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Abstract

We review some attempts to solve the Naturalness problem - namely
the the lightness of the Higgs mass in relation to the scale of new physics
- and the strong CP problem, that is the measured CP-invariance in the
strong sector despite the presence of the so-called 6 term. In particular, in
the first part we study the so-called composite Higgs models as a solution
to the Naturalness problem, focussing our attention on a particular model,
the minimal linear sigma model. In the second part we review one of the
most convincing explanation to the strong CP problem, the so-called axions.
There are essentially three ways to introduce axions in a beyond Standard
Model Lagrangian; after a short summary, we focus on the so-called KSVZ
model and verify why it is safe from possible fine-tuning problems. Finally,
we investigate the possibility to solve both the problems in an unique frame-
work, the so-called axion minimal linear sigma model. These models, unlike
the KSVZ model, suffers fine-tuning problems that suggest to associate the
arising Nambu-Goldstone boson to a more massive axion-like particle, rather
than an axion.



ii




Contents

Introduction

1

The SM is Not the End of the Story

1.1
1.2

The Naturalness Problem . . . . . . . . .. . ... ... ...
A Possible Solution to the Naturalness Problem . . . . . . . .

Effective Field Theories

2.1
2.2
2.3

The Sigma Model . . . . . .. ... . ... ...
Integrating Out Heavy Fields . . . ... ... ... ... ...
CCWZ Formalism . . . . .. .. ... ... ... .. .....

The Composite Higgs Scenario

3.1
3.2

Partial Fermion Compositeness . . . . . . . ... .. .. ...
The Abelian Composite Higgs Model . . . . . . . .. ... ..

The Minimal Linear ¢ Model for the Goldstone Higgs

4.1
4.2
4.3
4.4
4.5

The Scalar Sector . . . . . . . . . . ... ... ... ... ...
Scalar-Gauge Bosons Couplings and Tree-Level Decays . . . .
The Fermionic Sector . . . . . . . . ... ... ... ......
The Coleman-Weinberg One-Loop Potential . . . . . . . . ..
Higgs and ¢ Coupling to Gluons . . . . .. .. ... ... ..

The Strong CP Problem

5.1

Chiral Transformations and U(1)4 Anomaly . . . . . . . . ..

A Chiral Solution to the Strong CP Problem: Axions

6.1
6.2

PQWW Model . . . ... .. .. ... .. ...
Invisible Axion Models . . . . . . . ... ... ... ... ...
6.2.1 KSVZ Model . . .. ... ... ... ... .. ...
6.2.2 DFSZmodel . ... ... ... ... ..........

The Minimal Axion Minimal Linear ¢ Model

7.1
7.2

The Fermionic Lagrangian . . . . . . .. ... ... ......
The Scalar Lagrangian and the CW Potential . . . . . . . ..

iii

21
23
25

29
30
34
39
45
47

53
95

61
64
67
68
70



iv Contents
7.3 The U(1)pq Invariant Lagrangian and the Minimal Model . . 77
7.4 Axion Coupling to Gauge Bosons and Fermions . . . . . . .. 79
7.5 The Scalar Potential . . . . .. .. .. ... ... .. ..., 82
7.6 Numerical Analysis . . . . . .. .. ... ... .. 88
7.7 QCD Axion or ALP? A Fine-Tuning Problem . . . . . . . .. 90

Conclusions: Coming Soon! 95



Introduction

The Higgs boson was the last unverified part of the Standard Model (SM) of
particle physics and its discovery in 2012 has completed the particle content
predicted by the SM decades ago. In particular, it has confirmed the simplest
possible picture of electroweak symmetry breaking (EWSB). Shortly, the so-
called Higgs mechanism splits an elementary doublet of scalar particles into
an unphysical sector, providing the longitudinal polarization to the vector
bosons W and Z, and a single physical spin zero particle, the Higgs particle.
Moreover, thanks to this mechanism, it has also been possible to understand
how the SM fermions get a mass without violating the SM gauge symmetry,
providing in this way a unified picture of mass generation.

However, there are several hints that seem to tell us that this is not
the end of the story. To start with, the SM does not contain (a complete
description of) gravity. Putting aside gravity, we can glimpse signals of
physics beyond Standard Model (BSM) in the SM itself. Ironically, the main
reason that has driven physicists in searching BSM physics at TeV scale has
been precisely the particle that has ultimately confirmed the SM picture, the
Higgs boson, and in particular the lightness of the Higgs mass. Its value has
been questioned in relation to the so-called Naturalness problem, namely the
reason of the large separation of scales between the electroweak scale and the
scale of new physics. The interest towards the Naturalness problem starts in
1976 thanks to two works of Gildener [1] and Weinberg [2]. They revealed
a conceptual difficulty in the context of grand unified theories (GUT): one-
loop quantum corrections were found to give contributions to the Higgs mass
proportional to the mass of the superheavy states, of the order of Mgyt =
10" GeV. They noticed that keeping a large separation of scales between
the electroweak scale and Mgyt required fine-tuning the parameters of the
theory of more than 10724, This is nothing but a one specific realization
of the Naturalness problem. However, the question did not get relevance
until the 1980, when Veltman published an influential paper [3] emphasizing
the problem. In 1981 Witten pointed out how supersymmetry, formerly
introduced but not to achieve this goal, could solve the Naturalness problem.
Since then, this has become one of the most studied puzzles in particle
physics and one of the driving motivations to explore physics BSM.

Related to the problem of lightness of the Higgs mass, there is another
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fact which could signal the presence of physics BSM: it is the so-called
Yukawa hierarchy. We have said that the Higgs mechanism has provided
an explanation of the generation of SM fermion masses in a unique language
but this is not exactly fair. Looking at the Yukawa couplings more carefully,
we can notice that there is a (very) large hierarchy between the Yukawa
couplings: precisely, there are more than 9 order of magnitude between the
masses of the lightest fermions (the neutrinos) and the heaviest one(the top
quark). In principle this is not a problem, as the Yukawa couplings are
free parameters in the SM. However, such a hierarchy would seem to indi-
cate a not so common origin for the fermion masses. These considerations
have led many physicists to believe that the Higgs scheme is nothing but
"a convenient parametrization of our ignorance concerning the dynamics of
spontaneous symmetry breaking" [4]. This belief is supported by the fact
that Higgs would represent the unique example of elementary spin zero par-
ticle in nature, while in other known phenomena of spontaneous symmetry
breaking (SSB) its role is played by composite excitations'. Supersymmetry
would justify elementary scalars but no direct or indirect hints of them have
been found so far. This suggested decades ago [5], [6] a dynamical nature
for the Higgs particle as a pseudo-Nambu-Goldstone boson (pNGB) which
would explain in this way the lightness of the Higgs mass. This class of mod-
els is known as composite Higgs models (CHMs), because the Higgs arises
as a bound state of a new strong force. The important point is that, de-
spite its composite nature, the Higgs can behave as an elementary particle,
matching in this way what we experimentally see, through the mechanism
of vacuum misalignment, firstly introduced by Georgi [5]. The idea under-
lying these models is that the complex Higgs doublet arises as a pNGB of
a spontaneous symmetry breaking (SSB) of a group G to a group H, where
G and H are specified by the model. H is supposed to contain the full EW
symmetry or, more precisely, the SM custodial symmetry, namely the SO(4)
symmetry of SM scalar sector. The reason is that the custodial symmetry
is able to protect the SM relation p = 1 at tree-level. Experimentally, p =1
is valid at percent level and the deviations are well described by SM loop
effects. Furthermore, the coset G/H has to be as large as to contain the four
degrees of freedom of the Higgs multiplet. These models offer also a natural
explanation for the Yukawa hierarchy: the SM fermion masses are generated
at tree-level through the so-called partial fermion compositeness hypothesis,
introduced by Kaplan [6].

The fine-tuning problems in the SM do not finish here. The strong sector,
described by the quantum chromo-dynamics (QCD), seems to be experimen-
tally invariant under the CP symmetry. However, as pointed out by t’Hooft
in the 80’s, the QCD Lagrangian, because of its non-abelian nature, con-
tains a CP-violating term, the so-called 6 term. The trouble is that this

Tt is the case of pions in QCD.
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term produces a neutron magnetic dipole moment and, as we do not see it
experimentally, we are forced to set § ~ 10~? without any apparent reason
and this, again, seems to be too artificial. The problem has been known as
strong CP problem. There were made several proposes to solve the strong
CP problem. Kaplan [7] understood that a massless up quark could allow
to rotate away the 6 term. However, this possibility was soon excluded by
experimental data. Forty years ago, inspired by the massless up quark so-
lution, Helen Quinn and Roberto Peccei suggested a dynamical solution to
the strong CP problem [8], [9]. They postulated that the full Lagrangian of
the SM was invariant under an additional global chiral U(1) symmetry that
became known as U(1)pq symmetry. They demonstrated that the SSB of
this symmetry drives dynamically the 6 parameter to zero. Because of the
SSB, there is an associated pseudo-NGB (pNGB) in the theory, the so-called
azion [10], [11]. However, the PQWW model proposed by Peccei, Quinn,
Weinberg and Wilczek was soon ruled out by experimental data. The main
trouble was that the PQ axion arises as a linear combination of neutral
phases of the two Higgses present in the model and this forces the SSB scale
fa to be equal to the electroweak scale v but there were found no axions
at that scale. However, the underlying idea of the PQ model, that is the
dynamical adjustment of the 6 angle, works for any scale. This suggested to
consider models in which the PQ breaking scale was independent of the EW
scale v. The first to introduce these models were Kim, Shifman, Vainshtein
and Zakharov (KSVZ model) [12], [13]. They enlarged the SM particle spec-
trum with an extra heavy fermion sector, needed to have a further U(1)pq
symmetry in the Lagrangian, and an extra complex singlet (under the whole
SM group) o in which phase is contained the axion. Another attempt to in-
troduce axions in a BSM Lagrangian was done by Dine, Fischler, Srednicki
and Zhitnitsky (DFSZ model) [14], [15]. This model is a mixture between
the PQWW model and the KSVZ model. In fact, here the axion arises as
a linear combination of the phases of two Higgses and one (singlet) complex
scalar field, that is essential to push the axion scale f, over v. The main
difference between these two models is that, because of the two Higgses, the
DFSZ axion possesses tree-level couplings with the ordinary quarks and lep-
tons while the KSVZ model does not. In both these models f, > v and the
resulting axions are very light (m, ~ 1/f,), very weakly coupled (coupling
~ 1/f,) and very long lived (7(a — 27) ~ f3), and for this they are called
wnvisible azions.

Putting aside the Naturalness problems - to which the cosmological con-
stant problem should be added - other troubles related to incontrovertible
experimental facts such as dark matter, dark energy, baryon asymmetry, neu-
trino masses and neutrino oscillations hard testing the SM. However, none
of these, strong CP problem included, prevents the new physics scale to be
at very high energies. The only argument able to do this is the hierarchy
problem, as it predicts the scale of new physics to be at TeV scale.
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The aim of this thesis is to explain in more detail the Naturalness and
the strong CP problem and to analyse composite Higgs models and axions
as respective ways out to them. We will start (chapter 1) showing why the
SM cannot be considered the ultimate theory of Nature, focusing on the
Naturalness problem and one of its possible solutions, the CHMs. Then, in
the chapter 2, we will analyse the effective field theories (EFTs) method,
which is the educated language for the BSM physics. The chapter 3 will be
devoted to the study of the composite Higgs scenario and its main features;
in the chapter 4 we will study in more detail a particular CHM, the minimal
linear sigma model with a SO(5)/S0(4) SSB pattern [16]. We will show the
predictions given by the pNGB nature of the Higgs, and one of the possible
realizations of the partial fermion compositeness hypothesis. The second
part of the thesis will be devoted to the study of the strong CP problem,;
in particular we will explain why this is considered a problem (chapter 5)
and we will study the axions as its possible solution (chapter 6), focusing
our attention on the main axion models: the (ruled-out) PQWW model,
the KSVZ model and the DFSZ model. Finally, in the chapter 7 we will
investigate the possibility to solve both the Naturalness and the strong CP
problems, studying a possible extension of the minimal linear sigma model
[17], adding a new complex scalar field in order to mimic the KSVZ solution
to the strong CP problem. However, we will see that, if we want to keep in the
low TeV range the SO(5)/SO(4) breaking scale in order to not invalidate the
solution of the Naturalness problem, the identification of the scalar particle
as a KSVZ axion creates naturalness problems: these models are highly fine-
tuned. This leads to consider the possibility to associate the (angular part
of the) scalar field to a more massive axion-like particle (ALP) such as a
1 GeV axion with an associated scale of ~ 200 TeV, that may show up in
collider searches. However, the ALP hypothesis could not help in addressing
the strong CP problem. Instead, the ALPs appear in many models of BSM
physics, such as string theory, as pNGBs associated to the breaking of U(1)
symmetries.



Chapter 1

The SM 1s Not the End of the
Story

A complete description of gravity is missing in the SM and this requires the
latter to be extended. Actually, the SM contains a partial description of
gravity but this description, based on the perturbation theory, is valid up
to around the Planck mass, because the effective gravity coupling grows like
gc ~ E/Mp. Therefore some new physics must emerge much below Mp to
stop the growth of the coupling strength [18]|. This means that the SM, given
that it has a finite cut-off, i.e. its validity is limited up to a finite energy
scale, is for sure an effective field theory. Since the SM is an effective field
theory, there is no reason to require the renormalizability of the Lagrangian.
The most general Lagrangian will be then a sum of infinite local operators
O; invariant under the gauged SU(3). x SU(2)r, x U(1)y (and, obviously,
the Lorentz) symmetry:

Lo = Zci0i~ (1.1)

Since the Lagrangian has mass dimension 4, if an operator O; has dimension
d; the respective coefficient ¢; must have dimension 4 — d;. We can rewrite
the SM Lagrangian at the A scale as

1
Ler = Lom + Z Wcioi (1.2)

where Lg\ is the usual SM d < 4 Lagrangian, we have made the coefficients
dimensionless and d; > 4. This way of proceeding is peculiar of effective
field theories; we will return on this topic in the next chapter. However,
we can already understand at this level why the Nature is approximately
well described by a renormalizable theory, without renormalizability being a
principle: all the operators with a dimension larger than 4 have a suppression
factor that hides their phenomenological impact, at least up to the A scale.

1



2 The SM s Not the End of the Story

Just to make an example, the unique d = 5 term that can be constructed by
imposing the SM gauge symmetry is the Weinberg operator [19]

C

(I HE) (15H) (13)

where /7, denotes the lepton doublet, [§ its charge conjugate, H is the Higgs
doublet and H¢ = io2H*. The important point is that this term violates the
lepton number, an accidental symmetry of the SM, and, for A ~ 10™ GeV
and ¢ = O(1), it generates neutrino masses of correct magnitude. This sim-
ple argument could explain why, for instance, the lepton number-violating
processes are suppressed with respect to the lepton number-conserving, with-
out having an underlying (accidental) symmetry. However, and this is the
point, following this line of reasoning, we expect the Higgs mass term, the
only SM operator with a dimension less than 4, to be of order

1
cA’H'H = 5mﬁHTH. (1.4)

But if we take A ~ 10, we are forced to set ¢ ~ 1072 in order to reproduce
the correct value of the Higgs mass (mj = 125 GeV). The question is:
why is this number so small? Or, in other words, what is the reason of
the enormous hierarchy between the electroweak scale and the scale of new
physics? This is the essence of the Naturalness problem, that we are going
to develop in more detail in the next section. However, we can already
appreciate the contradiction: the problem is based on the same logic by which
its phenomenological virtues, that is the suppression of d > 4 operators,
were established. In order to keep ¢ of order one, we are forced to conclude
that A is low, in the TeV range, such that a light enough Higgs is obtained
"Naturally". This implies that the new physics at the cut-off must be now
non-generic, since we cannot rely on a large A.

1.1 The Naturalness Problem

Since the problem we are going to describe is based on what we mean with
"Natural", it is important to define the meaning of Naturalness of a theory.
The definition of Naturalness is due to 't Hooft [20]:

Let us consider a theory valid up to a mazimum energy A and make all its
parameters dimensionless by measuring them in units of A. The theory is
said to be Natural if all its parameters are of order one. A parameter is
allowed to be much smaller than one only if setting it to zero increases the
symmetry of the theory.

In the second statement is contained the point of the argument. A small
parameter is not necessarily problematic because, thanks to a theorem of
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Figure 1.1: The figure shows the one-loop contribution to the electron mass.
In principle the amplitude is quadratically divergent but, because of the
underlying axial symmetry, the divergence that shows up is logarithmic.

QFT, the symmetries of the classical action must be symmetries of the full
quantum action, as well'. This means that if a parameter of a theory is
protected by a symmetry, in the sense that by setting it to zero the symme-
try increase, it will not receive large quantum corrections from the quantum
theory because the symmetry has to be restored in the limit when the pa-
rameter goes to 0. It is instructive to give an example of the idea underlying
the principle. The QED Lagrangian with one fermion is

L= —iF‘“’FM + 4 (i) —m) 2. (1.5)

In the limit m — 0 the symmetry group is enlarged by a further U(1)4
symmetry, where A stays for axial, that acts on left and right spinors as

Y — Y Yr — e Yp. (1.6)

Because of this symmetry, all the contributions to the fermion mass arising
at loop level, just like the one depicted in figure 1.1, must be necessarily pro-
portional to the fermion mass so that in the limit m — 0 they can disappear,
preserving the chiral symmetry. A priori we could have two contributions to
the fermion mass: m ~ aymlog A + asA but, as we know that in the limit
m — 0 they have to disappear, a2 must be necessarily zero and, in fact, per-
forming the calculation we find m ~ mlog A. Depending on the logarithm
of the upper cut-off scale, the fermion mass is therefore protected by large
quantum corrections.

This is precisely what does not happen in the SM with the Higgs. Since
the Higgs mass term is not protected by any symmetries, it receives large
quantum corrections that push myg close to A. The absence of a symmetry
is linked to the spin-zero nature of the Higgs boson. In fact, all the other
particles with spin 1/2 or higher have a symmetry able to protect their masses
(the chiral symmetry for spin 1/2, the gauge symmetry for spin 1 gauge

! Actually, there is a exception due to the so-called anomalies but this is not the case
of interest to us.
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bosons). This makes particularly sense if we notice that the symmetries
arising in a massless theory allow us to eliminate degrees of freedom from
the classical theory and any quantum correction to these masses necessarily
would restore them, leading to an inconsistency (the degrees of freedom
would change in the transition from the classical to the quantum theory).
Instead, a spin 0 particle, massive or massless, possesses the same degrees of
freedom, so it is not needed to protect them by quantum corrections [21].

Returning to the Higgs mass, the idea is that some physics should appear
at the TeV scale in order to stop the growth of the Higgs mass due to (1.4).
We do not know if the Nature respects the Naturalness criterion, but there
are several examples in physics where the Nature has chosen to be "Natural".
For instance, the electromagnetic contribution to the difference between the
charged and the neutral pion mass is

3

where A here is the ultraviolet cut-off scale of the effective theory of pions.
The request that the difference calculated with (1.7) does not exceed the
experimental observed value of (Mi+ — M?ro)exp ~ 1225 MeV implies that
A must be smaller than 850 MeV. In fact, before that scale, there exists
a particle, the p meson, so the effective description of the pions has to be
changed in order to reproduce the correct value of Mfr+ - Mgo.

Another example historically relevant it is the discovery of the charm
quark by Glashow, Iliopoulos and Maiani [22]. At the energies of the kaon
mass we can calculate, with the effective theory valid at this scale, the mass
difference between the Kg and Kg states?. The result is:

Mpo — Mgy GRfE

29 A2
— 0.\ 1.8
My o5 Sin (1.8)

where fr = 114 MeV is the decay constant and sin 8, = 0.22 is the Cabibbo
angle. If we require that the theoretical prevision does not exceed the experi-
mental value of (Mo _MKg)/MKg ~ Tx 1071, we find A < 2 GeV. In fact,
before reaching this energy, a new particle - the charm quark - modifies the
high energy behaviour of the theory, through the so-called GIM mechanism.

The idea with the Higgs mass is exactly the same: in order to keep the
theoretical prediction of the Higgs mass lower than its experimental value
without violate the Naturalness principle, we find that the scale at which
should appear the new physics, as anticipated above, is around the TeV.
We can reformulate the problem in the same fashion as the K — K system
by estimating the leading order contributions to the Higgs mass due to the
one-loop diagrams shown in Fig. 1.2, containing the top quark, the W, Z

2The subscripts stay for long and short and they refers to the the lifetime of the two
states.
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Figure 1.2: The figure shows the highest contributions to the Higgs mass
coming from top (upper left), gauge bosons (upper right) and Higgs boson
(bottom) loop diagrams.

bosons and the Higgs boson. The calculation of the four diagrams depicted
in Fig. 1.2 reads

3G
4+/272
We find, comparing the prediction given by (1.9) with the experimental value,

A ~ TeV. Therefore, the expected scale of new physics, provided that the
Naturalness principle is really a principle, is around the TeV.

Smi ~ (4m§ —2m3, —m% — m%,) A2 (1.9)

1.2 A Possible Solution to the Naturalness Problem

The Naturalness problem was not fully considered until 1980, when Witten
pointed out how supersymmetry could solve the problem. However, no direct
or indirect hint of supersymmetry have been found so far. This led physicists
to consider other kind of solutions. In this work we will explore one of
the most cogent solution to it, the so-called composite Higgs models. The
Higgs boson is viewed in this picture as a bound state of a new strong
force. Since the basic idea underlying the model is to mimic what does
happen in QCD with the pions, we briefly recall how, starting by the QCD
Lagrangian at high energies, the effective theory of pions shows up. The
QCD can be viewed at high energies as a free theory near its conformal fixed
point. This means that the QCD at high energies does not have dimensional
couplings. To be more precise, there are dimensional couplings, which are
the quark masses, but they are protected by chiral symmetry, as we have
seen before, so their dependence from the ultraviolet (UV) scale is the same
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as if they were dimensionless. Let Ayy be the scale where the QCD can
be viewed as a free theory (we can take, for instance, Ayy = myz where
my is the mass of the Z boson). Under the renormalization group, the
coupling constants run and, thanks to the fact that there are no dimensional
couplings, the theory develops an exponentially suppressed (with respect to
Ayy) scale Aqep which is not present in the UV theory®. The appearance
of a scale without any dimensional couplings in the theory (and, therefore,
without any scales) is called dimensional transmutation. It turns out that
this scale is insensitive to the Ayy scale. Now, at Aqcp a large number
of bound states appears, the hadrons. Looking at the hadrons’ spectrum
we notice that the pion masses are lower than those of other hadrons: the
reason is that, in the limit m, = mg — 0, the pions are the NGBs of the
spontaneous symmetry breaking (SU(2)r, x SU(2)r)/SU(2)y. However, the
SU(2)r x SU(2)r symmetry is softly broken by the gauging of the U(1)em
generator. This soft breaking is responsible of a (small) mass for the pions
that become in this way pNGBs.

Returning to the Higgs, the idea of the composite Higgs models is pre-
cisely this: in this picture the Higgs is a pNGB of a spontaneously broken
symmetry (with a soft breaking term given by the gauging of the EW group),
in such a way that its mass is naturally lower than other resonances’ masses.
However, as pointed out by [18], the Goldstone symmetry is in itself of no
help in addressing the Naturalness problem. What is important to solve the
Naturalness problem is the strongly coupled nature of the underlying UV
theory by which the Higgs mass is stabilized through dimensional transmu-
tation.

31t is often referred to it as the confinement scale



Chapter 2

Effective Field Theories

In composite Higgs models there are no attempts to formulate an underlying
UV theory of the EW mechanism. Instead, through an effective field theory
(EFT) approach, they try to make predictions about the low energy effects
of some UV completion of the theory, without worrying about what this
theory is. In this sentence there is the essence of the EFT approach and the
reason why it is so powerful: it means that we can forget about details of
the UV theory because the quantum fluctuations associated with the high
energy physics will affect the low energy theory only through the values of a
few of its parameters. The explanation of this unusual and counterintuitive
simplification is due to Kennet Wilson [23|. He has given in particular a
new point of view about the meaning of renormalization. The construction
is based on the functional integral approach to the field theory. Suppose we
have a quantum field theory of a scalar field ¢ valid up to a scale A and we
are interested in the physics at some lower scale E < A. The generating
functional can be formally written as

Z[J] :/Dgz)eiﬂﬁ“qﬂ :/Hdgi)(k) et J1E+9) (2.1)
k

where in the second equality we have written the field ¢ in terms of its Fourier
components. To impose a sharp ultraviolet cut-off A we restrict the number
of the integration variables displayed in (2.1). That is, we integrate only over
¢(k) with |k| < A and set ¢(k) = 0 for £ > A. We now divide the remaining
fields ¢(k) into two groups by choosing a cut-off bA with b < 1 [24], [25]

¢ =0¢H+ oL (2.2)
with
[ (k) for bA <[k <A
¢H_{o k| < bA (2:3)
[0 for BA<K <A y
Vo) M<oh @4)

7



8 Effective Field Theories

The functional integral now reads
/D¢LD¢H et [IL(@L.m)+ I (oL+om)] = /D¢L el [1Legt+JoL] (2.5)
where we have defined the effective action

oi [ Lot — / Dy ¢ JIE@L-6m)+T0m], (2.6)

In this way the heavy degrees of freedom disappear and we remain with
the only low fields. This process is called integrating out a field. Taking the
parameter b close to 1 and iterating this procedure one can describe the result
of integrating over the high momentum degrees of freedom of a field theory as
a trajectory or a flow in the space of all possible Lagrangians. For historical
reasons, these continuously generated transformations of Lagrangians are
referred to as the renormalization group. Actually, they do form a semi-
group, rather than a group, because the operation of integrating out degrees
of freedom is not invertible. If we perform the integral (in most cases this can
be done only perturbatively) in (2.6) the resulting Lagrangian is an infinite
sum of local interactions described by operators O; that depend only on the
fields ¢, and that respect the symmetries of the full theory:

Lya[or] = Zgioi [PL] (2.7)

where d; is the mass dimension of the operator O and the couplings g; as
we have anticipated depend only the couplings of the full theory and on the
scale A. We can extract the scale dependence of the couplings g; by defining
the dimensionless couplings

)‘i = Adi_4g¢. (28)

Since bA is the only characteristic scale of the process we expect the g;’s
to be of order 1. Now, for a process at the scale bA we can estimate! the
modulus of the operator O as:

/ d'z O = (bA)%? (2.9)

so that the 7’th term is of order

di—4
(%) = pdi=t, (2.10)

Now comes the point. In the low energy regime, that is when b — 0, the
importance of the terms depend on the dimension d; of the operator. In
particular:

LThis estimate of the integral is valid as long as the coupling is sufficiently weak so
that the energy of the operator can be estimated starting by its kinetic term and it is bA.
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e if d; > 4 the respective term flows to zero and for this it is termed
irrelevant;

e if d; < 4 the respective term flows to infinity and it is called relevant;

e if d; = 4 the operator is equally important at all scales and it is termed
marginal; for the marginal operators it is needed a more detailed anal-
ysis in order to establish their flow.

In the language of the renormalization group we are following the evolution
of coefficients near the free-field fixed point?. We now understand why the
only operators needed to describe the low energy physics are the relevant
ones, for which d; < 4 (and some d; = 4 operator) that are nothing but
the renormalizable terms in the language of the old-fashioned perturbation
theory. This simple argument explains why a renormalizable theory, such as
the QED, is a good (almost perfect) approximation of the Nature: whatever
the Lagrangian of QED was at its fundamental scale, as long as its couplings
are sufficiently weak, it must be described at the energies of our experiments
by a renormalizable effective Lagrangian. To conclude, in this new picture
the situation is reversed with respect to the old-fashioned renormalizability:
we always expect the non-renormalizable terms to appear at some level so
they are not a problem anymore. But now there is a new type of problem:
the superrenormalizable terms. For instance, a mass term of dimension 2 is
expected to appear with a coefficient of order AA?. Without a fine-tuning
or some symmetry that would forbid this term, the field would have a mass
of order A. But this is a contradiction: the field, that is by definition a
low energy degree of freedom, should disappear since its mass is near to the
cut-off [25]. This is precisely the Naturalness problem in the language of the
renormalization group.

2.1 The Sigma Model

The sigma model provides a simple introduction to effective Lagrangians
because all the relevant manipulations can be explicitly demonstrated. In
fact here the Goldstone boson fields, the pions, which are the only relevant
fields in the low energy limit, are present at all stages of the calculation.
The sigma model was originally introduced by Gell-Mann and Levy (1960)
to derive in a convincing manner the formula of Goldberger and Treiman.
However, it is useful to regard it as a "toy model" in order to show the main
features of the effective field theories. Shortly, it is based on a Lagrangian
invariant under SO(4) spontaneously broken to the SO(3) group, leading

2The Lagrangian with all the couplings put to zero is a fixed-point of the renormal-
ization group, in the sense that it remains unchanged under the renormalization group’s
flow.
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to 3 Goldstone bosons in the coset SO(4)/SO(3). By integrating out the
remaining heavy field,®> we obtain an effective field theory describing the
Goldstone’s dynamics. The resulting Lagrangian is non-linear (because the
kinetic term is not linear in the fields, as we will see) and it is made of infinite
terms. In fact, the theory is not renormalizable, but this is not problem since
we know that it is an effective one, the sigma model (that is, with the heavy
field reintroduced) being the UV completion.
The sigma model Lagrangian is [26]

2

L= lﬁaw—i-%@m@“w—l—%6@08“0—9&(04—2’7%75)1#—1-%(02+7T2)—%(02+7r2)2

(2.11)
where m = (71, 2, 73) is the pion triplet, the 7’s are the Pauli matrices and 1)
is a fermion field. For y? > 0, the SO(4) symmetry is spontaneously broken
to SO(3), leading to three Goldstone bosons in the coset SO(4)/SO(3) (the
three pions); this leads o and 1 to acquire a mass. In order to show the
salient features of the effective Lagrangians, let us rewrite the sigma model
Lagrangian in a more convenient form defining

Y =o0l+ir- 7. (2.12)

The Lagrangian (2.11) is rewritten in terms of the X fields, as

L= iTr (auzaﬂz‘f) + /fTr (2*2) —% [Tr (m)f n
+ iy — g (D10R + PrSTyL )
(2.13)

The model is invariant under the SU(2);, x SU(2)g transformations*:

Y — L, g — RYr, ¥ — LR (2.14)

for L, R € SU(2). This is the so called linear representation because the
kinetic term i Tr (8u28“2ﬁ) is linear in the fields. From now, we will forget
the fermionic terms as they do not really add anything to our discussion
on the effective Lagrangians. However, there are other ways to display the
content of the sigma model besides the above linear representation. For
instance, the so-called exponential representation is defined via °

/
i

YS=o0+ir-m=pU = pe'" . (2.15)

30riginally, it corresponded to a spinless meson called o, from which the name of the
model.

4SU(2)1, x SU(2)r and SO(4) are isomorphic at the level of their algebra, therefore
the symmetry remains the same of (2.11), as one expects.

5This ansatz is suggested by the CCWZ (Coleman, Callan, Wess, Zumino) formalism,
as we will see later.
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Using this form, the Lagrangian is rewritten as

1 P’ t oo Ay

L=20,p0"p+ 2 Tr [C%U@”U ] + B 22, (2.16)
2 4 2 4

where we have used the fact that the Maurer-Cartan form UTOHU (and

clearly U0"UT too) belongs to su(2), so it is traceless. We can read from

(2.15) the transformation properties of U under SU(2), x SU(2)g:
U — LUR. (2.17)

We notice that in this form - and this is a general feature of the NGBs - the
relevant degrees of freedom (the 7'’s) transform in a non-linear way under
SU(2)r, x SU(2)gr. Furthermore we can easily read that the radial field p
picks out a VEV, while the angular fields 7’ have no-potential: they are the
NGBs of the theory.

Before entering in more general questions about the effective Lagrangians,
we just stop one moment on the redefinition (2.15). There is nothing, a priori,
which says us that such a redefinition will not change the theory (amplitudes,
etc.): in fact, it can be easily checked that the Feynman diagrams of the
same process are different for each representation. However, the amplitudes
remain the same: this is essentially the content of a powerful field theoretic
theorem, proved first by Haag [27| and then reviewed by Callan, Coleman,
Wess, Zumino [28], [29]. It states that if two fields are related non-linearly, for
example ¢ = yF(x) with F(0) = 1, then the same experimental observables
result if one calculates with the field ¢ using L£(¢) or instead with x using
L(xF(x)). Since we do not need to worry about this redefinition, we are
ready to show what the low energy limit of the sigma model is, by integrating
out the heavy field p, which is the topic of the next section.

2.2 Integrating Out Heavy Fields

In order to show the main consequences of integrating out a field and to read
the low energy regime of the sigma model, we need to integrate out the heavy
field p, in the sense explained at the beginning of the chapter. This time
we do not integrate the Fourier components of the field but the entire field
with a mass M larger than the scale E of the process. As we have already
outlined, the crucial point is that all the effects of heavy particles can be
incorporated into a few constants that depends on the mass of the heavy
particle. This is essentially the content of the so-called decoupling theorem,
firstly proved by Appelquist and Carazzone [30]. The theorem states that

all effects of the heavy particles appear either as a renormalization of the
coupling constants in the theory or else are suppressed by powers of the
heavy particle mass, provided that the remaining low energy theory is
renormalizable.
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The most famous example is the Fermi interaction £ ~ G g /v/2((1)) (1))
postulated by Enrico Fermi in order to explain the § decay. We now know
that it is a low energy description of electroweak interactions and indeed it
derives from the electroweak Lagrangian by integrating out the heavy bosons
W*, Z. By comparing the Fermi Lagrangian with the Glashow-Weinberg-
Salam model we find Gp/v2 = ¢?/8mi;; as we can see the constant is
renormalized by an inverse power of the W boson mass.

We now apply these ideas to the sigma model. Firstly, in order to explicit
the SSB, we rewrite the Lagrangian (2.16) as

2
L= % O p + %Tr [(%U(?“Uq - % (p* — 02)2 (2.18)

where v2 = 2 /. There are two ways to perform the integration of the field
p. The first method consists in integrating out the field by following the
original definition, that is performing the integration of the heavy field in the
path integral formalism as explained in the introduction of the chapter. The
second method consists in solving the equation of motion for p order by order
in the coupling A and then put the resulting field in the Lagrangian®. We
will perform the calculation with the second method, as it is more immediate
than the path integral one and it will be useful in most of the calculations

of this thesis. The equation of motion for p reads
Up + Ap (p2 — v2) — gt =0 (2.19)

where we have defined ¢t = Tr [8MU o*rU T]. Now we expand p in powers of
1/A™

,o:po+%+--- (2.20)

and we solve the equation order by order in A putting this expansion in the
equation of motion for p:

A (ph—vPp0) =0 = pf =07,
t ¢ (221)
A" Opo+ 20501+ p1 (o5 = v*) = pog =0 = p1= -
and so on. In conclusion the p field, at the order 1/, is
1t 1
= —— . 2.22
p=vt o -to (/\> (2.22)
The effective Lagrangian at the order 1/\ finally reads
2 1 2 1
£="me[ouout] + — [ (9,00nU7)] +o (1) =
4 16 A
(2.23)

_ fTr [avoeu] + ;ﬂ% v (a,JJaMUT)]2 +o (;)

SHowever, one should be careful about this second method, because it is not always
applicable.
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where we have introduced the mass of the p particle m% = 2\2% It is
now clear that the net result of integrating out the field p is a low energy
effective Lagrangian written as expansion in powers of Tr (GMU oruU T). We
notice that the effective Lagrangian preserves the original SU(2)r x SU(2)g:
this is true at all orders. However, this is not an interesting case since
we know what the UV completion of the theory is, i.e. the sigma model.
The effective Lagrangian technique is instead extremely useful when we do
not know the full theory but we know that the theory is invariant under
some symmetry group GG spontaneously broken to H. Suppose, for example,
we are dealing with an unknown theory with the same SU(2); x SU(2)r
symmetry spontaneously broken to SU(2)y. What we have to do is to write
the most general effective Lagrangian in the relevant degrees of freedom
at low energy, i.e. the NGBs, consistent with this symmetry, in terms of
unknown coeflicients that have to be determined phenomenologically. In our
case we have

L=Lo+ Lot :pz Tr (8,U0"U") + oy [Tr (8MU8“UT>}2 +

(2.24)

+ s Tr (9,U0,U1) T (000U ) 4
where F is the typical energy scale of the theory”. We remark that we just
needed to specify the symmetry group in order to write the most general
effective Lagrangian describing the low energy physics. This is essentially the
content of the CCWZ formalism that we are going to show in the next section,
that generalizes this method to a generic group G spontaneously broken to
H. As explained in the introduction, the important point is that, since the
coefficient of an operator of dimension d (which carries d derivatives, since U
has no dimension) is 1/ A@=1) where A is an upper scale that depends on the
theory, at sufficiently low energies the matrix elements of most of these terms
are very small because proportional to ¢%/M?, so we can neglect them leaving
us with a very few terms. This last way of proceeding, that is to parametrize
how the new physics can shows up by writing the most general Lagrangian
consistent with the symmetries of the underlying UV theory, is the so-called
bottom-up approach, in contrast with the previous one, where, starting by
a well known UV complete theory (the linear o model) we calculate its low
energy regime by integrating out the heavy field, which is called top-down
approach.

2.3 CCWZ Formalism

At the end of the previous section we have shown the effective Lagrangian of
a theory with a SSB SO(4)/SO(3). However, as we have outlined, the whole

"For instance, in the case of pions it is the pion decay constant.
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discussion is general and it does not depend on the symmetry group of the
Lagrangian. In fact, in 1960 Coleman, Callan, Wess, Zumino [28], [29] devel-
oped a formalism that allows to write, in a completely model-independent
fashion, general low energy effective Lagrangians for strongly - or weakly cou-
pled - theories characterised by a generic G/H symmetry breaking pattern,
describing the Goldstone bosons associated with the symmetry breaking and
the heavy resonances. We briefly recall, following [18], [28], [29], the content
and the main ideas of the so-called CCWZ formalism.

Let G be the global symmetry group of the theory. We assume that the
vacuum state is only invariant under a subgroup H € G leading to a G — H
spontaneous symmetry breaking and thus to the appearance of massless
NGB’s in the coset G/H. We will refer to T4, with A = (1,---dim[G]),
as the generators of the Lie algebra of G. Once we choose a reference
vacuum F'| we can split the generators (with respect to F') into unbroken
(a=1,---,dim[H]) and broken (& = 1,--- ,dim[G/H]):

T4 = {1°,T%). (2.25)
By definition, F' is invariant only under H:
(TY9FI =0  (THYF7 #£0 (2.26)

where the 4, j indices run over the representation space of the fields of the
theory. The starting point is to identify the correct degrees of freedom that
describe the massless NGBs. Since the NGBs have no mass and no potential,
this suggests that they are related to the representative vacuum F* by a local
G transformation. Following this idea, it makes particularly sense to perform
the ansatz

@' = [ea@T*]" pi (2.27)

where we have denoted with ® the fields of the theory living in a multiplet
of G. The 04(x) are suitable candidates to be the NGBs; in fact, for 64
constant, eifaT* belongs to G, and, as G is the symmetry group of the La-
grangian, these degrees disappear from the potential part of the Lagrangian,
so they have no potential and consequently zero mass. Their appearance in
the Lagrangian is completely due to the kinetic term. However, because of
(2.26), not all these fields are physical. In order to explain why, we remind
that a generic g € G element can be decomposed uniquely into a product of

the form: o
g = & T it T (2.28)

with e™“T" ¢ H. Applying this decomposition to (2.27) we find

oi — [0a@TA) Y i _ [Liet@]® [uwr@r]™ pi _ [t @7 p
- } e ] ] (2.29)
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where in the last equality we have used (2.26). This is consistent with what
we already know: the NGBs are as many as the broken generators of the
group G and indeed @ = 1,--- ,dim[G/H]. In order to get canonically nor-
malized (and dimensionals) NGB fields it is useful to make the definition

~Zn(x) (2.30)

where f is the scale of the spontaneous symmetry breaking and the n’s
are the canonically normalized NGB fields. The so-called Goldstone matrix
e (@)1 i the basic object on which the CCWZ construction is based:

Ulr] = exp [iwd(x)fd (2.31)

Let us now see how the group G acts on the Goldstone bosons. Following
the original paper of Coleman, Wess and Zumino, we notice that, for any
element gy € G, we have

% P (@) T _ i€ (2)T? i’ (2) T (2.32)

where
=& Em), v =1u(&g) (2.33)
Because of (2.32), the action of an element g € G on the Goldstone matrix
Ulr] reads:
g-Uln] = Ulx\9] - hlr; g] (2.34)

with U[n9)] and h[r; g] specified by the structure of the group. The trans-
formation of the Goldstone bosons 7 is then defined implicitly by

U] = g-Ulx]- h™"[r; g)- (2.35)

We notice that this is consistent with the transformation law of ®:
® = Ux9D)"FI = (g-Ulx] - h™'[m; g])” FI = (g Ula])? F/ = g

(2.36)

where in the second equality we have used the fact that, by definition,

hYFJ = F'. Looking at (2.35), it is important to notice that the trans-

formation acting on the fields 7 is local, since h~![r; g] depends on fields 7.

Furthermore the 7%’s belong to a non-linear representation of the group G,

in the sense that the transformation cannot be written as:

7_‘_/a — Aabﬂ_b

for some linear matrix A independent from 7. However, (2.35) provides a
representation of GG, and in fact it respects the group multiplication rule. In
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order to verify it, we just need to observe that
(g1)
U [(71-(92)> o } =g - U[ﬂ(gz)] . hfl[ﬂ—(gQ);gl] —

migo) 7wl gy = (237)

YUmigi g2l =U [W(mgz)]

291'92-U[7T]~h_
=g1-92 - Ulr]-h~
where in the third equality we have used the fact that A is itself a group
representation, so h=1(g1g2) = h™1(g2) - h ™ (q1).

However, there is a case in which the NGBs transform linearly, that is
when g € H. To see this, we notice that the G algebra decomposes as

[T, T%) = i fPT¢ + i f&T° = i fO°T° = (t4q)0 T°
(1%, %) = i fbTe 4 i fbe = fabfe = (12 )2 7 (2.38)
(70,17 = i 20T + i 2T

where in the first line we have used the fact that the T%’s are the generators of
the subgroup H, so their commutator cannot contain generators that do not
belong to H, so fgb = 0. From this and from the antisymmetric properties of

the structure constants it follows that 0 = fgb = —f2 thanks to which the
right side of the second line can be written as depending only on the broken
generators. In the second line we have defined ¢ because, as we now show,
it is the representation in which the NGBs 7 transform under H. Firstly,
it can be easily seen that t¢ satisfies the commutation relations of the H
algebra so it is at least a representation of H. Now, in order to show that
the NGBs transform under H with (the exponential of) t%, we notice that

T
for g = " ¢ H we have

g-Ulrl=g-Ulr]-g7" - g=exp [i\fﬂa(x)gTAagl
(2.39)

2 A s a1a ab ~7
= exp ’ii’ﬂ'a(m) (eza tﬂ)ab Tb

7 g=U {(emat%)i)a Wi’} g

where we have used the exponentiated version of (2.38). Comparing (2.39)
with (2.35), as g € H, we find

(@) _ (gio"t7). 1. (2.40)

Ty ba™b

On the other hand, the transformations along the broken generators cannot
be written explicitly on the 7®’s. Their action is relatively simple only on
the Goldstone matrix, as we can see from (2.35). In fact, what Coleman-
Callan-Wess-Zumino did was to find objects that could transform in a more
controlled way than Ulr]. The fundamental objects employed in the CCWZ
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construction are the pﬁ, vy, symbols. They are defined by decomposing on
the G algebra the Maurer-Cartan form:

iUlr]™ - 0,U[n] = pfﬁ"i + v T = pu+ vy (2.41)

Now and in what follows, we will forget about the 7 dependence of h but
we remember that ¢ is a global transformation, conversely h depends on x
because of (2.34). Under G, the Maurer-Cartan form transforms as

U9 9, U9 =ih-Uln]™ g7  [g-8,Ulr] - h™ ' +g-Uln] - 9,h7"]
=ih-Ulr]™' -0, U[x] - b~ +ih-9,h~" =
=h-p,-h ' +h-v, K +h-9,hh

(2.42)

Since ih - auh_l is itself a Maurer-Cartan form associated to the subgroup
H, it contains only the T generators. It follows that p,, v, transform as

pu—>h-pu-h*1

. 1 (2.43)

vy —h-v,-h™" +ih-0,h .

We see from (2.43) that pz transforms exactly like :
pz N pl(ﬁg),d _ (eiaatfr)i)&pz. (244)

However, and this is the point, p,, differently from =, transforms with ¢4
under the whole G, not just under the subgroup H. For what concerns the
vy, symbols, they transform as if they were gauge fields associated with a local
H invariance. So they can be employed to construct covariant derivatives
and field strength but they cannot be inserted directly in the operators.
The CCWZ prescription is to construct G-invariant operators by com-
bining p, and v, symbols and their derivatives. The remarkable fact is that
all the operators can be constructed in this way . Since, as we see from
(2.43), py and v, transform under G with local H transformations, we need
to worry about building H invariants with the standard group theory tools
and the full G invariance will follow automatically. So, for example the two
derivatives operators can be obtained by contracting p symbols with H in-
variant tensors. The most general combination of such operators defines the
so called 2-derivative non-linear o-model Lagrangian. In general there can
be more H invariant tensors. However, for H compact one always exists (the

(5&?’) and the corresponding term is given by

2 _ fj a sab, b
LY = 4pu(5 o, (2.45)

8With the exception of the Wess-Zumino-Witten term which signals the presence of an
anomaly in G.
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It provides the Goldstone bosons kinetic terms (f?/4 has been added in
order to have the correct normalization) plus an infinite set of two derivative
interactions, which are controlled by the unique parameter f. If 6% is the
only invariant, and this is the case for the SO(N)/SO(N — 1) symmetry
breaking pattern, then all the 2-derivative interactions can be predicted in
terms of the unique constant f. This means that, whatever the UV theory
is, provided it is based on the symmetry breaking pattern SO(N)/SO(N —
1), it leads, at the 2-derivative level, to the same Lagrangian and physical
predictions. So the results obtained in the linear sigma model example are
completely general, in spite of the fact that the linear sigma model is just
one possible UV realization of the low energy theory.

Now, before continuing with the CCWZ construction, we just stop one
moment on the calculation of the pz. In general, they depend hardly on
the specific group G and H but sometimes (actually very often in physics)
we can simplify the kinetic term. It is the case when G/H is a so-called
symmetric coset, i.e. the G algebra has an automorphism (an example is the

chiral group SU(N)p, x SU(N)R)
T — T%,
. 7 (2.46)
T — —T°.

Firstly, we notice that the automorphism (2.46) implies, from (2.38), that

fgb = 0. Furthermore, under the automorphism, U — U’ and viceversa.
This implies that

U9 U = —plT® + viT" = —p, + v, (2.47)

where the dependence on 7 is made implicit. Taking the difference between
(2.41) and (2.47) we find

(vto.u —va,ut). (2.48)

N

by =

The kinetic term is therefore
TelpptT] = 2Tx |9,U0,U"| - 2Tx [UtU10,U0,U] = 2T (9,50,

(2.49)

where we have defined

> =UU"=U? (2.50)

where U is the image of U under the automorphism and, as we have said,
U = UT. From the U transformation we can deduce the ¥ transformation:

Y =UU" = gUh WU = ¢=g'. (2.51)

Thus, for symmetric spaces we can construct a Goldstone matrix U trans-
forming linearly under G (in general, because of the 7w dependence in h, only
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pu enters in the kinetic term). This is precisely what we made explicitly
with the sigma model in the previous section. In fact, in the case of the
chiral group broken to his vectorial part: (SU(N)r x SU(N)gr)/SU(N)v,
the broken generators are the axial one A% = L% — R% so the automorphism
sends

A=L-R——-A=R-1L (2.52)

i.e., the automorphism interchanges R with L. We can read from (2.51) the
Y transformation (¢ = grLgr = grgL):

S — 9L9rYg) gk (2.53)

that is equivalent to say that 3 transform as”

S = 9150}, (2.54)

which is the U transformation law in the sigma model.

Until now we have been considering a global GG group. However, the
discussion can be easily generalized to a local G group and this is the case
we are interested in, as the SM symmetry group is local. Denoting with
Aya with A =1,---,dim[G] the gauge fields (there is one for each genera-
tor), then the basic object to construct invariant operators is the generalized
Maurer-Cartan form

Ulr)™ (A +i0,) Ulr] = pp [, A] + v [, A] (2.55)

where, as usual, 4, = A;‘TA7 Py = pZT&, vy = v T We can make this
decomposition because, as A, belongs to the G algebra, the action of U [x]~1
and U[r] on A, will always produce terms belonging to the G algebra. It
can be easily demonstrated that it all works as in the global case with the
substitution of the standard derivative with the covariant one. For instance,

the generalized p and v symbols transform as

pulm, Al = h-py[m, Al - !

I . (2.56)
vy [m, Al = h-v,[n,Al-h™" +ih-0,h
and the two-derivative term in the case of a symmetric coset reads
@ _ I }
L& = Ly (D20, 5] (2.57)

It is also possible - and it will be the case of interest to us - to gauge a
subgroup of the whole G. Formally this is achieved by gauging all the fields
Aﬁ‘ and decoupling the unwanted ones sending the coupling strength to zero.

In the sense that objects invariant under (2.53) are also invariant under (2.54) and
vice versa.
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Chapter 3

The Composite Higgs Scenario

Until now we have been describing the motivations that led to the develop of
the composite Higgs idea. Instead, this chapter will be devoted to the study
of the main features of the composite Higgs scenario, shared by almost all
composite Higgs models.

In analogy with QCD, we have a global group G spontaneously broken
to a subgroup H at the confinement scale f (the analogue of the Agcp
scale), leading to NGBs in the coset G/H; the Higgs is one of these NGBs.
The subgroup H is assumed to contain the EW group and G is assumed
to be large enough to contain at least one Higgs doublet. However, if the
symmetry was exact the Higgs would be exactly massless, it would have no
potential and its VEV would be unobservable. In fact, it is essential that G
be explicitly broken. In composite Higgs models this is achieved by relying
on two different sources of (small) G breaking:

e a (G breaking comes from the gauging of Ggw contained in the un-
broken H group, just like the gauging of the electromagnetic group
U(1)em provides a small mass to pions;

e another source of small G breaking is induced by the coupling with
the fermions of the theory that are the SM fermions plus an extra
sector of heavy fermions. In fact, in general the SM fermions live in
multiplets only of the EW group, so they cannot be coupled to the
Higgs without breaking the G symmetry. These Yukawa-like couplings
are indispensable also to give a mass to SM fermions.

The Higgs mass is therefore controlled by the explicit breaking of the
symmetry. However, as we have previously outlined, the explicit breaking
has to be small, in order to keep the Higgs lighter than other resonances and
to not destabilize the hierarchy among f and the Ayy scale. The situation
is pictorially represented in Fig. 3.1. In the case of an exact G symmetry
the VEV can be rotated on the reference vacuum ﬁ, with |F| = f, by a
G transformation, therefore its projection (that corresponds to the NGBs’

21



22 The Composite Higgs Scenario

Figure 3.1: A geometrical illustration of the EWSB through vacuum mis-
alignment in the case G/H = SO(3)/S0(2) [18].

VEV) is zero. On the other hand, taking the G breaking into account means
that the Goldstone fields now develop a potential and their VEV (6) is
not arbitrary anymore. This causes the breaking of Grw contained in the
unbroken H giving rise to the EWSB [18]. Summarizing, in the theory there
are two scales:

e the scale f of SSB of G;
e the scale v of the EWSB that breaks Gew to U(1)em-

Now comes the point. If the so called misalignment angle () is small,
then the composite Higgs boson can behave as an elementary one. This
condition is usually expressed in the study of composite Higgs models by
defining the parameter £ as

U2

= sin® (0) < 1. (3.1)
The limit £ — 0, at fixed v, corresponds to send the scale f to infinity, i.e. to
decouple the composite sector from the low energy physics. The parameter
¢ regulates the deviations of the CHM predictions from the SM ones. In
fact, as we will see, the theory systematically reduces to the SM for & — 0
and the composite Higgs behaves effectively as an elementary particle. This
mechanism depicted is called vacuum misalignment and it has been described
for the first time by Kaplan and Georgi [5], [31].

§
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3.1 Partial Fermion Compositeness

We have already outlined in the previous chapters that, beyond the reasons
related to the Naturalness and triviality problems of the Higgs, another trou-
ble of the SM that has driven physicists to find an extension of the latter
is the Yukawa hierarchy: the Weinberg-Salam model does not explain the
patterns seen in masses and mixing of fermions. We remind that there is
nothing that forbids us to adjust ad hoc the Yukawa couplings in order to
obtain the measured fermion masses, as they are free parameters in the SM.
However, in the same spirit as the Higgs mass, one would like to obtain an un-
derstanding from some underlying physics. There have been many attempt
to address this problem during the last decades. In composite Higgs mod-
els the Yukawa hierarchy is explained by the partial fermion compositeness
hypothesis, firstly introduced by Kaplan [6]. Let us see how the mechanism
works.

At the scale f, where f in the notation above is the confinement scale
of the new strong force, the strong sector confine, develops the Higgs boson
and, on top of it, generates a set of resonances with typical mass f! [18].
These (heavy) fermionic resonances mix with SM fermions, through bilinear
operators, generating a seesaw-like mechanism. This is why the mechanism
is called "partial fermion compositeness": the SM fermions are linear su-
perimpositions of elementary (the light fermions) and composite (the heavy
resonances) degrees of freedom. However, it is important to remind that in
all the CHMs there are no attempts to construct a microscopical descrip-
tion of the EW mechanism. These models try to understand which are the
low energy implications of some UV theory, regardless of what the theory
is. Therefore the bilinear couplings should be regarded as effective couplings
emerging at the infrared (IR) scale f after their evolution under the renor-
malization group down to the IR region. Moreover, as the bilinear operators
must be invariant under SU(3). x SU(2)r x U(1)y, the heavy fermions must
carry the same SU(2)r, x U(1)y quantum numbers of the SM fermions and
transform in the fundamental of SU(3).. It is useful to give an example, in
order to see how the mechanism works. Denoting with @@ and T the heavy
partners of the quark (here the top), doublet with hypercharge 1/6 and sin-
glet with hypercharge 2/3 respectively, the mass term of the SM quark-heavy
quark system reads

»Cmass - _fQuQU_deQd_fTT_AQ (QLQ + h'c-)_AT (t_RT + hC) (32)

where the subscripts v and d stand for up and down components of the
heavy-quark doublet. We notice that the masses of the Q and T heavy
fermions are the same: this is because they are part of a larger multiplet of
a larger group which contains the unbroken SM group. In order to read the

!This is exactly what happens in QCD with baryons.
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fermion masses we write Lags in matrix notation (we consider only the top
sector, the bottom being the same)

~ - 0 AQ 0 tr
Emass,t = (tL qu TL) 0 f 0 quz + h.c. (33)
Ar 0 f Tr

The eigenvalues are {f, f,0}: from this mechanism arise two heavy fermions
and one massless fermion that can be identified with the top quark. However,
the above discussion needs to be extended. The limitations are essentially
two: firstly, the SM fermions arise exactly massless, and we know that they
have a small, but non zero mass. This can be easily solved by changing
the bilinear couplings, as we will see in more detail in the composite Higgs
model discussed in the next chapter. Secondly, in most the group used in
CHMs there is no space to contain the SM quark representations 25, 13/3,
1_y/3, so we cannot couple all the heavy fermions with the SM fermions. In
particular, the problem arises because of the hypercharge. We show how the
problem is solved performing the calculation for a specific SSB SO(5)/S0(4)
because it is the case we are interested in. In the SO(5)/SO(4) model it is
possible to identify the hypercharge with the diagonal generator of SU(2)r
embedded in SO(4) ~ SU(2)r x SU(2)gr but it turns out that with this
choice not all the SM quark representation are contained in SO(5). An
extension of the global symmetry group of the composite sector is required
in order to implement the partial compositeness. The simplest possibility is
to add a new unbroken U(1),, extending the breaking pattern to

SOB)xU(1), — SO4) xU(1),. (3.4)
In this way we can identify the hypercharge as
Y =%+ (3.5)

This is enough to have correct hypercharge assignments. In fact, since the
heavy fermion SO(5) fiveplet ¢(2/3) which contains the two SU(2) 1, doublets
@ and X and the singlet 7', decomposes under SO(4) representations as

PP = (X,Q,T) (3.6)

where X, Q,T possess % = {1/2,—1/2,0} charge respectively and the su-
perscript 2/3 indicates the x charge, then, under Ggw = SU(2)r, x U(1)y,
the SO(5) fiveplet decomposes as

52 >42P12 - 27 P21 D12. (3.7)
3 3 3 6 6 3

Here the subscript stays for the hypercharge, the first arrow indicates the
decomposition of the fundamental of SO(5) in SO(4) representations, the
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second indicates the decomposition of the fundamental of SO(4) in SU(2), x
U(1)y representations. We immediately recognize that the two last terms
have the correct quantum numbers in order to be coupled to ¢ and tg
respectively. In the next chapter we will see a specific realization of the
partial compositeness hypothesis in a more realistic CHM.

3.2 The Abelian Composite Higgs Model

In order to see how the composite Higgs model works, we will develop the
ideas of the previous sections in a simple SO(3)/SO(2) sigma model that
provides an abelian composite Higgs [18].

Let ¢ be a triplet of real scalar fields with the Lagrangian:

1 2
£:§@#®%~40£¢—F). (3.8)
The Lagrangian is invariant under the SO(3) transformation:
6 — 06, O=c"T" c50(3) (3.9)

where the T4 = (T, T%) generators are taken to be

1 0 - 0 ) 1 0 0 —2 1 0 0 O
T'=—1¢ 0 0}, T7=¢—=10 0 0|,— [0 O —¢
V2 0 0 O V2 t 0 0 V2 0 « O

where, in the notation of the previous chapter, the "hat" index runs over the
broken generators. In fact, the potential is minimized by ¢’ ¢ = f2, so the
field ¢ acquires a VEV that in our convention is taken to be

0
F=1|0]. (3.11)
/

As explained in the CCWZ construction, the NGBs can be associated to the
fluctuations along the broken generators, so we can redefine the field ¢, by
performing the ansatz

- 0 0
6= 7T 0 = U [n] 0 (3.12)
f+ox) f+o(x)

where U [r] is the Goldstone matrix. In this simple case we can calculate
explicitly it. The result reads

(S&B — (1= ™ xlgd s
U lr] = ( cosz> - sin g (3.13)
S

—sin?% co
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where 7 = /7% + 73.

Actually, it turns out that the expression (3.13) holds for any SO(N) —
SO(N — 1) breaking, provided that we choose the broken generators have
non vanishing entries in the last line and column [18|. Definitely, with this
redefinition, ¢ reads

ot

L

= (3.14)
5T

Putting (3.2) into the Lagrangian we obtain

1
L= §8M03”0 - (02 + 2f0)2 +

1 f2 a [ a f2 2 T 29n, 2| _
—|—2<1—|—f> LTQSIH ?(‘3#778 +— F—sm ? Oum-oin®| =
_ %8Ma(9“0 N0 — AN f20% — Mo+

+ ; <1 + f> {fz sin? ?8 ﬂaa“ﬂ + —2 (fz — sin? 7}) (9u7728“7r2} .
(3.15)

A few comments are in order:

e as we see, since ¢'¢’ = (o+f)?, the Goldstone bosons have no potential,
all their dependence in the Lagrangian comes from the kinetic term,
which is non linear, as we mentioned before;

e the o field acquires, as expected, a mass: m? = 8\f?;

e since the symmetry group of the Lagrangian has three generators, three
symmetries are expected. However, after the redefinition of the field
¢ by exploiting its radial and angular parts, and after that the o field
takes the VEV f| the symmetries associated with the broken genera-
tors act in a non-linear way on the NGBs, as we saw in the CCWZ
construction; in general they can not be explicitly written in a finite
form. Conversely, the symmetry associated with the unbroken genera-
tor remains linear when acting on the 7%:

7_(_& — [eiaag]di’

A A . ij
b= @i = [e"ﬂaT} o (3.16)
where o5 is the generator of rotations in two dimensions.

In order to make our toy model more similar to the Higgs model, we
define the complex field H = (7! +im?)/+/2. Integrating out the heavy field,
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the Lagrangian at the leading order reads

_1 f2 s 2 \/§|H| T ap
Ly =3 [|H\2 sin 7 0, H'"O"H+
) ) 5 (3.17)
f7(20H]F 5 V2|H]| 2 | 7712
+ i ( 72 sin 7 Ou|H|?0"|H|"| .

The last step to make the model more similar to the physical Higgs is to
gauge the unbroken U(1) symmetry, in order to implement the usual Higgs
mechanism. The gauging of the unbroken U(1) is made by replacing the
usual derivative with the covariant one:

Oud = Dyt = (8 — V2ieA,T) 6. (3.18)

The gauging, since it selects one generator among three, breaks SO(3) ex-
plicitly to SO(2). Using (3.16), the covariant derivative acting on the NGBs
reads R
R ab
D,m" = (8# - \f?ieAuc;'g) . (3.19)
If we switch to the complex notation by introducing the field H = (7! —
in2)/+/2, it is easy to show that the covariant derivative reads

D,H = 8,H —ieA,H. (3.20)

By substituting 0, with D, in the Lagrangian (3.17) we obtain

1| f* . 5 V2[H|
£H, gauged :5 [|H|2 SHl2 f DMHTD'MH—F
) \ /3 (3.21)
ST (20H]F o V2| 5 5
AHF —sin i OulH["0"|H|

where we have used the fact that
DulH? = Dy (B H) = (9,1 +ie A, V) H + HY (9,1 — ie A, H) =

- (a“HT) H+ HY (9,H) = 0, HI.
(3.22)

Breaking explicitly SO(3) to SO(2) implies that the symmetries associated
with the broken generators are not symmetries anymore. The main conse-
quence is that terms that in principle were not permitted as they violated
the symmetries, now can appear. In our case, it can be shown that the
symmetry associated with the broken generators is, at infinitesimal level

.. d
70— 7w 4ot St + I cot = ) abrb (3.23)
f ™ f ™
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By expanding around 0 cot % ~ %

transformed into a constant field:

we see that the vacuum configuration 0 is

A A a
7% = 1+ fa® + (7r_> Oébﬂb%:ﬂd—f—f&d = 0= 0%+ fal

(3.24)
This is the famous shift symmetry that characterizes the Goldstone bosons.
As a consequence, a potential term is forbidden - as it would not allow a shift
symmetry. But if the symmetry is explicitly broken the quantum Lagrangian
is no longer forced to preserve the symmetry - as it is no longer a symmetry
- and a potential can be generated. It turns out that in our case at one-loop
level a potential is generated, and this implies that the Higgs picks a VEV:

v

V2
After picking out the VEV, the Higgs mechanism can start its work:

one component becomes massive, the other is the would-be Goldstone boson

eaten by the A, field. We can read from the Lagrangian (3.17) the term that
gives mass to the A, field

|H| = (3.25)

1e?f? sin2 V2|H|

EmaSS,A = 5 |H|2 f

A AP H|?, (3.26)
evaluating H on its VEV, we obtain a mass term for A,:
v
ma = efsin 7 =ev (3.27)

where we have defined the scale v of the U(1) symmetry breaking. As we
see, in this case the scale v is not "elementary": it derives from an another
scale, and this is expressed by the formula

v = fsin v (3.28)
/
from which we find )
v Vv
£ = — =sin® —. 3.29
f? f (3.29)



Chapter 4

The Minimal Linear ¢ Model
for the Goldstone Higgs

In the last chapter we showed the consequences of the composite Higgs sce-
nario in a model that did not contain the EW gauge group. Now we want
to extend the procedure to a more realistic model, where the unbroken sub-
group H contains the full electroweak group Ggw. The minimal possibil-
ity is to consider a sigma model with a spontaneous symmetry breaking
SO(5)/SO(4). It is the minimal because the broken generators are 4, and
the emerging NGBs can be associated to the four real components of the
usual Higgs doublet. To be more precise, this is the minimal model that
respects the so-called custodial symmetry, namely the SO(4) symmetry of
the scalar sector, broken only by the gauging of the Ggw group. The im-
portance of the custodial symmetry relies on the fact that it ensures the
p = 1 relation at tree-level. In fact, an even more minimal model would be
the SU(3) — SU(2) x U(1) breaking, but, as it does not respect the cus-
todial symmetry, the p = 1 relation is not protected. The mechanism that
generates the light Higgs works essentially as in the SO(3)/SO(2) model.

In this chapter we will study a linear sigma model, following the paper
[16]. The idea underlying the model is to construct a renormalizable model
which in its scalar part is a linear sigma model in which it is included a
new scalar particle . The main difference with traditional composite Higgs
models is that, as the theory is renormalizable, this model keeps open two
possibilities: it can be considered either as an ultimate model made out of
elementary fields, or as a renormalizable version of a deeper dynamics, much
as the linear ¢ model is to QCD. The model contains also heavy fermions
coupled to SM fermions, in order to give a natural light mass to the latter.
As we said, this is provided by the partial compositeness hypothesis. The
heavy fermions will be coupled to the fiveplet ¢, through SO(5) preserving
interactions, and to SM fermions, through SO(5) breaking terms.

The Lagrangian can be written as the sum of three terms describing

29
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respectively the pure gauge, scalar and fermionic sectors
L=Lyj+Ls+ Ly. (4.1)

L4 does not need any discussion, as it contains the kinetic terms of the SM
gauge bosons and it has the same form as the SM gauge boson Lagrangian.
The aim of the remaining sections is to study the fermionic and scalar sectors.

4.1 The Scalar Sector

The analysis will be performed following the paper [16]. In this section we
will concentrate on the scalar sector. The scalar Lagrangian describing the
scalar-gauge and the scalar-scalar interaction is

1
Ly = 5(Du)" (Dug) = V(9) (42)
where the covariant derivative acting on ¢ reads
Dy = (0 + igSy W, + ig SEWS) (4.3)

and Xt ¥% are the generators of SU(2), and SU(2)g subgroups of SO(4)
group embedded in SO(5) [18]. We already know that three among five
components of ¢ will be associated to the longitudinal components of the
SM gauge bosons - denoted below with 7?,i = 1,2,3 - while the other two
will correspond to the Higgs h, the other NGB, and to the heavy resonance
o. For simplicity, we will present the results in the unitary gauge, in which
7t =0:

¢ = (7', 7, 7%, h,0) — (0,0,0, h,0). (4.4)
The potential V(¢) is made of two parts: a part of spontaneous symmetry

breaking SO(5)/SO(4) and a part of explicit breaking of SO(5) but SO(4)
preserving. In the unitary gauge! the potential reads

V(h,o0) = Vssp + VEg,

Vssp = Mo? + h? — £2)2,

Vep = a1f?0* + asfoh® — Bf*h? — af?o + azo®h? + asfo® + ash* + ago™.
(4.5)

The first part depends, as usual, from the two parameters controlling the
SSB. The second part contains a priori eight terms so, at a first sight, the
total number of parameters needed to describe the theory seems to be ten.

!To go in a general gauge it suffices to replace h? with the S O(4) invariant combination
h? 4wz,
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Actually, two of them can be reabsorbed via a redefinition of the remaining
eight?. It can be easily shown that, performing the substitutions

Ao A+N 2 2 (4.6)
with 49
/ 2 a ae .9
= — = - 4.
A ae f 2()\ — aﬁ) f ) ( 7)

the 02, 0% terms go away from the Lagrangian. For completeness we show
below how the other parameters change under these transformations

3
ar + 2ag \ 2
a—>a< =d,

2(A —ap)
a1 + 2ag a1 + 2ag a1 + 2ag ,
2\ —2a6 — 20— =
/8—>ﬁ+52()\—a6) + 2()\—a6) a6 a62()\—a6) 67

a1 + 2ag o
a2—>a2w/1+72(>\_a6) = ajy, (4.8)

as —>a3—2a6zag,

CL1+26L6 ’
—ag |1+ < =
ay a4 + 20\ — ag) A9,

a5—>a5—a65ag.
Under the redefinitions (4.6), (4.7) the potential changes as

V(h,o) = Mo?+h2 =22 —d' 30— f2h% +ay foh® +dyo®h* +aly fod +akht.

(4.9)
From now on, following a procedure already adopted in [32], we will continue
the analysis keeping only the o/ and /3’ terms, as these are the only strictly
necessary soft breaking terms in order to absorb the divergences generated
by one-loop Coleman-Weinberg potential, as we will see later. Renaming o’
and ' with a and (3 respectively, the potential finally reads

V(h,o) = Mo? + h? — )2 — afic — Bf2h% (4.10)

For an appropriate region of parameters both the h and o fields acquire a
non-vanishing VEV:

oV — =

ah = 4N + 0% — A —-28f0 =0 Vo = 23

ov — 9 9 a? B

ov _ 2 .2 g2y, 3 _ — e 2

o _4)\(UU+U f )UO' Oéf =0 v f (1 4&2 + 2)\>
(4.11)

2The minus sign in —(f2h? is to have B > 0, inequality that will be clear later, whereas
the minus sign in front of af3c serves to have a positive v, .
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The SO(5) VEV is therefore corrected by the § term in the potential:

v? + k= f? (1 + 2@) (4.12)

From (4.11), (4.12) it follows that both f2 > 0 and f? < 0 are in principle
allowed, but if we want to interpret the Higgs h as a NGB in the limit
a, 3 — 0 it is needed that f2 > 0. According to (4.11), the positivity of v?
and the |v| < |vy| constraint lead respectively to

2 2 B
a® < 4p <1+2)\>,

(4.13)
o? > 262<1+ 5).

2

We notice that, for 8 < A, in order to get v? < f2, (4.11) requires a fine-
tuning such that /28 is very close to unity. Now we want to expand the
o and h fields around their minima in order to find mass eigenstates and
eigenvalues. Performing the substitutions h = h+v, 0 =6 + v, the scalar
potential reads

V = Vinass + Vint (414)

with
Vint = Ab* + X644+ 40AR® 4+ 4 v, 62 + +4v, 0602 4+ 2062h2 + 4vAhé? (4.15)
and

Vinass = 4M2h% + (4\02 + Bf2)6% + 8 \vvghé =

_(iL A) A\v? 4A\vvy h (4.16)
T dw, a2+ 8r2) \6)

In order to diagonalize the mass matrix we recall that, given a symmetric

S = <Z i) (4.17)

the angle of the corresponding rotation matrix R that diagonalizes S

R <(:087 —s1n’y> (4.18)

siny  cosvy

matrix

is such that

2b
tan 2y = . (4.19)
c—a
In our case we obtain, using (4.12),
4
tan 2y = o (4.20)

302 — 2 — f2°

o
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The (physical) mass eigenstates are therefore

Rohvs = hcos~y — 6 sin
phe TR (4.21)
Ophys = 0 cOsy + hsin~y.
From now on, for simplicity, the notation hppys, ophys Will be traded by h and
o, respectively, unless otherwise specified. The mass eigenvalues are given
by

z :
m%leavy, light — 4Af2|:<1 + Zf) + <1+ 5<1+ %62 + /B )) :| (422)

The positivity of mass square eigenvalues implies some constraints on the
parameters. For f2 > 0, mﬁeavy is positive if

3p

mﬁght is positive if
2
1430 1+£ +—+5 — 282+ 48\ — 22 >0
4\ 2\ 232 B (4.24)

1 2 B
== 45>\<46 +2— .
where in the last implication we have used (4.13). We can now understand
the overall minus sign of the term —3f252 in (4.10): if it was overall positive
(as for instance for f2 < 0 and B8 > 0) we would have had v = 0, i.e. no
spontaneous symmetry breaking. It is instructive to get the masses of the
heavy and light eigenstates in the limit when the SO(5) symmetry breaking
is small, i.e. 5/4\ < 1. Defining = = /4 and expanding for z < 1:

2 1
1+3x:|:<1+2x<1+2ﬂ2+ >)]2
24Af2[1+3xi <1+$(1+2O§2)>] ~ (4.25)

~ AN f? [1+3xj: (1-1—:1:(3—2})2))]

where we have used

2>>0 — 23>0

2 _ 2
mheavy, light _4>‘f

2 v2 v2
Therefore in this limit the mass eigenstates are
g
ey = SN+ 20037 = %)+ 0 1

4A (4.27)

Mgy, = 280> + O (ﬁ\)
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4.2 Scalar-Gauge Bosons Couplings and Tree-Level
Decays

In the unitary gauge, the kinetic scalar Lagrangian written in terms of the

unrotated fields h, 6 reads

g2 + g/2

1. . 1~ _ g2 N B .
‘Cs,kin = 56;10'8“0'“‘ iauhauh—F Z(h+U)2le_W“’ + (h+v)2ZHZ“
(4.28)
that fixes the VEV v to be the electroweak scale defined from the W mass:
v = 246 GeV. (4.29)

The kinetic term (4.28) and the scalar potential (4.14) provide the scalar
Lagrangian
1 1 1 1
Ly = 50,00"0 + 50,hd"h — 5m?,a2 — 5m,%hQ—
— Ah2 + 0?)(h? + 0% + 4(vh + v,0) cosy + 4(ve — vy h) siny)+
2

g (4.30)

+ Z(h cosy + osiny + v)ZWjW’“‘*—i—
2, 2

+ %(hcosy +osiny +v)2Z, 2"

where h and o are written in the mass basis. Rearranging the terms in

parenthesis and introducing the gauge boson masses m%,[, = g*v?/4, mQZ =

(g% + g'*)v?/4 the Lagrangian reads

1 1 1 1
Ly = 50,00"0 + 50,hd"h — 5m(2,02 - §mzh2 — \(h* 4 0%)*

— 4\ (vcosy — vy siny)(h3 + ho?) — 4\ (vsiny + vy cos ) (o> + h20)+
h g . 2 2 + — 1 2
+ (14 —cosy+ —siny myy W, WH +§mZZuZ“ .
v v
(4.31)
Now, in order to calculate the scalar tree-level decays, it is useful rewrite the
Lagrangian in terms of observables quantities. The Lagrangian possesses four

independent parameters that can be expressed in terms of four observables
which we choose to be

1
G

F=—F7=>0> mp,
V202

The system of equations can be solved analytically; firstly, v and v, in terms

of the four physical parameters (4.32) read

M, sin . (4.32)

2 _ ].
2G
V2Gr s (4.33)
vsin(2q) (m2 — m?)
Vg =

2(m2 sin?y + m? cos? )
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and the four parameters of the scalar potential are found to be

102 2 2
A_Smm@yngcotz,y),
m

2
8v 2
2,2
b M}, My
4N misin® v+ mf cos?y — 2mIm2’

4.34
% (2, — m3)?sin(29) (4:34)

462 4 (md sin?y + mf cos?y — 2mZm2)’
2= 2 sin?y + mj cos? y — 2m2m2)

vi(m o
2

g

(m2 sin® v 4+ m? cos? )

From the equation for f we can extract the parameter £ that expresses the
vacuum misalignment

v (mg (4.35)

T2 (misin?y+ m} cos?y — 2m2m2)’

2 sin? y + m3 cos? v)?

In the limit when m? < m2 (which derives from 8/4\ < 1, v?/f? < 1) it
reads

(m2 sin? v + m3 cos? v)?

&=

(m4 sin® v + m} cos? y — 2m2m2)
2 2
~ (sin2 v + 2 cos? 'ymg) (1 + 22mh2> (4.36)
mg m2 sin® v

2
~ [sin2 v+ 2m—3(2 — sin? 'y)]
mo'

that inverted gives

2 2
sin’ 7 o~ % — 4%. (4.37)

We see that in the limit mj;/m, < 1 the mixing angle v coincides and the
parameter &

siny = % = /¢ (4.38)

We now turn to the tree-level decay rate of h and o into SM bosons. The
relevant couplings are

2cosvy 9
Ih—w+w—- = v My,

CoS 7y 9
9h—z7Z = ( ) my,
2siny
gO'*)W+W7 fry < " >m%v’ (439)

sin 7y 9
9o—272 = v my,

Jo—hh = 4\ (vsiny 4+ v, cos ) .
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We see that the couplings of h to gauge bosons differ from the SM by cos~,
so the decay rate, that is proportional to the square of the couplings, is the

SM decay rate times a cos?y:
D(h— W W™) =Tgu(h — WHW ™) cos?, (4.40)
D(h— ZZ) =Tsyu(h — ZZ) cos? '

where

1 4 1 2
PSM(h—>W+W7):7mW 1_4mW 34 = ﬁ_mi; 7
AT mypv? mh 4mi, m?,
(4.41)

1 4 2 1 2
Tou(h = 22) = ——2_[1 472 3+7%—% .
87 my,v2 m3 4mZ m?

The o decay rate into SM bosons is the same as (4.40) with the re-
placement my, <> m, because h and ¢ are both scalars and have the same
couplings so phase space and amplitudes are the same:

1 4 2 1 4 2

[(o—WW™) = mW2 cos? y 1—4mV2V (S—i- m40 m20> ,
4T m mé dmy,  my
1 4 2 1 4 2

o —Z2) = mZQ cos® 1—4mZ <3—|—mZ—m2a>.
&7 Mo m2 4dm7, my

In the limit m2 < 1 the mass dependent part reads

o

(4.43)
therefore
9 2
I(c—WW™) = \T(SGFmg sin v [1 +0 (nl‘g)] 5
T m
7 4.44
V2GF 3 2 m2z ( )
INo—2Z2) = o, Mo ST 1+0 3

where we have substituted 1/v? = v/2GF.
For the decay o — hh the calculation is similar. The phase space is the
same as the decay into gauge bosons, the only difference is the amplitude

M =4\ (vsiny + v, cos 7). (4.45)
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In the end, I',_, 3, reads

2\2 2 ’
I — |M| ol _ _ Mo |4 _ 4mh v siny + Yo cosvy | . (4.46)
7 m2 T mZ \mg Mgy

Since, when m3? /m?2 < 1

sin® ymg
A= +0
w o ()]
m2
Vg = U COt 7Y [1 + 0 (3)}
mU
02 m2 (4.47)
(vsiny + vy cosy)? = — [1—1—0(3)} ,
sin® y m2
2 2
1—4m§_1+0<mg>,
m2 m2
I'y_pp, in this limit, reads
2G 2
Tyshn = \/;;2 i sin® y [1 +0 (mg)] . (4.48)
T m2

The experimental values of the couplings between the physical Higgs and
the SM gauge bosons, which are modified by a factor of cos? v with respect
to the SM ones, restrict the parameter space of the theory. In particular,
they translate on a bound on ~:

.2

s?n2'y < 0.18 for mp < Mg, (4.49)
sin”~y > 0.82 for mp > M.

Moreover, the interpretation of the Higgs as pNGB also narrows the allowed

region in the parameter space. The Fig. 4.1 shows the region of allowed

values in the (m,,sin?~) plane. In fact, once we fix m; and v, the pair

Mg, sin?~y define completely the scalar sector so each point of the graphic

corresponds to a distinct physical situation. In particular:

e the red region corresponds to f2 < 0, i.e. no SO(5) breaking;

e the orange region corresponds to |v| > |v,|, that is when the roles of h
and o have switched and o becomes the pNGB;

e the white regions are excluded by Higgs data on the couplings with
SM gauge bosons;

e the physical regions, that is when the Higgs arises as a pNGB, are
depicted in light blue (where m, > my,) and blue (where m, < my,).
Nevertheless, we will restrict the discussion below only on the light
blue region because in the blue region the interpretation of the Higgs
as a pNGB requires a fine-tuning of the parameters.
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Figure 4.1: The figure shows the parameter space as a function of
(mg,sin?v). These are the only parameters needed to completely specify
the scalar potential, as we have fixed v and my to their observed values.
The red region corresponds to f? < 0, the orange region corresponds to
when o becomes the pNGB. The white regions are excluded by Higgs data
on the Higgs decay into gauge bosons (that allow the region below the hori-
zontal line at sin?~ = 0.18 and sin?y = 0.82). Thus there remain available
the light blue region and the blue region. Nevertheless, this last region, in
which m, < myp ~ 0.125TeV, requires a fine-tuning of the parameters in
order to allow an interpretation of the Higgs as pNGB, so we will focus our
discussion on the light blue region. In the figure are also shown some curves
for fixed values of /X and «/f [16]
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4.3 The Fermionic Sector

The fermionic sector, as we already pointed out, is important for two different
reasons:

e it transmits, together with the gauge bosons, the explicit breaking of
SO(5) to the composite sector, inducing a potential at one-loop level for
the h field with a non-trivial minimum, breaking the SM electroweak
symmetry at a scale v # f and providing a mass for h.

e it provides a mass for the SM quarks, through the mechanism of the
partial compositeness.

However, the fermionic Lagrangian is strictly model-dependent, as there
are several ways to introduce exotic fermions. The set-up considered here
follows the paper [16]. Summarising, the particle content of the model is the
following:

e four different types of heavy (exotic) fermions® either in the funda-
mental representation of SO(5), which we denote as 1, or singlets
denoted by y; there are two for each one, corresponding to the two
U(1), charges needed to have correct hypercharge assignments;

e SM fermions; for simplicity we will restrict our discussion to the third
generation of quarks, however the generalization to the real case of
three families is trivial;

e the scalar field ¢, which contains the Higgs field h, the three longi-
tudinal components of SM gauge bosons and the heavy field o. By
construction ¢ couples only to heavy exotic fermions in an SO(5) in-
variant way. The sources of SO(5) breaking lie instead in the elec-
troweak gauge interactions and in the mixing terms between heavy
exotic fermions and SM fermions.

The first step to construct the fermionic Lagrangian is to enlarge the
SO(5) symmetry group with a further (exact) U(1), symmetry. In fact,
as we outlined in the previous chapter, this is essential if want to rely on
the partial fermion compositeness to give a mass to SM fermions. The SSB
pattern therefore reduces to

SOB) xU(1l)yz = SO4) xU(1)y ~SU2), x SUR2)r x U(1)z. (4.50)
The hypercharge is then defined via

Y =33+ (4.51)

3These fermions are the heavy resonances in the case of strongly coupled regime.
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Two different U(1), charges are compatible with SM hypercharge assign-
ments: 2/3 and —1/3. For this we will consider two different copies of heavy
fermions for each representation, differentiated by U(1),, as they are neces-
sary to induce mass terms for both the top and bottom quarks. Summarising,
the four heavy fermions considered are

W33~ (X,Q, TP, p(3) o (Q/,XI,B@),

v 3 M) (13 ~ ) (452)
where the superscripts (2/3), (—1/3) indicate the U(1), charges and we have
decomposed the SO(5) representations in terms of SU(2) representations. In
particular, X0, Q() denote the two different SU(2)y, doublets contained in
the fundamental of SO(5), T®), B®) are SU(2) singlets while 7(), B
are SO(5) singlets (and, consequently, SU(2) singlets). We remind that,
in our decomposition of SO(5) in SU(2) representations, the first doublet
has ¥% = 1/2 while the second one has ¥% = —1/2. In this way the heavy
fermions have the right quantum numbers to be coupled to the SM fermions?.
For example X, @ are SU(2)r, doublets and possess, respectively

1 2 7
Y(X) =133 =—4+-=-
() R+$ 2+3 67
5 s s 1 1 2 5
Qem(XU):EL+Y(X):EL+ER+$:§+§+§:§a (4.53)
1 1 2 2
Gom(Xa) =L +Y(X) =S + 43 +2= 5+ 5+ 3 =3,
1 2 1
Y(Q) = X3 — 4=z
5 s o 1 1 2 2 L5
qem(QU):EL+Y(Q):EL+2R+x:§_§+§:§a (4.54)
1 1 2 1
gem(Qa) =31 +Y(Q) =S} + 45 +a=— -+ =—2.
2 2 3 3
T(1,5) are SO(4) (therefore SU(2)y, too) singlets so:
3 2
Y(Ths)=Yrt+z= 3’
(4.55)

2
gem(T15) =53 + Y (T 5) = 3"

For ¢(=1/3) and x(~1/3) the calculations are the same except for the z charge:
z(p13)) = 2(x(=1/3)) = —1/3. The tables 4.3 show the quantum numbers
of the particles in the model.

“The SM fermions are taken to be U(1), singlets so that some of them have the same
quantum numbers than the SM ones.
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Charge/Field X Q Ti5
3 1/2 -1/2 0
SUQ2)LxUQ)y (2,7/6)  (2,1/6) (1,2/3)
T 2/3 2/3 2/3
X*=5/3 Q*=2/3 2/3
M X?1=2/3 Q=-1/3
Charge/Field Q' X/ Bis
3 1/2 -1/2 0
SUQ2)LxU)y (2,1/6) (2,-5/6) (1,-1/3)
T -1/3 -1/3 -1/3
Qu=2/3 X"=-1/3 -1/3
9EM Q/d _ _1/3 x'd — _4/3
Charge /Field H H
3 1/2 -1/2
SU@2)LxUQQ)y (2,1/2) (2,-1/2)
x 0 0
H*=1 H"=0
dEM Hd _ }Nld _
Charge/Field qr, tR bR
) 1/6 2/3 1/3
SUQ2)LxU)y (2,1/6) (1,2/3) (1,-1/3)
T 0 0 0
up =2/3  2/3 ~-1/3
qeM dp, = —1/3

Table 4.1: The tables show the quantum numbers of the particles in the
model; g7, is the usual SM quark doublel and tgr, br are the singlets of
SM top and bottom quarks, respectively. We notice that Q(),B(1:5) 7(1,5)
have the correct hypercharge and electric charge assignments in order to be

coupled to the SM fermions.
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With this choice of charges, the most general fermionic Lagrangian in-

variant under SU(2)r, x U(1)y is given by

Lr = qrilPqr, + trilPtr + brilDbg

+ 2/3) (i) — Ms) @3 4 (=1/3) (i) — M) p(=1/3)
+x3/3) (i) — My) x (2/3) 4 (=1/3) (i) — M) y(71/3)

[y ¢(2/3)¢X(2/3) + o ¢(2/3 ¢X(2/3

4y ¢L 1/3)¢X( 1/3) +92¢R 1/3) ¢X(L_1/3)+ (4.56)
M1 (@ AZE) 0D 4 a7 (A8 ) + Asx Vet
+A/1 <QLA5;}5/3)> w( 1/3) +A/¢( 1/3) (Aé;ll/3)bR> +

+A3Xg 1/3)bR +h.c. ] .

The couplings AD_ . can be regarded, in the case of strongly interacting

(1,2)

regime, as effective couplings arising at the confinement scale after their
evolution under the renormalization group. On the other hand, the A’s
denote matrices connecting SO(5) and SU(2)r, x U(1)y representations; for

instance, the A; coupling explicitly reads

i) (5 g

—= O
o O
~__

O =

Q% | = Qkr- (4.57)

It is useful rewrite the Lagrangian (4.56) in SU(2)z components. To this
purpose we remind that the complex Higgs doublet is related to the real

fourplet representation by [18]

(4.58)
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Then, the Lagrangian reads

Lr =qrilDqr, + trilptg + brilpbr + Q (ZE . M5) Q+X (Zw - M5) X+
+T6) (i - Mz) TO) + TD (ip — M) TH + Q’ (i) — M;) Q'+
+ X' (i) — M) X'+ B® (ip — M) B® + BW (ipp — My) BY -

[ (XoHT) + QT + TP o) +
o (T H X+ T} BT Qp + T o T}
+oh (XpHeBY + QuHBY + B oBY) +
+ 45 (B H X + BV HIQ + B0 BY))
+ M@ Qr + ATty + AT et
+ N qLQp + MyBPbg + AL By + h.c.] .
(4.59)

We can also rewrite the mass part of (4.59) in a more compact form
defining a fermionic vector whose components are ordered by their electrical
charge:

U= (X" T,B,X%) (4.60)

where T and B are the six components, respectively top-like and bottom-like,
fermions:

(t Qv x4, T(5 71 Qu)

(4.61)
<b Qd Xu B(5 Qd>
The fermionic mass terms can then be written as
Lomass = —VrM(h,0)VR (4.62)
where M(h, o) is the block diagonal 14 x 14 matrix
M(h, o) = diag (M5, M7 (h, o), MB(h, o) Mg) , (4.63)
0 A 0 0 0 A
0 Ms 0 0 yl% 0
0 0 M, 0 - 0
MT = ’ vz (4.64)
A2 0 0 M5 Y10 0
A3 92% y2% Y20 My 0O
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and MB(h, o) = M7 (h, o) with the substitutions (y;A;, M;) < (y;A;, M;).
We notice that the mass matrix (4.63) is block diagonal. This is consis-
tent with the fact that the Lagrangian (4.62) must preserve, by construction,
the U(1)em symmetry. The mixing of the fermions with the same charge does
not violate charge conservation so it can occur and indeed it is what happens
because of (4.64). Also, we notice that, even in the limit of vanishing Yukawa
couplings, the exotic fermions get mixed via the SO(5) breaking couplings.
The matrices can be diagonalized analytically in some interesting limit, in
general they have to be diagonalized numerically. However, we can estimate
the top and bottom masses by integrating out the heavy fields and retaining
only the highest order contribution. In the calculation we will neglect all the
covariant derivatives as they are responsible of next-to-leading-order correc-
tions. Since the matrix is a block diagonal matrix, the equations of motion
will be decoupled for each block. We will perform the calculation for the top
mass, the calculation of the bottom mass being the same. As we have to
integrate all the heavy fields, it is convenient define an "heavy vector" T

Q’LL
Xd
7(5) (4.65)
(1)

N
Il

and write the equation of motion for T'. The Lagrangian for ¢ and T is

o 0 a’ tr
Emass,tT = - (tL TL) B ’}/(h J) Tx + h.c. (4.66)
with
Ay 0 Ms 0 0 yl% 0
0 0 0 Ms 0 yl% 0
o= 0 s B = A2 s v = 0 0 M5 Y10 0
; As y2% yz% yo M 0
A 0 o 0 0 0 M
(4.67)

The equations of motion for T are

VTR + Btr =0

AT + oty =0
Try' +trBT =0
Try +tra® =0.

(4.68)
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Substituting (4.68) in (4.66) we find

~Lonassat = ol Tr + TpBtr + TpyTr + hec. =
= —traly 1 ptp +traty ptg — trat v Btr + he. = (4.69)
=1L (—aTy_lﬁ) tr + h.c.

from which we can read the leading order (LO) contribution to the top mass

y1AiAs — y1y2A1Aso /M5 h

T -1
my = o = _.
! 7P M Ms — y1y2(h? +02) /2

(4.70)

As expected, the bottom mass can be inferred from (4.70) by performing the
substitutions

{y17y27A17A27A37M17M5}%{yiﬂyé? ,1’ /27 é’M{’Mé} (471)

4.4 The Coleman-Weinberg One-Loop Potential

As we have introduced an explicit breaking of the SO(5) symmetry by gaug-
ing the EW group and by coupling the SO(5) scalar fiveplet with the heavy
fermions, the SO(5) breaking terms are not forbidden and this provides an
Higgs mass term at one-loop level. In order to show it, we recall that the
divergent part of the Coleman-Weinberg (CW) one-loop potential is given
by [33]

VCW

2
- —641%2 (Tr [MMT] A2 Ty [(MMTﬂ log 22) (4.72)
where A is the ultraviolet cut-off, ;1 a generic renormalization scale and M
is the mass matrix of the theory. The CW potential exhibits a quadratic
and a logarithmic divergence. This means that the divergent terms arising
from the fermionic sector and the gauge sector have to be renormalized by
introducing the respective counterterms in the tree-level Lagrangian. We
start from the contribution due to fermions. By using (4.63), (4.64) we find

Tr [MMF| = M2+ Tr [ MTMTT| T [MEMET] 4 0,
Tr [(MMTY] =M +Tr [(MTMT*)Z] +Tr [(MBMBT>1 + MY
(4.73)

The contributions due to top and bottom quarks do not mix since the mass
matrix is block diagonal because of the underlying electric charge symmetry.
Moreover, since the mass matrix M7 differs from M5 by the substitution of
the parameters with the respective primed, we can perform the calculation
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only for the top sector, and the bottom sector will come automatically. We
start from the quadratically divergent contribution that reads

Tr [MTMTT} =
= M+ 3M3 + M+ AT+ AT + A3 + A+ (4 +93) (0 + 0%) = (474)
= M? 4+ 3M2 + MP + A2+ A2 + A3+ A2+ (42 +13)0T o

where in the last equality we have reintroduced the fields 7¢. Consequently

Tr [MMT] = M} +5MZ + 20 + A5+ A5+ (f +v3)0 o+ {} & {V
(4.75)

where with {} <+ {}’ we mean that the same contributions arise from the
bottom sector substituting the unprimed couplings with the primed ones.
We see that the quadratically divergent term is SO(5) invariant and we do
not need to add counterterms to the tree level potential.

On the other hand, the logarithmic contribution arising from the top
sector is

T {(MTMTT)Z] = dy + doo + dsh? + dy (670) + ds (670)°  (4.76)

where®
do =4 (y1 M7 + yoMs) A2 As,
ds = +y3AT — 297 A3,
dy = dyryoa My Ms + 2 (yiA3 + y3A3) + 2 (yf + v3) (M7 + M2),
ds = yi + 3

(4.77)

where we have used the fact a o2 divergence can be transformed in an h2
divergence. In fact, calling dj the coefficient of the o2 term we have

407 + dsh® + dy (¢7 ¢) = (ds — ds)h* + (db + da) (7 ) . (4.78)

A similar analysis should be done for the gauge bosons loops. However,
following the paper [32], we have neglected the SO(5) breaking terms arising
from the gauge bosons loops because we are interested to modifications of the
potential due to the fermionic sector because the potential arising from the
gauge sector is negligible with respect to it. In the end, since the divergences
arising from the bottom sector are the same, the appropriate terms needed

to absorb the divergences arising at one-loop level are the o and 8 terms in
(4.10).

5We do not show d; as it is a constant term.
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The last remark is about the choice to introduce counterterms related
only to the one-loop potential. In fact, as the full renormalizability of the
theory requires the presence of all gauge invariant operators of dimension
equal to or smaller than four, there is nothing that forbids the appearance of
other SO(5) breaking terms at two or more loops, the renormalization pro-
cedure may thus require to include further symmetry breaking counterterms
beyond those considered; however, as they arise at more than one-loop, their
finite contributions are weighted by comparatively negligible coefficients and
therefore they can be omitted in this analysis [16].

4.5 Higgs and ¢ Coupling to Gluons

Other two observables that we can calculate related to the strong sector are
the scalar decays into gauge bosons h — gg, 0 — gg. We start recalling
what the SM predicts. In the SM the Higgs decay into two gluons arises at
one-loop level, through fermions loops. The Feynman diagram of the process
is depicted in Fig. 4.2 and the corresponding amplitude is given by

Ap, = g,SlMefLeb (p-kg" — p“k‘”)é“b (4.79)

where g,SlM is a scale dependent function that characterize the amplitude
strength. We notice that the shape of the amplitude is consistent with the
fact that all the effective interactions arising from a gauge-invariant theory
have to be gauge-invariant. In fact, it allows to reconstruct the effective
interaction hGy, GH*, which is the only gauge invariant way to couple the
Higgs with two gluons. A straightforward calculation shows that

N

where m; is the quark mass, y; = v/2m;/v is the corresponding Yukawa
coupling and

11—z
1 — 4z
< 2) / dx / Z; ~
m 1 —x21y
Because of (4.81) the amplitude is dominated by the top quark; for instance,
the most relevant contribution after the top quark comes from the bottom

quark, whose integral is (q2 /mQ) ~ 1072, so it can be neglected. In con-
clusion, in the SM we have

2
S UNLE (0 P 4.82
Ih V2 my (m%) 3v (482)

f 2> ¢
o Tl g8

S Wl

for m? < ¢?
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Figure 4.2: The Higgs decay into two gluons, mediated by the top quark.
There are two topological independent diagrams: one is depicted in the
figure, the other one is the same with the fermionic arrows inverted.

Now we turn to the MLoM. Here the h — gg coupling arises via fermions
loops as well with the difference that now the fermions running in the loop are
the top quark plus all the heavy fermions® because for them I (m% /M 2) ~
1/3. In order to make explicit the Yukawa-like coupling it is useful rewrite
the Lagrangian (4.62) as

_Emass = \I/LM\I/R‘FE\I/L%\I/R—F&\I/L%\DR—F}].C. (483)
oh Oo
where we have defined

OM _ OM(h,0) oM _ dM(h,0)

M= M(% UJ)7 oh oh hfv ’ oo oh hf”
v (4.84)

and we have used the fact that the mass matrix M(h, o) is linear in h and 67.
In the form (4.83) we immediately recognize that the matrices 9M /Jh and
OM /Do are the Yukawa-like couplings. However, neither fermions nor scalars
are in their mass eigenstates, so we have to perform both the rotations.
Starting by the fermions, the rotation leads to

—Lonass = MUY Wl + AU (V)7 0%, + 608 (V,) Y 8%, + h.c. (4.85)

where Y}, , are the Yukawa couplings arising after the rotation in the fermion
mass basis. On the other hand, the rotation of the scalar fields leads to

Lyuk = ¥ [V cosy — Yy siny] Ui + oWy [Yy, siny + Y, cosy] ¥g + h.c.
(4.86)
Therefore in this model the effective couplings g,?lj (in the scalar mass basis)
are given by 7

gk (m7,) = g (m}) cosy — gs(mj) siny =

m2 .
- Z 771%‘1 <m}21> [(Yn)si cosy = (Yo ) sin7], (487)

5They carry color charge and live in the fundamental of SU(3)., so they are coupled
to gluons as the SM fermions.
"We recall that h and & are the (unphysical) unrotated scalar fields.
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g (m2) = gh(m )siny + gs(m2) cosy =

_ Z [( > (Y3),; siny + () ,; cos 7] (4.88)

where the 7 index, as we have said, runs over all the fermions for which
the integral 1 (q2 / m?) is considerably different from zero and m;’s are their
masses. In order to perform the calculation we notice that

=v

7= o=V, (4.89)

= Z gh log (m;(h, o‘))‘hv = Z (}Zi”

o=V

%IOg (det /\/l)'h %log (H mi(h,0)>

and the same for Y,. In the first equivalence we have used the fact that the
determinant is invariant under a change of basis. This is useful because in
this way we do not need to go in the fermion mass basis. Now, ggH (m,zl) is

given by

1 m? 1 3

=Vs

oT=Vq

10
_ - Y Y _ *
=5an [log (det MM ) log mbmb]

(4.90)

where we have used (4.81) and subtracted the contribution arising from the
bottom quark, as for it the integral (4.81) is almost zero. On the other hand

g$™(m?2) is given by®

CHim2) = Z(Y )LI m—?’ 19 log (det M) — logm =
95 h) = : )i mf 390 g 2 my, - =
10
) *
= 590 [log (det/\/l/\/l) logmbmb} .,
’ (4.91)
Now, as
3} 4
T
h log (det MM ) " (4.92)
9 2ya Ay 2, A
— log | det M) = 4.93
do Og( oMM > Y2Aovs — MsA3 - yhNyvs — MEAL’ (4.93)

8We notice that we are calculating gs valued at m?.
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0 2 4oyl v
— 11 ¥ =—-— 4.94
oh ( o8 mbmb) ‘h:v v Yivh(v? +u2) — MM (4.94)
O=Vqs
9 (1, ‘ 25\ 4voy 95
PR m m = - b
97 BT )y T i NGu, — MEN T yiyh(v + 02) — MM
(4.95)
9@ (m2) and g5 (m3) read
1 201 5 1 2uy)ys 1
CH/, 2 192 192
N —_ — [ — O
9h M) = gt g o) —saial 3 sana O\ a2 )
(4.96)
CH(, 2y _ y2Ao 20591V _
95 (M) = 5 yvs — 3Mshs | 3ylyh(0® + 02) — BMIME 437)
Lyphy o Ve Vo |
3 MAs MM M2 )
In the end, the effective coupling in the scalar mass basis is given by
1 1 yoA
gn = gﬁ(m%) cosy — gs(m32) siny ~ 35 €057~ gifiig sin . (4.98)

The important point is that in the limit m; > my, the hgg effective coupling
is exactly as in the SM. The contribution arising from the heavy fermions
tends to cancel out for masses larger than v.

With analogous procedure, we can obtain the 0gg amplitude. The differ-
ence with the previous case is that now the top quark is lighter or comparable
in mass to o and this means that that the integral (4.81) cannot be approx-
imated to 1/3. What we have to do is to subtract the "false" top quark
contribution from the total contribution and then add it without approxi-
mating the integral:

10 . i}
g; " (m 2) = 6% [log (det MMT> — logmym; — logmbmb} ,

) o],

2 Yy1y2 yiyé 2 UU2 Vo2
- = I @ -
3" <M1M5 T ) o \2) T\ e aeaaz

(4.99)
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where the derivative of the top mass logarithm can be read as usual from

(4.94) by substituting the unprimed couplings with the primed ones. Anal-

ogously g§t(m2) reads

10
S (m?) = 5% [log (det /\/l./\/lT) — logmym;) — log mme] . +
o=vo
1 d
iy ) — |1 * =
* 2 <m§> 0o [ogmtmt] h=v
O=Vos
9 i A 2
— 24, Y1y2 " y}yzl Y2lh2 (Mo I
3 M1M5 M1M5 M5A3 mt
L0 UQUQ ’ v
MZMZ’ MP2ME
(4.100)

Finally the ogg effective coupling is given by
95" (m3) = gj,(m3) siny + gg(m3) cosy ~
2 i,
~ [if <:§> N %” (AZ?\Z * J\%/\Zgﬂ siny+ (4.101)
e[ () -5 (il i) oo
Summarising, the hgg decay is dominated by the top quark for very heavy

fermions, while the heavy sector has a more significant impact on ogg tran-
sitions.
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Chapter 5

The Strong CP Problem

In the 1970’s the strong interactions had a puzzling problem, which became
particularly clear with the development of the QCD. The QCD Lagrangian
is:

6
_ 1
Lqcp = E Ui (i) —m;) iy — ZGZVG”W (5.1)
=1

with D, = 0, — igsGT* where the T%s are the SU(3) generators, the
sum over the color indices is understood and the ¢ index runs over the six
quarks. It is immediate to see that in the limit when m; — 0 the Lagrangian
(5.1) is invariant under U(6) x U(6)r where the subscripts stay for left
and right. Actually, since the only up and down quark masses are smaller
than the typical scale of the formation of hadrons, that is m,,mq < Aqcp,
only a chiral U(2);, x U(2)g is a very good approximate global symmetry of
strong interactions. This symmetry, however, is not manifest in the hadrons’
spectrum. In order to explain why, we need to decompose the symmetry
group in his vectorial and axial parts:

U2), xUR2)g=SU2)y x SU2)a xU(1)y xU(1)4 (5.2)

where the V and A are the vector and axial respectively. The U(1)y sub-
group corresponds to the conservation of baryon number and it is an exact
symmetry of QCD, as also the mass term is invariant under U(1)y. On the
other hand, one would expect the remaining SU(2)y x SU(2)4 x U(1) 4 to
be a good approximate symmetry of QCD, because of the smallness m,,, my
compared to the Agcp scale. However, this is true only with the vectorial
part of symmetry, while the axial part SU(2) 4 xU (1) 4 is not seen in the spec-
trum. Indeed, there are several reasons (both theoretical and experimental)
that lead us to believe that the QCD global symmetry group U(2)r, x U(2)r
is spontaneously broken by the vacuum condensate (uu) = (dd) # 0. Most
of all is the fact that it is present, in the hadron spectrum, an approximate
multiplet of light particles - the pions - whose mass vanishes in the limit
my, mg — 0 so they are suitable candidates to be the NGBs of the broken
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SU(2) 4 symmetry. Remarkably, however, there is no corresponding pseu-
doscalar state with vanishing mass, in the same limit, associated with the
broken U(1) 4 symmetry. Weinberg [34] first understood that the problem is
related to the anomalous nature of the U(1)4 symmetry. Shortly, the rea-
son why there are no approximate NGBs associated with this abelian chiral
symmetry is that, as a consequence of the anomaly, this is really not a sym-
metry of the full quantum theory. The important point is that, because of
the anomaly, at one-loop level the QCD Lagrangian has a further term:

Lo = H%Gawéa’“’. (5.3)

However, although this feature of chiral symmetry was pointed out before
the advent of QCD as a theory of strong interactions, the resolution of
U(1)4 problem required a better understanding of QCD vacuum [35], [36].
In fact,the right-hand side of the equation is a total divergence

GMVaGZV — 8MK‘M,

2 5.4
KF = GMVPGA?/ GZO’ o ggsf“bcAl;Aﬁ ( )

so it would seem that, since a total divergence does not affect the equations
of motion, this could give no help in addressing the U(1)4 problem. But, as
pointed out by 't Hooft, the QCD vacuum is richer than expected. In fact, as
the QCD is a non abelian gauge theory, the different vacuum configurations
of the gauge field A cannot be mapped into the trivial vacuum Ay, = 0,
i.e. they belong to different topological classes'. Taking into account (as
we should) all the topological different QCD vacua?, the total divergence is
not irrelevant anymore. The point is that this term - also called the 6 term
- leads to an enormous neutron electric dipole moment (d,, = efm,/m3;),
unless we set the parameter 6 to be less than 1079 [38].

The problem is actually made worse because it is fomented by the EW
sector. In principle the Yukawa matrix is neither hermitian nor diagonal
and, in order to go in the physical mass basis, we need to perform a rotation
of quarks that leads in general to a complex diagonal matrix:

'Cmass = *mie_iﬁiq%,q;‘g + h.c. (55)

In order to make the masses real we need to absorb the phases by redefining

'Shortly, in non abelian groups we can always extract an SU(2) subgroup and the
gauge field restricted to the SU(2) subgroup AZ (z) can be viewed as a map from the
contour of the spacetime to the SU(2) group; this map is nothing but the third homotopy
group of the three sphere and its different topological classes are labelled by an integer
number: m3(S%) = Z [37].

2Tt is essential in order to have a gauge invariant vacuum.
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the quark fields with a chiral rotation

i

Ly el
ar, qr, (5.6)

. . B; .
7 +i5t 1
qr —7 € 2 qR-

In the next section we will show that this redefinition shifts the vacuum angle
0 by
0—>§:9+Zﬁi:9+ArgdetY (5.7)
7
where Y is the Yukawa matrix still not diagonalized and the second equality
comes from the fact that trace and determinant are invariant under a change
of basis. The strong CP problem is then:

why the combination of QCD and EW parameters which make up @ is so
small?

We notice that, putting the QCD 6 parameter to zero does not provide CP
conservation since it is already broken in the EW sector, so the symmetry
does not increase and, following the definition of Naturalness, the theory is
not natural. We stress again that, as @ is a free parameter of the theory, in
principle any value of  is equally likely. Anyway, in the same spirit as the
Higgs mass, one would like to obtain an understanding from some underlying
physics of why this number is so small.

5.1 Chiral Transformations and U(1)4 Anomaly

We have said that the resolution of the U(1)4 problem starts recognizing
that the U(1) 4 symmetry is anomalous. In order to explain why, we briefly
review the main features of the classical axial symmetry. Firstly it is useful
to derive the Noether’s theorem in a more convenient way. Let us consider
a Lagrangian L[¢] depending from a set of field ¢ and a transformation of
fields ¢ — ¢' = ¢+ €(x) f[¢]. Now, expanding L[¢'] to the first order in € we
find oL’ oL’

£/ = £[¢/, 8¢l] = £[¢, 8¢] + Eﬁ + ma’uﬁ (58)

If ¢ - ¢+ ef[¢] with € = const is a symmetry of the Lagrangian then

8?(6: y = 0, and we are left with

16,00 = £16.06] + 55 0uc 6.9)
m
As oL’ oL’
A (5.10)

0(0ue)  0(0u0)
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we immediately recognize from the second equality that J* is exactly the
Noether’s current of the symmetry transformation. Now, the QCD La-
grangian for one quark is

1 .. -
L= —ZG“ °GY, + 1 (1D —m) 4. (5.11)
Performing a chiral rotation of the fermion field

pr, — ete@y

| 5.12
v — e Wyp 12

P = e_ia(x)%lb or {

the Lagrangian transform consequently as

L= L+ 2imapysy + (Yy*7°) Ope(z). (5.13)

We see that the Lagrangian is invariant if m = 0, and, in this case, the
associated (conserved) Noether current is the axial current:

/

JE = a(éa) = Py*y Y. (5.14)
This is true at a classical level. Anyway, in the first chapter we have said that,
thanks to a theorem of QFT, the symmetries of the classical action must
be also symmetries of the full quantum action, but this is not completely
exact. In fact, the demonstration of this theorem relies on the fact that the
functional measure of the path integral is invariant under the transformation,
but this does not always happen. As pointed out by Fujikawa [39], under
a chiral transformation the functional measure changes, leading to the non-
conservation of the quantum chiral current. It turns out that, because of
this non-invariance, the divergence of the axial current reads

2
1672

This is the anomaly associated with the transformation (5.12). It is also
useful to derive the anomaly associated with the more general chiral trans-
formation

DTt = 2im Prys) — L GHeGS,,. (5.15)

Y — e Oy

YR — e MR,

For this purpose, we notice that the left-handed and right-handed currents
are related to the chiral current (5.14) by

(5.16)

1 i} 1., 1. - 1
Ea“']li =0y (Yry"Yr) = 50h (Vy'y) — 50 (pyHyPep) = —56,#“,

1 . 1. - 1. - 1
@%Jz‘% = 0w (VRY"¥r) = 500 (V") + 504 (V7"°0) = +50u T8
(5.17)
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Figure 5.1: The triangle diagram responsible of the anomaly. Here f is the
fermion coupled to the gluons g. It can be shown that all the contribution to
the anomaly is given by this diagram, so the anomaly is one-loop exact [40].

where in the last equality we have used the fact that the vector current 1y
is conserved. Since the anomaly associated with the chiral current (5.14) is
(5.15), the divergence of the chiral current associated to (5.16), using (5.17),

1S

2
.= g o A
Oy = 2im sy — 3922 (=nr +ng) GMGY,,. (5.18)
Setting n;, = —nr = —1, we recover (5.15).

Now, because of the anomaly, the Lagrangian (5.11) (taking m = 0 for
simplicity) at one-loop level contains extra anomalous term

2

g
3272

L= —iG“”“éZV +Pilpy — (—nL +ng) G**GS, (5.19)
provided that the fields transform as in (5.16). From this last equation we
can understand why (5.6), needed to ensure real quark masses, leads to a
shift in the § parameter by >, 3;. In fact, taking n} = —nf = 3;/2 the
term in parenthesis is ), 3; = Argdet Y.

It is important to remark for the sequent discussion that the same result
can be derived with the perturbative approach. In fact, it can be shown
that the anomaly arises because of the so-called triangle diagram, depicted
in Fig. 5.1.

The last part of this section is devoted to particularize the previous dis-
cussion to SM gauge bosons. The SM gauge group is SU(3). x SU(2)p X
U(1)y so we have to consider all the couplings of the chiral current with all
the gauge fields. The SM quarks transform under different representations
of the SM group:

qr = (ur,dr) € (3,2)1/6,
ug € (3,1)g/3, (5.20)
dr € (3,1).1/3

where we have considered for simplicity only one family. A chiral transfor-
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mation of the quarks

/I _—ian
qr = ¢ qr,

— QN

up=e UR, (5.21)

dp = e Mg
leads, because of (5.18), to an anomaly associated with the gluon field GY,,

2
£anomaly,G = _33? (—2nq + Ny, + nd) G“VGGZV (522)

where the 2 is due to the fact that SU(3). "sees" q; as made by two fields
(ur, and dy). In the same way, the anomaly associated to W reads

2

g viTist
—@ (—3nq) W“ WMV (523)

Eanomaly,W =
where the 3 is due to the fact that there are three copies of ¢ (it belongs
to the 3 of SU(3).) and ur and dg are not present here because they are
singlets under SU(2), so the chiral transformation does not produce anoma-
lous couplings with W). Finally, the anomaly associated to the U (1)y field
B, reads

2

Lonomaty.p = — 7o (~0ngY7 + 30,2 + 3naV}) BBy, (5:24)

where 6 and 3 are the degeneracies of q; and ug, dg fields respectively,
that is U(1)y sees qr, as 6 copies of fermions with the same charge. The
1/16 differs from 1/32 because in the chiral current (5.18) we have implicitly
assumed that the generators of SU(3). are normalized as

TH G G,y] = %G‘“’“Gwa (5.25)
and the same for W*”. On the other hand Tr[B*B,,| = B*”B,,, since the
group is abelian, so the % factor is not present.

We conclude this section with a remark: the gauge group of the SM is
chiral, therefore there could be anomalies in the associated conserved chiral
currents. This would be a disaster, since it can be shown that if the gauge
group of the SM were broken at a quantum level this would bring to the
non-unitarity of the theory. However, it turns out that all the anomalies
cancel: the SM is anomaly-free. With the previous discussion we can easily
show how this happens for the anomaly associated to the interaction between
three U(1)y chiral currents, that is through the triangle diagram in Fig. 5.1
with three U(1)y currents on the three vertices. Introducing the leptons
lr = (vr,er) and er and transforming the fields in (5.21) and the leptons
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with n; = Y}, where Y; is the hypercharge and j runs over all the fields of
the one family-SM, the parenthesis in (5.24) is zero:
1

8
—6Y, +3Y) + 3V} —2Y? + VP = %75

1 1

—+-—-1=0. 5.26

511 (5.26)
The discussion can be easily generalized to the real case of three families of
quarks and leptons.
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Chapter 6

A Chiral Solution to the
Strong CP Problem: Axions

There have been made several attempts to solve the strong CP problem. Be-
fore going in the details of the axion solution, perhaps one of the most cogent
solutions to it, it is instructive to analyse the different solutions proposed
during the second half of 900’. We start from the simplest possibility: spon-
taneously broken CP. If CP is a symmetry of nature which is spontaneously
broken, then one can set §# = 0 at the Lagrangian level [41]. However, if CP
is spontaneously broken 6 gets induced back at loop level, so one needs, in
general, to ensure that 6 vanishes also at one-loop level. Although models ex-
ist where this is accomplished, experimental data are in excellent agreement
with the CKM model - a model where CP is explicitly, not spontaneously
broken.

The second possibility, explored by 't Hooft, is a massless up quark. We
can easily read from the discussion in section 5.1 how a massless fermion
can allow to rotate the 6-vacua away. In fact, transforming the massless up
quark as

w— = "3y (6.1)

the QCD Lagrangian is invariant but, because of the chiral nature of the
rotation, an anomaly shows up:

1 B g2 .
- _ - nra a nra
L= = GG + ulu+ 005G, G 62
1 _ g° ~ '
I nra _ a nra
L 4GMG + wlpu + 3972 (0 -0)G},G

and the 0 term goes away. For some time the massless up quark possibility
was taken seriously. The reason is that, even if the Lagrangian mass for
the up quark is zero, the 't Hooft determinental interaction may generate a
useful up quark mass for chiral perturbation [42]. Now it is clear that this
possibility is ruled out.

61



62 A Chiral Solution to the Strong CP Problem: Azions

The most attractive solution has been proposed by Peccei and Quinn
[8], |9]. Inspired by the massless up quark case, they extended the scalar
sector of the SM by adding an other Higgs doublet. As we will see later,
the potential for two Higgs doublets can be chosen in such a way that the
symmetry group of the Lagrangian is enlarged by an additional global chi-
ral U(1) symmetry with respect to the SM symmetry group, the so-called
U(1) pg symmetry. Obviously, the existence of an exact U(1)pg symmetry
would solve the strong CP problem because it all would work as in the mass-
less up quark case. However, this symmetry cannot be exact, since we do
not see it in the particle spectrum. What Peccei and Quinn showed is that,
even if U(1)pg is spontaneously broken (with a soft breaking term given
by the anomaly), the parameter 6 is dynamically driven to zero. However,
there is a price to pay: a spontaneously broken U(1)pg symmetry leads to
the appearance, in the particle spectrum, of a pNGB - pseudo because the
anomaly softly breaks U(1)pg the symmetry. The axion! - this is the name
that has been given to the pNGB - provides, with its VEV, to clean up the
0 term.

In the original paper, Peccei and Quinn start showing how the mechanism
works in a toy model and then they generalize the discussion to a more
realistic two-Higgs doublet model (2HDM), formerly introduced by Weinberg
[43]. The idea is that we can rotate away the 6 term even if the quark
masses are included in the Lagrangian, provided that at least one fermion
gets its entire mass from a Yukawa coupling to a scalar field, so that the
full Lagrangian can possess a single chiral U(1) invariance. The Lagrangian
of the toy model contains one fermion field 1 belonging to some non trivial
representation of the color group and one complex scalar field ¢:

£ =30 +itDn g3 oS5 ) +or (152 o
(6.3)

2 ~
I__Ge,GM+ 0,67 0"6 — 12(6°¢) — h(¢9)?

0
+ 327

with u2 < 0 and h > 0. The Lagrangian is invariant under the chiral
symmetry U(1)pg:

—iY50
{w%e P, 6.4)

(b - €+2ia¢,

Under the transformations (6.4) the classical Lagrangian remains unchanged
but, as we have seen, the quantum Lagrangian contains an anomalous term:

2
g S
Lot = ~2055 G, G, (6.5)

!The name derives from a detergent brand, because it "cleans" the 6 term.
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Therefore the net result of the chiral rotation is a shift of the # parameter
by
0 — 0 —20. (6.6)

However, the transformation (6.4) leads, in general, to a complex fermion
mass. In order to understand the solution proposed by Peccei and Quinn we
need to write the scalar field in radial-angular notation:

¢ =L it (6.7)

V2
where a is the NGB associated to the broken U(1)pq generator and f, is the
scale of the spontaneous symmetry breaking. Now, the Haag theorem allows
us to rotate away the axion field a from the Yukawa coupling by performing
the transformations

_5;_a
Yr — e 'aihp,

. g (6.8)
i, — e 2aqpy.
With these transformations the Lagrangian (6.3) becomes
Loa qua | 00 pe Oua 121 Dy~
L= _ZGW’G + iy DR + 5 [VrY*bR — Yy L] +
a

g - al g - 1 oy hoy (69)

I 0 . a ura - A o .
+ \/§p1/1¢+ ( fa) 327T2GWG + 28,4)8 pP=5P i

If there were not an anomaly in the chiral current, the p field would acquire a
VEV (providing a mass for 1) while the axion would be exactly massless and
his vev would be unobservable. However, the anomaly breaks explicitly the
U(1)pq symmetry. As a consequence, the shift symmetry is not a symmetry
anymore and it cannot protect the axion from taking a VEV and a mass.
What Peccei and Quinn showed is that the periodicity of the pseudoscalar
density expectation value (GG) in the relevant theta parameter (6 — a/f,)
forces the axion to pick out the VEV

(a) = 0f,. (6.10)

This is enough to solve the strong CP problem since, when expressing the

Lagrangian in terms of the physical field aphys = a — (a), the 6 parameter is

dynamically driven to zero. Furthermore, the softly breaking term, that is

the only term providing an effective potential for the axion, gives it a mass

as well: ) )

a‘/eff>_ig g<a~uua>
0a? fa32n20a M

The calculation of the axion mass was first done explicitly by current algebra
techniques by Bardeen and Tye [44|. This formula states that the axion

(6.11)

2 p—
ma = l(a)=fa0
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mass arises because of the soft breaking due to the anomaly: it comes from
instantonic contributions. The above discussion can be generalized to the
case in which the transformation of the fermions is more general than (6.8).
In this case the axion coupling with gauge bosons can be written generically
as )

a g ~

- Ge Grva 6.12

fa 32m2 1Y (6.12)
where ( is a model-dependent parameter. It all works as in the previous
case: the axion now picks the VEV

—C

(a) = Jay (6.13)
¢
and the 0 term goes away from the Lagrangian when we write the Lagrangian
in terms of the physical axion aphys = a — (a).
Now that the mechanism is clear we can start introducing axions in more
realistic models. Basically, there have been studied three types of axion
models, depending on the way they enter into the Lagrangian:

e the Peccei-Quinn-Weinberg-Wilczek (PQWW) model, where the axion
is introduced as a linear combination of the phases in a 2HDB 8], [9];

e the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model [12], [13], where
the axion is the phase of a complex scalar field, just like the toy model
described above;

e the Dine-Fishler-Srednicki-Zhithnitsky (DFSZ) model [14], [15], where
the axion is introduced as a linear combination of the phase of the SM
Higgs and a complex scalar field.

We will describe briefly all these models in the next sections.

6.1 PQWW Model

As we have anticipated, the first model proposed by Peccei and Quinn relies
on a 2HDB first introduced by Weinberg [43]. The most general renormaliz-
able potential for two Higgs doublets with the reflection symmetry ®; — —®;
(and, obviously, the SM custodial SO(4) symmetry) is

V(@1, @) = =) @70l D+ ai;(]0;) (@] D)+
3 Z7j

] 1 f ] ] (6.14)
+ b (Bl (@17s) + Y i (@]0)) (0] @)
1,5 .3
where ¢ = 1,2. Hermiticity requires that ,u? be real, a;; and b;; be real

and symmetric, while ¢;; needs only be hermitian. Actually this potential,
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because of the ¢;; term, does allow just a U(1) symmetry and we are forced
to associate it to the SM U(1)y. But if we set ¢;; = 0 - and this is what
Peccei and Quinn did - we can easily see that the symmetry group enlarges
by an extra U(1) symmetry that we can associate to the U(1)pqg. We can
write the two independent U(1) transformations as

Ul)y : &1 —>e5®;, By e 5y (6.15)

U(1)pq : D = D) Dy — P20, (6.16)

where I'y and I's are the PQ charges of &1 and ®5. We will see in a moment
that their ratio is fixed by the model, if we require the latter to be consistent
with the SM. The last ingredient is the choice of the Yukawa couplings,
needed to give a mass to fermions. The Yukawa couplings are needed also
to "transform" the U(1)pq symmetry in a chiral symmetry, just like the toy
model in the previous section. Therefore they have to be written so that
the global U(1)pg symmetry and, obviously, the custodial SU(2)r, x U(1)y
symmetry are preserved. This is achieved by coupling ®; to dr and er and
Py to up:

Lyuawa = T'Qr®1dg + Q1 ®our + T ®1ep + h.c. (6.17)
that is invariant under the U(1)pg symmetry if the fermions transform as
QL — Qr, up — e Pl2yp, dp — e Pldp. (6.18)

The next step is to identify the axion component in the phases of ®; and ®,.
For this purpose we remind that the axion is the NGB of the spontaneously
broken U(1)pg, hence it must shift under U(1)pg:

a— a—+ PBA. (6.19)

where A is a generic constant. The neutral part of the Higgs doublets can
be parametrized as
1 ;21 1 Py
PV = —(v; +pr)e' DY) = —(vg + po)e' 2. 6.20
1 \/5( P ) 2 \/5( P ) ( )
One linear combination of P; and P, is absorbed by the Z boson and becomes
the longitudinal component of it, the other one is the axion. To find this
linear combination let us apply a rotation in the (P;, P») space:

z=—P;sinf + P,cos0
! 2 (6.21)
a= Pycosf+ P,sinf
P, = —zsinf +acosf
! e (6.22)
P, = zcos + asinf
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Substituting (6.22) in (6.20) and imposing (6.16) we find

-acos . acos 6
& o SO

- a sin 6 . asin 0
asin@ o4 asiné
el v 62(’8 2+ 45)

I

(6.23)

where we have written only the part containing the axion field a. Comparing
(6.23) with (6.19)
U1

l1=

COS

o (6.24)
I'y=A

sin 6
or, equivalently

vlfl

'UZFQ
VI3 + 0313
The condition that the NGB z is absorbed into the Z boson determines I'y
and T'y. Since the Z boson charge @z can be taken as (I3 —Y) we have
Qz(®)) = -1/2-1/2 = —1, Qz(®Y) = 1/2 +1/2 = 1. Under the U(1)z
transformation z — z + y\. Repeating the argument given above for the
axion and substituting the U(1)pg with the U(1)z transformation

cosf =
(6.25)

sinf =

S 0ot 620
S5t Q7 (2))+2520) '
we find
cosf = v2Q7(%Y) = 2
VAN A QAP i+ o} 627
sinf = — v1Qz(®1) = Ul
ViRQz())P +u3[Qz(99)2 V/vi + 03
that implies
tanf = L. (6.28)
V2
Finally, comparing (6.28) with (6.25),
Fl ’U%
l_ 2
Ty v2 (6.29)

As we have anticipated, we do not have the freedom of choosing both I'y and
I's. Defining z = % and choosing I'y = z, I's = %, we can finally read the
axion content of the two Higgs doublets:

U1

1 P vy |0 i a
B = LT et @y = 22 |T i 6.30
= [O] 2=/ H (6.50)
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where v = \/v? +v3. We can rewrite the U(1)pg transformations (6.18)
(6.19) as

a— a+ P,

uR — eiiguR, (6.31)

dp — e Prdp.

The Noether current associated to this symmetry reads
1 - -
Jho = fa0'a+ =gy up + vdp,y"dr + +3lry IR (6.32)
x

from which we can read the ( parameter

= (m + i) (6.33)

However, as we outlined, the PQWW axion is ruled out. The main
phenomenological trouble is that its physics is tied with the electroweak
symmetry breaking scale, and the experimental data do not agree with the
prediction of the model. Just to make an example, Bardeen [45] estimated
the branching ratio

1 2
BR (KT —» 7" +a) ~3x107° (a; + > (6.34)
€T

which is well above the bound
BR (K" — 7" + nothing) < 3.8 x 10~° (6.35)

found by [46].

6.2 Invisible Axion Models

Despite it is a sensible assumption to suppose that the U(1) pg breaking scale
fa is the same as the electroweak scale v = 246 GeV, this is not necessary.
The dynamical adjustment of the strong CP angle, as previously seen, is
independent from the scale f,. The difference is that, if f, > v, the axion
becomes very light, very weakly coupled and very long lived. Thus, these
axions are, apparently, invisible. Because f, > v in the invisible axion
models, the U(1) pg symmetry must be broken by an SU(2) x U(1)y singlet
complex scalar field o. The axion is then, essentially, the phase of . That
is, the scalar field can be written as:

1 -2 g(vt "
o= S5 +p)e a9V de) (6.36)
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where g(v?, f,) is a function that describes how much axion content is present
into the phase of the o field and it depends on the scales present in the model.
For instance, in the toy model described in the previous section g(v') = 1,
in the PQWW model we have g(v*, f,) = v2/(vv1). The important point is
that in these models, because of f, > v, |g(v?, fo)| = 1, that is the axion
is primarily composed of the ¢ field. The invisible axions are classified into
two types depending on whether or not they have a tree-level coupling to
ordinary SM fermions. The KSVZ axions are hadronic axions with only
induced coupling to SM fermions. The DFSZ axions arise in model where
axions naturally couples to SM fermions already at tree level. Now we are
going to see, in more detail, these models.

6.2.1 KSVZ Model

In the KSVZ model the ordinary quarks and leptons are PQ singlets. The
SU(2) x U(1)y singlet field o, however, interacts with new heavy quarks X*
(which carry U(1)pq charge) via Yukawa interaction. The minimal model
is achieved by adding, in the SM particle spectrum, one heavy fermion X
and one complex scalar field ¢ that do not couple with SM fermions, with
only a coupling between the Higgs and the 0. The Yukawa coupling for the
minimal KSVZ model then reads

Lrxsvz = —Ys0 X1 Xp — y:;UTXRXL. (6.37)

The most general scalar potential containing the SM custodial SO(4) as well
as the U(1)pq symmetry is

V(6,0) = Ao [qﬁqj - v(ﬂ oy [aTa - vg] (bl (cTe).  (6.38)

The Yukawa coupling (6.37) allows for the presence of two independent U(1)
symmetries that we can choose to be:

Ul)pq : X — eMeX, o — e Y,

. 6.39
U(l)x : X = efx (6.39)

The U(1)pq is the chiral symmetry needed to rotate away the 6 term, pro-
vided of course that @ belongs to a non trivial representation of SU(3).,
while U(1)x gives the X-type baryon-number conservation. We notice that
these two symmetries are respected by the scalar potential (6.38) and, ob-
viously, by the SM Lagrangian. Also, for a finite range of parameters we
have (@) # 0, (o) # 0, so that the spontaneous symmetry breaking can take
place and give mass to heavy fermions - through the o particle - and to SM
fermions, through the usual Higgs mechanism; furthermore the existence of
the spontaneously broken U(1)pq implies the appearance of the axion a.
The interactions of KSVZ axion with the gauge bosons arises, as we have
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Figure 6.1: The first non-zero diagram contributing to the coupling
(¢T¢)(cTo) is the three-loop diagram depicted in figure.

anticipated, at a loop-level as a result of the chiral anomaly. The coupling
is induced, as usual, by transferring the axion dependence from the o field
to the X field via

X e X (6.40)
and the anomaly then reads
a CV? uva agm 2 g
Eeﬁ‘ = —? gGﬂl’aG +3 A qXF/“/F . (641)

Through the anomaly the axions couple with the quarks and leptons, as well.

We now open a parenthesis on the parameter A\y4,. In the original paper
[12], [13], the authors decide to set A4y = 0. This choice from the point
of view of the axion physics, as pointed out also by the authors, does not
change anything because the coupling A4, involves the radial parts of the
scalar fields. However, as this term has dimension 4, there is nothing that
forbids his appearance at loop level, and, in fact, it is easy to show that it
shows up. The point is that this term, as we will see in the next chapter,
pushes the lower scale of the theory (the electroweak VEV v), near the
upper scale (the scale of the axion f,), unless we fine-tune the parameter
A¢o. However, it turns out that, at least in this case, A\ys = 0 is in a certain
sense protected by large quantum corrections because of the fact that the
heavy and the SM fermionic sectors are decoupled?. In fact, the first non-
zero diagram contributing to the Ay, = 0 coupling is the three-loop diagram
depicted in Fig. 6.1.

We can estimate the contribution given by the heavy fermions by looking
at the right part of the diagram, depicted in Fig. 6.2. Taking for simplicity
on shell gluons, y, real and M > p' where p' are the external momenta,
the amplitude of the diagram 6.2 at the first order in the external momenta
reads

5 g2vs P
M= 4872 M2 [(p3 - pa)n™” — p3pi] 0°€}i (p3)€, (pa) (6.42)

2Independently from this discussion we remark that, as the Apo term is renormalizable,
a full renormalizable Lagrangian should contain it.



70 A Chiral Solution to the Strong CP Problem: Azions
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Figure 6.2: Three of the six topological independent diagrams that contribute
to Ags. The other three graphs are the same with the fermion lines inverted.

where M is the heavy fermion mass arising after the SSB of the o parti-
cle and we have set for simplicity po = 0. We see that, for large M, the
contribution to Ay, arising at quantum level is negligible. The Lorentz and
group structure of the amplitude (and therefore also the 1/M? coefficient
for dimensional analysis) could be easily predicted by noticing that the only
dimension-6 gauge invariant operator containing the scalar field o and the
gluons is

Leg = c1070GY, G (6.43)

that is nothing but the configuration-space version of (6.42).

6.2.2 DFSZ model

In this class of models, the interactions of the axions with quarks and leptons
arises already at tree-level. To achieve this, they must carry U(1)pg charge,
so one again needs two Higgs fields ®; and &5 that are coupled, via Yukawa
interaction, to down and up quarks, respectively. The model was originally
proposed by Dine, Fishler, Srednicky, Zhithnitsky [14], [15]. They added a
complex field o, coupled only to ®; and ®o, which carries the most part of
the axion field, in the sense explained at the beginning of the section. For
this, even if leptons and quarks are coupled via Yukawa interaction to the
axion, they feel the effects of the axions mainly through the interaction that
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the o field has with ®; and ®,. The Yukawa coupling is the same as the
PQWW model

Lyvukawa = FUQL(I)ldR + FdQL<I>2uR + F15L<I'leR + h.c. (6.44)

The Lagrangian possesses four independent U(1) symmetries that can be
associated to the SM U(1)y, the U(1)pq chiral symmetry, the baryon number
U(1)p and the lepton number U(1). The scalar potential has to be chosen
so that it respects these symmetries, i.e. it has to be chosen in order to
have the U(1)pq and, obviously, the custodial SO(4) symmetry. With these
requests, the most general scalar potential containing ®1, ®9, 0 is

V(®1, Pa,0) = M(|®1]* — v7) + Ao(|®2]* — v3)* + A(|o* — f2)?
+ (CL|(I)1|2 + b’@2|2)|0'|2 + C(@{TQ@QOz + h.c.) + d’@{TQ@QP + 6|<I>J{(I)2’2
(6.45)

where the SU(2)z, indices are understood. The only term not obviously
invariant under SU(2)y, is ® m®,. However,

O] 7y®y — O] U T U®y = ] ryroU U @y = & nUTU Py = 0] 7P
(6.46)
where we have used the fact that nUm = U*. We notice that, setting
¢ = 0, we would have three independent U(1): the c-term serves to reduce
the number from three to two. The U(1)pq on the scalar fields reads

Dy — X1D Dy 20, g Kog, (6.47)
The interaction term &7 @502 gives a condition on the U(1)pq charges:
X1+ Xo+2X,=0. (6.48)

Now we want to find the axion content in the o field. We will proceed as in
the PQWW model. Firstly, we need to explicit the neutral angular parts of
the Higgses and the angular part of the complex field o:

) = —— (v +pr)e’

= —(v e v,

1 \/5 17T pP1

q)z — E(UQ + pQ)e v2 ) (649)
1 ;Lo

o (f+ple 7.

V2

Now, what we have to do is to apply a rotation in the field space

P cosfcosy —sinf) —sin~ycos6 a
Py | = |sinfcosy cosf —sinfsiny| | z (6.50)
P, sin 0 cosy 2
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where, in the same notation used for the PQWW model, z is the NGB
eaten by the Z boson, a is the axion and 2’ is the remaining field that
will not partecipate in the subsequent discussion. The matrix in (6.50) is
a composition of two rotations: one in the (Py, P») plane, the other in the
(P, Py) plane. The reason is that the only fields coupled to the Z boson are
®; and P,, so that a linear combination of them is eaten by the Z. On the
other hand, the axion will arise as a linear combination of the PQWW axion
and the phase of the ¢ field. Indeed 6 is the same as the PQWW model so
z takes the same form too:

P, P.
_ o el (6.51)
v
This fixes® the charges in (6.47)
2
(¥
X, =2
1)2
X, =4 (6.52)
v
1
XO' — *5

where v = y/v? + v3. In order to determine the v angle we need to impose
that a shifts under U(1)pq, that is a is the NGB of the spontaneously broken
U(l)pq: a = a+ SA. We find

siny = — vfa
VSR vt (6.53)
21}11}2 '
Cosy =

V22 + 4vivs '
The axion field is then
21)11)2(1)1P2 + UQPl) — U2faPU

)
vy/v2f2 + dvful

a = Pycosfcosy+ Posinfsiny + P,siny =

(6.54)
so in this case the g-factor reads
v
g(vla V2, fa) = - 202 . (655)
/U2 +4 }32
In the limit f > vy, v
2
a=—P, + %(leg +voPp) (6.56)
a

and |g(v?, f,)| = 1 i.e. the axion is primarily composed of the o field, as it
is appropriate for invisible axion models.

3Actually, as in the PQWW axion, the model fixes only the ratio, and we are free to
make a choice: here we make the same choice as the PQWW model, that is X; + X2 = 1.



Chapter 7

The Minimal Axion Minimal
Linear 0 Model

The MLoM studied in the fourth chapter can be considered an optimal
framework where to look for a solution to the strong CP problem. The im-
portant point is that we can rely on the heavy fermion sector, introduced in
the context of composite Higgs models in order to explain the Yukawa hierar-
chy, to rotate away the QCD 6 term. Indeed, extending the scalar spectrum
with an additional complex scalar field, singlet under the global SO(5), the
symmetry content of the model is supplemented by an extra U(1)pq sym-
metry, that is, in a certain region of the parameter space, spontaneously
broken, leading to a further Nambu-Goldstone boson. Depending on the
scale of the spontaneous symmetry breaking, the NGB can be associated to
a KSVZ axion, or a more massive ALP. The particle content of the model is
therefore the same as the MLoM plus a scalar complex field s that we will
write in the usual exponential form:

= " cia/fa
s = \/ge (7.1)
where f, is the scale of the SSB of the axion. We will follow the paper [17]
for the analysis of scalar and fermionic sector. The complete renormalizable
Lagrangian for the axion minimal linear o model (AMLoM) can be written
as the sum of three terms describing respectively the pure gauge, fermionic
and scalar sector:

L=Ly+ Ly+ L. (7.2)
The gauge Lagrangian is the same as the SM:

1 1 L 1 ~
Ly = 3G "Gy = W), — (BY B+ C0GGG, (73)

with the sum over SU(3). and SU(2), indices is understood. We postpone
the discussion on the fermionic and scalar Lagrangian in the next sections.

73
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7.1 The Fermionic Lagrangian

Assuming no couplings of s with the SM fermions, the most general fermion
Lagrangian coupled to the scalar particle s is

Lr = qrilPqr, + triltr + brilDbr

+ @) (i) — M) 23 4 (1) (Z »— Mg) H(=1/3)
+ X (i — My) XD 4 /) (l »— M{) A(1/3)
- [ylw(f/g oxly’? + i P ox?P+

+ 1 w< 1) <15XR 1/3) + Yo w< 1/3)¢x
+ A (qLAgi/g ) P 4 A2 (A ( gi/f’)t3> + AVt
A (@AGYY) o 4 M (81 0) +

+ A + h.c} + Lrs

s (7.4)

with

Lre=— [ x Vs + 5xZONEDs + 22OV o

N N N L &)

4 1/J 1/3¢ 1/3)S+~/¢ 1/3 w(L 1/3)3*].

As we have outlined, this is the most general Lagrangian invariant under
SO(5) x U(1),'. However, as it will be clear after the discussion on the
Coleman-Weinberg potential, the Lagrangian (7.4) does not allow a further
U (1) pg symmetry, so, if we want to insist in the interpretation of (the angu-
lar part of) s as an axion we have to restore the U(1) pg symmetry by setting
the U(1)pg breaking terms to zero, after making a choice of PQ charges.

In complete analogy with the MLoM, we can rewrite the fermionic mass
term as

Linass = —VrM(h,0,5) VR (7.6)
where W is the fermionic multiplet defined in the MLoM and M(h, o, s) is
the block diagonal 14 x 14 matrix:

M(h, 0, 5) = diag (Ms(s), M7 (h,0,5), MP(h,0,5) M5(s)) ,

e
MB(hy5) = MT(hyos) with (g Ao, Mi) & (AL AMD, 0

! As the scalar field s is an SO(5) x U(1), singlet, we can define the U(1), charges in
the same way as the MLoM
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0 A 0 0 0 A
0 Ms(s) 0 0 yl% 0
MT— |0 0 Ms(s) O yl% 0 (7.8)
Ay 0 0 Ms(s) o 0
A3 y2% y2% Yoo M;i(s) 0
0 0 0 0 0 Mis)

with
M (s) = My + 215+ Z157, Ms(s) = Ms + 255 + 255" (7.9)

We notice that the mass matrix (7.8) is in form identical to the mass matrix
(4.64), with the difference that now the mass term of the heavy fermions
receives a contribution from the coupling with the complex field s. Exactly
as in the MLoM, the mixing between the various species will provide a
natural explanation for the lightness of the SM quark masses.

7.2 The Scalar Lagrangian and the CW Potential

The scalar part of the Lagrangian contained in (7.2) describing scalar-gauge
and scalar-scalar interactions reads

Ly = (Dug)" (DHp) + 8,5 0"s — V (¢, s) (7.10)

with
V(p,s) = VIB(p,5) + VW (g, s) (7.11)

where VEW is the Coleman-Weinberg potential, that we are going to calcu-
late in a moment, and V5B is the most general potential with the symmetry
breaking pattern (SO(5) x U(1)pq) /SO(4):

VSSB = X (670 — £2)% + A (25%s — £2)% = 20,0 (s75) (670) . (7.12)

In the unitary gauge, with the same notation as the MLoM, the Lagrangian
reads

2

1 1 h o g*+ 47 1
Ly = 50uh0"h+ 50,00"0 + - gW,WhT + " | 4 Our i

T2

2f3

2

+ o duadta— A (W2 + 0% — £2)° = A (12 = £2)% + Megr? (B2 + 02) .

(7.13)

The Coleman-Weinberg potential has the same form as the MLoM, the
only difference being the fermion masses. We insist on the fact that, as the
full Lagrangian (7.4) does not allow an U (1)pq symmetry, we expect that the
CW potential breaks it explicitly - since it is not a symmetry. However, the
idea is to keep all the terms in order to make the discussion as much general
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as possible and only in the end to set some of them to zero in order to restore
the U(1)pq symmetry. We will only show the results, as the calculation is
the same as (4.75) with the difference that now M; 5 are complex and depend
on the field s. The quadratic divergence reads

Tr [MMT] — M (s) M} (s) + 5Ms(s) Mz (s) + 202 + A2 + A2+

+ (Wi +d) oo+ {} o {V

where {} +» {}/ means that the same contributions arise from the bottom
sector and they are obtained as usual by substituting the unprimed coupling
with the corresponding primed ones. Now, in general M;(s)M; (s) produces
U(1)pq breaking terms but, as we have said, once we choose specific U(1)pq
charges, they disappear. This is true for all the U(1)pq breaking terms that
arise at a quantum level so we will forget about them, as we already know
that they will cancel out. On the other hand, the logarithmic divergence
reads

(7.14)

Tr [(MMT>1 =do + di(s*s) + da (¢7 @) + ds(s*s)* + du (¢T¢)2 +

+ds (¢7'9) (s*s) + dio + doh®.
(7.15)

This calculation will serve to understand the counterterms needed to absorb
the divergences so we show below the only divergent terms:

di = 4 (y1 My + ysMs) + {} < {}/
dy = y3AT — 27 A3 + {3 < {}.

We can now understand the reason why we have taken all the terms: for a
certain choice of parameters? the sigma tadpole cancels out and we remain
with a minimal (in terms of numbers of parameters) model.

Now we turn to the CW potential generated by gauge bosons loops. In
fact in this theory, differently from the MLoM, we cannot neglect the soft
breaking terms arising from them. The reason is that, in order to give a
consistent mass to the Higgs, we need at least two soft breaking terms and
the fermionic sector provides only one term. The gauge boson mass term, in
matrix notation, reads

(7.16)

WIH-
— 2 — —
(WJ Wu ZM)Mg we =
YA
0 0 . (7.17)
= (Wi W, Z) |22 o 0 W

0 0 h2(928+9/2) s

2For instance taking M; = Ms = M| = M% = 0.
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therefore ) o
[ 2] —_ (g + g )hQ
, ! X 8 , (7.18)
Te{(M2)°) = o 20" + (9% + 7)) '

and both break explicitly the SO(5) symmetry.

Summarising, once a specific PQ charge assignment is assumed, provided
of course that it respects the U(1)pq symmetry, all the Coleman-Weinberg
U(1)pq breaking coefficients cancel and the only terms that we have to in-
troduce in order to ensure the renormalizability of the model are o, h?, h?.
In particular we can choose the charges in such a way that dy disappear and

only h%, h* have to be added.

7.3 The U(1l)pq Invariant Lagrangian and the Min-
imal Model

The Lagrangian (7.4) describes the most general couplings between heavy
fermions and the complex scalar field s. However, as we have said, such a
Lagrangian does not allow a U(1)pq symmetry. For instance, the terms?

T A sy A 1 (7.19)

are not simultaneously invariant under U(1)pq. In fact, if the fields trans-
form under U(1)pq as

Y@ = gianny 38 R _ giama (218 giams g (7.90)
then, in order (7.19) to be invariant under (7.20), the following conditions

should be satisfied

= Ny + 1y, =0,
— Ny + Ny, + 15 =0, (7.21)
— Nypp + Ny, — Ng = 0.

Assuming a non vanishing charge ng, that is essential in order to solve the
strong CP problem?, these conditions cannot be simultaneously satisfied, in
particular we cannot have a bare mass term for all the heavy fermions. In
general there are a lot of charge assignments that allow a U(1)pg symme-
try. However, these different possible choices can be restricted by relying on

3We will forget the superscripts 2 /3 or -1/3 unless otherwise indicated. Moreover, we
will show the calculation for ¢<2/ %) but the above discussion clearly holds for all the species
w(*1/3) X(2/3): X(*1/3)

“ne is nothing but the difference between the left and right charges of the heavy
fermions; if ns = 0, left and right fermions would transform with the same charge and
there would not be any anomalies.
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strongly physical conditions. Firstly, a U(1)pq symmetry requires that the
following conditions must be simultaneously satisfied®:

—Ny, + 1y, =0 or y =0,
“Nyp TNy = or yz =0,
—Nyp +ny, =0 or M; =0,
Ny t Ny, +ns=0 or 2z =0,
—Nyp + Ny, —Ns =0 or 2z =0,
Ny + Ny, =0 or My =0, (7.22)
Ny + Ny, +ns =0 or 2z5=0,
—MNypp + Ny, —Ns =0 or 25 =0,
Ny, =0 or A; =0,
ny, =0 or Ay =0,
Ny, =0 or A3=0
where we have chosen the charge of the SM fermions (the reason is explained
below) and the ¢ field containing the Higgs field to be zero and the "or"
means that either the interaction conserve the U(1)pg symmetry or the

corresponding parameter must be put to zero. We can rely on the following
physical conditions to restrict the possible choices of charges:

e the partial fermion compositeness states that the mass terms for the
SM quarks have to originate at tree level. Since, generalizing to this
model the result obtained in the MLoM, the top mass reads

As — yoAoo /M h

yih 3 — y2hz0/ 5(5) . (7.23)

M (s)M5(s) — yrya(h? + 02) /2
this condition implies that we must have y; # 0, A; # 0 and either
A #0or y2 #0A Ay #0;

e the axion has to be coupled to at least one of the heavy fermions in
order to solve the strong CP problem, and this translates in the fact
that at least one among M; and M5 must be zero;

my =

e if we want to forbid the axion coupling to the SM fermions then they
have to be necessarily PQ singlets.

By fixing® n, = 1, the minimal (in terms of number of parameters) sce-
nario with the requirements above is with the choice of charges shown in
the table 7.3. The table shows two equivalent choices of U(1)pq charges
that deliver the same physics. Definitely in this specific set up the terms

5We show the calculations only for the top sector, being the calculation for the bottom
the same.
5the model leaves the freedom to fix one the the charges.
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Mg, Tt Ny Nyr Ty Nxp
0 0 +1 0 0 +1
0 0 -1 0 0 -1

Table 7.1: U(1)pq charge assignment used in the model that minimizes the
number of parameters. The assignment can be trivially extended to the
bottom sector.

not allowed by symmetries (and therefore required to be set to zero) are Ag,
My, My and, depending on which choice between n,, = n,, = %1, either
Z1, 25 Or z1, 25 are not allowed, respectively. As expected, all the divergent
terms that provide an explicit breaking of the U(1)pq symmetry are now
zero. Moreover, with this specific choice we have

4 =0, (7.24)
do = y%A%. .
We see that no sigma tadpole contribution is generated and the only diver-
gent terms are h? and h*: these are all the only terms that we need to add
in the tree-level Lagrangian in order to absorb the divergences generated by
the one-loop CW potential. We conclude this section with two comments:

e in calculating the charge of heavy fermions we assigned charge ng = 1
to the complex scalar field. However, from the point of view of the
scalar and fermionic sector, it does not matter what the value of ng
is. Instead mg becomes relevant in the coupling of the axion with the
heavy fermions. The explicit calculation is shown in the next section.

e as we have said, this is the charge assignment that minimizes the num-
ber of parameters. In fact, if we take for instance the SM fermions
charged under U(1)pq then it is possible to redefine the charges so
that My (or Ms) and Ay are now allowed. This would bring to the
appearance of the dy in the one-loop CW potential, so it would be
needed a further o tadpole term in the tree-level Lagrangian.

7.4 Axion Coupling to Gauge Bosons and Fermions

The aim of this section is to calculate the axion coupling to gauge bosons,
through the chiral anomaly, and to heavy fermions, through the chiral cur-
rent. We will use the results of the section 5.1. As already done for the
PQWW model, we can make a redefinition of the fields by inserting the



80 The Minimal Axzion Minimal Linear o Model

axion in the phase of the PQ charged fields:

8_>einsa/fa$’
1/}(2/3) —>emd’La/fa1/J(LQ/3)7
X&)y ginxpalfay 2/3) (7.25)
wL 1/3) inwia/fawé—l/?’)

XER 1/3) _, ""X’R“/faxg%—l/?’),

In order to calculate the couplings, we have to remember that the fields live
in multiplets of SO(5) x SU(3).. So, for instance in the case of the coupling
of the fermions to G, we have to take into account that there are 5 copies
of ¥r, ¢}, 1 copy of Xr, X, etc. Generalizing the results of (5.19), (5.22),
(5.23), (5.24) the coupling of the axion to gauge bosons reads

@ _ma , i Qala ~
»Ca,gb 88 f CaggGa G/W 87‘(‘ TCaWiWiWLV mve— QTCGBBBMVB;W
a a
(7.26)
where
Cagg = O (”m + nw'L) - ("x;a + ";@) )
=0 o ) o

Canp =2 3ny, (2VF +2Y3+ V) +3ny, (23 +2Y3 + VE,) +

~3n YA, — 3ny VA, |

The 5 factor in cu44 arises because, as we have said, there are 5 copies of 9,
Y ; the 6 factor in ¢,y arises because there are 3 copies (SU(3), triplet)
times 2 copies (¢, contains two different SU(2)1, doublets); the 3 factors in
cqepB are due to the fact that we have to consider the 3 copies of the SU(3).
triplet ¢, and (Y, X, T5) is the usual decomposition of SO(5) fiveplet under
SU(2)r, xU(1)y, so there are 2 copies of Yx, two of Yy, etc. In order to read
the axion coupling to the physical gauge field bosons we have to perform the

Weinberg rotation
WS [ cosby sinb, Z, (7.28)
B,) \—sinf, cosf,) \A,)" '
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Cagg  Caryy Cazz CaWW  CayZz
8 112/3 49.3 108.1 17.8

Table 7.2: Numerical coefficients cg;;.

Now, for every a1, as we have”
a1g2W3VW’W3 + agg’QBWB‘“’ =
=a1¢° (cos2 GwZWZ’“’ + sin® HwFWF‘W + 2 cos 0, sin HwAWZ“”) +

+ asg™ (cos2 GwFWF‘”’ + sin? HwZWZ‘“’ — 2cos 0, sin GwAWZ‘“’> .
(7.29)

By using the relation e = gsin 6, = ¢’ cos 0,,, (7.29) reads
QIQQWEVWMVS + GZQ/QB,UJ/BMV _

2 ai 2 7 2 3
=e <ta1129w + ag tan 9w> Zu 21 + €7 (a1 + a2) B 774 (7.30)

+ 2¢? (ta?Q — ag tan 9w> AWZW.
w

Using this result, the axion couplings to gauge bosons are given by

Qs a Qem @

Lagh = — — —CaggG? G — 2 ¢ wwWH WH——
a,g 87 fa agg ™" pv 87 fa a pv
Qem @ ~ Qem @ ~ Qem A ~
— —— —cgy Fu F* — —Coz 7L I — —— —ca g o ZH
8t f, M 81 fu ° m 8 f, M
(7.31)
where
CaW+W— = 2Cawiwi,
Cayy = Cqw3w3 + CaBB;
1
o 2 (7.32)
Caz7 = —5—Cau3ws + tan” 0y, cuBB
“ tan2 0, VW wrans
2 ! tan 6
Cang = 2———cCoaws — tan by, caBB.
@ tanf, VW wra

The table 7.2 shows the numerical results of the couplings c,;; considering
the charge assignments of the previous section.

"we are considering here only the pure kinetic part of I/I/';fl,‘/V“”3 because we are inter-
ested to the coupling of the axion with two gauge bosons and the self-interaction between
gauge bosons would give rise to a coupling of the axion with more than two gauge bosons
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We now turn to the coupling with the heavy fermions. We show the
calculation for one fermion species, as the generalization to the others is
trivial®:

Ly, =+ (i) — Ms) Y — y19rdxRr — 259RYLS — Z5¢RrLs™ +h.c. (7.33)

Under (7.25) the Lagrangian gets modified as follows

Opt

- . a _
ETZ’L _>‘C1PL + Ny, WV“’Y% + (2 JTM51/}L'¢R+
a

2fa
+ 1y1 (N, — Nyg) %&UbXR — 25 (Nyy, + Ns) %@Rlﬂm‘ (7.34)
— 025 (ny, — M) %&Rst* + h.c.
where we have used the fact that
— Ny, 8};(115L’Y“¢L = nm%% (VL) =
(7.35)

_ o) _
= Ny, 2%811 (v ") = ny, QLf:Lau (") -

7.5 The Scalar Potential

The full scalar potential, as stated in the previous chapter, is given by

V(h,o,r) = A (W2 + 02 — £2)240, (12 = £2)2=Aegr? (B2 + 02) = BB >+yh
(7.36)

where —Bf2h? +yh* are introduced to absorb the divergences arising from

the one loop CW potential. The VEVs are found by solving the equations

g‘g — 4N (B2 + 02 — 2) — 2B%h + 47h® — 2Ausr%h = 0

5l _ 2 2 2\ 2 _

55— Mo (R +0% = f?) = 2Xp1°0 =0 (7.37)

o

ov 2 2 2 2

E :4)\57"(7’ —fs) f2)\5¢7’(h +o ) =0.
The result reads

(
v,zl = 2£f2
~

8We will omit the superscript (2/3).
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where with the last equation we mean that the scale f, defined in (7.1) is
exactly the VEV v,.. In this way the kinetic term arising after the SSB from

the coupling

,r.2

2f2
is canonically normalized. Assuming all parameters non vanishing we need to
take into account some physical constraints on the parameters. In particular:

Ouadta (7.39)

e it is needed that A > 0 and A; > 0, as it is appropriate for all the spon-
taneously symmetry breaking potentials, in order to have a potential
bounded from below;

e the positivity of v%, v2,v? implies that B and v have to have the same

o) T
sign and

A2y < 4N (7.40)

e by fixing the Higgs VEV v, = 246 GeV, we can extract, from the
experimental bound on the ¢ parameter ¢ = v?/f? < 0.18, a bound on

the ratio 8/v:
f = 2¢ < 0.36. (7.41)

We can now write the Lagrangian in terms of the physical fields

h:il—l-vh
=06+, (7.42)
r=7+uv,

in order to read the mass eigenvalues and eigenstates. The general solution
can be studied only numerically; on the other hand simple analytic expres-
sions can be obtained in two specific frameworks:

e integrating out the heaviest scalar degree of freedom, that is the radial
scalar field 7, and studying the LO terms of the Lagrangian;

e assuming f; ~ f, expanding perturbatively in the small 8, A4 param-
eters.

We start from the integration of the heavy field r. For this purpose we
notice that the mass of the heaviest scalar receives a leading order (LO)
contribution proportional to:

ms3 o \/8As fs. (7.43)

We see that there are two ways to integrate out the 7 field that represent
two physically different scenarios:
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e we can integrate out by expanding 7 in powers of )\is assuming A\g >> 1,
that corresponds to assume an UV strong interacting regime. Moreover
in this regime, as the Yukawa couplings with the exotic fermions do not
depend on Ay, the decoupling of the field 7 does not have any impact
on the spectrum of the exotic fermions, that are still present in the low
energy spectrum;

e we can also integrate out the field # by assuming fs > f. In this
second scenario, as the mass of the heavy fermions depends on fs, the
exotic fermion sector decouples at the same time as the heaviest scalar
field.

Before analysing the two cases separately, it is useful to look at what happens
in general when we integrate out the heavy field 7, and then to detail the
discussion to the two specific cases. Integrating out the heavy field 7 leads,
in the scalar sector, to an effective potential that, at the leading order in the
appropriate expansion parameter, can be written as

VEO = Ag (W% + 0 — f2)? — BrfEh® + yh* (7.44)
where

k k
Ar = kA, ﬂm7§, ﬁzéﬂ. (7.45)

We notice that Srf7 = Bf?, that is the h? (and h* as well) term is not
renormalized by the integration, as one expects since they do not depend on

the field #. The VEVs read

d=gih d=fi(1-58). (7.46)

Defining the physical fields
h=h+uv, o0=6+u, (7.47)
we can extract from (7.44) the mass matrix

~

Vinass = (4AAgvi + 4yvd) b2 + (4Ago?) 62 + (SAthvg ) hé
_ L s (1+7/Ar) vy vhva (7.48)
=5 (b 5) [8AR ( o

where we have used g f12~2 = 271),%. The mass eigenstates are therefore

2
miy =4\g <1+)\R>vz+v§i\/<l+):;> v%+2(1—;}%>v%v3+v§

(7.49)
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while the mixing angle is given by

2005

tan 20 = .
v2— (1+v/Ar) U%L

(7.50)

The positivity of the mass square eigenvalues is guaranteed by imposing that
trace and determinant of the mass matrix are both positive. This, together
with the fact that we must have v,% > 0, leads to the conditions:

Ar >0 v>0 Br > 0. (7.51)

We can now explore in detail the two limits A > 1 and fs > f separately.
Starting by As > 1, the appropriate expansion of the r field in terms of A
reads

1 1
r=rp+ e +o ()\> . (7.52)

where g and r1 are found by solving the equation of motion for 7 order by
order in Ags. The equation of motion is

Or + %8,@8“(1 — 4\ (12 = f2) 4 207 (B 4+ 02) = 0. (7.53)

s

Putting (7.52) in (7.53) we find

Aé: T§:f37
1
0. - owo 2 2 2y _
PV 7 padta —8firy + 2 s fs (W +0%) =0 = (7.54)
1

/\s¢ 2 2
:87](?8#@6”@—{—47]03(11 + o )

Using (7.52) and (7.54), we can see that the LO potential is of the form
(7.44) with

™

1 Ay f2
ey =1 kf_<1+2A‘f’ﬁ>. (7.55)

On the other hand, the next to leading order (NLO) Lagrangian reads

1 1 1
6L —110,a0"a — 4f2r} + 2\sp for1 (B2 + 02)} - Y4 22 (7.56)

L fs

The positivity of f% translates into a constraint on the coupling Ag:

f2

7 (7.57)

)\s¢ > —2A



86 The Minimal Axzion Minimal Linear o Model

In the limit Ag > 1 the masses the mixing angle are

p s B g p?
kf+2)\ k )\k +7)\+4)\2 )

23 < 27) (7.58)
RICEEE)

with k; given by (7.55); in the limit for small 3, these formulas reduce to

m3 = 45 f2 (1—2@,

miy = 4Af?

tan 20 =

2
n£::8kf2<1 13A>-+4AﬂJ?, (7.59)
tan 20 = 26 (1 — B)
Y 2y

We now turn to the other relevant limit, f; > f. In order to perform
the calculation, it is useful define the dimensionless variable 7

r = fsr. (7.60)
In terms of 7 the scalar Lagrangian reads
L~ f;@f@“? + 7;2(9#@8“61 —V(h,o,7) (7.61)
and
V(h,o,r) ~ A (B2 4 0% = f2)° 4+ A f2 (7 = 1)° = Ao f27 (h% + 07) (7.62)

where the ~ symbols mean that we have neglected the kinetic terms of h and
o, the h? and h* terms because they will not participate in the subsequent
discussion. The EOM (7.53) then becomes

f20F + FOadta — AN fiF (7% — 1) + 2N\ f27 (R* +0%) = 0. (7.63)

The appropriate expansion parameter is f/fs therefore the 7 expansion in
this case reads

| 12
7“:?“0—|-f7”1+f2 2+ (7.64)
Putting (7.64) in (7.63) we find:
o =1,
;1‘_0’ (7.65)
Ty = (h2 + o )

Arf2
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Now we can return to the dimensionless r:

2
T = fof = fsTo+ 5T =ro+ iT‘l + - (7.66)
[ fs
where
ro = f87
Asop (7.67)
h2
T]- 4)\ f( )7
Therefore the first order contributions to k) and kf in the limit f; > f are
12,
o = (1 4 )\)\s>
(7.68)

while the NLO Lagrangian reads

5£NLO _)\5¢ h’2 + 02

5T @) + 30 + o+

(7.69)

+ ! 0, (h? + o2)o"(h? + o).
32a2 27K

In the limit fs > f (that is, kf > 1) the expressions for the two lightest
mass eigenvalues and for their mixing read

2
m3 = 432 ( f; §2> (7.70)
2 _ 2 A S
my =AAsofs (142~ N 2 (7.71)

o [BAT

where we have assumed for simplicity Asp << 4A\s.

It is also possible to study analytically the particle spectrum without
integrating the field , by assuming fs ~ f and 3, \;y < 1. A straightforward
calculation shows that in this limit the mass matrix reads

2
(7+A)% IN L~ 0
20 a2 - 2 -2+ 2)\s¢f2 —2>\S¢ Lo |+ 0(Bag, Xp)-

4~?
0 —2/\S¢ 7 4)\S f2 +2)X0

(7.73)
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Now, the eigenvalues equation for a symmetric matrix

S:

O Qe

d 0
b e (7.74)
e cC
is
23 — Tr[S]z? + (ab + be + ac — d* — €%)x + cd® + ae® —abc = 0. (7.75)

In our case e? )\g » S0 we can neglect it and the eigenvalues are

1
m3 = 3 (a+b— (a—b)2+4d2) = 4812 (1 - 2@) + 0 (8%, 8%\s0)
1 1 Mo f2
2 _ _ 2 s¢ Js 2 2
mi =3 <a+b+ (a—b)2+4d2) =8\f (1+2 X f?> + O (67, BAsps Asg)
1 Asg f2
(7.76)
while the mixing angles are given by
2d 2
tan 2019 ~ bi ~ ﬁ (1 +O (,3, Asd))) ,
—a " (7.77)
2e [fs
tan 2093 ~ PR = )\8¢)\f2 — /\ng (1 + 0O (5)\5¢,)\§¢)) .

The analytic results of these two limits will be compared with the numerical
results in the next section.

7.6 Numerical Analysis

The previous analysis has been done by integrating out the field r. If we
want to analyse the complete scalar particle spectrum, a numerical analysis
is needed. In general, the scalar mass matrix M? is real and it has to be
diagonalised by an orthogonal transformation

diag(m%, m%, m%) = U(elg, 013, 023)TM§ U(elg, (913, 923) (778)

where 6;; is the rotation angle in the (4, j) sector. The corresponding scalar
mass eigenstates ¢1, o, o3 are defined by

¥$1 h
@2 | =U(612,013,023)" | & (7.79)
¥3 7
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We can identify the eigenvector with the lowest mass, 1, with the Higgs
particle; just like the MLoM, the coefficients of the mixing provide a mod-
ification of the SM Higgs couplings. In particular, the 7 couplings to SM
gauge bosons can be deduced from the couplings of ﬁ, as ¢ and 7 are singlets
under the SM gauge group. The composition of h in terms of ; is given by:

h = craci1301 + 13512902 + 51303 = C1o1 + Capa + C33 (7.80)

where ¢;; = cosb;;, s;; = sinf;; and we have defined the coefficients C; for
shortness. In this way, the couplings with the SM gauge bosons in terms of
the physical fields read

~ 2
2 h 2
&U% — 1) Wiwk = 01 + 02 -I— 037 +1) Wiwe,
4 vy, 14 v, 1
(7.81)
@ +g% 5 (h i 01 2
vi [ —+1 ZMZ“:— G +02 +03 +1) z,2¢
8 vp, 2 vy,
(7.82)

therefore the couplings of the Higgs particle are modified by a factor of Cf.
Clearly, when we integrate out the heaviest field r, we expect C ~ 14+ O(e),
thanks to the mechanism of the vacuum misalignment.

We can now turn to analyse the scalar potential parameter space. The
scalar potential possesses 7 independent parameters: 5 dimensionless coeffi-
cient A\, As, 3,7, As¢ and two scales f, fs. Actually, by fixing the Higgs VEV
and the Higgs mass to their experimental values, we can express the § and
v parameters as functions of the remaining 5 parameters A, Ag, Agg, f, fs-
In this numerical analysis we have taken f = 2TeV that corresponds to
€ ~ 0.015, well inside the experimental bound on ¢ = v?/f? < 0.18. By
varying the values of the remaining 4 parameters we have studied the be-
haviour of the masses mg, ms and of the coefficients C1, Cs,C5. In Fig. 7.1
the masses mg 3 are shown as a function of \s, (upper left), A = As (upper
right) or A (lower). In all the plots we have considered three different val-
ues of fs, fo = 1TeV, f, = 103TeV, f, = 10°TeV. In the upper left plot
we have taken A = Ag; = 10, and the numerical results follow the analytic
expressions found in the previous section: in particular ms, represented by
the red dashed line, is independent from A4 as expected from (7.43); mao,
represented by the blue continue line, shows an increasing behaviour with
a constant slope, according to (7.59). We notice that, for f; = 1TeV, the
roles of the eigenstates are exchanged: mo becomes the highest eigenvalue.
In the upper right plot we have chosen Agy = 0.1 and A = A;. The brown
area is excluded from the constraint in (7.40). In the proximity of it, the
factor [1—Agp/(4ANs)] 7! becomes wider and the analytic prediction given by
(7.59) deviates from the numerical result. Away from it, the red dashed line
well represents the linear behaviour given by (7.43), the blue continue one
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is constant, as expected from (7.59). Also here, for fs = 1TeV, my becomes
the highest eigenvalue. Finally, in the lower plot we have taken Agy = 0.1
and Ag = 10. We can see that, according to (7.43), ms is independent from
A; on the other hand msg, according to (7.59), is almost independent from A
for large fs and has a linear dependence for fs ~ f.

The behaviour of the mixing coefficients C%, C2, C’g is shown in Fig. 7.2
where two different plots are shown corresponding to the values of fy =
1 TeV, fs = 3TeV. The green-dot-dashed line describes C?, the blue-continue
line C3 and the red-dashed line C3. As expected, in both the plots Cy ~ 1,
i.e. the largest contribution to h is given by ¢1. The contributions to h
given by 9, p3 are much smaller, at the level of 1% at most. This features
are shared throughout the parameter space. The only difference is that, for
fs > f, the largest contamination is given by ¢, while for fs < f is given
by 3, as it is confirmed by (7.77).

7.7 QCD Axion or ALP? A Fine-Tuning Problem

In this section we will compare the prediction given by the MAMLoM with
the present axion data in order to investigate the possibility to associate the
angular part of s to a QCD axion or a more massive ALP. ALPs appear in
many models of BSM physics, such as string theory, as pNGBs associated to
the breaking of U (1) symmetries. The properties of these particles are similar
to that of axions, but their mass and coupling to photons are not related,
making the corresponding parameter space larger than the axion case. On
the other hand, QCD axions must satisfy more stringent conditions. In
particular, in the case of QCD axion, the axion mass m, and the SSB scale
fa are related by

Mafa = My fr (7.83)

where m, ~ 135MeV is the pion mass and f; ~ 94 MeV is the pion decay
constant. The axion coupling to photons is bounded from both astrophysical
and terrestrial data and they depend on the axion mass. This upper bounds
can be summarized as

|Gar~y| ST+ 10711 Gevt for m, < 10meV,
|gary] S -10719GeV! for 10meV < m, <106V,

7.84
Gary| < 10712 GV for 106V < my < 0.1GeV, (7.84)
Gary] S-1072CGeVL for 0.1GeV < my < 1TeV.
In the MAMLoM model?
Com Cary (7.85)

Gayy = o f
a

9We have set the VEV f,
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Figure 7.1: In the graphics we have shown the profiles of the scalar masses
mo 3 as a function of A\s (upper left) A = Ay (upper right) and A (lower). The
red-dashed line represents the heaviest scalar mg, while the blue-continue line
the next-to-heaviest with mass ms. Three different values of f; are shown:
fs =1TeV, fo =103 TeV, f, = 10°TeV [17].
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Ap=0.1, =2 TeV, f,= 1 TeV Asp=0.1, f=2 TeV, f,= 3 TeV
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Figure 7.2: The profiles of the coefficients squared CZ, C3, C3 as a function
of A = As;. The other parameters are chosen at fixed values: f = 2TeV,
As¢ = 0.1, fs = 1TeV on the left and f = 2TeV, A\yy = 0.1, fs = 3TeV on
the right. The green-dot-dashed line describes C% the blue-continue line C3
and the red-dashed line C3. The brown area is excluded from the constraint
in (7.40) [17].

where cqyy = 112/3, therefore the bounds in (7.84) are translated in bounds
on the scale f,:

fa>2-10"GeV for mg < 10meV,
fo =107 GeV  for 10meV < mg <106V, (7.56)
fa>10°GeV  for 10eV < m, <0.1GeV, .
fa 2 1GeV for 0.1GeV <m, < 1TeV.

From astrophysical data we know that the axion mass has to belong to
the meV —eV window. It follows that, in this model, a consistent QCD axion
can only be generated if the scale f5!9 associated to the SSB of the U(1)pq
symmetry is

fs > 3.7 x 10° GeV. (7.87)

The resulting axion is therefore an invisible axion, as such a large fs scale
strongly suppresses all the couplings with SM fermions and gauge bosons,
preventing any possible detection at colliders or at low-energy (flavour) ex-
periments. The difference between the traditional axion models resides par-
tially in the couplings cq+, and cqqq for which the MAMLoM predicts a very

10We are confusing the axion scale f, with the VEV of the radial component r, as they
are related by (7.38), and are similar in first approximation.
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sharp value for the ratio:
Caryy 14

ot 3 (7.88)

For much lighter values of the f; scale, instead, the astrophysical bounds
on ga~y can be satisfied only assuming that the axion mass and its charac-
teristic scale f; are not correlated. This corresponds to the ALP scenario:
differently from the QCD axion, an ALP has a mass that is independent from
its characteristic scale fs, because of the additional sources of soft symme-
try breaking. Therefore in this scenario, as the PQ symmetry is not exact,
the strong CP problem could not be solved. In this case, consistent val-
ues for the ALP mass and the f, scale that pass the astrophysical bounds
are my ~ 1GeV and fs ~ 200TeV. Also, with these values the ALP can
evade detection at colliders, because of its decay into gauge bosons inside
the detector [17].

However, as we now show, we do not have the freedom to fix both
the scales f and fs, unless fine-tuning the parameter \;y. We have seen,
eq. (7.38), that the scale f is renormalized by a factor \/@fs This means
that, unless of adjusting A4 ad hoc, (and this seems to be too artificial) f is
pushed near the upper scale fs;. Therefore if we want to keep f in the TeV
range in order to not invalidate our solution to the Naturalness problem,
we are forced to set fs at the same scale. But then, as this value does not
satisfies (7.87), the strong CP problem cannot be solved. In particular, the
o particle has to be regarded as an ALP, rather than an axion so that it
has not to satisfy the bound (7.87). We notice that the problem cannot be
avoided: also taking A\s4 = 0 at a Lagrangian level, the contributions arising
at one-loop level would give it back, with a value considerably different from
zero, differently from the analysis performed in the KSVZ model. This is
due to the fact that the couplings responsible of the mixing between heavy
fermions and SM fermions (the A’s) act as a portal between the s and ¢ sec-
tors. On the other hand, in the original KSVZ model the problem does not
arise because heavy and SM fermions are decoupled (at tree-level) and the
only way that have to interact is through gluons, as we have seen previously.

The previsions given by the model for the NGB nature of the Higgs
translate, just like in the MLoM, in a modification of the Higgs couplings
to gauge bosons by a factor of C, the analogue of cosvy in the MLoM.
Moreover, as the mass of the exotic fermions, arising after the SSB of the s
particle, is controlled by fs, a large fs allows to rely on the partial fermion
compositeness in order to explain the Yukawa hierarchy.
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Conclusions: Coming Soon!

In this thesis we have analysed some attempts to extend the SM Lagrangian
in order to solve the Naturalness and the strong CP problem. In particular,
in the first part we have studied a MLoM [16] in which the Higgs arises a
pNGB of a SSB SO(5)/S0O(4). This is enough to explain the lightness of
the Higgs mass, providing a solution to the hierarchy problem. The model
mimics a class of models, known as composite Higgs models, in which the
Higgs arises as a bound state of a new strong force. Nevertheless, unlike the
CHMs, the theory is renormalizable and UV complete. This keeps open two
possibilities: either the theory is weakly coupled or it is strongly coupled.
In the latter case, with the o particle integrated out, the model falls in the
category of the non-linear realizations and the Higgs arises as a bound state.
On the other hand, even though the theory is UV complete, the weakly
coupled regime would necessitate further explanations, as the Naturalness
problem for the Higgs mass has replaced with that of the o particle.

The scalar sector of the theory contains the fiveplet ¢, whose components
can be associated to the three longitudinal polarization of the gauge bosons,
the Higgs particle and the o particle. In particular, its potential depends
on four independent parameters, that can be parametrized by the Higgs
mass mp, the EWSB scale v, the o particle mass m, and the mixing angle
siny. Fixing my and v to their experimental values the parameter space is
completely defined by the pair (m,,sin+y). Following [16] we have identified
the area in the (mg,sin~y) plane in which the Higgs can be interpreted as a
pNGB, taking into account also the experimental bounds on sin~y. In fact, we
have seen how the pNGB nature of the Higgs translates in a modification of
the Higgs couplings to gauge bosons with respect to the SM predicted values.
In particular, the Higgs couplings to W and Z are weighted down by cos 7.
Moreover, just like the CHMs, the model provides an explanation of the
Yukawa hierarchy, relying on the partial fermion compositeness mechanism.
This has been achieved by adding in the particle spectrum a set of new
vector-like heavy fermions that couple to the scalar fiveplet ¢, through SO(5)
invariant interactions, and to (the third generation of) SM fermions, through
SO(5) breaking terms. Moreover, the soft breaking of the SO(5) symmetry
in the fermionic sector, through the o and 8 parameters, makes the Higgs a
pNGB, rather than a NGB, giving it a mass. In particular, we have chosen

95
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the parameters in order to absorb the divergences generated from the one-
loop Coleman-Weinberg potential. Finally, we have calculated the h and
o decays into two gluons. The former is dominated by the top quark for
very heavy fermions, matching in this way the prediction given by the SM.
On the other hand, the heavy sector has a more significant impact on ogg
transitions.

In the second part we have dealt with some aspects of the strong CP
problem and discussed one of the most convincing solution to it, the azions.
In fact, after the SSB of the U(1)pq symmetry, the axion VEV provides
a dynamical adjustment of the 6 parameter. After a short review on the
different ways to introduce axions in a BSM Lagrangian, we have focussed
on the so-called KSVZ model. In particular, following the paper [17], we
have analysed the possibility to extend the MLoM for the Goldstone Higgs
by adding a scalar field s, singlet under the whole SO(5), and extending
the SSB pattern of the MLoM with a further U(1)pq symmetry in order to
solve the strong CP problem. The possibility is suggested from the fact that
the heavy fermionic sector can allow to rotate away the QCD 6 term, just
like in the KSVZ model. In this model the content of the fermionic sector
is the same as the MLoM, with the difference that now the heavy fermions
couple to s, as well. These interactions provide also a mass for the heavy
fermions, which arises after the SSB of the s particle. On the other hand,
the presence of the scalar particle s enlarges the scalar particle spectrum
and the potential now depends on 7 parameters: the two SSB scales f and
fs, the couplings A, A, Ag¢ and the two parameters 3 and < arising from
the Coleman Weinberg mechanism through the fermionic sector. Moreover,
introducing few general requirements, we have seen that this is the potential
with the minimal number of parameters needed to absorb the divergences
generated by the CW potential. Following [17], we have obtained analytic
expressions for the scalar masses by integrating out the highest degree of
freedom in two limits: fs > f and Ag > 1. The latter limit corresponds to
the strongly interacting regime. Furthermore, we have also calculated the
masses in the regime fs ~ f in the limit of small parameters 3, \sy < 1.
These limits have served to compare them with the numerical analysis of
the parameter space. This latter analysis has been done by identifying 2
parameters with the physical Higgs mass and the Higgs VEV, just like in
the MLoM, and varying the remaining 5 [17].

The analytical and numerical analysis of the parameter space show that
for f, fs > 1 TeV the heaviest scalar degrees of freedom are unlikely to give
signals at the present and future LHC run. On the other hand, the non-
linearity of the EWSB mechanism, as in the MLoM, leads to deviations
from the SM predictions in Higgs and gauge boson sectors that are more
experimentally viable in the future.

Finally, we have investigated the possibility to associate the (angular part
of the) scalar particle s either to an axion or to a more massive ALP. In the
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first case the axion mass is expected in the [meV, keV| range. This, together
with the strong bounds present on the axion coupling to two photons, prevent
the axion scale f, ~ fs to be less than 108 GeV. The trouble is that, in this
case, unless fine-tuning g4, the scales f and fs, because of this parameter,
are unavoidably related and the lower scale f is pushed near the upper
scale fs. In particular, this is due to the tree-level couplings between SM
fermions and heavy fermions, which are not present in the original KSVZ
model. In the latter we saw how this prevents Ay4 from taking large quantum
corrections. This means that, since the solution to the Naturalness problem is
valid only if f is in the low TeV range, the price to retain valid the MAMLoM
as possible explanation to it is to lower our claim on the solution of the strong
CP problem: we cannot rely on a large f; anymore and, as the present axion
data prevent f, from being less than ~ 108 TeV, if we want to keep f;
lower than this value we are forced to regard (the angular part of) s as a
more massive ALP, rather than an axion. In fact, the ALPs are free from
cosmological bounds and a more massive 1 GeV ALP with an associate scale
of ~ 200 TeV range is possible. However, as we have outlined, the ALP
hypothesis could be of no help in addressing the strong CP problem.

The Naturalness problem and the strong CP problem are without doubt
two of the most studied puzzles in particle physics and two of the most
strong motivations in searching physics BSM. These questions share the same
underlying guiding idea: nothing is by chance. However, we are not at all
sure if these problems are really problems. After all there could be anthropic
reasons explaining why these numbers are so small. Actually, the anthropic
hypothesis seems to be available for the Naturalness problem but not for the
strong CP problem. As discussed by Peccei and Wilczek, in fact, a Universe
where CP is violated strongly seems as viable as a Universe where it is not.

The history has often taught that behind some philosophical questions
there are physical answers. Beyond the personal opinions, one thing is cer-
tain: at least for the Naturalness problem, time has come for the question
to be settled by experimental data.
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