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Abstract: We investigate possible extensions of the Standard Model according to
the either elementary or composite nature of the Higgs boson. In the former scenario,
we present a model of flavored axion—Higgs unification in which electroweak symmetry
breaking occurs dynamically and selects a small region for the axion decay constant that
will be fully tested at forthcoming dark matter and flavor experiments. Moreover, if the
Higgs is elementary, yukawa couplings are regarded as fundamental interactions: this
relates to possible UV completions based on asymptotic safety for which we provide new
insights by studying models containing a large multiplicity of fermion fields. Finally,
we introduce a new realization of a composite Higgs that resolves the tension with
null-signals of new physics at the LHC. It is based on a new symmetry structure that
we call soft breaking, whose realization in the context of a warped extra dimension is
particularly simple and straightforward. When combined with other possible symmetries
this allows for a completely natural model to emerge predicting composite resonances
above 2 TeV with fine-tuning at the minimum 10% already implied by LEP and thus
restoring naturalness in the light of the LHC data.

Zusammenfassung: Wir untersuchen mdogliche Erweiterungen des Standardmod-
ells in Hinblick auf die Natur des Higgs Bosons als elementares oder zusammengesetztes
Teilchen. Fiir das erste Szenario présentieren wir ein Modell zur Axion-Higgs Verein-
heitlichung mit Flavor-Struktur, in dem die elektroschwache Symmetrie dynamisch ge-
brochen und ein kleiner Bereich der Zerfallskonstante des Axions selektiert wird. Dieser
wird vollstdndig durch zukiinftige dunkle Materie- und Flavorexperimente getestet wer-
den. Wenn das Higgs elementar ist, werden zudem die Yukawa-Kopplungen als funda-
mentale Wechselwirkung angesehen; dies stellt mittels des Konzepts von "asymptotic
safety" eine Verbindung zu moglichen UV Komplementierungen her, fiir die wir neue
Resultate, gewonnen durch die Untersuchung von Modellen mit einer Vielzahl fermion-
ischer Felder, vorstellen. Schliefilich fiilhren wir eine neuartige Realisierung von Mod-
ellen zusammengesetzer Higgs Teilchen ein, die Diskrepanzen im Zusammenhang mit
fehlenden Signalen neuer Physik am LHC auflést. Diese basiert auf einer neuen Sym-
metriestruktur, die wir "soft breaking" nennen und die im Zusammenhang mit einer
zusétzlichen, gefalteten Dimension besonders einfach und natiirlich realisiert werden
kann. Die Kombination mit moglichen zusétzlichen Symmetrien ermdglicht ein voll-
stdndig natiirliches Modell, welches Resonanzen jenseits von 2 TeV bei einem minimalen
"fine-tuning" von 10%, was bereits durch LEP Daten impliziert ist, vorhersagt und daher
gut mit den LHC Daten iibereinstimmt.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) contains 18 free parameters that are phys-
ical: their actual values are not predicted within the theory and can only be determined
by comparison with the experiments. When accounting for massive neutrinos this num-
ber increases either to 25 or 27 depending on their Dirac or Majorana nature, and one
more parameter is found when considering the topological terms for the gauge fields.
Since the origin behind all these free parameters is unknown, each of them represents
an opportunity for learning something more about Nature at the fundamental level.
When seeking for new physics, however, one should not forget the huge theoretical
breakthrough that has lead to the formulation of the SM itself. Probably the most
formidable aspect of it is the common understanding of the fundamental forces in the
language of gauge theories, and it is interesting to notice that this already brings several
hints for possible extensions. The first of them is related to the semi-simple nature of
the SM gauge symmetry,
SU(3)C X SU(Q)L X U(l)y, (1.1)

and the fact that the electric charges of the proton and the electron cancel each other
at the level of one part out of 102! without a rigid structure to ensure it. This fact is
known as “charge quantization” and is intimately related to the presence of the abelian
factor U(1)y. This, together with the intriguing convergence of all the gauge couplings
at energies as high as ~ 10' GeV with ~ 20% accuracy, is in fact one of the best
motivations for the existence of a Grand Unified Theory (GUT) [1,2] based on a larger
gauge group in which the SM symmetry is embedded. Thus, the three parameters
corresponding to the strong and electroweak gauge couplings, gg, g and ¢, respectively,
could be reconciled in a single force at high energies.

In this respect, it is worth mentioning that the gauge symmetry in can be
straightforwardly extended if three right-handed neutrinos (RHNs) are included in the
theory. In this case, the baryon (B) and lepton (L) numbers which are accidental global
symmetries of the SM can be used to form an anomaly-free combination, U(1)g_, that
can be gauged [3|. The RHNs naturally explain the tiny masses of the active neutrinos
via the seesaw mechanism if they are as heavy as ~ 10" GeV which in turn sets the
natural scale for the spontaneous breaking of U(1)p.. As this is not too far from the
naive GUT scale, the gauging of this symmetry can also be seen as a preliminary step
towards unification.

There is however another mystery that follows from the gauge symmetry of the SM
and is related to the inclusion of a topological term for each of the group factors in (|1.1}).
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As we shall see in Chapter[2] these terms are total derivates and do not contribute to
the equations of motion; nonetheless they are relevant as for instance they induce CP
violation. One can show that including the topological terms brings three free parameters
that are defined in the interval [0, 27) and thus correspond to angular variables. However,
not all of them are physical: the topological term for U(1)y vanishes upon integration at
the space-time boundaries and can be neglected. The story is more subtle for the non-
abelian factors: the SU(2)p topological term turns out to be unphysical as well because
of baryon and lepton numbers which are global symmetries and can be used to rotate it
away. However, there is no symmetry of the SM that can remove the topological term
for the SU(3). color group, and its consequences must be dealt with. In particular, the
astonishing conservation of CP in the strong interactions implies that the actual size
of the QCD #-angle needs to be as small as § < 10719 This apparent fine-tuning is
interpreted as a severe lack of understanding of the high-energy completion of the SM
and is referred to as the strong CP problem.

Of course, our original counting for the free parameters in the SM was implicitly
assuming that we stick to renormalizable operators O with mass dimension [O] < 4.
Once all these parameters are fixed by low-energy observables, renormalizability ensures
that the model remains predictive up to extremely high scales as the first internal in-
consistency is truly set by the hypercharge Landau pole at ~ 1020 GeV. However, there
are many reasons to regard the SM as an effective theory, and it makes sense to look at
what happens if we start considering higher-dimensional operators. At dimension five,
the only invariant that is allowed by gauge symmetry is remarkably the one by Wein-
berg [4] which violates lepton number by two units and thus induces a Majorana mass
for the neutrinos. This may actually explain why massive neutrinos are indeed the first
sign of physics beyond the SM (BSM), as for comparison proton decay is generated only
at dimension six. The natural cutoff suppressing the Weinberg operator can be related
to the mass of the RHNs discussed above, and points again to energies as high as the
GUT scale. The surprise comes when realizing that the only term in the SM with mass
dimension [O] = 2, whose natural value within this effective-theory approach should
correspond to these high-energy scales, is the electroweak mass of the Higgs boson!

Probably the most puzzling sector of the SM is in fact the one responsible for the
spontaneous breaking of the electroweak symmetry, SU(2); x U(1)y, down to the elec-
tromagnetic group, U(1)em. This is realized through a mexican-hat potential for the
Higgs doublet, h, which is given by

V(h) = %;ﬂ(h*h) + %A(lﬂhﬁ (1.2)

and is in fact minimized by configurations with Afh = v2/2, where v = 246 GeV corre-
sponds to the Fermi scale of the weak interactions. This is possible because the coeffi-
cient 2 is negative, and the origin, h'h = 0, corresponds to a local maximum. On the
other hand, the quartic coupling, A, needs to be positive to ensure that the electroweak-
breaking vacuum is a minimum and the potential is bounded from below. The Higgs
mass, m%b, according to is given as m% = —u? = M?/2. The electroweak gauge
bosons, W and Z, become massive due to the Higgs mechanism, and similarly for the
SM fermions thus solving the issue of mass generation in chiral gauge theories.

From a structural point of view, the potential in is the simplest effective theory
that can describe a second-order phase transition. This was first introduced by Landau
as a Taylor expansion of the free energy for the order parameter, m?, acquiring different



values in the broken (m? # 0) and unbroken phase (m? = 0). This directly relates to
with the identification m? = hfh. Clearly, the theory by Landau was never meant
to be fundamental, and the origin of the coefficients parameterizing the phase transition
can be understood only within a microscopic description of the system. In a similar way,
the quantities describing the Higgs potential are supposed to become calculable once the
underlying theory beyond the SM will be unconvered.

On the other hand, the necessity for a deeper understanding of electroweak symmetry
breaking emerges when trying to extrapolate the potential in to energies much
above the electroweak scale. In fact, regarding the SM as an effective theory valid up to
a certain cutoff A > v, the quantum corrections to the Higgs mass set its natural value
to be anyway ~ A? which is in tension with the light Higgs boson discovered at the
Large Hadron Collider (LHC). This statement is independent of the way the theory is
regularized, as physical thresholds will still contribute quadratically also in dimensional
regularization, see e.g. [5]. In the absence of an underlying mechanism to cancel this
quadratic sensitivity, a large fine-tuning is needed to keep the Higgs light: this is referred
to as the hierarchy problem.

In addition to the (in)stability of the Higgs mass, the scalar quartic, A, introduces
a puzzle as well. As mentioned above, the scalar quartic needs to be positive to ensure
that the symmetry-breaking vacuum is in fact a minimum. However, even if this is the
case at the electroweak scale, the value of A can be seen as effectively changing with
the energy according to its renormalization-group evolution and is predicted to turn
negative within the SM at energies ~ 10!'' GeV [6]. This means that our vacuum is
actually a local minimum, as there exist configurations at much larger field values that
are more favorable energetically. Nevertheless, the vacuum that we observe turns out to
be long-lived enough to be compatible with the cosmological evolution of our Universe,
so that this cannot be considered as a real inconsistency of the theory. Nevertheless,
the fact that the SM remarkably sits in a small metastability region can be seen as a
further hint for the theory to be extended with new particles and new interactions to
ensure that A remains positive at least up to the Planck scale.

Let us now move to discuss the last sector of the SM describing the yukawa inter-
actions between the Higgs and the elementary fermions. After performing all possible
field redefinitions, one there finds 13 (!) free parameters that are physical: three masess
for the leptons, e, u, 7, six masses for the up quarks, u,c,t, and down quarks, d,s,b,
three mixing angles and a CP violating phase, J, contained in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. The occurrence of these parameters is intimately linked to
the SM being redundant in the fermion content, as all gauge eigenstates appear in ex-
act three replicas “without no one ordering it”. In fact, while we could motivate the
existence of leptons as a fix to the chiral anomalies of the quarks, there is absolutely
no need for repeating this three times. In this sense, it is quite remarkable that the
large flavor symmetry related to the SM families, [U(3)]?, is actually broken only by the
interaction with the Higgs, whereas gauge forces are flavor universal. When considering
BSM scenarios with a relatively low new-physics scale, this property is so important
that one usually needs to assume that these yukawas in fact remain the only source of
flavor violation [7]. Moreover, the actual size of the SM fermion masses is found to
span several orders of magnitude, from ~ 1MeV to ~ 170 GeV. On the other hand,
the way the quarks are mixing is far from being random: the CKM matrix shows a
clear structure with dominant diagonal entries and sizeable mixing among the two light
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flavors, while third-generation mass and gauge eigenstates mostly coincide. Since the
origin of the hierarchical fermion masses and mixings cannot be understood in the SM,
this introduces what is called a “flavor puzzle”.

When compared to the SM of particle physics, the Standard Model of Cosmology
(ACDM) contains less free parameters but is certainly not less mysterious. In fact, the
initial conditions for the standard cosmological evolution describe a Universe that is
remarkably flat and also homogeneous on scales that are too large for these regions to
have ever been in causal contact. Explaining these initial conditions is indeed one of
the best motivations for cosmic inflation. Moreover, 70% of the energy budget of the
Universe comes in a form of energy density that is not diluted during the expansion [§]
and is in fact compatible with a cosmological constant. In a sense, it is surprising that
we were even able to know about this as the Universe needs to have expanded enough for
the vacuum energy to become relevant, and this has happened only recently giving rise to
a “coincidence problem”[]. The next-to-leading component amounting to the 25% of the
energy budget consists of a form of non-relativistic matter that has no electromagnetic
charge and is therefore “dark”. Only the remaining 5% appears as ordinary baryon
matter, whereas relativistic degrees of freedom contribute today with 0.01 %. Moreover,
it is also apparent that our Universe is favoring a population of baryons with respect
to anti-baryons: since these two species are equivalent from a relativistic point of view,
this suggests the presence of a mechanism responsible for this asymmetry.

It is reasonable to expect the microscopic theory of Nature to account for (at least
some of) the puzzles emerging from the ACDM. When trying to do so with the SM,
one encounters the soundest arguments for claiming that its description is necessarily
incomplete. In fact, even forgetting about inflation and vacuum energy, whose resolution
may actually arise from a better understanding of the gravity side, the nature of dark
matter and the origin of baryon asymmetry should both be possibly addressed within a
particle physics framework. This is particularly motivated given that there is no clear
way of accounting for these facts with the help of astrophysical objects such as primordial
black holes. However, it turns out that no particle in the SM can be considered as a
candidate for dark matter, as none of them can meet the essential requirements of being
dark, cold, and stable. Moreover, although baryon number can be violated in the SM
at the non-perturbative level, the baryon asymmetry cannot be generated both because
of a too little amount of CP violation due to the specific flavor structure, and because
of the lack of non-equilibrium processes that could have ever been triggered in the early
Universe according to SM physics only.

We conclude that despite being very successful in reproducing an incredible amount
of data at the terrestrial level, and also crucial processes in the early Universe such
as big bang nucleosynthesis, the SM can only be regarded as an effective description,
whereas a more fundamental theory will provide an explanation for (at least some of)
the quantities that are currently paremeterizing our ignorance.

In this thesis, we will investigate possible solutions to the shortcomings of the SM
from the perspective of the Higgs boson. In fact, the fragile nature of electroweak
symmetry breaking and the yukawa couplings being the core of the flavor puzzle allow
the Higgs to play a relevant role in many extensions of the SM. In doing so, we will
consider two distinct scenarios. In the first one, the Higgs is an elementary particle

!The concept of “recently” is questionable, as it depends on the way time is measured. Still, the
actual value of the vacuum energy turns out to be rather special, see e.g. [9].



and the hierarchy problem may or may not be solved in this framework. As a matter
of fact, the reason for a light Higgs could rely on something completely different than
what has been traditionally thought, such as the selection of our vacuum due to some
early-Universe dynamics [10|, or even on mere anthropic reasons. Bearing this in mind,
we will explore the consequences of having a fundamental scalar in the theory when
discussing its interplay with the open questions of the SM that are not directly related
to the hierarchy problem. For the second scenario we will instead reverse this point of
view: we will in fact follow the idea that uncovering the mechanism behind a natural
electroweak symmetry breaking will also provide new insights for the other puzzles in
the SM. We will then turn to discuss composite Higgs models with the aim of resolving
the present tension with the continued absence of new physics at the LHC, which is in
fact endangering the idea of a natural electroweak scale.

When considering an elementary Higgs, we will first focus on the flavor puzzle and
the strong CP problem. As mentioned above, the latter is related to the unnatural
value of the QCD topological term, # < 10719 One of the most attractive solutions
consists of making the f-angle, which in the SM is just a free parameter, a dynamical
field by introducing a new spontaneously broken Peccei-Quinn symmetry, U(1)pq, and
a new pseudoscalar particle, the axion [11,/12]. The apparent conservation of CP in the
strong interactions then follows simply from the fact that the configuration with 6 < 1
is energetically more favorable. The couplings of the axion with the SM particles need
however to be tiny in order to pass present constraints, thus requiring the spontaneous
breaking of U(1)pq to occur much above the Fermi scale. Besides solving the fine-tuning
issue related to the strong CP problem, it was soon realized that axions produced non-
thermally can account for all the dark matter in our Universe. This is particularly
relevant in present times since one of the primary candidates for dark matter, namely
a weakly-interacting massive particle with a mass in the GeV-TeV range, has not been
found in direct-detection experiments which already cut deeply in the parameter space
[13]. Conversely, the natural region for the QCD axion to be dark matter remains
basically unconstrained.

The simplest solution to the flavor puzzle is probably the one based on the Froggatt-
Nielsen mechanism [14], namely the existence of a new global symmetry, U(1)y, under
which the SM fermions are chirally charged. This symmetry controls the generation of
fermion masses such that the large hierarchies that we observe are accounted for starting
with O(1) couplings to a new scalar particle, the flavon, that realizes the spontaneous
breaking of U(1)g. In a similar way, this simple mechanism can naturally explain the
mixings between the different quark families as described by the CKM matrix.

Recently, it has been shown that these two distinct solutions to the strong CP prob-
lem and flavor puzzle, respectively, can actually be realized in a unified framework in
which the Peccei-Quinn symmetry itself is a flavor symmetry, thereby identifying the
U(1)pq as the Froggatt-Nielsen flavor charge, U(1)y. Thus, the axion and the flavon
are identified as the axial and radial components, respectively, of the same complex
scalar field that we will refer to as the axiflavon [15,[16]. A very interesting feature of
this model is that the axion couplings to matter are now predicted by the SM fermion
masses and mixings and feature a flavor violation that is sizeable enough to be possibly
detected in forthcoming experiments.

In this unified solution to several puzzles in the SM, the Higgs and the axiflavon
have been considered as two independent objects. In Chapter[2] we will discuss a possi-



Chapter 1. Introduction

ble scenario in which all the scalars in the theory are crucially unified within the same
multiplet of an enlarged global symmetry at high energies [I|. In this setup, the Higgs
will be realized as an elementary pseudo-Nambu-Goldstone boson in order to provide
a rationale for it being lighter than the other states. However, since the generic scale
of new physics is tied to the Peccei-Quinn scale, the hierarchy problem becomes ex-
plicit. Nevertheless, the hypothesis of scalar unification will generate correlations in the
radiatively-generated Higgs potential such that, once the Higgs mass is phenomenolog-
ically set to the experimental value, only a small range of the axion decay constant is
selected. This range is close to the natural window for axion dark matter and entirely
within the reach of forthcoming flavor and dark matter experiments, thus making this
minimal solution to the SM puzzles with scalar unification fully testable in the near
future.

Regarding the Higgs as an elementary particle also allows us to explore different per-
spectives for the UV completion of the SM. One possibility is to assume that the quantum
field theory in which the SM is embedded features an interacting ultraviolet (UV) fixed
point for its renormalization-group flow which in turn defines a fundamental theory valid
up to arbitrarily short distances. The occurrence of this scenario is called asymptotic
safety [17], and has many relevant implications. First of all, asymptotic safety can offer
an alternative point of view on quantum gravity. In fact, it is well known that general
relativity (GR) is perturbatively non-renormalizable and is supposed to lose its predic-
tive power for energies above the Planck scale. However, if the renormalization-group
flow for GR is connected to a UV fixed point this would automatically define a consistent
theory of quantum gravity. Examples where this is actually the case are known from
condensed-matter systems such as the Gross-Neveu model in three dimensions, in which
the existence of such an interacting UV fixed point can be proved rigorously despite the
characteristic interaction being power-counting non-renormalizable, see e.g. [18]. This
also means that asymptotic safety can be interpreted as a common framework in which
the SM quantum field theory and gravity can be married, see e.g. [19]. In addition, it
has been shown that the presence of yukawa interactions is a fundamental requirement
for asymptotic safety to emerge in the perturbative regime [20|, thus providing a com-
pletely different motivation for the existence of elementary scalars like possibly the Higgs
boson. Moreover, asymptotic safety may also have a saying on the hierarchy problem:
in fact, even if the UV fixed point is reached at a very high scale this does not represent
a hard cutoff and the masses of the scalar fields will be insensitive to it [21].

One class of theories in which asymptotic safety has been proven rigorously are
those containing a large number of flavor degrees of freedom, Ny, together with a large
number of colors for the gauge interactions, N, [22|. Following this first result and
motivated by the search of asymptotically safe extensions of the SM, there has been
some interest in investigating the complementary case in which Ny is large but N, is
small. Our contribution to this research is presented in Chapter[3| where we will enlarge
the tools for the investigation of gauge—yukawa theories at high energies by considering
the novel setup in which a yukawa coupling features a large-N; enchancement as is
the case in Froggatt-Nielsen-inspired models [II,[ITI]. Moreover, we will analyze the
connection between the large- Ny formalism and condensed-matter theory by working out
the relations between S-functions and critical exponents correspoding to Wilson-Fisher-
type of fixed points [IV]. This new perspective will also have relevant implications for
asymptotic safety and large Ny [V].



The search of alternative paradigms for the UV completion of the SM is certainly
motivated by the null signals of new physics at the LHC, which are in fact threatening
natural models of electroweak symmetry breaking. Nevertheless, extensions of the SM
that provide a structural solution to the hierarchy problem still represent one of the most
appealing scenarios for new physics. A renown example of this is given by composite
Higgs models [23-25|. Here, the Higgs boson is no longer a fundamental scalar but
rather a bound state of a new strong dynamics, resolvable only at short distances.
Thus, quantum corrections are cut off at the compositeness scale, and the Higgs mass is
saturated in the IR, screening it from large corrections.

In order to reduce the mass of the Higgs boson with respect to the other composite
resonances which generically have to be in the multi-TeV range, the Higgs also needs
to be a pseudo Nambu-Goldstone boson of a spontaneously broken global symmetry of
the new strong sector. This has the added benefit that the Higgs potential becomes
calculable since it is radiatively generated by the couplings of the composite sector to
the SM, which generically break the global symmetry. Moreover, the presence of a light
Higgs boson in the spectrum allows this class of models to be more easily compatible
with the electroweak observables that have been precisely measured by LEP. From these
measurements one is already able to tell that some fine-tuning ~ 10% is at least needed
in order to realize a viable composite Higgs. This degree of accidental cancellation would
however be considered as a fair price for making the Higgs mass insensitive to any other
thresholds up to the Planck scale.

Besides solving the hierarchy problem, Higgs compositeness provides a very elegant
solution to the flavor puzzle called partial compositeness. In fact, the spread of the SM
fermion masses is easily obtained as a renormalization-group effect in presence of strong
dynamics starting from small differences in the anomalous dimensions of the operators
that couple to the different families. Other shortcomings of the SM such as dark matter
and electroweak baryogenesis can also be addressed in this framework, see e.g. [26].

However, while consistency with the electroweak precision tests does not require much
fine-tuning, the situation is in practice much worse when considering the constraints
coming from the LHC. In fact, minimal realizations generically predict a Higgs mass
that is still too heavy due to the large yukawa coupling associated to the top quark.
This requires anomalously light colored states, called top partners, below the generic
scale of new physics to keep the Higgs light. However, the LHC data by now exclude
the presence of top partners with mass < 1.3TeV, thus posing a serious threat to a
natural composite Higgs. In fact, the only way in which minimal models can comply
with the LHC bounds is to make the Higgs more elementary, thus decoupling all the
effects associated with the composite sector. This implies that concrete realizations
become less natural and the overall tuning is pushed towards the percent level.

In Chapter[d] we will present a new idea in composite Higgs models that we call “soft
breaking” and is based on a structural change in the way the Higgs potential is generated.
As we shall see, this corresponds to a simple modification of partial compositeness that
will help mitigating the effect of the top yukawa and allow for a light Higgs while avoiding
the prediction of light top partners [VI|. This new resolution of the tension does not
rely on making the Higgs more elementary and thus is not necessarily increasing the
tuning. In fact, we will show that when implementing soft breaking with other possible
symmetries of the strong dynamics, a natural spectrum of composite resonances above
the LHC bounds becomes now compatible with the minimal tuning from LEP [VII].



Chapter 1. Introduction

Our concrete realization shows that the non-observation of new physics at the LHC
can be reconciled with natural electroweak symmetry breaking, as this model becomes
practically testable only now, at the High-Luminosity phase (HL-LHC) or at the Future
Circular Collider (FCC).



Chapter 2

The Higgs and the flavored axion

Two major issues of the SM are certainly the lack of a candidate to explain dark matter
in our Universe and the astonishing conservation of CP in the strong interactions. It has
been known for a long time that these issues can be simultaneously solved by introducing
a new, spontaneously broken Peccei-Quinn global symmetry, U(1)pq, together with a
new light particle, the axion [11,/12]. The axion solution to the strong CP problem has
therefore drawn a lot of interest in the community and several efforts are ongoing on the
experimental side aiming for a discovery. Indeed, axion physics can be constrained in
many different ways by means of both terrestrial experiments and astrophysical obser-
vations. Moreover, the possibility of axion dark matter motivates the developement of
tailored direct-detection experiments. On the other hand, the scale at which the Peccei-
Quinn symmetry is broken is generically much above the electroweak scale thus making
the axion a very light and feebly interacting particle.

A powerful strategy for discovering the axion is to investigate rare processes in the
SM as those related to flavor-violating neutral currents. In fact, axions can feature
sizeable off-diagonal couplings in flavor-space to the SM fermions and can mediate flavor
transitions such as d — s or p — e, which are already severely constrained by current
measurements and will be further investigated in future searches. A possible issue with
this strategy is that axion couplings to matter considerably depend on the way the SM
particles feel the U(1)pq global symmetry, and this introduces a certain degree of model
dependence. It is therefore important to construct well-motivated models to be used as
benchmarks for this kind of searches.

An interesting way to do this is by connecting the axion solution to the strong CP
problem to other issues in the SM. A prime candidate for this is the “favor puzzle”,
namely the observation that the fermion masses in the SM span several orders of magni-
tude without a mechanism that can explain it. Also, the structure of the CKM matrix is
far from being random, and this reinforces the idea of an underlying symmetry. Probably
the simplest way of addressing the flavor puzzle is to implement the Froggatt-Nielsen
mechanism [14]. This is based on a new, spontaneously broken, U(1)y global symmetry
under which the SM fermions are chirally charged, together with a new heavy scalar
field, the flavon. The breaking of this U(1)y controls the fermion mass generation and
reproduces the observed pattern in the CKM matrix as well as the mass hierarchies in
a natural way. It has been recently pointed out in Refs. [15,16] that the solution to the
strong CP problem and the flavor puzzle can actually be combined by identifying the
Peccei-Quinn symmetry with the U(1)y symmetry of the Froggatt-Nielsen mechanism,
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thereby providing a unified solution to all these open questions. As a consequence, the
axion couplings are now dictated by the observed pattern of masses and mixings of the
SM fermions, making the model extremely predictive. In particular, these couplings
inherit the flavor structure of the SM, and d — s transitions are sizeable, as they are
only suppressed by the Cabibbo angle.

This setup was realized in Refs [15,/16] by employing an effective-field-theory ap-
proach motivated by the large separation between the axion decay constant and the
electroweak scale. In particular, the Higgs was considered there as an independent field
with respect to the axion and the flavon that have instead been crucially unified in a sin-
gle complex scalar— the axiflavon. In Ref. [I] we took a further step in this direction and
provided a model that is based on a non-trivial interplay between the scalar fields in the
game. In particular, we have analyzed the possibility that all the scalars actually have
a common origin, thereby linking the Higgs to the axiflavon. In this setup, it is natural
to assume that both the Higgs and the axion are realized as pseudo Nambu-Goldstone
bosons of an enlarged global symmetry group as a means to explain their lightness when
compared to the flavon. This provides a concrete example of axion-Higgs unification |27
(see also Ref. [28]) in a renormalizable context. A major consequence is that electroweak
symmetry breaking occurs dynamically and is controlled by the microscopic parameters
of the model via the Coleman-Weinberg potential for the Goldstone Higgs. Reproducing
the correct electroweak vacuum provides then a powerful requirement on the system that
in turn will select a very small region of the axiflavon parameter space increasing the
predictivity of the model.

This chapter is organized as follows. In Sec.2.I]we will review the strong CP problem
and its connection to the vacuum structure of QCD as well as the picture in the SM. In
Sec.[2.2) we will discuss the axion solution to the strong CP problem by looking at the
effective field theory below the Peccei-Quinn and electroweak-symmetry-breaking scale.
The status of axion searches is discussed in Sec.2.3] with particular emphasis on the
constraints coming from flavor experiments. The idea of interpreting the Peccei-Quinn
as a flavor symmetry is presented in Sec.2.4 Finally, Sec.[2.5]is devoted to our model
that combines the Higgs with the axiflavon and is mainly based on Ref. [I]. A summary
of our findings is given in Sec.[2.6]

2.1 Strong CP problem, #-vacua and the SM

The strong CP problem concerns the so-called QCD 6#-term, a dimension-four topological
operator built with the gluon field strength G and the Levi-Civita symbol e,

as

1
Lo=0g> iewaﬁ Tr G, Gag, (2.1)

where the trace runs over SU(3). indices. An equivalent way of writing the 6-term is to
introduce the dual field strength G as G* = %e””aﬁGaﬁ,

ag ~
Lo = 98—77Tr GG (2.2)
This operator is called topological as it is independent of the space-time metric: the

Lorentz indices are in fact simply contracted by anti-symmetrization with the e symbol.
One can also check that the f-term is in fact a total derivative, GG = 9, K*, and thus

10
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only concerns the information at the boundary. As a consequence, it does not contribute
to the classical equation of motion, and no effect can be found in perturbation theory.
Nevertheless, the contribution from this operator cannot be neglected as important
physical observables crucially dependend on it, as we shall see.

The existence of the #-term is connected with the non-trivial vacuum structure of
QCD [29] that we will briefly review (see e.g. [30,31]). In the temporal gauge, Ag(x) = 0,
the vacuum condition at the space-time boundary, |x| — oo, is F},, = 0 and is solved by
time-independent field configurations,

Aj(x) = g7 (x)9; g(x) (2:3)

that are obtained acting on the simplest configuration, A;(xz) = 0, via the gauge trans-
formation g(x). The relation above defines a mapping between the physical space at the
boundary and the QCD group, SU(3).. Each gauge configuration as in can then
be labelled according to the winding number n € Z of the corresponding class in the
1141 (SU(3).) homotopy group, where d = 4 is the dimension of space time:

;3
g
n = 24;2 /dSXTr €ijr A7 (x) A7 (x) Ag (x), (2.4)
where A™ is related to the gauge transformation g, as in (2.3). One thus realizes that
there exists a plethora of vacuum states that can be labelled by |n), and are actually
connected by gauge transformations as

giln) = [n+1). (2.5)

Standard perturbation theory assumes the vacuum to be A;(x) = 0 corresponding to
|0) in this notation. The crucial question is then: do the |n # 0) vacua actually have
an impact on the path-integral? Remarkably, the answer is yes [29], and the transition
probability gets instanton contributions:

(n|n 4+ 1) < exp(—27/ag). (2.6)

As we can see, the transition probability among vacua is non-zero and non-analytical at
as = 0, and therefore this effect cannot be captured in perturbation theory!

This also shows that |0) cannot be considered the true vacuum of the theory, nor
can any of the other |n) states. A step towards the resolution of this ambiguity is to
construct gauge invariant vacua. This is possible by taking a coherent superposition of
the |n) states as

1) = e "™In), (2.7)

where 6 is a real number in the interval 6 € [0,27). Under a gauge transformation, gy,
one has

gnl0) = €6), (2.8)

showing that |0) is in fact stable under gauge transformations. The crucial property of
the f-states is that

010y =0 for 0+0, (2.9)

11
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meaning that transition among 6-vacua are forbidden. Moreover, the path integral
formulation of the theory based on the #-vacuum is given by

(0|0) = /DA etJeft (2.10)
where Seg contains the 6-term in (2.1),
Set = So + eg /d4x Tr G, GH, (2.11)

and Sy is the standard Yang-Mills action containing the kinetic terms and gauge interac-
tions. Therefore, we can see that the effects of topologically different field configurations
in the path integral can be accounted for as a new #-term in the effective action of the
standard path integral. As transitions between different #-vacua are forbidden, 6 should
be regarded as a new free parameter of the theory.

The presence of the f-term affects the energy of the QCD vacuum and acts as a
source of C' and C'P violation. As for the vacuum energy, FE(#), one has [32]

E(0) ~ —e 2™/ cos 6. (2.12)

As we can see, the energy has a minimum at 6 = 0; however, as transitions between
f-vacua are forbidden, the system cannot relax to it. Moreover, the #-term induces a
CP-violating electric dipole moment for the neutron, dy, of the order

m

—L0, (2.13)

2
My

dN:e

where e is the electric charge, my is the mass of the neutron and m, is the mass scale
of the light up and down quarks. Experimentally, constraints on the size of dy imply
that 6 < 10719 [33]. As 6 cannot relax to its minimum, this gives rise to the strong CP
problem in QCD, namely the question why in our Universe the free parameter 6, that
could be any number in the range [0, 27), was set so close to zero without any dynamical
explanation.

This fine-tuning becomes even worse when discussing the strong CP problem in
the full SM. In fact, the fermion masses in the SM originate from yukawa interactions
with the Higgs field: these yukawa matrices contain off-diagonal terms and complex
entries. By implementing a bi-unitary transformation acting on the left- and right-
handed fermions, Uy, and Ug, it is always possible to obtain a mass matrix, Mg;ag, that
is real and diagonal:

Mying = U} MyUng, (2.14)

where M, is the (block diagonal) mass matrix collecting up and down quarks prior
rotations. The unitary transformations can be decomposed with respect to U(1)xSU(N)
as

Upr= ewL’RSL,R. (2.15)

The presence of these two phases signals that a chiral rotation is needed in the process
of diagonalization. However, the U(1)4 group of chiral rotations is anomalous under
QCDD the corresponding axial current made of quarks,

i =" 54, (2.16)

!This axial anomaly is indeed the reason why no additional light pseudo scalar is observed in the
hadron spectrum besides the pion triplet.

12
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is not conserved, 9, J¢' # 0. This non conservation is relevant for the §-term discussed
above; in particular, one has

oy JL = nfg—;Tr GG (2.17)

where ny = 6 is the number of quarks. Hence, the chiral rotations in (2.15)) actually
introduce an independent contribution to the operator in (2.1]), thus shifting 6 by an
amount that is determined by ¢y, gr:

0 — 0 =0+ argdet M, = 0 + argdet U}T%UL =0+ns(orL — dr), (2.18)

where we have used that Mgiae is real, and detSp g = 1. The actual value of these
phases is unknown within the SM, as they only contribute through the topological term.
However, we do know that the SM yukawa matrices have complex entries, and one of
them, 0, is responsible for CP violation in the weak interactions [34]. As this phase is
d ~ O(1), see e.g. [35], one naturally expects the same order of magnitude for ¢r, g.
Thus, the strong CP problem in the SM is somehow worse than what discussed in the
previous section, as the question is now why the combination of the two independent
contributions from the QCD #-term and from the electroweak sector cancel to O(10~19)
accuracy.

Before discussing possible solutions to this fine-tuning problem, let us mention that
similar topological terms can be written also for the electroweak group SU(2)r, x U(1)y.
Similarly to QCD, these terms are total derivatives; this turns out to be sufficient to
make the U(1)y topological term vanish upon integration at the boundaries (in the
absence of monopoles) [36]. As for SU(2)y, it is possible to use the baryon plus lepton
number, B+ L, which is an accidental global symmetry of the SM Lagrangian with non-
zero anomaly, to rotate the topological term away [37]. However, there is no symmetry
in the SM that can absorb the QCD #-term.

In general, there exist three classes of solutions to the strong CP problem. The
first one builds on the fact that if any of the bare quark masses, say the up mass my,
was zero, 0 would be unphysical, as it could be always rotated away by anomalous
transformations acting on the up quarkE]. The bare up mass could instead be generated
by non-perturbative QCD dynamics in order to comply with lattice results that solidly
exclude the possibility of massless quarks [38]— see [39] for a recent revival of this idea.

The second class of solutions was first presented in the works of A. E. Nelson [40]
and S. M. Barr [41,42]. The main idea is to forbid the bare #-term by imposing CP as
a true symmetry of the theory. CP is then broken spontaneously in order to account
for its apparent violation by the weak interactions due to the CKM phase, . The main
challenge is then to construct the theory such that arg detM, < 1 while § ~ O(1) after
spontaneous CP breaking. A characteristic of the Nelson-Barr solution is that, unlike
the m,, = 0 case and the axion solution, it leaves the low-energy QCD unchanged, and
the strong CP problem is solved at the scale at which the SM yukawas are generated.

The third class of solution was proposed by R. Peccei and H. Quinn in 1977 [11,/12].
It relies on the existence of a spontaneously broken U(1)pq symmetry that is anomalous
under QCD. The most important prediction that comes along with this is the presence
of a light, feebly-coupled pseudoscalar in the low energy theory, the axion. This will be
the focus of the next sections.

% Notice that the case of massless quarks is indeed special, as det M, = 0, and its argument in (2.18)
is not defined.
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2.2 The axion solution

We have seen that the CP-converving vacuum with § = 0 is actually the one favoured by
energy consideration; see . However, the #-angle cannot relax to zero, as it is just
a static parameter, and transitions among different vacua are forbidden. The essence of
the axion solution to the strong CP problem relies on making 6 a dynamical quantity.
This is done by identifying € with the axion vacuum expectation value (vev), (a), whose
smallness follows from the fact that the axion potential is minimized at (a) = 0, as we
shall seel’]

Let us discuss the Peccei-Quinn (PQ) solution to the strong CP problem in a model-
independent way. The crucial ingredient is a new chiral U(1)pg symmetry with a non-
zero QCD anomaly. This requires the existence of colored fermions with non-zero PQ
charge. If U(1)pq were unbroken, the strong CP problem would be solved similarly to
the case of a massless quark, as this extra symmetry could be used directly to rotate
the 6-term away. However, the strong CP problem can also be solved in case U(1)pq is
spontaneously broken. In this case, by the Goldstone theorem, a light scalar, the axion,
appears in the spectrum.

Below the scales of Peccei-Quinn and electroweak symmetry breaking, the effective
axion Lagrangian reads [43]44]:

_ Lo a2y b wy Qs 2 S
Lo=5(0ua) + 57 (Oua) J* + 2 <9+ fa>GWG +

where J* is a model-dependent current involving the SM fermions, E and N are the
electromagnetic and strong-interaction anomaly coefficients of the PQ current, respec-

tively. The PQ symmetry is non-linearly realized in (2.19)) as a shift symmetry on the
axion field,

Qe 0 F

R M (219
87 faN I ( )

a(x) — a(x) + af,, (2.20)

whereas the fermions do not transformﬁ The fact that the PQ symmetry is actually
broken by anomalies is ensured by the last two terms involving non-derivative couplings
between the axion and the topological terms. The axion shift symmetry makes the 6
angle in a spurious quantity, as it can always be eliminated by an appropriate
transformation with o = —6 with no other effectﬂ The #-angle in is then
fully replaced by the axion field.

In passing, let us mention that the use of the axion shift symmetry to eliminate the
bare #-angle relies on the fact that U(1)pq is supposed to be an exact global symmetry of
the classical Lagrangian which is only broken by anomalies. However, global symmetries
are usually understood as accidental symmetries arising at the renormalizable level (as,
for instance, baryon and lepton number in the SM) and are believed to be broken by
higher dimensional operators. By taking the cutoff to be the Planck scale and f, ~
10!t Ge\fﬂ it turns out that one can tolerate only operators O with dimensionality

3The actual minimum is slightly shifted from (a) = 0 due to the CP violation in the yukawa sector
of the SM. This effect is nevertheless far below the current bound on 6, and does not spoil the solution
to the strong CP problem.

“This is consistent also in case SM fermions are charged under PQ; see [43].

®The induced constant topological term 79‘{;—:‘%Fﬁ’ can be safely neglected [36].

5Lower values of f, help reducing this issue but they are more severely constrained experimentally,
as we shall see.
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[O] > 13 not to spoil the solution to the strong CP problem, see e.g. [36]. Despite this
being possible, the question of how a global symmetry can exhibit such a spectacular
degree of conservation is still an open question and is usually referred to as the “axion
quality problem”.

Going back to our discussion, eliminating the bare #-term is still not enough to solve
the strong CP problem as one needs to ensure that the axion vev is actually driven to
zero. Yet, we already know that this has to be the case as implies that the CP-
conserving vacuum is energetically favourable. As the axion shift symmetry is explicitly
broken by the QCD anomaly, a potential for the axion will be generated at the non-
perturbative level. In order to evaluate it, one can employ chiral perturbation theory.
The strategy is to get rid of the aGG term in by performing a chiral rotation on
the light v and d quarks. This reults in a “dressed” axion-dependent mass matrix for
the quarks that eventually enters the pion Lagrangian to keep track of the explicit chiral
symmetry breaking. This procedure allows to take into account the mixing between the
axion and the other QCD mesons, as the neutral pion 7y, that affects axion physics, as
for instance its effective coupling to photons. After integrating out all the hadrons, one
finds the following potential for the physical axion [44]:

V(a) = —mifﬁ\/l - mSiHQ (;}) (2.21)

which implies a mass m, given by

(2.22)

Mg —

MuMg My fr 1010 GeV)
(mu + md)2 fa fa 7

where fr ~ 92MeV is the pion decay constant. As we can see, the minimum is at a = 0,
thus solving the strong CP problem.

Egs (2.19) and (2.22) show two very important phenomenological properties of the
axion: all its interactions as well as its mass become extremely small if the PQ breaking
scale, f,, becomes large. Axions of this type are thus referred to as “invisible” and are
broadly classified into DFSZ [45]46] and KSVZ [47,48] models, depending on whether
or not the SM fermions are charged under PQ. Visible axions with f, =~ v, including
the original PQWW model [11,49,50], are by now excluded experimentally. Axion
physics can indeed be constrained in many different ways exploiting for instance the
axion coupling to photons, nucleons, leptons, and also gravity.

Before moving to the different strategies that can be used to detect the axion, let
us discuss a very important property of the axion solution to the strong CP problem,
namely that it can simultaneously account for the total abundance of dark matter in
the Universe [51-53]. Despite being extremely light, typically far below the eV scale,
axions can still behave as cold dark matter if the axion population is produced non-
thermally. Assuming that the Peccei-Quinn symmetry is broken during inflation, our
Universe started with a constant value of the axion field everywhere, parametrized by
0o = a(to)/fa € (—77,7r)|j. The axion field then evolves in the Friedmann-Lemaitre-
Robertson-Walker metric according to the equation of motion

a(t) + 3H (t)a(t) + m2a(t) = 0, (2.23)

~6x107%eV <

" The occurrence of inflation after PQ symmetry breaking solves the issue related to dangerous
topological relics of the U(1)pq breaking, such as domain walls, that are always produced whenever the
color anomaly N is N > 1. However, isocurvature-perturbation bounds apply [54].
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where H(t) = a(t)/a(t) is the Hubble rate, and a(t) is the scale factor. As long as
H 2 myg, the axion field is frozen to its initial value. However, for H < my, the axion
starts oscillating with a frequency that is dicated by its mass. During these coherent
oscillations around the a = 0 minimum, the axion energy density pq,
HE PUIY S S By

Pa = 2@(15) + 2maa(t) , (2.24)
actually red-shifts like dust, p, ~ @~2. As a result, axions are good dark matter can-
didates, and the relic abundance is fixed by the angle 6y corresponding to the initial
misalignment. For this reason, this mechanism is referred to as the “misalignment mech-
anism”. According to the energy density in for the simple harmonic potential, the
relic abundance of axions, Q,h?, is given by [31]

f 7/6
Quh? ~2x1073 <10100ée\/> 032. (2.25)

Through (2.22) we can rewrite the expression above in terms of mg:

7/6
Q% ~ 3.5 <“ev) 62, (2.26)

Mg

Since 6% < 72, Eq. (2.26)) sets an upper bound on the axion mass when requiring that
all dark matter, Q.h? ~ 0.12 [8], is accounted by axions produced by misalignment:

me S 130 peV. (2.27)

For larger masses, the axion can still be a subdominant component. Assuming that
axions are a relevant fraction of dark matter, one could detect them directly via interac-
tions with the dark matter halo of our galaxy. Experiments of this type are ADMX [55]
and its future upgrade [56], CAsPEr [57], MADMAX [58], and ABRACADABRA [59].

In the next section, we will discuss the axion searches according to the exploited
physical mechanism. As we shall see, these constraints apply regardless of the axion
being dark matter or not.

2.3 Axion searches

FEven though the axion has no electromagnetic charge, it couples to photons due to a
generically non-zero contribution from the electromagnetic anomaly and from its cou-
plings to QCD. This interaction can be described by a single parameter g,,~:

Qem @ =

Layy = 9a7v877FF7 (2.28)

where
Jayy = |E/N —1.92]. (2.29)

The first term, E/N, comes directly from and reflects the fact that the PQ
symmetry can have a non-zero electromagnetic anomaly. This depends on the particular
UV completion of and is therefore model-dependent. Conversely, the second term
arises from the axion couplings to QCD and is model independent.
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Whenever the fermions charged under PQ fill complete SU(5) representations such
as in the original DFSZ models, one has E/N = 8/3, see e.g. |60]. However, it could
also be that the fermions responsible for the PQ) color anomaly are electroweak singlet,
as in the KSVZ type of models, and thus E/N = 0. Taking into account this model
dependence, there have been various attempts to identify the possible window for gg-.
The “standard” axion window is obtained by looking at different variants of the DFSZ
and KSVZ models and reads [61]

Yayy € (0.07,7). (2.30)

Recently, this has been revisited in [62], finding that the axion coupling to photons could
be as big as gqy, ~ 60 compatibly with cosmology and internal consistency of the theory.

As for the axion couplings to matter, let us refer to the effective Lagrangian in (2.19))
and write down the fermion current J* more explicitly:

1 1 -
faua(x) JH(z) = Faua(x) U (z)v" (Cv + Cavs) ¥(z), (2.31)
where W collects the SM fermions in their mass eigenstates:
Liin = V(i — M giag) V. (2.32)

The Cy 4 matrices contain couplings in the flavor space. Also note that below the
QCD condensation scale the couplings to quarks induce axion couplings to nucleons,
C™ where n refers to protons or neutrons. Notice that only the off-diagonal entries of
the matrix Cy matter, as the diagonal terms, C&", can always be eliminated by vector
transformations

1 g
U, — exp <z Y a(w)) v, (2.33)
2f,
that are not anomalous and induce a new contribution from the kinetic term,
1 -
Liin — Liin — ﬁ(@ﬂ)‘l’i Cy ¥, (2.34)
a

that exactly cancels against the one from . This is relevant when discussing possible
long-range force constraints on the axion parameter space which are in fact automatically
evaded as for instance the vector coupling to electrons, C{°, is unphysical, and its axial
counterpart, C'§¢, can only induce spin-dependent interactions that are suppressed for
macroscopic bodies (unless they are polarized), see e.g. [31].

Constraints on the axion parameter space can be divided according to the physical
effect that is exploited. We will discuss energy loss due to axion production, conversion
to photons via Primakoff effect, and flavor violation, as detailed below.

Energy loss

If the axion mass allows for efficient thermal production, the consequent axion flux
represents an additional source of energy loss for astrophysical objects. This is because
the axion, similarly to neutrinos, interacts feebly with matter and can easily stream
away. From the analysis of the evolution of globular clusters, one can set a bound on
the rate of axion-photon conversion inside the stars for masses m, < 0.1 MeV [63]:

Jfa

<0.6—J%
Gary 107 GeV

(2.35)
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An order of magnitude weaker bound on g4y, but valid for axion masses m, S 50 MeV,
can be placed by the supernova event SN1987a [64].

As for couplings to matter, the white-dwarf luminosity function can place a constraint
on the axion coupling to electrons when the energy loss due to the axion flux is compared
to the neutrino flux. This provides the following limit [65]:

Ja

Ce < 05—J%
<2109 Gev

(2.36)

On similar grounds, the SN1987a event can place a bound on the average axion coupling
to nucleons [66]:

fa

Cp" <07 ——— 100 GV

(2.37)

Primakoff effect

In the presence of a magnetic field, an axion can be converted to a photon (and vice
versa) due to the Primakoff effect [67] sourced by the g4, coupling. Taking this into
account, the SN1987a can set an upper limit on g4y~ from the non-observation of gamma
rays resulting from axion conversion mediated by the magnetic field of our galaxy [68|:

fa

Jarry < 05 708 Giev

(2.38)

for m, < 4x10719eV. Moreover, axions can be emitted by stars like our Sun and travel
to Earth where they can be converted to photons in regions where a strong magnetic
field is applied. This strategy has been employed at the CERN Axion Solar Telescope
(CAST), setting a bound that is similar to 169]:

fa

9oy < 08 {57 Gy

(2.39)

for mq < 10726V, This bound will likely be improved by the new generation of “helio-
scopes” such as TAXO [70] by one order of magnitude. The same concept is used in the
Light-Shining-Through-a-Wall experiments, where the astrophysical source is replaced
by alaser. The idea is to let the light pass through a barrier by converting it into axions
with the help of a strong magnetic field, and convert it back to photons on the other
side of the barrier in order to detect it. Currently, the strongest bound is given by the

Any Light Particle Search (ALPS) experiment at DESY [71]:

Ja

garry < 00700 Gy

(2.40)

This limit is expected to be further improved by ALPS II by three orders of magnitude
[72].

Flavor violation

Axions can mediate flavor-changing neutral currents whenever the Cy 4 matrices in
(2.31)) have non-zero off-diagonal elements. Two couplings that are particularly relevant
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2.3. Axion searches

for current and future experiments are C'% in the quark sector and C'°* in the lepton
sectorf]

The d — s transition can be looked for in heavy meson decays. The strongest bound
is found for K™ — 7 a, for which the main SM background is given by the K™ — 7t vi
rare decay. The current best limit on this branching ratio is |74]:

B(K™ — 7%a) < 0.73 x 1070 (2.41)

This bound is expected to be improved by the NA62 experiment at CERN by one order
of magnitude [75]. The theoretical calculation for K+ — 7a depends on C'%* as 73]

1 ‘Cds‘z m2 3
B(KtT = nta) ~ Vimd (1-—X) . 2.42
( ) 64nTr  f2 K m%( ( )

Notice that only the vector component contributes, as the decaying particle has no spin.

From ([2.41)) one finds

2x107°
fa>35x10MC%E |GV & m, < We\/. (2.43)

The C® coupling mediates a process that violates charged-lepton flavor. It can be
searched for directly as a rare muon decay, u — ea or in combination with a photon,
i — eay. The main SM background for u+ — eta is the 8 decay u™ — eTvi. The
strongest limit is obtained if one assumes isotropic decays, namely either fully vectorial
or axial, and is given by [76]

B(ut — eta) < 2.6 x 1079, (2.44)

whereas bounds on anisotropic decays can be one order of magnitude weaker [77]. These
limits are going to be largely improved by future experiments, as Mu3e [78] and MEG
IT [79]. The theoretical calculation for this branching ratio follows with the kaon
mass and width replaced by the analogous for the muon, and the pion mass replaced by
the electron mass. The effective coupling entering the width is now |C > = |C#|? +
|C |2. Considering the case of isotropic decays, namely either a purely vectorial or
axial coupling, one obtains a bound on f, given by

2x 1073

fa>2.8><109|06“|GeV = ma<W

eV, (2.45)

and similarly for anisotropic decays. By looking at and , we see that preci-
sion flavor observables are very relevant in constraining the QCD axion parameter space
and new experiments have the potential of discovering an axion independently of the
other searches. However, axion couplings to SM fermions are model-dependent quanti-
ties and are ultimately related to their PQ charges. For instance, Cy 4 = 0 in the KSVZ
model, and Cy = 0,C4 « 1 in the simplest DFSZ model, so that no flavor-violating
effect is found. On the other hand, non-vanishing off-diagonal couplings such as C'% or
C'#¢ are generic predictions of PQ charges that are flavor non-universal.

8 Although the axion field in (2.19) is not the physical one, its off-diagonal couplings are unchanged
after the axion-pion system is diagonalized 73|, as the QCD anomaly is insensitive to flavor.
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Figure 2.1: Constraints on the axion parameter space by setting all the relevant Cy 4
couplings and g,y~ to 1. Arrows indicate the sensitivity of future experiments. Graphics
taken from Ref. [80].

To see how this works, let us consider the charged-lepton sector before electroweak
symmetry breaking. Indicating by

X7 = diag(ze,, Ty, , 27, ), Xp = diag(@en, Tpp, Try) (2.46)

the flavor-diagonal, but not universal, matrices collecting the PQ charges for the left- and
right-handed charged leptons as gauge eigenstates, one has that the current ng.lep. (x)
coupled derivatively to the axion is:

Opa(x) gn

) 1-
fa ch.lep.(m): M;{f‘r) N

(e Xl (@) + lr(e) Xila(z) |, (247)

where | = (e, i, 7) and N is the color anomaly. The current above can be thought as
originating from the lepton kinetic terms after a chiral rotation at high energies of angle
iXr ra(x)/(faN). After electroweak symmetry breaking, charged leptons obtain their
masses from the yukawa interaction with the Higgs. Flavor and mass eigenstates are
thus not aligned, but rather connected via a bi-unitary transformation, l;, = Url} and
lr = Ugrlly. Rewriting (2.47)) in the mass basis, one finds:
1 1.

Tlaep. () = J L@ ULXPUL Uy (0) + (@) URXRUR [p(x),  (248)
so that when comparing with (2.31)) one sees that the coupling matrices Cy, 4 are related
to the charges Xy g as

_ L t _ L i
v =~ (U XrUr + U} X0 UL), Ca= 5 (VR XnUr-UL XoUL).  (249)

Analogous structure holds for the SM quarks. Thus, whenever the PQ charges X do not
commute with the yukawa matrices, flavor-diagonal couplings arise. This is in fact the
case whenever the charges are not flavor-universal. Conversely, when the PQ charges
are flavor universal, X o 1, one trivially finds UT X U = 1 with no flavor violation.

To summarize, flavor-violating axion couplings are potentially sizable and offer an
excellent probe of the axion parameter space. However, this statement crucially depends
on the PQ charges of the SM fermions that are model-dependent quantities. In the
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2.4. Peccei-Quinn as flavor symmetry

next section we will discuss a particularly predictive scenario which interpretes the PQ
symmetry as a flavor symmetry. The PQ charges are then no longer arbitrary but rather
fixed by the observed pattern of fermion masses and mixings in the SM. As we shall see,
this model offers interesting predictions for flavor observables such as K — wa.

2.4 Peccei-Quinn as flavor symmetry

The idea that the PQ symmetry and flavor symmetries may be related actually goes
back to Wilczek [81]. Before investigating this possibility in a new concrete realization,
let us recall that a “flavor puzzle” can be identified as the observation that:

1. the yukawa couplings between the Higgs and the SM fermions span several orders
of magnitude, from O(1) to O(107%) (not considering neutrinos), reflected in a
large mass hierarchy;

2. the CKM matrix shows a clear pattern with O(1) diagonal couplings and approx-
imate U(2) symmetry for the first two quark generations:

I A X
CKM=~| A 1 A\ |, (2.50)
A1

where A = sinfc ~ 0.2 is the sine of the Cabibbo angle.

Perhaps the simplest flavor symmetry one can advocate to explain these observations
is the Froggatt-Nielsen (FN) mechanism [14]. The idea is to chirally charge the SM
fermions under a new horizontal (namely, flavor non-universal) U(1)g symmetry. Sim-
ilarly to what happens with the electroweak symmetry and the Higgs, the masses and
mixings of the SM fermions are now controlled by the breaking of U(1)y. This can be
achieved by introducing a new scalar field ®, charged under U(1)y, that acquires a vev.
Because of its role in addressing the flavor puzzle, the radial component of ® is referred
to as the flavon.

In addition to the new scalar, ®, the SM field content needs to be augmented by
new vector-like fermions, §;, dubbed the FN messengers, which connect the different
SM-fermion chiralities, bridging their U(1)g charge difference via a chain of ® inser-
tions. Taking the FN messengers to reside much above the electroweak scale, they can
be integrated out in favor of an IR effective description. Once the U(1)y is sponta-
neously broken by the flavon vev (®) = f/v/2, the SM yukawa couplings are effectively
reproduced starting with O(1) couplings in the UV theory.

To show this, consider an up-type quark w chirally charged under U(1)y such that
H(qr) =1 and H(ug) = r. Taking ® to carry unitary PQ charge, SM gauge symmetry
and U(1)y together imply that the up mass, m,,, comes from the following operator:

Ou = %)\u qr h®" " up, (2.51)
where h is the Higgs doublet and h = iooh*. This operator can be visualized as the
result of integrating out the FN chain shown in Fig.[2.2] where wiggly lines are the FN
messengers, simple crosses stand for insertions of ®, and the circled cross represents the
Higgs. The main difference with respect to the standard yukawa coupling in the SM is
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Chapter 2. The Higgs and the flavored axion

[ul;

Figure 2.2: Froggatt-Nielsen chain made of the vector-like fermions &; (wiggly lines)
to bridge the charge difference of the two fermion chiralities. Simple crosses represent
insertions of the ® vev, and the circled cross stands for the Higgs vev. Graphics adapted
from [14].

that O, is higher dimensional and suppressed by the large scale A. After U(1)y and
electroweak symmetry breaking, the mass m,, is given by

B 1 f l—r B 1
My = ﬁ)\uv (\/iA) = \ﬁyuv. (2.52)

Therefore, the effective yukawa y,, can actually be very small starting from A\, ~ O(1) as
a consequence of integrating out the FN chain. The scale A is here related to the mass
scale of the FN messengers, which needs to be parametrically larger than f. Lighter
fermions are then resulting from a larger separation of chiral charges [ — r, whereas the
top quark features [ = r so that y ~ Ay = O(1).

In order to see what structure is predicted for the CKM matrix, let us write down
the analogous of including down quarks and considering all the three flavors:

EZ A\ S S\ B
cmeazsz3<A> hué+q£&5<A> ndi. (2.53)

where [ stands for the H charge of the left-handed quark doublets and r*? is the H
charge of the right-handed up and down quarks, respectively. The 4, j indices run over
the three families. Setting ® and h to their vev, one finds the following mass matrices:

Lonass = @f, Muf, + dj Md}, (2.54)
where L L
_W:%w%ég’ﬂzﬁzéw%éﬂzf (2.55)

These mass matrices can be diagonalized by the usual bi-unitary transformations,
ur,r — Ur,rur,r, dr.r— Vi rdLR, (2.56)

such that

UEM“UR = diag(my, me, my) VgMdVR = diag(mg, ms, my). (2.57)
Because of the peculiar structure of M*% in , the CKM matrix is predicted to be:

1 Ell_ZQ Ell—lg

CKM=Ulvp~ | b 1 ¢bls || (2.58)
Ell—lg Elz—lg 1
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2.4. Peccei-Quinn as flavor symmetry

where we have defined ¢ = f/(v/2A). One can see that this exactly matches (2.50)
by identifying € with A and choosing the following charges for the left-handed quark
doublets, see e.g. [16]:

e=A~0.2 and (ll,lg,l;;) = (3 + l3,2 + lg,lg). (259)

So far we have focussed only on the mass matrix arising from (2.53)) by setting ® to
its vev. However, the complex scalar field carries another dynamical degree of freedom,
a(x), that enters as a phase:

1 ,
d=—(o(x) + f)e*@/ T 2.60
\/5( () + f) (2.60)
where o(z) is flavon excitation around the vev f. From (2.53)) we see that even though
it plays no role in the derivation of the flavor structure the field a(z) does couple to SM
fermions. Actually, one could decide to make a chiral transformation,

a(x) 'Mrd

qf =Tl uh—e T Tuk, dh— e T Tidh, (2.61)

with the effect of introducing derivative interactions between a(z) and a current made
of SM fermions, together with a new contribution to the 6-term of QCD given by

Lo= (9 + ?ja(m)) g—iGG, (2.62)

where the color anomaly, IV, is here explicitly given by

N=> 2l —r—rf. (2.63)

The U(1)n charges of the SM fermions are clearly flavor non-universal, as they reflect
the flavor hierarchies in the SM. From what we have concluded in the previous section,
off-diagonal couplings between a(z) and the SM flavors will be generated. It is thus
clear that a(x) behaves exactly as a flavored axion with decay constant f, = f/N, and
N ~ 30 for typical charge assignments. There is however one caveat: since the aim of
the FN mechanism is not to solve the strong CP problem, one does not need to assume
that U(1)p is exact at the classical level. Consequently, a(x) can receive a large mass
by sources of explicit U(1)g breaking other than the QCD anomaly. By making a(z)
heavy, the constrains of the previous section can be automatically avoided.

However, as first realized in |15}/16], there is nothing preventing one to identify U(1)g
with U(1)pq, thus solving several puzzles of the SM at the same time. We can also see
that the PQ and the FN mechanism actually complement each other, as the angular
degree of freedom that plays no role in the FN mechanism is now the axion that solves
the strong CP problem, and the radial component of the PQ field that is usually simply
ignored is now responsible for the flavor structure of the SM. We will thus refer to the
complex field ® in as the “axiflavon”.

An immediate implication of this is that a(x) can obtain a non-vanishing mass
through the QCD anomaly only, and axion constraints immediately apply. Therefore,
the U(1)g breaking scale f needs to be large enough for the axion to be “invisible”,
whereas the FN mechanism can be viable already for f in the multi-TeV region.
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Chapter 2. The Higgs and the flavored axion

The identification of U(1)y as the PQ symmetry allows to fix the axion couplings
to the fermion current in (2.31). This prediction is accurate up to O(1) factors, as the
FN charges for the SM fermions are not unique due to the O(1) arbitrariness of the \;;
coefficients in (2.55). Choosing the charges as specified in [16] (implying N = 26), one
finds that the coefficients controlling the relevant processes K — ma and p — ea are
given by:

1
c¥ = o~ 0.04 (2.64)

and .
C‘e,“ = C’Z“ =N ~ 0.008, (2.65)

with e fixed due to the Cabibbo angle, see below (2.58). As we can see, flavor-violating
effects are only suppressed by the Cabibbo angle and are therefore sizable. Referring to

(2.43) and (2.45)), one finds

falksma 2 1.4 x 100 GeV,  falusea = 2.2 x 107 GeV. (2.66)
The strongest bound comes from kaon decay and translates to the following axion mass:
mg < 500 peV, (2.67)

which is not far from the natural window for the axion to constitute all the dark matter,

see (2.27) and below.

The identification of the PQ with the FN charge also fixes the possible values of
E/N. The electromagnetic anomaly is given in terms of the charges as

4 w1
E:Zg(li—ri)+§(li—rf)+Li—ei, (2.68)

where L and e refer to the charges of left- and right-handed leptons, respectively. The
charges can be related to the fermion masses up to O(1) factors as in (2.55)). This leads
to [15]:

det myg

E 8 lo —loga
N =3 2 difftgéimd - ’ (2.69)
N 3 logSHmurtiid —loga,g

where age and ayg contain the O(1) number uncertainties. Taking a flat distribution
around (1/3,3) for age and g one finds from (2.29)) the 99.9% range

E
& € (24.3.0) = gayy € (0.5, 1.1). (2.70)

Therefore, we see that the axiflavon setup predicts a narrow band within the KSVZ/DSFZ
standard window (0.07,7) in (2.30). The summary of the constraints and the predicted
sensitivity of future experiments that can test the axiflavon setup is shown in Fig.[2.3]
As we can see, the tightest constrain for 1071%eV < m, < 10726V is given by flavor
violation in the K — ma decay.

Let us conclude this section by noting that up to this point the Higgs and the
axiflavon have been treated as independent objects. In the following, we will move to
discuss a scenario in which all the scalar degrees of freedom are unified at high energies.
As we shall see, this hypothesis bears relevant implications for the viable axiflavon
parameter space.
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Figure 2.3: Summary of the constrains on the axiflavon parameter space. The axiflavon
gray band lies within the KSVZ/DSFZ standard window. The flavor constraint from
KT — 7T a is found to be the most relevant for the range m, € (10_10, 10_2) eV. Plot
taken from [15].

2.5 Axiflavon-Higgs unification

We will present here a possible completion of the axiflavon effective theory in (2.53)
which focusses on the non-trivial interplay between the scalar fields. In particular, we
will entertain the possibility that the axiflavon and the Higgs share a common origin.
This section is based on Ref. [I].

Let us recall that, because of the identification of the PQ symmetry with the U(1)y
charge, the U(1)g symmetry breaking scale, f, needs to be well above the electroweak
scale for the axiflavon model to be viable and solve the strong CP problem. Moreover,
the FN mechanism requires the presence of new fermionic states (the FN messengers, &)
to connect the opposite chiralities of the SM fermions as in Fig.2.2] and the mass scale
of the messengers has to be identified with the cutoff scale A in . Furthermore, for
the effective theory to be consistent (and reproduce the CKM structure) the messengers
need to be even heavier than f.

Driven by these considerations, we can ask ourselves what is the size of the corrections
to the Higgs mass within this setup. Generically, we identify two possible sources: (i)
tree-level corrections due to a portal interaction between the axiflavon field and the
Higgs, Ap (®*®)(hTh); (ii) loop corrections due to the yukawa coupling of a FN messenger
€ to a SM fermion ¢ via the Higgs, y € hq. This gives the following estimante for Sma:

2
Sm2 = \pf2 + NC#mg (2.71)
where the first contribution to 5m,21 comes from the portal term after setting the flavon
to its vev, and the second one is a simple one-loop diagram with ¢ and £ as internal
lines. Note also that, as the purpose of the FN mechanism is to eliminate hierarchies
among the fundamental parameters of the theory, the yukawa coupling y is O(1). Thus,
by looking at , it is fair to say that whenever the FN mechanism is realized at a
scale f 2 10TeV, the Higgs mass receives large corrections that need to be fine-tuned
to reproduce its observed value. What we have just seen is a particular example of the
Higgs hierarchy problem, namely the high sensitivity of the Higgs mass to UV scales in
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the theory. Of course, fine-tuning does not represent an inconsistency of the theory, and
one can take different approaches about it: for instance, the corrections to the Higgs
mass discussed above can in fact be ignored as they can always be subtracted away with
an adequate choice of the bare Higgs mass.

In this section, we will take a different perspective and concentrate on whether we
can learn something from requiring the Higgs to remain light. The first observation is
that after the U(1)g symmetry breaking the radial component o (the flavon) obtains a
mass m, x f, whereas the axion mass behaves in the opposite way: mg, o< 1/f. The
reason for this is simply that the axion is a pseudo Nambu-Goldstone boson (pNGB):
its mass is protected by a shift symmetry, a — a + af, and must be proportional to the
explicit breaking of such symmetry. In this case, this is given by non-perturbative QCD
effects, and thus my, ~ my fr/ fo making the axion naturally much lighter.

Following the same reasoning, one could then try realize the Higgs as pNGB as
well in order to explain its apparent hierarchy with the flavon mass. This has the
immediate advantage of removing all tree-level contributions to its potential thus setting
the tree-level A\p term in (2.71) equal to zero. However, the loop correction oc m?
in is generically present, and its precise form depends on how the Higgs shift
symmetry is broken. These loop contributions are actually needed in order to generate
a non-vanishing Higgs potential in the first place. As its parameters are no longer
free inputs but rather calculable quantities starting from the microscopic theory, one
needs to make sure that the overall contribution to the potential can successfully trigger
electroweak symmetry breaking. Of course, the natural size of the Higgs mass will still be
m% o f2 > v? so that fine-tuning is needed to generate the electroweak scale. However,
the condition of reproducing the correct Higgs mass will narrow down the possible values
of the Higgs quartic coupling and in turn the value of the scale f itself, as we shall see
in Sec.2.5.2] In this sense, we can say that the fine-tuning in this model will be traded
for increased predictivity.

Before discussing our setup in detail, let us outline the relevant model-building steps
that will be employed. According to the previous discussion, we will assume that the
Higgs and the axiflavon field, ®, containing the axion a and the flavon o, actually
originate from the same source, namely a common multiplet ¥. The axion and the
Higgs are much lighter than o because of their pNGDB nature. In particular, the axion
and the Higgs need to share the same decay constant f, providing an explicit example
of axion-Higgs unification [27]. Indeed, the vanishing of the Higgs quartic coupling in
the SM around p ~ 10 GeV [6] can already hint for a pNGB nature of the Higgs.
Moreover, the vicinity of this scale to the natural scale for the axion to be dark matter
can be taken as a further clue for the unification.

As for the symmetry of the model, G, the axion solution to the strong CP problem
requires at least the presence of a U(1l)y global symmetry, whereas the pNGB Higgs
requires G to contain also the full electroweak group:

Go>U)m x SU2)L x U(Ly. (2.72)

The simplest choice for G is to keep the flavor symmetry U (1) as an abelian factor with
respect to the electroweak group. Thus, we shall take G = G’ x U(1)g. The minimal
choice for G’ would be SU(3) x U(1) x and the next-to-minimal SO(5) x U(1) x [} which
is often employed in Composite Higgs models, as we shall see. The difference between

9The U(1)x factor is necessary to accommodate the hypercharge of up and down quarks.
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these two constructions is that the former provides no custodial protection making it
generically less favourable. However, this would not be a problem if the Higgs decay
constant is much larger than the electroweak scale, as we are envisaging here. In any
case, both groups result in a similar structure, and in the following we shall focus on
SO(5). This is also motivated by the attempt of lowering f, by adopting a non-standard
axion model, as we shall see in Sec.[2.5.3]

In practice, we will formulate the theory at the scale f as a linear o-model for the
field ¥ realizing the global symmetry breaking pattern

[SO(5) x U] x U(1)x — SO(4) x U(1)x, (2.73)

and the SM hypercharge, Y, is related to SU(2)g and U(1)x as Y = Tp + X. The coset
structure implies that there are five Nambu-Goldstone bosons, 6;, in the spectrum that
transform as

0;~(2,2)®1 (2.74)

under SO(4) ~ SU(2), xSU(2)r. The bi-doublet in fact has the right quantum numbers
to be identified with the Higgs, and the singlet is the axion. To generate a non-zero Higgs
potential, the global SO(5) has to be broken explicitly. This is realized by electroweak
gauging and by yukawa interactions between the SM fermions, the FN messengers, and
> that are introduced as a microscopic realization of the FN mechanism. In particular,
the FN messengers are defined as full representations of SO(5), and the actual breaking
originates due to the presence of the SM fermions only. On the other hand, U (1) needs
to be exact at the classical level and only broken through anomalies to solve the strong
CP problem.

Before moving to our model setup, let us note that this construction can also be
seen as adding a flavor story to the recently proposed elementary-Goldstone-Higgs sce-
nario [82,[83|. Including the axiflavon can in fact address fermion masses and mixings
while providing a solution to the strong CP problem. This is a compelling renormaliz-
able alternative to partial compositeness generating flavor hierarchies in composite-Higgs
models that will be discussed in Chapter[4]

2.5.1 Model setup

We present here the explicit model setup. The symmetry-breaking pattern that leads
to the unified realization of the Higgs doublet and the axion as pNGDBs is the one in
. This is obtained within a linear g-model for the field ¥ living in the fundamen-
tal representation 5 of SO(5) with flavor charge H(X) = 1 and null X charge. The
renormalizable tree-level potential for X is

V() = M(2TE)2 = X (2T%) (278 — 4257y, (2.75)

The electroweak gauge group is embedded in SO(5) by defining the SU(2) x SU(2)r =
SO(4) generators as detailed in Appendix[A] The SO(4)-preserving minimum is given
by

(£) =1(0,0,0,0, f/v2)", (2.76)
with pu? = (A1 — X\2) f2, and after the breaking, (2.73), the scalar degrees of freedom can
be parametrized by angular and radial fields:

. aa H
¥ = expli(V2T%h% + a)/ f] (jg<f+a)> : (2.77)

27



Chapter 2. The Higgs and the flavored axion

where T% are the SO(5) broken generators in the fundamental representation, T (%) # 0,
given in . As for the physical states, one finds a heavy Higgs doublet, H , with mass
m% = 2X\of?, and a heavy flavon, o, with mass m2 = 2(\; — X2) f2, while the SM-like
Higgs doublet, h%, and the axion, a, are instead pNGBs and their masses vanish at the
classical levelm. The potential is bounded from below for Ay > Ay > 0.

Let us now move to the fermion sector. The FN messengers are denoted by &;,
where the subscript refers to the U(1)n charge, H(§;) = j. As mentioned above, we
will assume that all the ; fields come as complete SO(5) representations. Among the
possible choices, we will commit to the spinorial representation 4, of SO(5), because it
turns out to be the best option in constructing the FN chain as in Fig. Moreover,
we shall take X = 1/6 for all the messengers, such that they can interact with the SM
fermions, as we shall see. The &; components read (suppressing the subscript j):

§= (e e g &', (2.78)

where =+ refers to the :t% eigenvalues with respect to 7, and zero means that those
components are singlets under SU(2)r. The superscripts instead indicate the weak
hypercharge obtained as Y = X + T3. The generators T, g are given explicitly in
for the spinorial representation. Moreover, the &s need to be vector-like under the
full global symmetry G (namely, left- and right-handed components are in the same G
representation) as their mass should not come from the flavon vev, but rather be slightly
larger (f/v/2mg =~ 0.2). Because of their vector-like nature, the FN messengers do not
contribute to the U(1)y anomaly which thus entirely depends on the chiral charges of
the SM fermions.

The SM quarks, qi, u}é, and d}é (with ¢ = 1,2,3 a flavor index), in general do not fill
complete SO(5) representations, and their couplings to the FN messengers are a source
of explicit SO(5) breaking. The interactions between them are more easily written if
the SM fermions are embedded as spurious \I/; multiplets in the spinorial representation
with X = 1/6:

ul, 0 0
U= AT - | % O = ATy = | © i = ATgi - |V (2.79)
qr, — 9L = 0 ) up — BuUR = U}% ) dr — =d“YR — 0 ’ :
0 0 i,
where
1 0 0 O
AL — < 0100 ) ) Au - (0707 170) P Ad - (070707 1) . (280)

Comparing with the quantum numbers of the components in , one can see that this
choice reproduces the correct quark quantum numbers. The matrices A, ,, 4 have mixed
indices, namely the columns represent SU(2), indices (doublet and singlet representation
for Ar, and A, 4, respectively), whereas the rows correspond to SO(5) indices in the
spinorial representation 4. The fact that the SM fermions come as incomplete SO(5)
representation is now clearly signaled by the null entries in (2.79)).

ONotice that the point with A2 = 0 corresponds to a larger SO(10) symmetry that is broken to
SO(9). In that case, the H doublet becomes a pNGB as well.
1 The other possibility would be a mixture of fundamental and singlet representations.
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The U(1)y charge of each \If} is chosen such that the correct pattern of masses
and mixings is reproduced. The larger the charge difference between the left- and right-
handed components of a given fermion, the more suppressed is the resulting mass. Notice
that the W-fields have to be considered only as SO(5) spurions, while the U(1)y needs
to be exact at the Lagrangian level to solve the strong CP problem. For both the
SM fermions and the FN messengers, the U(1)x charge is chosen to match the correct
hypercharge, Y = T}% + X, and will be omitted in the following.

We now have all the ingredients to write down the classical Lagrangian £ of the
system. It contains all the renormalizable interactions between \Iﬂf, §j, and X allowed
by symmetries:

—L = V(E) + ij fj § + (aj§j+1 r*x, &+ h.C.)
J

+ > WS, 6+ 5 §4a T B U 4 b, (2.51)
i?f
+2¥) TS, ¥ +he.

The first line in describes the SO(5)-symmetric sector, namely the scalar poten-
tial in , the vector-like masses for the FN messengers m;, and yukawa couplings
between the latter and ¥ which represent the inner links of the FN chain in Fig.2.2] The
matrices I'“ connect the spinorial representation with the fundamental representation
and are given explicitly in (A.5)). They are defined such that the combination ;1 T'%¢;
transforms as the fundamental 5 that is eventually contracted with ¥, to make an SO(5)
invariant.

The second line in consists of yukawa couplings involving the SM fermions and
the FN messengers, where f = qr,uR, dr, and the index j selects the £ field that makes
each term U(1)y invariant, j = j(f,4) = H(f*) — 1. Notice that the use of the spinorial
representation is particularly suitable for the purpose of building the FN chain, as both
¢-fields appear symmetrically in the yukawa coupling, and thus only a single species of
FN messengers is needed, see footnote[l1]

Finally, the third line accounts for the fact that the top mass features no FN
suppression— namely, the top yukawa is already O(1)— and thus a direct coupling
of t;, and tg via the X-field must be allowed.

Due to the presence of the spurions Wy, the last two lines of break the SO(5)
symmetry explicitly, and a potential for the Higgs is generated at the loop level. Before
presenting the computation of the Higgs potential, let us discuss a simple example to
show how the FN mechanism is explicitly realized in our setup.

Mass hierarchies from broken U(1)g

To see how the FIN mechanism works in our setup, let us consider the mixing between the
(left-handed) top ¢z, and the (right-handed) charm quark cg. This mixing will eventually
contribute to the CKM matrix. In our notation, t; and cgr are found in the \IfgL and
\IfiR multiplets, respectively, as given in (2.79)). Their flavor charges are fixed in order
to reproduce the observed flavor structure as

H(g3)=1 and H(u%) =4. (2.82)
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Chapter 2. The Higgs and the flavored axion

For these fields to communicate, we need to include at least two messengers with H
charge 2 and 3, {33. We can then pick the relevant terms coming from the first and

second line of (2.81)):
— LD (&Y &+ 2V, Y+ 265U +he)+m (&6 + &8) (2.83)

where we have defined Y’ to include the I'® matrices, ¥’ = I'*X,. The dimensionless
couplings z and Z are assumed to be O(1). Moreover, we have taken the masses for &y
and &3 to be the same for simplicity, mo = ms = m. By integrating out & and &3 on
the classical equations of motion, one finds an effective Lagrangian, Leg, which at the
leading order in 1/m reads

~ 1 T2 IANTASTA PR}
ﬁeﬂ f— —Zza2 W\IJURE E Z \Iqu + h.C. (284)

As we can see, the effective operator shows three powers of ¥/, which is in fact the
4 — 1 flavor-charge difference corresponding to . Notice that for the more minimal
chain between two light fermions that differ only by AH = 2 units of flavor charge, the
corresponding effective Lagrangian would be

Leg o U S'S02 =@ ALYS A up =0 (2.85)

due to £, ET¥ = $°%, 1, and A AT = 0.
Below the symmetry-breaking scale, one can also integrate out the flavon and the
second Higgs doublet, as their mass is o< f. Thus, the ¥-field can be written as

: h "
s I gt (0, 0, sin—, 0, cos> : (2.86)
V2 f f
where we have chosen the unitary gauge to get rid of the NG modes that will be eaten
by the W and the Z bosons, so that h represents the physical Higgs field, and «a is the

axion. Using (12.86)), we can single out the contribution to the mass matrix in (2.84):

1 2
Leg D —%Tngg crtr +h.c., mg = zéagﬁfsin“h)/f) + ... (2.87)
where f sin((h)/f) = v = 246 GeV is to be identified with the electroweak scale and the
dots stand for higher orders in f2/2m?. Defining &;; = H(q}) — H(qk), we see that the
suppression with respect to the top mass is

mas f |032]—1 5 88
e (\@m) ’ (2:88)

with d32 = 3 in the present case. The addtional —1 in the exponent, which is not
present in the usual FN setup, compensates for the Higgs carrying one unit of flavor
charge, since it is unified in the ¥-field. One can show that this result holds in general
for odd |d;;|, while for even |d;;| the corresponding term vanishes due to the properties
of the I matrices, see . We thus conclude that a general entry in the fermion mass
matrix, m;j, corresponding to a charge difference of |d;;| is suppressed with respect to
the top mass by

[0551—1

. 2 2
Mg < / > . 16i5] odd. (2.89)

m 2m?2
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2.5. Axiflavon-Higgs unification

Eq. (2.89)) shows that f2/(2m?) = e is the smallest building block we can use to reproduce
the flavor hierarchies, and therefore we identify € ~ 0.2 with the sine of the Cabibbo
angle.

2.5.2 Successful matching

We compute here the Higgs potential generated by the interaction with the top quark
and the FN messengers which directly couple to it and can be used to connect its
opposite chiralities, 7, and tg. Subleading contributions will be discussed at the end
of this section. A charge assignment that is compatible with the top mass must satisfy
|633] = [H(q?) — H(u})| = 1@, and we take H(g}) = 1 and H(ug) = 2. Referring to
(2.81)), this corresponds to the following terms

—L£ D (ape& Y6 + hee) +m(éoéo + &&)

2.
+ (meic\@gLE’\PiR + zLeiCL\ilgL Yo + zReiCR\i’iRZlgl + h.c.) , (2:90)
where we have defined z;, = 23", zr = 23, and potential phases have been pulled out
into (1, r. Note that we are here assuming mass degeneracy for the messenger fields,
mo = m1 = m and we are neglecting interactions involving other FN messengers, as for
instance & and &3 in , which will give a subleading contribution.

Let us first compute the top mass according to in the background of h. This
can be done by solving the characteristic polynomial for the fermion mass matrix, or
alternatively by integrating out the heavy fields at tree level. The expression for my is
obtained as an expansion in f2/2m? = ¢ and h/f as

m2(h) = % (a0 — e — a262) f2sin®(h/f) — %6 €2 f2sin*(h/f) + h.o., (2.91)

where h.o. stands for higher-order terms in f2/2m? and (h/f)" terms with n > 6, and

ap = $27

a; = 22 (z%+z§) — 2T 21, 2R ag cos §2,

ag = —a? (2f + 202 + 21) + af (32221 + 25 (32° — 27)) (2.92)
— 2a0T2L2R (a% — - 21%) cos (2,

B =zt (z% + Zl%) — 623 21, zr ag cos Q,

with Q = o — (1, + ( — (g. The expression of Eq. needs to coincide with the SM
result, m? = %yfvz implying = ~ y; and f2?sin?((h)?/f?) = v? at the leading order.

Our strategy for the Higgs potential is to calculate it in the UV theory specified
by , whose leading contribution is given by , and match it with the Higgs
potential in the SM extrapolated at the scale m 2 f where the new particles appear.
By doing so, we shall keep m as a free parameter, which will in fact be fixed by the
condition of a successful matching.

In the axiflavon-Higgs (AFH) picture, the Higgs potential arises at one-loop and it
is given in terms of the field-dependent masses of the physical eigenstates, namely the

12This differs from the usual FN mechanism, where 833 = 0, as the Higgs carries here unit flavor
charge.
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Chapter 2. The Higgs and the flavored axion

SM particles and the FN messengers. Considering the top sector in (2.90)), the standard
Coleman-Weinberg formula [84] yields at one-loop:

N, m2(h) 3 mZ (h) 3
Vﬁ?HZ—mﬂg mg (h) <log ;;2)—2> + Y mg () (log L5 293

- m?2
J

Notice that the sum over j involves all the components included in &y and &1, see ,
namely eight states in total.

In the SM alone, the effective potential for the Higgs includes tree-level plus radiative
corrections. Keeping only the contribution from the top quark, the potential reads:

m_1 a_ 1 o Ne 4 mi(h) 3
Vor = 4)\(m)h S H (m)h o2 (h) <log - 5 ) (2.94)

Notice that both effective potentials are evaluated at the scale m ~ f corresponding to
the threshold of the new states. Then, by requiring

1 1
Vart = VAt (2.95)

we obtain

m2
! 6 3) . (2.96)

N,
— 4 2 2 _ c 4
= Z)\(m)h — 5 (m)h” = T Ej me,(h) (log 5 5

Notice that the contribution from the top eigenstate appears on both side of Eq. ,
and therefore it cancels. Such cancellation takes care of the large logarithm arising from
the hierarchy between the electroweak and the flavon scale. We expect this behavior to
persist beyond the one-loop level, given that the pure SM contribution always appears
on both sides, so that Eq. gives the leading-order matching condition.

The RHS of can be computed as an expansion in f2/2m? = e¢. To this end,
we parametrize the field-dependent FN masses as

mg, (k) = m® + f;(h), (2.97)

where f;j(h) ~ f x m. By expanding the logarithm, we find that
N, f2h) - fi ) f(R) ()
167TZZ[—2fj(h)m2+ o e fal-r v

j

V=— — +h.o

3m?2 12m*  30m%  60m8 N

where we dropped a constant term. The computation of F,, = Zj f}?(h), n=1,...,6,
can be done recursively as

B =" f5(h) = Tr [ml (Rym(h)| = m? (h),
J

Fy = Z f7(h) ="Tr [(mf(h)m(h))Q] o Fum? — mi(h), (2.99)
j

and so on. By m(h), we indicate the field dependent mass matrix for the fermionic fields.
By direct inspection, the terms Fy and Fg turn out to be higher order. We eventually

find for the RHS of (2.96):

3]2\::2 (0 4+ 71€) sin®(h/f) + desin®(h/f)] (2.100)
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2.5. Axiflavon-Higgs unification

where it turns out that vy and 0 are related to oy and B in (2.92)) as vo = a1, § = 3,
and
1
v = 3 (—3x2 (zﬁ + 2223 + zf{) +ad (33:22'% + 2& (3;172 - zﬁ)) + 2a3 21, 22R COS Q) .
(2.101)
Expanding the trigonometric functions and focussing on the term oc h?, we see that the

matching requires
1, 1 N,

_ = 2 -
g (mh” =555

The relation above makes the tuning in the model explicit: the natural value of 2 is not
much below the scale f2. However, the Higgs mass turned out to be at the electroweak
scale and we here remain agnostic about the actual reason behind the cancellation on
the RHS of that makes it < f?. Rather, we investigate the physical implications
of this fact regarding the consequent possible values of the Higgs quartic coupling. Ac-
cording to our expansion in €, reproducing the correct value of the Higgs mass requires
70 and 71 to be both 491 < 1. The matching for h* is then driven only by the sin*(h/f)

term in (2.100]), which implies

1
At =

£2 (0 + y1€) b2 (2.102)

Ne

3%256}14. (2.103)

Moreover, the condition v9 = a1 < 1 gives, with reference to (2.92)),
222+ 24) ~ 2wz 2ra0cos Q. = 6~ 22t (2 4 2R), (2.104)

which finally yields for A(m):

Am) = — Ne (2 +2A)e<0. (2.105)
472

Now, since the running Higgs quartic coupling A(m) is entirely predicted in the SM
below the threshold of the new states, the relation above can be used to determine the
scale m at which a successful matching is achieved. What is interesting about is
that the sign on A is predicted to be negative. Interestingly, this happens in the SM at
around the scale y ~ 10! GeV [6], which is indeed the right order of magnitude for the
axion decay constant to make the axion dark matter. This observation was already made
in Ref. [27] in the context of realizing the Higgs and the axion as composite pNGBs.
Here, we find it arising again in a concrete incarnation of axion-Higgs unification in the
context of a renormalizable model.

In order to quantitatively tell at which scale the matching is possible, we recall that
the goal of the FN mechanism is to construct a model where there is no hierarchy among
the fundamental parameters. Since we know from that  ~ y;(m), the top yukawa
at the scale m fixes the overall magnitude of the other couplings. Thus, Eq. can
be rewritten as (N, = 3)

3 6 56
A(m) = —52Y (m)(1+9) €, (2.106)
where we have parametrized an average yukawa coupling as y;(m)(1 + 0). In Fig.
we show the SM running of A(m) in red (the band takes into account the uncertainty in
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Figure 2.4: Matching of the Higgs quartic coupling at the scale m in the SM (red band)
with the prediction of (2.106), considering a yukawa coupling spread of 6 = +0.6 (light
blue band), 6 = £0.3 (light gray band), and § = 0 (dashed black line). The intersection
corresponds to the allowed range for m. See text for details.

the initial conditions) and the RHS of for 6 = 40.6 (light blue band), 6 = £0.3
(light gray band), and 6 = 0 (dashed black line). The matching is possible only for
negative values of A\(m), which selects 10 GeV < m < 104 GeV. By recalling € ~ 0.2,
we conclude that

7x108GeV < f <7 x 103 GeV. (2.107)

Since the flavon expectation value, f, is related to the axion decay constant by f, = f/N,

3
N => 2H(V. )— H(T,) — H(¥},) ~ 50, (2.108)
=1

the previous bound yields
107 GeV < fo <102 CeV. (2.109)

Notice that the color anomaly N is double the one used above because of the
peculiarity of our setup discussed in , which generically requires double charge
differences.

It is useful to confront this region with constraints following from the flavor-violating
couplings of the axiflavon. Taking into account the bound from the kaon decay K+ —
7+a as in Ref. [15], one finds a relatively thin stripe[' of

fo = (10 = 10') GeV. (2.110)

Interestingly, this range will almost entirely be tested by the NA62 experiment, as dis-
cussed below ([2.41]).

Before moving to the next section, let us discuss the contribution from states other
than the ones from the “top sector” in . As for the SM gauge bosons, their con-
tribution equally appears on both sides of Eq. and thus do not alter the one-loop
matching condition; the same reasoning applies to the other SM eigenstates. However,

13 Note that the axion couplings to fermions differ by approximately a factor of two with respect to
the axiflavon case of [15], which is however cancelled to good approximation by a similar factor entering

Eq. (2.109).
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2.5. Axiflavon-Higgs unification

an additional contribution is expected when the FN messengers mixing with the light
fermions are included. We have calculated this for the FN messengers related to the
charm quark as in (2.83). Their contribution to the Higgs potential is found to be O(e)
for the sin?(h/f) and O(e?) for the sin(h/f) term, which is subleading compared to
the top sector contribution, O(e") and O(e!), respectively. This confirms the intuitition
that lighter quarks give a subdominant contribution to the Higgs potential.

In the SM, this easily follows from the fact that lighter quarks have a smaller direct
yukawa to the Higgs, and thus contribute less to the effective potential. In the axiflavon-
Higgs setup, however, all fundamental yukawas are actually O(1). Nonetheless, the top
quark is still the only one featuring a direct coupling to the Higgs, see the last line of
, and this term is also the only one where two spurions appear at the same time.
Hence, interacting with the top is more efficient in transmitting the SO(5) explicit
breaking, explaining why the leading contribution is found from ([2.90).

2.5.3 Including right-handed neutrinos

So far we have mainly focussed on the quark sector, as the leading contribution to the
Higgs potential arises from it as long as the particle content of the SM is concerned.
However, the picture can actually change if right-handed neutrinos (RHNs) are included
in the game. In fact, the FN mechanism is quite efficient in explaining the hierarchies
in the quark sector in terms of an €” suppression, where n is the difference of flavor
charges. For neutrinos, however, much larger charge differences would be needed to
explain sub-eV states. Thus, a more natural option is to combine the FN mechanism
with the standard Type I seesaw |85-90]:

. 0 mp
M= ( mp M > (2.111)

where mp is the Dirac mass connecting lefth-handed and right-handed neutrinos, that
will feature the usual FN suppression, and M is the Majorana mass for the RHNs.
Such Majorana mass is usually associated with some heavy new-physics scale; it is then
natural to connect it to the scale f in our setup, as we shall see shortly.

Starting with a single-family example, we shall consider the left-handed lepton dou-
blet I, and the RHN Ng coming as SO(5) spurions in the spinorial 4 of SO(5), similarly
to what we have assumed for the quarks in (2.79)):

U, =ALlp, Uy =ATNg. (2.112)

The Type I seesaw explains the lightness of the left-handed neutrino due to a large mass
scale associated with the right-handed counterpart. In our model, such mass scale can
be naturally interpreted as the flavon vev f. We will then assume that the RHNs have
charge H(¥ ) = 1/2, so that their mass is generated dynamically from 3 through the
following term:

1 — = 1 o
— Ly = ﬁyN\I/NZ'C\I/% +h.c. = —inf cos(h/f)NRCNE e S +he.,  (2.113)

which yields a Majorana mass
M (h) = Y& 2 cos®(h/ f). (2.114)
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The Dirac mass term, mp, is obtained by integrating out the FN chain as usual. The ac-
tual size of mp thus depends on the charge difference of right- and left-handed neutrinos,
0, = H(lp) — H(NR):

[ov|—1

mp ~ mge 2 . (2.115)
The light neutrino mass, m,,, is then given by
My ~ Myl (2.116)
MNg

which shows a double suppresion originating from the type-I seesaw and from the FN
mechanism, as mentioned above.

Let us now discuss the impact of to the Higgs potential. First, the term in
features a similarity with the yukawa interaction between the top quark and >—
third line of — as two spurions (U in this case) are directly connected with the
Higgs. This already tells us that the RH neutrinos will contribute sizeably to the Higgs
potential. Moreover, RHNs are absent in the SM, and therefore their contribution will
not cancel in the matching condition (2.95)).

Let us then rederive the matching condition in case RHNs are included. The strategy
is the same of the previous section: calculating the effective potential in the AFH setup
and investigate at which scale it can be matched with the SM effective potential. The
contribution from the top sector is unchanged by the presence of RHNs. We thus focus
on the additional part due to the RHNs, AV[&)H, given by:

1 2 miy,(h) 3

2

- _ iyjlvf‘l cos*(h/ f) {log <yzz\f /

3272 m2

) +log (1 —sin(h/f)?) — ;] (2.117)

~

~ 3272

oief* |2 (1 10w L) sin(n/ ) 1o Lsin' 0/ )]

where we have defined € = (yy f/m)2. The matching conditions in (2.102)) and (2.103))
are modified as:

15 2 ! f2 4 1 2
- h? = — 2% (1 +1og = ) — Noyg — Neyie| b2, 2.118
SH-(m) 392 |2Un | 1+1log > Y V1€ ( )
and
Ixmypt £ -2 fog Lyt + N 5e| (2.119)
—-A(m = og — c0€ . .
4 3972 | B EYN

At the leading order in ¢, the new condition for p?(m) gives
2y (1 + log1/é) — Noyp < 1, (2.120)

which implies that a cancellation between the lepton and quark sector must occur to
keep the Higgs light.

As for the quartic A(m), we see that the leading order is now driven by the con-
tribution from the RHNs. This is because the direct contribution from the top quark
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Figure 2.5: Matching of the Higgs quartic coupling at the scale m in the SM (red band)
with the prediction of , considering a yukawa spread of § = £0.6 (light blue
band), 6 = +0.3 (light gray band), and § = 0 (dashed black line). The intersection
corresponds to the allowed range for m. See text for details.

cancels in the matching condition, whereas this is not the case for RH neutrinos. As-
suming three almost degenerate RH neutrinos, with a typical coupling yy parametrized

as yn = (1 4+ 0)ys, Eq. (2.119) becomes

3 1
Mm) = gz Lo <2y%<m><1 T 5)%)

In Fig. we show the SM running of A(m) in red and the RHS of for § = 0.6
(light blue band), § = +0.3 (light gray band) and § = 0 (dashed black line). The
matching is now possible for smaller values of m with respect to the case without RH
neutrinos, because the RHS of is positive. The allowed region for f is:

(1+6)*yt(m) > 0. (2.121)

3 x10°GeV < f < 10M1GeV. (2.122)

Furthermore, since my, ~ yn f with yy ~ 1, Eq. (2.122) also sets the range of the RH
neutrino masses. Eventually, we find:

6 x 103 CGeV < f, <2 x 107 GeV . (2.123)

One can immediately see that, when comparing with the limits coming from the non-
observation of K — ma, such low values of f, as in are already excluded. This
is then a good opportunity to revisit the assumptions behind these flavor bounds. For
the QCD axion, the mass is in one-to-one correspondence with f,, yielding meV mass
for f, ~ 1019GeV. Thus, the kaon decay proceeds on-shell as myg > m, and the
axion is practically massless. However, if the axion mass and the decay constant could
be disentangled, low- f, models could become viable by pushing the axion mass at the
GeV or even TeV scale, in order to kinematically forbid the kaon decay. In this case,
astrophysical bounds are also automatically evaded (recall that the bounds in Sec.
could apply only for a light axion) and the axion becomes visible at the LHC, as for
instance a — 77 decays could be detectable. Concrete examples of this have been
recently presented in Refs [91,92]. As a drawback, the axion can no longer be dark
matter because it is not stable on cosmological scales; nevertheless, it still solves the
strong CP problem.
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Although we are not attempting to construct a concrete model, it is worth mentioning
that a heavy axion would be compatible with the AFH setup including right-handed
neutrinos with f, as low as f, ~ 5TeV. This would provide an axion that is potentially
detectable at the LHC, and largely reduce the fine-tuning related to the Higgs mass.

2.6 Summary

In this chapter, we have discussed the strong CP problem as a serious fine-tuning issue of
the SM, as the topological term from the QCD 6-vacuum and the electroweak sector need
to cancel at O (10_10) accuracy to comply with current bounds on CP violation. Among
the possible solutions to this puzzle, the axion is certainly one of the most intriguing
possibilities as it can simultaneously explain dark matter and provide several interesting
signatures one can look for.

When considering the ways the axion can communicate with the SM particles, it
turns out that flavor-violating couplings are generically possible, and can be constrained
(or discovered) very efficiently by future experiments. Flavored axions, however, contain
a certain degree of model dependence. A very predicted and motivated scenario is found
by identifying the U(1)pq as the simplest flavor symmetry that addresses the flavor
puzzle in the SM, namely the U(1)y of the Froggatt-Nielsen mechanism. These two
approaches interestingly complement each other by giving a purpose to both the degrees
of freedom, a (the axion) and o (the flavon), within the complex field ®, which is referred
to as the axiflavon— see and below. The axion couplings to the SM fermions are
fixed by the observed pattern of masses and mixings in the SM: the model thus predicts
a sizable contribution to flavor-violating axion couplings, in particular for the d — s
transition that is only suppressed by the sine of the Cabibbo angle, sinfo ~ 0.2.

In Sec.[2.5 we took a further step and analyzed a scenario in which the axiflavon and
the Higgs, which were previously considered as independent fields, are unified at high
energies within a common multiplet ¥ [I]. Both the Higgs and the axion are then real-
ized as pseudo Nambu-Goldstone bosons to explain their lightness with respect to the
flavon. The main consequence is that the Higgs potential is generated dynamically by
loops involving the SM fermions and the Froggatt-Nielsen messengers, that are explicitly
introduced as a microscopic realization of the Froggatt-Nielsen mechanism. Electroweak
symmetry breaking is thereby connected with the origin of the SM-fermion mass hierar-
chies. Taking this into account narrows down the possible values that the axion/Higgs
decay constant can take, leaving only a small strip after flavor constrains are applied,
fa =~ (1011,10'2) GeV, which is visualized in Fig. Interestingly, this region is a prime
target of future axion searches by NA62 and ADMX [93,94].

Such sharp prediction for f, could actually be avoided introducing RHNs in our
setup. This would account for the smallness of the active-neutrino masses through a
combined Froggatt-Nielsen/Type 1 seesaw suppresion. This new ingredient can make
low-scale f, models viable, with f, as low as f, ~ 5 TeV, but requires additional model-
building to disentangle the axion mass from its decay constant, see e.g. [91,/92]. This
gives up the axion as dark matter but still solves the strong CP problem. Moreover, the
resulting axion can now be visible at the LHC, for instance through the decay a — v,
and the fine-tuning in order to reproduce the correct Higgs mass in our unified scenario
would be largely cut-down.
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Figure 2.6: The Axiflavon-Higgs parameter space. The red region is exluced as it does
not lead to a successful electroweak symmetry breaking, whereas the blue region is
constrained by flavor. The remaining strip corresponding f, ~ (10',10'2) GeV will
be almost fully tested by future searches. The model-variant with RHNs and low-scale
axion is not displayed. Plot taken from [95].
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Chapter 3

Gauge—Yukawa S—functions at large
Ny

In Sec. we have presented a concrete UV completion of the Froggatt-Nielsen mecha-
nism to explain the hierarchies in the SM fermion masses and the structure of the CKM
matrix. The model consists of a potentially large number of vector-like fermions, the
FN messengers £, coupled to the flavon field via yukawa interactions (considering O(10)
messengers in the spinorial 4 of SO(5) already gives O(40) states, not including color).
These are the key ingredients to construct the chain in Fig.[2.2] which is the microscopic
realization of the low-energy operators suppressing the mass of the light SM fermions.
Besides our concrete model, the existence of many fermionic degrees of freedom seems
to be a necessary ingredient for the FN mechanism to work. This poses some questions
about the UV behavior of the model itself, as for instance the messengers will generically
have a strong impact in the renormalization-group (RG) evolution of the system. This
is encoded in the S-functions for the couplings that define the UV theory, including the
SM gauge interactions. However, it is not obvious how the g-functions for such models
with many degrees of freedom should be calculated in the first place, as the presence of
large multiplicities may interfer with the standard perturbation theory.

In this chapter, we will investigate the RG evolution for gauge-yukawa theories that
contain a large number of matter fields, V¢, of which the FN setup discussed above
can be seen as a possible example. As we shall see shortly, this study finds several
applications both in high-energy physics and condensed-matter theory.

Our analysis will employ resummation techniques for the calculation of the S-functions
that are alternative to the conventional loop expansion. This is particularly suitable to
keep track of the all-order contribution stemming from the Ny multiplicity. We will
thus reorganize the perturbative series by replacing the conventional loop expansion in
a generic coupling «

%B(a) = ai., +ao., @+ azy, 012... (3.1)
with inverse powers of Ny:
L B(aNy) = FO(aN;) + iFm(aN )+ Lo (aNy) + (3.2)
(aN;)2 f f Ny f NJ% ! s :

where S(aNy) = NyB(a). As we can see, the 1/Ny expansion is actually established
by defining a 't Hooft coupling K = Ny which ideally remains constant in the limit
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: n
Figure 3.1: Dressing of a gauge propagator with n fermion bubbles.

of Ny — oco. The quantities F®) are then non-trivial functions of the rescaled coupling
that one needs to calculate. In most cases of interest, the function F(©) is completely
determined at one-loop. Conversely, the higher order functions, F("=1) | get contributions
from (infinite) Feynman diagrams with an increasing number of loops corresponding to
well defined classes. Thus, resummation techniques are needed and calculations can be
successfully carried out only for the first few orders, F(!) and F®).

To get a feeling of how this works, consider the case of a U(1) gauge symmetry with
Ny fermion flavors. Let us focus on a generic loop diagram that contains an internal
gauge line. The main observation is that dressing this line with n fermion loops does not
change the order in the 1/Ny expansion (although it does change the loop order of the
diagram), see Fig.. The reason is that any fermion loop brings an additional power
of o that gets compensated by a factor of Ny due to the fact that all flavors circulate in
the loop. This amounts to correct the original gauge propagator as

L (N @) 53
q2 (q2)1+n(4—d)/2 ’ ’
where IIV) is the one-loop bubble and d = 4 — € according to dimensional regularization.
Dealing with large-Ny [-functions thus requires to resum expressions like the one in
within a given Feynman diagram, whose basic topology can be one-loop, two-loop
etc., as we shall see in detail. Remarkably, the contribution from n bubbles as in
is regular enough to make it possible to resum the whole series in a closed form, at least
for the very first orders in the 1/Ny expansion.

In the following, we will engage in the calculation of the first non-trivial functions in
for models that contain an arbitrary number of degrees of freedom, Ny, and also
exhibit a large flavor symmetry such as SU(Ny). The presence of this symmetry ensures
that all these degrees of freedom contribute in the same way, thus making it possible to
account for their multiplicity in a general way.

These models turn out to be relevant also for condensed-matter theory, where -
functions of this type are used to investigate the existence of quantum phase transitions
corresponding to the fixed points of the RG flow, and to calculate the corresponding
critical exponents. In particular, our calculation will be relevant for the QED3-Gross-
Neveu-Yukawa model that has recently attracted some interest because of its critical
behavior in d = 3. As the fixed point there turns out to be strongly-coupled, one
possibility to extract information about the phase transition is to perform the analysis
in d = 4 — ¢, where the theory is weakly coupled for € — 0, and extrapolate to d = 3
through the “e-expansion” [96,97]. In this respect, we will be able to complement the
information about the critical exponents coming from standard perturbation theory by
providing the large-Ny counterpart. This is presented for the first time in Sec.]3.4.3]

On the other hand, the RG flow of gauge-yukawa theories is certainly important for
high-energy physics in d = 4, as it provides information on the UV behavior of possi-
ble extensions of the SM. This is particularly relevant for scenarios in which the Higgs
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is an elementary scalar, as the requirement of a UV fixed point for the SM quantum
field theory could be used as a guiding principle for new physics (alternatively to com-
positeness and also to supersymmetry). Intriguingly, the very existence of the Higgs
boson can be actually linked to the requirement of having yukawa interactions in the
theory, which have been shown to be crucial in generating interacting fixed points in
perturbation theory [20]. (The occurrence of a UV interacting fixed point is referred
to as “asymptotic safety” as opposed to asymptotic freedom, where the fixed point is
simply the non-interacting Gaussian one as in QCD.) In this respect, large- N techniques
are useful for investigating asymptotic safety in a complementary way with respect to
standard perturbation theory. In fact, the result of Ref. [22]| proves the existence of inter-
acting UV fixed points in a theory with a large number of colors of the gauge dynamics,
N, and fermion flavors, Ny, in the Veneziano limit (namely, N./N; — constant when
N¢ ¢y — 00). After that, there has been a lot of activity in considering the complementary
scenario in which N is fixed while Ny is taken large, such as large-Ny QED (N, = 1)
and large-Ny QCD (N, = 3). In particular, by using the properties of the resummed
large-N; B-functions, some attempts to construct asymptotically-safe extensions of the
SM have been carried out, see [987100”3

The necessary ingredient for all these studies is of course the explicit form of the F(™)
functions in (3.2). The first direct calculation ever performed in this context involves
the U(1) gauge S-function with Ny flavors [101,[102] (large-Ns QED), where the authors
managed to obtain F'(!) in a closed form. This result was later extended to non-abelian
gauge theories due to the work in [103], see also Refs [L04}[105|[] Recently, the leading
1/Ny contribution from the gauge sector to a single yukawa coupling was calculated in
Ref. [106], whereas an extension to semi-simple gauge groups can be found in Ref. [107].

Nonetheless, the case in which a scalar field couples to several fermion flavors through
yukawa interactions (as in Froggatt-Nielsen-inspired UV models) was not yet studied. In
the following, we will bridge this gap in the literature and compute the S-function for the
pure yukawa interaction up to O(1/Ny) [lI] and also extend this result to include gauge
interactions [III]. We will also discuss the connection between resummation and critical-
point method, thereby making contact with condensed matter theory [IV]. Driven by
this new perspective, we will finally present an alternative approach to large-N and
asymptotic safety [V].

This chapter is organized as follows: the framework we will be using is specified in
Sec.[3.1] whereas the actual calculation is presented in Sec.[3.2]for the pure yukawa case
[1]] and in Sec.[3.3]for the gauge contribution [III], respectively. Sec.[3.4]is devoted to the
critical-point method and contains the connections with condensed-matter systems [IV].
A new way of dealing with large-Ny singularities [V] is finally discussed in Sec.

3.1 The framework

Let us here introduce the model we will be dealing with in this chapter. It consists of a
U(1) gauge theory in d = 4 with N fermion flavors and a gauge-singlet real scalar field

!These results make use of singularities of the F(*) function at physical values of the couplings to
enforce the UV fixed point. An alternative way of dealing with such singularities will be discussed in
Sec.

2The non-abelian gauge S-function at O(1/N;) was actually not obtained through resummation but
rather via the critical-point method; more on this in Sec.
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Chapter 3. Gauge—Yukawa S—functions at large Ny

Figure 3.2: Photon self-energy corrections.

coupling to the fermionic multiplet, v, via yukawa interaction:

L= —iFMVF“"+ %%w%— %mi& + (i —my )+ Yo —igA, Pyt — At (3.4)

This model is known as the QEDj3-Gross-Neveu-Yukawa model in condensed matter
language, but it can also mimic the system responsible for the FN mechanism, where
¢ is the flavon and v corresponds to the FIN messengers, that are vector-like under
the SM gauge symmetry mimicked here by the gauged U(1). The common yukawa
coupling y would correspond to the couplings a; in , although the latter exhibit a
nearest-neighbour type of structure that needs diagonalization to be properly compared
with . The masses for ¢ and ¢ will be neglected in the following, as they do not
contribute to the S-functions. As for the scalar quartic coupling, A, we will set it to zero
at tree-level, as it considerably complicates the calculation. The impact of a non-zero
tree-level A\ will be discussed in Sec.[3.4.2} for the moment, we just notice that setting
A = 0 at tree-level is consistent given that the loop-induced quartic will be higher-order
in the 1/Ny expansion. As mentioned below , we define the rescaled gauge and
yukawa 't Hooft couplings E and K as

2 2
€ _ Yy
me, and K = ﬁ

which are kept constant in the limit Ny — oco.
Our purpose is to derive the coupled system of S-functions for £ and K at the 1/Ng
level

E = Ny, (3.5)

1 1

Br = K2 [F(O) + FfFf”(K) + FfFS)(K, E)+0 (1/NJ%)] , (3.6)
i 1 1

Bp = E? [F(O) + N—fF?El)(E) + N—fFf)(K) +0(1 /NJ%)} . (3.7)

The first coefficients F(© = 1 and F©) = 2/3 simply correspond to the one-loop S-
function, whereas the pure-gauge contribution to the gauge S-function, Fél)(E), has
been computed in Ref. [102]. Our task is thus to provide a closed formula for Fl(l)(K),
FY(K,E) and FV(K).

In the following, we will use dimensional regularization in d = 4 — € dimensions and
minimal subtraction (MS) scheme for determining the divergences for e — 0 (in any case,
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the O(1/Ny) B-functions are scheme independent [105]). The S-functions can then be
extracted from:

dE 0 0
_ dK 0 0
Br = dnp _K<K8K+E8E> Hi(K, E), (3.9)

where G and H; are defined by

o
Gn(K,E
log Zp =log Z3 " =) ¥ (3.10)
n=1 €
>\ H,(K,E)
log Zx =log(Z5' 22 Z3) = "T (3.11)
n=1

and Z3, Zg, Zy, and Zy are the renormalization constants for the photon, the scalar,
and the fermion wave function, and the 1PI vertex, respectively. In the following, we
will give explicit formulas for the structure of the various counterterms up to O(1/Ny)
as this is preparatory for the actual calculation of the S-functions:

e The photon wave-function renormalization constant, Z3, is given by
Z3 =1—div{ZIy(p*, Zx K, ZgE,€)} (3.12)

where Il is the photon self-energy divided by the external momentum squared,
p?, and we denote the poles of X in € by divX. At O(1/Ny), the self-energy can
be rewritten as

1 o _
To(p?, Ko, Eo,€) = Eo 11 (5%, €) + N > (ESLH%)(Pza €) + Bo Ky (7, 6)) ;
n=2

(3.13)

where Hg) is the simple one-loop fermion bubble (Fig. with n = 1) and Hg)

and Hg?) contain the n-loop part consisting of n — 2 fermion bubbles in the gauge
and yukawa chains summing over the topologies given in Fig. Hereafter the
subscripts for Ky and Fy indicate the bare couplings before renormalization.

e The scalar wave-function renormalization constant, Zg, is determined via
Zg =1—div{ZsSy(p*, Zx K, ZgE,€)} (3.14)

with the scalar self-energy Sy given by

1 > n n— n
Solo? s Ko, Eove) = KoSi () + 1 3 (KGSE 0.0 + Ko B U510 02,))
n=2
(3.15)

where Sg) is the one-loop result, and Sg?) and ng) the n-loop terms consisting of

n—2 fermion bubbles in the yukawa and gauge chains summing over the topologies
shown in Fig.
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Chapter 3. Gauge—Yukawa S—functions at large Ny

Figure 3.3: Scalar self-energy corrections.

e For the fermion self-energy and vertex renormalization constants Z; and Zy,
respectively, the lowest non-trivial contributions are already O(1/Ny), and we have

Zy =1—div{Z(p®, Zx K, ZgE,€)} , (3.16)

So(p2. Ko Eo ¢) =1 4+ = 3 Koyt (2 Ery™ (2 3.17

0(pa 0, 056) +Nfz 0“K (p ’6)+ 0“-E (p ’6) ) ( . )
n=1

where Eg?) and Egl) are depicted in Fig. (a) with n — 1 fermion bubbles.
Similarly, one has for the vertex

Zy =1—div{W(*, Zk K, ZgE.¢€)}, (3.18)
1 = n n n
Volp?, Ko Fov) = 1+ 0 3 (KRG 07 0+ BV 07 0) . (319)
n=1

where VI((H) and Vén) contain n—1 fermion bubbles and are shown diagrammatically

in Fig. (b).

The task of determining the coupled system in ({3.6) and (3.7)) can actually be splitted in
two parts. In Sec.[3.2] we will first calculate the S-function for the yukawa coupling by
switching off the gauge interactions, thus determining Fl(l)(K ). The remaining mixed

contributions, F2(1)(K, FE) and F4(1)(K), are tackled in Sec..

3.2 Pure yukawa

In this section, we will set £ = 0 and work out the contribution from the pure yukawa
interaction. This allows to eavaluate Fl(l)(K ) in in a closed form. The starting
point is the calculation of the counterterms Zg, Zy and Zy as a series in the number
of fermion bubbles. The series for each counterterm needs to be resummed in order to
extract the 1/e pole (the knowledge of these counterterms will be very useful also when
evaluating the mixed contributions in Sec.. The S-function is then simply obtained
by taking derivatives as in and (3.9). This section is based on Ref. [II].
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£ - g

(a) Fermion self-energy corrections.

(b) Vertex corrections.

Figure 3.4: Gauge and yukawa contributions to fermion self-energy and the vertex cor-
rections due to a chain of fermion bubbles.

3.2.1 Renormalization constants
Let us start by evaluating the counterterm for the scalar self-energy, Zs. Our starting
point is (3.14). The contributions we are considering are the pure-yukawa diagrams

depicted in the first row of Fig.[3.3] Using the expansion of the scalar self-energy in
(13.15]) we obtain

1 & n
Zg=1-— div{ZSZKng)(pQ, €) + P 3" Zs(ZxK)" S (v, e)}. (3.20)
n=2

Recalling that Zx = ZEIZJTQZ‘Q/ and substituting (3.16) and (3.18), the first term
between brackets can be written as

div {ZSZKS§§>(p2, e)K}

1
— Kdiv {s§;>} + oy div {zK div {S0(p?, Zk K, €) — Vo(p?, Zk K, €)} SSP (0, e)} .

(3.21)
The Sg) part corresponds to the one-loop diagram and is given by
W2 N (1) 1, 2 \ 1 G(L,1), 94/
Sk’ (p,€e) = le{SK }+SF (p°,€) = (47.[.)51/272 9 (=p7) (3.22)
/
=1/e
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where d = 4 — ¢, the loop function, G(1,1), is given in (B.2)) in Appendix (Bl and we
have introduced the notation SS) to indicate the finite part of Sg). Then,

div {ZSZKSQ(p?, e)K}

K 1
=— + Ndiv{QKdiV {S0(p? Zk K, €) — Vo(p®, Zk K, €)}
€ f
({5} + 506%.0) }
K 1
8 Fdiv {QKSS)(Z?Q, ) [Eo(pQ, ZiK, ) — Vo(Pza 7k K, e)]} + higher poles,
€ f

(3.23)

where the higher poles, i.e., higher than 1/e, arise from the product of two divergent
parts and will be omitted because they play no role in what follows. Then, at the lowest
order in 1/Ny,

Zg=1- % +O(1/Ny). (3.24)

Therefore, every time Zx K appears in the argument of 3y and Vjp, it can be replaced
by K (1 — %)71; the additional contributions are higher order in 1/Ny. By using (3.17)

and (3.19), we can rewrite Eq. (3.23) as

div {ZSZKSQ(pQ, e)K}

K & K\ ™"
_n n+1 3 1) ,2 _ 8 2 N _ 1M 2
== +Y K dw{st (%, €) (1 6) [zK @ e) - Vi ,e)}}. (3.25)

n=1

Similarly, the second term of (3.20) reads
—dlv ZZS Zg K st )( €) ! iK”dlv 1-— K o S(n)(p2 €)
Nf € KA '

Altogether, we can write Zg as

Zg = 1—7—7 ZK" { (1 - K) o (25t [= = v ] + s } . (3.27)

where the explicit functional dependence on (p?,¢) has been omitted to lighten the
notation. Using the negative-binomial expansion,

(1—f>1n:§;<“+5_2>[§ (3.28)

and performing a shift in the summation, n — n — 4, we find our final expression for Zg:

LK LS (=2 \ L) i) el (i)
25_1—6—anz::2K dlv{;;( i )ei(”F (B =) s

(3.29)
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3.2. Pure yukawa

We notice that Eq. differs essentially from its counterpart in the U (1) gauge theory
(QED) in Ref. [102| because of the contribution from the fermion self-energy and the
vertex, which exactly cancel in QED because of the Ward identity. As we shall see, they
are instead fundamental for a yukawa theory as they will ensure that the counterterms
are momentum independent.

Let us now move to evaluate the fermion self-energy and vertex counterterms Zy
and Zy, respectively. As for the former, the expression for Z; involves the pure-yukawa
diagrams in Fig.[3.4](a) and can be derived from (3.16)) similarly to Zg:

LN e K\ ™" oy o
Zf_1—NfZde{<1—6> EK(p,e)}

n=1

oo n—1
B 1 I n—1 1 (n—1i), 2
_1_Ff§ Kle{E < ; )EizK (p,e)},

n=1 =0

(3.30)

where we have again used the negative-binomial expansion and performed the same shift
n — n — ¢ in the last line. The derivation of Zy is completely analogous, and we can
readily write

0o n—1
1 n 1 n—1 1 (n—1), 2

I = i—0

3.2.2 Resummation

In the previous section, the expressions for Zy, Z; and Zg were given as a series in
the number of fermion bubbles, n. We will here perform an explicit resummation and
provide closed formulas for all these renormalization constants.

Let us start with the vertex counterterm Zy in . In order to resum this

series, we need to investigate the explicit form of Vf(gl). According to the left diagram in
Fig.[3.4](b) we find the n-loop contribution to be

. —1)n 1 "G )\ n(d/2—
VI(()(p27€):( 4) ((47T)d/22> < (2 )> (=7°) e (3.32)

% G(1,1— (n—1)(d/2-2)),

where G(ni,n2) is the loop-function defined in (B.2). Since the calculation of the -
function requires to obtain the 1/e pole of the various counterterms, it is useful to rewrite

V[((n) by extracting the highest degree of divergence in 1/e. This is done by noticing that,
as in Ref. [102], Eq. (3.32) allows for the following expansion:

1 vk (p? € n)

(n) 2 — (=1 n
Vie (07, 6) = (=1)" = 5 , (3.33)

where -
ok, en) = > vl (02, €)(ne)?, (3.34)

§=0

and Ug) (p?, €) are regular in the limit ¢ — 0 for all j. In particular, v&?)(e) is independent
of p? and is explicitly given by

B 2I'(2 —¢)
P(1-5)°r@E2-5T(5)e
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Substituting (3.32)) and (3.33) in (3.31)), we find:

1 0 n—1 1 n—1 n—1 ) ) 11)%) (p2 6)
1 _ _ n 1; 1\ — ) ?
Zy =1 ; nE_l( K)"div jE:O o ;:0 ( ; > (=1)*(n—1) 5

(3.36)
The advante of using the expressions in (3.33) and (3.34) is that the sum over j in (3.36])
is cut off at j = n — 1 as higher terms will be finite in € and therefore irrelevant for
the 6—function|ﬂ This leads to a dramatic simplification of that follows from the
binomial properties. In fact, as noticed in Ref. [102], one has:

n—1 n
3 ( n—l ) (—1)i(n—i) ! = - j,o(_i), j=0,...,n—1, (3.37)

‘ 1
=0

and Eq. (3.36) gets simplified to

& n ,(0)
Zy =14+~ S B (O

3.38
2Nf — en n ( )

where we can see that only the function vgg) given in (3.35)) actually matters, justifying

the expansion in (3.34]). Notice also that crucially holds only for j < n, namely
for the divergent part only: larger values of j correspoding to finite terms will instead
give contributions ~ n! that would need a special treatment such as Borel transform.
The simple form in for the divergent part in e allows for a straightforward
resummation. In particular, since only the 1/€ pole contributes to the S-function, one

can simply Taylor-expand vg)(e) around e = 0, isolate the 1/e contribution in (3.38]),

and reconstruct vg{)) back. In practice, one has

v&?) (e) = Z v](o)ej, (3.39)

Iy =1+ —— —_ =1+ — t)dt 4
v + 2N, ; o Un—1 + 2N Jo vy (t)dt, (3.40)

which is our first achievement in this section and the prototype for the next calculations.

For future comparison, it is worth noticing that the ultimate product of this resum-
mation, (3.40)), is to replace the quantity e, that originally appeared as the argument
of v&?)(e) in and corresponds to the space-time dimension as d = 4 — ¢, with an
integral function in that depends only on the coupling K. The reason for this
can be understood when considering the Wilson-Fisher fixed for this theory in d =4 —¢€
dimensions and will be further discussed in Sec.[3.4l

3 However, these terms should be taken into account if one is interested in resumming the finite parts
of these diagrams.
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3.2. Pure yukawa

Similar resummation strategy can be employed to treat the fermion self-energy in
(3-30). The n-loop contribution shown in the left panel of Fig.[3.4)(a) is found by direct
calcuation to be

n —1)" 1 "G, )\ id)a
E%)(P275) == ( 8) ((47r)d/2—2> ( (2 )> (—»°) e (3.41)
x [G(L1—(n—1)(d/2-2)) = G(1,—(n—1)(d/2 - 2))],

where G(ni,n2) is again the loop-function given in (B.2). Similarly to Eq. (3.32),
Eq. (3.41) can be expanded as

)ni JK(p27 €, n)
ner 4 ’

20 (2, €) = —(~1 (3.42)

where

k(P €,n) Za €), (3.43)

and O'g) (p?, €) are regular for € — 0. Again, aﬁg) (¢) is independent of p?, and it is given

by

Oy PTT(5-5) sin(F) -

o (€) = c . (3.44)
VT[4 —eT (=5)e e

(0)

Using the same procedure shown for the vertex counterterm Zy, we find that only o, (¢)
eventually contributes to Z;. Keeping only the 1/e pole, the closed formula for Z; is

I )
Zr=1 4y /0 o0 (t)at, (3.45)

which is fully analogous to (3.40]).
Finally, let us tackle the scalar self-energy expression in (3.29). Evaluating the

bubble diagrams in the upper row of Fig. is quite cumbersome and the formula is
given in (B.3]). Here, we just notice that the expression for S}?) (p?,€), n > 2, allows for
the following expansion:

A (7(1_”17;6717;((;92, &), (3.46)

where -
k(0% en) = 1% €)(ne), (3.47)

5=0
and ﬂ'(])( ,€) are regular for e — 0. Similarly to the previous cases, 77&?)(6) is indepen-

dent of p?. In view of Eq. (3.29), we define

250062 0) (2470070 - VIV ) + 58007, = - ek o),
(3.48)

where

UK(p27 €n — 1)
2

3
fK(pz,e,n) = ne Sél) ( + UK(pz,e,n — 1)) - 57?[((]92,6,71)7 (3.49)
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and

K (P €;n) Zf (3.50)

with {%) (p?, €) regular for € — 0 for all j. Notice that (3.49) is defined for n > 1. In
particular, f}?)(e) is independent of p? and is explicitly given by

), \ (I1—eT'(4—¢) /e
K(E)__F(2§)F(3§)wesm<2> (3.51)

Then, using the above definitions, (3.29) can be written as

K 1 & . [SEn-2\1 1 .
Zs = eNfZKdIV{Z< i >(n—z)((n—)l—1)€" ZgK(pQ?e’nZ)}

n=2 =0
K 1 = 1 = n—2 S (n— )i
=1- " 5= > (FK)"dw Z Z( ) 1)m
f =2 =0 € =0
(3.52)

The expression above can now be reduced by using the properties of the binomials. We
in fact find a new formula which resembles the original one in (3.37):

n—2 n—2 Z.n_l'j—l (=™ =0
Z< i >(_1)((n—z’)—1):{(—q)" j’=1,...,n—1’ (3.53)

=0 n—1

and therefore the expression for Zg can be significantly simplified:

_ K n é-K() o (9)
Zs=1-— 7217( div n_1en;§

" o (3.54)
—1- % S ZK“ div {5K€i> L Sx(p (7;,_1)1)65 (e) } 7

where in the first line we extended the sum over j up to oo without affecting the result,
since all the terms for j > n — 1 are finite. The function &(p?, €, 1), corresponding to

x(p? €, 1) Zg (3.55)

can be actually evaluated by taking in (3.49) the limit n — 1, although the latter is
formally defined for n > 1. We find the following expression:

(4 —e) - sin <%> = ¢k (e), (3.56)

2 [
R I T R

where £x (€) is actually related to fg?)(e) in (3.51)) as

£ (e)

Exle) = T—_ (3.57)
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3.2. Pure yukawa

Few comments are in order: Eq. ensures that Zg is independent of the external
momentum p?, as it should due to renormalizability. This result comes from an exact
cancellation among all the different contributions of the scalar self-energy, the fermion
self-energy, and the vertex in (3.49). In particular, we find that

(0)
mp e 1) = ( Ll +v§?’<e>) 1+es ) (3.58)
and therefore
o2&
Ex(e) = ——"———= —v;”(e), (3.59)

2
which is equivalent to (3.56)). All in all, the p? independence of Eq. (3.56) provides a

non-trivial check for our computation.
We are now ready to resum the series in (3.54). By expanding 59(6) as

o0
ey =Y e, (3.60)
=0
the 1/n term in (3.54)) is given by

K" f( 6 1 ntl 5 o\ 1 K 0) ©
7;2 en T <ZK + - K¢, = 6/0 [gK (t) — &k (0)} dt, (3.61)

where we have neglected higher poles in 1/e. As for the 1/(n — 1) term in (3.54), using
}?)(e) = (1 — €)ék(€) and expanding &k (€) as

€) = Zgjgj’ (3.62)
=0
we find
© 1n 1 K
Zf:n&((e) n(l 16)€K(6) _ f:/ £k (t)dt + higher poles. (3.63)
- 0

n=2

Finally, putting together (3.63) and (3.61)), the closed formula for Zg reads

K
Zs=1-2 - }Vf / (€2 0)~ €2(0) + (K (3.64)

3.2.3 The [-function

Using the results derived for Zg, Z; and Zy, we can finally proceed to evaluating the
pure-yukawa contribution to the S-function. First, we find that H;(K) in (3.11]) reads:

1 G(O) (t) (0)

K
H(K) = K+ /0 (55? () = € (0) + (DK + =2 4o (t)) dt,  (3.65)
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Chapter 3. Gauge—Yukawa S—functions at large Ny

— k(1)

Te(t)

Figure 3.5: The function {x(t) given in (3.68) and 7wz (t) given in (3.72]).

and straightforwardly for the Sx:

2 (0)
Bx =K2 + []\{Zf {3/2 +¢x(K) + UK;K v (K / Ex(t dt} (3.66)

where we have used {9(0) = —3/2. Recalling (3.59), Eq. (3.66) can be further simplified

to
B _ 1y 1 { / el dt} (3.67)

where {x (t) is explicitly given by

T4t

Ex(t) = T DTG - O sin (2> (3.68)

Finally, by comparison with (3.6), we see that F(©) =1 and

FO(K) = ; + / * et (3.69)
0

We plot the integrand, i (t), in Fig. We have checked that our S-function agrees at
the leading order in Ny up to four-loop level by comparing with the result of Ref. [108],
and, as we shall see in Sec.[3.4] with the result extracted from the critical exponents
in Gross—Neveu—Yukawa model computed using a different technique [109]. Finally, let
us comment on the pole structure: the integrand, {x(t), has the first pole occuring at
t = 5, which results in a logarithmic singularity for Fl(l)(K) around K = 5. Due to the

sign of £k (t), we see that Fl(l)(K) approaches large negative values for K — 5.

o4



3.3. Gauge-yukawa

3.3 Gauge-yukawa

Let us summarize the findings of the previous section by rewriting (3.6) amd (3.7)
including (3.69) and the known result for Fg(l) from Ref. [102]:

K
By =K> [1 + ]\1[][ @ +/0 §K(t)dt> + ];Fg”(f(, E)] +O(1/N?), (3.70)

2|2 1 2/3E L 2
B =F +/0 mg(t)dt + —F, (K) +(’)(1/Nf), (3.71)

34N, Ny

where
F4-t)1-t)(1-3)(1+3)
F2-4)°TE-5Hra+4

and £ is given in ([3.68). The function mp(¢) is shown in Fig.[3.5]
In this section, we will mainly follow Ref. [III| and provide closed formulas for the

mp(t) = (3.72)

remaining two unknowns, Fz(l) and F4(1), corresponding to the mixed contributions. In
doing so0, one can take advantage from the results of the pure-yukawa case, such as the
knowledge of Zg, Zy and Zy. In particular, the crucial point is that a bubble-chain
constructed with yukawa interactions differ from the same chain with gauge interactions
just by an overall factor. In fact, analogously to , a yukawa chain with n bubbles
correspond to a modified propagator

i i (isOE)\"
72 — 2 (k:2 (3.73)
where each bubble evaluates to
2
. D _
SM(p?) = mmmzm(—p?)dﬂ 2G(1,1), (3.74)

where K is the bare coupling before renormalization. As for the gauge chain, the dressed

propagator is

—1i k. k., n

. <guy - ) (- (k) (3.75)
where the 1-loop bubble evaluates to

(d—2) T
d—1 "~ (4m)d/2—1

) p?) = 2 (") 72G(, ), (3.76)

with Eg being the bare coupling before renormalization. The correspondence is then:

i e i (iSWE)\" d—2\" [ Ey\"
o (1) /i <k2 = o) & 3.77)

(Notice that g, is the only relevant Lorentz structure in the photon propagator, since
the k,k, term does not contribute to the S-function.) Thanks to (3.77), some of the
results of the pure-yukawa case can be used to evaluate the mixed contributions. Rather
than detailing all the steps, we will thus highlight the similarities with the previous
calculation.
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Chapter 3. Gauge—Yukawa S—functions at large Ny

3.3.1 Mixed contribution

We present here the calculation for the mixed contributions in (3.70) and (3.71)), namely

F2(1)(K, E) and F4(1)(K). Let us start with the yukawa contribution to the U(1)
B-function.
The yukawa contribution to the photon self-energy, depicted in the lower row of

Fig. is obtained by substituting (3.13) in (3.12). We get:

Z3(K) = —]@dw {Z(ZKK)”H(I?H)(;DQ, e)} . (3.78)

n=1

The calculation of I is mainly carried out by referring to Sk in (3.46) and using (3.77)).
However, one also needs to carefully take into account the difference due to the algebra
of the y-matrices. We find:

3
H(n) 2 — (=11 -~ 2 3.79
K (p 76) ( ) 4(d— 1)n€n—17TK(p , € n)a ( )
where 7x (p?,€,n) can be expanded as
Kx(p% €,n) Zﬂ'( ,€)(ne), (3.80)
7=0

with 7 )(p €) regular for ¢ — 0. Recalling that Zx = (1 — %K)f1 + O(1/Ny), we can
evaluate Z3(K) from (3.78)):

Z3(K) = ——dlv {Z an ( —1 > ;Hﬁ?‘””(p?,e)}

(0)
3E 1 T (1) t _
= 1 — — ) dt+ high les.
4Nfe/0 '3 K + higher poles

(0)

The function 7} is independent of p?, as it should and reads

0 E=2)¢-DIG-1t) (=t
T (t) = 6T'(3 — L)t sin <2> ) (3.82)

The contribution of Z3(K) to Bg, Eq. (3.8), is encoded in Ff)(K) and after some
simplification is found to be

(0)
FO(K) = 3/OK i () gy S/OK T (t)dt. (3.83)

We show the function 7x(t) = (O)( t)/(t — 3) in Fig. Since mx (t) has a first order
pole at ¢ = 3, the first singularity of S occurs at K = 3 and is a logarithmic one.

Let us now consider the gauge contribution to the yukawa S-function. The U(1)
contributions to the fermion self-energy and to the yukawa vertex, correspoding to right
diagrams of Fig.(a—b), are closely related to the pure-yukawa case. The crucial point
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3.3. Gauge-yukawa

here is again that the gauge chain is equivalent to the yukawa chain besides an overall
factor, (3.77)). In fact, Eg) and Vfgn) are related to E%) and VI((n) as

n—1
S5 () = (d-2) @_i) =W (p), (3.84)
n—1
Vil (p?) = —d <fl_f) v (p?), (3.85)

where the factors (d —2) and —d come from the algebra of the y-matrices. We thus find

something very similar to (3.45)) and (3.40):

o) 2
1 . nw(n), 2 _ 1 3/3E (0)
Zy(E) = N, ng_ldlv{(ZEE) Xg (v ,6)} =N 1, oy’ (t)dt, (3.86)
1 & (n) 13 (38
Zy(E :——E div< (ZgE)"VyY (p, € :—/ (1), 3.87
V( ) an:1 {( E ) E ( )} Nfe 0 E () ( )

where we kept only the 1/e pole. The functions O'g)) and vg)) are independent of p?, and

are given by

©) (4 —1t) [t
o (t) =37 TEDICED sin (2) , (3.88)
tN 2
v (t) = G — z) o). (3.89)

The U(1) contribution to the scalar self-energy is shown in the lower row of Fig. [3.3
The calculation and resummation is analogous to the one performed for Sk starting
from (3.46)). Jumping to the result, we find for Zg:

3K [ 3 [3E 3B ¢p(t) — €Wt
Zg(E) = N {2]5/0 ( O ) —gg’)(()))dt+/o Wdt}. (3.90)
The analog of is

E6(p,1,0) = 200 (1) + ;o 2(1) = n (1), (391)

Defining £5(t) = (Ep(t) — {g))(t))/t, the functions () and £g(t) are explicitly given

by
B 2(t —3)’ (2 -t . [t
0= e 3= Lym " (2) ! (3.92)

Enll) = é(5 b2t — 2)ep(t). (3.93)

With Eqs (3.86]), (3.87) and (3.90) at hand, we can compute the U(1) contribution to
the yukawa S-function. This results in Fz(l)(K , E) given by:

2
3

E
FO(K, B) = —3{ " Gpwar+ St (1 - ;f;) . @E) } | (3.94)

We plot the function ¢x(t) in Fig. [3.6L whereas x(t) is related to it as in (3.93).
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Figure 3.6: The function 7x(t) = ﬂ&?) (t)/(t — 3) as in (3.82) and &g (t) given in (3.92)).

3.3.2 Coupled system

Here we summarize and discuss our results for the coupled system. Combining Eqs (3.70)
and (3.71)) with the results in Eqs (3.83)) and (3.94), we obtain the full system at O(1/Ny):

Bk . 3 1 (K 3E 2F 2
2E K

% zg + 411vf {/03 ()t + 3/0 WK(t)dt} . (3.96)

The functions €k (t) and 7g(t) are given in and (3.72), respectively, whereas
T (t) = Tr}?) (t)/(t —3), €x(t), Ep(t) are given in (3-82), and (3.93), respectively.

It is possible to make connection between our system of large-Ny S-functions and
standard perturbation theory by simply expanding the closed forms of Sx and Sg around
the Gaussian fixed point (K = 0, E = 0) that corresponds to the free theory. By doing
so, one can obtain the leading-N; coefficients of the standard perturbative series. The
explicit formulas can be found in Sec.[B.2.1]up to five-loop. These expansions allow us
to compare our findings with known results in standard perturbation theory and also to
predict new coefficients that may serve themselves as a crosscheck for future perturbative
calculations.

We have made sure that our expansions agree with the four-loop results [97,110-113]
in the leading order in N;. Furthermore, the —g—ILng (%E) part in the last term of
corresponds to the result of Refs [106}/107]|, and we have checked that our result
agrees with those. Going beyond four-loop, it is of course impossible for us to predict
the full five-loop B-function, as our calculation captures only the leading 1/N; terms.
Nonetheless, we provide the leading new coefficients at five-loop in the last line of
and ; higher orders can be obtained just by further expanding the closed forms of
the S-functions above.

Let us now comment on the radius of convergence for S and Sg. This is simply
defined as the maximum value of the coupling that one can reach without running into
singularities. The first singularity of the pure-U(1) S-function is located at E = 15/2,
whereas for the pure-yukawa case it occurs at K = 5. These singularities are now
accompanied by the ones from the mixed contributions that arise at K = 3 for g and at
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N~
-
R e e E—————

Figure 3.7: The flow diagram for the coupled system with Ny = 30 in d = 4. The arrows
point towards UV.

E =15/2 for k. The RG flow is shown in Fig.[3.7] The boundaries are dictated by the
radius of convergence. As we can see, both couplings increase towards the UV, suggesting
the presence of a Landau pole. Actually, if the singularities near the boundaries were
to be taken seriously, the S functions would approach a fixed point exponentially close
to the boundaries of our flow at (K*, E*) = (0,15/2), which is the only point in which
both S-functions vanish due to the effect of the singularities. However, this possibility
will turn out to be disfavored by our analysis in Sec.|3.5 where a more careful way of
dealing with these large- N singularities is presented.

3.4 Relation to critical exponents

From the high-energy physics point of view, our original motivation to look into the
large-N; B-functions was being able to treat systems with many fermionic degrees of
freedom, as those inspired by UV completions of Froggatt-Nielsen-like models. This was
also motivated as part of a larger program aiming to investigate the UV fate of gauge-
yukawa theories, with the goal of discovering more examples of asymptotic safety in four
dimensions.

In this section, which is mainly based on Ref. [IV], we will instead discuss how all
of this is actually intimately related to the infrared (IR) properties of the theory and
relevant for condensed matter physics. To do so, one needs to move slightly away from
d = 4 (and not only for the purpose of dimensional regularization). In fact, alternatively
to explicit bubble resummation, the large- Ny S-functions can be calculated by evaluating
the critical exponents at the Wilson—Fisher (WF) fixed point in arbitrary dimension for
theories in the same universality class— see e.g. Refs |[103,[109,114-126] and Ref. [127]
for a recent review.

To sketch how this works, let us consider a theory with only one relevant coupling,
g > 0 (for QED, g ~ «). The S-function in d dimensions is given by

Blg) = (d—d)g +a1g” + azg’® + ..., (3.97)
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Chapter 3. Gauge—Yukawa S—functions at large Ny

where d. is the critical dimension (for QED, d. = 4). Let us assume a; > 0, cor-
responding to a theory for which asymptotic freedom is lost. Perturbing around d.,
d = d. — ¢, one obtains the WF fixed-point by balancing the first term against the others
(as opposed to Banks-Zaks fixed points, where one-loop is balanced against two-loop).
Requiring 3(g.) = 0, one can obtain g. within the e-expansion:

ge = — + O(). (3.98)
ai

Fixed points in a quantum field theory define universality classes and often describe
phase transitions in the real world. During a phase transition, the correlation length
diverges and all physical quantities show a power-law behavior. The system can thus
be described by the corresponding critical exponents, containing information about the
clagsical scaling plus quantum corrections. Particularly relevant for us is the exponent
w that is related to the S-function as

w(d) = B'(ge). (3.99)

Physically, the exponent w represents the leading correction to the scaling exponent v
that controls the correlation length &,

€~z A+ Clzf + .., (3.100)

where x = (x — X¢)/Xc measures how close the system is to criticality. It is worth
mentioning that, at the WF fixed point, the only variable is indeed the dimension d as
the coupling g. has been traded for the dimensionality in (3.98) (recall that d = d. — ¢€).
This is clearly reminescent of our resummation procedure, where the parameter € in
the various loop functions was eventually traded for the coupling— see discussion below
E)!

Working out the QFT at the WF fixed point has its advantages, as for instance all
propagators have power-law behavior. In particular, the large- Ny critical-point method
developed by Vasiliev et al. and Gracey (see references above) exploits the conformal
properties of the theory at the WF fixed point and allows to calculate w(d) as an ex-
pansion in 1/Ny,

w(d) = i w(d) (3.101)

The connection among these results and the large- Ny S-functions we are interested in is
simply contained in . This has been actually known for long time, and the QCD
B-function was indeed obtained in Ref. [104] by using the exponent w from Ref. [103]. In
fact, direct resummation becomes infeasible already at O(1/Ny) for non-abelian gauge
theories due to diagrams with the simultaneous presence of two distinct bubble chains
which do not allow for explicit resummation. This is the actual reason why higher orders
in the 1/N expansions are in general difficult to obtain, and the few known results are
in fact based on the corresponding critical exponents which are more powerful in this
respect. Notice also that the calculation in Ref. [103] is not performed for QCD directly,
but rather within the non-abelian Thirring model, which is in the same universality class
of QCD in the large-N; limit.

However, a systematic and general analysis of how to connect critical exponents and
B-functions was missing, and most of the high-energy community was not aware of this.
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3.4. Relation to critical exponents

Moreover, it was unclear whether this connection could be used in the same way as
Ref. |[104] to calculate the system of S-functions for multi-coupling systems (the answer
will be negative, as we shall see shortly). In the following, we will systematically state
the interplay between the critical-point method and bubble resummation in one-coupling
models and extend these considerations to multi-coupling theories. By doing so, we will
also go back to the system in and include the missing A¢* term in Sec.. What
follows is mainly taken from [[V], whereas some results in Sec.[3.4.3] are new.

3.4.1 One-coupling model

In this section, we discuss the general ansatz for the 3-function in the large- Ny expansion
for any system with one coupling, g. Our goal is to derive a general form for the (-
function once the critical exponent w = 5(g.) is known. The ansatz for the S-function
is:

Blg) = (d—dc)g +¢* (be +c+zw>, (3.102)

n=1

where d is the space-time dimension, d. the critical dimension, b and ¢ are model-
dependent one-loop coefficients, and F(™) are the resummed functions we are interested
in, all satisfying F(™(0) = 0 by definition.

This ansatz is conceptually the same as but this new definition is more conve-
nient for our purpose here. First, we need to find the position of the WF fixed point:
setting 5(g.) = 0, we find an implicit expression for the critical coupling

d—d.

)
DNy et S, EeND) N(Tf"fvf)

(3.103)

The slope of the S-function at criticality can then be expanded in 1/Ny to yield

(d_d0)2 = F(n)/(chf)
D D

m=1

xi k—|—1 (—FZ gCNf> ;iwv
f

k=0 n=0

ﬂ,(gc> = —(d - dc) +
(3.104)

where we have used for the last equality and the primed functions are understood
as derivatives. Thus, by using Eqs and , we can relate the functions F(™
to w(™. To obtain the result in a closed form, it is necessary to compute g, order by
order in 1/Ny according to (3.103)). This, in turn, enters the argument of the functions
F™)_ which then need to be Taylor-expanded to include all the relevant contributions.

This analysis makes clear that the various F(™ functions for one-coupling models
can be fully reconstructed if the critical exponent w(™ as a function of d is known at the
same order in the 1/Ny expansion, the dictionary being provided by (3.103) and (3.104)).
In the following, we will give explicitly the first two orders. At O(1/Ny), we obtain

d—d.)> de—d
(b2)F<1>’ < ; > =wW(a), (3.105)
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which, defining ¢t = (d. — d)/b, results in (z = gNy)
z W (qd, —
FO(g) = [ a2 (e =00 (3.106)
0 t2
At O(l/N]%), the expansion of (3.104) gives

F(z)(x) _ /Ox dar (C—i_};(l)(t)(tp(l)//(t) +2F(1)’(t)) + W) _ (3.107)

Note that the critical exponent w(!) contributes to the B-function also beyond O(1/Ny)
through F (1) and its derivatives, as can be seen explicitly in (3.107). The same structure
is found at higher orders: F(™) receives contributions from w™ Y, ... wM—or, equiv-
alently, from FO=1)  FM_and their derivatives, together with a pure w™_term as
in (3-107). Therefore, if F(!) has a singularity say at o = z;, it will propagate to F("
with a stronger degree of divergence up to the n-th derivative of F(1). However, the
very fact that this illustrative singularity at * = zs would appear at any order in the
1/Ny-expansion at the same coupling value suggests that a resummation could exist
such that the S-function is regular at x, as we shall see in Sec.[3.5]

In what follows, we apply our findings for F(!) and F®) to the Gross-Neveu model,
extending previous studies on the possible appearance of an IR fixed point.

Gross—Neveu model in d =2

As a prime example, we consider the Gross—Neveu (GN) model [128|. This is a bench-
mark model for studying asymptotic freedom and chiral-symmetry breaking in a simpler
environment with respect to QCD. It has only one relevant coupling and the Lagrangian
is given by

Loy = i + 5 (00)2, (3.108)

where 1) is a fermion multiplet containing Ny flavors. Usually, the Lagrangian above
is rewritten with help of an auxiliary field ¢ that is non dynamical and only acts as a
Lagrange multiplier:

Lox = iy + ¢t + zlgqﬁ?. (3.109)

Integrating out ¢ gives back (3.108). The advantage is that the four-fermion interaction
has now been turned into a yukawa coupling. The form in is useful to make
contact with the next section. The critical exponents for this model have been extensively
studied; see e.g. Refs [119,|122/124,|125].

Recently, the possibility of an IR fixed point in the GN model at d = 2 was studied
in Ref. |129] using the perturbative four-loop result [130] with Padé approximants. On
the other hand, the presence of an IR fixed point in the large- Ny limit has already been
excluded taking the O(1/Ny) contributions into account [131].

Here, we extend the analysis to O(1 /N]%) by using the results of the previous section
and the known results for w(d) which is currently available up to O(1 /N]%) [124]. By
doing so, we will also predict new coefficients for the perturbative expansion that can
be used as crosschecks for future calculations. The O(1/Ny) exponent, wV), is explicitly
given by
_ A4tD(t + 2) sin(rt/2)
o+ 2)r(t/2+1)%

wM () (3.110)
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3.4. Relation to critical exponents

while the expression for w®(t) is relatively lengthy and can be explicitly found in
Ref. [124] (where it is called A). Referring to ([3.102), the GN model is characterized by
de = 2,b = —1and ¢ = 2. For Ny = 2, the GN model turns out to be equivalent to
the abelian Thirring model [132], and thus the S-function identically vanishes [133/134];
we can therefore implement this additional information already at the ansatz level, and

improve our original form in (3.102) as:

B(g) = (d —2)g + (Ny — 2)g° (—1 + F(l)]EZNf) + F(Q)]E]g]%Nf) +.. ) : (3.111)
where
FO(z) = /Om w(:;(t)dt (3.112)
and
PO = [ { ~280) + 0O+ WDOFDW oy pih gy ) "<t>} at.

(3.113)

The functions FW:2) are related to FM-2) of the standard ansatz as F() = F(1) and
F® = F® 1 2FM) 5o that the two ansitze only differ at O(I/N;’). On the other hand,
the p-function for the GN model is known perturbatively up to four-loop level [130]:

Bar(g) =(d — 2)g — (N; — 2)g* + (N; — 2)g°
i(Nf BRA A (3.114)

1
- 5Ny —2) [NF + (66¢s + 19) Ny — 204¢3 — 48] g°.

_|_

We find that the improved ansatz, (3.111]), additionally reproduces the first subleading
1/N ]‘? terms, in particular providing the correct three-loop coefficient|*] Furthermore,
the prediction for the leading orders in Ny for the five-loop B-function based on (3.112)

and (3.113)) is

Ban(g) = %(Nf —9)[(3— 6C3)N? + (297C; + 120G + )NZ + ... 5. (3.115)

We show the B-function of (3.111)) truncated to O(1/Ny), Bi/n, and to O(I/N]%),
B1/n2, along with the four-loop perturbative result in Fig. [3.8|as a function of the rescaled
coupling = gNy for Ny = 10 (left) and Ny = 15 (right). We conclude that there is

no clear hint for the IR fixed point at intermediate Ny in the region where the 1/Ny
expansion is under control.

*Notice that while the leading Ny coefficient is scheme independent [105], the subleading ones are
not. The result obtained with the critical exponent method should be compared with perturbation
theory where MS dimensional regularisation is employed.
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Figure 3.8: The f-function of (3.111) truncated to O(1/Ny), Bi/n, and to O(I/N]%),
B1/n2 along with the four-loop perturbative result, S4r,, as a function of the rescaled
coupling « = gNy for Ny = 10 (left) and Ny = 15 (right).

3.4.2 Two-coupling model: Gross—Neveu—Yukawa

We will consider here a two-coupling model, the Gross-Neveu-Yukawa (GNY) model
[135] in d = 4, that will be defined shortly. The main message of this section is that, con-
versely to the one-coupling case, the knowledge of the critical exponent w is not sufficient
to reconstruct the S-function of the system for models with two or more couplings. In or-
der to obtain the g-functions we will have to rely again on explicit bubble-resummation.

The GNY model is the bosonised GN model in with the auxiliary scalar field
¢ promoted to a dynamical degree of freedom. It thus describes N massless fermion
flavors, v, coupling to a massless real scalar, ¢, via yukawa interaction

Lany = G + 50,00°0 + 1600 + 020" (3.116)

It is a good moment to compare the GNY model above with our prototype in . In
fact, the system in is well known in condensed matter theory and it is referred to as
the QED3-GNY model. The reason is simply that it differs from GNY for the fermions
being charged under a gauged U(1). For the QED3-GNY model the critical exponents
have not yet been determined at O(1/N¢). Actually, the closest attempt turns out to
be our result for the system of S-functions in Sec.|3.3] as in fact one could obtain the
critical exponents just by reversing the logic in the relation 8'(g.) = w(d). However,
the quartic coupling has been neglected in our analysis in Sec.[3.3] meaning that our
knowledge of the system of S-functions is still incomplete. In the following, we will
focus on the GNY model, restoring a non-zero quartic coupling in , but neglecting
the gauge interactions. Although more missing pieces will be uncovered at the end of
this section, the results presented here are still not enough to calculate the system of
[B-functions for QEDg—GNYE]. Completing this task is desirable and left for future work.

Going back to the GNY in , the critical exponents were recently computed
up to l/N? [109L126], and on the other hand, they are known perturbatively up to four-
loop level [108][136]. This is thus the right model to carry on our discussion about the
relation between critical exponents and S-functions beyond one-coupling. We follow the
notations of Refs [108,|136] in order to provide for a straight-forward comparison with
the perturbative result and define rescaled couplings

2, € €
_ 91K _ _ 92/

SWe will nevertheless comment on the possibility of extracting the QED3-GNY critical exponents
later on.
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3.4. Relation to critical exponents

The critical dimension is d. = 4 and we will work in d = 4 — € dimensions. The yukawa
B-function at O(1/Ny¢) depends only on the yukawa coupling, y:

By = (d—do)y + y*2Ns + 3+ oV (yNy)). (3.118)

Notice that apgl) corresponds to the pure yukawa contribution to the yukawa S-function,
and we have already calculated it in Sec.. As we shall see, gpgl) can be determined
independently with the help of the GNY critical exponents, thus providing a non-trivial
crosscheck of our calculation.

Conversely, the S-function for the quartic coupling, A, at O(1/Ny) is

By =(d — de)X + v2 (=N + oS (yN£)) + X236 + 0§ (yNp)) + yA ANy + (Y (yNy).
(3.119)

According to Eqgs (3.118) and (3.119), the coupled system of S-functions at O(1/Ny)

contains four unknown functions, namely gogl), gogl), @él) and (,0511). Note that cp(ll_)4 are

functions of the rescaled yukawa coupling only due to the 1/Ny counting. Diagrammat-
ically this corresponds to chain of fermion bubbles. Similar diagrams of scalar bubbles
lack the Ny enhancement, and these chains are subleading.

Because of the two-coupling system, the GNY critical exponents wy are the eigen-
values of the Jacobian of the S-functions evaluated at the WF fixed point:

_ [ 9By 9yBa _( %Py Oybx
ontie20= (550 500 ) o= (8 S0 ) o

where we have noticed that 3, in (3.118) does not depend on A at O(1/N). This means
that at the WF fixed point one simply has

8yﬁy = Ww_, 8/\ﬁ>\ = W4. (3.121)
In order to gain information on gogl_) 4, exploiting the knowledge of w4 we need to determine

the couplings at the WF fixed point, namely we have to solve 8, = 0. Using d—d. = —e,
we find

. ¢ \e € —y° (4Nf + gofll)(ycNf)) + VAC
y = s =
2N; + 3+ o) (yeNy) 2 (36+ ¢4 (y°N)))

. (3.122)

where we have taken the positive solution for \¢ and defined

2
A7 = [y + e V)] =4 (364 W ND) 92 (~y + DN
(3.123)

Up to leading order in 1/Ny, we have

€
c_ 1 N2 ¢ =

€

N, + O(1/N}). (3.124)
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Chapter 3. Gauge—Yukawa S—functions at large Ny

Now we are ready to evaluate (3.121) at criticality by using (3.122)) (notice that using
(3.124)) is not enough):

9By _ o Lo 1,0
By €+ Iy €2 gol (6/2) =€+ wa (€), (3.125)
9Px

T = et g (30— 262 + e + (/) £ et a0, G

where we have defined d)g)(e) = wg)(él — ¢) for simplicity. As we can see, (3.125)
completely fixes cpgl)(t) which is readily found to be

t ~(1) 2
0 :/ — g ) de. (3.127)
0

€

The explicit form of @y is [109}|126]

trd —t t
s () = - (t ) —sin <7T> (3.128)
r(2-4H)T(3-1%) 2
t—1
o) = 3 . 05, (3.129)
As mentioned above, cpgl)(t) (3.125)) is closely related to F in (3.69). We

have checked that our result achieved with direct bubble resummatlon matches the one
following from the critical point method. In particular, with respect to ([3.69) one simply

has a}(l)(m)
Er(x) = — . (3.130)

2

Actually, we could have obtained Fl(l) directly this way rather than going through the
calculation in Sec.[3.2] However, the direct resummation provided us with the necessary
ingredients (namely, the renormalization constants) to tackle the mixed gauge contribu-
tions in Sec.[3.3] for which there is no critical exponent available. The same counterterms
will be crucial also for the calculation at the end of this section, as we shall see.

Considering (3.126f), one finds

o (e)

30 — 209 (e/2) + o\ (e/2) + (P (e/2) = 2 : (3.131)

As we can see, ) cannot be computed with the knowledge of w4, since only the combi-

nation gpél) + cpfl ) can be accessed. In particular, np( ) is fully unconstrained.

This shows that the critical exponents encoding the slope of the S-function can
fully determine the S-function only for single-coupling theory, while for multi-coupling
theory they are sensitive only to certain combinations. Notice that the problem is not
the discrepancy between the number of the eigenvalues (two) and the entries of the
Jacobian (four), but rather that, for multi-coupling models, the number of the possible
coupling structures proliferates too fast (there are already three of them in (3.119)): y?
A? and y)). Therefore, either more information is input or one needs to rely on a direct
resummation to get [y in a closed form. Nevertheless, the knowledge of wi can be
used to obtain independent cross-checks and gain information regarding the radius of
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3.4. Relation to critical exponents

— oM

— @@ /10

Figure 3.9: The first two coeflicients of the 1/Ny expansion of the critical exponents

Or =00 &;in) /N}. The explicit formulae for the O(1 /NJ%) coeffiecients can be found
in Ref. [126].

convergence of the 1/Ny expansion. We show the critical exponents Jjg )(t) along with

the O(l/N]%) results [126], d}f) (t), in Fig. . The O(I/N]%) results indicate that there
is a new singularity not present at O(1/Ny) occurring at ¢ = 3. Correspondingly, this
would suggest a shrinking in the radius of convergence for the S-functions when higher
orders are included. However, as we will see shortly, this singularity is actually already
present at O(1/Ny), namely in the functions 908;%,47 but it exactly cancels in JJELD, (3.131)!

Going beyond O(1/Ny) the sitution gets worse as the system of [-functions at
(’)(1/]\7?) contains seven more unknowns. The knowledge of w4 at O(l/N]%), wf), can
only constrain two linear combinations of them, similarly to — see Appendix A
in Ref. |IV] for the explicit formulas.

Bubble resummation

The knowledge of the critical exponent w_ at O(1/Ny) is enough to obtain the explicit

form of 3, in (3.118)) at the same order in 1/N¢. This is not the case for 8y in (3.119)),

. . . . . . S 1 1
as the information contained in w4 can only constrain a linear combination of gog ), gpg )

and 90511), see . In order to obtain ) at the order 1/Ny, we have thus to rely on
explicit bubble resummation.

The B-function for X is obtained by acting with derivatives on the 1PI vertex coun-
terterm, Zy, and on the scalar self-energy counterterm, Zg. The bare coupling, A\g, and
the renormalized coupling, X, are related via

o = 20252\, (3.132)
and the p-function is
Br=A AN S (2)25?) (3.133)
A ox oK A%s Juger ‘

The self-energy renormalization constant due to the yukawa interaction, Zg, has been
computed in Sec.[3.2 up to O(1/Ny), see (3.64), and needs no further calculation. How-
ever, Z needs to be computed. It is obtained by solving

Zy =1 —div{Z\Ao(No, Ko,p?, €)}, (3.134)
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Chapter 3. Gauge—Yukawa S—functions at large Ny

where K is the rescaled yukawa coupling, and Ag contains the 1PI contributions to the
four-point function. At the order O(1/N), we have

fo =30 3 KEAT D6, + - KEAD (2, ) + K&ZK@A“”( 2,6)

Ao N Ao N2
n=0
+ LK2 i KnL(n+2) (p2 6) + 1 K4 Z KA (n+3) (p2 6).
Nf 0 vt 0 ) )\UN‘? 0 v 0K ?

(3.135)

These terms are defined via the corresponding Feynman diagrams, as explained in the
following. The first term corresponds to a basic candy diagram where the yukawa cou-
plings only enters through the chain of fermion bubbles and is depicted in Fig.[3.10]
The second and third terms correspond to the basic one-loop box diagram and a box
diagram with an additional internal scalar propagator, respectively, shown in Fig.[3.12]
The fourth term is a candy with two different vertices, namely one A and one effective
quartic made of a fermion loop represented in Fig.[3.11] The last term is a three-loop
candy diagram with two fermion loops as effective quartics, which is given in Fig.[3.13]
Since we assume that ANy is a 't Hoof coupling, we will consider A ~ 1/Ny to catch all
possible contributions. The p? in the arguments refers generically to the IR regulator.
We use two IR regulation strategies depending on the subclass of diagrams: For fermion-
box type diagrams, we use a convenient choice of non-zero external momenta, and for
the scalar-candy-type diagrams we give a non-zero regulating mass for the propagating
scalars. The sum of the contributions in each of these subclasses is IR finite, justifying
the different regularisations.

Notice that the candy diagrams in Figs[3.10] [3.11] and [3.13| contain double chains.
This is usually a no-go for performing a direct resummation as mentioned below .
Nevertheless, in case a suitable choice of external momenta allows to have the same loop
momentum flowing in both chains, it is possible to treat them as to be effectively one
and perform the resummation successfully, as shown in Ref. [107]. This is the main
reason for choosing the IR regulator for the candy diagrams as mentioned above.

After trading the bare couplings with the renormalized couplings,
Xo=Z2Zg*N, Ko=Z5"(ZvZ;')K, (3.136)
where Zy y = 1+ O(1/Ny) are the renormalisation constants for the 1PI yukawa vertex

and fermion self-energy that were already calculated in (3.40) and (3.45), resp., and
keeping only term that contribute up to O(1/Ny), we eventually find for Zj:

Z,\—l—dlv{/\Z2Z lKnA("+1>+7K2 Z n( n+2)_2DA(An+1>>

7}(22 Z A() 7K3 1KnAn+2)
T B ) K TN? Z

4Z§2 Z(Z;‘lK)n <D2A)\(n+1) o DL(n+2) + A/K(n+3)) }’
n=0
(3.137)
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3.4. Relation to critical exponents

Figure 3.10: Diagram for gpgl)(ny). The gray blob represents a bubble chain.

where we have iterated (3.134) to include all the contributions up to O(1/Ny), and we
have defined D as
D = div{AlP}. (3.138)

Notice that, despite the explicit 1 /NJ% dependence, the 1/ )\NJ% contributions are actually

O(1/Ny) when interpreted in terms of the rescaled quartic. After taking derivatives

according to (3.133)), the first non-trivial term in will give the A%-contribution

n , namely the function gpél), and the second term will give cpfll). All the other

terms in the second and third line of behave like 1/A and will correspond to the
(1)

pure yukawa contribution, ¢, .

tpél), goil) and cross-check

(1) (1)

In principle, it would be enough for us to calculate either 5’ or ¢, ’, and obtain the
remaining one with the help of . However, we will rather calculate both goél) and
90511) and use as a cross-check.

Dlagrammatlcally, ( ) corresponds to Fig. where the internal scalar lines are

dressed with fermion bubbles. To obtain its expression, we refer to the first non-trivial
term of (3.137)) and compute:

T; = — div {)\Z 2 Z Z:'K) ”A(”“)}

n=0

- " 1y (3.139)
_ : n n+1 —1) (n—i+1)
_—d1v{)\ZK Z( Z, ) A
n=0 =0
The function Ag\m) is found to be
m _ 1, N
A = z;) me)1;( (3.140)
After resummation, and keeping only the 1/e pole of T3, we find
1
Ts=—Xp(K) +..., (3.141)
€
where PP .
9-2°7'T (3 — % T
lo(t) = (5~ 3)sin(5) (3.142)
7T3/2tF 2 — 5)



Chapter 3. Gauge—Yukawa S—functions at large Ny

Figure 3.11: Diagram for %(11) (yN¢). The gray blob represents a chain of fermion bubbles.
The labels N and T correspond to non-twisted and twisted fermion bubbles, respectively,

and are pictorially represented below the %(11) diagram.

With our rescaled-coupling convention, the function Fj is

oWV (t) = 1o(2t) + 2t1(2t) — 36 (3.143)

where —36 removes the one-loop contribution.

To compute 90511), we start from the second term in the first line of (3.137)), which
diagrammatically corresponds to Fig. [3.11}

T = —dIV{ 22 Z )" ( L2 _ 2DA§\”+1)>}
_ _d1v{ZK”Z ( ntl ) ( Ezl)if(n—i—Q—z',e)} (3.144)

=0

where we have introduced

1

T(m,e) = L™ —2DA"Y = (1) e m), (3.145)
with .
y(e,m) =Y " (me)y;(e). (3.146)

J=0

After resummation, and keeping only the 1/e pole of Ty, we find

K
Ty = (KV(K, 1) / yo(t)dt> +o, (3.147)
ENf 0
where , (3 t)
3-27Ft-3)T' (53— % it
£) = 3.148
20(0) SRR ) ( 2 ) ’ (3.148)
and

At 1) = 1_175/3%05). (3.149)
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3.4. Relation to critical exponents

Q + Q + Q

Figure 3.12: Different types of box diagrams for F»(yNs). The gray blob represents a

chain of fermion bubbles.

Besides T}, the function cpfll) gets contribution from Zg in (3.64). Altogether, it is given
by

2t

(1) = 2v(26,1) — 290(2t) + 4ty (21, 1) + 469 (24) + 8tx (2t) + 6 +4 [ Exc(w)dw
0

(3.150)

With the results of (3.143) and (3.150f) together with (3.127]), one can check that
(13.131])) is fulfilled. This provides a powerful cross-check for our computation.

The function npél)

The function cpgl) can be computed evaluating the 1/X terms in the last two lines of

, corresponding to the one-loop box diagram, the box diagrams with additional
internal scalar propagator in Fig. and the candy diagrams in Fig.

Let us start with the box contribution, goglgox. The counterterms Zy and Z; have
been computed up to O(1/Ny) in the Sec.[3.2} Notice that we need to use the full
expression for Zy y and not only the 1/¢ pole:

0o 1-n (0 0 1-n (0)
1 K" vy’ (€) 1 K" o} (€)
Jy=1+— - K Zr=1— —— - K . 151
v +2Nle en n f 4Nf; en n (3 5)

The first term in the second line of (3.137)) gives a divergent part

AK?2 [D _ _
Ty, = AN[ +dlv{(Zf—Zv)A;}>(p2,e)}], (3.152)

where ny = Z;yv — 1, and we have defined the finite part of the one-loop box diagram
as

A =AY —p. (3.153)

The first term in (3.152)) gives the basic one-loop contribution of the box diagram and
will be omitted in the following. Using (3.151)) and keeping only the 1/e pole of Ty, , we
have:

o) )
T, — GANQ/ Al O ) + 29 (0)dt + ... (3.154)
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Chapter 3. Gauge—Yukawa S—functions at large Ny

As for the second term in the second line in (3.137)), we have

T, = AN? ZK”dWZK > A l)(pQ,e)}- (3.155)

The quantity A%n) allows for the following expansion:

m 1
AP (P e) = AP e, m), (3.156)

emm(m — 1)

where \(p?, €, m) is regular for € — 0 and can be written as

= (me) A (3.157)
7=0

Plugging (3.156) and (3.157) in (3.155) and using the usual summation formulas, we
find for the 1/e pole:

K 2 _
T, — E;jvﬁ/o ()\o(t) 0(0) + ALY AO(”) dt + ... (3.158)

When the 1/e poles of Ty, and Ty, are put together, the p? dependence of A\(p?,t,1)
cancels. We find the 1/e pole of ZY° to be

K (K 5—t
Z8% = (Ty, +Tp,) = — Mo(t) — Ao(0) + K————\o(t) ) dt, (3.
(T2 = [ (00 =200+ Ko ) . s

where the function A\o(t) is given by

I'(4 —t)sin (ﬂ)'

Mo(t) = (t—1) 2 (3.160)
il (2 — 1)?
In the coupling convention of (3.119)), gogltzox reads
(1) = /QtHA (2)de + A0(0) — ————_2(20) (3.161)
Pabo )= G T g0 O T 0t a0 ‘

Let us now compute the contribution of the candy diagrams in Fig. , Z;andy,

arising from the last line of (3.137)). This will lead to the calculation of our last ingredient,
(1)

©5 candy and corresponds to the first large- /Ny resummation that is performed on a three-
loop basic diagram. To this end, it is convenient to define

le {Z K”Z <”+ 1> SOt Z>}, (3.162)

where

C(n+l—i) — DQA/\(n+1—i) _ pr(n+2=i) _|_A/I£n+3—i)‘ (3.163)
The structure of C'(™) is
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3.4. Relation to critical exponents

Figure 3.13: Candy diagrams for cpél) (yNy). The basic diagram is the three-loop diagram
A’ The fermion loops A, B are either of the form N (non-twisted) or T (twisted), cf.
Fig. The diagrams DL and D?Ay come from A’ when A or B are shrunk to a

counterterm vertex D, which is the same for N and T.

1 1
emt2 (m+1)(m + 2)

cm = c(p?,e,m), (3.164)

where the function c(p?, e, m) is regular for ¢ — 0 and can be expanded as
o0
= (meYic;(p* e) (3.165)
7=0

The IR regulator, p?, stands here for a soft mass for the scalar field. Plugging Eqs (3.164)
and (3.165) in (3.162) yields

K4 00 K" n+2 ‘ )
T. = 7)\N2div Z o eci(p®,e)S(n,j) ¢, (3.166)
f n=0 j=0
where -
N o= n+1 (n4+2—1d)
S = . -1y 3.167
ma =3 (") @167
We find
(=130 j=0,
S(n,j) = § (~)" ity dodd, (3.168)
n 84+n(n+5 .
(-1) % j even.

Equation (3.168]) tells that three functions are relevant: co(e), ce(€), and c,(€),

> c(p?,e,1) + c(p?,e,—1)

ce(€) = Z e]c]( €) = 5 —¢p(e),

jeven

(3.169)

o0

_ j _ C(pz,e,l)—c(pQ,E,—l)
cole) = 3 elejle) = . ,

jodd
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Chapter 3. Gauge—Yukawa S—functions at large Ny

where the summation over j has been extended to infinity without affecting the result
(namely, finite terms in the e — 0 limit), and all the resulting functions are found to be
independent of the IR regulator. They read

24—t (g — 3) sin (”—t

2 2 ) —
T I R

t2 t(6 —t

co(t) =—3 603 = t)co(t), co(t) = t)) co(t). (3.170)

After performing the sum over n using Eqs (3.168)), and retaining only the 1/¢ pole, we
arrive at

K
12 = v (357 @) + a0 + () + 3 [ -3 et .

c eANF \ 2 6 — 2K
(3.171)
In the convention of (3.119)), we find
(1) 9 — 24t + 8t 3t 1 /Qt
)= e(26) + ———ch(2) — = -2 dz ).
(3.172)
Combining Eqs (3.161) and (3.172), we obtain the final form of ©§" (¢)
1 1 1
) (8) = @l e () + Pl unay ) (3.173)

which completes our calcuation of the O(1/Ny) system of S-functions in (3.118) and

(B119).

3.4.3 QED;3;-Gross—Neveu—Yukawa critical exponents (new)

Let us summarize here our findings in this section and also present a new result for the
QED3-GNY critical exponents at O(1/Ny) that can be actually deduced from them with
small additional information.

Our first observation was that for one-coupling systems the knowledge of the critical
exponent w is always enough to reconstruct the S-function at the same order in the 1/Ny
expansion. We have therefore stated the general procedure to relate 5 and w and shown
explicit formulas up to O(1 /NJ%)

The picture changes when considering multi-coupling systems. To investigate this
we have focussed on the GNY model that contains two relevant interactions. We in fact
showed that the critical exponents w$ ) could not provide the full system of S-functions,
3.118[) and , but rather constrain some combinations of gogl_) 4 as in and
3.131f). We hence had to rely on explicit bubble resummation to obtain the S-functions
in a closed formﬁ The functions @51_) 4 are shown together in Fig. We notice that

goélj 4 feature the first singularity at ¢ = 3/2. This singularity is actually not signaled by

wg), as it gets exactly cancelled in the combination cpgl) —1—4,0511) entering (3.131]), but does

6 However, we envisage that it might be possible to reconstruct the full system of RG functions in a
multiple-coupling theory within the critical-point formalism through extraction of the operator-product-
expansion coefficients. This is in line with the recent analyses carried out in [137H140].
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Figure 3.14: The functions 10 x gogl)(t) (red), goél)(t) (black), 4,0:(31)(15) (blue) and gofll)(t)
(grey) given in Eqs (3.127), (-173), (3.143), (3.150), respectively. We notice that ¢!
has the first singularity at t = 5/2, whereas goélj 4 show a second-order pole at t = 3/2.

show up in wf ) at o1 /N]%) We thus conclude that the radius of convergence for the
GNY p-function does not necessarily shrink when moving from O(1/N¢) to O(1 /NJ%) as
one would have naively guessed just by looking at the critical exponents, because the
“new” singularity for w is already present in the O(1/Ny) SB-functions.

With the closed form of @%124 at hand we can expand around (y = 0, A = 0), thus
comparing our results with standard perturbation theory and predicting new coefficients.
We have checked that our expansions agree with the known leading-Ny four-loop per-
turbative result [L08]. This, together with our predictions for the five- and six-loop
leading-Ny terms is shown in Sec.[B.2.2}

Finally, let us comment on the possibility of combining the results in this section
with the ones in Sec.[3.3] which include gauge interactions. As mentioned below (3.116]),
this could lead to the set of the O(1/Ny) B-functions for the QED3-GNY model that
contains gauge, yukawa and scalar quartic couplings at the same time. However, the
calculation in Sec.[3.3] was lacking the inclusion of the quartic A, and uncovering the
goglj 4 functions is still not enough to complete the system. To make this statement more
precise and discuss which ingredients are still missing, let us write down the ansatz
for the QED3-GNY f-functions at O(1/Ny) (in doing so, we will follow the coupling

convention of [97] to have a straightforward comparison with the perturbative results):

By = (d = doJy +y* [ANy + 6+ 2yNp) + A (aNp)| +ya |12+ B (ay)] |
By = (d — d)A + 12 [—2Nf + oV (2yNy) + X(ll)(aNf)] + 2272 + o8 (2yN))
+ A [8N7 + o (2uNy) + X5 (ay)] |
Ba = (d — do)o + o [8/3Nf + FY (aNy) + Fdf”(yz\rf)} ,
(3.174)

where we have noticed that the quartic coupling A does not affect the S-function for the

QED coupling, B,. The functions gpgl_) 4 have been calculated in this section. Also, the

functions Ffi{l can all be obtained from a comparison with the explicit results in ([3.95))

and (3.96). Thus, the only remaining unknowns are Xfl) and Xél).
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Chapter 3. Gauge—Yukawa S—functions at large Ny

Actually, we notice that determining XQ(I) does not involve any new ingredient, as
this term o yA comes from the gauge contribution to the scalar self-energy, Zg, that has

been already resummed in (3.90)). Hence, Xél) can be obtained by simply acting with
derivatives upon Zg. Conversely, Xfl) requires to perform a calculation similar to the

one for gpél), namely replacing the internal scalar chains in Fig. and Fig. with
gauge chains. This does not introduce any new technical difficulties, and the relations
in can still be used to translate the known result for cpgl). The task of completing
the full system of S-functions for QED3-GNY is certainly interesting and left for future
work.

If all the terms in were known, the critical exponents w could be evaluated
by computing the O(1/Ny) eigenvalues of the Jacobian at criticality:

82/63/ ayﬁ)\ ayﬁa
Jyxa) (By: B, Ba) = 0 OB O : (3.175)
8aﬁy aozBA 6&@1

Nevertheless, it turns out by direct inspection that Xfl) does not enter the critical
exponents w at O(1/Ny), and therefore these are calculable by simply combining the
results of this chapter. The procedure is analogous to what discussed in and
below: one needs to calculate the position of the QED3-GNY fixed point at O(1/Ny) and
substitute it in , which is evaluated with the help of . The diagonalization
of the Jacobian provides then the critical epxonents. Explicitly, we find:

1 (8 =3e)I'(5b—¢)

wo(e) = e+ N @ or DO sin (?> + (9(1/]\7]%), (3.176)

! [(2—6)(12+e—63)i\/A(6)}r(4—e) _
S e N T o _or 2= )

where
A(€) = 576 — 864€ + 372¢? + 196€> — 143¢* — 24¢€° + 4265 — 127 4 €8, (3.178)

The smallest eigenvalue turns out to be w_ and is to be identified with the leading
correction in (3.100]) (this is also referred to as “stability exponent”). Expanding around
€ = 0, we can check with known perturbative results:

3, 1 4 53 3 70\ s
_(e) = - = - 1
R s T L VA (16Nf<3 192Nf>6 T (3179)

five-loop prediction

where the first four terms coincide with the leading-Ny four-loop result of [97], and the
last term is our prediction for the five-loop leading-Ny coefficient.

It is worth mentioning that the most interesting application related to the QEDs3-
GNY model is actually found in d = 2+1 where it can describe quantum phase transitions
occuring for fermionic systems on the lattice [96]. However, the underlying quantum field
theory turns out the be strongly coupled at the fixed point in d = 3, and therefore one
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needs to rely on alternative methods in order to extract the correspoding critical ex-
ponents. One possibility is in fact to investigate the theory between the lower- and
upper-critical dimension, 2 < d < 4, and then extrapolate to the desired dimensionality.
The case of d = 4 — ¢ is particularly suitable as all the couplings are marginal and within
perturbative control at the fixed point for ¢ < 1. The idea is then to calculate the
critical exponents as precisely as possible (namely, including higher orders in perturba-
tion theory) and then extrapolate the results to d = 3 employing other methods such
as Padé approximants [97]. In this respect, our results in (3.176) and (3.177)) stemming
from the large-NN; expansion provide complementary information with respect to stan-
dard perturbation theory, and can help improving the extrapolation to d = 3. Moreover,
we envisage that the calculation of the various renormalization constants accomplished
throughout this chapter can be used to access other critical exponents besides w char-
acterizing the fixed point at large-Ny in d = 4 — e. We leave this analysis for future
investigation.

3.5 Treatment of the singularities

As noticed throughout this chapter, the large-N; resummed functions show a finite
radius of convergence, namely they feature singularities at finite, physical values of the
coupling. This is a consequence of the large- N results arising from the resummation
of a power series in the rescaled coupling. As a matter of fact, such singularities can
dramatically affect the RG evolution and, if the singularity has the right sign, enforce
a zero in the S-function. This turns out to be the case in very familiar examples of
quantum field theories, such as gauged U(1) and SU(3), namely large-Ny QED and
QCD. The presence of such a zero would then suggest that these theories may actually
feature a UV interacting fixed-point, thus providing an example of asymptotic safety in
four dimension. This has been exploited in several works to obtain asymptotically safe
extensions of the SM, see [98/{100}/141-144].

However, some shadow on the existence of the fixed point as a consistent conformal
field theory (CFT) is cast already by studying anomalous dimensions of other operators
in the vicinity of the S-function singularity: in the case of large-Ny QED, the O(1/N)
anomalous dimension of the fermion mass diverges at the putative fixed point [101,/102]
(which is enough to rule out this possibility), and it was recently pointed out that in
the large-N QCD the anomalous dimension of the glueball operator breaks the unitarity
bound near the singularity [145] (which could however be reconciled by saying that this
operator is decoupled at the fixed point).

In this section based on Ref. [V], we will provide further evidence against the in-
terpretation of these singularities as fixed-points by employing the results of Sec.[3.4]
regarding the connection of w and S-function for one-coupling models, where the latter
is given in (3.102).

The main idea is that, as a singularity in the S-function at O(1/Ny) was actually
found to propagate to all higher-order functions at the same value of the coupling—
see discussion below — these singularities can actually be resummed away when
fully exploiting the knowledge of the critical exponent w. In fact, we have seen that the
critical exponent w(!) contributes to the S-function also beyond O(1/Ny). Same holds
for each w@: it contributes to all F(™ with n > j. In the following, we denote the
contribution of wM, ... w to F™ n > j by FU™ Tt is worth to stress that these
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Chapter 3. Gauge—Yukawa S—functions at large Ny

contributions are necessary in order to obtain the correct perturbative result from the
critical point formalism.

Since wM), or equivalently F(1 | is known, all the F(:™ can be computed from
and (3.106]). We find these induced terms in closed form as (z = gNy)

FOD(g) = PO (2) = / G (d, — b (3.150)
0

(Y
n d
l >1 / ZE‘ N 1( > dtf |:t2F(1)/(t):|, (3181)
(k)

where the ¢, are defined iteratively:

P = (PO 4 o) (3.182)
1 n
(k) — _ (q+1) ()
ey = WFD 10 qEZl(qk‘ +qg—n)F Ch g (3.183)

One can check that this is consistent at l/N]% with (3.107]). It follows from ((3.181)) that

if F(U features a negative singularity (as it is the case for (non)-abelian gauge theories)
at a given z, this results into sequence of singularities of alternating signs in F(1™) at
the same point x with increasingly high divergent power. This means that the putative
fixed point in the g-function driven by the singularity of F(!) alone is not guaranteed to
persist when all the F(:™) are taken into account. As we shall see, all the F(1:™) can be
actually resummed, and the final result features no singularity.

A direct resummation of the F(1™) terms as presented in is not straightfor-
ward, and we therefore employ a different approach. Denoting

2 F™(g)
F(x,Ny) = ;1 SR (3.184)
the relation 3'(g.) = w(d) is rewritten as
72
—(d—d.)+ Fc OpF (e, N¢) = w(d), (3.185)
f

where we have used that 5(g.) = 0, and the dimension d and the critical coupling are

related via
¢+ F(z¢, Ny)
Ny '
Equation (3.185) would provide an exact solution, if w were known to all orders. How-
ever, in practice this is not the case, but rather we have access to the contributions

induced by w o w@ only. Nonetheless, a consistent solution to (3.185)) incorporat-
ing all known coefficients can be achieved by truncating the critical exponent to

d=d,—z. (b+ (3.186)

w(d) = —(d—do)+ )

n=1

1
P )
N?w (d), (3.187)

which corresponds to truncating F(™ to FU:™) in F(z, Ny) in (3.184). The resulting
function is denoted by FU)(x, Ny).
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3.5. Treatment of the singularities

Let us now concentrate on the simplest case j = 1 correspoding to the O(1/Ny)
critical epxonent w®), where the truncation leads to the following differential equation
for F).

O(r. N
8, F WV (z, Ny) = %w(l) (dc —_ <b+ °r fN(x’ f)>> : (3.188)
f

where we have used (3.186). Notice that the brackets in w(J)(...) enclose the argument
of wM) as a function. If the critical exponent is known, this is a non-linear first-order
differential equation for F(1).

First, we notice that when neglecting the backreaction of F(!) on the RHS of
the differential equation gives back the O(1/Ny) part of the S-function, namely F D
only, that can be obtained analytically— it is in fact — and is shown as the
red solid line in Fig.[3.T5] in the case of large-Ny QCD with Ny = 50. This of course
coincides with the standard O(1/Ny) result for QCD [104] derived from directly,
and shows a putative UV fixed point at z = 3.

However, the advantage of our approach is that we can solve as it is and
only afterwards take the large-Ny limit This treatment encodes the fact that, if F(1)
diverges around x = 3, the backreaction on the RHS of is certainly not small.
Equivalently, this amounts to resumming all the F(":™)’s, given explicitly in , that
we know to be increasingly important near the singularity.

Equation ([3.188)) can be solved numerically, but let us first provide a simple asymp-
totic solution. The case we are interested in is when b (the large-Ny one-loop coefficient)
and the sign of the singularity are of opposite sign, as it happens in large-N; QED and
QCD[ﬂ In this case, denoting by x, the position of the would-be-singularity, we find that
F1) approaches the form:

f(l)(x,Nf) = Ny (g—b) —c¢, T2 (3.189)
x
where a is typically O(1) and implicitly defined by
aNy = —w(d, — a), (3.190)

where a and b need to have the same sign. This indicates that the alternating singularities

in the F,&” can be resummed to yield a finite contribution. By using (3.189)) and recalling
that © = gNy, the 3 function is found to be

B(g) =ag, 9= s (3.191)

Including w® in the game yields the same conclusion, and similarly for any fixed-order
truncation w().

We are now ready to evaluate the S-function for large-N; QCD by solving for
a benchmark value Ny = 50. In our notation, SU(3) corresponds to b = 2/3, ¢ = —11.

" Note that, if the large-N + expansion were under control, these two results should be approximately
the same, as all the F(:™) in are formally higher orders. However, this will not be the case
exactly because of the singularity.

81f b and the singularity in w are of same sign, the higher-order terms would just enhance the original
singularity and lead to a Landau pole as is the case of super-QED at O(1/Ny) [146] and in O(NN) model
at O(1/N?) [147].
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SU(3) Ny = 50
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Figure 3.15: The S-function for SU(3) for Ny = 50 computed according to (3.188). The
red line shows the singular solution one encounters neglecting the back-reaction of F(1)
on the right-hand side of , whereas the blue line is the full numerical solution.
As we can see, the two lines depart around = gNy ~ 3, where in fact the backreaction

on the RHS of (3.188]) becomes important.

The critical exponent is known up to O(1/Ny) and reads [103]:

nM(2p)
Tr

Ap* — 18u3 + 4442 — 4 14
W (2p) = (4p” — 18p° + 44p° — 450 + )CA>7

4(2p — 1) (1)
where p = d/2, Trp = 1/2 and Cp = 4/3 are the index and quadratic Casimir of the

fermion representation, respectively, C'4 = 3 is the Casimir of the adjoint representation,
and (M) reads

<(2u ) (- 3)Cr

D (2p0) = (2p —1)(p — 2)T'(2p)

T AN () T (p+ T2 — )’ (3.192)

The asymptotic solution in (3.191)) is given by agcp ~ 1.985.

The blue line in Fig. [3.15]shows the numerical solution to Eq. for SU(3) with
Ny = 50. The asymptotic solution is reached at x = gNy < 4. As expected from the
general analysis above, the singularity and the putative UV fixed points at © = gNy ~ 3
have disappeared. This shows that the higher order contributions in are actually
important and the naked singularity in F(!) can in fact be resummed away.

We thus conclude that the singularities that have inspired speculations of UV fixed
points can actually be resummed away when exploiting the structure of the higher-order
functions coming from the critical exponents. No hint for a fixed point is thus found
within this framework, as its existence relied entirely on the presence of a singularity.
This is also in line with the first, although not yet conclusive, results from the lattice
[148].

3.6 Summary

In this chapter we have investigated the S-functions for theories that exhibit a large
flavor symmetry such as SU(Ny) and thus contain a large number of degrees of freedom.
Because of the large multiplicity Ny, the perturbative series is conveniently reorganized
within the 1/Ny expansion, whose elements are resummed functions of the rescaled
couplings that are all-order in the number of loops.
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The novelty of our analysis with respect to previous studies was to consider the case
in which a scalar field couples directly to a multiplicity of fermions through yukawa in-
teractions, as inspired by UV completions of the Froggatt-Nielsen mechanism. We have
then obtained the O(1/Ny) S-function for the pure yukawa theory in Sec.[.2] and in-
cluded the gauge counterpart in Sec.[3.3] by means of direct bubble resummation. These
results provide new tools for analyzing the UV behavior of gauge-yukawa theories and
are in fact relevant for investigating extensions of the SM with elementary scalars like
possibly the Higgs itself, in which yukawa couplings should then be regarded as funda-
mental interactions.

In Sec.[3.4we have taken a different perspective and discussed the connection between
the large-N; B-functions and the critical exponent w related to the Wilson-Fisher fixed
point in d = 4—e dimensions for theories in the same universality class. In fact, these two
quantities are related by the simple relation 8'(g.) = w(d). Nonetheless, a systematic
analysis of this correspondence was missing.

We found that for one-coupling models the knowledge of w(d) obtained through the
critical-point method is enough to fully reconstruct the g-function at the same order
in the 1/Ny expansion, and we also provided the explicit dictionary connecting w and
B. We have then considered the Gross-Neveu model in d = 2 as a case of study for
applying our procedure and investigated the possible appearence of an IR fixed point by
using the S-function at O(1 /N]%) obtained from the critical exponent. The putative fixed
point turns out to be disfavored in agreement with previous studies employing different
techniques.

For multi-coupling models the one-to-one relation between w and the S-function no
longer holds and the knowledge of the exponents can only constrain certain combinations
of the resummed functions appearing in the S-functions. We have shown this explicitly
for the Gross-Neveu-Yukawa model, where we have employed direct bubble resummation
in order to calculate the full system of S-functions at O(1/Ny), while using the knowledge
of the critical exponent w to crosscheck our results.

Furthermore, we have commented on the possibility of extracting information re-
garding the QEDs3-Gross-Neveu- Yukawa model which combines all types of interactions
that have been discussed throughout this chapter (namely gauge, yukawa and scalar
quartic) at the same time. Although the full system of S-functions could not be re-
constructed combining the results of this chapter, it was nevertheless possible to obtain
the O(1/Ny) critical exponents w corresponding to the fixed point in d = 4 — € for the
first time. These results obtained in the large-N; framework complement the ones in
standard perturbation theory and may help the extrapolation to d = 2 + 1 where this
theory is supposed to describe quantum phase transitions for fermionic systems on a
lattice plane in a strongly-coupled regime.

Finally, our analysis also bears implications for asymptotic safety at large Ny. In
fact, after asymptotic safety was proven in d = 4 both within perturbation theory and
in the Veneziano limit, Ny/N. — const., there has been some speculation about the ap-
pearence of the same behavior for gauge-yukawa theories in the complementary case of
large Ny but fixed N,. In addition to previous considerations about the (in)consistency
of the correspoding conformal field theory, in Sec.|3.5| we have provided further evi-
dence against the large-Ny fixed points by taking advantage of the connection with
the critical exponent w established in Sec.[3.4 We were in fact able to identify a class
of formally higher-order contributions to the S-function which always comes together
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with the original singularity that was supposed to drive the system to the fixed point.
These contributions become increasingly important while approaching the singularity,
and cannot be neglected. Remarkably, these terms can actually be resummed through
the differential equation in and the resulting S-function features no singularity.
We thus conclude that no hint for a fixed point is found within the large- N limit alone,
as this was entirely relying on the singular structure of the g-function.
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Chapter 4

A Soft Composite Higgs

In the previous chapters we have discussed the interplay of an elementary Higgs with
other aspects of physics beyond the SM, such as axions/flavor puzzle and the question of
the UV fate for gauge-yukawa theories. These topics are intrinsically related to physics
happening much above the scale of the electroweak interactions and our take regarding
the Higgs hierarchy problem was to leave it aside favoring an agnostic point of view. This
is certainly legit as fine-tuning is by no means an inconsistency of the theory and in the
worst case it just represents a lack of understading. In fact, even though the mechanism
that keeps the Higgs light is unknown, or even if there is no mechanism at all, one can
still investigate the implications of a light and elementary Higgs, for instance trading
fine-tuning for predictivity as in Chapter[2] or calculating the S-functions for yukawa
couplings as in Chapter[3| motivated by new paradigms for the UV completion of the SM
such as asymptotic safety.

Nevertheless, natural models for electroweak symmetry breaking still represent one
of the most appealing scenarios for physics beyond the SM. In this class of models the
Higgs is light due to the intrinsic properties of the underlying theory. A cornerstone
solution is provided by Higgs compositeness, where the Higgs emerges as a bound state
of a new strong dynamics that condenses not too far from the electroweak scale. The
sensitivity of the Higgs mass to any new physics threshold above the condensation scale
is automatically removed and so is the hierarchy problem. So far, all the scalar particles
that we know in Nature have turned out to be bound states. Nonetheless, the agreement
between a composite Higgs and the current results from the LHC is far from obvious.
In fact, minimal models are under pressure because of the null-observation of light top
partners, namely new colored fermions with the top quark quantum numbers that seem
to be a necessary ingredient to ensure a light Higgs. The main source of fine-tuning
in these models is thus dictated by the compliance with the LHC data and has long
surpassed the minimal 10% tuning that was already implied by LEP.

In this chapter, we will present a new realization of Higgs compositeness that is based
on one single assumption [VI|: the SM fermions and the composite resonances of the
strong sector interact in a way that respects the global symmetry under which the Higgs
is a (pseudo-)Nambu-Goldstone boson. As we shall see, this requires to introduce new
vector-like fermions in the theory that complete the SM fermions to full representations
of the global symmetry. The latter is in turn broken “softly” by the vector-like masses
that make these states heavy to be compatible with current constraints and at the same
time generate a viable Higgs potential. As we shall see, this is enough to release the
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tension between a composite Higgs (CH) and the current LHC data. Moreover, when
combined with other possible symmetries of the strong sector, soft-breaking leads to a
model in which the Higgs is light, and all the new states are above 2 TeV with only
10% tuning [VII]. All the ingredients that we require in constructing our model turn
out to have a very simple interpretation in the context of warped extra dimensions,
that is the language in which the original minimal composite Higgs model (MCHM)
was presented. In particular, soft breaking means universal boundary conditions for the
5D bulk fermions which are then modified dynamically due to the presence of brane-
localized spinors. The resulting setup is as simple as the original holographic Higgs, but
more successful phenomenologically.

This chapter is organized as follows. After reviewing the basic concepts behind a
CH in Sec.[f.]] and the relevant experimental constrains in Sec.[d.2] we will introduce
the idea of soft-breaking in Sec.[L.3], where we also provide a quantitative analysis in the
context of phenomenological multi-site models according to [VI]. Sec.[.4]is devoted to
the combination of soft-breaking with maximal symmetry that turns out to be a perfect
match in terms of tuning and compliance with the LHC bounds. The implementation
of soft-breaking in the context of warped extra dimension is presented in Sec.[£.5] These
last two sections are based on, [VII]. We summarize our findings in Sec.[£.6

4.1 The standard picture

The mechanism underlying electroweak symmetry breaking is one of the major open
questions in the SM. Quite generically, the dynamics responsible for it can be either
weakly or strongly coupled. The former corresponds to the standard Higgs model, in
which an elementary and weakly-interacting scalar field breaks the electroweak symmetry
due to a non-zero condensate, (h'h) = v%/2. The scalar sector responsible for the
condensate can be treated perturbatively, and the Higgs model is in fact very predictive.
Moreover, due to an accidental global symmetry of the scalar potential the theory is
endowed with an approximate SU(2) custodial symmetry in the broken phase that makes
it extremely successful in reproducing the experimental data. The second possibility still
entails the formation of a condensate, but unlike the Higgs mechanism this occurs non-
perturbatively in the strong-coupling regime of a new hidden sector. Probably the best
known example of this kind of behavior is QCD: below the condensation scale of the
color group, Aqcp, quarks and anti-quarks form a condensate, (gq), that breaks the
SU(2)r, x SU(2)g chiral symmetry of the up and down quarks down to the diagonal
subgroup SU(2)y. It is interesting to notice that in a Higg-less version of the SM this
mechanism would actually provide a mass ~ Aqcp for the electroweak gauge bosons
while ensuring custodial protection due to the unbroken SU(2)y. In fact this shows
that a simple scaled-up version of QCD with a condensation scale A ~ v may be a
good candidate for triggering electroweak symmetry breaking in the SM, and this class
of models is generically called technicolor to stress the analogy with the QCD group
[149-151].

From a phenomenological point of view, these two paradigms for electroweak symme-
try breaking lead to very different predictions. In particular, due to the weakly-coupled
nature of the Higgs model, the spectrum must contain a scalar particle which is light and
narrow. As for technicolor models, they do predict scalar bound states in the theory
(mesons), but these resonances are generically expected to be heavy and broad. The
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discovery at the LHC of a light scalar with 125 GeV mass and a width of few MeV is
certainly a milestone in the understanding of electroweak symmetry breaking as it shows
the characteristic features of the Higgs model. Nonetheless, the very existence of a light
and elementary scalar particle is certainly puzzling from a theoretical point of view, as
we know that its mass is extremely sensitive to any new physics threshold between the
electroweak and (possibly) the Planck scale. These thresholds are particularly probable
given the open questions in the SM, such as strong CP problem and Grand Unified
Theories. Thus, it is reasonable to regard the Higgs mechanism in the SM should as
a very successful parameterization for physics at the electroweak scale, whereas a more
fundamental description— also accounting for the shortcomings in the SM— is supposed
to replace it at even higher scales. In this respect, it is curious to notice that if Nature
had chosen technicolor as the mechanism behind electroweak symmetry breaking, the
issue with the stability of the Fermi scale would have been automatically solved. The
reason is what is called dimensional transmutation: a scale f is generated in QCD-like
theories as the point in which a (marginal) gauge coupling leaves the perturbative regime
as a result of its renormalization group evolution. The scale f has therefore a dynami-
cal origin and is largely insensitive to new physics thresholds, as they introduce only a
logarithmic dependence through the running.

Composite Higgs models arise as a synergy between the standard Higgs model and
technicolor [23H25], see e.g. [152H156| for reviews. The main idea is to introduce a new
strongly-coupled sector which confines at a certain scale f ~ 1 TeV that is generated via
dimensional transmutation and is therefore stable under quantum corrections. Generi-
cally, the new strong dynamics can feature a global symmetry group G that undergoes
spontaneous breaking to a subgroup H due to the formation of a condensate at the scale
f. In order to obtain a viable model, one has to require that the full electroweak and
color gauge groups are contained in the subgroup H such that the SM gauge symmetry
is still unbroken at the scale f. By the Goldstone theorem, a certain number of light
scalar particles corresponding to the G/H coset appear in the spectrum. The choice
G = SO(5) x U(1)x and H = SO(4) x U(1)x[[] corresponds to the MCHM [157,[158],
in which the spectrum of NG bosons just coincides with the SM Higgs, and the theory
features the SO(4) symmetry that will lead to the custodial protection. Realizing the
Higgs as a pNGDB makes it generically ligther than the other resonances which are usually
above the scale f. Having a light scalar in the spectrum solves almost all the problems
of technicolor constructions in terms of electroweak precision tests and is in agreement
with the h(125) discovery at the LHC. Moreover, as the Higgs is now a bound state,
the corrections to its mass are anyway cutoff at the scale f ~ 1 TeV, thus solving the
hierarchy problem.

If the global symmetry G were exact, the Higgs would be a true NG boson, and
its potential would vanish identically. This means that one has to allow some explicit
breaking of G such that a potential for the Higgs is generated beyond tree level. It is
in fact this radiatively-induced potential that eventually triggers electroweak symmetry
breaking similarly to the Higgs model at the scale v < f.

As the theory is strongly coupled below the condensation scale, a quantitative anal-
ysis of CH models is possible either by means of holography or within an effective-
field-theory approach. In the following, we will follow the latter and postpone the
extra-dimensional discussion to Sec.[£.5] The effective theory is based on the Goldstone

!The presence of the unbroken SU(3). is understood.
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matrix U:
U = exp <7j\;§Taha(x)> (4.1)

where f is identified with the Higgs decay constant, and hatted indices ¢ = 1,...,4
correspond to the broken generators 7% after the G — H spontaneous breaking, see
(A.2)). The Goldstone matrix U has peculiar transformation properties under SO(5):

U—gURl(h%,g), g€ SO(5), h € SO(4). (4.2)

The simplest operator that accounts for the dynamics of the Goldstone degrees of free-
dom contains two derivatives and two insertions of U:

2
Lo =5 D@D, & =U %, (4.3)

where ® = (0,0,0,0,1)T stands for the SO(4)-preserving direction and D,, is the stan-
dard covariant derivative that includes the electroweak gauging,

D, = 0, —igW, T} —id Y, T, (4.4)

where we have used that the Goldstone matrix carries no X charge and the hypercharge
is simply Y = T3. The formulas for T}  are given in (A.1).

A simpler description of the theory7is obtained by choosing the unitary gauge such
that the would-be-Goldstone modes within the Higgs doublet are removed. Setting the
Higgs to its vev (h) in (£.3), one can read out the mass for the W and the Z bosons
after electroweak symmetry breaking:

2 2 /2

E st (/f), my = L0 it () £), (45)

miy

implying that the electroweak scale v is related to f as

o2 = fsin((h)/f). (4.6)
It is thus convenient to define the misalignment £ as
U2 .2
(= =sin ((h)/ 1), (4.7)

in order to keep track of the relative size between v and f. The intuitive picture is that &
measures the angle between the true vacuum and SO(4)-preserving direction, ®g, which
would instead correspond to unbroken electroweak symmetry. Eq. (4.5) shows that the
p parameter, defined as
2
My

pP= "3

) 4.8
m? cos?Oy’ (48)

is equal to one as long as the simplest operator in is concerned. Actually, the
custodial protection intrinsic of the SO(5)/SO(4) setup ensures that p = 1 is preserved
at tree-level at any order in the effective theory. In fact, the presence of an operator
bringing a subleading correction ~ v2/f? to p would already imply a very strong bound
on the scale f of the order of f 2 8 TeV, see e.g. [154,(159]. Such large hierarchy between
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v and f will make the model unnatural, as we shall see, and in fact this is the reason
why the more minimal coset SU(3)/SU(2) x U(1) without custodial protection is much
less favourable. From (4.3), one can also determine the Higgs couplings to V. =W, Z:

ggH g}?iH
cy =MV = \/1-¢ &y =BV = (1 - 29), (4.9)
v Inhvv

which are in fact modified with respect to the SM at the O(&) level. By looking at
, we can see that the CH approaches the SM Higgs boson whenever ¢ — 0, or
equivalently f — co. On the other hand, the case in which € = 1, or v = f, can be
seen as the technicolor limit in which the electroweak symmetry is broken directly at
the condensation scale of the new strong dynamics. CH models can then be seen as
interpolating between these two limiting cases. As we shall see, agreement with current
observation will require £ < 0.1.

Let us now move to discuss the Higgs potential. Because of the pNGB nature,
the Higgs can enter the theory only as trigonometric functions of argument h/f. The
potential can then be written as

V(h) = asin?(h/f) + Bsin*(h/f) + ... (4.10)

where the dots indicate higher powers of sin(h/f) which are subleading in determining
the minimum as we already know that the misalignment will be small, £ ~ 0.1. The
potential in is readily minimized with respect to h, yielding a possible position
for the minimum at o

€= sin®()/f) = — 5.

The relation above implies that a non-trivial vacuum with £ < 0.1 can appear at the
price of a little tuning of the parameters. In fact, the trivial extrema would be (h) = 0 or
(h) = 7 f corresponding to no electroweak breaking and technicolor limit, respectively.
Intuitively, the minimal tuning A corresponding to a certain misalignment £ can be
estimated as

I

£ 02
showing that configurations with smaller £ becomes more and more disfavored in this
respect. This statement can be made more precise by referring to an explicit measure for
the tuning, as the one by Barbieri and Giudice [160], nonetheless provides a good
estimate. In particular, taking ¢ = 0.1 already implies a tuning of order A~! ~ 10%. The
tolerable amount of tuning in a given theory certainly depends on taste, but few percent
is generically considered a mild tuning for models that solve the hierarchy problem all
the way up to the Planck scale.

One intriguing feature of CH models with a pNGB Higgs is that the potential is sat-
urated in the low-energy and is in principle calculable as an expansion in the parameters
that break the global SO(5). In order to determine the structure of the Higgs potential,
one can start by considering all the sources of this breaking. Since the electroweak group
is only a subgroup of SO(5), the SM gauge bosons break the global symmetry explicitly.
The size of this contribution to the Higgs mass can be estimated by naive dimensional
analysis:

(4.11)

A~ (4.12)

Sm2 ~ g° (4.13)
1672’
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where g2 /1672 takes into account that this is a one-loop contribution proportional to the
explicit breaking induced by the gauge coupling g and A is an effective UV cutoff. The
appropriate value for A is given in CH models by the mass threshold of the composite
states, as the new strong dynamics is indeed supposed to screen the Higgs potential from
physics above the condensation scale. In case of the gauge contribution, these new states
are spin-1 resonances, generically indicated by p, that have the right quantum numbers to
mix with the W and Z boson. Therefore, one simply has A ~ m, in ({£.13), with typical
values of m, at the multi-TeV scale. Despite this contribution being sizeable, it turns
out not to be enough to trigger electroweak symmetry breaking because the induced
Higgs mass is always positive. In fact, as shown in Ref. [161], the gauge contribution
in QCD-like gauge theories that confine always tries to align the vacuum such that the
gauge symmetry is preserved.

However, one can find a simple way out by considering the fermionic sector. In
fact, the SM fermions interact with the Higgs in a way that is only gauge-invariant and
this generically breaks the SO(5) global symmetry. This interaction needs to be there
anyway in order to provide masses for the SM fermions after electroweak symmetry
breaking. Among the different ways to realize this, there is a very intriguing possibility
called partial compositeness [157,/158,/162,/163] which assumes that the SM fermions
couple linearly to composite operators O, g of the strong sector:

Liinear = AL qL(AL)Or + Arur(AR)Op, (4.14)

where we have just considered left-handed quarks, qr, and right-handed up quarks, up,
for simplicity, and Ay r are the spurions that connect the SU(2); x U(1)y quantum
numbers with the SO(5) representation of O g, as will be explained below. The reason
that makes partial compositeness preferable with respect to other realizations, as for
instance bilinear couplings A g q O, is flavor physics. In fact, models with bilinear terms
struggle to achieve heavy-enough SM quarks and at the same time suppress dangerous
flavor-violating couplings. This issue is so severe that in simple realizations one would
need to raise the condensation scale f much above the electroweak scale thus introducing
a large fine-tuning according to . Conversely, linear couplings comply more easily
with flavor constraints and offer in addition a very elegant means to explain the flavor
puzzle in the SM. In fact, a small difference in the quantum scaling of the operators O;
that couple to the different SM families can result in a large hierarchy for the effective
yukawa couplings to the Higgs. This occurs naturally in case of a large separation
between f and the scale at which the coupling A ¢; O; is generated, together with sizeable
anomalous dimension for O;. Remarkably, these conditions can be satisfied by linear
couplings without reintroducing the hierarchy problem and without running into formal
inconcistencies for the underlying (nearly-)conformal field theory. This has a very simple
interpretation in holographic Higgs models, as we shall see in Sec.

Let us now discuss the implications of partial compositeness from a low-energy per-
spective. To this end, we notice that below the condensation scale the operator O can
excite a tower of massive fermion resonances from the vacuum. As the symmetry is now
broken from SO(5) to SO(4), these resonances can be organized as SO(4) multiplets.

*However, when considering purely four-dimensional theories of partial compositeness [164,[165],
having a different operator for each SM flavor requires a large number of fermionic degrees of freedom
in the fundamental theory above f. This generically conflicts with the requirement that the new strong
dynamics confines in the IR. In these models, only third-family quarks are then partially composite.
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4.1. The standard picture

For concreteness, let us consider the case in which the lowest resonances are @ ~ 4 and
T ~ 1 of SO(4). The effective Lagrangian is then

Lmixing =L f (GLAL) 1 (aL Uri Q@z +br Urs T}%)
"‘)\Rf({RAR)[ (aRUIiQ2+bRU[5TL> (415)
- mQQLQR — mTfLTR +h.c.,

where I =1,...5and i =1,...4 are SO(5) and SO(4) indices, respectively, and we have
considered only the top quark as it gives the largest contribution to the Higgs potential.
The size of the explicit breaking of SO(5) is given by the dimensionless parameters Ay, g,
which need to be smaller than the typical interaction strength g, among the composite
states to treat the SO(5) breaking perturbatively. The appearence of the U matrix is
consistent with the Callan-Coleman-Wess-Zumino construction [166,167] and takes into
account that the presence of the SO(4) multiplets @ and T is linked to the spontaneous
(rather than explicit) breaking of SO(5). In fact, when considering the transformation
properties of the Goldstone matrix U in , one has that the combinations U - @@ and
U - T indeed transform linearly under SO(5):

U—=gUhl, Q—=hQ = U-Q—g(U-Q), (4.16)

and similarly for 7.

One can see that the form of actually describes a physical mixing between the
SM quarks and the composite resonances. Before electroweak symmetry breaking, qr
mixes with the one doublet with the SM quantum numbers within the fourplet ) and
tr with T. The mixing angle 01, r is then related to the parameters in as

A A
siny ~ 2L np o AL (4.17)
mQ

mr
After electroweak symmetry breaking, this mixing induces a mass for the top quark that
is given by
my¢ ~ sin 0y, sin O my sin ((h)/ f), (4.18)

where we have indicated by m, the mass scale of the top partners. Thus, we can see
that the more a SM field mixes with the composite states, the heavier it will be after
electroweak symmetry breaking. More precisely, one finds [168]:

ALA
,~ 2L Rfv, (4.19)
V2mr

where mp = min(mg,my). With the Lagrangian (4.33)), one can estimate the contri-
bution to the Higgs potential from loops involving the top quark and the partners @
and T. Unlike the gauge sector, the sign of the fermion contribution is unconstrained,
and the vacuum can actually be misaligned in the right way. The Higgs mass can then

be evaluated from (4.10) as:

V|  8p

|y FO - )& (4.20)

m? =
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The coefficient § was estimated in Ref. [168] according to (4.15) to be

N,
B~ 15 AR (4.21)

1
where N, = 3. Thus, combining (4.19) with (4.20) one obtains the following relation:

V3 myr

mp ~ —my——. (4.22)
T f
As we can see, the relation above tightly connects the top mass, the Higgs mass and the
mass of the top partners [158/168-171]. Eq. is found to hold in minimal CH models
with partial compositeness independently of the details of the concrete realizationﬂ For
& = 0.1 correspoding to f ~ 800 GeV one obtains my ~ 1 TeV in order to reproduce the
correct Higgs mass. Such partner masses are actually rather odd as the mass m. of a
generic composite state is supposed to be parametrically larger than the scale f. In fact
one usually has m, = g, f with typical values g. € (4,8) assuming an underlying CFT
with a number of colors N, € (3,10), see e.g. [173]. On the other hand, anomalously
light top partners with mp ~ f seem to be a necessary ingredient in order to reproduce
a light Higgs. This information is certainly crucial for the LHC searches of new colored
states that can in fact be produced in this mass range, as we shall see in the next section.

4.2 Survey of experimental constraints

As discussed in the previous section, CH models generically predict new states at the
TeV scale and modifications of the Higgs couplings to SM particles. This can result
in potentially large modifications of the electroweak observables, precisely measured by
LEP in the 90’s. In particular, new physics contribution to the oblique Peskin-Takeuchi
parameters S and T [174] is already severely constrained: too large corrections to the
S parameter are in fact one of the main reasons to favor CH models with respect to
technicolor. These parameters refer to tree-level or loop corrections to the propagators of
the electroweak gauge bosons v, Z and W. The term oblique is used as opposed to direct,
the latter describing vertex and box corrections to a generic electroweak observable.
Let us now briefly review how CH models are supposed to contribute to S and T (see
Refs [154]/155] for a more complete discussion). The first class of corrections comes from
the non-linear nature of the pNGB Higgs and is fully specified by the coset structure.
It is therefore dubbed IR contribution, and is unavoidable in any CH realization. This
correction involves loop diagrams as in Fig.[d.1, where capital and small letters stand
for gauge bosons and Higgs degrees of freedom (including the electroweak Goldstones),
respectively. These one-loop corrections occur in the SM as well, where the overall
contribution turns out to be finite due to the renormalizability of the theory. However,
in the effective theory describing a composite Higgs, a logarithmic sensitivity to the
scale of the new resonances appears. Technically, this comes from the fact that different
divergent contributions no longer cancel due to the modified Higgs couplings to vector
bosons, see . These log-enhanced contributions are proportional to the misalignment

3An exception is given by the MCHM 14, where the SM fermions are embedded in the 14 of SO(5).
In this case the relation (4.22)) can be violated, and a light Higgs can emerge at the price of ad hoc
cancellations [172L[173].
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Figure 4.1: Loop contributions to Sand T involving the Higgs doublet.

& that measures the non-linearity of the Higgs and its deviation from the SM expectation.
For the SO(5)/S0O(4) coset one finds:

R g° m? )
AS), = ¢log g ~1.4x1073¢,
my

192 2
(4.23)
[}, = Sg % —3.8 10 3
ATy, = ~ . -
h 64 25 0og %L X 57

where A indicates that the SM contribution has been subtracted and the scale of the
vector resonance p is set to m, = 3 TeV for the numerical estimate. The hatted pa-
rameters are related to S and T as S = (a/4sin?0y)S and T = oT. Notice that
the parameter 7' receives logarithmic corrections (rather than quadratic) because of the
custodial symmetry of the SO(5)/S0O(4) coset.

Besides the IR contribution due to the modifed Higgs couplings to vector bosons,
there are other two sources that affect S and T' , namely the contribution from the vector
boson resonances p and the one from the fermion sector. As mentioned below , a
vector boson p can have the right quantum numbers to mix with a Z or W boson. The
vector resonances therefore affect the propagation of W and Z already at tree level and
give the following contribution to S:

A8, = My g3 (4.24)

with m, = 3TeV. This potentially large tree-level effect is indeed the reason for taking
p in the multi-TeV region. The contribution to the T parameter from the vector reso-
nances turns out to be zero at tree-level again because of the custodial invariance. The
radiative contribution is instead non-vanishing but lacks the logarithmic enhancement
and is expected to be subleading with respect to AT}, in ([(#.23).

The contribution of the fermionic sector can be similarly divided in IR contribution
from loops involving the top quark and UV contribution by the fermionic resonances.
Similarly to , the IR contribution is important as it can feature a logarithmic
enhancement. The reason for this is the analogous modification of the top yukawa with
respect to the SM value. The exact change depends on the coset structure and on the
way the SM fermions are embedded in the theory. Nevertheless all changes are always
O(&), and for the MCHMj5 one has

CH .
qo¥_ _17% (4.25)

yoM 1-¢
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Figure 4.2: Left: Exclusion lines for S and T at 1,2,30 CL from the electroweak precision
tests [176]. CH models generically require cancellations among fermion and vector
contributions to pass the electroweak precision tests. Larger values of the misalignment
¢ correspond to larger cancellations. Plot taken from Ref. [177]. Right: Exclusion lines
at 1,2,30 CL for the misalignment £ coming from the direct measurement of the Higgs
couplings at the LHC. The green (light blue) line corresponds to the MCHM5 (MCHMy).
Plot taken from Ref. [178].

The effect for the 7' parameter is estimated as |175]

2
T ~ -2
ATcop 16 2 25 lo (7’)%) ~ 10 57 (426)

where g, is the coupling strength among the resonances, and we have taken g, = 3 and
myg = 1.5TeV for the numerical estimate. The IR effect from the top quark on S is
instead subleading with respect to the IR effect from the Higgs. Other contributions to
S and T are found when considering the effect of the fermionic resonances, and can be
as sizeable as , especially in case of anomalously light top partners, see e.g. [154].

The way the p0581b1e sources discussed so far act on the (S T ) parameter space is
shown in the left panel of Fig.[1.2] As we can see, O(1) values of ¢ are strongly disfavored
by the electroweak precision tests. However, a misalignment as large as & ~ 0.25 could
become possible due to the interplay of the vector and fermion contributions as in (4.24])
and , respectively. This possibility, however, relies on suitable cancellations and
is therefore disfavored by fine-tuning arguments. For this reason, we shall always focus
on the parameter space with ¢ < 0.1 so that considering the IR-effect alone one is still
close to the 30 region. Of course, even with this choice of £ the agreement with the
electroweak precision tests is not a given and all contributions should be in principle
evaluated in a specific model.

In any case, it is fair to say that the LEP data alone already imply that the deviations
from the SM for the Higgs couplings must be rather small, and this translates into
a constrain on the misalignment angle as strict as € < 0.1. According to our naive
estimate in , this already bears a certain amount of fine-tuning in CH models of
the order A~ ~ 10%. Actually, with the rise of the LHC era, the parameter £ can also
be constrained directly by measuring the coupling of the Higgs boson to SM particles
and looking for deviations as in and (£.25). As we can see from the right panel of
Fig.[4.2] these constraints are becoming more and more competitive and values of £ 2 0.2
are highly disfavored in some benchmark models as the MCHMj5, further motivating the
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Figure 4.3: Results from a different combination of CMS (left) and ATLAS (right)
searches for a vector-like quark Ty/3. Plots taken from [180].

choice of € < O.lE].

Besides electroweak precision observables and Higgs couplings, CH models can be
tested at the LHC by searching directly for fermion and vector resonances at the TeV
scale. While vector bosons in the multi-TeV range are anyway favoured by electroweak
precision tests, fermionic resonances are expected at the TeV scale or even lighter by
consideration related to the top quark, as discussed below . If the top partners
are not too heavy, they can be produced at the LHC either singly or in pairs. For top-
partner masses around 1 TeV, pair production through strong coupling is the dominant
mechanism [179]. For a T state with electromagnetic charge 2/3, the main decay channels
are T' — ht, Wb, Zt. The relative importance of these channels depends on whether T'
is a singlet or a doublet under SU(2)r. A combination of different ATLAS and CMS
searches for a vector-like quark 75,3 is shown in Fig. Both searches make use of 36
fb~! data for collisions at center of mass energies of /s = 13 TeV, These analyses cover
the possible range for two relevant branching ratios, B(ht) and B(bW), whereas the
third one B(Zt) is easily deduced from the other two. As we can see, top partners with
a mass mp < 1.3 TeV are disfavored regardless of the details of the branching ratios. On
the other hand, the region my > 1.4TeV remains largely unconstrained.

When comparing these constraints with , one sees that minimal incarnations
as the MCHM3 with £ = 0.1 are almost excluded as the light top partners should have
already been seen at the LHC. Clearly, minimal models can be rescued by simply raising
the decay constant f above the TeV scale or, equivalently, further decreasing £. In this
sense, the lack of signals at the LHC represents a stronger constrain on £ than the one
from LEP. However, this way of resolving the tension has two immediate drawbacks:
(i) increasing the Higgs decay constant f pushes the tuning of the model towards the
percent level as it scales (at least) quadratically with f, see (4.12)); (7i) a larger value for
f explains the lack of signals in a very trivial way, as we already know that the limit of
large decay constant is just the SM, and by doing so all signals of Higgs compositeness
are simultaneously suppressed because of the non-observation of the top partners.

In the next section, we will introduce a new way of breaking the SO(5) global sym-
metry such that the prediction of anomalously light top partners is avoided due to a

“The light-blue line in the right panel of Fig. corresponds to embedding the SM fermions into
spinorial representations 4 of SO(5). This was in fact our choice for the axion-Higgs unification in
Sec. There, the misalignment £ was realized as £ < 1, and all bounds are easily avoided.
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different parametric structure of the Higgs potential. As we shall see, this modifies the
relation in (4.22]) such that heavy top partners will become compatible with a light Higgs
without the need of raising f.

4.3 Softening the explicit breaking

As discussed in Sec.[.I] CH models are not only a means to address the stability of the
electroweak scale: partial compositeness explains the hierarchy in the masses of the SM
flavors as a result of relatively small differences among the quantum scaling dimensions of
the composite operators they mix with, which are then spread throughout several orders
of magnitude by RG running. Besides generating their masses, the mixing between
SM fermions and composite operators is linked with the Higgs potential itself, as SM
fields act as a source of explicit SO(5) breaking. Loops containing SM fermions then
contribute to the Higgs potential and can help misaligning the vacuum in the right way.
Quantitatively, the top quark plays the major role as it features the largest interaction
with the strong sector. As we have seen in , this very appealing construction brings
along a sharp prediction that connects the top mass, the Higgs mass and the mass of
the top partners. The latter is crucial for the searches of new colored particles, and the
so-far null signals of new physics from the LHC around the TeV scale put the idea of
Higgs compositeness under pressure.

The core assumption that leads to anomalously light top partners is the symmetry-
breaking property of partial compositeness. There, the top yukawa is a hard source of
explicit breaking and tries to push the Higgs mass above its observed value unless new
particles come at a relatively low scale to rescue it.

In this section, we will mainly follow Ref. [VI] and present a novel way of tackling
this issue based on a structural change of the way the elementary and composite sectors
talk to each other. In particular, SM fermions will still couple linearly to composite
operators not to spoil the nice features of partial compositeness. However, we shall
assume that this mixing preserves the global symmetry SO(5) such that the top yukawa
is no longer a direct source of explicit breaking. This is possible by uplifting the SM
fermions to complete representations of SO(5), and a direct consequence of this is the
appearence of new elementary fermions charged under the SM gauge group. The global
SO(5) still needs to be broken to misalign the vacuum: this is achieved by introducing
vector-like masses for the new elementary fermions that provide the source of explicit
breaking and at the same time account for the non-observation of light fermions other
than the SM ones. In practice, the explicit breaking of SO(5) has been moved from the
interaction between the elementary and strong sector to the structure of the elementary
sector itself. In particular, the microscopic interactions between the elementary fermions
and the costituents of the strong sector no longer break the global symmetry. This is
broken only by vector-like masses that are “soft” terms as opposed to “hard” dimensionless
couplings’}

Our immediate aim is to consider the low energy theory below the condensation scale
f and investigate whether this new way of realizing the explicit SO(5) breaking is of
any help regarding the issue of light top partners. In doing so, the key parameter is
going to be the mass scale of the new vector-like fermions, my . In fact, two relevant

SWe envisage that this can have some implications also when investigating possible completions of
the CH effective theory.
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limits exist: when my exceeds the typical scale of the composite resonances, the new
elementary states are effectively decoupled, and the soft-breaking assumption becomes
indistinguishable from the standard partial compositeness. On the other hand, the whole
Higgs potential becomes small in the limit of vanishing my, as the vector-like masses
represent the only source of explicit breaking in the fermionic sector. Despite having
no practical use, these two limits are conceptually helpful as we can understand the
soft-breaking setup as smoothly interpolating between a scenario with no electroweak
symmetry breaking at all, my < f, and conventional CH models with partial compos-
iteness, my > f, the intermediate region being the target of our analysis.

4.3.1 Minimal realization

Our starting point is the effective Lagrangian in (4.15) correspoding to the MCHMj5,
where the subscript refers to the emebedding of the SM fermions ¢, and tp as funda-
mental representations 5 of SO(5) with X = 2/3. The hypercharge is as usual

Y =X+Tp. (4.27)
The spurions Ay, g for this choice of the representations are explicitly given bylﬂ
1 /001 — 0
- = — 1). 4.2
Ap \/§<1¢000>’AR i(00 00 1 (4.28)

The presence of Az, g in signals that gz and tg act as an explicit source of SO(5)
breaking.

As mentioned above, we want to explore here a setup in which partial compositeness
respects the global symmetry SO(5). This implies that the SM fermions need to be
completed to full SO(5) representations, and new degrees of freedom exist in order to
fill the gaps in . The set of new elementary fermions that can achieve this is not
unique. For concreteness, we will now consider the setup that requires the least number
of new states in the elementary sector that we shall refer to as soft MCHMj; (sMCHM3).
It consists of three vector-like fermions: a singlet s and two doublets v and w that
complete the SM fermions to full SO(5) multiplets, ¢! and ¢k, as [VI]:

Pt = AL qp + Al wp + Alsp, o = Altg + Al wg + Alug, (4.29)
where Ay = Agr, A, = A, and
1 -1 2 0 0 O
NEREEENEY -

Notice that the Weyl spinors sp and vy, are left out of the ¢! . multiplets; their pres-
ence is however necessary in order to write down vector-like masses for s and v. In

components, (4.29) amounts to

br, by, — wi

itr, ity — iw?
0 z'\@sL

5These new spurions for the fundamental 5 differ from the ones in (2.80)) for the spinorial 4, but we
prefer to keep the same symbols throughout this chapter for simplicity.

95



Chapter 4. A Soft Composite Higgs

SUB). | SU@2)L | Uy

O 1 2/3

v O O 1/6
O O 7/6

Table 4.1: New elementary vector-like fermions in the sMCHMj5 and their SM quantum
numbers.

and
0 v% — w}z
0 L | vk vy
Altp=| 0 | —vhk=—72]| vh+w} |. (4.32)
0 V2l
—itp iv2tp

The SM charges of s, v and w are given in Table[d.Il As we can see, v and s share the
same quantum numbers of q;, and tg, respectively, whereas w is an exotic quark. The
partial compositeness Lagrangian now simply reads

Lumixing =AL fr 051 (CLL U Q% + b, Urs TR)
+ AR fr VRt (aR U Q% 4+ brUps TL) (4.33)
- mQQLQR — mTTLTR + h.C.,

where the linear mixings in the first and second line are now truly SO(5)-invariant as
opposed to . At this point, we still need to include mass terms for s, v and w
together with possible mixings with ¢, and ¢£r. This is done by considering all the terms
in the elementary sector that are allowed by the SM gauge symmetries:

—Le = ms(ELSR + ERSL) + mv(l_JLUR + l_JRvL) + mw(’u_)LwR + u_JRwL)

_ _ (4.34)
+ (51 Sptr + 6o qrvp + h.C.) .

The elementary Lagrangian, L, can be rewritten in terms of ¢} 5, s and vy, as
— Loy = ms i Al sp 4+ myp Ay + 9% (my Ty + 6105 + 62000k + hee. (4.35)

where we have defined the matrices (I'g)rs = (AL)1(Ag)s for a = s,v,w. Eq.(#.35)
accounts for the vector-like masses of the new elementary fermions and at the same time
provides the explicit breaking of SO(5), as it is now apparent due to the presence of the
A and I' spurions.

Because of the new way of breaking the global symmetry, the soft-breaking setup
results in a parametrically different structure for the Higgs potential. In the MCHMs,
the linear mixings Ay Az and ApApr always come together with the Goldstone matrix
U. Therefore, a one-loop diagram with two propagators is already enough to provide
a non-zero contribution to the Higgs potential, see the right panel of Fig.d.4] In the
sMCHM5;, however, the SO(5) breaking is given by the vector-like masses in the ele-
mentary sector, and thus two extra steps are needed— from Liixing to Ler, and back—
for the Goldstone matrix to enter the loop together with one of the spurions in E]

TAt least one spurion should appear in the diagram to give a non-vanishing contribution.
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Figure 4.4: Typical contribution to the Higgs potential in the sMCHMj5 (left) from a
sg loop as compared to a g loop in the MCHMj5 (right). Two more propagators are
needed in the sSMCHMj5 to have the spurions A and the Goldstone matrix U appearing
at the same time.

This is schematically shown in the left panel of Fig. A larger number of propagators
generically softens the UV behavior of a given diagram, thus further reducing the UV
sensitivity of the Higgs potential.

In the next section, we will discuss the consequences of this in terms of divergences
and renormalization in a class of phenomenological models for the CH called multi-site
models.

4.3.2 Multi-site models: divergences and predictivity

Multi-site models are phenomenological incarnations of Higgs compositeness that allow
for a calculable description of the low-energy effective theory [171,/181]. These are
inspired by the extra-dimensional realization of the new strong dynamics based on the
AdS/CFT correspondence [182]. As we shall see in Sec.[t.5] holographic models in 5D
feature a Higgs potential that is always finite and thus captures the essential idea of the
CH, namely that its potential is saturated by physics in the IR. This is indeed the core
of the solution to the hierarchy problem, as the Higgs bound state disappears above the
condensation scale.

It has been shown that the extra dimension can actually be discretized to a finite
collection of sites, thus providing a purely 4D effective theory that reflects the key
properties of the 5D construction. Physically, each site describes a new layer of composite
resonances. The symmetry structure at the ¢-th site is based on a

S0(5)%) x s0(5)*M /50(5)\ 1 (4.36)

non-linear sigma model, and the Goldstone fields §2; are used to connect the sites forming
a chain of nearest-neighbour interactions. All the Goldstone fields but one are eventually
eaten as an iteration of the Higgs mechanism that provides the mass for the spin-1
resonances p;. The remaining one is instead identified with the pNGB Higgs. At the
left-most site of the chain the symmetry is just the SM gauge group, and this corresponds
to the elementary sector, whereas at the right-most site one has the usual SO(5)/SO(4)
coset structure that mimics the spontaneous SO(5) — SO(4) breaking at the scale f.
This setup is visualized in Fig.[f.5]

This class of models takes advantage from a property that is called collective sym-
metry breaking. The idea is that a contribution to the Higgs potential is generated only
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Figure 4.5: Graphical visualization of the structure of multi-site models. Figure taken
from |183].

when several sources of explicit breaking come together at the same time. In this case,
there are two sources of SO(5) breaking: one is found at the elementary site at the one
end of the chain, where the symmetry is only SU(2) x U(1); the second source is located
at the other end of the chain which is only SO(4)-symmetric by construction. Since
both these breakings need to appear at the same time, one needs to travel from one
boundary to the other in order to obtain a non-vanishing contribution to the Higgs po-
tential. Because of the nearest-neighbour interactions, this requires several propagators,
and the loops become finite. Obtaining a calculable Higgs potential is then just a matter
of considering a large-enough number of sites. This mechanism is closely related to the
holographic description in 5D, where the ends of the chain are identified with the UV
and IR brane. As we shall see in Sec.[f.5] the source of explicit breaking is there given
by specific field boundary conditions on the branes and only loops that stretch from one
boundary to the other can know about it. This cuts off any UV divergence yielding a
potential that is proportional to the finite volume of the warped extra dimension.

Multi-site models are advantageous because of their transparency and calculability
without having to rely on the full extra-dimensional picture. The simplest construc-
tion one can think of is in fact the two-site model. This includes the elementary SM
fermions and only one layer of resonances, and is obtained by removing all the bulk sites
from Fig.[4.5] This setup has been discussed for instance in Ref. [168] as a simple and
powerful tool to derive quantitative relations for the spectrum of the top-partners. The
Lagrangian of the two-site model is:

Liwosite = ALGL (AL)irhh + Arth (AR) 1l — mQQQ — mTfT’ (4.37)

where 1/; =U(Q, T) Comparing with , we see that the two-site Lagrangian simply
corresponds to ar, = by, and ar = bg.

Let us now briefly discuss what kind of divergences are found within the conventional
two-site model defined by (4.37). Referring to the parameterization of the Higgs potential
in (4.10), one can check that « receives one-loop contributions from the right diagram
in Fig.[d.4]and the analogous one with ¢y, replaced by tr. The explicit calculation gives:

A
o= i(zﬁ{ — A%)ﬂ/ p>dp ( ! ! ) : (4.38)
0

82 p2+m2T _1024—771%2

An interesting property of is that the quadratic divergence o< A? for o that one
would naively guess from dimensional analysis is actually replaced by a logarithmic one
~ log A. This is precisely because of collective symmetry breaking and shows that multi-
site models are indeed effective in curing the divergences of the Higgs potential. This
is even more apparent when looking at the coefficient 3, which turns out to be finite
already within the two-site model.
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If one bulk site is added, thus switching to a three-site model, one finds that «
becomes finite giving a fully calculable potential. This is simply understood as better
recoustructing the fifth dimension. However, one can still keep the simplicity of the
two-site model by employing standard renormalization techniques to get rid of the log-
divergence in (4.38). The reasoning is as follows: it is sufficient to introduce a single
counterterm in the Lagrangian of the form 6, sin?(h/f) to keep o+ d,, finite order
by order in perturbation theory. This means that the coefficient of sin?(h/f) is not
predictable in the two-site model, and the idea is to fix it once all the other parameters
are given in order to reproduce the correct Higgs vev. However, the two-site model still
predicts the crucial relation between the Higgs mass and the top partner mass through
the coefficient 8 which is indeed always finite and related to the Higgs mass through the
basic relation in . Indeed, the derivation of did not require the calculation
of a, and we thus conclude that the two-site model is still highly predictive.

Let us now move to discuss in detail the two-site model for the soft-breaking setup
discussed in the previous section. The two-site Lagrangian is very similar to , with
the crucial difference that ¢qr, and tg are completed to full multiplets th r VI

LM e = A fat0h YR + AR frtll br, — mQQ — mpTT, (4.39)

together with L in . In principle, we could expect a different divergence structure
because of the different number of propagators that are required to generate «, see again
the left plot of Fig. Indeed, it turns out that the first two terms in proportional
to ms and m, do provide a finite «; however, the remaining terms proportional to 1,
01 and d2 give a log-divergent contribution making a not predictable within the soft
two-site model either. In particular, one finds that w contributes to « as

3 A m m mr
=t NS Bdpd v Q_ 4.40
@ +4772 LARS /0 P ppz—i-m%, pQ—i-mg2 p*+mZ )’ (4.40)

which is indeed log-divergent with A. Notice that decoupling the w state by giving it a
large mass would be of no help, as the lack of these propagating degrees of freedom would
reintroduce the log-divergence in the other terms. In Sec.l.4.2] we will comment on the
possibility to make the potential fully calculable in the soft two-site by choosing a slightly
less minimal field content for the elementary vector-like fermions. In the following, we
will stick to the minimal embedding in and deal with this divergence similarly
to what has been done for the standard two-site model in . In particular, when
providing analytical estimates of the main relations in our model, it is sufficient to focus
on (8 which is fully calculable. It can be derived from the Coleman-Weinberg potential,

2N, (A
87'('2 0

V(h) = dp p?log det [p2]l + me(h)} , (4.41)

where m(h) is the field-dependent fermion mass matrix such that
det [p2]1 n mfm(h)} = 1+ a(p?) sin2(h/f) + b(p?) sind(h/f), (4.42)

where a(p?) and b(p?) are functions of the fermion masses. Expanding the logarithm up

to sin*(h/f), one finds (#.10)) where

2N, [A

_ 3 2 _
=5z ), dpp°a(p), B =

2N, [A
872

a2
dp p3 <b(p2) - ;p)) . (4.43)
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Since « is log-divergent with A, we will assume that a counterterm d,, has been introduced
such that the Higgs gets the correct vev. As for 3, the integral is convergent and the
cutoff can be safely sent to infinity; we will then use the very expression in .

Instead, when performing numerical scans, we will refer to the renormalized version of
the Coleman-Weinberg potential, where the freedom in the finite part of the counterterm
0o translates to an arbitrary renormalization scale u:

V(h) = — 1?; ;mi(h)4 [log (m"lig)Q) - g] , (4.44)

and m;(h) are the field-dependent fermion masses. The value of p is determined, once all
the other parameters are fixed in order to reproduce the correct Higgs vev. In particular,
we require u to be below the cutoff of the effective theory, A = 47 f, so that p can actually
be interpreted as an effective parameter capturing the effect of the heavier resonances,
or, equivalently, of the additional sites.

As we have seen at the beginning of this chapter, another crucial quantity besides
the Higgs potential in determining is the mass of the top quark. In the two-site
model, this evaluates to

2 _ A ARSA(mg — ) 02
b2(md + ALfA)(md + Arf?)

(4.45)

which is in agreement with (4.19). A similar expression for m is found in the soft two-site
model where however there are more states that can mix with the top, namely the singlet
s and the doublet v. The explicit formula for m; is therefore more involved although it
brings no conceptual difficulty. For instance, setting d; = do = 0 for simplicity, one has

NN mm2 (me — i) )

v,
2(mEym2 + A3 f2m2 + N AL f4) (mam? + A3, f2m2 + A3 A% f4)

(4.46)

2 __
mt -

In the limit of large ms and m,, one can check that the elementary fields effectively
decouple and approaches . In general, as long as ms, 2 AL grf, the new
expression for my gives basically the same result as the standard one, namely the top
mass is only mildly affected by promoting the SM fermions to complete SO(5) multiplets.

The vector-like masses for the new elementary fermions, mg, m, and my,, are a priori
independent quantities, and their values could be predicted only in a more complete
theory for the elementary sector. In the following, we will simply regard the vector-like
masses as phenomenological parameters that can be arbitrarily varied with the aim of
exploring which region of parameter space has the strongest impact, and refer to Sec.[4.5]
for a possible rationale behind their actual values. In particular, we will retain the
possibility that some mild hierarchies exist in the vector-like masses. Such hierarchies
need not be extreme: whenever a state exceeds the typical scale of the composites ~ 47 f,
it no longer contributes to the Higgs potential. Thus, we will consider two cases: First,
we will assume that only the singlet s is active below the condensation scale. This
drastically reduces the number of new free parameters with respect to the conventional
two-site model and makes the analysis very simple and transparent. In the second case,
all vector-like fermions participate to the dynamics, and we will then mainly rely on a
scan over the parameter space.
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4.3. Softening the explicit breaking

4.3.3 Two-site model analysis

We present here the analysis within the soft two-site model introduced in the previ-
ous section considering the case of mild hierarchies among the elementary vector-like
fermions as well as the general case in which all the new states are active below the
condensation scale. What follows is based on Ref. [VI].

Singlet case

We start by considering the case in which v and w are heavier than s and reside above the
condensation scale. We will thus remove these degrees of freedom from the model: this
can be done either directly from or by leaving unchanged and eventually
take the limit for m, ,, — co. The only state that is possibly active is then the singlet
state s. The full Lagrangian describing this setup is deduced from (4.35) and (4.39) and
reads:

L singlet = )\quvth QZ)R + )\Rf 72)32 QZJL — My "LtLAl SR+ 51772)21151#32

g o (4.47)
—m@QrQr —m7rT TR + h.c.,

where we recall that ¢ = U (Q, T ), and w and v have been decoupled leaving only
L =Al Al t= Al 4.48
Y =Apqr+Alsy, ¢ = Aptg. (4.48)

As we can see, there are two more parameters when comparing with the conventional
two-site in (4.37)), namely mg and 6;. In order to derive simple estimates for our model,
we will set 6; = 0 as the qualitative behavior is left unchanged (the case of a non-zero
91 will be considered when performing a numerical scan). Within this assumption, the
top mass is given by:
2 _ A A%fQ s(mg —mr)? ,
b omf2 FlmZm2 + A3A7 f4]

(4.49)

where m’% = mQ f2 mT = m +\2 f2 From we can see that the expression
for my is always slightly smaller than its counterpart in (4.45). By itself, this effect
would imply even lighter the top partners. However, this is actually not the case when
the more important modification in the Higgs potential is taken into account. To show
this let us calculate 8 through (4.43). We find that a*(p?) is always negliglible in this
case, and (3 is given by

AR fA(mq — iivr)? [m2 (% + m) — (0 + m3)]
o / 2(p2 + mQ)(p? + m) (g (p? +m2) + (p* + A f2)(p* +mi + A f2)
(4.50)
In the limit of Ay gf much smaller than the mass of the vector-like fermions, one can
approximate the top mass and S through analytical formulas. We will then introduce
two dimensionless parameters, ¢ and r, that will simplify our notation:

q= mQ/ThT, r= ThT/mS. (4.51)

In case of ¢ = 1, the fourplet and singlet masses are exactly degenerate, thus removing
the source of SO(5) breaking at the right end of the chain in Fig.[4.5] From the discussion
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in the previous section, this means that the potential generated in the fermionic sector
will exactly vanish in this limit. Conversely, the parameter r controls the impact of the
singlet state, s, on the potential. The case of r < 1 coincides with the singlet being fully
decoupled, and the model will become indistinguishable from the conventional two-site.
On the other hand, r > 1 means that s is much lighter than the composite resonances,
thus introducing by hand a very light state in the theory. Therefore, the region of interest
is r ~ 1. In the limit of A\ rf < ms, mg,mr we can rewrite the top mass in terms of
q as

Mg

t 2
ZmQ

whereas the momentum integral in (4.50)) can be performed analytically, giving

(¢ —1)*7% (4.52)

N, (1—g¢)?
2y, Ve 2 9 4 2 2 2 2
BO7) = e ¥ivrl T 22 (1 +1/q*)F(¢°) — 2F (r?)] , (4.53)
where we have defined )
o9y T 1

It is interesting to see how ( is modified for a non-zero value of r with respect to the
standard case. In fact, one finds that

¢) - FQ/r) 0, (4.55)

B0) — 5(0) = ~c* =T <

where C? is a positive constant, and we have used F(1/2?) = F(z2?)/2? together with
the property that F'(z) > 0 for z > 0. The §(0) term in corresponds to the case
in which the new singlet s is infinitely heavy and decouples. We have checked that it
coincides with the conventional formula for 5 in the two-site MCHM35, namely

N, 1—¢q)?
67 A%A%#WF(&) (4.56)

p(0) =

The inequality in (4.55)) is very important as it shows that including the singlet s always
reduces the amount of explicit breaking leading to a lighter Higgs boson. Combining

(4.52)), (4.53) and the general form for the Higgs mass, (4.20)), we find

2 _ Lo n(1—9)? (my ?

which relates the Higgs mass to the spectrum of resonances. For concreteness, let us
take ¢ = —1 and evaluate (4.57) to see explicitly how ({.22) is modified in our setup.

One finds:
V1—rmg
"“T+r/3 f
For » = 0 we obtain the standard result, namely mg ~ 1.1 TeV for f = 800 GeV
(¢ =0.1). However, when my is of the same order of mg, heavier top partners become
compatible with a light Higgs. For instance, ms ~ 2mg already gives mg ~ 1.8 TeV
without the need of raising f.
By inspecting (£.53)), we notice that B(r?) actually vanishes for ¢?r* = 1 and it
becomes negative for ¢°r* > 1, the latter case being in conflict with a viable electroweak

mp ~ 0.6m

(4.58)

102



4.3. Softening the explicit breaking

my, =125 GeV
3500F Iql=15 : :

3000
2500
2000
1500

m (GeV)

1000
500

400 500

Figure 4.6: Left: The mass of the lightest state m; for different values of |¢| as a function
of r = myp/mg for my, = 125 GeV. The dashed vertical lines indicate the value of r above
which 5(r) turns negative. The plots are symmetric for r — —r. Right: Scatter plot of
(mp, my) for |r| € (0.5,2) (black points) and r = 0 (gray points). We scan in the range
‘)\L,R| S (0.5,2), ‘ThT‘ S <0.5,4.5> TeV, q € (—2, —0.3) and ‘51| S (0, 2) TeV.

symmetry breaking. We will therefore restrain ourselves to the region ¢?r* < 1. As an
estimate for the mass of the lightest eigenstate of the system, m;, we take

1 1 9 i { 1 }
sy 5,55 ¢ =Mp X minq 1, — 4.59
72 q2r2} Q 2 ( )

where mQQ is given in . The estimate above is correct up to mixing terms ~ Az rf.
The last equality in is derived as follows. By definition, mgs can be the lightest
state only for 72 > 1 and r% > 1/¢*. Moreover, r and ¢ must satisfy r> <73 = 1/|q|, as
discussed below . However, if |¢| > 1 one immediately derives the contradiction
r? < 1, while if |g| < 1 one has r? > 1/¢*> = r§ > r3, which is clearly not compatible
with 72 < 7‘8. In conclusion, the spectrum favors a configuration with the elementary
singlet s not residing at the bottom. When s is about to become the lightest state, 5
flips sign, and the electroweak vacuum is no longer a minimum.

The value of m; as predicted by is shown in the left panel of Fig.[4.6] as a
function of r for different values of q. We take m; ~ 150 GeV for the top mass at the
scale f. The standard result is recovered for r = 0 and gives m; < 1 TeV. As we can
see, the mass of the lightest state always increases with = until it hits ¢?r* = 1 shown
by the dotted vertical lines for each value of ¢. It is important to notice that m; can be
significantly heavier than in the standard case for values of r and ¢ which are far from
the vertical line. Thus, a heavier m; does not correspond to fine tuning in the parameter
space but rather to a general prediction of the soft-breaking hypothesis. This is confirmed
by the results shown in the right panel of Fig. where (mp,,m;) are obtained as an
output from a numerical scan using the general form of the Coleman-Weinberg one-loop
potential given in . The window my, € (100,125) GeV visualized by the blue band
is considered to take into account running effects on the actual value of the Higgs mass
at the scale f. The value of r is scanned between 0.5 < |r| < 2 (black points). Gray
points correspond to the standard case, i.e. r = 0. The effect of the singlet s can be seen
as effectively reducing the Higgs mass which is consistent with a certain value of m;.
For instance, m; = 3TeV is compatible with my ~ 100 GeV in our setup, whereas that
would require mjp > 300 GeV in the conventional case. This is just an equivalent way
of looking at (4.55)), where the ratio 5(r?)/8(0) = mi (r?)/m;.(0) < 1 gives the correct

2 2 =29 2 -
mj =~ min{mg,, M7, m3} = mg X min {1
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estimate for the softening of the Higgs mass.

General case

We present here the analysis for the case in which there are no hierarchies among the
masses of the elementary vector-like fermions s, v and w. We then derive an expression
for B following the same procedure that lead to 14.53?, setting my, = my = myg for
simplicity, which we will refer to as 3 in the following[®l The relative spread between
the elementary states is parameterized by x = mg/mg, while r = mp/ms relates the
elementary state s to the composites as in (1.51)). We notice that in this case the a?(p?)
term in can actually be important and needs to be taken into account. The mass
of the lightest state, m;, is now estimated as

1 1 a?
2 i 2 =2 02 2y 2 :
m; =~ min{mg,, My, mg, mg} = mg X min {1, 2 q2r2} , (4.60)

while the top mass is still well approximated by . The quantity mq obeys ,
where (8 is now replaced by the new quartic B . We have checked that B approaches zero
for 7 > 1 corresponding to massless elementary fermions and thus restoring the SO(5)
global symmetry. In practice, such limit is not of much use because it would introduce
very light states in the spectrum. However, its existence shows how drastically the Higgs
potential can be modified with soft-breaking when compared to the conventional models.

When all the elementary fermions are kept in the spectrum, we identify three different
regions depending on the value of x = mg/ms. First of all, the case of a large |z| simply
corresponds to the singlet case discussed in the previous section. Conversely, for |z| < 2
we find that the improvement in the top partner masses is not dramatic and m; can be
roughly as heavy as 2TeV. Thus, we focus here on the intermediate case 2 < |z| < 4
as it shows the main new effect. The analytical prediction based on f3 is shown in the
left panel of Fig.[A.7 for = 2.7. For all the lines, the knee signals that the elementary
singlet becomes the lightest state. This happens for r such that 72 > rg = max(1,1/¢?).
Notice that this was not possible in the case in which the w and v doublets are infinitely
heavy, since it would give a negative value of 3, as discussed below . The dotted
lines show the location of r such that 8 formally vanishes. The values of r beyond the
dotted lines actually lead to a viable my, its value being just too large to be shown in the
plot. Although such high masses are cut off in a realistic scenario, this shows that the
range of r leading to a viable electroweak symmetry breaking is enlarged with respect
to the singlet case.

Since the largest possible m; is typically found above the knee, a heavy top partner
favors the case of the singlet s as the lightest particle, as opposed to the case in which v
and w were decoupled. This also implies that a viable spectrum can be obtained without
requiring the spin-1/2 resonances to lie much below the naive cutoff of the effective
picture, as opposed to the conventional case in which the presence of anomalously light
resonances is required to reproduce the correct Higgs mass. We explore this region of
the parameter space in the right panel of Fig.[.7] where (my,m;) are obtained after a
numerical scan according to (.44]). We assume myp to be in the range (5, 10) TeV, where
the latter coincides with the cutoff scale 47 f for £ = 0.1. Moreover, we scan 1.5 < |r| < 5,

8 Although analogous to (4.53), the expression for B is too involved to justify the inclusion of its
explicit form.
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Figure 4.7: Left: The mass of the lightest state m; for different values of ¢ as a function
of r with my = 125GeV and x = 2.7. The vertical dotted lines indicate r such that
B = 0. Dashed curves show configurations for which a decrease in m; is driven by the
lightness of the singlet s. Right: The mass of the lightest state m; as a function of
my, in the sSMCHM5 (black points) and in the MCHM5 (gray points). The scan for the
sMCHMj; assumes Az g| € (1,2), ¢ € (—2,-0.3), |mr| € (5,10) TeV, |r| € (1.5,5) and
|01,2] € (0,2) TeV. The doublet masses m,,, are scanned independently in the range
|,/ ms| € (2,4).

while the doublet masses are independently scanned in the range 2 < |my, ., /ms| < 4.
To obtain the correct top mass, we consider 1 < |z g| < 2. As we can see, the result is
qualitatively the same as in Fig.[d.6| allowing for heavy top partners in the blue region
compatible with the Higgs mass.

4.3.4 Remarks

Our analysis in Sec.[4.3.3]shows that heavy top partners become compatible with a light
Higgs when implementing the soft-breaking idea. To show how the spectrum can look
like, we choose two benchmark points, corresponding to the singlet and general case,
respectively. For the former we take By as

By {\p =14, Ag = 1.3, oy = 3TeV, my = 3.87TeV, §; = 0}, (4.61)

corresponding to r = mp/ms ~ 0.8 and ¢ = —0.9 and m; ~ 140 GeV in the notation
of (£.51). The lightest eigenstate is the mainly composite singlet state T_, with a
mass m; ~ 2.7TeV and electromagnetic charge @ = 2/3. The Higgs mass is found
to be my, ~ 110 GeV. The spectrum is shown in the left panel of Fig.[{.8] The states
colored black correspond to mainly composite states, whereas the purple ones are mostly
elementary. The composite resonances lie in the range 2.7 — 3.0 TeV. The heaviest state
is the mainly elementary singlet 7', with a mass around 4 TeV.
For the general case we consider the following point

By :{\ =18 g = 1.8, 7ip = 9, my = 3.5, my = 9.8, myy = 8.7, 612 = 0},  (4.62)

where dimensionful quantities are measured in TeV giving ¢ ~ —0.4 and m; ~ 140 GeV.
The lightest state is now the mostly elementary singlet T_ with my ~ 3.4 TeV and again
electromagnetic charge @@ = 2/3. The Higgs mass is my, ~ 120 GeV. The spectrum is
given in the right panel of Fig.[.8] where the same color convention is used to distinguish
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Figure 4.8: Left: The spectrum from the benchmark point Bs. The lightest particle
mainly overlaps with the composite singlet T, with a mass m; ~ 2.7TeV. Right: The
spectrum from the benchmark point B;. The lightest particle is mainly the elementary
singlet s, with a mass m; ~ 3.4 TeV. For both spectra, states colored by black are mainly
composites, whereas purple ones are mainly elementary.

the mostly elementary states from the mainly composites. The overall effect of bringing
the doublets v and w down with respect to left panel (where they are instead decoupled)
is to lift the lightest state which is now mostly elementary.

It is also quite interesting to see what happens if we perturb around our assumption
of SO(5)-symmetric partial compositeness introduced in Sec.t.3.1] In our setup, the
new vector-like fermions are embedded together with the SM quarks to form complete
SO(5) multiplets and thus couple to the strong resonances in exactly the same way. The
explicit breaking is then given only by the non-zero masses for the vector-like fermions.
If we now relax this assumption and still think of adding some elementary vector-like
fermions in the theory, their couplings to the strong sector no longer need to be the same
as the SM fermions. In practice, we introduce a common “perturbation” x acting on the
couplings of s, v and w such that the case kK = 1 will reconstruct SO(5) symmetric
couplings and give the results of the previous section, whereas x = 0 will decouple the
new fermions from the composite resonances. We then recalculate the coefficient 5 in
the Higgs potential that we refer to as (.. The ratio 8,/8p thus measures the relative
degree of explicit breaking between a setup with generic couplings and the conventional
case in which only the SM fermions talk to the composites. This ratio is also directly
related to the different predicitions for the Higgs mass through .

We show S, /5 via a contour plot in Fig., where again r = mq/ms, © = mg/ms,
with mg the degenerate mass of the doublets v and w, for a reference value of ¢ =
mq/mr = —0.7 and x = 2.7. At the bottom of the plot, 5,./8y is trivially equal to one.
For larger values of k, the amount of explicit breaking is reduced up to the point x > 1.5
beyond which it is actually monotonically enhanced (note that points with r ~ 0 give
no change as the new states are too heavy). As we can see, the optimal region with
the smallest amount of explicit breaking is around x & 1, namely the SO(5) symmetric
point for partial compositeness which is automatically obtained within the soft-breaking
setup. Thus, organizing the new elementary fermions (when possible) to complete full
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Figure 4.9: The ratio S,/ as a contour plot in the (r, k) plane for x = 2.7 and ¢ = —0.7.
The value of k = 1 that yields an SO(5)-symmetric partial compositeness is highlighted
by the red dashed line and corresponds to the smallest amount of explicit breaking. The
plot is symmetric for kK — —k.

SO(5) representations is not only motivated by symmetry arguments but it turns out
to be in general the safest option to keep the Higgs light.

Let us now summarize our findings in this section. In Sec.[£.3.1] we have proposed a
new way of breaking the global symmetry in CH models which controls the generation
of a non-vanishing Higgs potential. Instead of breaking it in the conventional way due
to the SM fermions not filling complete representations of the global symmetry— SO(5)
in our case— we break it “softly” via vector-like masses for the additional degrees of
freedom that complete the SM fermions to full SO(5) representations. In this way, the
tight relation in between the Higgs mass and anomalously light top partners that is
in tension with the current LHC data is relaxed, allowing heavy top partners with a light
Higgs already in minimal models such as the MCHMj5. We have provided quantitative
evidence for this by performing a detailed analysis within the two-site realization of our
setup, which is supposed to capture the main features of our model. While this is a
necessary step to reconcile the CH idea with the so-far null signals of new physics at the
LHC, another very important topic has not been tackled yet, namely how soft breaking
impacts the fine-tuning that is needed to achieve the correct electroweak symmetry
breaking. This will be discussed in Sec.[1.4]

4.4 Enhanced symmetries for a light Higgs

In the previous section we have introduced the idea of softening the explicit breaking
of the global symmetry under which the CH is a pNGB, and provided a quantitative
analysis based on the two-site model of the minimal sMCHMj5. Our main result was that
anomalously light top partners can be successfully avoided without making the Higgs
more and more elementary, as the conventional relations between the Higgs mass and
the mass of the top partners are modified by the new symmetry structure. The two-
site model discussed above had the major advantage of simplicity, but it also has the
drawback of still yielding a divergent «. Besides the lack of a fully calculable potential,
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which would be anyway desirable, this implies that evaluating the tuning in the model
is not straightforward. Nonetheless, some considerations can be made.

In Sec.[.I] we have seen that a misalignment £ brings in a certain amount of intrinsic
tuning of order A ~ 1/¢. On top of that, there can be actually other sources of tuning
that depend on the details of the CH model, as for instance the embedding of the
SM fermions. Our concrete example was based on the MCHM5, where the fermions are
embedded in the fundamental 5 of SO(5), and it is therefore useful to review what is the
actual tuning that is expected in the conventional picture. This can be estimated most
easily using spurion analysis. Referring to , the embedding of the SM fermions
into the 5 of SO(5) is achieved through the matrices Az, and Ap that are the spurions
characterizing the symmetry breaking due to the embedding of the SM fermions into
SO(5) representations, even though they do not form complete multiplets. The explicit
form of these spurions is given in . Since they connect different groups, spurions
have mixed indices: the columns transform under the elementary SU(2)? and the rows
under SO(5),

Ap~ [SU@2)) x U1} ] x SO(5), Ag~U(1)Y x SO(5), (4.63)

whereas the U(1)y appears as an arbitrary phase. These spurions fully encode the
effects of the explicit breaking due to using incomplete multiplets, and can be used to
obtain information on the possible structure of the Higgs potential. In practice, one first
treats the spurions as dynamical fields and identifies the transformations that would
formally restore SO(5) as a true symmetry of the model. Physical quantities, such as
the Higgs potential, need to be invariant when all the fields, including the spurions, are
transformed. This requirement constrains the possible combinations of fields that can
enter the Higgs potential. Once all the invariants are constructed, the spurions can be
set to their actual form in that can be regarded as the vacuum expectation value
of the corresponding field.

The relevant symmetries here are the elementary SU(2) x U(1)}. and the SO(5)
global symmetry. As the Higgs boson only transforms under 50(5)ﬂ see ([£.2), the
spurions are forced to always appear in hermitian conjugated pairs with the SM indices
(labeled by Greek letters) contracted among themselves, and complex conjugation en-
suring U(1)y invariance. This means that the spurions can enter the Higgs potential
only through the following combinations [168]:

) = (ALT(AL)as, (Tr)1g = (AR)1(AR) S, (4.64)

with o = 1,2 being the SU(2)? indices, while I, J = 1,...,5 are SO(5) indices. As the
latter are the only free indices left, the I'z, g spurions only transform under SO(5):

Trr—9lLrg', g€SO(5). (4.65)

Because of its NG nature, the Higgs belongs to the SO(5)/SO(4) coset and always
appears through the Goldstone matrix U in (4.1). Actually, for symmetric cosets as
SO(5), there exists an automorphism V with VTAVT = 5,74, where sy = +/— for

9The electroweak group in fact corresponds to the gauged diagonal SU(2)r x U(1)y subgroup of
the elementary and composite global symmetries, and we omit an additional U(1)x factor that is not
crucial here [154}|]171].
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the unbroken/broken generators A=a/a, that can be used to define a new Goldstone
matrix, E[T_U], with linear transformation properties:

2=U%V s g2y, geSO®5). (4.66)

This is explained in detail in Appendix@ The I', g spurions and the linear Gold-
stone matrix ¥ defined in and @, respectively, are the ingredients needed
to investigate the fermion contribution to the Higgs potential. As already mentioned,
higher orders in perturbation theory correspond to larger number of insertions of the
couplings that explicitly break the global symmetry. In this case, this corresponds to
more insertions of the I' spurions (keeping the same order in the loop expansion). The
leading order for the potential thus corresponds to one spurion ingertion. One finds that
at this order there are only two different invariants:

Vio(h) = e Tr (2TL) + cgTr (ETR) = (2¢cg — cr) sin®(h/f), (4.67)

where the coefficients ¢y g can only be fixed in an explicit calculation. The issue with
(4.67) is that it does not allow for extrema besides the trivial ones at h = 0,7 f. There-
fore, one needs to balance next-to-leading order contributions to the potential with the
leading order in in order to obtain a non-trivial vacuum with v < f. Intuitively,
this means that the tuning in the MCHMj is actually worse than the naive estimate
A ~ 1/¢ because of the particular structure of the Higgs potential. As higher orders
are supposed to come with higher powers of A\f r/gx, the tuning in order to obtain the
125 GeV Higgs in the MCHM5 was estimated in Ref. [172] as

2
A5:2<;‘5>:§ng:£2x1o, (4.68)
where (a/2f3) is understood as the natural size of these parameters (namely, before
tuning), and we have taken g, ~ 3 as a typical value. As we can see, on top of the
irreducible tuning f2/v? there is an extra factor ~ 10, that is referred to as double tuning.
This additional amount of tuning could be avoided by choosing ad hoc representations;
however, as we shall see in Sec.[4.4.T] there exists a symmetry of the strong sector called
maximal symmetry [184}/185] that can remove the double tuning without the need of
changing the fermion representation.
For our purposes, it is interesting to see how the tuning in the MCHMj5 depends on
the mass of the lightest top partner. This can be done straightforwardly by trading the
scale f for mp in the standard relation . One finds

mrp \2
A ~ 100 ( ) , 4.69
° 1TeV (4.69)
where the quadratic growth simply follows from the fact that one can raise the top
partner masses only by raising f, and the large prefactor is due to the double tuning.
As we can see, the tuning is already at the 1% level even with light partner masses.
We can try to estimate the tuning in the SMCHMj along the same lines of (4.68)):

soft Nl Qs
A% _fx (2&), (4.70)

10This Goldstone matrix ¥ is a new object and should not be confused with the multiplet defined in
(2.77) for the axiflavon-Higgs unification.
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where oy, 85 are the natural values in our model with soft breaking. The main difference
between these two setups is the modified relation between the Higgs mass and my. In
particular we have shown that 5 can be naturally smaller than in the standard MCHMs,

thus modifying (4.22) to
my, = 130 \/55/5% GeV. (4.71)

By solving (4.71) with m;, = 125 GeV, we find 35 ~ (1.3f/m7)?83, while as will remain
unchanged, ag ~ aE Therefore, one has

2
1/ «
AP~ (1) (2 472
5 <1.3 f ¢\ 28 (4.72)
The last two factors are now related to the standard MCHMs5, where they are indeed

the only source of tuning and must coincide with the expression in (4.68)). We then take
a/25 ~ 10 by comparison and finally get

AF o (%)2 % 100, (4.73)
where we have taken f ~ 800 GeV or equivalently £ ~ 0.1. As we can see, the overall
tuning is practically unchanged with respect to the conventional case. In fact, even
though it is possible to raise the top partner masses without increasing the decay con-
stant, f, the fact that 8 is reduced while « is unchanged worsens the tuning to obtain
the correct misalignment angle. Eventually, the tuning in the MCHM35 and sMCHMj5 is
estimated to be of the same order, see (4.69) and (4.73]).

The main point, however, is that the leading source of tuning in the soft-breaking
setup is not irreducible, as it does not come from an increasingly small misalignment &,
and thus can be largely cut down whenever other ingredients are added to model. As we
shall see shortly in Sec.[f.4.1] a perfect match is obtained when combining soft-breaking
with maximal symmetry.

4.4.1 What is maximal symmetry?

The Higgs potential of the MCHMs5, contains only one trigonometric function at
the leading order in the explicit breaking parameters. Since this cannot lead to successful
electroweak symmetry breaking, one needs additional tuning such that next-to-leading
terms can allow for the correct minimum. This fact introduces an extra degree of tuning
on top of the irreducible one ~ 1/¢ readily pushing the overall tuning to the percent
level also with light top partners.

In this section, we will review what maximal symmetry [184]|185] is, and how it
can eliminate double tuning following the spurion analysis presented in Ref. [VII]. To
this end, let us focus on the composite fermionic resonances that will appear in the
spectrum below the condensation scale. In general, these states do not need to fill
complete SO(5) representations (but they always have to obey the unbroken SO(4)
global symmetry). The assumption leading to maximal symmetry is that such resonances
nevertheless still come in complete SO(5) multiplets. For generic values of the resonance

'We envisage that o may also be softened in the sSMCHMj similarly to what happens for 3. However,
this cannot be seen at the level of the estimate and could be supported only through explicit computation;
we therefore conservatively assume as ~ a.
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masses, the residual symmetry is still only SO(4). However, if we neglect these masses for
a moment we see that the original SO(5) would be actually doubled to the chiral group
SO(5)r, x SO(5)Rr, meaning that each chirality can transform indipendently under “its
own” SO(5) group. Interestingly, there exists a value of resonance masses that exhibits
a residual symmetry larger than SO(4), which is referred to as maximal symmetry. This
can in fact be defined as the largest group that can be preserved by turning on non-
zero masses for the composite states that still gives a non-vanishing Higgs potential. In
practice, maximal symmetry turns out to be the SO(5)’ subgroup of SO(5)r x SO(5)r
that satisfies

9LVgh =V, gL €SOB)L, gre€SOB)R, (4.74)
where V' = diag(1,1,1,03) is the automorphism introduced above (4.66)). Another
T _

possibility would be the diagonal subgroup defined by gr1g, = 1, which however would
make the Higgs an exact NG boson as long as the fermion sector is concerned.

Let us now go back to the estimate of the potential in the MCHMj5 and see how
maximal symmetry solves the double tuning. As discussed above, maximal symmetry is
a symmetry of the composite resonances. These are supposed to appear as full SO(5)
multiplets, and their masses are such that the residual symmetry is SO(5)" defined in
. Referring to the conventional partial-compositeness Lagrangian in , this
means that maximal symmetry forces ay = by, and ar = br such that full multiplets
U =(Q, T) are reconstructed, and the mass of the composite resonances need to satisfy
mgq = —myp = M for the SO(5)" group to be a symmetry. The linear mixing in ({4.15))
then becomes

—L mass = )\Lf(jLALU\IJR + /\th_RARU\IfL + M\TILV\I/R + h.c. (475)

The key quantities to estimate the Higgs potential are still represented by the I'y g
spurions in and the Goldstone matrix ¥ in (4.66). However, when SO(5)" is
promoted to a symmetry of the theory, more insertions of the spurions are needed in
order to generate a potential. Indeed, possible contributions are now more constrained
as they need to be invariant not only under SU(2)Y x U(1)}- and SO(5) as before, but
also under SO(5)’. To see this explicitly we first have to identify the transformation
properties of I'y, r under SO(5)". The starting point is to perform a transformation on
the chiral components of ¥:

U\I/L—>gL (U\I/L), U\I/R—>gR(U\I/R). (4.76)
The invariance of (4.75)) requires the spurions Az, and Ag to transform as
AL—)ALQ}L%, AR—)ARQE. (477)

At the level of the I', g spurions in (4.64)), this implies that the transformation under
SO(5)" is a simple “chiral” generalization of (4.65)):

T, = 9rTrgh Tr—9.TRY). (4.78)

The only twist is that due to partial compositeness q; couples to the right-handed
composites that by definition transform with SO(5)g, and similarly for ¢tz. As for the
Goldstone matrix X, we can define the action of SO(5)" as [184]

Y=g Ygh =1 (4.79)
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| so) | sopy
Iy | Tp—gTpgt FL%QRFLQE

Tr |Tr—glrg FR%QLFRQE
Y| Togugt 2 = gL Y gh

Table 4.2: Transformation properties of the spurions I'z, i defined in (4.64) and the linear
Goldstone matrix ¥ under the global symmetry group, SO(5), and maximal symmetry,

SO(5)'.

It is now apparent that both the terms in (4.67) are forbidden by maximal symmetry, as
they are not invariant under (4.78)) and (4.79). The leading contribution to the potential
actually requires at least two spurions to appear simultaneously, i.e.,

Vio(h) = cLrTr(ET 2T TR) = 2crrsin?(h/f) cos® (h/ f). (4.80)

A summary of the transformation properties that we have used to derive and
can be found in Table . The main difference compared to is that now a
non-trivial minimum occurs already at the leading order, thus solving the double-tuning
problem. However, we can actually see that this minimum is still rather special, as it
corresponds to @ = —f and thus implies

¢ = sin?((h)/f) = 0.5 (4.81)

independently of any choice of the parameters! Such a value of ¢ is by now excluded
experimentally— but in principle the gauge sector can come to rescue since it contributes
to the Higgs potential as well and, with a small degree of accidental cancellation, can
help misaligning the vacuum in the right way. The reason of this sharp prediction for &
is the appearance of a discrete exchange symmetry

sin(h/f) <> —cos(h/f). (4.82)

For a symmetric coset, this trigonometric parity is always a symmetry related to the
existence of the automorphism V. Requiring maximal symmetry practically ensures that
it remains a symmetry of the whole theory. Trigonometric parity in fact plays a crucial
role in forbidding the linear terms in and hence reduces the corrections to the
Higgs mass, similarly to what happens in Twin Higgs constructions [186].

As the maximally symmetric version of the MCHMj is free from double tuning one
simply has A ~ 1/¢, mainly coming from the cancellation between fermion and gauge
sectors. However, the relation between the Higgs mass and the top partner mass mr is
still unchanged. This leads to a quadratic sensitivity of the tuning on my similarly to
(14.69):

max sym mr 2
AL ~9 (1 Tev) . (4.83)

Despite the model with maximal symmetry being certainly more natural with respect
to (4.69), we can still identify two ways of further improvement. In fact, (z) it would be
nice to get rid of the unwanted prediction of £ = 0.5 within the fermion sector while still
removing the double tuning, so that the cancellation against the gauge sector is no longer
necessary to obtain a viable £&. Moreover, the soft-breaking setup can accommodate for
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heavier top partners without raising the scale f due to a parametric reduction of the
coefficient 5. However, the estimate for « is unchanged with respect to the conventional
MCHM5 and the overall tuning turns out to be of the same order, see and below.
Thus, (%) if maximal symmetry and soft breaking could be combined the coefficients «
and 8 would be related via trigonometric parity ensuring a fully softened Higgs potential
and consequently a natural spectrum of resonances above the current LHC bounds. As
we shall see, both options are possible and explained in detail in the next sections.

4.4.2 Combining soft-breaking and maximal symmetry

Our aim here is to investigate whether the soft-breaking setup is compatible with maxi-
mal symmetry. This is motivated by the search of a CH model that can provide a natural
spectrum of top partners that is compatible with the current LHC bounds. First, let us
notice that maximal symmetry and soft-breaking are actually rather similar concepts:
the former forces the composite states to fill out complete SO(5) multiplets, whereas the
latter is based on completing the SM fermions to full SO(5) multiplets as well. There-
fore, it feels quite natural to try to combine them. The most naive way of doing so is
discussed in the following preliminaries, and, as we shall see, it does not work. Yet, it
is important for deriving the conditions that lead to a successful combination, which is
then presented at the end of this section. What follows is based on Ref. [VII].

Preliminaries

Let us try to implement soft breaking in the maximally symmetric Lagrangian (4.75) in
the most naive way, namely by promoting g7, and tg to full SO(5) multiplets according
to the minimal embedding (4.29)),

~Liass = A\ f UL UVR + Agf o UV + MU Vg + hee., (4.84)

and by introducing the elementary Lagrangian containing the explicit breaking
unchanged. As always, the contributions to the Higgs potential must be proportional to
the terms that explicitly break the SO(5). In the soft-breaking setup these are given in
. For the moment, let us focus on the contribution from the term proportional to
My,

AL = mypt Tyl + hec., (4.85)

where the explicit form of I'y, is given by
1.
Fw = §d1ag (]]_2><2—|—O'2,:ﬂ_2><2—0'2,0). (486)

In order to predict the contribution to the Higgs potential, we need to derive the trans-
formation properties of the spurion I';, under maximal symmetry. To this end, we recall
that the chiral components of ¥ transform under SO(5) as in (4.76]), and in turn this
implies that the elementary multiplets th p transform as

UL = grUL, VR — 9L ¥R (4.87)

to make the linear mixing in (4.84) invariant. Thus, we see that (4.85)) is formally

invariant if the spurion I'y, transforms as

Ty — grTwg) . (4.88)
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The problem with (4.88)) is that the following term is allowed in the Higgs potential:
Vio(h) = cuTr (R Ty) o< my, sin?(h/f), (4.89)

which contains only one ¥ insertion and whose explicit form is actually rather similar to
what we have calculated in just with mg = —mq. The leading-order potential in
4.89)) does not allow for non-trivial minima, and similarly to what we concluded below
4.67)) the double tuning is reintroduced despite our attempt of employing maximal
symmetry. This is a consequence of trigonometric parity being badly broken by the
spurion I'y,. The same conclusion holds when considering the 612 terms in ([£.35)). In
general, whenever ¢! and %, have a direct interaction term as in ([£.85)), one finds that
trigonometric parity is badly broken and double tuning is remtroducedg

We conclude that the snnplest reahzatlon of soft-breaking in the MCHMj specified by
the new vector-like fermions in is not directly compatible with maximal symmetry.
However, we will see shortly that a slight change in the embedding allows us to
successfully combine maximal symmetry and soft breaking. This will lead to an increase
in the mass of the top partners with minimal tuning, and also to the disappearence of
the unwanted prediction for the misalignment angle.

The model

We are now ready to introduce our simple model in which maximal symmetry and
soft breaking are successfully combined resulting in a composite resonance spectrum
naturally above the LHC bounds. The obstacle for this turned out to be the mass of the
vector-like fermion w which reintroduced the double tuning. We will now show that there
is a simple way to avoid this. All we need to do is to further split the vector-like fermion
w into two: rather than marrying up wy, appearing in ¢} directly with wg appearing in
th, we introduce separate partners for these two w’s. Hence our embedding in (4.29))
will be modifed as

P = AZLqL + ALlwlL +Alsp, b = AIRtR + ALQMQR + Alwg, (4.90)

where Ay, = Ay, = Ay, the last given in (4.30]). For the mass terms of the elementary
fields, we will take a simple modification of (4.34) E:

— Lol =My, (W1LW1R + W1RWIL) + My, (War,w2or + Warw2r,) (4.91)
+ my(0pvR + Orvr) + ms(Spsgr + SgSL) - ’

Note that there are additional mixing terms that would be allowed by the SM gauge
symmetries and are not included in the Lagrangian above. We will discuss these below
in (4.95)).

It is convenient to collect the chiralities that do not enter either of th’ R in two
multiplets

nr = (iR, Sr), &1 = (w2r,vr). (4.92)

12 Clearly, trigonometric parity is restored if s,v,w become infinitely heavy, since the maximally
symmetric MCHMs5 is effectively recovered.

13We notice that by choosing this less minimal embedding the correspoding two-site model would
provide a fully calculable Higgs potential even without maximal symmetry, as mentioned in Sec.m
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The full Lagrangian of our model in terms of these fields is then
—L =P Mg + 0% ML & + AL fOL U R + ApfolU¥y + MU VUR +he., (4.93)

where V' is the usual automorphism, V' = diag(1,1,1,03). The first two terms corre-
spond to a compact way of writing (4.91) via matrices accounting for the masses of the
elementary vector-like fermions:

My, 0 0 My 0 0 My
1 1My, 0 0 1 1My 0 0 —im,
Mi=—1| 0 m 0 Mi=—1] 0 m m 0
R w1 ’ L w2 v ’
V2 0 —iMy, 0 V2 0 — 1My 1My 0
0 0 Mg 0 0 0 0

(4.94)
where the columns correspond to the SO(5) indices and the shape of the matrices reflects
the dimensionality of ng (triplet) and &7, (fourplet).

As we mentioned above, there are three more mixing terms between the elementary

fields that would be allowed in (4.91) which are given by

—Lodd =0150tr + 92qLvR + d12w1w2 + h.c.
=7 A(81, 62)0R + LA (812)nR + hec,

where the last line defines the spurions A(d1,d2) and A’(d12). Based on the discussion
in the previous section, it is clear that a non-zero value for any of the §’s in (4.95]) would
be incompatible with maximal symmetry and reintroduce the double tuning; we thus
require 61 = d2 = J12 = 0. This can be easily achieved by introducing a Z; symmetry
under which the parities of ¢! and np are opposite to the parities of ¥ and &z, for
example ¢! ng : + and ¢%, & : —. When considering the whole Lagrangian in (4.93),
the Z is actually broken softly by the the composite mass M. In the 5D picture (see
Sec. this corresponds to a Zs symmetry that is only broken on the IR brane.

Let us now investigate the key properties of our main model defined in (4.93)) regard-
ing double tuning and trigonometric parity by using spurion analysis. For this we need
to derive the transformation properties of the Mpg 1, spurions in . First, as long as
the electroweak gauge interactions are neglected, and Mg 1, = 0, the fields nr and £, are
“free” and exhibit a large symmetry of their kinetic terms, i.e. U(3)°x U (4)° (notice that
nr is a triplet and &g, a fourplet). This large symmetry extends the SU(2)% x U(1)y,,
see the discussion above Eq. , and similarly implies that My, g enter the potential
only through quadratic combinations

(4.95)

Tr=MLMg, Tp=M M, (4.96)
which transform under SO(5)" similarly to (4.78) (except with L+ R):
Tk = grTrok To—grlrg). (4.97)

The explicit forms of I'y, and ' read

m2+m2y,  i(m2—m2,) 0 0 0
—i(m2 —m2,) mZ+m2, 0 0 0
Iy = 0 0 m2+m2, —i(mZ-m2,) 0 (4.98)
0 0 i(m2—m2,) m2+m2, 0
0 0 0 0 0

115



Chapter 4. A Soft Composite Higgs

and
m2, —im?2, 0 0 0
im2,  m2, 0 0 0
=] 0 0 m2, im2; 0 (4.99)
0 0 im2, m2; 0
0 0 0 0 m?

S

which can also be rewritten in terms of the Pauli matrices similarly to . We notice
that, unlike in the conventional case, higher orders in the expansion parameter A\j, r/g«
do not correspond to more insertions of the spurions I'y, g, which in fact only depend on
the vector-like masses. The leading-order Higgs potential is rather determined by the
least number of 3 insertions, since the Higgs only enters through the Goldstone matrix
that always appears together with Ay, g in . Due to , the leading contribution
requires two X’s to appear simultaneously, and its structure is fixed as:

VLo(h) = CLR Z Qi TI‘(ETFZ'LE F%), (4.100)
1,j=1

where 4, j are arbitrary powers for the I'y, g matrices, for which is still formally
invariant under SO(5)’, and the coefficients can be determined from explicit calculation.
Next-to-leading terms in the potential correspond to more insertions of 3. On the other
hand, since the elementary vector-like masses are not necessarily small, all powers of
I'z,r contribute. Anyway, in order to have a feeling of the structure in , we can
evaluate the first term corresponding to i = j = 1:

VL((I)’D(h) X (m2m3 + mimgﬂ - 2m3ulm312) sinQ(h/f)

s
2 2

(4.101)
+ (m2m2, — mIm? + mima, — mim,)sin®(h/f),

which would give & = 0.1 for instance for ms = 2.4 TeV, my1 = 3 TeV, myo = 4 TeV and
m, = 5 TeV (although the actual value of £ can change when including the terms with
i,7 > 1). An actual calculation of £ within our model that takes into account all powers
of I'p g is shown in Fig.[4.10] as a function of m,, fixing the other parameters such that
the Higgs mass and the top mass are correctly reproduced at the point £ = 0.1. As we
can see, £ is slowly varying with m,, implying that reproducing £ = 0.1 does not require
significant tuning.

We thus conclude that the soft MCHMj5 with maximal symmetry specified in (4.93))
is free from double tuning, because the structure in the potential is rich enough to
provide a non-trivial minimum for electroweak symmetry breaking at the leading order.
Moreover, we notice that & is not constrained to be & = 0.5 as it was found for the
leading-order potential in . As we have seen, this implication for the misalignment
¢ is controlled by trigonometric parity and we can ask ourselves what is its fate in the
soft-breaking setup. While a detailed analysis is presented in Sec.[C.2] here we just give
the result, which is that trigonometric parity is always broken in the soft-breaking setup
already within the fermion sector, unless the masses of the new vector-like fermions are
given very particular values:

(m? —m2, )m2, =0, (4.102)

w1

Sp <> —cp is unbroken < =05 <

We then conclude that, for generic values of the vector-like masses, the unwanted pre-
diction £ = 0.5 can be avoided in our setup already within the fermion sector without
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m, (TeV)

Figure 4.10: The value of ¢ = sin?((h)/f) = —a/23 as a function of m, for M = 2.6
TeV, my, = my, = 8 TeV, my = 2.4TeV.

reintroducing the double tuning, as trigonometric parity is broken in a controlled way
by the vector-like masses (besides very particular points).

In the next section, we will provide a quantitative analysis of the potential in (4.100)
and calculate the tuning in our model, which will turn out to be natural also with top
partner masses above 2 TeV.

4.4.3 Heavy top partners with minimal tuning

We present here the quantitative results for our model and calculate the amount of
tuning needed to achieve correct electroweak symmetry breaking together with heavy
top partners above the LHC bounds. Using the standard parametrization of the poten-
tial (4.10)), we find at leading order in Az g

2

o) M2m2 (mQ —-m )
o+ :—C/ 3d Wiy w2 , 4.103
I P ar e, s e, )
and
3o [ oy o s )P o+ 2) mE )
0 P*(p? + M?)2(p* + m3)(p* + mo)*(p* + mi, ) (p® + m3,)
where N
C = 872‘:)\%)\%]54. (4.105)
In particular, since £ = —a/(2/3), the point corresponding to unbroken trigonometric

parity & = 0.5 is realized if the integrand in vanishes. This happens when
m2, (m2 —m2,) = 0, in agreement with (4.102), and can be checked explicitly by
looking again at Fig.[4.10]

In addition to the terms from the top sector, the potential also contains a contribution
from the gauge sector. It mainly affects «, and we will take this into account by adding

the following term [187]:
9

g = ——5
97 an2?
where m,, is the mass of the spin-1 vector resonance p.

2f*m3, (4.106)
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In order to quantitatively estimate the tuning of the theory A, we adopt the Barbieri-
Giudice measure |160,172]:

2xic: OV
A= A, A = h 4.107
max{|A;[}, i Shm%fQ 91:05), ( )
where sp, = sin(h/f) and similarly for ¢, and the independent variables x; are
xi = {AL, AR, fymp, M, mg, My, My, , My } (4.108)

Before moving to an actual calcuation using , let us estimate the tuning in our
model where maximal symmetry and soft breaking are successfully combined.
To this end we recall that the maximally symmetric version of the MCHMj5 is free
from double tuning and the estimate is simply A ~ 1/¢. With maximal symmetry
alone, however, heavier top partners can be achieved only at the price of decreasing &
yielding the quadratic growth in . Crucially, this is not the case when maximal
symmetry and soft breaking are married as heavier top partners are now compatible
with a light Higgs without raising the scale f. Moreover, since « and § are now related
via trigonometric parity the reasoning that lead to is not applicable and the
quadratic growth with my is avoided. We can then estimate the tuning in our model
where maximal symmetry and soft breaking are successfully combined to be, as a first
approximation, independent of the top-partner masses and equal to the minimal tuning
as in Ref. [184] with £ = 0.1 and m, > 2TeV:

A~l_9_g (4.109)
3

This is in fact the essence of combining soft breaking and maximal symmetry: the
former allows to raise the top partner masses without raising f and the latter provides
the connection « & 3 via trigonometric parity ensuring a fully softened potential. As we
shall see, is in fact a good approximation of the tuning for top partner masses
satisfying mp < 2TeV: up to this value, obtaining a light Higgs will require no additional
tuning; for larger masses, however, fixing the Higgs mass to 125 GeV implies a certain
amount of extra cancellations in the potential and the overall tuning will deviate from
the minimal one in (4.109).

The tuning in the various models discussed in this section as a function of the top
partner mass, mr, is presented in Fig.[{.11] Solid lines correspond to the simple analytic
estimates given in Eqs (4.69) and (4.73)) (blue), (4.83) (red) and (green), while
the dots to numerical calculations using the expression of the one-loop Higgs potential as
well as the measure in . As we can see, for the soft maximal symmetry case (green
color) the tuning is in fact independent of myp in the low-mass region and coincides with
the estimate in ; on the other hand, for mp 2 2TeV the tuning is driven by the
requirement of a light Higgs and the result deviates from . The model turns out
to be nonetheless rather natural also for heavier mp and p masses: we actually find
A ~ 20 for mp ~ 2.5 TeV, whereas taking a more stringent cut on the p mass, m, > 3
Tev, will change the mp-independent estimate in from 8 to 16.

We can then clearly see that the sMCHMj5 with maximal symmetry allows for mini-
mal tuning, at the level of A= < 10%, while avoiding the anomalously light top partners
disfavored by the LHC. In particular, the region in which the tuning increases due to
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Figure 4.11: Comparison of the tuning A in several models as a function of the mass
of the lightest top partner mp. Solid lines correspond to the analytical estimates and
dots to a numerical calculation according to Eq. . The mass of the spin-1 vector-
resonance, p, is taken m, > 2 TeV.

the non-observation of the top partners is postponed in our model to mp 2 2TeV.
Thus, in contrast to other minimal realizations, this natural CH is only just about to
be tested now, at the HL-LHC, or FCC [188-191]. In fact, even before turning on the
LHC, electroweak precision tests told us that £ < 0.1 and therefore the tuning for a
CH was to be expected at the 10% level, see again the discussion in Sec.4.2l However,
for the conventional MCHMj5 and also for its maximally symmetric version, the tuning
is actually driven by the non-observation of light top partners that is already cutting
values of ¢ previously unconstrained by LEP. On the contrary, Fig. confirms that
the LHC limit on top partners is not driving the tuning in our model, bringing us back

to the pre-LHC era.

4.5 Warped 5D implementation

In this section, we will discuss CH models from the perspective of extra-dimensional
theories, where all the ingredients that we have introduced in the 4D relization of our
model presented in Sec.[4.4.2] will turn out to have a very simple interpretation [VII].

The link between Higgs compositeness and extra dimensions is provided by the
AdS/CFT correspondence [182], which relates d-dimensional conformal field theories
to d + 1 models in anti-de Sitter (AdS) space-time. The reason why this is convenient
boils down to the fact that the strongly coupled regime of the CF'T corresponds to weak
coupling in the extra-dimensional model ensuring calculability. This is clearly advanta-
geous for studying CH models, as the Higgs emerges as a bound state of a new strong
dynamics which is close to conformality until it condenses generating the scale f. This
said, it is certainly true that, as explored in the previous sections, phenomenological
models in 4D already provide an excellent tool to make a quantitative analysis of the
low-energy theory.

There are however two good reasons to look at our new model from the extra-
dimensional perspective. The first one is (i) investigating the origin of the soft-breaking
setup itself. As we shall see, this has to do with the fact that the elementary multiplets
that we have completed to full SO(5) representations by adding the new elementary
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fermions are actually the fundamental objects to start with in the 5D model. Also, the
appearance of discrete symmetries as the Z, parity that forbids the terms in is
more easily understood in 5D as an interplay of different symmetries at the boundaries
of AdS. The second reason is (i) to provide a rationale behind the mass scale of the
elementary vector-like fermions that has been so-far considered as a phenomenological
free parameter. In fact, the new fermions can impact the Higgs potential only if they are
light enough to be active below the condensation scale, thus having a mass comparable
to the composite resonances. This can be viewed as a sort of “coincidence” problem. In
fact, even if the Planck scale is the only scale in the game, it is easy to accommodate a
TeV-scale composite resonance by dimensional transmutation. This mechanism is clearly
not at work for elementary fermions, and a bare mass which is much smaller than Mp is
rather ad hoc. On the other hand, fermion masses are technically natural due to chiral
symmetry and thus this does not represent a real fine-tuning problem. Anyway, besides
any naturalness issue, the generation of elementary vector-like masses at the TeV scale
is certainly worth investigating and, as we shall see, the 5D picture can easily provide a
mechanism for this.

Let us get started by introducing the five-dimensional space-time that we are going
to use throughout this section, see e.g. [152/192,/193| for reviews. It consists of a slice
of AdS space, delimited by two 4D branes that are connected along the extra dimension
2. The UV brane is located at z = R and the IR brane at z = R’ with R > R. The
conformally-flat AdSs metric is

ds® = a(2)*(nudatda” — d2?), (4.110)
where 7, describes the standard Minkowski space time with p,v = 0,...,3 and the
fifth coordinate z can vary as z € [R, R']. The warping factor a(z) reads

R
a(z) = —. (4.111)
z

Notice that a(R’) < 1, meaning that energy scales are warped down on the IR brane
with respect to the UV brane, and hence their names. The position R of the UV brane
is related to the smallest distance at which the theory can be trusted, and thus it is
usually set to the Planck scale: R~! ~ Mpj. Conversely, the IR brane represents the
scale at which the strong sector of the dual 4D theory loses conformality (see e.g. [194])
and thus provides an IR cutoff, namely the condensation scale. Since we expect the
Higgs decay constant f to be around 1 TeV, one takes R’ ~! ~ 1TeV.

As for the field content and symmetries, we will assume that the bulk of AdSs
(namely, everywhere between the branes) possesses an SO(5) x U(1) x gauge symmetry.
This is because gauge symmetries in the extra dimension are known to correspond to
global symmetries in the 4D dual. There are then exactly 10+1 gauge bosons A%, (x, 2),
where M = 1,5 (u = 0,...,3) is a space-time index according to the five-dimensional
Lorentz group SO(4,1), and a = 1,...,11 counts the dimensionality of the adjoint of
SO(B)xU(1)x.

From the perspective of a 4D observer the symmetry of the space-time is the standard
S0O(3,1), and thus each gauge boson decomposes as a vector Ajl and a scalar field Af
with respect to the standard Lorentz group:

A%, (2, 2) = @ggg) . (4.112)
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Since space-time has boundaries along the fifth dimension, a crucial role is played by
the boundary conditions that are assigned to a given field. In particular, the boundary
conditions for the gauge fields are chosen to reproduce the following symmetry reduction
on the branes:

e SO(5) xU(l)x — SO(4) x U(1)x on the IR brane at z = R’. This mimics the
SO(5)/S0O(4) breaking due to condensation of the new strong dynamics.

e SOB)xU(l)x — SU(2), x U(1)y on the UV brane at z = R. This implements
the fact that the elementary fields only respect the SM gauge symmetry.

From general arguments, we know that the pNGB Higgs is associated with the broken
generators of SO(5)/SO(4). This remains true also in the 5D model, where the Higgs
degrees of freedom are identified as the fifth components of the SO(5) gauge bosons A‘g,
a =1,...,4, corresponding to these broken directions. These degrees of freedom are
indeed Lorentz scalars, as discussed above . As the Higgs is embedded within
an extra-dimensional gauge field, this setup realizes what is also called gauge-Higgs
unification, and the tree-level Higgs mass is now forbidden by gauge symmetry. However,
the gauge symmetry is broken by the presence of the UV and IR branes, and thus a
potential for the Higgs will be generated radiatively, as in the usual pNGB picture.

Let us now move to discuss how matter fields, including the SM fermions, are in-
cluded. First of all, let us note that standard dimensional analysis implies that the
canonical dimension of a fermion field ¥ in d =5 is:

0] = % o, (4.113)
In d = 4, spin-1/2 irreducible representations of the Lorentz group are known to be
chiral Weyl fermions. However, the smallest representation of the Lorentz group for
spin-1/2 particles in 5D contains both chiralities and is instead a Dirac fermion:

Xa (T, 2)
U(z,z) = <¢d‘(az,z)> , (4.114)
where we are using two-component spinor notation, a,& = 1,2. This clearly poses an
issue when trying to identify the SM fermions within these 5D multiplets, as we know
that they are fully chiral under the SM gauge symmetry. However, the two chiralities
within U can be actually “separated” by assigning them different boundary conditions
on the branes. This procedure is called orbifolding and has been shown to be successful
in reproducing a chiral spectrum of fermions at low energy. The choice of the boundary
conditions for ¥ impacts the Higgs potential as well, as they will also break the 5D
gauge symmetry and contribute to it similarly to the gauge bosons.

In the next section, we will discuss the role of boundary conditions on a slice of AdS
and discuss the physical interpretation of this from the perspective of a 4D observer.

4.5.1 Boundary conditions and Kaluza-Klein modes

Let us here focus on the 5D fermionic sector as we find there the crucial new element of
our soft-breaking setup.

As a first step, we need to write down a 5D action for the fermions from which
we can derive the classical equations of motion (eom). Neglecting for the moment the
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SO(5) x U(1)x gauge interaction, the free Lagrangian for 5D fermions in curved space-
time is, see e.g. [195],

R/
S = / d'z / dz ( (Uedy*Dp¥ — DyyWel v ) — m\y\I/\I/> : (4.115)
where e = (z/R)5M is the fiinfbein and ¥*s are Dirac matrices. By Dy, we indicate
the covariant derivative on the curved space-time, D, ¥ = (0, + v,75/4%2), D5V = 0¥

The action in (4.115]) can be expanded in terms of the chiral components in (4.114]) as

R 4
S_/d4x/ dz (R> {—zxa“apx—wa’”6w+ (¢85x xaw) (¢x+>215)}
R z

44 116

where we have rewritten the fermion mass in units of R myg = ¢/R, and 85 =05 —
The symbols 0¥, 6# are related to the Pauli matrices, o', as ot = (—1,0") and 0“0‘0‘ =
(—1, —a?) [196].

The Euler-Lagrange eom are obtained in the standard way by varying the action
with respect to the fields:

R Y 5L
4 a a _
5S = /d / dz{(5¢a 8M53 ¢a>5¢ +8M<5a ¢a5¢>}_0. (4.117)

Notice that the second term, that is a total derivative, does not necessarily vanish as the
5D space-time has boundaries. Requiring the first term to vanish enforces the following
eom in the bulk— recall that £ here contains also the (R/z)?* prefactor:

5L 5L R\* 1. c- R\%1_
— O — = () (—z&“@ux — =0+ C¢> — () —9
2 z z 2

] (4.118)

ox 60X z
4
2
() (- 22),
and similarly
5L 5L R\* . c—2
= _ = = —ot P . 4.11
50 aMcSBMw (z) (za oY + 0.x + . X) (4.119)

As for the total derivative in (4.117)), the standard 4D space-time components can be
neglected as there is no boundary. The term with M = 5 however gives the following

contribution:
z=R'

1 R\* __ _ _
z2=R

We see that (4.120]) is generically non-zero unless suitable boundary conditions are chosen

for the fields. At each boundary Z = R, R’ there are exactly two possibilities: either

2+c-

x(x,2) =0(dx =0) = 0.1(x, %) = U(x, 2) (4.121)
where the implication follows by using the bulk eom in (4.118)), or
9 _
Wz, 2) = 0(6¢% = 0) = dy(w,2) = — x(, 2) (4.122)
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where we have used . Either way, we can see that the boundary conditions at
z = R, R’ for the two chiralities y and 1) are not independent, as they are connected
through the eom. The condition ¢(x,2) = 0 is denoted as Dirichlet, and it implies
a condition on the opposite chirality which for ¢ = 0 and flat space-time reduces to
Neumann boundary condition, d,¢(x,2) = 0.

Going back to the Dirac fermion ¥, we will denote by W[+| a Dirichlet boundary
condition for its right-handed component, namely 1 = 0 as in , and by ¥[-] a
Dirichlet boundary condition on the left-handed component, x = 0 as in . In the
actual case of two boundaries, we will use ¥l[a,b] (a,b = + or -) where a and b refer to
the UV and IR branes, respectively.

Let us now move to discuss the relevance of the Kaluza-Klein (KK) decomposition
for fields that live on a compact space. This applies to our discussion because the fifth
dimension is limited by the UV and IR branes. The idea is to decompose each 5D field
as an infinite sum of pure 4D fields, the weight of each given by a profile function that
only depends on the coordinate in the extra dimension z. For fermions, we shall use the
following decomposition:

X(l’,Z) = Zgn(z)Xn(x)a 11_)(33»2) = an(z)ﬂ_)n(%z) (4'123)

Each 4D spinor then satisfies the 4D Dirac equation with mass my,:

_aFh h o —
{ 10+ Oy Xn + Minthp =0 (4.124)

—w“@uzﬁn + mpXn =0

By plugging the ansatz (4.123]) in the bulk eom, (4.118)) and (4.119)), and using the 4D
eom (4.124), one finds the following equations for the profiles:

—2 _
{gqlmmnfn+ C7971 =0 (4.125)

frlL+mngn_ %fn =0

Moreover, the various 4D modes need to satisfy orthonormalization conditions of the
kinetic terms that are given by

Rl Rl
[ e 0@ dz = [ @) @ () dz = b (1120
R R
It is extremely relevant for the low-energy phenomenology whether massless fermions can
appear in the spectrum. Let us then set mg = 0 in (4.125) and solve the consequently
two uncoupled equations. One simply finds

A (2)° B (2)" 4127
go = U(E) 3 fO_ O(E) ) ( . )
where Ay and By are two independent constants. We see that a zero-mode can appear
only if the boundary conditions ¥[a, b] are such that a = b. In particular,

2—c
\I}[+7 _H = By =0 and go = Ap <i> LH zero mode,
R (4.128)
z 2+4+c )

+
U[—,—] = Ap=0 and fy= By <R> RH zero mode.
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It is also important to understand the qualitative behavior of the zero-mode profiles
along the extra dimension. In particular, it is crucial to determine where a given zero
mode has the largest wave function in order to understand its properties. As we shall
see, this is how the SM flavor puzzle is solved in the 5D dual of partial compositeness
that we referred to in Sec.[L.I] Generically one identifies two possibilities: either UV
localization or IR localization. This property is however not straightforward by just
looking at the profile functions in (£.128)). The best way to see this is to look at the
profiles in a covariant way, namely including the fact that the extra dimension is warped.
Let us then calculate the normalization condition in for a LH zero mode:

R’ R
/ at(2)ga(2)dz = A3R2C/ 272 dz = 1. (4.129)
R R
In order to understand where this zero mode is localized, we can now consider the limit
in which either brane is removed, namely R — 0 or R* — oo. If the mode remains
normalizable, namely the integral is finite, it means that it is localized on the other
brane. It is now easy to see that for a LH mode ¢ > 1/2 implies UV localization,
whereas the mode is IR localized for ¢ < 1/2. The same relations hold for a RH zero-
mode but with ¢ - —c: ¢ < —1/2 implies UV localization and ¢ > —1/2 gives IR
localization. As mentioned before, this very simple fact provides the solution to the SM
flavor puzzle, and will also be relevant for the mass scale of the elementary vector-like
fermions in our model of soft breaking.

Let us now move to discuss massive modes, which are truly called KK excitations.
One can rewrite increasing the order in the derivatives but disentangling the g,
and f, profiles as

2 _a

g — g+ (m2 - 450 ) g, = 0
2_o—

Fi = 40 (md = 9550) o =0

The two equations are the same modulo ¢ — —¢, so we can just focus on the first one.
As it is a second-order differential equation, there exist two independent solutions, that
are customarily indicated as warped sine S(z,m,c) and warped cosine C(z,m,c), see
e.g. [1971[198], that are defined in the Sec.[C.3] The generic solution to both and

(14.130)) is:

(4.130)

gu(2) = (R) [buS (2,1, €) — anC(z, 1y )]

z

R —c—2 (4131)
fulz) = () [anS(z, My, —C) + b, C(z, My, —C)],

z

where a,, b, are arbitrary coefficients that are fixed by imposing boundary and normal-
ization conditions, and the masses m,, are obtained by quantization conditions as we
shall see. The warped trigonometric functions satisfy useful equalities

C(R,m,c)=1, S(R,m,c)=0, (4.132)

which make them ideal to impose Dirichlet boundary conditions at z = R, together with
the Wronskian relation

C(z,m,c)C(z,m,—c) + S(z,m,c)S(z,m,—c) =1 (4.133)
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that generalizes cos? + sin?6 = 1.

Let us now discuss how the masses m,, of the various KK excitations are obtained.
For each Dirac state (xy, ¥, ) there are two arbitrary constants a,, and b,. However, there
are two boundary conditions that need to be satisfied together with ortho-normalization
requirements for the 4D kinetic terms, . As the system is over-constrained, all
requirements can be met only if the two boundary conditions are actually linearly de-
pendent. This happens only for suitable (discrete) values of the masses m,,, which are
indeed determined this way.

To see how this works, let us take for example a fermion with boundary conditions
U[—, +]. Referring to the profile solution in (#.131]), one has g,(R) = f,(R') = 0 which
implies a, = 0 together with

C(R',my,,—c) =0, (4.134)

where the latter condition actually gives all the possible values of m,. For instance,
c=—03and R =1 TeV~! gives m; ~ 2 TeV. For each m,, the last parameter b, is
then fixed by the normalization of the kinetic terms, (4.126))

R/ R 2c
bi/ dz <> S%(z,mp,c) =1, (4.135)

R z

and all the other normalization conditions are automatically satisfied.

The KK decomposition of gauge bosons can be carried out in a similar way. There
one finds that imposing a Dirichlet boundary condition for the vector part Aj implies
Neumann for the scalar component Ag, and vice versa. This has the same implication
in terms of KK decomposition and zero modes as for the fermions. In particular, the
broken gauge bosons of SO(5), Az, need to have Dirichlet boundary conditions on both
branes to allow for the zero modes within Ag corresponding to the pNGB Higgs degrees
of freedom. Conversely, the three SM gauge bosons corresponding to SU(2) 1, emerge for
instance as zero modes of AL, 1 = 1,2, 3 once Dirichlet boundary conditions are set for
At on both branes.

4.5.2 The holographic Higgs

We discuss here the 5D setup that represents the holographic dual of the conventional
MCHM;5;, which is in fact the way this model was first introduced in Ref. [157]. The
symmetry structure is the same as always, namely a SO(5) x U(1) x gauge symmetry in
the bulk which is reduced to SU(2)r x U(1)y and SO(4) x U(1)x on the UV and IR
branes, respectively. The values for R and R’ are fixed by phenomenological consider-
ations. As mentioned already, the position R of the UV brane is given by the smallest
distance at which the theory can be trusted, and thus it is usually set at the Planck scale:
R = 1/Mp;. Conversely, the IR brane represents the IR cutoff of the theory and needs
to be identified with the scale at which the strong sector of the dual 4D theory loses
conformality, and thus coincides with the condensation scale. Since we expect the Higgs
decay constant to be around 1 TeV, one assumes R’ ~ 1TeV. The choice of embedding
the quark doublet g7, and the singlet tg as 5 of SO(5) corresponds here to introducing
two different 5D fermion fields W, and W; in the 553 representation of SO(5) x U(1)x:

— wu[_a‘i‘] t[+,+] _ _ w;[_i_’_] UUH‘,_] o
v, = <wd[—,—|—] b[—|-’_|_]> ®s[—,+], U= <wél[+’_] val+, — > dt'[—,—]. (4.136)
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The fields have been presented according to 4@ 1 representations of SO(4). The bound-
ary conditions for (¢,b) are such their LH components allow for a zero mode, which is
then identified with the SM quark doublet g;. Similarly, the boundary conditions for
t' allow for a RH zero mode correspoding to tg. The other fields instead only have
opposite boundary conditions on the UV/IR branes and thus only give massive KK ex-
citations, that correspond to the resonances of the strong sector. This choice is dictated
by avoiding light zero modes for exotic quarks. The notation introduced for s, v, w and
w’ makes contact with the fields that we have been using throughout this chapter. As
we can see, the boundary conditions on the UV brane in are only SU(2)r, sym-
metric. In the partial compositeness picture, this corresponds to incomplete multiplets
as in where the null entries of the spurions in are here interpreted as the
lack of zero-modes for the corresponding 5D fields.

The action for ¥, and V¥; has exactly the same form of , with the only
difference that gauge fields are included in the covariant derivatives:

D,=90
H M+4Z

Yuvs +igsT* AL +1gx Xy,  Ds = 05 +igsT* A5 +19x X5,  (4.137)

where g5 and gx are the gauge couplings correspoding to SO(5) and U(1)x respectively,
and have mass dimension [g5 x| = —1/2. The interaction with the Higgs is found by
looking at the fifth component of the SO(5)/SO(4) broken generators, a = a:

AL = Z Uz, 2)y° T4y (z, 2) g5 Ad(z, 2) + h.c., (4.138)
k=q,t

In the unitary gauge, only @ = 4 will describe the physical interaction with the Higgs.
Thus, performing KK decomposition on A3

Ad(w,2) = fu(2)h(@) + ) ful2)ha(2), (4.139)
and keeping only the h(z) zero mode, we find
ALD Y g5 fnl2) Ugla, 2)7° T* Uy(, 2) h(x) + hec. (4.140)
k=q,t

Although the interaction above has the structure of a yukawa coupling, the Higgs me-
diates no link between ¢, and tr as there is no cross-interaction between W, and W;.
Thus, in order to give a mass to SM fermions after electroweak symmetry breaking one
needs to add at least a localized action that lives in the IR brane:
4
Sir = /d4x (;) (pa® (2, RV (2, R') + W) (2, RV} (z, R') + hoc.), (4.141)
where 4 and 1 refer to the decomposition in fourplet and singlet in and pu4.1 are
dimensionless parameters.
At this point, we should also notice that gives the solution to the bulk
eom only for a free 5D fermion. However, the Higgs couples to the fermions through
the covariant derivative in the bulk as we have just seen, and this interaction cannot

be neglected if one wants to investigate the generated Higgs potential. This leads to
coupled differential equations among the different SO(5) components of the ¥, fields
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considerably complicating their eom which also pick a dependence on the Higgs vev.
The new KK decomposition for a Weyl spinor x(z, z) taking this into account becomes

X(@,2) = galz, () xn(),  W(x,2) =Y fulz, (h) dal), (4.142)

which gives back (4.123)) for (h) = 0.

Fortunately, there exists a gauge transformation that allows to remove the Higgs vev
from the bulk. It is called holographic gauge and reads [199]

Ui(x,z) = Q2)¥¢(z, 2), (4.143)
where f = ¢,t together with
TOAS (2, 2) = Q2) TAS (2, 2) Q2)T — (i/g5) 00 Q(2) Q(2)7, (4.144)

and €Q(z) is the Wilson line defined as

Q(z) = exp <—zg5T4(h> /R e fh(2)> : (4.145)

After applying Q(z) the dependence on the Higgs vev from all bulk profiles drops out,
and one can relate g,(z, (h)) to g,(z,0) simply by

a2, (h)) = Q2)" g (2,0),  falz, (k) = Q)" f(2,0), (4.146)

where a,b = 1,...,5 are SO(5) indices. Hence, the boundary conditions that are orig-
inally defined for g, (z, (h)) and f,(z, (h)) can be easily related to the free profiles via
(4.146)). Notice that, as Q(R) = 1, both profiles coincide on the UV brane and thus have
the same boundary conditions.

The actual picture, however, is modified by the presence of brane-localized terms.
To see this, we refer explicitly to the IR-localized that was given in by simply
taking the value of the 5D fields at z = R’. Introducing such boundary terms, however,
requires a more careful treatment in order to comply with the variational principle and
we will here follow the procedure outlined in Ref. [195]. According to the notation in
, we will indicate by x4, and zﬁqvt the LH and RH component of ¥, ;, respectively.
Moreover, each Weyl component comes with SO(4) indices representing either the 4 or
the 1 of SO(4). With this notation, can be expanded in terms of the y and ¥
fields as

4
= [ () [t mnien e siimmtmy
4.147
(Vg (2, RNxi (x, R') + x4 (z, R){f (2, R')) + h.c.].

Moreover, we will simplify the expression above by using directly the boundary condi-
tions in (4.136]), wg’l(x, R') =0 and Xf’l(w, R’) = 0. This leads to

4
SIR = /d4$ <g,> [M4 X;(xa R/)Q/;f(xa R,) + M1 X(} (.’L‘, R,)’(Ll}(ﬂgv R,) + hC] (4148)
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However, recalculating the Fuler-Lagrange eom from the bulk action together with Sig,
we will find that the boundary terms will no longer vanish with the standard set of
Dirichlet conditions as in exactly because of the new terms in . In order
to have a consistent variational principle, one needs to rely on a certain prescription
when introducing a boundary action. We will follow the one that first moves all the
terms in away from the IR brane by € > 0, yielding

R\* _ _
R= /d4w /dz <z> [u@’g?(x,z)zﬁf(m,z)—i—m )qu(x,z)wg(a?,z)—i— h.c.|6(z— R +e),
(4.149)
where 0(z) is the Dirac delta-function. The eom now give:

—10"9uxy — O F6(z—R +¢)=0,

(4.150)

— 101 PF + O xE + P X50(z — R 4 e) =0,

where we have introduced r = 4,1 to keep the notation compact. The idea is now to
integrate the eom in around the d-functions from z = R'—e to z = R’ and obtain
a new set of boundary conditions. One can see that the wave functions that enter the
modified eom with 9, will undergo a jump at z = R’ — €, whereas all the other profiles
will receive modifications that vanish when € — 0. Performing the integral, one finds:

Y (x, R —€) — YR + pr f (x, R — €) + O(e) = 0,
M—xt (2, R —€) + pr xg(x, R — €) + O(e) = 0,

where we have used the original boundary conditions at z = R to simplify the expression.
The new boundary conditions are then defined by taking the ¢ — 0 limit in (4.151])

{f;<R',<h>> o {f;(R’,<h>)+urf$(R’7<h>)=0
gi (R, (h)) =0 gF (R (h)) — pir gE(R!, (h)) = 0

which fully capture the effect of having the IR-localized action in (4.148). In the equation
above we stressed that these new conditions actually hold for the Higgs-dependent pro-
files. However, using we can obtain the final sets of the IR boundary conditions
in terms of the free profiles, whose general solution is given in , as:

(4.151)

, (4.152)

{fq(R’) + Q7 (R) MQ(R) fi(R') = 0, (4.153)

gt(R) — QY R)MQ(R)g,(R') =0,

where M = diag (ua, fta, pia, pa, 1), and f, g are expressed as SO(5) vectors. Notice
that in the particular case puy = p1, we have M o 1545 and the Higgs vev is removed
from the theory (namely, it is unphysical) showing that the Higgs would be an exact
NG boson as long as the fermion sector is concerned. This has to do with the “collective
breaking” of the multi-site models discussed in Sec.[.3.2] which indeed take inspiration
from the 5D models. In fact, it is not only necessary to break SO(5) on the UV brane
(or the elementary site in the dual picture) but also on the IR brane.

While referring to Ref. [157| for the actual details, let us note here that the new
boundary conditions in make apparent that the mass of the SM fermions, which
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Figure 4.12: Scatter plot of the (my, mr) parameter space as obtained from the holo-
graphic MCHM5. As we can see, reproducing the correct Higgs mass generically requires
top parterns below 1 TeV. The left and right panels correspond to different choices of
the IR-brane masses pg and pp. Plot taken from [173].

is linked to the Higgs vev and thus to Q(R'), will strongly depend on the behavior of
the corresponding zero modes around the IR brane. As discussed in Sec.[.5.1] this
can be understood in terms of their localizations: when a zero mode is UV localized,
its overlap with the IR brane will be highly suppressed, whereas an IR-localized mode
will be largely affected by the Higgs vev. Thus, it is clear that one can reproduce the
SM spectrum by UV localizing the light generations, whereas the third generation will
feature IR localization. This automatically gets rid of the large hierarchies of the yukawa
couplings in the SM, as completely different masses are here obtained simply depending
on whether ¢ > 1/2 or ¢ < 1/2, see again the discussion below (4.129)).

On similar grounds, one can show that the largest contribution to the Higgs potential
is given by the zero modes that are the most IR localized, which simply correspond to
the SM fermions that have the largest yukawa to the Higgs. Similarly to what happens
in purely 4D models, one then finds a very tight relation between the top mass, the
Higgs mass and the mass of the partners, which is qualitatively the same as and
actually hints for even lighter top partners. These are here interpreted as anomalously
light KK modes, whose natural scale would be set instead by geometrical consideration
as ~ m/R' ~ 3TeV. This is shown in Fig. for the holographic dual of the MCHMj
defined in (4.136)). We thus conclude that the 5D models describing a holographic Higgs
are (even more) in tension with the LHC. Again, one could solve this by simply raising
the Higgs decay constant, f, (which in the 5D picture is given as f = 2R1/2/g5R’, see
e.g. [173]) whose drawbacks have already been discussed at the end of Sec.[t.2]

In the next section, we will discuss how to implement the soft breaking in the holo-
graphic picture. As we shall see, the idea behind our setup becomes even more trans-
parent in the 5D approach where all its features can be interpreted in a very simple
way.

4.5.3 Universal boundary conditions for a light Higgs

We present here a realization of the soft-breaking idea using the warped 5D setup, where
we will see that every ingredient of the 4D models have a very natural implementation
[VLI]. The resulting 5D model is in fact quite simple and natural, and in no way more
contrived than the original [157] holographic MCHMj5, but phenomenologically more
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successful.

The implementation of soft breaking is very simple and natural in 5D. All one needs
to do is impose SO(5)-universal boundary conditions on the bulk fields ¥, that the
SM fermions are embedded into. This means all SO(5) components of the fields have
the same boundary conditions, and simply becomes

\Ijq[_'_? +]7 \Ijt[_v _]' (4154)

With no further ingredient, such universal boundary conditions would produce a full
SO(5) multiplet of zero modes for every bulk fermion, which is clearly not viable phe-
nomenologically. This can however be avoided by including a brane-localized action
similar to , but this time at the UV boundary so that the zero modes can be
lifted due to the presence of 4D spinors, sg, vy, wir and wop, which can mix with
the bulk fermions on the UV brane. To obtain the same mixing pattern as in our 4D
setup in which maximal symmetry and soft breaking can be successfully combined, the
Lagrangian for the localized fields is chosen as

sw= [ d4:c{ im0 O = 600" 0,1+~ (B) M+t () M 1+ h.c.},
(4.155)
where x4 (¢¢) is the LH (RH) chirality of the SO(5) multiplet ¥, (¥;) asin (4.114). The
4D spinors ng, &, are the same fields as in and Mp 1 are the the dimensionless
mass matrices analogous to , where the masses are now measured in units of
R ~ 1/Mp; and are replaced by the dimensionless coefficients p; = m;R (the presence
of the 1/v/R factor is due to the difference mass dimension of 4D and 5D fermions).
The expression above is tailored to the model in . It is however straightforward to
write down the 5D dual also for the minimal model of soft breaking with the elementary
Lagrangian given in (4.35)): in this case, the mass for w would correspond to a direct
yukawa interaction between x, and 1, which is formally the same as the one in the IR-
localized action. In the following, we will stick to the setup in as we have seen
that the combination with maximal symmetry is very important to reduce the tuning.

Note that in we are again forbidding couplings of the type ng —&r, and x4 —¢
in order to avoid reintroducing the double tuning, as discussed below . In the 5D
version this can be enforced by introducing a Z5 symmetry under which the entire Dirac
multiplet in the bulk, ¥,, (both x, and ;) as well as np have negative parity, while
the other fields have positive parity. This Z; symmetry will only be broken on the IR
brane, where the x, —1; terms in are necessary to give masses to the SM quarks.
This is quite natural in the 5D approach, as we have seen that the symmetry content
of the two branes has different meanings, namely symmetry of the elementary fields
vs. symmetry of the strong sector. In this respect, implementing maximal symmetry is
straightforward: as this is a symmetry of the strong sector, one simply needs to require
that the IR action in (4.148) possesses the SO(5)" symmetry defined in (4.74). This
simply amounts to setting ug = —p; in ({4.153).

In complete analogy to the 4D model, the explicit breaking of the Higgs shift sym-
metry is fully encoded in the dimensionless matrices Mg 1 with elements p;. Actually,
brane localized fields analogous to nr and £;, were already considered in [200] as classi-
cal Lagrangian multipliers to enforce the desired boundary conditions in the holographic
approach: soft breaking can thus be seen as making those fields dynamical and control-
ling their impact through their masses p;. In the limit of p; > 1, ngp and &, become
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in fact true Lagrange multipliers enforcing opposite boundary conditions for the SO(5)
components not corresponding to SM fermions. In this limit, all results from conven-
tional holographic CH models are recovered. However, as long as the brane fields are
dynamical they will contribute to the Higgs potential and realize the 5D analogy of soft
breaking. In practice, one can now interpolate between true zero modes for the new
vector-like quarks (u; = 0) and pure KK excitations (u; > 1) by dialing p;. For inter-
mediate values, partially elementary KK states appear in the low energy spectrum, and
the model is expected to modify the Higgs potential similarly to its 4D dual.

How large values of u; should we choose to get a realistic model reproducing the suc-
cess of the 4D picture? The most naive answer would be that u; ~ TeV /Mp; and hence
unnaturally small. However it is known that in 5D an effective TeV state can arise from
a Planckian mass due to wave-function suppression or, equivalently, renormalization-
group running in presence of large anomalous dimension for the corresponding operator
[201,202]. To see how this works, we need to investigate how the original boundary
conditions on the UV brane are modified by the presence of the UV action. This can
be done similarly to the case of Sir: first we impose the conditions in Syy and
then recalculate the eom including the bulk action with the UV action moved e-away
from the brane:

R’ R 4
Syv = /d4ac/ dz () 0(z— R—¢€) Lyv(x, 2), (4.156)
R z
where Lyvy is deduced from (4.155)). We find the following new equations of motion:

040, in(a) + =Xy R+ M = 0. ~i6"0,€1(a) + = My(a Rt ) =0,
_ -2 1
— 10" 0 (x, 2) + Oz xe(, 2) + Ct - Xt(z,2) +0(z — R — e)ﬁ
- - Cqt2- 1
— 10" 0uxq(@, 2) — O:thg(w, 2) + 2 Vq(®,2) +6(z — R — e)ﬁnR(x)MR = 0.

Mjgr(x) =0,

(4.157)
Integrating the last two equations around the d-function one obtains:
1
Xe(w, R+ €) = xelas R + —= M1 (x) + O(e) = 0,
VR (4.158)

_ _ 1
Yk R) — gz, R+€) + Nr(x)Mpr + O(e) = 0.
VR
Applying the —ig*0, (—ic"d,) operator to the first (second) equation in (4.158)), and

substituting the expression for nr and £y, in the first line of (4.157)), we obtain the final
set of boundary conditions for the 5D fields that describes our soft-breaking setup:

(4.159)

olw, R)=0 —iot 9y (x, R) + %Xq(:r, RITr=0
xt(z,R) =0 —ictOuxi(x, R) — %FLwt(m, R)=0

where I';, g are exactly the dimensionless equivalent of the spurions in (4.96)). As we can
see, the effect of the brane localized spinors n and £ can be recasted as a set of relations
involving the 5D fields only. In particular, one can check that in the limit of very large
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brane terms, I';, g, this set of boundary conditions gives back the standard assignments
in for the different SO(5) components.

However, the new UV boundary conditions contain derivative operators and it is not
obvious how to interpret them at first sight. In order to gain some understanding, we
will explicitly investigate the KK spectrum for the simplified case in which only the UV-
localized singlet spinor sg(x) € nr(z) is dynamical. This actually corresponds to the
5D dual of the singlet case discussed in Sec.[4.3.3] We then consider the SO(4)-singlet
component of ¥, consisting of two Weyl spinors, s;, € x4 and or € 1, that are KK
decomposed as:

sp(@,2) =Y gn(2)xn(x), Gr(2,2) =Y fal2)tn(x), (4.160)

where x, () and 1, (x) solve the 4D Dirac equation with mass m,, (4.124)), and g,,(2), fn(2)
are the bulk profiles. One also needs to expand the brane-localized field, sg € ng, in the
same basis in order to account for the mixing in (4.155) with the 5D field:

Sr(x) = enthn(z). (4.161)
n
The boundary conditions for sr(z,z) and sgr(z,z) can be read out from (4.159) by
picking the SO(4) singlet component in 1), and x,, namely 6 and sz, respectively. The
derivative operator can be simplified by plugging in the KK decomposition in (4.160)
and using the 4D eom. The new UV boundary condition is then

:U’2 MQ
fo(R)— g (R)=0 = b+ —"-a,=0 (4.162)

my R mpR "

whereas f,,(R’) = 0 is unaffected (we are for the moment neglecting all effects from the
IR brane) and implies

anS(R',my, —c,) + b,C(R',my, —c) =0 4.163
n(am q)n(am )

where we have used the explicit form of the free profiles in (4.131)). Notice that the
condition above reduces to [+, +] in case pus = 0, implying an additional zero mode, and
to [—, +] if us > 1 implying that the lightest state is a pure KK excitation, as mentioned
above. As we shall see, for intermediate values of u, a partially elementary state can
instead appear in the spectrum. The modified boundary condition can be rewritten by

requiring (4.162) and (4.163)) to be linearly dependent. One finds:

(2
mpR

S(R',mp, —cq) —

(R, mp, —cq) = 0. (4.164)

Moreover, the orthonormalization of the profiles requires:

/ /

2 4 2 _ GZ4 QZ: )
en+/R a(2)'g3(z) = 1, /R () f2(2) = 1, (4.165)

which differ from the standard (4.126]) because we have to take into account the presence
of the brane component, e,. The warped sine and cosine can actually be expanded for
small masses, mz < 1:

S(z,m,c) = (mR) Zs(z,¢c) + O(m32%), C(z,m,c) =1— (mR)*Zc(z,¢) + O(m*z?)
(4.166)
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where ) »
z\ 1t+2c
Zs(z,¢) = 7) —1 41
$(29 = 7% [(R } (4.167)
and
Zo(zc) = —— 1 2+(1+2)(2)2 2(2)1“6 (4.168)
59T 50 1) ¢ “\R R ' '
One then obtains from (4.164]) that the lightest state, m1, has a mass given by:
2 p—2
2 MSR
= ) 4.169
m Z3(R!, —cq) + 2 Zc (R, —cq) ( )
For small pg, one can actually neglect the Z¢ term and obtain
(2¢, — )2 R2 cg>1/2 = UV
m3 ~ 1 S 2 Ra-l-2¢g : (4.170)
(1= 2cq)p2R ™ (£) g <1/2 = 1R

The dependence of my on the various parameters as ps and ¢, can be understood as
follows. First, when us — 0 the lightest state becomes massless due to the emergence
of the [+, 4] boundary condition that implies a LH zero mode. Instead, for us # 0 the
mass of m; strongly depends on the localization of the would-be zero mode. In case
of UV localization corresponding to ¢, > 1/2, the mass of this state is indeed simply
given by the mass term on the UV brane, which is exactly pusR~! (remember that s
was measured in units of Planck mass). Thus, unless p is tuned tiny, s ~ 10716 the
UV-localized spinor sp decouples from the low-energy theory, and the state with mass
m1 would be indistinguishable from a standard KK mode coming from an effective [—, +]
boundary condition.

However, what is interesting about is that a TeV-scale state with a sizable
overlap with the elementary spinor sp and mass m; ~ R'~! can now emerge from a
Planckian mass, p1s < 1, in case of deep IR localization, ¢, = —1/2, due to the effect of
the wave-function suppression given by the factor (R/R’)'=2¢%. The picture is simply
that a large Planckian mass on the UV brane can be diluted to much smaller values due
to the fact that one mode has very little overlap with the UV brane itself. Moreover,
we notice that, since the occurrence of such a partially elementary state is linked to the
presence of IR-localized zero modes, it is relevant only for the third generation fermions,
which are exactly those that contribute the most to the Higgs potential and usually
require light partners. Hence the issue of light partners is getting naturally resolved in
this setup, and no additional tweaking of the model is needed.

To investigate this in a more quantitative way, let us evaluate what is the degree of
“elementariness” of the state with mass m; as a function of the UV-brane mass us. To
this end, we will obtain the mass of the lightest state directly from the exact condition
and calculate the value of e, according to . The point is that, as long
as ey is sizeable, the lightest state has a large elementary component, and the effect of
the soft breaking can be important. Conversely, if e, is very small the top partner looks
effectively as a standard KK excitation.

The comparison between the approximate formula shown in orange and the
true numerical result shown in blue is displayed in Fig. for ¢, = —0.3 (left) and
cq = —0.4 (right), where R’ = 1/3TeV~'. The two lines depart at values of j such
that the Z¢ term becomes important. The green lines in Fig. show the elementary
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Figure 4.13: The mass of the lightest state, m, as a function of p, for ¢, = —0.3 (left)
and ¢, = —0.4 (right). The blue line is the true numerical value, that is compared
with the approximate formula in orange. The two lines depart for values of
us for which the Z¢ term becomes important. The green line reprents the overlap of
this state with the UV-localized spinor, sg, and 1 means 100%. When such overlap
becomes negligible, the [—, +] boundary condition is effectively recovered and there is
no elementary state in the spectrum at low energy.

content of the lightest state with mass mj, corresponding to the numerical value of
e? in after canonically normalizing xi(x). As expected it is almost completely
elementary in the pus — 0 limit and becomes mostly composite for large values of pug,
approaching the limit of the [—, +] boundary condition. We notice that the closer ¢, is
to —0.5, the more natural the value of ug can be: for ¢, = —0.4 a largely elementary
state with ~ 1TeV mass is realized for s ~ 0.01, whereas ¢, = —0.3 requires pg ~
0.001, but allows for my = 2TeV. In fact, for larger values of ug, the elementary state
“migrates” towards higher KK excitations and decouples from the low-energy theory.
Slightly smaller values of 115 show instead a sizable elementary component of the lightest
excitation, thus realizing the 4D low-energy theory discussed in the previous section.
Notice that due to the almost complete IR localization, the mass of this state is very

similar to the mass of a light custodian from a [—, 4] boundary condition to which it
asymptotes, m1 < meygt [158]. Of course, even though the mass is similar, this state

is substantially different from a light custodian due to its degree of “elementariness”
and correspondingly different impact on the Higgs potential. If one wants to keep s €
(0.001,0.01) and therefore ¢, € (—0.4,—0.3), we need to raise R’ to compensate the
suppression typical of a light custodian, if we want to realize m; = 2TeV. This is the
reason behind the choice of R’ = 1/3TeV~! in Fig. With f = 800 GeV, such value
of R implies g, ~ 7.5 and thus Nopr ~ 3@.

Let us finally move to consider the more realistic setup in which an IR action is
included to provide a mass for the top after electroweak symmetry breaking. We thus
implement the IR boundary conditions in (4.153) where the Higgs appears through the
Wilson line Q(R’). Our aim is to calculate the top mass together with the mass of the
partially elementary KK state as in . This can be regarded as a first step in
providing a full 5D calculation of the singlet setup. Our findings are shown in Fig.[4.14]
as a function of us assuming that all the other brane localized fields are decoupled and
thus replaced by the corresponding static boundary conditions. We have chosen the

4 Allowing for (technically natural) smaller i, makes it possible to keep R’ = 1TeV~".
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Figure 4.14: The top mass and the top-partner mass as a function of u, for ¢, = —0.3,

ct = —0.2, g = —pp = 0.12 and R’ = 1/3 TeV~!. As its mass is largely varying with
s, the top partner shows a sizeable elementary component in the region where the top
mass is correctly reproduced, showing that soft breaking in 5D is phenomenologically
viable.

localization for ¥, and ¥; as ¢, = —0.3 and ¢; = —0.2, whereas the IR-localized mass
terms in are py = —p1 ~ 0.12, R' = 1/3 TeV~! and R = 1/Mp;. As we can
see, the top mass is reproduced correctly as miop ~ 150 GeV almost independently
of s, confiming the findings in Sec.[£.3.3] where the top mass was found to be almost
insensitive to the singlet mass ms. As for the top partner, we can see that the mass mp
is still varying with us in a region where the top mass is already at its correct value. The
change with p, implies that this state has a sizeable elementary component, as shown
explicitly in Fig.[.13] meaning that partially elementary KK states are compatible with
reproducing the correct top mass.

The calculation of the Higgs potential follows from the set of boundary conditions
derived in this section. This study, together with a detailed phenomenology of the 5D
setup, is however left for future work.

4.6 Summary

Higgs compositeness is arguably one of the most appealing solutions to the hierarchy
problem. Minimal models, however, are in tension with the null signals of new physics
from the LHC. In particular, the prediction of light top partners that seem to be a
necessary ingredient to ensure a light Higgs is clashing with the experimental bounds
that force these new colored states to be as heavy as mp 2 1.4 TeV. The simplest way
of dealing with this is by raising the Higgs decay constant f as much as necessary to
meet the present constraints. Physically, this corresponds to make the Higgs more and
more SM-like, thus generically suppressing all possible signals of new physics. Moreover,
raising f worsens the tuning required to reproduce the correct electroweak symmetry
breaking, pushing the minimal models towards the percent-level.

Instead, we have proposed a new way of realizing a CH that removes the sharp
prediction for the light top partners. This is so because of a structural change in the way
the explicit breaking is realized in our model. In particular, the couplings responsible for
partial compositeness are assumed to respect the global symmetry of the theory (SO(5)
for the minimal realizations). This is possible by completing the SM fermions to full
representations introducing new elementary fermions. These are vector-like under the
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SM gauge symmetry and their masses account both for the soft breaking of SO(5) and
their non-observation.

In Sec.[d.3] we have shown how the Higgs mass and the top-partner mass can be
disentangled in this setup avoiding the prediction of light partners without the need of
raising f. This represents a first and necessary step in releasing the tension between CH
models and the current LHC data. The effect of soft breaking on the tuning has been
investigated in Sec.[.4] There, we have found that the tuning can generically be tamed
in minimal models with the help of soft breaking. In particular, we have explored the
possibility of combining the soft breaking with an additional symmetry of the strong
sector, called maximal symmetry, which similarly requires the composite fermions to fill
out complete SO(5) representations and enhances the symmetry of the theory. These
two approaches turn out to be a perfect match: maximal symmetry removes the double
tuning while soft breaking raises the top partners allowing a complete natural model to
emerge. In fact, top partners as heavy as 2 TeV are now compatible with the minimal
10% tuning already implied by LEP. This means that, contrary to other realizations in
which the tuning is driven by the lack of signals at the LHC, our model becomes testable
only now at the HL-LHC or FCC.

In Sec. we have shown how all the ingredients that we have employed in the 4D
models can be naturally realized in the context of warped extra dimensions. In particular,
soft breaking corresponds to a simple modification of the conventional holographic Higgs
in which the UV boundary conditions are universal for all the SO(5) components of the
bulk fields. On top of this, brane-localized spinors are included in order to lift the
resulting full multiplet of would-be zero modes ensuring a viable phenomenology and
a non-vanishing Higgs potential. This can be seen as replacing the static boundary
conditions of the conventional models by dynamical fields. Moreover, the coincidence
problem of having elementary vector-like fermions at the same scale as the composite
states is solved in the 5D picture due to the large wave-function suppression which is in
fact automatically there for the third-generation quarks.

Moving towards a detailed analysis of the 5D model, we have also shown that the
top mass can be successfully reproduced in presence of partially-elementary Kaluza-Klein
states. The calculation of the Higgs potential in the 5D setup and a phenomenological
analysis of other possible effects connected to soft breaking are left for future work.
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Conclusion

The discovery of the Higgs boson at the LHC and the measurement of its properties
represent a giant step in understanding the electroweak symmetry breaking. Nonetheless,
the remarkable confirmation of the SM as the effective theory describing the physics
below the TeV scale leaves many aspects unexplained. The hierarchy problem stands
amongst them as the immediate drawback of the minimal Higgs model featuring an
elementary scalar field in the theory. The other shortcomings only make the hierarchy
problem worse: whenever a new high-scale mechanism is proposed, as for instance the
axion solution to the strong CP problem, the stability of the weak scale is threatened
and fine-tuning is automatically introduced in the theory. We can identify two possible
ways to deal with this when exploring new physics beyond the SM. The first one is to
leave the hierarchy problem aside by focussing on the other open questions. After all,
fine-tuning is not an inconsistency of the theory, and there are more concrete issues that
beg for an explanation as for instance the nature of dark matter. In fact, the hierarchy
problem may not be a problem at all, or its resolution can simply rely on something that
cannot be captured by effective-field-theory considerations. This is the case for solutions
that involve a selection of our vacuum for anthropic or dynamical reasons in the early
Universe, such as relaxation. The second approach is the exact opposite. It is based
on the belief that uncovering the mechanism behind the generation of the electroweak
scale will also bring along new insights for the other puzzles in the SM. As a matter
of fact, natural models of electroweak symmetry breaking as supersymmetry or Higgs
compositeness can also address the open questions at the cosmological level such as
dark matter and matter-antimatter asymmetry. In doing so, one still needs to accept a
certain fine-tuning in the theory, say 10%, that may be however a fair price for solving
the hierarchy problem once and for all above a certain scale f. However, this class of
models is currently under pressure due to the null signals of new physics at the LHC
which is questioning naturalness as a paradigm, and the fine-tuning is in practice much
worse than that motivating the search of alternative realizations.

The work presented in this thesis is inspired by the interplay of the Higgs boson with
the open questions in the SM. In particular, both the approaches regarding the hierarchy
problem outlined above have been discussed throughout our work. In Chapter[2] our
focus has been on the axion solution to the strong CP problem and dark matter. As
recently pointed out, the flavor puzzle in the SM can also be addressed in a unified
framework by identifying the Peccei-Quinn symmetry as a flavor symmetry itself, namely
the U(1) charge characteristic of the Froggatt-Nielsen mechanism. The axion and the
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flavon, which represent the main actors in this framework, belong now to the same
complex scalar field (the axiflavon) such that both angular and radial components play
a crucial role. This model provides a benchmark for testing axion physics by searching
for rare processes in the SM such as flavor and lepton number violation. In fact, the
axion couplings to matter are fixed by the observed pattern of SM fermion masses and
mixings. Therefore, flavor transitions such as d — s are only suppressed by the Cabibbo
angle and hence sizeable, making this axion model within the reach of future flavor
experiments.

Our new element was to take into account a non-trivial interplay between the ax-
iflavon field and the Higgs in the spirit of the first approach to the hierarchy problem
mentioned above. In particular, we have investigated a UV completion of this setup
based on the idea that all the scalar degrees of freedom may be unified at high energies.
It is then reasonable to realize both the axion and the Higgs as pseudo-Nambu-Goldstone
bosons in order to provide a rationale for their lightness with respect to the flavon, thus
providing an example of (flavored)axion-Higgs unification. The hierarchy problem is not
addressed in this setup as the natural size of the Higgs mass is still close to the axion
scale f,. However, the assumption of unification and the dynamical origin of electroweak
symmetry breaking allow us to grasp more information about the model than simply
regarding the Higgs and the axiflavon as independent fields. In fact, the requirement of
reproducing the correct Higgs mass turns out to be powerful enough to constrain the
scale f, of the axion physics to be around the point in which the Higgs quartic coupling
turns negative according to its running within the SM. This is interestingly close to the
natural scale for the axion to be dark matter, and due to the properties of this flavored
axion will be fully tested at forthcoming flavor experiments. Thus, while the origin of
the Fermi scale is still unsolved, the interplay of an elementary Higgs with shortcom-
ings of the SM other than the hierarchy problem has allowed us to trade fine-tuning for
increased predictivity.

There is however another relevant implication of having an elementary Higgs in the
theory: the yukawa couplings between fermions and scalars should now be regarded
as fundamental interactions, as opposed to their “original” purpose of describing the
effective theory of nucleons and pions. This clears the path to other paradigms for
the high-energy completion of the SM such as asymptotic safety. The general idea is
that the SM should be extended in such a way that the renormalization-group flow of
the new theory is connected to an interacting fixed point in the UV, which in turn
defines a consistent quantum field theory valid at arbitrarily short distances. Besides
this being very attractive on its own, asymptotic safety can also be seen as a common
framework in which the SM and quantum gravity could be married. A crucial role in
uncovering this kind of UV behavior is played by the S-functions which govern the flow
of the relevant interactions in the theory. Interestingly, it has been shown that yukawa
couplings are a necessary ingredient for interacting fixed points to emerge in perturbation
theory, thereby providing a completely independent raison d’étre for the Higgs (and other
elementary scalars) besides breaking the electroweak symmetry. Moreover, additional
examples of four-dimensional asymptotically safe quantum field theories have been found
by looking at systems with many degrees of freedom that are organized according to a
large flavor symmetry, SU(Ny), and a large color group, SU(N,), in the Veneziano limit.
Driven by the search of asymptotically safe extensions of the SM, the exploration has
been recently moved further to discuss the complementary case in which Ny is large but
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N, is small, such as large-Ny QED or QCD, with N, = 1 and N, = 3, respectively.

Motivated by the aforementioned considerations about yukawa couplings, and by
the large multiplicity of fermions coupled this way in generic UV completions of the
Froggatt-Nielsen mechanism, our contribution to this field was to first consider the case
of a pure yukawa theory at large N; which was still unexplored. We have bridged this gap
in the literature by calculating the corresponding large-N; [-functions in combination
with abelian gauge interactions, thus providing new ingredients for the investigation of
gauge-yukawa theories at high energies.

The calculation of the 3-functions at large Ny involves resummation techniques that
account for the appearence of the multiplicity Ny at all orders in perturbation theory.
There is however another perspective on this that has opened for us another interesting
line of research at the interface with condensed matter. In fact, the S-functions at large
Ny turn out to be tightly connected to the Wilson-Fisher-type of fixed points for the
same theory in d = 4 — € dimensions that emerge as a balance between the classical and
the quantum scaling of the correspoding interactions. The critical coupling is related
to the dimensionality and in particular is controlled by e: this is in fact reminiscent of
what happens in the last step of the large- /Ny resummation, when the € introduced in the
context of dimensional regularization is eventually replaced by the coupling. By taking
advantage of the conformal (and universal) properties of the theory at the Wilson-Fisher
fixed point, one can calculate the critical exponents that characterize the correspoding
phase transition within the 1/N; expansion. In particular, the exponent w describing
the subleading scaling of the correlation length in the vicinity of the fixed point is related
to the slope of the S-function at criticality, 8'(g.) = w.

Although it was known that the large-N; B-functions could be obtained from w
without having to rely on direct resummation, a systematic analysis of this connection
was still missing. In this respect, we have found that explicit resummation and critical-
point method are equivalent only for one-coupling models, in which the knowledge of w
is in fact enough to reconstruct the g-function. By taking advantage of this, we have
extended previous studies on the possible appearance of an IR fixed point for the Gross-
Neveu model in d = 2, and found it to be disfavoured confirming earlier results. Beyond
one-coupling, this one-to-one correspondence is broken and w can constrain only few
combinations of the resummed functions entering the S-functions. We have specialized
our analysis to the Gross-Neveu-Yukawa model in d = 4 where we have shown this
explicitly by providing the full system of S-functions through explicit calculation, and
using the information from w as a non-trivial crosscheck.

The new insights that we have acquired by investigating the connection between
B-functions and critical exponents have led us to a different perspective on asymptotic
safety and gauge S-functions at large Ny. In fact, it turns out that the singular structure
that has originally inspired the speculation of a UV fixed point for non-abelian gauge
theories at large-Ny can be resummed away when employing the whole information
stemming from the critical exponents. The resulting S-function features no singularity,
and we thus find no hint for asymptotic safety within the 1/N; expansion for this class
of theories.

Besides gaining information on the structure of the S-functions from the knowledge of
the critical exponents, it was eventually possible to reverse the logic and learn something

about the critical exponent w for the QED3-Gross-Neveu-Yukawa model by combining
all our results for the S-functions in Chapter[3] This is presented in Sec.[3.4.3] for the
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first time and represents a new result with respect to the original papers on which this
thesis is based. The QED3-Gross-Neveu-Yukawa model is relevant in condensed-matter
theory as it is supposed to describe quantum phase transitions among fermions on a
two-dimensional lattice such as graphene. In fact, the transition of interest takes place
in d= 241 and our result in d = 4 — € is not directly applicable. However, the fixed
point in d = 3 is strongly coupled and a direct calculation is still lacking. For this reason,
there have been attempts to calculate the critical exponents in d = 4 — € in standard
perturbation theory by exploiting that the fixed point is weakly coupled for small e,
and then extrapolate to ¢ = 1 with the help of other techniques. Our result provides
complementary information stemming from the large-N; perspective and may improve
the quality of this extrapolation to lower dimension.

After discussing the possible implications of an elementary Higgs boson, in Chapter[d]
we have started our exploration of physics beyond the SM by focussing directly on the
Higgs and the electroweak symmetry breaking as the portal to new physics. The guiding
principle is naturalness as a solution to the hierarchy problem based on quantum-field-
theory arguments. A cornerstone solution is represented by Higgs compositeness in
which the Higgs emerges as a bound state of a new strong dynamics that condenses at
a scale f not much above the electroweak scale. The Higgs mass becomes insensitive to
new physics thresholds as its fundamental constituents are resolved at short distances.
From a phenomenological point of view, the appearence of a new strong dynamics close
to the electroweak scale has plenty of implications for colliders and cosmology. The
minimal model that describes the Higgs as a composite Nambu-Goldstone boson requires
the new strong dynamics to have a global SO(5) symmetry that is broken down to
the subgroup SO(4) at the condensation scale. This is the minimal coset that ensures
custodial protection and contains no additional light scalars besides the Higgs. It is worth
mentioning that the strong dynamics that is responsible for this group structure does not
have a clear interpretation in terms of a four-dimensional quantum field theory, and the
best realization of this model is by means of holography. Of course, this does not mean
that the model cannot be realized in four dimensions, but just that the correspoding field
theory is something completely different than those we have discovered so far. Besides
solving the hierarchy problem, this model provides a very elegant means to explain
the flavor puzzle in the SM as a result of renormalization-group evolution in presence
of strong dynamics, which is referred to as partial compositeness. However, minimal
models for a composite Higgs are under pressure due to the non-observation of new
physics at the LHC, and in particular due to the lack of light colored states, called top
partners, that seem to be a necessary ingredient to keep the Higgs light.

Our work in Chapter[d was devoted to present a new idea in composite-Higgs models
that keeps the appealing features of partial compositeness but removes the unwanted
prediction of light top partners. This is based on the single assumption that partial
compositeness respects the global symmetry of the strong sector, SO(5) in the mini-
mal models. This immediately implies that there exist new elementary fermions that
complete the SM multiplets to full SO(5) representations. The explicit breaking of the
Higgs shift symmetry is no longer directly related to the largest yukawa coupling as in
the conventional models, but rather to the “soft” vector-like masses of the new fermions
that are introduced along with the SM quarks. These masses make the new states rela-
tively heavy and account for their non-observation at the electroweak scale; at the same
time, these mass terms provide the explicit breaking of SO(5) that is required to gen-
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erate a viable Higgs potential. In practice, the explicit breaking has been moved from
the interaction between the elementary fields and the new strong sector to the struc-
ture of the elementary sector itself. In Sec.[.3] we have shown that the soft-breaking
assumption gets rid of the tight correlation between the Higgs mass and the top-partner
mass allowing for a light Higgs without light partners and releasing the tension with the
current results from the LHC without making the Higgs more elementary. This means
that the fine-tuning in a composite-Higgs model with soft breaking can be drastically
reduced with respect to conventional realizations.

The implications for the fine-tuning have been explored in Sec.[d.4] where we have
investigated the combination of soft breaking with maximal symmetry, the latter being
an additional global symmetry of the strong sector which borrows ideas from Twin-
Higgs models such as trigonometric parity. What we have shown is that enhancing
the symmetries on both the elementary side (with soft breaking) and the composite
side (with maximal symmetry) leads to a model in which the tuning coincides with
the minimal amount already implied by LEP, while accommodating gauge and fermion
resonances above the LHC bounds. In this sense, we challenge the common lore that the
so-far null signals of new physics at the LHC are disfavoring naturalness, as our natural
minimal model becomes testable only now at the HL-LHC or at the FCC.

These results were derived within a four-dimensional effective-theory approach for the
strong dynamics below the condensation scale. The only minor drawbacks that we could
identify were the motivation for completing the SM quarks to full SO(5) representations
in the first place, and the “coincidence problem” of having elementary vector-like fermions
in the theory with a mass comparable to the composite states. In Sec.[L.5 we have
shown that both these requirements can be naturally understood from the corresponding
warped 5D implementation. In fact, our complete representations are the fundamental
objects one starts with in 5D as the global SO(5) is there promoted to a gauge symmetry.
Moreover, the implementation of soft breaking simply amounts to replace the static
and specific boundary conditions of the conventional realizations with new boundary
conditions that are universal and dynamical due the presence of UV-localized (and hence
elementary) spinors. The bare masses of these spinors are not yet to be identified with
the vector-like masses that we have considered in the phenomenological models. Indeed,
as these fields are stuck on the UV brane whose position corresponds to R™! ~ Mpy,
their bare mass is also expected to be of order Mp. Nevertheless, we have shown that
the UV-localized spinors do not decouple from the low-energy theory even in presence
of a Planckian mass as partially-elementary TeV-scale states can arise due to the wave-
function suppression that is automatically at work for third-generation quarks. This
means that the 5D implementation can straightforwardly reproduce all the main features
of our four-dimensional model thus corroborating this new way of realizing a natural
composite Higgs in the light of the LHC data.
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Appendix A

SO(5) generators and spinorial
representation

We provide here the explicit form of the SO(5) generators in the fundamental repre-
sentation, 5, and in the spinorial, 4, as well as the expression for the I'* matrices that
connect them. The convention we are using follows closely Ref. [152].

In general, the SO(5) generators can be divided in two sets: the first set consists
of six elements, T} p with a = 1,2,3, that generate the SO(4) ~ SU(2), x SU(2)r
subgroup, whereas the second set contains four elements, 7%, @ = 1,...,4, which do not
form a subgroup and coincide with the broken generators of the SO(5)/S0O(4) coset. We
will use the same symbols, T} , and T, for both representations, as it is always clear
from the context which represéntation they refer to.

For the fundamental 5, the generators are 5 x 5 matrices. The generators defining
the SU(2)r, x SU(2)r subgroup are given by:

a Z 1 aoc C C a a ..
(Tt r),; = -3 [26 be(0005 — 5568 & (6867 — 5].5;1)] , 4, =1,...,5, (A1)

whereas the broken generators read

V2

As for the spinorial 4, the generators are 4 x 4 matrices. They are given by
1 /0% 0 1/0 0
a _ — a = —
T = 5 (O O> , Tg 5 (0 0a> ) (A.3)

a 1 0 O'd a __ i
T ——2\/5 <—U&T O>’ 0% = (o', —ilax2), (A.4)

where o® are the Pauli matrices.
The 5 and the 4 can be connected through a set of I'* matrices, a = 1,...,5, that

are given by )
a_ (0 o 5 _ (Lax2 0
I = <O.dT 0> ) "= < 0 _]]-2><2) ’ (A5)
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Appendix A. SO(5) generators and spinorial representation

where @ = 1,...,4 and o are those in (A.4). The properties of the I'* are such that
given two multiplets, ; and {; 1, transforming as two spinorial representations 4, the
following combination

10, (A.6)
transforms as the fundamental 5. Thus, the “current” in (A.6]) can be coupled to a field
Yo ~ 5 in a SO(5)-invariant manner as in (2.81). This is analogous to what happens

for the Lorentz group and spin-1/2 representations, where ¢¥y*1 can in fact couple to a
Lorentz vector, A,,.
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Appendix B

Loop integrals and large-N¢
perturbative results

In this Appendix we present supplementary material related to the g-functions at large
Ny discussed in Chapter[3]

B.1 Loop integrals

The basic object for our calculations is the one-loop function G(ni,ns) related to the
following momentum integral:

Ak 1 1 od /2 i
(2m)d D' Dy> Z(47r)d/2(_p ) (=)™ "2 G(n1, n2), (B.1)

where Dy = (k + p)? and Dy = k%, and is explicitly given by [203]:

T(—d/2 + ny + n2)T(d/2 — n)T(d/2 — ns)
F(nl)F(ng)I‘(d —nyp — ng)

G(nl,ng) = . (B'Q)

This function is particularly suitable for our purpose because it is valid for arbitrary
values of n; and no, including non-integer values that often arise when dealing with
large- Ny resummation. In fact, we have seen that the basic effect of having a bubble
chain is to replace the simple propagtor 1/¢? to a more complicated power as in ([3.3)).

The calculation of the pure yukawa S-function carried out in Sec.[3.2] has required the
calculation of the three renormalization constants related to vertex correction, fermion
self-energy and scalar self-enegy. The loop integrals correspoding to the vertex correction
and fermion self-energy correspond to basic one-loop topologies and only involve the
function G(n1,n2) in ; their explicit expression have been already evaluated in
and (311).

The case of the scalar self-energy is however more complicated, as the basic topologies
are two-loop diagrams and one needs to go beyond . The correspoding n-loop

147



Appendix B. Loop integrals and large- Ny perturbative results

)

contribution, indicated by S}? is given by the following integral (n > 2):

n—2 d d
P00 = 0P (s g ) (U [ i [

(4m)d/2=2 2 (2m)d J (2m)d
6
{ (p+ k1)2R3((k1 — ko)) 1= K3 (p + k1)?K3 (R — k2)?) @ B3)
2p? 2p? '
TR (ot kPR3 ((kr — k)0 KA p + k)RR (ke — R2)?)

_ 2p? }
k3 (k1 +p)2 (k2 + p)2k3 (k1 — k2)2)=@ |

where o = (n —2)(d/2 —2) = —(n — 2)e/2. Evaluating (B.3) requires two-loop integrals
which can be performed according to the formula in Ref. [203]:

Ak, [ ds 1 s w(—p2)t
—(—)HXm ) T
/ (%)d/ @n) D DE D DD - Y (2m)2 G(”l’”%”?””‘z’”i’
B4

where Dy = (k1 +p)?, Do = (k2 +p)?, D3 = k%, Dy = k%, D5 = (k1 —ko)?. The functions
G(n1,n2,n3,n4,n5) are symmetric with respect to the index exchanges (1 <> 2,3 < 4)
and (1 < 3,2 <> 4). Moreover, they reduce to a product of G(ny,ne) if at least one of
the entries is zero:

G(n1,n2,n3,n4,0) = G(n1,n3)G(n2, nyg), (B.5)
G(0,n2,mn3,n4,n5) = G(n3,n5)G(n2,n3 + ng + ns — d/2). (B.6)

It turns out that the first four integrals in (B.3) can always be written in terms of
G(n1,n2) making use of and (B.6). However, the last integral in involves
G(1,1,1,1,(n—2)e/2) and, for n > 2, its expression can be obtained in terms of hyperge-
ometric functions 3F» by means of the Gegenbauer technique [204]. We have evaluated
the function G(1,1,1,1, (n — 2)e/2) recursively according to Egs (2.19) and (2.21) in
Ref. [203].

The other loop integrals that we have encountered for the calculations in Chapter[3]
can be carried out with the help of G(ni,n2) and G(ni,n2,n3,n4,n5), as the basic
topologies before the dressing of the gauge or scalar propagators with bubble chains are
either one-loop or two-loop. The only three-loop basic topology we have encountered is
the one in Fig.[3.13| for the Gross-Neveu-Yukawa model that can however be splitted as
two distinct two-loop and one-loop diagrams.

All the formulas for the loop integrals that one encounters in the large- Ny renormal-
ization of the pure yukawa theory are given explicitly in , and . The
analogous formulas for the gauge contributions in Sec.[3.3] and the ones for the Gross-
Neveu-Yukawa model in Sec.[3.4.2] are too cumbersome to justify their inclusion in this
thesis.
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B.2 Perturbative results

We present here the expansions of the O(1/Ny) S-functions that we have calculated in
a closed form in Chapter[3] to make contact with standard perturbation theory, thereby
checking the validity of our results while predicting new coefficients.

B.2.1 Gauge-yukawa

Let us start with the couple system of S-functions corresponding to the gauge-yukawa
theory discussed in Sec.[3.3.2] Expanding the g-function, for the rescaled yukawa cou-

pling, fx in (3.70), and for the rescaled gauged coupling, Sg in (3.71)), around K = 0
and F = 0 we find:

2 1 1 11 7
o L o L 3 N o S 53 e
e =gk 2N; ANy 7N, 3N,
1944N 64N, (B.7)
107 + 144 1
07 + C3E6_9+ 6<3E2K4+...
15552N 1024 N

five-loop prediction

BK:<1+3>K2—3EK—3K3+5EK2+ O g

2N; Ny 2N; 4Ny 6Ny

7 1
+7K4—7E2K2+ 35

" B’K
16N, 2N 108Ny

(—1625 + 1296(3) B3 K2 + (83 — 144¢3) 'K

96N, ' 3888N; 648N

194 125 — 1447* — 87t
9 8(s K6 _ 8125 — 1447 + 3600(3 K2E 4+ 325 — 87* 4 400(3 KB+
512N, TTT60N; 6480
five-loop prediction
(B.8)

We have checked that our expansions agree with the four-loop results [97,110-113] in
the leading order in Ny.

B.2.2 Gross-Neveu-Yukawa

We provide here the expansion of the functions ap(ll_)4 appearing in the O(1/Ny) sys-

tem of S-functions, and , of the Gross-Neveu-Yukawa model analyzed in
Sec.[3.4.2] We will therefore check against the known perturbative results and predict
the O(1/Ny) terms that would appear up to six-loop order.

First, for the yukawa [-function in , we have

1 7 11
y2oi" (yNy) = — 65Ny + SU'Nf + 5y N}
19 7T 14 18
— -3 SN+ (s+=G—— TN?+... B.9
+ <16 C3> Yy f+<8+5C3 5C4>y 7+ (B.9)
five-loop prediction six-loop ;)rrediction
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As for the quartic-coupling S-function, (3.119)), one can predict the coefficients based

on gogl), gpgl) and @il). Their contribution to the S-function is:

1 157 193
Yol (yNy) = 44> Ny — ??le? + <42C3 - 6) y’ N}

2623 157 6 nrd 3993 491 426 75
_— N —_ — —— (3 — — 234 N ..
+< 64 4C3+90C4>y f+< 30 5C3 5<4+ 3(5)3/ f+

five-loop prediction six-loop prediction

(B.10)

NN (yNg) = — T2yN2N; — 10852 A2 N7 + 144(2(; — 1)A%y° N
_180(1 + 2{3 — 3<4) )\2y4N}1 _216(1 + 2C3 + 344 . 6(5) /\2y5N]§ +...

five-loop prediction six-loop prediction
(B.11)
217 1685
A (yNf) = TAYEN, + 5NN + (1 5 228C3> Ay NG
699 3359 2123 2409
+ | —— +248(3 — 450¢4 ) Ay’ N} + + C3+ Ca— 1116¢5 ) MySNF + ...

4 16 5 5

five-loop prediction six-loop prediction

(B.12)

We have checked that the expansions up to O(N;’) agree with the known leading-Ny
four-loop perturbative result [108]. The (’)(N}l) and (’)(NJ?) terms are the leading-Nj
prediction for the five- and six-loop terms, respectively.
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Appendix C

Additional material for a soft
composite Higgs

In this Appendix we collect additional material that is relevant for the discussion in
Chapter[d]

C.1 Symmetric coset and linear Goldstone matrix

In Sec.[t.4] we have used the fact that SO(5)/SO(4) is a symmetric coset and defined a
Goldstone matrix, X, with linear transformation properties under g € SO(5), ({.66]). We
detail here what this actually means and how ¥ is related to the “standard” Goldstone
matrix, U, in (4.1).

As mentioned, the first ingredient is the presence of a symmetry coset G/H. De-
noting by T the generators of the G algebra, where A = a, a for the unbroken /broken
generators after the G — H spontaneous breaking, one generically has

[T, T% = ofabTe, [T, T% = o fobT? (C.1)
and R R
[T%, T = o f3T° 4 o f30T, (C.2)
The first two equalities are general and follow from the property of H being a subgroup.
Conversely, takes a special form for symmetric cosets, which are defined by the
property )
A =o. (C.3)

It follows that [T%, TZ’] ~ T*¢ and this allows for the presence of a discrete symmetry V'
acting on the generators as

T - VIV =T T% 5 VTVt = —T% (C.4)

Notice that the transformations in (C.4) leave (C.2)) invariant only for symmetric cosets.

As mentioned above (4.66]), the existence of V allows to define a linear representation
for the standard Goldstone matrix in (4.1)). The first step is to introduce a new matrix
U as

-~ 2 >
U=VUV = exp (z}(h“VT“V) = exp (—z}(h“T“) =Ut. (C.5)
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Appendix C. Additional material for a soft composite Higgs

Under g € SO(5), the matrix U transforms as
U— V(U V =VgV(VUV)VRIV = VgVURT, (C.6)

where we have used that V2 = 1, and for the last equality we have used that h € H and
thus VhTV: = ht.
With U at hand, one can define the new Goldstone matrix X as

> =UU0"V =U?V. (C.7)

Under a transformation g € G, one finds:

Y — (UMY RUTVI V)V = g(UUV)g" = 24T, (C.8)

namely that ¥ transforms linearly with g € G. In our basis for the SO(5) generators,
one has that V = diag(1,1,1,1,—1) and in the unitary gauge X is given by

I3x3 0 0
Y= 0 cos(2h/f) —sin(2h/f) (C.9)
0 —sin(2h/f) —cos(2h/f)

C.2 Trigonometric parity and soft breaking

In this section we discuss the fate of trigonometric parity in the soft-breaking setup
defined by the Lagrangian in (4.93)).

To this end, we recall that the trigonometric parity sin(h/f) <> —cos(h/f) can be
defined as the following discrete symmetry [184]:

2—>V2P/, \I/L—>P\I/L, \I’R—>VPV\I/R, 1/JL—>V”L/JL, TZJR—>P/”L/JR, (ClO)

where P = diag(1,1,1,01), P/ = diag(1,1,1, —03).
The transformation (C.10) would be a symmetry of the Lagrangian (4.93)) if My r

were to transform as
MR—>VMR, ML—>P/ML :>FR—>VFRV, FL—>P,FLP/, (C.ll)

where I';, g are defined in (4.96).

Whether trigonometric parity is eventually preserved or not depends on the spu-
rion vacuum expectation values, namely on their explicit form in . The parity-
conserving vacuum is found by solving

FR:VFRV and FL:P/PLP/. (C.l?)
The first condition is always trivially satisfied; while the second one implies
(Mg — My ) (My + My, ) = 0. (C.13)

Moreover, we notice that there is another way to implement trigonometric parity in
addition to ((C.10]), namely interchanging the left and right chiralities in (C.10):

Z—)VEP/, \I/L—)VPV\I/L, \I’R—)P\IIR, QZJL—>P,1/)L, @Z)R—>V1/JR, (C.14)
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Similar arguments then imply the following spurion transformations:
I'r = PTrP, Ty VIV, (C.15)
so that another parity-preserving vacuum exists if
I'r=PTrP and TI'y=VILV. (C.16)
The second condition is satisfied identically, whereas the first one requires:
my, = 0. (C.17)

Combining (C.13) and (C.17), we conclude that trigonometric parity is a true sym-
metry of the theory if and only if

(m? — mfw)m2 = 0. (C.18)

w1

Thus, we see that £ = 0.5 can be avoided in our setup within the fermion sector besides
very particular values of the fermion masses. Moreover, this way of breaking trigono-
metric parity still ensures that double tuning is avoided, see discussion below (4.100)).

C.3 Warped Sine and Cosine

We give here the explicit form of the warped sine and cosine used in the warped 5D
implementation in Sec.[£.5] Let us first consider the following differential equation

4 21c—6
Y’ — ;y' + (m2 - C+C> y=0 (C.19)

~2

and look for two solutions, y; (z) and y2(z), that satisfy the following boundary conditions
at z = R:

y1(R) =1, y2(R)=0. (C.20)
These two solutions are in fact given in terms of the warped sine and cosine as
R c—2 R c—2
yi(z) = <z> C(z,m,c), wya(z) = <Z) S(z,m,c), (C.21)

where (see also Ref. [170])

T z 1/2+C

S(z,m,c) = EmR (E) [J1/24¢(MR)Y1 j24e(mz) — Ji j2ie(mz) Y7 joqo(mR)]
mmR z\1/2+c

C(z,m,c) (§> [J_1/2+C(mR)J_1/2_C(mz) + J1/2+C(mz)J1/2_c(mR)} .

(C.22)

~ 2cos (cmr)

The funcions J,(x) and Y, (z) are the Bessel functions of the first and second kind,
respectively. The S and C functios satisfy the basic properties at z = R

C(R,m,c)=1, S(R,m,c)=0, (C.23)

and also
C'(R,m,c) =0, S'(R,m,c)=m, (C.24)

where the derivative has been taken with respect to the first argument, z.
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