O 0 ¢« 00 O

00 00 O 00 00 O

A 1 0000 O A 1 0000 O

T3=—10 0 0 0 —i Ty=—10 0 0 0 O

V2 00 00 O V2 00 0 0 —i

00 ¢« 0 O 000 ¢ O
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