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Abstract

Despite the great success of the Standard Model of Particle Physics in describing Nature, it
cannot account for some crucial experimental observations and theoretical issues. Therefore,
the Standard Model requires to be extended. This thesis is devoted to the study of two of the
theoretical issues: the absence of CP violation in the strong interactions, e.g. the strong CP
problem, and the tantalizing pattern of masses and mixings of the elementary fermions, that
is, the flavor puzzle. For both problems, novel (ultraviolet complete) dynamical solutions are
proposed. Complementarily, the model-independent techniques of effective field theories are
applied to chart new territory in parameter space.

In the flavor arena, the leptonic flavor symmetry of the Standard Model is gauged, promoting
the Yukawa couplings to dynamical fields. The results of this theory are compared with those
expected from the effective ansatz of minimal flavour violation.

In the strong CP arena, two composite (dynamical) axion solutions to the strong CP problem
are proposed: in a first work the axion mass is raised in a framework with an unified strong
sector, while in a second work an invisible axion with an accidental Peccei-Quinn symmetry is
constructed.

In addition, new regions in parameter space for the effective couplings of axions and axion-
like particles are explored. In particular, this thesis goes beyond the one-coupling-at-a-time
approach, considering the simultaneous effect of several effective couplings: the axion coupling
to electroweak gauge bosons and the gluonic coupling in the first work, and the full bosonic
electroweak basis for a generic axion-like particle without gluonic coupling in the second one.



Resumen

A pesar del gran éxito del Modelo Estandar de la fisica de particulas a la hora de describir
la naturaleza, todavia existan ciertas observaciones experimentales y enigmas tedricos que este
paradigma no es capaz de acomodar. Por ello el Modelo Estandar debe ser ampliado. Esta
tesis se ha centrado en el estudio de dos de estos enigmas tedricos: el problema CP fuerte y la
desconcertante estructura de masas y parametros mezcla de los fermiones elementales, el llamado
puzle del sabor. Para ambos problemas, se han propuesto nuevas soluciones dindmicas completas
en el ultravioleta. De forma complementaria, se han aplicado las técnicas de teorias efectivas
de campos, que permiten no depender del modelo concreto, para explorar nuevo territorio en el
espacio de pardmetros.

En el campo de la fisica del sabor, se ha convertido la simetria de sabor del sector leptonico en
una simetria gauge. Para ello, los acoplos de Yukawa de los leptones son considerados campos
dindmicos. Los resultados de esta teoria han sido comparados con los esperados del tratamiento
efectivo basado en la hipétesis de violaciéon minima del sabor .

En el campo del problema CP fuerte, se han propuesto dos soluciones de tipo axién compuesto
(dindmico): en un primer trabajo la masa del axién es aumentada en una teoria con el sector
fuerte unificado, mientras que en un segundo trabajo se ha construido una teoria de axién
“invisible” en la que la simetria de Peccei-Quinn surge de forma accidental.

Ademsds, se han explorado nuevas regiones del espacio de pardmetros de los acoplos efectivos
de axiones y particulas de tipo axion. En particular, esta tesis ha ido un paso mas alld del
tratamiento en el que los efectos de cada acoplo son considerados de forma independiente para,
estudiar los efectos de la presencia simultanea varios acoplos efectivos: el acoplo del axién a los
bosones electrodébiles y el acoplo gluénico en el primer trabajo, y la base bosénica electrodébil
completa para particulas de tipo axién genéricas en el segundo.
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Motivation and goals

The Standard Model of particle physics (SM) is one of the greatest achievements of scientific
endeavor. This theory brings together special relativity and quantum mechanics, in a consistent
theory describing three of the four fundamental forces of the Universe: strong, weak and
electromagnetic interactions. It also includes the full set of fundamental particles that compose
all the known Universe. This theory has been able to explain essentially all experimental facts
of the visible Universe and predict a large variety of phenomena below the TeV scale with an
unprecedented accuracy.

The fourth fundamental interaction, gravity, governs the dynamics of large scale structures
and it is satisfactory described at the classical level by the theory of General Relativity (GR).
Within this framework, and thanks to recent astronomical data, a new era of cosmology has
been opened. Fundamental questions related to the origin and evolution of the Universe, that
have been historically in the realm of Philosophy, can now be addressed scientifically. Moreover,
with the discovery of gravitational waves by the LIGO and Virgo collaborations (a long-time
prediction of General Relativity) a new window to explore the Universe has been opened.

Nevertheless, despite the great success of the SM and GR in describing nature, there are still
experimental observations that cannot be accounted for:

e Dark Matter: Around a 25% of the energy budget of the Universe is most plausibly
composed by a new type of matter that the SM does not account for.

e Dark Energy: The accelerated expansion of the Universe that has been observed can
be included in the GR Einstein’s equations via a cosmological constant term. The energy
involved in this acceleration amounts to ~70% of the energy of the Universe and its nature
remains unknown.

e Matter-antimatter asymmetry: The observed Universe is almost entirely made of
matter and comparatively not much antimatter. The SM interactions are not completely
equivalent for matter and antimatter, but this asymmetry alone does not suffice to explain
the observed asymmetry.

e Neutrino masses: Within the SM, neutrinos are massless. However, the measurement
of neutrino oscillations implies that at least two neutrinos are massive and the SM needs
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to be extended to account for this fact. In particular, it also remains unknown whether
neutrinos are Majorana or Dirac particles.

Apart from these well-established experimental facts that remain unexplained by the SM, there
are also some unsatisfactory issues of our theoretical description of nature that have fostered
active research in particle physics. They correspond generically to fine-tunings in the parameters
that describe the different SM interactions and represent interesting hints that guide us in the
search for new physics. Indeed, the quest to explain small parameters has been shown in the
past to be an exceptional tool to gain a deeper understanding of nature. The main such tensions
or fine-tunings are:

e Electroweak hierarchy problem: The lightness of the Higgs particle is not well
understood, since its mass is not protected by any symmetry, and it is expected to be very
sensitive to high-energy extensions of the SM. The Higgs mass can still be accommodated
within the SM, at the cost of a severe fine tuning in the parameters.

e Flavor puzzle: While quark and charged lepton masses present a large hierarchy,
neutrinos do not. Furthermore, the mixing is small in the quark sector while large in the
leptonic one. This tantalizing pattern of masses and mixings of the elementary fermions
composing the visible universe calls for an underlying explanation.

e Strong CP problem: The fact that the strong interactions do not seem to violate the
CP symmetry is not well understood, since this symmetry is indeed violated in the weak
sector. Or in other words, why is the f-parameter describing the QCD vacuum so small,
6 < 107197 Again this fact does not contradict the SM since it can be accommodated but
at the cost of a fine tuning.

My research within this thesis has been mainly devoted to these last two issues: new dynamical
solutions to the strong CP problem and to the flavor puzzle; and their phenomenological
consequences have been examined.

As guiding principles, symmetries and the promotion of couplings of the SM to dynamical
fields will play a crucial role in this thesis. Particularly important will be anomalies, i.e. classical
symmetries that do not survive at the quantum level, since their cancellation in gauge theories
provides a robust consistency condition and also are essential in axion solutions to the strong
CP problem.

Symmetries, and in particular, gauge symmetries have led to our understanding of particle
dynamics. Indeed, the gauge sector of the SM requires only 3 free parameters of order one, i.e.
the interaction couplings, while being highly predictive in terms of number and properties of the
particles mediating the interactions (the gauge bosons) and the nature and strength of them.
On the other hand, the flavor sector has been built completely ad hoc requiring 20 parameters in
order to reproduce fermion masses and mixings. The only available method grasp to understand
the fermionic matter content of the SM is, again, the gauge principle: complete families are
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required by the cancellation of gauge anomalies. This provides consistency conditions on the
hypercharges and gauge representations of the SM fermions. These cancellations occur within
each generation, though, and hence they fail to explain the origin of the three generations and
their Yukawa couplings. In the same way that the distinct structure of the periodic table of
elements could be understood in terms of electronic configurations in atomic orbitals, the peculiar
pattern of masses and mixings in the fermionic sector calls for an underlying explanation.

Given the success of symmetries in explaining our most fundamental knowledge of nature, it
seems very suggestive to try to explain flavor through a symmetry principle. In this direction,
the flavor group of the SM, i.e. the global symmetries of the SM in the massless fermion limit,
may offer a hint. A ground-breaking possibility is to promote it to a gauge symmetry. This was
first attempted in Ref. [7] for the quark sector and we will extend it in Chapter 4 for the lepton
sector. Within this framework, the Yukawa couplings are promoted to dynamical fields whose
vacuum expectation values (vevs) spontaneously break the flavor group and generate the mass
and mixing pattern. The gauging of the lepton flavor group is considered in the Standard Model
context and in its extension with three right-handed neutrinos. The gauge anomaly cancellation
conditions will be shown to lead to a Seesaw mechanism as underlying dynamics for all leptons,
requiring Majorana masses for the neutral sector.

Closely related to the flavor structure of the SM, another problem arises: that of the absence
of CP violation in the strong interactions. Measurements of the electric dipole moment of the
neutron imply that the strong CP phase @ (containing a phase from the quark mass matrix)
is very small § < 10719, and the lack of an explanation of such small value is the so called
strong CP problem. Again symmetries and, in particular, anomalous symmetries could shed
some light on this problem, and the solution may lie in the Peccei-Quinn (PQ) mechanism [8,9].
This solution introduces a U(1)pg symmetry which is anomalous under QCD and allows one to
fully reabsorb the #-parameter, making it unphysical and solving the strong CP problem. As
a consequence of this mechanism, a new pseudoscalar degree of freedom arises, the axion. The
QCD axion is necessarily very light so as to avoid phenomenological constraints with a large
decay constant. Although the QCD axion solution was proposed in the 1980’s, it is currently a
very active topic of research and new ideas both in the theoretical and experimental sides are
being proposed. In this context, a change of perspective is spreading. One of the theoretical
avenues to allow PQ solutions with low scales consists n relaxing the tight relation between the
axion mass and scale by introducing new confining forces that generate a large mass for the
axion without spoiling the strong CP solution. In Chapter 5, we will develop a new solution
to the strong CP problem via massless fermions and color unification, where a composite axion
with large mass arises, due to the extra mass contribution of the small-size instantons of the
unified color group. Consequently, the strong CP problem is solved while no axion remains at
low scales.

These type of heavy axion models allow one to lower the axion scale, solving one of the issues
of QCD axion models: that of the PQ quality. Indeed, QCD axion models typically require
the PQ symmetry to be imposed in the Lagrangian, therefore new physics at high scales could
induce effective operators that break the PQ symmetry spoiling the Strong CP solution. This
constitutes the so-called PQ quality problem. In particular, effective operators stemming from
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non-perturbative gravitational corrections have been considered as a possible threat to QCD
axion models, when the scale f, is not very far from the Planck scale. Alternative to lowering
the axion scale as in heavy axions, models in which the P(Q symmetry arises accidentally can
be protected against these operators. Several setups have been proposed in the literature,
implementing an accidental PQ symmetry for that purpose. Nonetheless, they typically require
extra symmetries either gauge or discrete ones. In Chapter 6 we study a new theoretical proposal
in which a minimal composite axion arises from the confinement of a chiral gauge SU (5) with two
massless quarks. Gauge anomaly cancellations again guide us in terms of the representations of
the exotic fermions under the SU(5) group, 5 + 10 being the simplest anomaly free combination.
Within this setup, a PQ symmetry arises automatically as a consequence of gauge symmetry
and chirality and presents an inherent protection from quantum gravitational corrections.

Nevertheless, axions are not the only well-motivated scalar extensions of the SM. The discovery
of the Higgs boson, probably the first fundamental scalar particle, has finally completed the
SM with its last missing piece. At the same time, it has opened new territory, the Higgs
particle may not be the only fundamental scalar, and new spin zero particles may be awaiting
discovery. Indeed, (pseudo)-scalars appear in plenty of theories that go Beyond the SM (BSM),
such as extra dimensions, majorons, flavor models a la Froggatt-Nielsen, string theory, etc.
They appear commonly in tight connection with hidden symmetries, or spontaneously broken
symmetries. These kinds of spin zero particles, when CP odd (i.e. pseudoscalar), are typically
called axion-like particles (ALPs). Strikingly, both axions and ALPs represent, in large regions
of the parameter space, excellent candidates to explain the nature of Dark Matter (DM), even
if motivated by other problems.

Axions and ALPs have been mainly probed through their coupling to photons, fermions and
gluons. Nonetheless, in the current context in which new theoretical ideas are being put up
such as heavy axion models or photophobic/nucleophobic axions, it is pertinent to also study
the putative couplings of axions and ALPs to electroweak (EW) gauge bosons. In Chapter 7,
we have studied these axion couplings. Using effective field theories (EFTs), we computed for
the first time the model independent contribution to the axion couplings to EW gauge bosons,
stemming from the mixing of the axion with the neutral mesons. Furthermore, we perform a two-
coupling-at-a-time phenomenological study, where the gluonic coupling together with individual
gauge boson couplings are considered.

Regarding the experimental detection of axion and ALPs, flavor physics plays a very important
role. Within the SM, Flavor Changing Neutral Currents (FCNCs) are only possible at loop level
and are highly suppressed due to the Glashow-Iliopoulos-Maiani (GIM) mechanism, in agreement
with the experimental constraints. Flavor observables are so precise that they provide a very
powerful tool for the search of New Physics, since effects that correspond to UV complete theories
at energies of even 10° TeV can compete with the suppressed SM contributions, and therefore be
accessible by current experiments. In particular, K- and B-meson decays provide an exceptional
tool to probe the axion and ALP parameter space. In Chapter 8, we study the signals of ALPs in
FCNC processes, considering the most general effective linear Lagrangian for ALP couplings to
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the electroweak bosonic sector, and computing its contribution to FCNC decays up to one-loop

order.

In the first part of this thesis — Chapters 1 to 3 — the SM, the strong CP problem and axions
and ALPs are reviewed, whereas the original contributions of the thesis are contained in the
second part, Chapters 4 to 8.



Part 1

Foundations



CHAPTER

1 The Standard Model

The Standard Model of particle physics encompasses our current knowledge of both the matter
content of the visible Universe and the three fundamental interactions that have been understood
at the quantum level: strong, weak and electromagnetic interactions. It is a particular realization
of a Quantum Field Theory (QFT) in which symmetries play a fundamental role. On the one
hand, the particles are understood as excitations of more fundamental degrees of freedom, fields
that correspond to different representations of the Lorentz symmetry group: scalar (spin-0)
for the Higgs, fermionic (spin-1/2) for quarks and leptons, and vectorial (spin-1) for the gauge
bosons. On the other hand, interactions among these fields are determined by a local (spacetime
dependent) symmetry: the gauge symmetry.

Based on the fundamental principles of locality and causality, and with Lorentz and gauge
symmetries at its core, the SM has faced a variety of experimental tests with astonishing success.
Its extremely accurate predictions can be beautifully condensed in the following Lagrangian:

ﬁSM = Egauge + EDirac + EYukawa + ﬁ‘b + £9+

1 ywoa 1 1
- — ZGZ GNV - ZWéLVWSI/ - *BNVB'U‘V

4
+iQ PQr, +iURrIPUR + iDRIPDg + il Pl;, +iERIDER
— QY OURr — Q,Y,®Dp — (Y. PER + h.c. (1.0.1)

+(D,®)' Dre + 2ot — A(of0)?

+0 g—;Gj”é;jy ,
where G, WH and B" stand for the field strengths of the groups SU(3)., SU(2)r and U(1)y,
respectively. ® is the Higgs doublet, Q, and ¢; are the left-handed (LH) quark and leptonic
doublets, and Ugr, Dr and ER stand for the right-handed (RH) up, down-type quark singlets
and leptonic singlet, respectively.
In the following we will briefly review the key aspects of the SM and then focus on some
general aspects of symmetries in QFT.
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1.1 The gauge sector

Gauge theories have incredible richness and complexity. They are highly predictive in terms of
the number and properties of the particles mediating the forces and nature of the interactions.
The SM gauge group is

Gsym = SU(B)C X SU(?)L X U(l)y, (1.1.1)

where each symmetry group is associated with a fundamental force of nature: SU(3).
corresponds to the strong interactions described by Quantum Chromodynamics (QCD) and
SU(2)r, x U(1)y corresponds to the unified electroweak interactions. The number of bosons
that mediate a particular interaction corresponds with the number of infinitesimal generators of
the group associated to it. Thus, the SM includes 8 massless gluons G, mediating the strong
interactions, and four gauge fields in the electroweak sector W}j, b=1,2,3 and B,,.

SU(3). : G4, A=1=1,..8
SU(2)z : we, a=1=1,2,3
U1y : B,. (1.1.2)

The kinetic terms of the gauge bosons in the Lagrangian of the SM are given by

1 v ~A 1 vYrsa 1 v
Lgauge = —ZG’;‘ G — EWC‘L‘ Wi, — §B“ B,., (1.1.3)
where G, WH  BH" stand for the field strengths:
SU(3), : Gh, = 0.Gf —0,G] + gsfapcGEGY
SU@L:  Wo, = 0W—0,W +geaVIWE, (1.1.4)
Uy : B, = 0.,B,—-0,B,,

and g and g are the weak and strong coupling constants, and f4pc and €qp. are the structure
constants of the generators of the non-abelian groups SU(3). and SU(2)y, respectively.

This first part of the Lagrangian describes massless mediator bosons and their self-interactions
(only present in the non-abelian groups). However, this description is not complete since it does
not account for the fact that the short range of the weak interactions indicates that the W and
Z bosons are massive. An explicit mass term for the gauge bosons would break gauge invariance
so the introduction of an electroweak symmetry breaking sector is needed. Within the SM this
problem is explained through the famous Brout-Englert-Higgs mechanism [10-12], that assumes
that the Lagrangian remains gauge invariant while the vacuum of the theory (i.e. the ground
state) is not. This mechanism introduces a SU(2)y, scalar doublet, the higgs boson &, that
transforms under the gauge group as shown in the Table 1.1. The most general renormalizable
Lagrangian involving the Higgs doublet reads,

Lo = (D,®) D" + 2010 — (@ch)z, (1.1.5)
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where the usual partial derivative 9, ® in the kinteic term has been substituted by the covariant
derivative D, ® that ensures gauge invariance,

a 1
D = (9, + igZ- Wi + z’g’iBu)@ , (1.1.6)

where ¢’ is the coupling constant of the U(1)y gauge group and ¢ are the Pauli matrices, i.e.
the generators of the SU(2), group.

| SUB). SU@)L UQ)y
| 1 2 12

Table 1.1: Transformation properties of the Higgs doublet under the SM gauge group.

The field configuration of ® that minimizes the potential in Eq. (1.1.5), the ground state for
the scalar field, is not invariant under the EW group SU(2);, x U(1) for u?, A > 0. This implies
that the minimum of the Higgs potential does not correspond to a vanishing Higgs field. In
other words, the Higgs doublet develops a non-zero vacuum expectation value (vev), v,

(®T®) = v2/2 = p?/X, (1.1.7)

and Electroweak Symmetry Breaking (EWSB) is induced. It should be noted that this breaking
is “spontaneous” rather than explicit. Indeed, the interactions in the Lagrangian are exactly
invariant under the gauge group and it is only the ground state, the vacuum, that does not
explicitly exhibit the symmetry. As a consequence, after expanding around true vacuum, the
gauge bosons develop a mass in a gauge invariant way,

(v + h)? (v + h)?
2 -

where h is the physical Higgs boson and the four EW gauge bosons get mixed into the massive
weak gauge bosons W+, W~, Z% and the massless photon Ay,

1
(D, ®)"(D'D) = 5Ouhd"h + GPWIWH (*+ g% Z,2", (1.1.8)

1
Wt = w2
po= \/i( p T u) ,
Z,, = cos by Wﬁ’ —sinfw B, , (1.1.9)

A, = sinOy Wi’ + cosOw B, .

These combinations are controlled by the weak mixing angle 6y, which is related to the coupling
constants,

/

tan Oy = L, (1.1.10)
g

and whose value is fixed from experiments. It follows from Eq. (1.1.8) that the masses of the
gauge bosons are given in terms of the EW scale and the gauge couplings,

2 /12 1
i VI~ g (1.1.11)

mw = — my = +2—2 v= m
W= 2 ’ cosOy V7
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while the photon A, remains massless. This is a consequence of the fact that the EW group is
not completely broken by the Higgs vev; an abelian subroup of it, U(1)e,, remains unbroken
and corresponds to the electromagnetic interactions, whose coupling constant reads

e=gsinfy = g cosOy . (1.1.12)

As a byproduct, this mechanism predicts the existence of a new particle corresponding to the
excitations of the scalar field around the minimum of the Higgs potential: the Higgs boson A in
Eq. (1.1.8), that was recently discovered in 2012 at CERN [13, 14].

1.2 Matter content

While the particles that mediate the interactions can be predicted given the gauge group, the
structure of the matter content is not derived from any fundamental principle within the SM.
The basic building blocks of matter are all spin 1/2 fermions, that can be classified into quarks,
that feel both the strong and electroweak interactions, and leptons that only interact with the
electroweak force.

According to their observed interactions under the electroweak force, each family of quarks is
described by three fields, a SU(2)r, doublet Q7 and two singlets Ur and Dg, whereas for leptons
two fields suffice, a doublet ¢1, and a singlet Er of SU(2).

V¢ v vT
KL - L 5 L ; L ) ER - {eR,MR, TR}
€L ML TL J
t
QL= b I R B B , Ug = {ug, cr, tr} (1.2.1)
dr, SI, br,

Dgr = {dg, sg, br}

The way in which those particles interact with each other determines the transformation
properties of the corresponding fields under the gauge group (see Table 1.2). Observations
indicate that fermions appear in chiral representations with respect to the EW interactions
(LH and RH fermions transform differently), while strong and electromagnetic interactions are
vectorial and thus parity invariant. The fermions of the SM come in three different flavors or
generations (see Section 1.3), that have exactly the same interactions with the gauge bosons and
only differ among each other in their different masses and mixings. These differences and the
existence of three replicas define the flavor puzzle.

Given the representation under which the field transforms, the interaction terms can be
obtained by substituting the usual derivative by the covariant derivative in the kinetic term,
ensuring gauge invariance,

Lpirac = 1Q PQr, +iURPUR + iDRIPDp + ilIpl +iERIPER , (1.2.2)
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SUB). SU@)L ULy
QL 3 2 1/6
Ur 3 1 2/3
Dr| 3 1 ~1/3
o 1 2 ~1/2
Er 1 1 ~1

Table 1.2: Transformation properties of the fermionic field under the gauge group SU(3). x SU(2)1 x
Ul)y.

where ) = D" and v* are the gamma matrices (generators of the Clifford algebra) and the
sum over the three generations of each field is implicit. The covariant derivative for each field
reads:

A o
DMQL:<8 + igs 5 G —i—zg?W‘l—Hg B )QL,
A 2
D,Ur = (ay"i‘ 57y GA—I-ZglgB )UR,
)\A
DHDR:<6#+' Zah—ig 3B )DR,
a 1
Dty = (8 —i—zg—W +ig’ B )EL,

DyEr = (0 - 'L’g/Bﬂ) Eg.

The power of the gauge principle is at play here: not only the number and self interactions
of the gauge bosons is predicted, but also the interactions of all the fermions with the gauge
mediators, whose universal strength is completely controlled by only three parameters: the gauge
couplings g5, ¢’ and g.

1.2.1 Fermion masses and flavor

In the fermionic sector, explicit masses for the fermions are forbidden by gauge invariance,
similar to EW gauge boson masses. Dirac mass terms correspond to the coupling of a left-
handed fermion with a right-handed one and, since weak interactions only affect left-handed
fields, a doublet scalar field is needed in order to build the needed chirality-flipping interaction.
These Yukawa-type terms are included in the most general renormalizable Lagrangian containing
fermions and the Higgs,

Lyuiawa = —Q Yu®Ur — Q,Yy®Dp — (Y. ®ER + h.c., (1.2.3)
where & = i02®*, and Yy, Yy and Y, are 3 x 3 matrices in flavor space. When the Higgs doublet
develops a vev and EWSB is triggered (Eq. (1.1.5)), these Yukawa interactions generate mass
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terms for the quarks,
Lyvukawa = —ULMMUR — bLMdDR — ELMEER + h.c. (1.2.4)

In general, the mass matrices M,, My, Mg are not diagonal. By performing an appropriate
change of basis,

UL—>V£LUL, DL—>VLdDL, EL—>VL€EL,
Ur — VEUr, Dr—VEDr, Ep— VSEg, (1.2.5)

the mass matrices can be diagonalized,
Mg — VETMUVI% = diag (my, me, me) ,
Mg = VITMVE = diag (ma, ms, ms) (1.2.6)
Mg — VETMEVE = diag (me, my, m.) ,

where m; denote the observed quark and charged lepton masses. The set of transformations in
Eq. (1.2.5) corresponds to a unitary rotation for each Weyl fermion f, satisfying V/1V/ = 1.
As a consequence, interaction terms of fermions with the photon, the Z boson and gluons that
correspond to neutral currents remain invariant under this transformation. However, charged
currents in the weak interactions involve simultaneously up-type and down type quarks, and
therefore are sensitive to some combination of these mixing matrices,

Loc = \% |:WJ (UL'YM Verum D, —I—PL’)/“EL) + h.c.:| . (1.2.7)
In particular, the relevant mixing matrix Vogm corresponds to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, that involves the unitary rotation of left-handed up- and down-type quarks,

Vokm = UiLUdL,

Vud Vus Vub
V=1V Ves Va |- (1.2.8)
Vie Vis Vi

The elements of this matrix are physical and measurable in the weak interactions, see Eq. (1.2.7).
One of the predictions of the SM is the unitarity of the CKM matrix. Indeed, by independently
measuring its elements this prediction has been tested and, so far, there has been an excellent
agreement with the SM. Consequently, stringent bounds on BSM physics that induce deviations
from unitarity have been set.

At this point, there is no mixing in the lepton sector since Eq. (1.2.4) lacks a mass term for
neutrinos and therefore any unitary rotation of the charged leptons can be compensated by a
neutrino rotation in Eq. (1.2.7). Nevertheless, mixing in the leptonic sector has been measured
in the last two decades and, consequently, neutrino mass terms need to be introduced.
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1.2.2 Neutrino masses

Neutrinos only interact via the weak force and experiments have established that charged
currents only produce left-handed neutrinos (and right-handed antineutrinos) [15, 16].
Consequently, neutrinos can be described by a single LH Weyl fermion vy, (and its conjugate the
RH antineutrino (vr,)¢), unlike all the other fermions which present a right handed counterpart
to each left-handed field . Due to its singular chirality, it is impossible to write a renormalizable
mass term for them, so within the SM neutrinos are strictly massless. However, neutrino flavor
transitions and oscillations have been experimentally established [17-19], and this phenomenon
requires neutrinos to have non-zero masses'. According to the latest global fit on neutrino data
within the three-flavor oscillation paradigm by the collaboration NuFIT [20], the best fit values
for the squared mass differences read?

+(2.52570933) x 1073 eV?  NH

Am3, = (7.397520) x 1075 eV? | Am3, = -
—(2.51210031) x 1073 eV?  IH

, (1.2.9)

where Amgij = m?/j — m?,z

Nevertheless, oscillation experiments only allow one to measure the difference of squared
neutrino masses. This means that the absolute scale neutrino masses remains undetermined.
Yet, limits on the sum of neutrino masses can be obtained from cosmological measurements
such as the Cosmic Microwave Background (CMB) and Baryon Acoustic Oscillations (BAO).
The latest results by the Planck Collaboration set limits which vary in the interval > m, <
(0.17—0.72) eV, depending on the considered dataset [19,21]. This bound should be taken with
caution, since it has been derived assuming only three light massive neutrinos and the validity of
the ACDM model (A for the cosmological constant, and CDM for Cold Dark Matter). Deviations
from the standard cosmological model that are currently allowed by data could invalidate the
bound. For instance, if the neutrino masses are generated dynamically at a relatively late epoch
in the evolution of the Universe, this bound would not hold [19,22]. For this reason, experiments
trying to directly measure the neutrino absolute mass scale become very relevant, even if they
set less stringent bounds. One of the oldest ideas consists of the measurement of the endpoint of
the electron spectrum in tritium beta decay. Following this approach, the experiments Troitzk
and Mainz [23,24] set bounds of my, < 2.05 eV at 95% CL, which are expected to be improved
by the upcoming KATRIN experiment, reaching sensitivities of my, ~ 0.2 €V [25]. Another type
of experiments that could shed light on the neutrino mass scale (if they happen to be Majorana
particles) are those looking for neutrinoless double beta decay OvB3, that so far has not been
measured [26-28].

The observation of neutrino masses constitutes one of the clearest pieces of evidence of the
existence of BSM physics that needs to be looked for. So far, the nature of neutrino masses

LAt least two neutrinos have to be massive since two distinct squared mass differences, Am?, and Am2; have
been measured.
2The quoted errors correspond to 1o, i.e. 68% Confidence Level.
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remains unknown, and the scientific community has tried to explain not only their character
but also an explanation of their smallness. Indeed, neutrino masses are at least five orders of
magnitude smaller than that of the electron and the rest of charged leptons. This suggests
that a new mass generation mechanism may be responsible for them. In order to account
for these observations, one can either extend the matter content of the SM or abandon the
renormalizability of the theory.

Let us first consider one of the simplest realizations of the first avenue and introduce three
right-handed neutrinos N}é, that are singlets under the full SM gauge group, also called sterile
neutrinos.® These new fermions allow one to write a Yukawa interaction of the leptonic doublet
with the Higgs that after EWSB generates a Dirac mass term for the neutrinos, in a similar
manner to the rest of the fermions. Furthermore, the RH neutrinos being SM singlets, a
Majorana mass term is allowed by the gauge symmetries of the SM,

_ . 1
£’ = ~01Y,®Np — s Ng"MyNp + hec., (1.2.10)

where Y, is a 3x3 matrix in flavor space containing the Yukawa couplings similar to Eq (1.2.3),
My is the symmetric 3x3 Majorana matrix and Ngp® = C’NiRT with C' = ivy9y; being the
charge conjugation matrix. In the absence of the Majorana term, the Lagrangian possesses
a global U(1); symmetry called Lepton Number (LN) under which each lepton is charged
(see Section 1.3), while the Majorana mass breaks LN by two units. After EWSB, the Dirac
mass term is generated, and the mass matrix for the neutrinos reads

0 mp vy,

+h.c.,
’I’)’L% MN NR

ﬁymass = —ﬁmDNR—%NRCMNNR—i-h.C. = —% ( UL NiRc )

(1.2.11)
where mp = Y,v/v/2. Note that My is a free parameter; it is not protected by gauge invariance
and, in consequence, it can be arbitrarily large. The limit My > mp corresponds to the famous
type-1 seesaw scenario [31-34], in which the smallness of neutrino masses is not generated by
tiny Yukawa couplings but by a hierarchy between the two scales. After block diagonalizing the
matrix, the neutrino masses yield

my, ~ —mpMytmp, my ~ My, (1.2.12)

and one obtains an inverse proportionality relation between the heavy and the active neutrinos.
Assuming that neutrino Yukawa couplings are close to that of the top quark, Y, ~ O(1), then
Eq. (1.2.12) requires the Majorana scale to lie close to My ~ 10'* GeV in order to reproduce
the observed light neutrino masses.

An alternative avenue to that of adding new matter content to explain neutrino masses is the
Effective Field Theory (EFT) approach. By introducing higher dimensional non-renormalizable
operators made out of the SM fields and respecting the symmetries, one can describe in a model
independent way the low energy effects of a ultraviolet (UV) theory with a characteristic high

3For a comprehensive review see [29] and [30].
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scale A. These operators are suppressed by powers of this large UV scale A and can be seen as
corrections to the known renormalizable theory. The higher the dimensionality of the effective
operator, the larger the power of the scale that suppresses the operator, therefore this framework
allows for a consistent perturbative expansion. Strikingly, within the SM matter content and
symmetries, there is a single operator at first order in the expansion (dimension 5), often known
as Weinberg’s Operator [35]. It is precisely this operator that generates Majorana masses for
the neutrinos after EWSB,

1 coP v2

L£975 = ~ 7, L0715 o+ he.
2 " AN LpHhe —>2ALN

v§ C%Pup s +hee. (1.2.13)
This operator naturally accommodates the smallness of neutrino masses since one typically
expects the new physics scale Apy to lie well above the EW scale, and thus the Weinberg
operator is strongly suppressed. By taking the EFT approach, a Majorana mass term for
light neutrinos has been obtained, like in the type I seesaw considered above. Indeed, these
two avenues are not unrelated since it is precisely the Weinberg Operator the one generated
after integrating out the heavy RH neutrinos in Eq. (1.2.11). Matching the low energy Wilson
coefficient C2* in Eq. (1.2.13) with the parameters of the high energy theory in Eq. (1.2.11),
the following relation is obtained

coP
Arn

8
_ (Y,,Mjglyf)a : (1.2.14)

that, in the simplified case of the right-handed neutrinos being degenerate and identifying the
BSM scale with the Majorana mass scale A;y = My, corresponds to

CoP = (v, y)es. (1.2.15)

Furthermore, the EFT approach being model independent, it may well also describe other
possible scenarios that generate Majorana neutrino masses. In particular, it allows one to
investigate systematically what kind on models could generate the Weinberg operator at tree
level by adding a single extra representation to the SM matter content. Precisely, there are
two other mediators? from a UV complete theory that generate the Weinberg operator when
integrated out: scalar SU(2)p triplet in the type II seesaw [36—40] and a fermionic SU(2)r
triplet in the type III seesaw [41-47], as it can be seen in Fig. 1.1.

Regarding the testability of these minimal scenarios, it is important to note that they
generically predict new particles with masses close to the Grand Unification Theory (GUT)
scales, ~ 10 GeV, and therefore are out of collider reach. Nonetheless, it is possible to
naturally lower this scale (e.g. down to the TeV or even GeV) appealing again to symmetries,
in particular, an approximate U(1); symmetry. These scenarios require an extended matter
content like in the inverse seesaw [48,49] and the linear seesaw models [50] or in scenarios in
which the Weinberg operator is generated at loop level [51]. These low scale seesaw scenarios

4 A scalar singlet, which would also be allowed by gauge invariance, is unable to generate the Weinberg operator
since C2# needs to be symmetric.
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Figure 1.1: The three types of seesaw model for tree level single mediators: type I mediated by a
fermionic singlet Ng, type II mediated by a scalar EW triplet Aj, and type III mediated by a fermionic
EW triplet X.

are of phenomenological interest since the mediators can be accessible at current experiments
and can also leave their imprints indirectly in lepton flavor violating observables. Furthermore,
they are theoretically appealing as a Majorana scale < TeV would avoid a strong contribution
to the EW hierarchy problem from the heavy neutrino sector [52-54], see Fig. 1.2.

Ng

14

Figure 1.2: Contribution to the hierarchy problem stemming from RH neutrinos.

One of the mysteries of neutrinos is their Majorana or Dirac nature. If the Weinberg operator
is responsible for their masses, neutrinos would be Majorana particles, i.e. neutrinos would be
their own antiparticle. This would be a ground-breaking discovery since neutrinos would be the
only fundamental particles with Majorana character, which would prove that a two-component
description of a massive fermion is realized in nature. Also, Majorana neutrinos are one of the
best candidates to explain the matter-antimatter asymmetry of the Universe via leptogenesis
[55]. But neutrinos may well be Dirac if Lepton Number is not violated. In order to elucidate
this issue there are experiments trying to measure LN violating processes such as neutrinoless
double beta decay (for a review on Ovf3f see for example Refs. [56,57]). So far no experimental
evidence for this process has been found, and the character of neutrinos still remains unknown.

Lepton mixing

Once neutrino masses are accounted for by one of the possible mechanisms explained above, a
mixing matrix in the lepton sector arises. Analogously to the CKM matrix, the missalignment
between the lepton mass eigenstates and the flavor or interaction eigenstates generates the so-
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called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [17, 58],

_ 9 —
Loc = 7 [WJ (uL UPMNSWEL) + h.c} : (1.2.16)

that controls flavor-changing processes in the lepton sector and in particular the phenomenon
of neutrino oscillations.

1.3 Flavor symmetry

Let us come back for a while to the pure SM. In the limit in which all the Yukawa couplings are
set to zero, the only terms in the fermionic Lagrangian are those in Eq. (1.2.2) and the theory
presents a large global symmetry: the flavor symmetry [59],

GE™ = U(3)g x UB)y x UB)p,

G — U(3), x U(3) s (1.3.1)

that corresponds to unitary rotations among the different generations or families for each field,
see Table 1.3.

SUB3)q SUB)y SUB)p SUB) SUB)s
QL 3 1 1 1 1
Ug 1 3 1 1 1
Dr 1 1 3 1 1
o 1 1 1 3 1
Eg 1 1 1 1 3

Table 1.3: Representations of each fermionic field under the non-abelian part of the flavor group

1.3.1 Quark flavor

Once non-zero Yukawa couplings are taken into account, the flavor symmetry of the quark sector
is explicitly broken to baryon number,
MU7 Md
U(3)Q X U(3)U X U(3)D — U(l)B . (1.3.2)
In order to compute the physical degrees of freedom of the flavor sector, it is pertinent to consider
the classical symmetries of the Lagrangian that are broken by the Yukawa couplings. Starting
with the quark sector, the Yukawa couplings Y, and Y; are n x n complex matrices, therefore

each one is determined by 2n? real parameters. Some of those parameters are unphysical since
they can be reabsorbed by applying symmetries of the Lagrangian. In particular, to each
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symmetry that is solely broken by the Yukawa couplings, one parameter is removed. It follows
from Eq. (1.3.2) that there are three unitary symmetries (3n? parameters) among which the
combination that corresponds to the unbroken baryon number cannot be employed to reabsorb
any parameter, since it leaves the Yukawa couplings unchanged. Therefore the number of
physical parameters of the Yukawa couplings in the quark sector is,

deo.£.(Yy) + doo.f.(Yy) — doo.t. (U(n)3) tdot(UL)g) =202 +2n2 —3n+1=n2+1 (1.3.3)

In the SM, there are three fermion families. It follows that the number of physical degrees of
freedom in the quark flavor sector is ten: the masses of the six different quarks®,

my = 22704 MeV, me=1284+0.03GeV,  m=1731+£0.6GeV,  (1.3.4)
mg = 4.7 MeV ms = 965 MeV mp = 4.18 1003 GeV (1.3.5)

the three mixing angles and the CP violating phase of the CKM matrix. Following the PDG
convention [19], these four parameters of the CKM mixing matrix can be parametrized as follows

1 0 0 C13 0 Slge_iéKM cl12 s12 0
VCKM = 0 C23 5923 0 1 0 —S12 (C12 0
0 —823 (€23 —813€i5KM 0 C13 0 0 1
C12C13 512€13 13~ 0KM
= | —s12023 — c12503813€KM  c1aco3 — S12823513€7 KM 523C13 (1.3.6)
812823 — C12C23813€0KM  —C1o893 — 812C23813€0KM €23C13

where s;; = sin0;;, c;j = cos ;. The different elements of the CKM matrix have been measured
by a variety of experiments. The global fit obtained by the collaboration CKMfitter [60, 61]
gives the following result for the absolute value of the CKM elements:

0.97434 — 0.00011  0.22506 = 0.00050 0.00357 + 0.00015
Vokm = | 0.22492 +0.00050 0.97351 +0.00013  0.0411 +£0.0013 | - (1.3.7)
0.008751000052 0.0403 £ 0.0013  0.99915 + 0.00005

The value of the CP violating phase according to the latest fit by Ufit is dxy = 69.2° £ 2°
[62]. The CKM matrix is the only source of family changing transitions within the SM and has
several distinct properties. First, the fact that the CKM is close to the identity implies that
flavor changing processes will be suppressed by the small values of the off-diagonal elements.
Note that for these elements not to vanish, the masses for quarks of the same charge need
to be non-degenerate, and the mixing angles need to take non-trivial values. Second, Flavor
Changing Neutral Currents (FCNC) are absent at tree level. Indeed, the set of transformations
in Eq. (1.2.5) leaves neutral currents invariant due to unitarity (photons, Z-bosons and gluons

"We report MS quark masses from Ref. [19] at the scale u = 2GeV for light quarks, and at u = m, for
q=cb,t.
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cannot mediate flavor violation). Therefore, in the SM, FCNC processes only appear at loop
level involving W-boson exchange. Furthermore, W-bosons only interact with left-handed
fields; chirality flips are thus needed to get a non-zero amplitude, and therefore FCNCs are
further suppressed by the Yukawa couplings (either quadratically or logarithmically). These
suppressions correspond to the so-called GIM mechanism [63] that was proposed by Glashow,
Iliopoulos and Maiani. It successfully explained the suppressed size of flavor transitions and
also allowed the prediction of the existence of the charm quark, whose mass was predicted by
Gaillard and Lee [64].

The CKM matrix induces CP violation as it contains one phase dxwm, see Eq. (1.3.6). This
is just one possible choice of parametrization, hence it is interesting to build a quantity that
remains invariant under the flavor transformations and encodes the physical CP violation of the
electroweak quark sector. This quantity is the Jarlskog invariant [65,66],

J =Im (VudVCEVcbVJb) = 6120230%3812823813 sin 5KM (138)

and all CP-violating effects in the electroweak sector of the SM depend on it. Indeed, it is the
only basis invariant quantity that can be built with the quark mass matrices and vanishes in
the CP-conserving limit,

Im (det [MUMJ,MdMgD = J (mf —m2) (m? —m?2) (m2—m2) (mi —m?2) (m2 —m3) (mi —m3) .

(1.3.9)
The only CP violating phase would become unphysical if any pair of same-charge quarks were
degenerate in mass, or any of the mixing angles had a trivial value. Accordingly, the measure
of CP violation in Eq. (1.3.9) vanishes in either of this two limits. This allows to understand
why CP-violating processes are so suppressed within the SM: even if the CP phase is not small,
the product of the mixing angles and the small Yukawa couplings suppresses the CP violating
parameter.

This description of the CP phases and number of degrees of freedom in the flavor sector is
not complete, though. There is another CP-violating invariant that can be built out of the mass
matrices,

Arg (det (M, My)) . (1.3.10)

As it will be further developed in Chapter 2, this combination plays an important role in the
Strong CP problem. This extra invariant has remained unnoticed in the counting of physical
parameters of Eq. (1.3.3) because one of the symmetries contained in the group [U (3)]3 of
Eq. (1.3.2) is anomalous: the axial symmetry, U(1)4. This symmetry is a valid classical
symmetry of the Lagrangian in the massless quark limit, however, it will be later shown that it is
anomalous, i.e. explicitly broken at the quantum level by QCD instantons. As a consequence, the
U(1) 4 cannot reabsorb the parameter in Eq. (1.3.10) since an anomalous term will be generated
by the rotation, and the combination

0 = 0gcp + Arg (det (M, My)) (1.3.11)

remains physical. This parameter plays no role in the EW sector but would induce CP violation
in the strong interactions, see Chapter 2.
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1.3.2 Lepton flavor

In the lepton sector, the flavor symmetry is broken by the the charged lepton masses to the
product of the three lepton family numbers, i.e. electron L., muon L, and tau L, numbers,

U3)e x UB)p —25 U(1)e x U(1), x U(1),. (1.3.12)

The final fate of the lepton flavor symmetries depends on the neutrino mass mechanism. For
illustration, let us consider two cases within the three RH-neutrino paradigm,

LY = Y. ®ER — (Y, ®Ng — %WMNNR +hec. (1.3.13)

In the massless limit, this theory has a larger flavor symmetry,
UBexUB)exUB)N, (1.3.14)
which is broken differently depending on the nature of neutrino masses. It breaks to lepton

number if neutrinos are Dirac, while it breaks completely in the case of Majorana neutrinos.

U3)e x UB)E x UB)N =< U(1)e x U(1), x U(1),; 2 U(1)r  Dirac v masses

0} Majorana v masses

(1.3.15)

Let us specify the counting of physical degrees of freedom for the two cases:

e Dirac neutrinos (My = 0): The counting is analogous to that in the quark sector, since
there are two complex matrices Y, and Y,, and three U(n) symmetries among which lepton
number U(1)z remains unbroken,

do£.(Y.) + do.f(Y,) — dot. (U(n)3) Fdof(UQ1)) =n?+1. (1.3.16)

For three lepton families in the SM, the number of degrees of freedom is again ten: 6
lepton masses, 3 mixing angles and the CP phase of the PMNS matrix.

e Majorana neutrinos (My # 0): The initial parameters consist of two complex matrices Y,
and Y, and the complex symmetric matrix My that contains n(n+ 1) parameters. Among
those, some parameters can be reabsorbed by the symmetries that are broken by the mass
terms: in this case they correspond to the full [U (3)]3 since LN is also broken,

d.of.(Y,) + dof(Y,) + dof.(My) — do.t (U(n)B) —on?+n. (1.3.17)

These 21 parameters can be parametrized as the 10 parameters discussed in the Dirac case
plus two Majorana phases, and the six degrees of freedom of the complex orthogonal matrix
R of the Casas-Ibarra parametrization [67]. However not all these 21 parameters will be
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accessible with low energy observables. In order to identify them, the same procedure can
be applied to the SM extended with the Weinberg operator in Eq. (1.2.13),

d.of.(Y,) + do.f.(C2F) — d.o.t. (U(n)2> —n’tn. (1.3.18)

Thus the number of low-energy parameters of the lepton sector with the d=>5 operator is
12, corresponding to the usual ten parameters of the Dirac case plus two Majorana phases,
while the remaining six parameters of the Casas-Ibarra matrix R only affect the dynamics
of the UV completion and do not leave any low energy imprint.

Analogously to the CKM matrix, the PMNS mixing matrix [17,58] can be parametrized as,

0

C12C13 S12€13 s13€e
_ i i )
UpMNs = | —s12023 — c12523513€"°  C12C23 — S12523513€° $93C13 P, (1.3.19)
i i
512823 — C12€23513€"°  —C12523 — $12C23513€"  C23C13

where P = diag (1, ei(bl,e“f’?) account for the two possible extra physical CP-phases that are

not present in the quark sector if neutrinos are Majorana particles.

Our current knowledge of the physical parameters in the flavor lepton sector can be
summarized as:°

me = 0.511 MeV | my, = 0.106 GeV , m; = 1.78 GeV , (1.3.20)

+(2.52510053) x 1073 eV? NH

Am3, = (7.391030) x 1077 eV? | Am2, = :
—(2.5121053) x 1073 V2 TH
(1.3.21)
o 49.7t°-9) NH (8 61f0'1?> NH
019 = (33'821—8:;@ , B3 = ( 1.1 7 015 — 0.13 ’
(490.799)" (3655613)
J(21578) wm
o= +27\°
284%27)  IH
(1.3.22)

Note that within these experimental measurements there are still some incognitos. On the
one hand, the absolute mass scale of neutrinos remains undetermined since oscillations are
only sensitive to squared mass differences. On the other, the sign of Am§2 that determines
the neutrino mass ordering (whether the lightest neutrino or the second to lightest is mainly

5The charged lepton masses are taken from the Particle Data Group [19], and the mixings from global fit
performed by the NuFIT 4.0 (2018) collaboration [20] within the three-flavor oscillation paradigm. Note that
Am3; > 0 for NO and Am3, < 0 for IO.
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composed by electron neutrino) is still unclear, although global fits to current data show some
preference to normal hierarchy (NH), over inverted hierarchy (IH). Finally current measurements
of the CP-violating phase still have large uncertainties, and the Majorana CP phases remain to
be determined.

1.3.3 The SM flavor puzzle

The description above illustrates the striking differences between the flavor and the gauge sector.
While gauge interactions are beautifully controlled by only three coupling constants’ of O(1),
and the gauge sector has been built from fundamental principles, the flavor sector presents a
complex structure that requires at least 20 parameters with intricate hierarchies and patterns
and whose values are simply imported from observation. Even though the flavor sector has
provided predictions that have been confirmed with high accuracy by experiments, this peculiar
structure calls for an underlying explanation.
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Figure 1.3: Fermion masses in the SM. Figure adapted from Ref. [68].

As is shown in Fig. 1.3, the masses of the charged fermions of the SM span over 6 orders of
magnitude or even 12 if we include neutrinos. Not only do the corresponding Yukawa couplings
range from order one (for the top quark) to O(107%) for the electron, or even O(107'%) if
neutrinos are Dirac particles, but they also show a strong hierarchy for quarks and charged
leptons, while for neutrinos clarification is still needed. Concerning the mixing matrices, while
the CKM matrix shows a modest deviation from the identity matrix which corresponds to small
mixing among quark families, mixing angles in the lepton sector are large and correspond to
matrix elements of the PMNS of the same order of magnitude (see Fig. 1.4).

Why are there three families? What is the rationale behind fermion mass hierarchies? Why
does the quark sector present small mixings whereas the neutrinos have large mixing angles?

"If we include the Higgs sector there are two extra parameters, the Higgs vev v and quartic coupling \.
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Upnns ~

Figure 1.4: Representation of the size of the mixing matrix elements. Lighter colors represent smaller
absolute value with respect to darker ones.

These questions constitute the flavor puzzle and have fostered intensive research in trying to
understand the possible underlying flavor dynamics behind this complex structure.

New Physics Flavor Puzzle

In spite of the lack of a successful explanation of the origin of flavor, this framework allows one
to accommodate in a consistent theory basically all current experimental data. In particular,
the fact that FCNC are so suppressed within the SM and the great precision that experiments
are achieving in measurements of flavor observables represent a powerful tool for the search of
BSM theories. Indeed, generic extensions of the SM need to respect the SM gauge symmetries,
but not its global ones. They typically predict thus unacceptable rates for FCNC processes,
therefore these observables are able to set stringent bounds on the scale of new physics, well
beyond that directly accessible by current experiments. For instance, a striking example is
the K% — KO system. Measurements of the indirect CP violation parameter ex and the mass
difference Amj set bounds on the scale of new physics of the order of A ~ 10° TeV [69] for
O(1) Wilson coefficients in the effective operators.

On the other hand, several BSM scenarios motivated by the EW hierarchy problem predict
new dynamics not far from the ~ TeV scale. Consequently, in order for them to be compatible
with the absence of BSM flavor violation, either the parameters need to be fine-tuned or the
energy scale needs to be pushed up to energies several orders of magnitude larger than the TeV
scale. This is known as the new physics flavor puzzle and suggests that the BSM theories present
highly non-trivial flavor structure that resembles that of the SM. For this reason the interest
of flavor goes beyond the long-standing dream of explaining the pattern of fermion masses
and mixings, and also guides the efforts of constructing any new theory of nature through the
stringent constraints it poses.

Flavor beyond the SM

In order to explain the origin of fermion masses and mixings, different BSM constructions have
been proposed. Due to the complexity of the flavor pattern it is challenging to find a successful
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explanation while agreeing with the precise flavor experimental measurements. Some of these
attempts are:

e Froggat-Nielsen theories: By imposing the conservation of a global abelian symmetry
U(1)pn under which the fermions of different families have different charges, the mass
hierarchy can be accommodated [70]. In particular, a scalar “flavon” field S with non-
vanishing FN charge is introduced and develops a vev, breaking spontaneously the U (1) py.
The flavon couples to the fermions with non-renormalizable operators allowed by the
abelian symmetry. Accordingly, the different FN-charges of the fermions imply different
number of flavon insertions. When the symmetry is spontaneously broken, mass terms for
the fermions are generated and the hierarchy is controlled by powers of the small parameter
e = (S)/A, where A is the scale of flavor dynamics that suppresses the effective operators.
This symmetry approach is rather simple but still does not explain the origin of the
different charges of each fermion and the full UV complete theory generating those effective
operators involves many new fields, complicating the search for an elegant explanation.

e Discrete symmetries have also been proposed to be at the origin of the flavor pattern
since they avoid the Goldstone bosons that would appear in the case of continuous
symmetries that are spontaneously broken. A4 being the most commonly used flavor
group [71,72], the main drawback of this approach is that the discrete symmetry by itself
is not sufficient to completely account for the fermion mass hierarchies and mixings in
most cases.

e Grand Unification: The unification of the strong, weak and electromagnetic
interactions [73-75] typically leads to relations among the fermion mass matrices, hence
it seems suggestive to try to address both problems simultaneously. Different symmetry
groups have been attempted and are still being constructed, the main problem of GUT-
based models is the proton stability.

Aside from these specific theoretical frameworks trying to assess the SM flavor pattern,
effective approaches have also been constructed in order to explain the New Physics flavor
puzzle. Of special relevance for the flavor puzzle is the proposal of Minimal Flavor Violation
(MFV) that aims at protecting flavor violation beyond the SM. The MFV hypothesis consists in
assuming that the only source of flavor symmetry breaking at low energies are the SM Yukawa
couplings themselves, not only in the SM but also in the BSM theories [59,76-78]. In order to
implement MFV, the Yukawa couplings of the SM are promoted to non-dynamical fields, usually
called spurions, that transform non-trivially under the SM flavor group. Then, the effective field
theory is constructed in a way that all effective operators remain invariant under the flavor group
by inserting the appropriate spurions.

Minimal Flavor Violation is a way to encode that the low-energy effects of the BSM theory
such that they respect the same global symmetries as the SM. In this way, the absence of
flavor violation data beyond the SM is justified. However, it is not a theory of flavor since it
is unable to explain the complex structure of flavor: neither the hierarchy nor the smallness of
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Yukawa couplings are addressed in MFV. In the setup we propose in Chapter 4 that the MFV
hypothesis is taken one step ahead by promoting the Yukawa couplings to dynamical fields and
the flavor group to a local symmetry, leading to interesting theoretical and phenomenological
consequences.

Flavor anomalies

Although the SM beautifully agrees with a large variety of flavor observables, there are currently
some intriguing tensions in B-meson physics that may point to New Physics with large lepton-
flavor universality violation. In particular, the LHCb Collaboration has reported deviations from
the SM in B — K®)¢T¢~ decays. In order to reduce the hadronic uncertainties in the theoretical
predictions, observables involving ratios of partial widths are particularly useful. Two of those
theoretically clean ratios are Rg and Ry~ and experimental data from LHCDb shows deviations
from the SM prediction, which is 1 at leading order, [79,80]

_BR[B = Kp*p]

Rk =
K= BR[B - Kete |

= 0.8467( 651 (stat) 716 (sys) (1.3.23)

Ry

* o4+, —

_ BBIE [UBB = II‘; j;’;_]] — 069101 (stat) 095 (sys) (1.3.24)
in the 1.1GeV < ¢? < 6GeV bin. Each one of these observables presents a deviation from the
SM at the 2.50 level. It is pertinent to note that Belle collaboration measurement [81], that
has larger uncertainties is compatible with both the SM prediction and the LHCDb result. There
are also some discrepancies in other (less theoretically clean) observables, such as Rp.) and
in the angular distributions of B — K*u™pu~. Together with these tensions, global fits prefer
various BSM scenarios over the SM at the 5o level [82]. Although the statistical significance of
each deviation does not suffice to claim a BSM discovery, data seems to indicate a pattern that
deserves to be analyzed with detail. Several models have been proposed to be at the origin of
these tensions.

1.4 General considerations on symmetries

Symmetries play a fundamental role in our understanding of the SM and may be the key in the
solutions to several of the SM issues. For this reason, it is convenient to review some general
considerations of symmetries within QFT, that will be referred to throughout this thesis.

Within the path integral formalism, all the information of a Quantum Field Theory is encoded
in the generating functional,

Z[J) = / [dg)e!/H(SlgH] d'ei()o) (1.4.1)
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where S corresponds to the action,

S[g] = / i £ (6(2), ,0(x)) | (1.4.2)

and ¢ is a real scalar field chosen as an example. The path integral in Eq. (1.4.1) sums over all
possible paths in field space weighted by the exponential of the action, e**l¢1/" and allows the
computation any time-ordered correlator as,

[1d6] 01]¢) . ... On[g]eS1é)
[ld]e7™s1]

This formalism is particularly convenient when evaluating the classical limit. For A much
smaller than the relevant action A < S, the path integral can be evaluated using the stationary
phase (or steepest descent) approximation. In this limit, the path integral is dominated by
the configurations that correspond to extrema of the action, recovering Hamilton’s principle of
stationary action that leads to the usual Euler-Lagrange equations of a classical field theory,

5L 5L
d, (W) 55 =0 (1.4.4)

also known as equations of motion (EOM). A symmetry of the action consists in some
transformation of the fields that leaves the action invariant,

(O1...0,) = (0|T[O1...0,]]0) = (1.4.3)

Slg + adg] = S[4], (1.4.5)
and therefore transforms the Lagrangian in the following way:
LAL=L()+ B, 0ud+ B0ud) =L (9,0u0) + 0, V* (¢,0,0,860) , (1.4.6)

where the boundary term vanishes when integrating over the spacetime, [ 8“V“d4x =0. An
important feature of theories with continuous symmetries is that they present conserved currents
as a consequence of Noether’s Theorem. It states that to every generator of a continuous
symmetry of the theory, there corresponds a conserved current and a time-independent charge.
This theorem not only implies the existence of these currents but also allows one to construct

them explicitly,
oL
P = 1) B P =0. 1.4.
J 50, o+ VH; OudJ 0 (1.4.7)

In addition, as a consequence of the conservation of the current there exists an associated charge
that does not change in time,

Qt) = /d3$J0(t,x); Q= /d?’x@oJo =0. (1.4.8)

It is always possible to write the associated current for any given continuous transformation,
even if it does not represent an exact symmetry of the action. In some theories, a symmetry
arises when a parameter of the theory is set to zero. If this parameter is small as compared with
the relevant parameters of the theory, the transformation is said to be an approximate symmetry.
In these cases, Noether’s theorem is still useful and states that the associated current is no longer
exactly conserved but instead its divergence equals the variation of the Lagrangian,

5L =B0,J". (1.4.9)
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1.4.1 On exact symmetries: Wigner vs Goldstone

There are two possible fates of a continuous exact symmetry in QFT:

e Wigner-Weyl mode: The ground state of the theory, the vacuum, is invariant under the
symmetry. As a consequence, the corresponding charge (and current) operator annihilates
the vacuum, Q|0) = 0, j#|0) = 0. This implies the existence of degenerate multiplets in the
spectrum. In other words, for any state, the symmetry transformation generates another
state with the same energy and scattering amplitudes.

e Nambu-Goldstone mode: As a consequence of the existence of a continuous family of
degenerate minima of the potential, the ground state is not invariant under the symmetry
Q|0) # 0, 7#|0) # 0. The action of the symmetry on a particular vacuum state leads
to another degenerate vacuum state. The symmetry is still exact at the Lagrangian
level, though. In this case, the symmetry is said to be spontaneously broken and
the spectrum of particles does not manifest the symmetry with degenerate multiplets.
Instead, the Goldstone Theorem implies that there exist as many massless bosonic states
as spontaneously broken generators [83-85]. These particles are called Nambu-Goldstone
bosons ® and have a number of interesting properties. First, with respect to the unbroken
symmetry, they have the same quantum numbers (or they belong to the same multiplet)
as the corresponding broken generator. Second, they are massless particles and their
interactions vanish in the limit of the momentum of the Goldstone boson going to zero.
In other words, they only present derivative couplings that ensure that the scattering
amplitudes are proportional to the GB momentum. It is often the case that the symmetry
is not exact but rather approximate. Then, the GB develops a small mass controlled by
the parameter that breaks the symmetry, and thus it is called pseudo-Goldstone boson

(pGB).

1.4.2 On broken symmetries: Anomalies

So far we have been dealing with symmetries of the action, i.e. classical symmetries. However,
the relevant object in a QF'T that will determine the values of all observables is the path integral.
Thus, for a classical symmetry to survive the process of quantization, the complete path integral
has to remain invariant under the transformation, including not only the action but also the
functional measure in the path integral (see Eq. (1.4.1)). This is not always the case. There
are classical symmetries that are not preserved after the regularization and renormalization
procedures. The latter would then provide an explicit breaking. In those cases the symmetry is
said to be anomalous.

Anomalies have played a central role in our understanding of the SM, from the neutral
pion decay to two photons, to the solution of the missing meson problem and the consistency

8Tn the rest of the thesis they will be referred to as Goldstone bosons (GB).
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conditions imposed by gauge anomaly cancellation. Indeed, for a QFT to be consistent at the
quantum level, its gauge symmetries must be exact both at the classical and at the quantum
level. They cannot be anomalous. On the contrary, global symmetries can be anomalous without
leading to inconsistencies.

They could also be crucial in some extensions of the SM that search for a solution to the
Strong CP problem, such as the Peccei-Quinn solution (see Section 2.3.2). Let us first review
the main results of the axial anomaly in a simple theory, and comment next on the general
anomaly formula and the main applications.

Axial anomaly

Let us consider a U(1) gauge theory with a charged massive fermion ¢ (QED with a massive
electron),

L= —iF,wF‘“’ + (i) —m)y

1.4.10
= —%FWF’"W + (i@ — ied)r + P p(id — ied)vr — M bR — MY gAYy . ( )
In the massless limit m — 0, the Lagrangian presents two classical symmetries,
b= eV, ey (1.4.11)
whose corresponding currents can be computed using Noether’s formula in Eq. (1.4.7),
gy = Py = bpy R + Py YL, (1.4.12)
= oY = Y pyr — Y, (1.4.13)

where j{j and j/; denote the vector and the axial currents respectively. Using the EOM, the
divergence of the currents can be computed at the classical level, obtaining

Ol = 2imrysp,  Oujl =0. (1.4.14)

ko

Figure 1.5: Diagrams contributing to the two-photon matrix element of the divergence of the axial
vector current. Figure adapted from Ref. [86].
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Therefore the vector symmetry is exactly conserved and the axial current is recovered in the
massless limit. It is now pertinent to ask whether these symmetries persist once quantum effects
are taken into account. The answer was given first by Steinberger [87] and Schwinger [88] in
the context of the neutral pion decay 7° — v, and later on by Adler, Bell and Jackiw [89-91]
who found that the axial current is explicitly broken at the quantum level. This constitutes
the so-called Adler-Bell-Jackiw (ABJ) anomaly. It can be shown either by computing the
transformation of the integral measure, the so-called the Fujikawa method [92], or by computing
the triangle diagrams in Fig. 1.5. The result states that in a background of gauge potential
fields, the current is no longer conserved, and in the massless fermion limit its divergence reads,

aﬂ <JZ(9”)>AM = 167‘r2

where a = €2 /47 is the electromagnetic fine structure constant, ﬁag = %aﬂmﬁFm, is the dual
field strength tensor and "8 is the fully antisymmetric Levi-Civita symbol with the convention
e0123 — 41, A pertinent question is whether this formula receives quantum corrections from
higher order diagrams. However, as it was shown by the Adler-Bardeen theorem [93,94], this
result is one-loop exact.

2 ~
oS Fls = %FWFQ,B : (1.4.15)

Finally, taking into account the quantum anomaly and fermion masses, the variation of the
Lagrangian after performing the axial rotation in Eq. (1.4.11) by an infinitesimal angle § can
be obtained using Eq. (1.4.9),

6L = B0, J" = 2Bimyysih — B FWF,uV (1.4.16)

The ABJ anomaly formula in Eq. (1.4.15) applies to the non-conservation of a global abelian
current, the axial current U (1) 4, in the presence of a background electromagnetic field, i.e. gauge
potential fields of a gauged U(1)ey, group. Nonetheless the anomaly can also be computed for
any generic current,

=Y UAPTEU L, + Upy TR R, (1.4.17)
where T7 and T correspond to the generators of the corresponding fermionic representations

under the global symmetry. The anomaly master formula for the generic fermionic current
in the presence of any gauge group G reads,

. aX >
8#]5@n = Cgfgup Xb ,ul/XéW ) (1.4.18)

where XH = %G“WPXW, ax is the fine structure constant of the corresponding gauge interaction
ax = 9%/4r and the group theoretical factor Cyroup corresponds to

cabe =3 Tr [Tg{tg, z}} -1 [Tg{t%,tg}] : (1.4.19)

where t% and t% are the infinitesimal generators of the representation under the gauge group G
for the fermions Wi and ¥y, respectively. The computation of the anomaly for different currents
will be relevant at different stages of this thesis. It will allow us to compute the axion anomalous
couplings in Chapters 5, 7 and 8, but also to verify the consistency of different theories via gauge
anomaly cancellation, or ‘t Hooft anomaly matching conditions, see Chapters 4 and 6.
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Gauge anomalies

When computing the anomaly we have been focusing on the non-conservation of a global current.
Interestingly the same analysis can be applied to a gauged or local current. If a gauge symmetry
is anomalous, in other words, explicitly broken at the quantum level, the theory becomes non-
unitary and therefore inconsistent. The fact that all gauge anomalies have to vanish after
summing over all fermion representations puts stringent constraints on the fermionic matter
content of chiral gauge theories. Indeed, this is the only theoretical constraint on the SM
structure of matter fermionic fields, as the gauge weak interactions are chiral. In particular for
the SM, the hypercharges of quarks and leptons are such that all gauge anomalies automatically
cancel within each generation.

This consistency condition will be specially relevant in the BSM models that will be developed
in Chapters 4 to 6.

’t Hooft anomaly matching conditions

In addition to gauge anomaly cancellation, anomalies also provide a consistency condition for
the spectrum of confining field theories. In order to state the conditions let us consider a SU(N)
confining theory with n flavors of massless quarks 1’. At energies above the confinement scale,
this theory presents an exact global flavor symmetry G, whose associated current reads,

it = V' TEn + Yry" Tis . (1.4.20)

We will consider only exact global symmetries. Thus, their anomalies in the gauge field
background of SU(N) need to vanish, G x [SU(N)]?, and the current is exactly conserved,

Oujte, = 0. (1.4.21)

After confinement, the spectrum of the theory does not consist of quarks and gauge potentials,
but rather singlets of the confining group: hadrons. Then, one can define the current associated
with the global symmetry in Eq. (1.4.20) in terms of the massless bound states x’,

&, = YLy Bivr + YRy BRyr - (1.4.22)

The 't Hooft consistency condition states that, if the symmetry associated with ng is not

spontaneously broken upon confinement, then there exist massless spin 1/2 bound states X',
which satisfy the condition,

Tr|T¢{T}), T5Y] — Tr[Tp{Th, Ti}] = Tr[Bi{B}, Bi}] — Tr[B{B%, B&}] - (1.4.23)

In other words, the global anomalies [Gr]® at high energies in terms of the fundamental
quarks, i.e. the left-hand side of Eq. (1.4.23), need to be matched in the low energy theory
by massless composite fermions generating the same anomaly. These are called the 't Hooft
anomaly matching conditions since they were first proposed by him in Ref. [95], where he



1.4 General considerations on symmetries 35

gave the following argument. The symmetry G being exact, it can be gauged at the cost of
adding massless spectator fermions that only transform under the G group and cancel the
anomaly [GFr]?. The G coupling constant can be made arbitrarily small so that the fermions
are effectively unmeasurable. When the SU(N) confines, the spectator fermions are still in
the low energy spectrum, and therefore the bound states of SU(IN) need to exactly cancel the
anomalies generated by the spectators, in order for the gauged G to be a consistent theory.
Those anomalies are nothing but the original anomaly of the quarks in the high energy theory.
This consistency conditions have been also shown in Ref. [96] and by Coleman and Grossman
[97] from the basic principles of analyticity and unitarity of the S-matrix.
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2 The strong CP problem

Let us consider the QCD sector of the SM Lagrangian in Eq. (1.1.1) after EWSB,

1 o ~ — .

Laop = =7 GG + 98—;G3VGW +Q (i) —M)Q (2.0.1)
where @ denotes a vector containing all SM quarks and M is the corresponding mass matrix.
This Lagrangian contains two parameters that violate CP invariance, namely the #-parameter
and a global phase in the quark mass matrices. But these two phases are not unrelated.

As we anticipated in Egs. (1.3.11) and (1.4.15), an axial rotation common to all quarks by a
phase 3 shifts both CP phases,’

Low=(0- 125)%07;,,@%“ — QMe¥PiQ, (2.0.2)

leaving a single physical CP-violating phase in the strong sector that is invariant under field
redefinitions?,

0 =0qcp + Arg(det M). (2.0.3)

The so called #-term,

Lo= e‘%waéW (2.0.4)
is odd under both parity and time reversal invariance, while it conserves charge conjugation and
thus violates CP. As a consequence, CP violating observables such as the electric dipole moment
of the neutron (nEDM) are sentitive to the f-parameter and allow one to measure it. So far,
experiments designed to detect a nEDM have set stringent bounds, d,, < 3x10726e-cm (90% c.l.)
[98,99]. Several nEDM projects are expected to improve this bound by 2-3 orders of magnitude
in the next 3-5 years [100,101]. Moreover, the measurement of the EDM of charged particles,
such as protons and deuterons, can be performed using storage rings and there are experimental
proposals aiming at sensitivities of 1072 e - cm for the proton EDM in the next decade [102].

!The shift on the anomalous term can be computed applying the ABJ anomaly formula with the group theory
factor corresponding to a rotation of the 6 SM quarks, see Eq. (1.4.19).
?In the physical CP phase there is no relative factor since Arg (det (Memg)) =12p4.
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The nEDM is still the most constraining observable, though. There are several estimations of
the nEDM as a function of § [103-109] spanning the range d,, = (0.1 —2) x 1079 e-cm . The
bound on the #-parameter which results is, at present,

0] < (3-0.2) x1071% (90% c.l.). (2.0.5)

The extremely small size of this parameter as compared to an arbitrary O(7) phase constitutes
what is called the Strong CP problem. Or in other words, “why does QCD seem not to violate
cp?’

It could be tempting to explain the smallness of this parameter by noting that if € is set to zero,
a symmetry emerges, CP, and therefore the parameter is protected by CP invariance. However
this is not true since we know for a fact that CP is not a good symmetry of nature. Indeed
CP violation in the weak sector is experimentally established and all observations fit within
the CKM framework. Therefore the smallness of 6 still calls for an explanation. It should be
stressed, though, that there is no theoretical inconsistency or actual experimental discrepancy
with a vanishing value of 6. From this point of view, it is legitimate to argue that the strong
CP problem is not actually a real problem but rather a hint, a really interesting hint, that can
guide us in the search for a more complete theory of nature.

Although the strong CP problem can be understood in simple terms as we have just reviewed,
there are several subtleties and interesting physics behind it. Why does the 6-term have physical
implications if it corresponds to a total derivative?® What is an instanton and how do we know
they exist? How does this relate to the missing meson problem? Why does the #-parameter
describe the QCD vacuum? This chapter will be devoted to clarifying these issues and gain a
better understanding of the strong CP problem and the §-parameter.

2.1 The missing meson problem

Let us consider QCD with only two flavors, the up and down quarks. The fermionic Lagrangian
reads,
L =qilDg—qMqq =G ilPqr + qrilDr — (G, Myqr +h.c.) (2.1.1)

where qr, r = (u LR, drL, R)T and M, denotes the quark mass matrix for the first generation,

M= ™ V. (2.1.2)
0 my

Since the up and down quark masses are much smaller than the QCD confinement scale
My, Mg < Aqcp, to a good approximation the second term in Eq. (2.1.1) can be neglected

3Bardeen’s identity Gﬁyé“”a =0, K".
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for the present discussion of the hadronic spectrum. In the massless limit and at the classical
level, the Lagrangian remains invariant under the following global transformation,

()=o) (o) = on(e) (2.1

where Uy, p are general unitary matrices. Therefore it presents a global chiral symmetry U(2), x
U2)r = SU(2)L x SU(2)r x U(1)r x U(1)g. Their corresponding currents can be arranged
into the vectorial R+L (or isospin) and baryon number currents,

a

wv=ote =05 (2.1.4)
and the axial R-L currents,
<[4 5 - pLa 5 Ua
a=atve I =a as (2.1.5)

where 0% are the Pauli matrices.

As we already commented in Section 1.4.1, there are two possible fates for any symmetry of
the interactions: it can be are realized a la Wigner-Weyl or a la Goldstone. The hadronic
spectrum shows particles arranged in quasi-degenerate multiplets of the isospin symmetry
U(2)y = U(2)r+R, which indicates that the isospin symmetry is realized in the Wigner-Weyl
mode. On the other hand, the observed hadrons cannot be arranged in multiplets of the
axial transformations; light pseudoscalar particles are observed instead (the three pions), which
can be associated with the pseudo-Goldstone bosons of the axial currents j4* in Eq. (2.1.5).
Consequently, the hadronic spectrum can be understood as stemming from the chiral symmetry
breaking pattern SU(2)r x SU(2)p x U(1), x U(1)r — SU(2)y x U(1)y, which is compatible
with the chiral condensate taking a non-zero vacuum expectation value (apur + drdg) # 0.

However, the current j/ associated to the axial symmetry U(1)4 does not seem to be realized
in any of the two possible modes. The Wigner realization would imply the existence of a parity
doubled spectrum, in disagreement with experimental observations, while the Goldstone mode
would imply the existence of yet another light pseudoscalar in addition to the three pions, a
state which is absent in nature.* It was Weinberg who pointed out this issue and called it the
U(1)4 problem [110], or the missing meson problem.

The solution to this problem was found by ’t Hooft [111-113] who realized that the
U(1)4 symmetry was indeed badly and explicitly broken in QCD via the ABJ anomaly (see
Section 1.4.2),

a

o G GH (2.1.6)

8ujfjl =

4The lightest pseudoscalar particle with the same quantum numbers as the axial current is the 7'-meson, and
it has a mass of the order of that of the proton and the rest of QCD bound states ~ Aqcp; it cannot thus be
associated with the missing pGB.
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This is not the end of the story since this anomalous term equals a total derivative due Bardeen’s
identity [114], N
G, G = 9, K", (2.1.7)

where K* = 2eMVP tr (Al,apA(, - gS%AVAPAU) is the Chern-Simons current. Usually, when the
divergence of a current is non-zero but equals a total derivative, it is possible to redefine the
current and construct a new axial current whose divergence vanishes,

=K' = 9,1 =0. (2.1.8)

However, even if the anomalous term corresponds to a total derivative, there are field
configurations in the QCD vacuum for which the surface integral at infinity does not vanish (see
Noether’s Theorem in Section 1.4). As a consequeance, the QCD anomaly explicitly breaks the
axial symmetry due to instantons, which are configurations generating the non-trivial vacuum
structure of QCD, as will be discussed next in more detail. In summary, it became clear that
the U(1)4 group is not a good symmetry of QCD to begin with, and therefore, the spectrum
does not reflect it neither manifestly nor via Goldstone modes.

With the understanding of the axial anomaly and the role of instantons, the missing meson
problem was solved, but another problem emerged: the strong CP problem, since it became
clear that the anomalous term cannot be disregarded and deserves full consideration in light of
the non-trivial QCD vacuum.

2.2 QCD vacuum

The theory of Quamtum Chrommodynamics becomes strongly coupled at low energies.
Therefore the properties of the QCD vacuum cannot be tackled with the usual perturbative
expansions, and other methods are required. In the same way that tunneling processes in
Quantum Mechanics do not arise at any order in perturbation theory, QCD presents analogous
phenomena to barrier penetration that require semi-classical methods. In particular, one of the
best methods for computing these kind of properties of QFT is the Euclidean path integral. In
this section, we will partially follow the description in the book in Ref. [115] by S. Coleman,
supplemented by the lectures of Andrew Cohen in the Invisibles School 2019.

Let us start by refreshing Feynman’s path integral formalism in which quantum amplitudes
can be expressed as sum over all possible paths interpolating from the intial state |z> to the final
state | f >,

(i|e /M| f) = N/[dgb]eis/ﬁ. (2.2.1)

In this way, the probability of the initial state to time-evolve to the final state can be computed
by applying the steepest descent method to compute the path integral.
Let us now consider a completely different matrix element,

Zpi(r) = (i|e T/ f). (2.2.2)
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Note that this amplitude does not correspond to the time evolution operator due to the absence
of the imaginary unit i, and 7 is just a parameter and does not correspond to the usual time®.
This amplitude can be evaluated by inserting a basis of energy eigenstates |n) with corresponding
energy eigenvalues F,,,

Zpi(T) = Z <i|n><n‘f>e_EnT/ﬁ T i‘Q><Q}f>e_EOT/h. (2.2.3)

In the limit 7 — oo, the matrix element in Eq. (2.2.3) is dominated by the lowest energy
eigenstate, i.e. the vacuum or ground state ‘Q> with energy Ey. As a consequence, by computing
the matrix element for a given basis, the vacuum of the theory can be fully characterized [115].
The matrix element in Eq. (2.2.2) looks familiar, it seems analogous to that in Eq. (2.2.1).
Indeed, if we identify 7 = it we can compute Z;(7) using the path integral corresponding to a
theory with no time but 4 spatial dimensions, i.e. the Euclidean path integral,®

. . —Eor/h —Sg/h
Tim Zpi(r) = (i[Q@)(Q]f)e o7/ = N/[d¢]e e/h, (2.2.4)
To sum up, we have translated the problem of characterizing the non-perturbative vacuum of a
QFT in Minkowski spacetime (3 spatial and one temporal dimensions), to computing the path
integral for the corresponding theory with 4 spatial dimensions. If the steepest descent method
is now applied to the path integral, the result is that the path integral is dominated by the
stationary points of Sg, that is the classical solutions of finite action of the Euclidean path
integral.

2.2.1 Euclidean Yang-Mills theory

Our goal now is to find all the finite action classical solutions of the Euclidean EOM of a Yang-
Mills theory. Let us first briefly review Yang-Mills gauge theories in order to establish notational
conventions that will differ from those used in the rest of the thesis.

Yang-Mills theories are based on compact Lie groups that have associated Lie algebras.
A representation of this algebra is a set of N hermitian matrices T% satisfying the following
relations,

(79, 7% = ifeere, (9 =T,  tr(T°T°) = T(R)6®, (2.2.5)

where fo¢ are the fully anti-symmetric structure constants and T'(R) is the Dynkin index of
the representation R. The common convention for the normalization of the generators of the

fundamental representation will be used, tr (T“Tb) ‘fun q= %5“”.

5 Although sometimes it can be misleading, the parameter 7 is often dubbed imaginary time.
®Under the change of variables 7 = it, the exponent transforms as iS = i [dtL = i [(—idr)(—LEg) =
— [drLeg =-S&.
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Gauge fields. For each element of the algebra a real vector potential is introduced AZ(w),
i.e. the gauge fields, that can be arranged into the following matrix fields,”

Au(r) = —igAjT?, (2.2.6)

where g is the gauge coupling constant. Note that this convention differs to that used in
Section 1.1, where the coupling constant is not included in the gauge potential (e.g. see
Eq. (1.1.4)). The other difference is that throughout this section the metric that contracts
the Lorentz indices is the Euclidean metric, with signature (+,+,+,+) and z, = (7,Z). The
corresponding field strength reads,

Flu = 0,4, — 0,4, — i [A, A)] (2.2.7)
where it is implicit that Fy,, = Fj, T

Gauge transformations. In gauge theories, two field configurations are equivalent if they
are related by a gauge transformation, that is a map from space® into elements of the Lie Group,

g(x) = ™" T" (2.2.8)

Under a gauge transformation g(x), the gauge potential and the field strength transform as
follows,”

Ay — AW = g(2) Ay g~ () +ig(x)Oug (),  Fu — F\9) =g(@)Fug ' (z). (2.29)

2.2.2 Instantons
Let us consider the Euclidean action for a pure Yang-Mills theory,
1 4
SE = 4792 d .Z'FMVF#V7 (2210)
to which corresponds the usual EOM for gauge fields:
D, F" =0. (2.2.11)

The trivial solution to this equation is F),, = 0, which corresponds to A, = ig(x)d,g~"(x). This
solution is called “pure gauge” since it corresponds to gauge transformations of A, = 0, and the
action density vanishes at every point of space. We are interested in finding non-trivial solutions,
that is non-zero finite action solutions to Eq. (2.2.11). Before constructing such solutions, let us
check if they actually exist and recall the generalization of Derrick’s theorem [116] to Yang-Mills
theories.

"From now on we will refer to the generators of the fundamental representation as T whereas the generators
of a generic representation R will be T*(R).

8spacetime if we were using the Minkowski metric.

9The notation for the coupling constant is g, while the element of the gauge group is g(z).



2.2 QCD vacuum 43

Theorem. In Euclidean Yang-Mills theories in D spatial dimensions, the only non-singular
finite-action classical solutions of the EOM are gauge transformations of A* = 0, for D # 4.,
that is, pure gauge configurations.

Proof. Let us assume that the field configuration A;(x) is one of such finite action solutions.
From it, one can construct the one-parameter family of field configurations by rescaling lengths,

Al (z) = XA (\z) . (2.2.12)

Due to Hamilton’s principle, any solution of the classical theory has to be a stationary point of
the action. As a consequence, it also has to be a stationary point among the family we have
just constructed. The action scales as,

Sp(\) = Sp[AY] = X P Sp[AM]. (2.2.13)
For the solution to be stationary we must require that,

dSe()\)
dA =

=0 = 0= (4— D)Sg[AH]. (2.2.14)

Consequently for D # 4, the action needs to vanish Sp[AH] = ﬁ [d*zF? = 0. Since the action
is the integral of a non-negative function, for the whole integral to vanish the integrand needs
to be zero at every point. Therefore the only solution of the classical theory corresponds to the
pure gauge F, = 0. O

Luckily, we live in 3+1 dimensions so we are interested in the 4-dimensional Euclidean Yang-
Mills theory for which non-trivial solutions can exist. Let us consider the sphere at infinite
radius in Euclidean space, S3, C R*. For the action to be finite, it is necessary for the integrand
in Eq. (2.2.10) to fall for large radius r = || — oo faster than

F F™ ~ 1/ = F,, ~1/r?"c, (2.2.15)

for e > 0. One may be tempted to impose that the gauge potential needs to go as A, ~ 1/rite,
but this would be too restrictive. The general form that A, can take is an arbitrary gauge
transformation of the previous expression,

A O ) +is00us(0) 5 (010,97 o). (22.16)

where g(x) is a function of the angular variables only. We are then interested in solutions that
tend to a pure gauge configuration at infinity. Those are fully determined by specifying the
element of the gauge group g(x) at every point at infinity, that is a map of the sphere at infinity
to the gauge group G,

glz): 83 — G. (2.2.17)
A pertinent question now is whether any of those configurations can be gauge transformed to

the trivial one. It turns out that these maps fall into disjoint classes that cannot be continuously
transformed into one another, i.e. different homotopy classes. The homotopically disconnected
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maps from a S™ sphere into some group G are classified by the group 7, (G), which in our case
of interest is non-trivial,
T3 (SU(n)) =7, forn >2, (2.2.18)

where Z denotes the set of integer numbers. This means that the connected components of the
space of finite-action solutions of Yang-Mills SU(n) theories are in one-to-one correspondence
with the homotopy classes of mappings from the 3-sphere to the gauge group, that correspond
to w3 (SU(n)) = Z.

The integer that allowsthe classification of these topologically disconnected solutions is the
winding number v, or Pontryagin number for the mathematically oriented. It can be computed
for any such map,

_ 1
2472

v(g) /3 df;d0sd05 V7 tr (g_laigg_lﬁjgg_lﬁkg) ) (2.2.19)
S
where 61, 03, 03 are three angles parametrizing S3.!° The winding number is a topological
quantity that only depends on the boundary conditions of the field configuration, in this case on
the values of the gauge potential in the sphere S® at infinity. It is easy to get an intuitive idea of
its meaning in the case of maps of a circle into a circle, 71(S') = Z, where the winding number
counts the number of times the circle in field space is wrapped around the circle in ordinary
space. Gauge transformations transform a given map g(x) into another belonging to the same
homotopy class, i.e. same winding number. Thus, the gauge-invariant quantity associated with
finite-action solutions is not a map but its homotopy class, given by the winding number. By
making use of Eq. (2.2.16) in Eq. (2.2.19), the winding number can be expressed in terms of the
tangential components to the 3-sphere of the gauge potential,
i

 24n2

7
2472

v= / df1d0adf3e 7 tr (A; A Ar) = / d*S, P tr (A ApAs) . (2.2.20)
S3 s3

This surface integral can be translated into an integral over the volume,

_ i 4 Voo o 1 4 oo —9
V= T o4n2 /de 0, €"P7 tr (AVApAU) = 167r2/vdx 0?7 tr <3A,,APAU>
1 4 Voo 27 1 A
= 392 /Vdﬂ? 02677 tr <Au8pAa - 3AVA,JAU> = W/de K", (2.2.21)

which can be recognized to be the integral of the divergence of the Chern-Simons current K*.
Therefore, applying Eq. (2.1.7), it follows that the winding number corresponds to the integral
over the volume of the anomalous term,!!

1

— 4 i
= oy | d'FF. (2.2.22)

14

Strikingly, by solving the classical EOM of Yang-Mills theory in Euclidean space, we found
that there are non-trivial finite-action solutions, called instantons or pseudoparticles, for which

10The choice of angles is irrelevant since the Jacobian of the change of variables cancels that of the e-symbol.
"Note the factor of two in 9, K" = 2tr(FF) = FF.
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the integral of the anomalous term is non-zero, but proportional to a topological charge: the
winding number. This indicates that there is no good reason to neglect the GG term in the
QCD Lagrangian even though it corresponds to a total derivative. This will become clearer in
Section 2.2.4 were the #-vacuum is discussed.

The instanton action

In order to construct instanton solutions, the fact that these kind of solutions are stationary
points of the action is most useful: they have lower action than any other solutions in the same
homotopy class (i.e. same winding number). As a consequence, instantons need to saturate the
Bogomol’nyi bound [117],

82y 1
g2 +<3 8 QA2

d*z(F — F)?.
(2.2.23)

Since the last term in Eq. (2.2.23) is positive, the euclidean action of any field configuration with
winding number v has to be larger than the instanton solution with the same winding number,

Sg =

1
4 v o__ 4
17 | deFw " = 492/d [FF+ (F - F)]

1 812y
Sp = y / d*zF,, F"| > e (2.2.24)
The inequality is saturated by the instanton solutions,
8y
SE}V—inst - 972 ’ (2225)

for which the the last term of the Eq. (2.2.23) needs to vanish if the winding number is positive
and needs to be maximal if v is negative instead. These two options lead to the self-duality
equations,

F=4+F. (2.2.26)

Thanks to the Bogomol’'nyi argument, it is only necessary to solve the self-duality equations that
are first-order differential equations instead of the full EOM,'? that are of second order. The
anti self-dual solutions F = —F are called anti-instantons and have negative winding number.
Once an instanton solution is constructed, it is easy to build the corresponding anti-instanton
by making a parity transformation ¥ - —% = FF — —F F = v——v.

The BPST instanton

We will now proceed to construct explicitly instanton solutions with v = 1 for a SU(2) gauge
group. We are choosing SU(2) not only because it is the simplest group we can consider (for
U(1) every solution is trivial, m3(U(1)) = 0) but also because the SU(2) instantons will allow

12 Any self-dual configuration solves the Yang-Mills EOM D, F*" = Duﬁ‘“’ = 0 due to the Bianchi identity.
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the construction instantons for any other gauge group containing a SU(2) subgroup. This is a
consequence of Bott’s theorem [118] that states that any mapping from S to a general simple
Lie group G can be continuously deformed into a mapping into a SU(2) subgroup of G.

Since the relevant information of an instanton, the winding number, is solely encoded in its
gauge configuration in the 3-sphere at infinity, let us start by specifying A, (|z| — c0), that needs
to correspond to a pure gauge configuration. Thus this configuration at infinity is determined
by a map from the S® to the gauge group SU(2). For v = 1, we can define the identity map,

g It (2.2.27)

r
As Eq. (2.2.8) shows, an element of the gauge group ¢ is determined by the coefficients of
the linear combination of the generators in the exponential, w®. In the identity map, each
point of space is mapped to the gauge group element whose coefficients determining that linear
combination coincides with the normalized position vector of that point, w® = z* = (7,2, ¥, 2).
The gauge potential at infinity is obtained by plugging the gauge group element of Eq. (2.2.8)

in Eq. (2.2.16),
A, T2 (T + 47 - 6) 9, (W)_l _ (2.2.28)
r r

In order to extend the field configuration to all points in space, one can multiply Eq. (2.2.28) by

a function f(r?) that fulfills two conditions, f(r?) 29,0 to avoid a singularity in the origin, and
f(r?) =221 to recover the pure gauge configuration Eq. (2.2.28) at infinity. The self-duality
condition can be solved applying these conditions obtaining the Belavin, Polyakov, Schwarz and
Tyupkin (BPST) instanton solution [119],

Au(x) = if () (T“f'5> 9, (T”"E'E>1 = (2.2.29)

r r o2 p2?

that can be written in a more compact way by making use of the four dimensional Pauli matrices
ot = (1,i0) as,
. LyOpy

A =
,U«(x) Z’F2+p2 )

where o/ = 1 (o#5” — 0¥5") and o = (I, —id).

(2.2.30)

This is not the only possible solution, though. New configurations can be obtained by applying
the symmetries of the theory. Via scale transformations, the size of the instanton p gets modified.
It possible to associate the parameter p with the size of the instanton, since for r > p the
gauge potential tends to a pure gauge configuration. Therefore at those points F),,, — 0. For
r < p instead, the configuration departs from pure gauge, Fj,, # 0, and provides most of the
contribution to the action. That is why it can be said that the instanton is localized in a region
with size p. In addition, it is possible to perform a translation that would change the position

of the instanton to xg, yielding
2y = o)

, 2.2.31
(r —x0)% + p? ( )
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which adds four parameters to the family of solutions. Finally, the orientation of the instanton
in the group space gives 3 more parameters, that can be understood either as the three possible
spatial rotations or the three constant (global) gauge transformations [120]. Summing up, the
BPST instanton consists in a 8-parameter family of solutions of the Euclidean action, one for
the size p, four for the position xg and three for the orientation in group space.

Finally, it is possible build instantons with larger winding number by following the same
procedure but substituting the standard map in Eq. (2.2.27) by the following map:

40 = <T+ ;‘f” ' “> , (2.2.32)

which has winding number v, as it can easily proved noting that the winding number is additive
v(g1-g2) = v(g1) +v(g2).

Although we have only constructed the SU(2) instantons, Bott’s theorem allows one to obtain
instantons for any group G D SU(2), as already mentioned, by embedding SU(2) instantons
into G. Of particular interest is G = SU(N). In this case one possible embedding is given by!?,

0 0
ASUN) — (2.2.33)
1Y SU(2 ’
0 ASU®

It can be shown [121] that, via constant gauge transformations belonging to the coset space
SU(N)/(SU(N —2) xU(1)), new solutions can be constructed, resulting in a family of solutions
with 4NV — 5 parameters. Together with the position and size already discussed, this gives a
total of 4N parameters or collective coordinates for a one instanton solution in SU(N).

2.2.3 Euclidean instantons as tunneling in Minkowski

Once the finite-action classical solutions of Yang-Mills theories have been classified and explicitly
constructed, we can go back to our original goal of understanding the QCD vacuum in Minkowski
spacetime. As it will be shown next, instanton configurations can be interpreted as paths in
Minkowski spacetime producing tunneling between classical vacua. Consequently, the single
physical quantum vacuum corresponds to a linear superposition of the classical vacua determined
by the tunneling probability [122,123].

Let us first consider the classical vacua of QCD in Minkowski spacetime. The Hamiltonian
density reads

M= %(E“)2 + %(EG)Q, (2.2.34)

where EY = Gg,;, B = —%eijkG?k denote the chromoelectric and chromomagnetic fields.

Classical vacua have vanishing energy density and therefore Ee =B =0 = Fon =0

13Note that Eq. (2.2.33) corresponds to a block matrix. Thus the vanishing blocks, written as 0, actually have
dimensions (N —2) x (N —2), (N —2) x 2 and 2 x (N — 2), respectively.
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at every point of spacetime or, in other words, they correspond to pure gauge configurations.'*

Quantum effects dramatically change this picture, though. As we have already anticipated,
instantons produce tunneling between classical vacua: they will evolve in time.

Let us consider the analytic continuation of the one-instanton solution in Eq. (2.2.29) to the
Minkowski spacetime, A, (Z,t) = AE (Z,7 = it), filling the volume delimited by the cylinder
depicted in Fig. 2.1. The winding number can still be defined and computed even though we
are in Minkowski spacetime, because it is a topological quantity that does not depend on the
metric,

14

ol i vpo
/ d*zFF = — /I+II+III d*S,e"P7 tr (A ApAs) - (2.2.35)

= 3272 2472

where I, I] and 111 denote the three surfaces delimiting the cylinder as depicted in Fig. 2.1.
Since the instanton has finite action, the field configuration is pure gauge in all the surfaces at
infinity. In particular, at initial time ¢t; — —oo the configuration A, (Z,t1) describes a classical
vacuum,

A7 1) = ig(Z,t1)0,9 H(F 1), (2.2.36)

and analogously, for to — oo the configuration describes another classical vacuum,
A (T, te) = ig(F, t2) 0,9~ (T, t2) . (2.2.37)
Finally the remaining boundary is also pure gauge,

|Z| =00

Au(F,t) —— ig(Z, )09 (Z,1) . (2.2.38)
In order to simplify the arguments, let us choose the gauge
Ap(Z,t) =0, A, (Z,t1) =0, (2.2.39)

which corresponds to the temporal gauge (in every point of spacetime) and to setting the
gauge potential to zero in the initial vacuum using the residual space-dependent gauge freedom,

g(f, tl) =1.

With this gauge fixing, the field configuration in the boundary III vanishes. Combining
Egs. (2.2.38) and (2.2.39), it follows that g(|Z| — oo, t) is time-independent and because on the
surface I the gauge potential vanishes, A, (Z,t1) = 0, it must vanish for all ¢, therefore,

|Z| =00

A, (Z,1) (2.2.40)
This has an interesting consequence in terms of classifying classical vacua in Minkowski. For
every spatial slice t = cte, in the limit |?| — 00 the gauge potential vanishes. Thus these
hypersurfaces can be compactified into 3-spheres in which the north pole is associated with all

141t can be shown that in three spatial dimensions there are no time-independent non-dissipative finite-energy
classical solutions of Yang-Mills, following a similar proof to that in Section 2.2.2. Thus the only time-independent
classical solution corresponds to Fj,, = 0.
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III

2 ~J

Figure 2.1: Illustration of the chosen boundary of an instanton in Minkowski spacetime.

the points at ]?| — 00. Hence the initial ¢; and final ¢ slices that correspond to classical vacua
can be classified by the maps from a 3-sphere into the gauge group, i.e. the winding number,
i

2472

n(t) = / d323e%k ¢ (AiA;Ax) (2.2.41)
St

This relates the winding number of the instanton with the winding number of the initial and

final classical vacua, from Eq. (2.2.35),

b
2472

/ B3, tr (A, A, Ay) = n(ts) — n(th). (2.2.42)
I+ 114111

since the integral on the boundary III vanishes.

Several comments are pertinent. The fact that the winding number defined in Eq. (2.2.41)
is computed by integrating over an open surface in Minkowski spacetime makes it qualitatively
different from the winding number of instantons in Euclidean space. On the one hand, time
evolution can smoothly deform a configuration with certain winding number to another one
with different winding number. Indeed, the winding number can be computed for any spatial
slice t = cte, S¢, by making use of Eq. (2.2.41): n(t) continuously interpolates between the initial
and final configurations, n(t;) = n; and n(te2) = ng, taking non-integer values in between where
the field configurations are not pure gauge.

On the other hand, so-called large gauge transformations can change the winding number that
classifies the classical vacua in Minkowski spacetime.!®> However, if one performs a large gauge
transformations and increases the winding number at time t; by m units, ny — n1 + m, then
the winding number at time to increases by exactly the same amount no — ne + m, resulting

'5This gauge transformations correspond to the space-dependent gauge fixing used to fix the potential in t = #;
in Eq. (2.2.39). They are called large because they do not approach the identity at infinity.
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in the same total winding number v = ny + m — (n; + m) = ny — n;. Consequently, the total
winding number is gauge invariant, and corresponds to that of the Euclidean instanton v.

This can be easily understood by noticing that, while the anomalous term FF is gauge
invariant, the Chern-Simons current K* is not. If the winding number is computed by integrating
the Chern-Simons current over a closed surface, it can be translated into an integral over the
volume of the anomalous term, and therefore the result will be gauge invariant, see Eq. (2.2.21).
If the surface over which we integrate is open instead, it cannot be written as a function of gauge
invariant operators, and the winding number will be shifted under large gauge transformations.

As we already commented, there are no classical paths that connect two vacua with different
winding numbers since the only classical solution corresponds to pure gauge in all points of
spacetime. Therefore, this path determined by the instanton solution necessarily involves
non-vanishing Fj,, and therefore non-vanishing energy density at some intermediate times
(otherwise the total winding number vanishes). For this reason these transitions look like
tunneling processes between two classical vacua since they are classically forbidden but quantum
mechanically allowed via barrier penetration. Indeed it can be shown [124] that the instanton
solution gives rise to the maximal tunneling amplitude in Minkowski space. This probability is
related to the Euclidean action of the corresponding instanton, see Eq. (2.2.3),

2
ol

Poce SB/M = ¢ % (2.2.43)

where v is the difference between the winding numbers of the two classical vacua that are
connected by this tunneling. The result in Eq. (2.2.43) exhibits the characteristic dependence
on the coupling constant of non-perturbative effects oc e~/ 92, that does not arise at any level in
perturbation theory. In fact, instanton techniques can be used to compute barrier penetration
amplitudes generically in quantum mechanical problems, obtaining the same semiclassical result
that is usually computed using the WKB approximation.

We have showed that an instanton configuration with a given size, position, direction and
winding number v produces tunneling between two classical vacua whose winding numbers
differ by the instanton winding number v = ny — n;. Nevertheless, if we wish to compute the
full probability for a transition from a classical vacua |m) to another one, |n), it is necessary to
integrate over all possible instanton configurations compatible with that difference in winding
number,

<n‘e_HT/h|m> = /[dA](n_m)e_SE/h. (2.2.44)

In order to evaluate this integral, sometimes it is possible to use the dilute instanton gas
approximation (DIGA): assume that all the instanton configurations contributing to the integral
are widely separated compared to their size p. The matrix element in this approximation reads,

P> \ g*(1/p

where C' is a constant that arises after performing the integration over all the possible the
directions in group space of the instantons and depends on the number of colors N for a given

d 872 2N __8r%
Z10(7) = (1]e"0) =CVT/p ()ﬁ> e Paion (2.2.45)
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SU(N) theory. V7 is the Euclidean volume that is obtained after integrating over the instanton
positions. It must be noted that this approximation is not valid for small scales (large instanton
sizes). Indeed the integral in Eq. (2.2.45) diverges generating what ‘t Hooft called an infrared
embarrassment. After all, this divergence should not be a surprise, since the QCD coupling
constant becomes large at low energies, where we enter a strongly coupled regime in which the
semi-classical approximation that has been assumed does not apply. Although for confining
theories the DIGA cannot be applied, and it is not possible to compute the full integral in
Eq. (2.2.44), the rest of the discussion holds, and it suffices to characterize the vacuum of the
theory.

2.2.4 0O-vacuum

The classical vacua |n) labeled by the winding number n in Minkowski space all have vanishing
energy. However, similarly to quantum mechanics, the degeneracy between different classical
vacua is lifted if there exists tunneling between them. In order to construct the linear
combination of the different states |n) that correspond to the true quantum vacuum, let us
impose the condition that it has to be gauge invariant. Large gauge transformations such as,
TV(# 1) = — 0 (2.2.46)
(2 + a2)'?

increase the winding number of a classical state by one unit, T1|n) = |n + 1). However, the
physical quantum vacuum needs to be invariant under such a transformation. In a Hilbert
space this amounts to obtaining the same state modulo a phase, Ti|vac) = e’|vac). If the
quantum vacuum is expressed as a linear combination of the classical states |n), by imposing
gauge invariance it follows that,

o0 oo
|vac) = Z apln) = Ti|vac) = Z an|n + 1) = e |vac) (2.2.47)
n=-—00 n=-—00
o0 oo oo
— |vac) =e Z anln +1) = Z e Pan_1|n) = Z anln) , (2.2.48)
n=-—oo n=—oo n=—oo

where a,, are constant coefficients. That is, the coeflicients need to follow the recursive relation
Ont1 = e q,. By choosing ag = 1, which is only a choice of normalization, the true vacuum is
unambiguosly found [125]. It can be labeled by the phase 6, |vac) = |0),

[e.9]

6)= > e ™n). (2.2.49)

n=—oo

This shows that the vacuum of the Yang-Mills theory is characterized by a phase 6 that
determines the linear superposition of classical vacua which defines the true quantum ground
state. A pertinent question is whether states with different values of 6 correspond to different
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states of the same theory. Let us consider the following matrix element
<9/’6—z‘Ht/h’0> _ Z ez‘me/e—m0<m’€—z’Ht/h}n>
_Zesz —0) zm n9<m‘e th/h}n> (2250)
_Z im (0’ — zk@ k“ —th/f}0> 27‘[‘5(9—9,)Zeik0<k“€_th/h|0>.
k

This implies that time evolution does not connect states with different #’s. In fact, it can be
shown that the matrix element of any string of local observables O ...} vanishes for 6’ # 0,
(0 ‘(’)1 e (’)k‘9> x 0(6 —¢'). This implies that different values of # do not label states in a given
theory but correspond to different theories.

The next question is whether theories with different values of 8 result in different physics. The
answer is yes. The energy density of the vacuum depends on #, as can be shown by computing
the matrix element in Eq. (2.2.3) for the vacuum |#) and making use of Eq. (2.2.50),

Tim Zgp(r = (0]0)e For/h = = FoT/h = N/dA —Se/h — ZN/dA me=Se/l (2.2.51)

Approximating again the integral in the DIGA, it follows that,
e~ Bor/h _ (2VTK cosfem S0/t —E(H) = cte — 2K cos fe 50/ (2.2.52)

Therefore, theories with different values of 8 have different vacuum energy. Although the DIGA
has been used to obtain this result, the fact that the energy density of the vacuum is -dependent
holds in any case. In fact, it can be shown in all generality that the minimum energy density
of the vacuum corresponds to # = 0 and for any 6 # 0 the energy density is larger [126]. As a
consequence, the value of 8 of a given theory has physical impact. Indeed, for a pure Yang-Mills
theory several observables would show this physical difference. For example, in Ref. [127] the
gluonic two point correlation functions have been computed as a function of the #-parameter.
Also, the mass of the lightest glueball and the full glueball spectrum depend on 6 [128].

We are now ready to make the connection of the #-vacuum with the #-term appearing in the
QCD Lagrangian, see Eq. (2.0.1). The vacuum expectation value of any operator O can be
expressed as,

(01016) = 3" =) (1| Oln) = Zewk KO0y = 3 & enz GG ko))
m,n k

(2.2.53)

1 i [d*z = 1 i [d*z
- sz:/[dA]koe 4 (“szszG) _ Z/[dA]Oe Jato(e452066)

By using the definition of the winding number in terms of the volume integral of the anomalous
term, see Eq. (2.2.22), we have found that the result of any observable in a particular vacuum
|#) amounts to adding to the Lagrangian of the theory the anomalous term

0

P
0= 3972

Ga, G (2.2.54)
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Summarizing, by studying the Euclidean Yang-Mills theory we found that the structure of the
QCD vacuum cannot be described perturbatively. There exist an infinite number of classically
degenerate vacuum states whose coherent superposition labeled by 6 defines the true QCD
vacuum. The properties of this vacuum can be studied in the semiclassical approximation
by constructing the classical solutions of the Euclidean theory that describe tunneling paths
between the classical vacua in Minkowski space. Then, it has been shown that the impact
on physical observables of a given #-vacuum can be encoded in the Lagrangian by introducing
the corresponding 6-term, see Eqs. (2.2.53) and (2.2.54). As a consequence, QCD interactions
are not described by a single dimensionless parameter, the coupling constant g, but by two
parameters g and 6.

Furthermore, instantons allow one to solve the missing meson problem which provides
experimental evidence for the explicit breaking of the U(1)4 symmetry. Therefore, instantons
do have physical consequences, and it becomes clear that the fact that the QCD vacuum is
CP-invariant remains to be a puzzle calling for an explanation, a solution to the strong CP
problem.

Adding fermions

The instantons and the #-vacuum for a pure Yang-Mills theory has been have constructed
above, but since we are interested in studying QCD, fermions need to be incorporated. One of
the immediate consequences of introducing fermions is that it becomes clear why the different
classical topological vacua are physically distinguishable: they posses different axial charge. As
introduced in Section 1.4.2, the quark axial current is anomalous, that is, in the limit of massless
fermions,

Dt = %GW@“”, (2.2.55)

see Eq. (2.1.6). After integrating over a volume, the difference in axial charge is obtained,

AQa = Qa(t = +00) — Qa(t = —00) = /d%@ujﬁ‘ =2v. (2.2.56)

It follows that instantons with winding v = 1 generate tunneling events in which the axial charge
of the vacuum changes by two units: they thus generate fermionic interactions containing one
quark and one anti-quark for each flavor. This can also be seen by integrating over the quark
fields in the path integral. In the semiclassical approximation the fermionic integration gives
rise to the determinant of the Dirac operator in an instanton classical background A4,,,

/ [dv] [do)] ef dwd@=m=A) _ Det(ig —m — A). (2.2.57)

In the limit m — 0, it was shown by ‘t Hooft that the fermionic zero modes of the Dirac operator
make the vacuum to vacuum amplitude vanish [113,129,130]. Instead, as we have anticipated
studying the chiral charge, the tunneling amplitude is non-zero in the presence of external quarks.
In this case, the zero modes of the determinant cancel with the fermionic propagators, resulting
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in a non-vanishing amplitude for the fermionic interaction. This corresponds to the so-called ‘t
Hooft determinental interaction.

If the fermions are massive instead, the external legs of this determinental interaction can be
closed with the mass terms, generating a non-zero vacuum to vacuum amplitude. [113,130-132]
In the DIGA where the determinant factorizes to the product of the determinants for each
instanton background, this amounts to multiplying the pure Yang-Mills result by a factor of
(pmy) for each Weyl fermion'® with mass m.

872

2N
Z = Cinst(Ny, N, / - H (msp) ( 1/p)> e e (2.2.58)

where the coefficient Cj,s; for Ny Weyl fermions in a SU(N,) Yang-Mills theory reads

4 . 2_2N[:€Cl/2(_2NC+2Nf)

Cinst (Nf,NC) = . 2N, 1) e—ertderss (2.2.59)

where the function ¢(z) is defined in Ref. [113] and corresponds to ¢(1/2) = 0.145873 and ¢(1) =
0.443307.

2.2.5 Instantons in spontaneously broken theories: constrained instantons

Before reviewing possible solutions to the strong CP problem, let us first comment on instanton
solutions in spontaneously broken gauge theories. This will be of special relevance in Chapter 5,
where small-size instantons of this type will raise the axion mass.

At first sight, it could seem that the question leads to a dead end, since exact instanton
solutions do not exist in spontaneously broken theories.

Theorem. In spontaneously broken Euclidean Yang-Mills theories in 4 dimensions with the
Lagrangian

L= fF,‘fyFé” + (D) Do — U(9), (2:2.60)

where the minimum of the potential U(¢) corresponds to a non-vanishing value of the scalar
field, (¢) = v # 0, the only non-singular finite-action classical solutions of the EOM are gauge
transformations of A = 0,¢ = v.

Proof. The action of this theory reads

SEl¢, Ayl = Sc[Au] + Ss(¢, Al + Sul¢] (2.2.61)

YSThis factor (myp) holds for small instanton sizes p < 1/m. For large instantons p > 1/m the fermions
completely decouple and have no impact on the vacuum to vacuum amplitude.
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where the three terms are non-negative and correspond to

SalA,] = 4;2 / dPx Fo, (2.2.62)
sl 4,] = [ %2 (D)D", (2.2.63)
Syld] = / P2 (5). (2.2.64)

Analogously to Eq. (2.2.14), let us consider the one-parameter family of field configurations
obtained by rescaling lengths in a given solution with finite action {A*(x), ¢(x)},

Al(z) = A (), (@) = d07) (2.2.65)
whose action reads

Se(N) = Sa[AX] + Ss[éx, AN] + Suléa]
= MNPSG[AM] + NP Sg[h, AM] + NP Sy[g]. (2.2.66)
For the solution A4;(z) to be a stationary point of the action,

dSg(M\)
0% S PN

=0 = 0= (4—D)Sg[A"] + (2 — D)Ss[¢p, A*] — DSy|4)]. (2.2.67)

Thus for D = 4 spatial dimensions the condition reads
0 = —2Sg[¢p, A*] — 4Sy[4)] . (2.2.68)

Since both terms are positive both need to be zero independently,
Ss(p, A, = / dPz (D,¢) D', (2.2.69)
Syle] = / dPzU(¢). (2.2.70)

In both cases the integrand is positive, so it has to identically vanish in every point in order for
the full integral to vanish,

(Duﬁb)TDuﬁf) =0 Vz, (2.2.71)
U(p)=0 Vzx. (2.2.72)

The action density of the scalar field therefore vanishes everywhere. However, Eq. (2.2.68)
allows for the gauge fields to have finite non-zero action. Nevertheless, we will now show that
Eq. (2.2.71) implies that the gauge potential configuration corresponds to a pure gauge in every
point of space, and therefore all the solutions of this kind are trivial,

D> =0 = Dudp= (0, +iA,) d=0 = Aud=idu. (2.2.73)
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For the potential U(¢) to be zero, the scalar field has to be at the minimum in every point of
space. Let us us consider one of such zeros of U(¢), ¢ = v. Since U is gauge invariant, any
gauge transformation of it, (9 = gv, will also be a zero of the potential. Let us assume that
all zeros of the potential are of the kind g v, excluding any accidental degeneracy or extra global
internal symmetry of the Lagrangian. Then the gauge potential reads

A, = i(ﬁ*lﬁuqﬁ = igilvflﬁugv = igflaug, (2.2.74)

which corresponds to a pure gauge configuration in all points of space time and thus has vanishing
action, S(;[A’ﬂ = 0. In consequence, all three terms contributing to the action vanish, and
we can conclude that there are no exact classical solutions with non-zero but finite action in
spontaneously broken gauge theories in Euclidean space. O

Crucially, in order to be able to infer something about the gauge potential configuration via
the condition on Eq. (2.2.73), it is necessary for the theory to be spontaneously broken, that is
the scalar needs to develop a non-zero vev. Otherwise if (¢) = 0, the condition in Eq. (2.2.73)
is automatically satisfied and the usual instantons of Yang-Mills theory are also solutions of the
theory with scalars that do not develop a vev.

Constrained instantons

Even if there are mot exact instanton solutions in spontaneously broken theories, one can
construct approximate solutions for instanton sizes smaller than the inverse breaking scale
gpv < 1. This is what we call constrained instantons. There are two ways of constructing them.
The most rigorous approach was introduced by Affleck in Ref. [133]. It consists in introducing
a constraint as a Lagrange multiplier which fixes the instanton size p for its exact solution, and
then in the integration over this constraint. Alternatively, one can take the approach taken
by ‘t Hooft in Ref. [113] and solve the approximate EOM of the fields for p <« 1/(gv). This
approximation consists in neglecting the current induced by the non-vanishing scalar field ¢ in
the EOM for the gauge fields, that is,

Dl - 0, (2.2.75)
DuDu(b -U (¢) = 07

which are solved with the necessary boundary conditions that ensure the finiteness of the action,

Ay(z) — ig(2)0u9 H(2), for r — oo, (2.2.76)
o(x) = glx)v for r — o0 (2.2.77)

In other words, the approximation amounts to considering the instanton solution of pure Yang-
Mills theory for small sizes, and then solving the EOM for the scalar in this background. As a
result, the action contains the usual Yang-Mills instanton term plus an extra contribution from
the scalar field [121,133-135], yielding

8 2
Sg = i2 + 272 p%0? (2.2.78)
g
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Although constrained instantons are approximate solutions, they can have important effects
and, unlike usual instantons, they can be tackled quantitatively in a reliable way using the DIGA.
The breaking scale v provides a natural cut-off for the instanton size and solves the infrared
embarrassment of the DIGA for confining Yang-Mills theories. In this case of sponteneously
broken Yang-Mills theories, the one-instanton contribution to the vacuum functional in the
DIGA reads,

dp 872 2 —%—2#2;72@2
Z Cmst(Nf,Nc)/p5 (gg(l/p)> e ) (2.2.79)
where Cjpg is defined in Eq. (2.2.59). The extra contribution of the scalar action to the path
integral e 2mpPv? exponentially suppresses large instanton sizes and makes the whole integral
convergent. This type of instantons has been considered in the context of B4L violation in
the Electroweak sector [112,113,129, 134, 136], where the presence of fermions has the same
consequences that were discussed in Section 2.2.4 for the confining Yang-Mills theory with
fermions.

2.3 Solutions to the strong CP problem

Running of @-parameter

For certain solutions to the strong CP problem, it is important to take into account the running
of 8. Although the #-parameter breaks CP invariance, it is not a technically natural parameter in
the ‘t Hooft sense [95], due to the fact that CP is already explicitly broken within the electroweak
sector of the SM. Thus 0 is not protected by a symmetry and indeed receives radiative corrections
that depend on the complex phase of the CKM matrix, dxy. In terms of the viability of some
solutions to the strong CP problem that set § = 0 at some high scale A, it is important to
quantify these contributions. This issue was addressed by Ellis and Gaillard in Ref. [137]. They
found that the infinite renormalization of 6 due to dxnr vanishes up to 7-loops. As a consequence,
even if the “relaxation” scale A at which 6 is set to zero were to be the Planck scale, this EW
contribution is so suppressed, Af ~ 10716, that it can be safely neglected when compared with
the current and foreseeable experimental precision for the neutron EDM. The rationale behind
the tiny value of 6 remains open, though.

2.3.1 Nelson-Barr mechanism

One possible solution to the strong CP problem is that of models with spontaneously broken
CP symmetry via the Nelson-Barr mechanism [138-140]. If CP were to be an exact symmetry
of the interactions, the #-term would be absent in the Lagrangian. CP violation in the weak
sector needs to be accounted for, and within these models it arises through a scalar singlet that
develops a complex vev, breaking spontaneously the CP symmetry. The Yukawa and mass terms
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are constructed in such a way that at tree level this complex vev only induces a non-zero CKM
phase while leaving a vanishing 6.

One of the simplest realizations of this mechanism [141] introduces down-type vector-like
quarks gz, g (singlets of SU(2)1) and several complex scalar singlets 7; with the following mass
and Yukawa couplings,

LD —puqrqr —ang;,Dr — y®Q; Dr, (2.3.1)
where the flavor indices have been omitted. Note that since CP is an exact symmetry at this
level the coulings p, a and y are real. At some energy scale the scalars n develop complex vevs
and break spontaneously CP invariance. After EWSB, the Lagrangian in Eq. (2.3.1) gives rise
to the mass matrix

M=|"* , (2.3.2)
0 my

where mg = yv is the 3 x 3 down-type quark mass matrix and B = a(n). Notice that, since the
only complex phases in this mass matrix appear within the submatrix B (both mg and u are
real), Arg(det M) = 0 automatically. It follows that at tree level there are no contributions to
the 6-term. On the other hand, the exotic quark gets a large mass since u, a(n) > v. When it
is integrated out of the spectrum it introduces a complex phase in the mass matrix of the SM,
giving rise to a non-zero dky in the CKM matrix.

Nevertheless, Nelson-Barr models present several problems. First of all, further symmetries
are needed in order to enforce the required mass matrix pattern (some allowed renormalizable
terms like 1g; qr or ®Q;qr need to be forbidden). Furthermore, the vevs of the different
complex scalars need to be adjusted to reproduce a large CKM phase, and this introduces a new
hierarchy problem. Finally and most importantly, even if no 6-term is present at tree level, loop
contributions to # can be large, requiring sophisticated matter content in order to control them.

Analogous to the Nelson-Barr mechanism, models in which parity is spontaneously broken
have also been considered [142-146] . Indeed the f-term violates both P and CP while conserving
C, so by constructing left-right symmetric models where P is spontaneously broken one can also
address the strong CP problem. Typically these type of models require new flavor structure
that, similar to Nelson-Barr models, induce important contributions to 6 at loop level.

2.3.2 Peccei-Quinn mechanism

One of the most elegant and simple solutions to the strong CP problem was proposed by Peccei
and Quinn in Ref. [8,9]. It consists in the introduction of a new global abelian symmetry, the
Peccei-Quinn (PQ) symmetry U(1)pq, that is exactly conserved at the classical level but has a
mixed anomaly with QCD,

5L =B, J" = 6%@“,@“”, (2.3.3)

which explicitly breaks the symmetry at the quantum level. As a consequence, a transformation
of the fields that carry PQ charge allows one to reabsorb completely the  parameter from the
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Lagrangian, rendering it unphysical and solving the strong CP problem. In addition, this PQ
symmetry is spontaneously broken at a scale f, giving rise to the existence of a Goldstone boson,
the axion a, as was pointed out by Weinberg [147] and Wilczek [148] after the PQ proposal.
Due to the explicit PQ breaking by the QCD anomaly, the axion acquires a non-zero mass
constituting a pseudo-Goldstone Boson.

One of the most model-independent properties of the axion is that it couples to the QCD
anomalous term as a consequence of Eq. (2.3.3),
a «o
fa 87
where f, is the axion scale. This interaction allows for another possible interpretation of the
PQ solution in terms of the axion effective Lagrangian. As was shown by Vafa and Witten [126]
by considering the Euclidean path integral,

L= G G" (2.3.4)

VEO) = [ [aa,] der( + e (ot 055 Guin) e [ 3G, (2.3.5)

the QCD vacuum energy has a minimum for § = 0. This can be easily shown by taking into

account that all the terms in the Euclidean action are real except for the f-term,'”
VEO) < [ a,] [det(p -+ ArpemSen S G (2.3.6)
— / [dA,] det(]D + M)e~Sreat = ¢=VEO) (2.3.7)

Therefore E(6 # 0) > E(0). This is essential for the viability of axion solutions to the strong
CP problem. Effectively, the coupling in Eq. (2.3.4) amounts to promoting the #-parameter
to a dynamical field, the axion, or to substitute § — 6 + 7. Since E(6 + ) > E(0), the
non-perturbative effects of the QCD vacuum will generate a potential whose minimum lies at

0+ fi = 0 and therefore forces the vev of the axion to correspond to the CP conserving minimum,

963:0+<%> ~0. (2.3.8)

As consequence, the strong CP problem is solved in any theory which generates the coupling in
Eq. (2.3.4) of the anomalous QCD term with a pseudoscalar which possesses a shift symmetry
a — a+ B f, only broken by that anomalous term. Chapter 3 is devoted to the review of the
properties of the axion.

Massless up-quark solution

The simplest solution to the strong CP problem would be for the up-quark to be massless [112].
In that case, Arg(det M) would vanish and it would be impossible to have a physical CP

'"The Euclidean action is real at § = 0 only if there is no other source of CP violation. Although this is not
strictly true in the SM, we have already seen that the effects on 6 of the phase of the CKM matrix can be safely
neglected.
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phase. Ultimately this solution is no different from the PQ mechanism. The axial rotation of
the massless up-quark U(1)4 : u — P’y is a classical symmetry of the massless Lagrangian
but explicitly broken by the QCD anomaly, see Eq. (1.4.16) for m = 0. Thus this symmetry is a
perfectly valid PQ symmetry. Furthermore, this symmetry is also spontaneously broken by the
quark condensates upon confinement, giving rise to a pseudo-Goldstone boson. One could then
identify the corresponding axion with the n’-meson.'®

One might wonder how a massless up-quark could be compatible with the observed meson
masses. First, Mc Arthur and Georgi [149] showed that instantons can give an effective
contribution to the up quark mass m, ~ mgms/Aqcp, although the estimate is not reliable
since the DIGA cannot be applied in the confining regime. Second, it was shown by Manohar
and Kaplan [150] that second order terms in the chiral Lagrangian can generate an effective up
quark mass that is also proportional m, o msmg while being compatible with the pseudoscalar
meson masses. These two results made the massless up-quark solution very appealing, since
it does not require any extension of the SM. Nevertheless, this alternative is now ruled out by
lattice QCD results that show that the up quark has non-zero mass [151-155].

2.4 Why is there no Weak CP problem?

Before finishing this chapter about the strong CP problem, it is pertinent to comment on the
reason why there is only a strong CP problem but not an electroweak or electromagnetic one. One
can also write the topological terms for the electroweak gauge group of the SM SU(2);, x U(1)y,

— Qs pv ow pv %s v
Loy HQCD&TG;WG + 0w o WiV +0y87rBWB : (2.4.1)

All three terms correspond to total derivatives. We showed in the previous sections that in
the case of QCD the vacuum contains non-trivial configurations for which the integral in the
boundary does not vanish, giving rise to observable effects.

For the case of U(1)y, the vacuum does not contain such non-trivial configurations since
the third homotopy group of the abelian group is trivial m3(U(1)) = 0. As a consequence the
corresponding fy-term has no physical impact.

For the case of SU(2)r, the situation is a bit more involved. Although non-trivial maps
from the sphere at infinity to the gauge group can be constructed as w3(SU(2)) = Z, there
are no exact instanton solutions since the theory is spontaneously broken. Still, as we showed
in Section 2.2.5 there are approximate solutions of the Euclidean theory called constrained
instantons, that could generate a non-trivial vacuum. However, once fermions are taken into
account the situation changes. As a consequence of SU(2)y gauge bosons interacting only with
left-handed currents, both the baryon and lepton number current are anomalous,

0, T8 = 8,J% = %VWWWW. (2.4.2)

18 Actually, since the anomalous term badly breaks the U(1)4 symmetry, the 1’ cannot be considered a true
pGB. Indeed it is not light and acquires similar mass to that of the rest of hadrons ~ Agcp. However, one can
make this analogy by noting that the 7’ is the lightest meson with the same quantum numbers as the axial current.
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Thus via a BN rotation the 8y can be reabsorbed from the Lagrangian leaving no physical
consequence. In other words, baryon (or lepton) number symmetry is the PQ symmetry of the
EW topological term since it is classically conserved and explicitly broken solely by the EW
anomaly.
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3 Axions and axion-like
particles

The QCD axion is a hypothetical pseudoscalar particle (J P— 07) that was proposed as the low-
energy imprint of the PQ solutions to the strong CP problem [147,156]. In this type of solutions,
there is a global U(1)pq symmetry that is spontaneously broken, implying the existence of an
associated pseudo-Goldstone boson, the axion. Since the U(1)pq is not an exact symmetry of
the quantum theory but is explicitly broken by the QCD anomaly instead, the axion is not
massless and develops a non-zero mass. Its main properties are reviewed in Section 3.1 and
stem from its pGB nature; namely, axions are naturally lighter than the characteristic scale of
the UV completion generating them, i.e. the PQ breaking scale f,, and they interact feebly with
the rest of the SM field content via derivative couplings and putatively anomalous couplings.'
All the axion couplings are inversely proportional to the axion scale.

Furthermore, although axions were proposed as a possible explanation for the absence of
significant CP violation in the strong sector, it was later realized that they are excellent Dark
Matter candidates. This will be discussed in Section 3.3.

The axion solution is particularly appealing due to its minimality and predictability since it
solves two of the problems of the SM with a theory that only involves a single parameter, the
axion scale f,. For QCD axions, this scale determines the strength of the axion couplings to the
SM fields and the axion mass,

2 frm2  mymg (3.0.1)
‘o fc% (mu+md)27 o

m

where m, fr, My, Mg denote the pion mass and coupling constant, and the up and down quark
masses, respectively. Note that the axion would remain massless in the limit of vanishing quark

! Actually anomalous couplings to the SU(2)z, x U(1) field strengths can also be seen as derivative couplings
since FF = 0, K" and the boundary term vanishes due to the trivial vacuum. Axions also couple to the QCD
anomalous term but this does not correspond to a derivative coupling due to the f-vacuum that explicitly breaks
U(l)pQ .
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masses due to the axion mixing with the neutral mesons, as will be derived in Section 3.1.
Astrophysical constraints force the axion scale to be large, f, = 108 GeV (see Section 3.4 for a
brief review on experimental searches), and due to Eq. (3.0.1), QCD axions are necessarily light
particles m, < 1072eV.

However, the motivation to consider pGBs as possible BSM particles goes well beyond the
strong CP problem and axions. Indeed, there are a variety of frameworks in which this type of
particles arises, such as theories with extra dimensions, Majoron models providing dynamical
explanations to neutrino mass generation [157], string theories [158-161], supersymmetric
theories [162], DM models [163] and many dynamical flavor theories [156,164,165]. These pGB
are frequently called axion-like particles (ALPs) due to their shared properties with axions.
However, they present an expanded parameter space since the tight relation between the axion
scale and mass no longer holds for ALPs. The qualitative effective Lagrangian for ALPs reads

2024 0 gy xR, (3.0.2)
Ja fa
where SM* denotes a generic SM current and X*” a generic SM field strength.

Furthermore, new developments in model building have shown that pseudoscalars lying in
regions of the parameter space classically associated with ALPs may also solve the strong
CP problem and thus deserve to be called axions. On the one hand, some models have been
proposed in which the axion coupling to photons is either suppressed [166,167] or enhanced [168§]
with respect to the naive expectation of classical models with no cancellations and order one
parameters. This leads to photophobic or photophilic axions or even astrophobic axions [169],
in which the coupling to nucleons is suppressed avoiding some of the stellar constraints. On the
other hand, extensions of the SM involving new confining groups may generate new instanton
sources that raise the axion mass. Several of such “heavy axions” have been proposed [4,170-180]
and will be briefly reviewed in Section 3.2.5, and a new setup will be proposed in Chapter 5.
Thus the true axion parameter space is opening up and further motivates experimental efforts
looking for this type of axions and ALPs.

1 1
ff
LAp ~ iaua(?“a — 5™

3.1 Main properties of the QCD axion

Axion low-energy Lagrangian

There are two possible ways of constructing the axion low-energy Lagrangian. In the EFT
approach, one writes all the non-renormalizable operators of a given dimension respecting the
symmetries of the theory. In this case, in addition to the SM gauge symmetries, the PQ
symmetry needs to be preserved by all terms, except the axion coupling to the QCD topological
term. A PQ transformation shifts the axion field a — a + a.f, and thus all axion couplings will
be either derivative or anomalous. Below the EWSB scale and considering the first generation
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of fermions, the axion effective Lagrangian reads [181,182],

1 1 ¢t d,a
ff _ 1 “Yp
[,e gagg a GG + gaw aFF + 5
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(3.1.1)
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Alternatively to the EFT approach, one can obtain the low-energy interactions of the axion for
a given model via the PQ current, that in particular contains the axion,’

o =D X" i + frodta+t ..., (3.1.2)

where x; denotes the PQ charge of the Weyl fermion ¢; that may include the SM and/or other
exotic fermions, and fpq is the PQ breking scale. The current of the full theory may also contain
other heavy degrees of freedom, such as radial components of scalars, that decouple and do not
play a role in the axion low-energy interactions. Due to the anomalous conservation of the PQ
current, its divergence reads

) N oy ~ -
au]{;Q = —EQGWGW - ——F, F", (3.1.3)
where the coefficients E and N are the electromagnetic and color anomaly factors, which depend
on the charges and representations of the PQ-charged fermions that run in the loop generating
the anomaly. They can be computed using Eq. (1.4.19) for the abelian case, yielding®

E=2% (X] ~ Xp)m —22 X5 = XR)T(Ry), (3.1.4)
7

where ge, is the electromagnetic charge, Ry is the representation of the fermion 1y under QCD
and T(Ry) its corresponding Dynkin index defined as tr (T°7%) = T(R)§. Inserting Eq. (3.1.2)
into Eq. (3.1.3), the axion EOM follows:

N g

Yo e L QLY i 0/ 1.
fPQ87TGu G I (3 5)

frqDa + sz (Vi) =

which corresponds to the Euler-Lagrange equation for the axion stemming from the effective
Lagrangian,

1 o a ~ as G ~ 0,4 —
off PN em v s v E 5

It is customary to define the physical axion scale f, from the strength of the gluonic coupling,

_ Jfrq
fa="5 (3.1.7)

2With this definition for the PQ current we are implicitly assigning a unit PQ charge to the scalar that contains
the axion.

3Note that this definition for £ and N differs from that used in Ref. [167] by a factor of 2. In this thesis we
will follow the convention dictated by Eq. (3.1.4), that is also widely used in the literature, e.g. [183,184]



66 Chapter 3. Axions and axion-like particles

leading to the effective Lagrangian

A~ /\

aem E a ~
il A /T
8t N f, M 87rf

1
£ = 29,a0"a —

5 GW,,G +8uaZXZ At @D,), (3.1.8)

that can be now matched with the Lagrangian in Eq. (3.1.1),

0 _ _ s 0 _ _ Qem E a1
Jagg = T on Jary = Tonf N 5 = v (XL~ Xk)

(3.1.9)

where the index ¢ runs over the first generation fermions, i.e. the up and down quarks and the
electron.

QCD axion mass

One of the most robust predictions of classical axion models is the relation between the axion
mass and the axion scale. The mass of a pGB is related to the explicit breaking of its
corresponding approximate symmetry [185], and for the PQ symmetry it corresponds to the
anomalous interactions of axions with gluons aGG, that induce a potential for the axion as a
consequence of non-perturvative QCD dynamics. Why then is not the QCD axion mass ~ Aqcp?
The point is that this very same source of breaking is the responsible for the solution to the
missing meson problem and therefore will generate a mixing between the PQ and axial currents.
That is, there are two pseudoscalars with anomalous couplings to QCD, a and 7/, and only one
source of breaking due to QCD instantons. As a consequence, below the confinement scale the
axion will mix with the pseudoscalar meson. It is pertinent to construct the combined mass

matrix in order to obtain the axion mass and physical eigenstate.
Let us consider in the two quark approximation the mass Lagrangian for the neutral pion 7°

and 7y at leading order in the chiral expansion,

N\ 2
My, COS <f7r ;Z:) + mg cos (fn_;?)] —fK < ;i + ;:) ,  (3.1.10)

where By can be expressed in terms of the QCD quark condensate (Gq) as Bof? = —2(gq) ~
A%CD and the last term encodes the explicit breaking of both U(1)pq and U(1)4 that creates a

hiral 2
ﬁg iral _ Bof7T

potential for both the axion and the 7 below the confinement scale, K ~ AQCD [186-189].

The resulting mass matrix for the three neutral pseudoscalars is given by

Bo (ma, + ma) By (1, — myq) 0
M ooy = | Bo(my—ma)  4K/fx+ Bo(my+ma)  2K/(frfa) | - (3.1.11)
0 2K /(frfa) K/f2

The QCD axion scale is typically large, hence this matrix can be diagonalized in the limit
fa > K1/4, By > my, 4, which results in the axion mass being

2,.,2
2, Suln _Muta (3.1.12)

m
fc% (mu + md)2




3.1 Main properties of the QCD axion 67

This relation between the axion mass and scale is a robust prediction of QCD axion models
in which the PQ symmetry is only broken by the QCD instantons, as commonly required to
successfully implement the PQ solution to the strong CP problem.

Strikingly, the physical axion mass is not proportional to the parameter encoding the PQ
breaking due to instantons K, but to the product of quark masses. The reason becomes clear in
the chiral limit m,, 4 — 0. The QCD anomaly is coupled to both the original axion a and the 7,
but actually it only generates a mass to a combination of them 2?—: + f% that is identified with
the physical n/. The orthogonal combination corresponds to the physical axion and remains
massless in the chiral limit. Once quark masses are taken into account the axion develops a
mass proportional to them due to its mixing with the ng-meson and the pion. The axion mass
eigenstate corresponds to

a:&—l—@mﬂrg—l—em/ 1o, (3.1.13)
where the mixing angles read

fr mg —my,
Ope =~ —— —— Oy ~ —=—. 3.1.14
o 2fa my +myg ’ “ 2fa ( )
In other words, as was shown in Refs. [190-192], the physical axion is not actually the pGB of
the original PQ symmetry but of a modified version of it, the divergenceless PQ,

1 1

1 T St d) : 1.1
S e T (mduv V5 + mydyH s (3.1.15)

ngl = ng -
which is not anomalous under QCD but only broken by the quark mass terms and gives the
same physical axion couplings as the diagonalization of Eq. (3.1.13).

Although the mass of the axion has been derived from the Lagrangian in Eq. (3.1.10) which
does not include direct couplings of the axion to the SM quarks, it can be shown that it holds
in all generality, see Chapter 7 for more details. The axion mass has recently been computed
at Next to Leading Order (NLO) in Ref. [183] together with the axion potential [183,187], that

reads
V(a) = —mifﬁ\/l - (4m“m”l)2 sin? (CL) . (3.1.16)

My, + Mg

Physical axion couplings to photons

Since the physical low-energy axion eigenstate acquires w3 and 7y components, it inherits their
couplings to photons weighted down by their mixing with the axion. The couplings in Eq. (3.1.9)
get modified for the physical axion resulting in,

Yayy = gg'y’y + bar Gryy + gan’ In'yy s (3117)

where the last two terms are the contributions induced by the model-independent axion-pion
and axion-n’ QCD mixings. It is important to note that this expression is valid below QCD
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confinement: at those energies gluons can be integrated out and the anomalous coupling of the
axion generates the mixing with the neutral mesons. Substituting the mixings in Eq. (3.1.14),
we obtain

2 2
qdm“+q“md> : (3.1.18)

_ 0
Javy = Gayy T o fa ( My + My

where ¢, = 2/3 and g4 = —1/3 are the electric charges of the up and down quarks, resulting in
the well-known expression

(3.1.19)

gaﬂwzﬂ ~ 5

« E 2my+4my
N 3 my+mg /)’

which is valid to first order in chiral perturbation theory. The corrections at NLO have been
computed in Ref. [183], obtaining

1 E

To sum up, the axion coupling to photons presents two different contributions, the first one is
model dependent (it could even vanish for some models, see KSVZ model later on), whereas the
second component stems from the axion-meson mixing: this term is model independent and is
present for all axion models. The constraints on the axion coupling to photons are shown in
Fig. 3.1, where the region of the parameter space {mq, gayy} that corresponds to KSVZ axion
models are depicted as a grey band. More details on this computation and the experimental
bounds can be found in Chapter 7, where this known result has been extended for the first time
for the axion couplings to EW gauge bosons.
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Figure 3.1: Bounds on the axion coupling to photons as a function of the axion mass. The black line
and grey band correspond to KSVZ-type QCD axion models for different values of E/N. The description
of the experimental limits can be found in Chapter 7.
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Physical axion couplings to nucleons

The axion couplings to protons and neutrons can be obtained by formulating the non-relativistic
theory for nucleons, whose Wilson coefficients are extracted from the neutron-proton mass
splitting and lattice simulations [183]. Similar to the coupling to photons, axion-nucleon
couplings present a model independent component stemming from the axion coupling to gluons
and another model-dependent component that depends on the PQ charges of the SM quarks.
Defining the nucleon coupling analogously to that to quarks,

oua oua
2fa 2fa

where ¢, and ¢,, denote the coupling to protons and neutrons, respectively. The physical axion
couplings read

i
Ly Dy

PY* P+ en o Iy ysn (3.1.21)

cp = —0.47(3) + 0.88(3)c} — 0.39(2)cd + &

v . . (3.1.22)
= —0.02(3) + 0.88(3)c? — 0.39(2)c} + 6,

where § = —0.038(5)c; —0.012(5)c§ — 0.009(2)c —0.0035(4)c} includes the small corrections due
to the rest of SM quarks.

3.2 QCD axion models

The paradigmatic axion models are reviewed in this section. First, the original PQWW model,
in which the axion first appeared, is discussed. Soon after its proposal, this “visible” axion was
ruled out by rare meson decay experiments, and the two most famous invisible axions models
were proposed: KSVZ and DFSZ. The different implementations of the PQ symmetry in these
models is reviewed, together with the case of the composite axion. Finally, we will comment on
recent attempts to build heavy axions models in which the axion mass is raised with respect to
that of the invisible axions, given in Eq. (3.1.12) due to the existence of new instanton sources.

3.2.1 Visible axion: original PQWW model

The SM does not present any classically exact abelian symmetry, which is only broken by the
QCD anomaly. Hence, in order to implement the PQ mechanism, the SM needs to be extended.
The first such extension was proposed by Peccei and Quinn [8,9] and consisted on a two Higgs
doublet model (2HDM),

H, — (1,2, %) Hy— (1,2, %) , (3.2.1)

where (1, 2, %) denotes the representation of each scalar under the SM gauge group, SU(3). x
SU(2)r, x U(1)y. The leptons can couple to either of the two doublets giving rise to particular
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realizations of the type II [193,194] and flipped 2HDM [195]. For concreteness, only the type II
2HDM will be now discussed, * whose Lagrangian reads

Lyutawa — QrYuluUr — QpYaHaDg — (LY. HaER + h.c. (3.2.2)

The presence of two scalar doublets with such couplings enlarges the global symmetry of the
theory, that now presents a global U(1)pq within the abelian symmetries U(1)p x U(1)p x
U(l)y x U(1)pq. The transformation of a generic combination of these abelian groups reads

U(l)PQ : QL — (3i><qonL7 UR N eiX"aUR, DR N eiXdaDR’
O — etxeq Ep — eiu—Xatxaop, (3.2.3)

H, — eilxu—xadaf, — H, — efxa—xa)af,

where the flavor indices have been omitted and x4, Xu, X4 and x, are the PQ charges of Qp,
Ur, Dr and ¢, respectively. The definition of the PQ symmetry is not unique, though, and
will be extracted from the generic transformation in Eq. (3.2.3) by imposing and choosing some
conditions. The physical couplings of the axion depend on the axial charges of the fermions
so we can fix x4 = x¢ = 0 via appropriate vectorial transformations, i.e. lepton and baryon
number transformations. The symmetry has only two free parameters x., x4 and corresponds
to a combination of U(1)pq and U(1)y, whose current reads

Jbq = Xu UrY"'UR + Xa DrRY" DR + Xd ErV" ER
—ixu ((O"H})H,, — H} (0" H,)) + ixa((0"H)) Hy — H} (0" Hy)) . (3.2.4)

Upon EWSB, the two Higgs doublets develop vacuum expectation values and both the PQ and
the EW symmetries are spontaneously broken,

1 .
= ﬁ (Vu + pu) elau/vu )
(3.2.5)

1 4
Hy = —= (va + pa) €4/,

V2

where vevs v, and v,y relate to the EW scale as v = /v2 4+ 02 = 246 GeV. The CP-odd

components of the scalars, a, and ag4, lead to two different combinations: one corresponds to
the axion [147,148] while the other becomes the longitudinal component of the Z-boson in the
unitary gauge. In order to fully specify the PQ charges, the orthogonality condition must be
imposed, i.e. the axion must not mix with the Z-boson. One way of obtaining this condition
is to perform a U(1)y transformation and impose that the axion must remain invariant under
it. Let us first identify the linear combination corresponding to the axion by writing the PQ
current in Eq. (3.2.4) in terms of the pseudoscalar components of the Higgses, and compare with
the generic PQ current in Eq. (3.1.2),

dba =D XihiV i — Xuvu 0" ay + Xavaag = frQa = —XuVutu + XaVada (3.2.6)

]

“In the flipped 2HDM the charged leptons couple to the same Higgs doublet that couples to the up-type quarks
and leads to different PQ charge assignments.
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where the PQ scale fpq ensures the proper normalization of the field and corresponds to

Under a U(1)y transformation a, and ag get a shift proportional to the hypercharge of the
corresponding doublet, and the axion transforms as

, 1 B B
Uly: a— E <—Xuvu (au + Ev“) + Xqvd (ad + 2vd>> (3.2.8)
=a+ fPng( — Xu¥2 + deﬁ) . (3.2.9)

For the axion to be invariant under U(1)y, the fermionic PQ charges need to fulfill

2
v
Xu _2d (3.2.10)
Xd Uy
Defining the ratio of the vevs as z = v4/v,, and choosing an overall normalization for the charges,

we finally get
1
Xu =T, Xd = (3.2.11)
that fully determines the PQ current and allows one to compute the axion couplings, as explained
in Section 3.1. In particular we can check that this PQ symmetry is indeed anomalous and

therefore the axion couples to the QCD topological term, solving the strong CP problem:

Lpqww D Ny (1 + 1) = GLG", (3.2.12)

T
where Ny = 3 is the number of fermion families.

One of the most important features of the PQWW model is that the PQ breaking scale fpq is
of the order of the EW scale and thus the axion has a sizable mass (of the order of ~ 100keV), as
dictated by Eq. (3.1.12), and sizable couplings to the SM fields, since they are only suppressed
by the weak scale. As a consequence and despite solving the Strong CP problem in a minimal
way, this visible axion model was soon ruled out by different experiments [191, 196-200], the
rare meson decays KT — w¥inv for long-lived axions being especially important.

3.2.2 Invisible axion models

Despite the fact that the first implementation of the PQ mechanism is ruled out, this solution of
the Strong CP problem can still be saved. Indeed. it was the identification of the PQ breaking
scale with the EW scale in this first attempt that imposed such strong bounds. Therefore by
decoupling these two a priori unrelated scales, the PQ mechanism can be safely implemented.
For instance, if there exist a new scalar singlet whose vev breaks the PQ symmetry at a
scale that is much larger than that of EW interactions, the axion becomes very light and the
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interactions get strongly suppressed ~ 1/f,, evading the experimental bounds. This is the
strategy followed by the two paradigmatic invisible axion models, KSVZ and DFSZ axions.

It is also possible, nevertheless, to build invisible axion models without introducing any extra
fundamental scalar fields. Although it is sometimes overlooked, this is the case of the composite
or dynamical axion [201,202] where the axion corresponds to a pseudoscalar meson of a new
confining force.

DFSZ

A simple extension of the PQWW model was propossed by Zhitnitsky [203] and later by Dine,
Fischler and Sredniki [204]. In addition to the two Higgs doublets, a new scalar singlet is
introduced, o, which takes a vev at a high scale. This scalar carries PQ charge due to its
couplings to the Higgs doublets in the scalar potential,’

As
V(Hy, Hy,o) =77 lol* + 61 (H{Hu)|o* + 62(H ) Ha) o

(3.2.13)
+ 05 (HHy)o? + 05 (H H,) o™
which forces the PQ charge of ¢ to be,’
i 1
Ul)pg: o — o,  with y, = 5 (xu + xa) - (3.2.14)

The potential in Eq. (3.2.13) generates a non-zero vacuum expectation value for the scalar that
breaks spontaneously the PQ symmetry,

1 .
o= 7 (Vo + po) €%/V7 (3.2.15)

and the axion now results from a combination of the CP-odd components of the Higgs doublets
in Eq. (3.2.5) together with the new pseudoscalar a,,

1 o u
@ = 5 (Xutu @+ Xava @ + Xova) Lo 2 g, (3.2.16)
PQ
feq= DR adulbader TN, (3.2.17)

where the case in which v, is much larger than the EW scale is shown. Without loss of generality
the PQ charge of the scalar can be set x, = 1/2(xy+ Xq) = 1. Due to the large hierarchy among
the vevs of the scalars, the axion scale corresponds to the vev of the singlet fpg ~ v,, and the
PQ pseudo-Goldstone Boson is mostly given by the CP-odd component a,.

5This potential and PQ charge assignment corresponds to that of the original DFSZ model. There is however
another possibility if one substitutes the last two terms of the potential by Hi HyS.

SNote that . a4 denote the PQ charges of the fermions as defined in Eq. (3.2.3). The charges of the doublets
read x(Hu) = Xu, X(Ha) = —Xa-
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Regarding the axion couplings of the DFSZ axion, they correspond to those of the PQWW
model after rescaling the axion scale by a factor ~ . Since the new scale v, is not connected
to the EW scale, it can be set to take arbitrarily high values, evading the bounds that ruled out
the PQWW model.

The couplings of the DFSZ axion to the SM can be computed using Egs. (3.1.9), (3.1.20)
and (3.1.22). In particular the color and electromagnetic anomalies read,
E 8

N =3 (xu =6, E=1 — =2, 2.1
3(Xu+xa) =6 6 = N3 (3.2.18)

KSVZ

Probably the simplest invisible axion model is that propossed by Kim [205] and Shifman,
Vainshtein and Zakharov [206] in which only two particles are added to the SM matter content:
a vectorial QCD-colored fermion, 1y, g, and a complex scalar singlet, S. The latter plays an
analogous role to that of o in DFSZ, that is, it contains a component of the axion and allows
one to set very high axion scales.

The Lagrangian of the theory reads £ = Lsnv + LKsvz,

Lxsvz = i Py + i g PR + 0,5 0" S
+ySY R + h.c. (3.2.19)
+ ISP = As|S|* — Aas|®*|S|?,

where y is the Yukawa coupling for the exotic fermions, and ug, Ag and Agg are the parameters
of the scalar potential. This Lagrangian presents two global abelian symmetries: a vectorial
U(1)ps that corresponds to a baryon number for the exotic fermion 1, and an axial symmetry
U(1)pq under which both the exotic scalar and fermion transform. Note that for this model it is
only the exotic degrees of freedom that have non-zero PQ charges, leaving all the SM particles
unaffected by a PQ transformation,

Ul)pq: Y — €29, Pr— e 3%p, S — s, (3.2.20)

where the choice xy, = 1/2, xy, = —1/2 and xs = 1 is used, without loss of generality. This
symmetry constitutes a valid PQ symmetry, since the QCD charged fermions ¢1, r generate a
non-zero anomaly (N = 1 if ¢ is a color triplet), while being classically exact. The minimum
of the scalar potential in Eq. (3.2.19) breaks spontaneously this PQ symmetry (S) = vg/v/2
giving rise to the axion. In this case, it is straightforward to identify the axion field that simply
corresponds to the axial component of the complex scalar .S,
5=t Vo 3.2.21

—E(US‘*'PS)G oy (3.2.21)
and the axion scale corresponds to fpg = vs, which is assumed to be much larger than the EW
scale. The exotic fermion is not observed in the spectrum, and thus it must be very heavy for
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the model to be phenomenologically viable. Indeed, it acquires a large mass proportional to
the PQ breaking scale, my, = y fpq. Similarly the radial component of S also gets decoupled,
leaving the axion as the only low energy degree of freedom. Its couplings can be obtained by
following the procedure described in Section 3.1. Unlike the DFSZ and PQWW, the KSVZ
axion does not have tree-level couplings to SM leptons and quarks, but it can be probed via the
model independent component of the coupling to photons or nucleons.

Although in the original KSVZ axion model only one exotic fermion was introduced, a
singlet under SU(2);, x U(1)y, it is also possible to add several exotic fermions with non-trivial
transformations under the EW gauge group.

In fact, charging the exotic fermions electromagnetically can solve one of the problems
of the original model: that of heavy cosmologically stable relics. The problem is that the
fermion 1 is cosmologically stable due to the conserved baryon number. After the QCD
transition, it hadronizes giving rise to fractionally charged baryons, for which there are strong
constraints [207-211]. One possible solution is to assign to the exotic fermion the same
hypercharge as one of the SM quarks, allowing for mixing terms of the type £ D u1; Dg, that
break the exotic baryon number symmetry and open up decay modes for the exotic fermions. As
a byproduct, the PQ charged fermions have also electromagnetic charge and therefore contribute
to the electromagnetic anomaly. For the simple cases of one fermionic QCD triplet with the
same hypercharge as the up- or down-type quarks, the axion coupling to photons is given by
Eq. (3.1.20) with,

% = g for up-type Yy = ;, % = % for down-type Yy = —%. (3.2.22)

These two particular cases fall in the grey band of Fig. 3.1. They are called hadronic models
and can be generalized introducing several fermions with different transformations under QCD
and the EW group. Recently, Refs. [166,167] have studied the possible realizations of the KSVZ
model that are compatible with the bounds on cosmological relics, and that do not generate
Landau poles below the Planck scale. Given these restrictions in the exotic fermionic matter
content, the preferred window for the axion coupling to photons has been refined. Interestingly,
the authors show that for certain choices of charges it is possible to build KSVZ models for
which the axion coupling to photons vanishes due to a cancellation between the model dependent
contribution E/N and the model independent one, see Eq. (3.1.20). Indeed a similar strategy
can be applied for the couplings to nucleons, and one can build astrophobic axion models [169]
that evade much of the astrophysical constraints due to their suppressed coupling to nucleons. In
this context of more sophisticated proposals that can evade certain bounds, it becomes relevant
to explore other interactions such as axion couplings to EW gauge bosons, as we will explore in
Chapter 7.

Composite axion

Although it has not received as much attention as the KSVZ and DFSZ models, in the same
years Kim [201] proposed another invisible axion model in which the axion does not belong to
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a fundamental scalar field, but is composite instead. This composite (dynamical) axion model
[201,202] contains a new confining group, the azicolor group SU(N),, whose confinement scale
is much larger than that of QCD, A, > Aqcp. Considering that the massless up-quark solution
is no longer viable (see Section 2.3.2), the idea is to add exotic massless colored fermions. If these
massless quarks are also charged under axicolor they will form bound states whose mass is of the
order of the axicolor confinement scale ~ A,, that can be made arbitrarily large. Nevertheless,
if upon confinement chiral symmetries are spontaneously broken, light mesons corresponding to
the new Goldstone Bosons of this breaking will arise, one of these composite states being the
dynamical axion.

For concreteness, let us consider the massless quark content of the dynamical axion model in
Table 3.1.

| SUB). | SUN).
YL,R O O
XL,R 1 g

Table 3.1: The massless fermion sector of the dynamical axion model. The fields ¢ and x are Dirac
fermions with vectorial transformation properties and O denotes the fundamental representation.

In this model, two massless quarks are needed because the new confining group, SU(N),,
comes with its new §-parameter. In order to fully reabsorb both 6 paramters from the Lagrangian
two independent rotations are needed. In other words, in order to implement the P(Q mechanism,
the symmetry needs to be explicitly broken by the QCD instantons alone: if we were to add a
single massless fermion its axial symmetry would be broken by the instantons of both groups.
The Lagrangian for the massless sector reads,

L= YL + i gD + +iXp Pxr + iXrPxr - (3.2.23)

Since these quarks are massless the theory presents at the classical level a [U (1)]4 global
symmetry: the two vectorial symmetries corresponding to baryon number conservation of the
quarks v and x, and the two axial symmetries. These two last symmetries are, however,
anomalous under QCD and axicolor. One combination corresponds to the PQ symmetry,

Jbg = 7" = 3XV*x - (3.2.24)

It can be easily checked that this symmetry is not anomalous under the axicolor group while
presenting a QCD anomaly and, as a consequence, it constitutes a valid PQ symmetry.

Upon chiral symmetry breaking the condensates () = (Yx) # 0 would form, breaking
spontaneously the chiral symmetries,

[T — Uy x U)vy, (3.2.25)
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and giving rise to two Goldstone bosons associated with the two abelian axial symmetries.
Nonetheless, analogously to the missing meson problem, one combination of the axial
transformations is anomalous under the axicolor group and therefore is not a good symmetry to
start with. Consequently the meson with the quantum numbers of that current, is analogous to
the n/ in the axicolor sector, is not light but has a mass of the order of the confinement scale,
as all the rest of the hadrons m,; ~ A,. On the other hand, the current in Eq. (3.2.24) is only
broken by the QCD anomalies and therefore can be seen as an approximate symmetry whose
pGB is the composite axion.

In other words, this theory presents two instanton sources of explicit symmetry breaking: that
of the axicolor group and that of QCD. Also, there are two dynamical “axions”, one for each
classically conserved axial current associated with each massless quark. Taking into account the
SM quark sector and thus the SM 7/, three flavor-singlet pseudoscalars with anomalous couplings
result for only two instanton sources of masses. As a consequence, one light axion results. The
other two pseudoscalars are the SM 1’ and a very heavy axion with mass ~ A,.

Once the PQ mechanism has been implemented, the low energy phenomenology of the invisible
axion is recovered, so the composite axion also has the mass in Eq. (3.1.12) and the couplings
in Eq. (3.1.8), similar to the original KSVZ, that is with no tree-level couplings to quarks and
leptons. The axion scale is related to the confinement scale of the axicolor group fpq ~ Ag/4m.
Unfortunately, composite axion models typically have cosmological problems due to the existence
of colored stable relics that cannot decay due to the exotic baryon number symmetry, hence the
pre-inflationary PQ breaking scenario is usually the only viable possibility in composite axion
models, see Section 3.3.

Other invisible axion models

The KSVZ, DFSZ and composite axions constitute the three paradigmatic axion models that
are often used as benchmarks. The PQ mechanism, however, can be embedded in a variety of
frameworks aiming to solve other problems of the SM. Examples of these attempts of linking
several solutions of SM issues are the axion-majoron [212-218], the flaxion or axi-flavon [164,165],
the axion in grand unification theories (GUTSs) [219-221], the axion in supersymmetric theories
[222] and also the model-independent axion arising in string theory [223,224]. Furthermore,
composite axion models have also been constructed aiming to solve one of the issues of invisible
axion models: that of the PQ quality problem.

3.2.3 PQ quality problem

Quantum gravity (QG) has been argued to break all global symmetries. The usual argument
involves black holes incorporating particles with a global charge and subsequently evaporating via
Hawking radiation. Since no information of the global charge is accessible in the evaporation, this
process would violate global symmetries [225-233]. These effects can be potentially dangerous
for the PQ solution to the strong CP problem.
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Invisible axion models typically involve axion scales of the order f, ~ 108 — 10'? GeV, which
do not lie so far from the Planck scale. One possible way to parametrize the suggested PQ-
violating QG effects is via non-renormalizable operators suppressed by powers of the Planck
scale. For the KSVZ model, possible effective operators have been considered [225-228] of the
following form

Log=) =S +he., (3.2.26)
n=5 " Pl

where S is the KSVZ complex scalar, although the same argument applies to KSVZ substituting

S — 0. The operator in Eq. (3.2.26) would generate a new contribution to the axion potential,

that in general will present a relative phase 6 with respect to the QCD induced potential.”

Concentrating on the lowest dimensional (and most dangerous) term, i.e. n=>5, the effective

potential for the axion reads,

V(a) = Voep + Voa(a) =

4my,m . a 0 |es| f2IND (1 a - >
2 £2 ullld 2 5| Ja
22 1o e g2 (S 2 p et (2 1 g45), (3.2.27
g \/ (T 4+ mg)? <2fa 2) 8v/2Mpy N f, ( )

which no longer has the minimum in the CP conserving point (]%a +0) = 0, but gets shifted
instead. The displacement from the CP conserving minimum generates an effective feg,

jin
8v2m, Mpy

For O(1) values of the coefficient c5 and f, ~ 10® — 10'? GeV, the displacement from the CP
conserving minimum spoils the solution to the strong CP problem since it leads to unacceptable
values for the nEDM. In other words, assuming that the d = 5 operator in Eq. (3.2.26) is present,
the nEDM constraint translates into a bound on the coefficient ¢5 < 10~9) | representing a
fine tuning worse than the strong CP problem itself.

0erf] = <fi +0) = |es sin(3)| (3.2.28)

There are several ways out of this problem. While it is commonly accepted that QG violates
any global symmetry, it remains controversial whether its effects can be simply parametrized
with non-renormalizable operators solely suppressed by powers of Mp). Indeed, a recent study
[234] computed the axion potential generated by a minimal coupling of the axion to gravity in a
wormbhole solution in the decoupling limit for the radial component of the singlet scalar. It was
found that the effective operators are further suppressed by the exponential of the gravitational
instanton action oc e~ Mp1/fe These PQ-violating operators are safe from neutron EDM bounds
as long as f, < 1016 GeV.

Other proposals rely on the imposition of gauge discrete symmetries that forbid the operators
in Eq. (3.2.26) until a given dimension (from dimension 8 to dimension 11 depending on the
axion scale) [235-237], that could arguably stem from spontaneous breaking of gauge symmetries
in string theory frameworks [238].

"There is no reason for § to vanish and the operator in Eq. (3.2.26) to be aligned with the #-parameter of the
SM.
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Furthermore, these type of operators could be avoided in theories where the PQ symmetry is
not imposed on the Lagrangian but rather arises accidentally, due to the gauge symmetries and
matter content of the theory [2,227,239-245]. These kinds of solutions are particularly appealing
since they provide a rationale for the existence of the symmetry, and allow one to protect against
any new physics that could violate the PQ symmetry. In Chapter 6, a minimal composite axion
model is built in which the PQ symmetry arises automatically, and it is inherently protected
from possibly dangerous QG operators until dimension 9.

Finally, another way of making these operators unimportant is to lower the axion scale f,. In
usual invisible axion models, the axion scale cannot be smaller than f, < 10% GeV due to stellar
bounds. However, heavy axion models have been proposed in which the axion is too heavy to
be produced in the nuclear stellar medium, and thus its scale can be lowered without being in
conflict with those observations.

3.2.4 Domain wall problem

Another important issue is that of the cosmological impact of domain walls (DWs). The non-
perturbative axion potential generated by QCD instantons in Eq. (3.1.16) breaks explicitly the
PQ symmetry. But this breaking is not complete and there is a residual discrete symmetry due
to the periodicity of the potential,
2mm

S(m) :a—)a—}—Tpr, meZ. (3.2.29)
As a consequence, U(1)pg — Zy and there exist N distinct degenerate CP conserving minima.
In the Early Universe, after the QCD transition this discrete symmetry is spontaneously broken.
This means that in different patches of the Universe the axion field falls in different minima. In
the boundary that separates two patches that fell in different vacua, the axion field interpolates
between the values of the two minima generating a region with non-zero energy density called
domain wall. The number of physically distinct minima is called the domain wall number,
Npw = 1. Although it typically coincides with the color anomaly factor IV, for some models this
is not the case due to the fact that some of the N minima are connected by gauge transformations
and thus are physically equivalent, see for example the model in Chapter 6.

If the number of domain walls is larger that one, Npw > 1, the energy density stored in
domain walls can soon dominate over that of radiation and matter and lead to an overclosure
of the Universe [246,246-248]. This constitutes the domain wall problem. There are several
ways to solve it. First, if the PQ transition occurs before inflation (and it is never restored)
our current observable Universe corresponds to a single patch of constant initial misalignment
angle, and therefore it will fall to a single minimum with no DW. Another option would be to
have models with Npw = 1 where there is only one physical vacuum. Finally, DWs could be
made unstable by introducing PQ breaking terms, such as those in Eq. (3.2.26) that break the
degeneracy and lift some of the minima. In this scenario, after some time the DW would decay
before dominating the energy density of the Universe, generating a new production mechanism
for axion DM.
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3.2.5 Heavy axions

Axions are typically light particles. Indeed, the invisible axion mass formula in Eq. (3.1.12) is
a robust prediction of QCD axion models in which QCD instantons are the only source of PQ
symmetry breaking, as it is typically required by the strong CP solution.

Nonetheless, the existence of new confining groups or new sources of PQ breaking instantons
in a given theory can generate new contributions to the axion mass. The challenge in this case
is for the new contributions to be aligned with QCD, in order not to spoil the solution to the
strong CP problem.

One possibility to achieve such alignment is to consider the existence of a mirror world that
is related with the SM via a Zy symmetry [170,171,174,176]. This discrete symmetry is softly
broken, so that the mirror Higgs gets a larger vev ~ 10'* GeV. Consequently, the mirror quarks
get integrated out of the spectrum and thus the mirror QCD runs faster than QCD and confines
at a larger scale A’QCD > Aqcp - The Zy symmetry ensures that the two #-parameters coincide
and therefore a single axion suffices to solve the strong CP problem. But this axion receives
mass contributions from the two sectors,

m2f2 ~ f2m?2 5+ AGep - (3.2.30)
Although this framework allows one to raise the axion mass, it requires a large tuning in the
scalar potential to achieve such hierarchy between the scales. An alternative to doubling the
full SM matter content with a Zs symmetry is that of unification. Indeed, unification of the

confining sector can be used to naturally identify the 6’s of the two sectors and obtain a large
axion mass like in Eq. (3.2.30) and solve the strong CP problem [4,172,173,177,178|.

In other recent proposals [4, 179, 180], the QCD gauge group actually corresponds to the
diagonal subgroup of the product of two (or more) SU(3) gauge groups, that are spontaneously
broken to QCD SU(3) x SU(3) — SU(3).. In these theories, the constrained instantons at the
scale of the spontaneous breaking, see Section 2.2.5, that are also called small-size instantons
(SSI) constitute a new source of PQ breaking that raises the axion mass [249,250]. In Chapter 5,
we develop the first heavy axion model in which the strong CP problem is solved with color
unification and massless quarks.

For heavy axion models m, 2 GeV, stellar constraints can be avoided (the axion is not
kinematically accessible) so the axion scale can be lowered down, and thus the PQ solution is
more protected from possibly dangerous QG operators, see Section 3.2.3. Due to the low axion
scale, the axion is no longer stable in cosmological timescales and therefore it cannot explain
the Dark Matter relic density of the Universe. Heavy axion models, however, typically predict

the existence of other stable states that can be good dark matter candidates, e.g. [251].

To sum up, there has been much recent activity in building heavy axion models that show
that the PQ mechanism can be implemented without necessarily implying the existence of a
light axion in low-energy spectrum. As a consequence, the axion parameter space opens up,
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and regions that were classically attributed to ALPs now get populated by axion models that
do solve the strong CP problem.

3.3 Axion dark matter

Even if the axion arises as a natural consequence of the PQ solution to the strong CP problem,
it constitutes an excellent candidate to solve another pressing problem of the SM: the Dark
Matter problem.

QCD axions are naturally stable, weakly interacting and light particles that could be non-
thermally produced in the Early Universe and account for the observed DM relic density. The
scale at which inflation occurs with respect to the PQ breaking scale strongly impacts the amount
of axionic DM that is produced.

In the pre-inflationary scenario, the only axion dark matter production mechanism is the so-
called misalignment mechanism. If the PQ transition happens before inflation and it is never
restored during reheating, the axion field is constant over the observable Universe, a(z) = 0; f,,
where 6; is the initial misalignment angle. This is a consequence of inflation having stretched
a small patch of the Universe with constant axionic field to constitute our current observable
Universe. Around the QCD epoch, the axion potential is generated and drives the axion field
from its initial misalignment towards the CP-conserving minimum. While for low temperatures,
the axion potential can be reliably obtained by using chiral Lagrangians, see Eq. (3.1.16), for
temperatures close to Aqcp the perturbative methods fail and the axion potential cannot be
accurately computed [183]. Let us assume a cosine-like potential as one would expect from a
dilute instanton gas approximation to capture the qualitative behavior,

V(a,T) = m2(T)f? (1 — cos (fg)) . (3.3.1)
a

The evolution for the axion field in an expanding Friedman-Robertson-Walker (FRW) Universe
can be expressed as®

i+ 3Ha+m2(T) fasin <;> =0 (3.3.2)

a

where H is the Hubble expansion rate. As the Universe cools down the axion potential becomes
more important and the Hubble rate decreases. When the two last terms in Eq. (3.3.2) become
comparable, the axion field starts oscillating around the minimum with frequancy mg,. This so-
called misalignment mechanism [252-254] produces a coherent state of non-relativistic axions, a
Bose-Einstein condensate [255], that behaves as CDM at longer time scales than the period of
the oscillations.
The relic axion abundance 2, that is generated due to the misalignment mechanism can be

8Here it is assumed the axion field is homogeneous, i.e. does not depend on the position, otherwise gradient
terms would appear in Eq. (3.3.2).
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expressed as a function of the axion decay constant f,, and the initial misalignment angle
0; = a;/ fq. For |0;| < 7 it reads [256]

) 0 \2 f 1.17
Q,h% =0. d a , 3.
035 (0.001) <3 x 1017Gev> (3:33)

where h is the present Hubble parameter. If axions were to explain the total relic dark matter
density, Qpy h? ~ 0.12 [21], the f, value required for an initial misalignment angle in the range
0; € (0.1,3) is

fo~2x101% -5 x 102 GeV. (3.3.4)

In the post-inflationary scenario, along with the axion misalignment there exist new
production mechanisms such as the decay of topological defects, i.e. strings and domain walls,
see Section 3.2.4. On the one hand, if the PQ transition takes place after inflation, the observable
Universe is divided in patches with different values of the axion field. As a consequence the initial
misalignment angle is no longer a free variable since its statistical average can be computed,
<03> = 72/3, allowing one to estimate the axionic relic density generated by the misalignment
mechanism. The situation is much more difficult regarding the decay of topological defects
into axions. The string and domain wall network evolution presents highly complex dynamics
that need to be tackled with simulations. Although this network was known to approach a
scaling solution [257], which allows for extrapolations of the simulations, it has been recently
shown [258] that there exist logarithmic violations of the scaling properties of such solutions. As
a consequence, the amount of DM axions produced by the decay of strings still remains an open
issue. However, since the prediction of the axion relic density in the post-inflationary scenario
due to misalignment only depends on the axion scale, by imposing not to overproduce axion
DM an upper bound on the axion scale, f, < 4.5 x 10 GeV, follows.

~

3.4 Experimental searches of axions and ALPs

The main motivation for the search of light pseudoscalars with derivative and anomalous
couplings is the axion solution to the strong CP problem. That is why the experimental effort
for the search pGB has been mainly driven by the invisible axion models. These models are
characterized by the tight relation between the axion mass and scale, see Eq. (3.1.12), and not
only the mass but also all the axion couplings are inversely proportional to the axion scale. As a
consequence, modulo some O(1) model-dependent coefficients, all the couplings of the axion to
the SM are fixed by the axion scale for the paradigmatic invisible axion models, see Egs. (3.2.18)
and (3.2.22). Since all the relevant observables depend on a single parameter, the constraints on
invisible axion models can be shown in a unidimensional exclusion plot that spans over several
orders of magnitude for f,, see Fig. 3.2. These constraints arise mostly from the axion couplings
to photons, nucleons and electrons and include astrophysical, cosmological and laboratory-based
probes. This section does not intend to be an exhaustive review on the experimental searches,
for this purpose see [19, 184].
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Figure 3.2: Bounds on the axion decay constant and the axion mass. The limits on the axion couplings
are translated into limits on f, and m, assuming the KSVZ with E/N = 0 unless stated otherwise. For
DFSZ it has been assumed z = v4/v,, = 1. Prospects of future experiments are indicated in the lower
part of the plot. Figure adapted from [19,259].

Regarding the axion-nucleon interaction, see Eq. (3.1.22), one of the most important bounds
comes from the duration of the neutrino burst of the supernova SN1987a [260,261]. The existence
of axions coupled to nucleons represents an efficient energy loss mechanism for supernovas, which
in the absence of axions, release most of their energy emitting neutrinos. Consequently axions
shorten the duration of the neutrino burst. In KSVZ models, the axion-nucleon interactions
stem from the aGG coupling and thus the supernova bound automatically translates into a
constraint on f,, whereas in DFSZ models the coupling to nucleons also depends on the quark
charges, see Eq. (3.1.22). Despite its constraining power, the supernova bound contains many
uncertainties due to the computation of the energy loss [260]. Indeed, a recent work reassessing
it has relaxed the SN bound [262] and even some other works [263] are casting doubts on the
applicability of such bound.

The axion-photon coupling also has an impact on astrophysical phenomena due to energy
losses, and especially relevant is the lifetime of globular clusters in the Horizontal Branch (HB)
[264,265]. Moreover, the photon-axion interaction not only allows one to indirectly constrain the
axion due to energy losses but also allows one to construct experiments aiming at detecting the
axion directly. Those include haloscopes aiming at detecting DM axions via resonant cavities,
such as ADMX; helioscopes searching for solar axions, such as CAST [266,267] or the future
experiment TAXO [268,269], or light shining through wall experiments (LSW) that aim at both



3.4 Experimental searches of axions and ALPs 83

producing and detecting the axion in the laboratory, such as ALPS I [270] and future ALPS
IT [271]. All these experiments are based on the so-called Primakoff effect: in the presence of
an external magnetic field, the axion coupling to photons in Eq. (3.1.1) generates axion-photon
conversion [272,273].

The coupling to electrons can also be constrained with astrophysical sources, such as white
dwarfs (WD) and red giants (RG), see Fig. 3.2. They set stringent bounds since the axion
coupling to electrons leads to an efficient axion production in the stellar nuclear medium: the
ABC processes (Axiorecombination, Bremsstrahlung and Compton) [274].

While the energy loss of stars due to axion emission allows to constraint its couplings, it
should be noted that there are a number of stellar cooling hints that show some preference for
non-zero axion couplings (e.g. that coming from WD cooling prefers at the 30 level a non-zero
electron coupling) [275].
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Figure 3.3: Constraints on the axion coupling to photons as a function of the axion mass. In addition
to the bounds that are explained in the text, cosmological bounds are also included in green. Figure
adapted from [184].

While it is useful to show the invisible axion bounds in the unidimensional plot in Fig. 3.2,
it should be noted that it involves several assumptions with respect to the relation between the
axion couplings and scale. In particular, for KSVZ models it has been assumed E/N = 0 and
for DFSZ x = vq/v,, = 1. In order to be model-independent it becomes pertinent to open up the
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parameter space and consider the previous constraints in the full {m,, f,} plane, see Fig. 3.3,
where the benchmark KSVZ and DFSZ invisible axion models correspond to the yellow band.
However, as we already commented in Section 3.2.2, there are invisible models in which the
axion couplings can significantly depart from those values due to cancellations [166, 167, 169].
Moreover in the context of ALPs and heavy axions it becomes pertinent to explore the full
parameter space and even consider other ALP couplings that have received less attention such
as couplings to the EW gauge bosons, as will be studied in Chapter 7.

In the context of ALPs, but also relevant for heavy axion models, flavor experiments provide
valuable constraints. Indeed, the astonishing precision in flavor observables allow one to set
stringent bounds on tree-level flavor-violating ALP couplings. Besides, even flavor-conserving
ALP couplings are strongly constrained due to ALP mixing with pseudoscalar mesons and loop-
induced ALP couplings, which inherit the SM flavor structure. These types of bounds will be
analyzed in detail in Chapter 8, where the full ALP electroweak bosonic basis is constructed
and the flavor bounds are studied.

The experimental effort in axion and ALP searches in a large range of masses is accelerating
with future projects such as Madmax, CASPEr, QUAX, HeXenia, FUNK and electric dipole
moment searches (PSI and Co) [276-280]. In the context of flavor, for instance, NA62 [281] is
taking data, and new fixed target facilities (e.g. SHIP [282]) are in preparation, with sensitivity
to MeV-GeVs ALPs. These experiments present strong complementary potential to tackle ALP
couplings to gauge bosons and fermions, as we will study in Chapter 8. Belle-II [283] will
also have some sensitivity to this mass range, as well as the LHC with Mathusla, Faser and
CodexB [284-286]. Indeed, ALPs may well show up first at colliders [287,288]. Intense work on
ALP signals at the LHC and future colliders is underway [289,290], and the synergy between
collider and low-energy fixed target experiments is increasingly explored [291].
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CHAPTER

4 Gauged Lepton Flavor

In this Chapter, which is based on the publication in Ref. [5], we explore the posibility of the
leptonic flavor symmetry to be gauged and the leptonic Yukawa couplings to become dynamical
fields. The vevs of these dynamical Yukawa fields vevs generate the leptonic fermion masses and
mixings.

Minimal flavor violation [59,292], introduced in Section 1.3.3, is a bottom-up approach that
describes a class of models that are not afflicted by the new physics flavor problem. Based on
the SM global flavor symmetry group, this framework assumes that at low-energies the Yukawa
couplings are the only source of flavor in the SM and in whatever the BSM theory of flavor
is. Yukawa couplings break the symmetry, and they are then treated as spurions of the flavor
group, weighting the possible BSM effective operators so as to make them invariant under the
flavor group. As a consequence, MFV predicts the relative rates of flavor changing transitions,
and furthermore new effects at or close to the TeV scale are allowed. The MFV ansatz is neither
the only flavor ansatz compatible with data nor a theory of flavor, though. There have been
attempts to go from the effective approach —where the Yukawas are treated as spurions— to a
more fundamental level where the Yukawas are dynamical “flavon” fields, acquiring a non-trivial
vacuum expectation value. The potentials for the corresponding scalar fields have been discussed
for several possible flavor representations, with interesting consequences [70,293-302]. Although
a dynamical justification for all fermion masses and mixings is still lacking, the potential minima
lead, for instance, to no mixing at leading order in the quark sector (in contrast to the lepton
sector discussed further below) when each Yukawa coupling is associated with a single flavon, a
very encouraging first step.

Nevertheless, unless the continuous symmetry in Eq. (1.3.1) is substituted by a convenient
discrete subgroup, a generic consequence of breaking spontaneoulsy the SM global flavor group
is unobserved goldstone bosons. Would instead the symmetry be gauged, the goldstone bosons
would become the longitudinal degrees of freedom of massive vector bosons. This exploratory
effort was launched for the quark sector in Ref. [7] and continued in Refs. [303-308]. In Ref. [7] it
was shown that the consistency of the gauge theory via anomaly cancellation conditions requires
the addition of fermions with drastic implications for phenomenology.
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The masses of the extra fermionic content of those gauged-flavor models are inversely
proportional to the masses of the light SM fermions (as it was introduced in Ref. [309]), with
the consequence that flavor-changing neutral currents (FCNC) are highly suppressed for light
generations and new exotic gauge bosons could be as light as the electroweak scale. This theory,
with gauge symmetry at its core, offers a different take on the number of generations; the fields
must belong to irreducible representations of the flavor group and thus the number of generations
is linked to it, precisely the same sense in which there are three colors in QCD. Although the
starting motivation was the phenomenologically successful MFV ansatz, the mechanism for
protection against the flavor problem in the gauged-flavor model does not conform to the MFV
hypothesis; yet it is still very effective.

Here, the gauging of the lepton flavor group is considered. In contrast to the quark case [7],
the unknown nature of neutrino masses opens several possibilities for constructing a consistent
model with the lepton flavor symmetry gauged, as evidenced by the various definitions of MFV
in the lepton sector [78,310-313]. The guiding principle followed here will be to consider
phenomenologically viable setups with:

- Maximal flavor symmetry group of the Lagrangian for massless SM fermions

- Minimal extension of the spectrum

In a first case, the SM leptonic flavor group is gauged, that is
UB)xU@B)g, (4.0.1)

see Eq. (1.3.1). The cancellation of gauge anomalies of this pure SM case along the guidelines
above will be shown to lead to the introduction of SM fermion singlets and thus to Majorana
neutrinos as a very natural consequence.

Secondly, if instead one assumes from the beginning the existence of three right-handed
neutrino fields N, two symmetry avenues are possible:

- Assuming Dirac neutrinos, the flavor group would be U(3), x U(3)g x U(3)n, the subscript
N referring to the right-handed neutrinos [307].

- Assuming instead Majorana neutrinos, the maximal flavor group is U(3), x U (3) g x O(3)n,
leading naturally to a type I Seesaw [31-34] scenario with degenerate heavy neutrinos.

This last option has been shown [298,299,301,302] to allow a minimum of its scalar potential
with one maximal PMNS angle and Majorana phase (and a second angle generically large), at
leading order and for minimal flavon content. In contrast, the U(3)?3 case tends to disfavor large
mixings, consistent with observations in the quark sector but in disagreement with the observed
leptonic mixing. The guiding principles chosen above also favor the second option in that the
extra field content needed is smaller, and therefore leads to more predictive models: this scenario
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will be thus analyzed in detail. Interestingly, both cases —that is with and without right-handed
neutrinos— will lead to Majorana masses for the active neutrinos, so that at low energies the
Lagrangian responsible for masses and mixings will be, for definiteness:

Cy

_ 1. ~ -
K =4 PYger — §£L (I)A (I)TE% + h.c. (4.0.2)

LN

which corresponds to the usual Yukawa term for charged leptons and the Weinberg operator
for light neutrino masses, as introduced in Eq. (1.2.13) and ommitting the flavor indices.
The generalized Seesaw pattern obtained below, together with the lightness of the electron
as compared to the 7 and p leptons, implies that the least broken subgroups of the flavor
symmetry are expected to reside in the y—7 sector. The corresponding approximate symmetries,
the spectrum of new particles and the dominant experimental signals will be determined and
discussed in the following sections. Furthermore, the differences between the effective low-energy
couplings of the gauged-flavor theory and the leptonic MFV ansatz will also be discussed.

The analysis will be restricted to the non-abelian sector of the global flavor symmetry, as
the focus is set on flavor-changing effects; some phenomenological differences which result when
gauging in addition the two non-anomalous abelian symmetries will be pointed out, though.

4.1 Gauged Lepton Flavor Standard Model: SU(3), X SU(3)g

It will be shown in this section how the gauging of the pure SM leptonic flavor group favours a
Seesaw pattern and Majorana neutrino masses, and that the leading phenomenological signals
are lepton universality violation (LUV), with deviations from the SM predictions which are
particularly prominent in the 7 sector.

The leptonic global flavor symmetry to be gauged is that exhibited by the SM in the absence
of Yukawa couplings, which is that of the kinetic terms,

oipleptons = inggL + iéRlpeR- (411)

Anomaly cancellation of the non-abelian SU(3), x SU(3)g symmetry is accomplished by the
addition to the Lagrangian of three extra fermion species, denoted here by &g, &1, and Ng.
Their quantum numbers are shown in Table 4.1, together with those for the SM fields.

In addition, for all fermion bi-linears invariant under the SM gauge symmetry but not under
the flavor symmetry, a scalar is introduced to restore flavor invariance. Only two such scalar
flavon fields are needed, denoted by Vg and Yy in Table 4.1, belonging respectively to the bi-
fundamental representation of SU(3), x SU(3)g and to the conjugate-symmetric representation
of SU(3)y. The vevs of these fields are related to the Yukawa matrices but should not be
directly identified with them, as functions of the flavon fields may have the same transformation
properties under flavor than Vg ny, and they also allow to build flavor invariant Lagrangian
terms;! this is a property essential to the phenomenological success of the construction. Finally,

! For instance (ygl)T and Vg belong to the same flavor representation.



90 Chapter 4. Gauged Lepton Flavor

| SU@)L Uy SUB) SU®B)s
lr = (vp,er) 2 —1/2 3 1
eRr 1 -1 1 3
Er 1 -1 3 1
&L 1 -1 1 3
Nr 1 0 3 1
Vi 1 0 3 3
Y 1 0 6 1

Table 4.1: Transformation properties of SM fields, of (flavor) mirror fields and of flavons under the EW
group and SU(3), x SU(3)E&.

other scalars charged under the SM gauge group are not considered since they would not respect
the condition of minimality of the spectrum, in addition to potentially disrupting the electroweak
symmetry breaking (EWSB) mechanism.

Within this framework, the most general renormalizable Lagrangian with SU(3), x SU(3)g
gauge symmetry therefore reads:

2 =iy G — % SO (ELER) + 30T (DYpD Y] + Dot Drot
¥ I B (4.1.2)
+ % —V(®,Ye,IN),

where 9 runs over all lepton species in Table 4.1, I = ¢, F and B identifies flavon indices
B = E,N. The gauge bosons of SU(3), and SU(3)r will be encoded in traceless hermitian

matrices in flavor space, Aft with Aﬁ,a,@ = (Aﬁ,,@a)* 7ZaAfL,Oca = 0, and AE with Aiaﬁ =
(AE )" EaAﬁ oo = 0, which can be alternatively decomposed in terms of generators
8 8
¢ _ L, E _ E,
Al =Y AleTe Al =" Al (4.1.3)
a=1 a=1

where T are the flavor group generators, with Tr(7T?) = §%/2 and T% = )\‘éU(S)/Z and Agp; )
denote the Gell-Mann matrices. The gauge couplings of AfL and AE will be denoted by g, and
g, respectively. In Eq. (4.1.2) the field strengths include those for the SM fields and flavor
gauge bosons, as do the covariant derivatives, e.g.

/
Doty = <au - i%BM + igalwg + iggAﬁ) 0, (4.1.4)
while

D.Ye =0, Yp +ige AL Vg —ige Vi AL,

T _ . (4.1.5)
Dy YN = 0 YN —ige (A,)" YN —ige YN A, .
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The Yukawa and mass terms can be written as follows:
H :)\EZL(I)ER + /LEEL eRr + /\g?LyEgR + h.c.

- = AN —— (4.1.6)
+ M\l @ NR + TNRCyNNR +h.c.,
where ¢, er, £, Egr and N are vectors in flavor space. Ag, Ag, Ay, Ay and ug are each a single
complex parameter, since these couplings must be proportional to the identity to preserve flavor
invariance; moreover they can be made real and positive via chiral fermion transformations. In
contrast, Vg and )Yy are matrices in flavor space and their nontrivial background values are
the only sources of flavor (including CP violation). Notice that pg is not the mass of any of
the particles in the spectrum, but simply a mass parameter of the Lagrangian. The vev of
Y is simultaneously the LN scale and the flavor scale; in the limit Yy = 0 in which only
(diagonal) Dirac mass terms remain, the Lagrangian would acquire a U(1), x U(1), x U(1),
symmetry which prevents the appearance of leptonic mixing angles, a setup phenomenologically
not viable. For this reason the introduction of Yy is necessary and therefore Majorana neutrino
masses follow as a natural consequence of gauging flavor in the lepton sector, even when taking
as starting point only the SM gauge symmetry.

The above Lagrangian has two accidental U(1) symmetries which are anomaly free under the
flavor gauge group. The first is an extension of LN symmetry, under which all fermions transform
with the same charge while Vy transforms with minus twice that charge. The second accidental
symmetry is the abelian U(1)g acting on right-handed charged leptons, that completes SU(3)g
to a unitary group, and under which eg, £ and Vg transform non-trivially. Both U(1)’s would be
spontaneously broken by the scalar vevs. However, in all generality, the scalar potential contains
terms such as det(Vg) and det(Yn) [299], that break explicitly these U(1)’s and prevent the
appearance of phenomenologically dangerous Goldstone bosons.

In order to yield masses for all fermions, .4y in Eq. (4.1.6) must undergo both EWSB and
flavor symmetry breaking, so that in the unitary gauge
D= (v + )/VE,
Ve = (VE) + ¢5/V2, (4.1.7)
Vv = (Un) +on/V2,

where h denotes the physical Higgs particle and ¢ and ¢ the physical scalar excitations over
the flavon vevs (Vg) # 0, (Vn) # 0 (for simplicity, the Yukawa flavons and their vevs will be
denoted with the same symbols in the next sections). The ensuing spectrum contains 6 Dirac
electromagnetically charged fermions and 6 Majorana neutral fermions. There are no extra
scalars charged under the SM gauge group and EWSB proceeds thus as usual. The dynamics
of flavor breaking is encoded in the scalar potential, which has been studied in Refs. [299, 301,
302]. The study of the potential is involved due to the complex flavor structure that it aims
to explain, but some general results and approximately conserved symmetries where found in
Refs [299,301,302]. In particular, a connection between degenerate spectra with large angles
and maximal Majorana phases was found for the neutrino sector.
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4.1.1 Spectrum

Fermions

The Lagrangian in Eq. (4.1.6) results in leptonic mass matrices for charged and neutral leptons
of the form

1
0 Apv/v2 + he., - 0 Ao/v2 +he., (4.1.8)

LE  AeVE 2\ Mu/V2 AN

respectively, which suggest immediately a Seesaw-like pattern for both sectors. No additional
fermions beyond those in the SM have been detected at experiments and this fact sets strong
bounds on the mass of the mirror fermions £ and N introduced for the sake of flavor anomaly
cancellation. This indicates that the mass term for the extra charged leptons, A¢Vg, should be
larger than the other scales of the theory: Vg > pg, v, —assuming all dimensionless parameters
to be O(1). This is analogous to the condition for neutrinos Yy > v in the canonical type 1
Seesaw model on the right-hand side of Eq. (4.1.8), which leads to a mass scale of order ~ 10'2
GeV for the extra neutral fermions. With these approximations, the Lagrangian in Eq. (4.1.6)
yields a Dirac mass for the heavy charged leptons £ and a Majorana mass for the right-handed
singlets,
(52 %) ()
Me=XeVE |1+ 0 5 o , My=InyIn[1+0O 5 , (4.1.9)
Vi Vi I

where Mg and My denote the heavy lepton mass matrices while the mass matrices for the light
states obey (see Eq. (4.0.2))

mg Mg HE> v pg
Yi = —2E(EEN i pof 5 BB
PR e (yE (y]%; Vi

C, my 1 v2
= =M|l— | |1+0| =
Ay v?)2 Y (/\NyN> T (yjzv ’
illustrating that the mirror fermions are proportional to the flavon vevs while SM fermion masses
are inversely proportional to them. It follows that

meMe = Apupv/V'2, m,My = Av?/2. (4.1.11)

(4.1.10)

The masses of the SM leptons are thus shown to be related to those of the heaviest extra leptons
by an inverse proportionality law: a Seesaw mechanism is present both for charged and neutral
leptons, similar to the case of quarks in Ref. [7].

All flavor structure being encoded in Vg and Yy, their eigenvalues determine the hierarchy
of lepton masses up to common factors:

Mg = (Me, My, Mz ) ~ Mg (3.5 +10°, 1.7 - 10°, 102> : (4.1.12)
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My = (My, My, M) < |M\|? (oo, 2.10'3, 3.5-1012) , (4.1.13)

V2

where Mg (My) denotes the diagonal matrix of eigenvalues of the Mg (M) matrix and the

hat refers to the individual charged mirror fermions masses.?
4 L EL
E R E€R
N, o Agp @
AE > ~ Ve
/k /J’E /k
) o

Figure 4.1: Diagrammatic representation of the generation of SM charged lepton Yukawa couplings
(right figure) induced by the exchange of heavy mirror charged leptons (left figure).

The expressions for the SM lepton masses can be also derived diagrammatically by integrating
out the heavy states as shown in Fig. 4.1 for charged leptons. It illustrates that all light flavor
structure stems from the mass matrix of mirror leptons given by Vg, as the equivalent of the
usual Yukawa couplings, Ap and Ag, as well as ug, are overall constants. This resembles the
MFV scenario of Ref. [313] that, however, leads to different phenomenology, see Sec. 4.3.

From now on, we will work on a basis in which the charged lepton mass matrix Vg is diagonal,
and thus Mg = Mg. For later use, it is convenient to explicitly invert the relations in Eq. (4.1.10)
to extract the expressions for the flavon vevs,

2
Vg ~DEHE g0 (U S ’”)7 Yy =2 U*djag( R )UT, (4.1.14)

Y Y ?
V2 e me My My 2N My, My, My

where U is the PMNS leptonic mixing matrix. Notice that the choice of basis is allowed by the
flavor symmetry without loss of generality. The flavon vevs are thus determined by low energy
flavor data up to an overall constant.

The spectrum of mirror fermions is illustrated as horizontal lines on the left-hand side of
Fig. 4.2 for natural values of the parameters. As anticipated, due to the inverse dependence
of mirror lepton masses with respect to their light counterparts the lightest exotic fermion is
the 7 mirror lepton. The p mirror lepton appears next, a factor ~ m,/m, higher. The mirror
e appears yet a factor m,/m. above. Much higher in mass by a factor ~ m./m,, the mirror
neutrinos 3, 2 and 1 appear (in this illustration normal ordering was assumed for the light
neutrinos).

2The unknown absolute neutrino mass scale translates in an inequality in contrast with the case of charged
leptons, and a bound on M; cannot be derived since one neutrino could be massless.
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Flavored gauge bosons

Flavor symmetry breaking produces masses for the sixteen flavor gauge bosons encoded in Af;
and AE . The relevant part of the Lagrangian, including only terms at most quadratic in the
gauge fields, is given by

Z Tr <A£82AI’“> + Tr { <QEAEyE - geyEAﬁ) (QEy;;AE’“ - QKAZ’”yTb“) } +

I=(,E

(4.1.15)
T
+ T { (v +ynay,) (ij (at)" + Afvﬂij) } Do (AL T,
where the currents are hermitian matrices in flavor space:
T, = Bt + Eitel + N N
(4.1.16)

[JZE] i 637“6}%""5 Y gLv

where i, j are flavor indices. The linear equations of motion (EOMs) in matrix form stemming
from Eq. (4.1.15) reads

0* AL — gpg Vi APy + %L {yEyE + YLy + V)T, AL }

, (4.1.17)
+ 2g§y}VAijN - ?Jf - n—gTr (LHS)1
2
2 4E eyt 4 9B B\ _ 9B jar _ 1
AL — gpae Ve ALYy + 2 { VeV, AL} - 21 = L THLHS) T (4.1.18)
where {..., ...} denotes the anti-commutator, n, = 3 and L.H.S. stands for left hand side.?

These equations can be alternatively written as an inhomogeneous linear system for the sixteen
gauge fields when the latter are described as an array of sixteen Xy fields,

Xu = (AL AR AR AT (4.1.19)

which allows to rewrite the Lagrangian in Eq. (4.1.15) as

16

1 1
Louge =—5 D Tt (Fj,,Fﬁ”) +5 > (Mi)ab =Y g (AfLJ’AfI) . (4.1.20)

I=0,E a,b=1 I=0,E
where the mass matrix M4 can be expressed as
2 2
MM MZE

M3 =
My, Mg

: (4.1.21)

3 Eq. (4.1.18) displays explicitly the covariant properties of the gauge bosons and the trace removes the singlet
component of each term, leaving only the adjoint combination to which the gauge bosons belong.



4.1 Gauged Lepton Flavor Standard Model: SU(3); X SU(3)Eg 95

with
(Mfé)ij — g2 {Tr (Ve {1 13} ) + T (O {1 T3} ) +

4Ty (y}v {77, TjT} yN> + 2Ty (y}VTiTyNI}- + y}VTjTyNT@-) } ,

(4.1.22)
(MezE)ij = (ijz)ji = —2g¢gpTr (TiﬂEijE) ;
(MJZEE)U = gpTr (yl; {T;, 15} yE) ;
where i, 7 = {1,...,8}, and the linear EOM can be now written in the customary form,
@+ Mix"=J4,  where  Jt= (LT T TN (4.1.23)

Eq. (4.1.22) shows that gauge boson masses are proportional to the scalar fields Vg and Yy
whose structure is in turn given by, and inversely proportional to, light fermion masses and
mixings, see Eq. (4.1.14). The spectrum of sixteen mass states is thus determined up to two
overall constants, that can be identified with the products gg||Vel, g¢|Vn|.* The hierarchy
Y~ > Vg that followed from assuming order one dimensionless coefficients and pp around the
EW scale, implies that:

- The heaviest gauge bosons to good approximation are those of the SU(3), group, Afb,
while the lightest gauge bosons will be those corresponding to the SU(3)g group, AE .

- In this regime the mixing between AE and Af; is small. We will refer to AE (Aﬁ) as the
lightest (heaviest) states.

The spectrum of flavor gauge bosons is shown in Fig. 4.2 next to that for mirror fermions, for
natural values of the parameters. Boxes represent flavor gauge bosons and the colored entries in a
given box indicate the lepton flavors to which that gauge boson couples. The blue-colored boxes
in the upper panel correspond to the AfL gauge bosons, while the red-colored boxes correspond
to the AE gauge bosons; as expected the former are heavier by a factor ~ m./m, due to the
inverse dependence of their masses with the light neutrino mass.

Lightest gauge bosons

The AE fields will thus dominate the phenomenology mediated by flavor gauge bosons. Because
their mass matrix is to a good approximation proportional to the charged lepton flavon vev Vg,
while the charged lepton mass matrix is instead inversely proportional to it, the hierarchies in

4The modulus of a matrix B is defined as || B||> = Tr (BTB), implying that || Ve| and ||V~ || are flavor invariant
constructions.
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Figure 4.2: Gauge and fermion heavy spectrum for the gauged SM lepton flavor. Boxes composed out
of 3 x 3 squares depict the gauge boson mass eigenstates and rows of squares depict mirror fermions. For
the first, the squares are ordered according to the e, p and 7 flavor, from left to right and from top to
bottom. The boxes in the upper panel correspond dominantly to the SU(3), symmetry, with the gauge
bosons shown in blue, while the lower panel shows in red the SU(3)r gauge bosons. In both cases the
intensity of the colored cells represents the strength of the coupling between the gauge boson and each
lepton bilinear. As for the fermions, the intensity of the cells represents, from left to right, the component
of e, u, 7, &, i and 7 for the lower panel, and of ve, v, vr, V¢, V5, and vz in the upper panel. Normal
ordering was assumed for neutrinos and the parameter values used are fo3 = 45°, 615 = 33°, 613 = 8.8°,
Dirac CP phase § = 27/3, Majorana phases a; = ap = 0, lightest neutrino mass m,, = 10711 GeV; all
flavor gauge coupling constants and all \’s are set to 0.1, with ug = 15 GeV.

charged lepton masses translate into hierarchies in the gauge boson spectrum: the lightest AE
gauge bosons will be those mediating transitions which involve the heaviest right-handed charged
leptons and in particular the 7 lepton. In fact, because of the zero trace of the generators, at
least two different leptons must participate in any coupling, and the overall conclusion is that
the lightest flavor gauge bosons will produce deviations in both pr and 7 sectors.

Technically, the AE mass eigenstates are largely aligned with the SU(3) generators except for
the diagonal components given by

TgE (\/ng*Tg)/ZZ%

N 1
Ty = (V3T +T3)/2 = —— 1
8 = ( 3 8)/ 23 0 0

o O O
S = O

(4.1.24)
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It follows from Eq. (4.1.22) that their respective masses are given by

> ml, (4.1.25)

where 7% = T for all a =% 3,8, my is the mass matrix of the charged leptons and greek indices
stand from now on for charged lepton flavors. The fact that the size of Vg (y,gl) is dominated
by the electron (tau) mass,

A2, v? m2  m? 2 202 m?2 m2  m2
2 _ MEME e e H —1H =8 T 14 £ 4=
= 1+ + ) 1 4.1.26
1Vel 202 m? mz  m2 )’ E Apug v? mz - omZ )’ ( )

makes all gauge bosons with a right-handed electron entry a factor m,/m. heavier than the rest.
Indeed, because m, < my, m,, this can be seen as an approximate SU(2) symmetry in the y—7
sector when Yp is taken to be diag(1/ye, 0, 0), which is the reason why the diagonal generators
Ty, T4 are better suited to describe mass states than Ts, T3. Moreover, under the U(1)exU(1),x
U(1), approximate symmetry present for Yy > Vg, the off-diagonal gauge bosons transform
as Agﬁ — ewa_wﬁAf , which requires that both components of each off-diagonal entry have
the same mass (so as to combine into a complex gauge boson): this approximate symmetry will
suppress charged lepton flavor violation.

In summary, the three AE gauge bosons corresponding to the approximate SU(2) symmetry
in the p— 7 sector are found to be the lightest (first layer of the lower panel in Fig. 4.2); a factor
my/me higher the remaining five SU(3)r gauge bosons appear (second layer in that figure).
In turn, the leading phenomenological signals consists of flavor-conserving leptonic observables
and, furthermore, low energy processes mediated by AE for the lighter leptons are suppressed by
heavier mass scales, providing a flavor protection mechanism, as previously described for quarks
in Ref. [7].

As for the relative mass of mirror fermions versus flavor gauge bosons, the lightest particle
turns out to be the mirror tau lepton 7, see Fig. (4.2). Indeed, the lightest gauge boson mass

~ (gE/Hyng) (m-/my) is a factor ~ m;/m,, larger than the lightest mirror fermion mass
el

entry in the three lightest gauge boson interactions. In contrast, were the full U(3)g group
gauged an associated lighter (AﬁJ )+ gauge boson would appear in the spectrum.

, due to the tracelessness of the generators implying a non-vanishing pu or ur

Scalars

Flavor symmetry breaking gives rise to 18 (Vg) + 12 (Vn) — 16 (SU(3)?) = 14 physical scalar
bosons, corresponding to fluctuations around the 6 mixing parameters, 6 masses and U (1), and
U(1)g phases. This part of the spectrum will in general contribute to the same observables than
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flavor gauge bosons, although without disrupting the flavor structure [7]. The detailed scalar
mass spectrum depends however on the scalar potential parameters, as opposed to the gauge
bosons and fermions, and it will not be discussed further in this work.

4.1.2 Interactions

The distinction between fermionic mass and interaction eigenstates will be relevant: therefore,
for the rest of this section flavor eigenstates will be denoted with a prime® and described by

e _ co  Se er, e _ Col, ol eRr
glL —Sot Cot EL ’ 5}3 —S0p —Cop SR ,
(4.1.27)
vy B Col 7 Sol v§
Nk —se, ice, Ne |

where unprimed fields are here mass eigenstates and the mixing angles are encoded in 3 x 3
matrices in flavor space ©, cg = (—1)"/(2n)/(001)", s = (—1)"0/(2n+1)!(070)" [314]. These
unitary rotations diagonalize the mass terms stemming from Eq. (4.1.6) (see also Egs. (4.1.9)
and Egs. (4.1.10)):

B co —So 0 )\E’U/ﬂ C@TR _363{ _ my 0 7
Sot  Cot HE AeVE —Sep —Cop 0 Mg
(4.1.28)
[ ey —se, 0 Av/V2 coi iSgr | _ [ mu O
Z'S@l tco, )\,,U/\/i ANYN —So, icCo, B 0 My ’

where ©F = ©, has been used. Although these equations can be solved exactly, as done in
Ref. [7] for the quark case, the absence of a large Yukawa like that of the top quark seems to
indicate that an expansion in v/} is valid. In particular in the charged lepton sector, given
Eq. (4.1.14), the mixing terms are diagonal in flavor space (043 = do3 Onn and analogously for
OR) :

AEV v3 AEV My
O=——4+0| = | = —_—,
V2)\eVp (3%) V2M; M

3 2
HE ,UE mz 1 HE My
Or = 0|55 | = =2t 4.1.29

R Ve <y,?;) mM; ©  Mem, (4.1.29)

0. — AU Lo fi’ N AU
Y V2 NN Y] VeMnN

5 For instance, all fermions in Table 1 will be considered as primed fields for the sake of this section.
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In the case of O(1) dimensionless parameters considered here, the heavy ANp neutrino scale
suppresses the mixing ©, which turns out to be O(10710); all the effects associated to ©, will
thus be neglected in what follows.

After rotating to the mass basis, the fermion interaction Lagrangian is not diagonal, and in
particular heavy-light couplings arise. It can be written as a sum of three terms:

$¢_int = g,d_]wASM + gd_)wAFL + gdjw(z) . (4.1.30)
The couplings to the SM gauge bosons can be casted in the conventional form,
g
g@Z”([JASJW = _GANJZ — EZMJZ - ([W:J K + h.c. > y (4131)
with modified currents defined as
J# = —eyte — EFHE,
JI;,H =1y UT’)/M (C@eL + 8@5L) ,

Jg =&t (_(C2W — seset)PrL + 2312/VPR) e—EyH (59T3®PL — 2312/V> E+ (4.1.32)

+ vyt — (fL’y“s@TceeL + h.c.) ,

where ¢y (cow) and sy stand for the cosine and sine of (twice) the Weinberg angle, respectively,
and Pr, r are the chirality projectors. Notice that the right-handed mixing © does not appear
in the gauge interactions, because the SM quantum numbers of £p and ep are the same. Most
relevantly, as © is a diagonal matrix in flavor space as given in Eq. (4.1.29), the transitions
mediated by SM electroweak gauge bosons differ in the charged 7, ;1 and e sectors, with relative
amplitudes given by m,/m,/me.

The interactions with flavor gauge bosons can be written as

Lypare = —gdTr(ALJL,) — geTr(AL T ) | (4.1.33)

where the currents are given in Eq. (4.1.16). Notice that the difference between flavor and
mass bases has been neglected in the previous expression, as that difference would only induce
subleading effects in the observables of interest.

Finally, the couplings to the radial components of the scalar fields —that is, to the physical
scalars— read, in the unitary gauge:

1 [ e (Aeco h — Aese oE)se,  (Aeceh — Aese ¢p)coy, eR
Lo =75 | =
V2 \ & (Aecot OE + Apset h)se,  (Aecot O + Apset h)cey, Er
Ay 1 —
hvpy Np — —=Ng€dNyNg + h.c.. (4.1.34)

V2 2\/2

The purely bosonic interactions follow from the Lagrangian in Eq. (4.1.2) once the scalar
potential is specified. The variables in this potential will determine the scalar mass spectrum
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which we do not examine in this work. However the scalar couplings to fermions given above do
enjoy the flavor suppression characteristic of this model and will not disturb the flavor structure,
as previously stated. Scalar excitation effects will be neglected in the phenomenological analysis
that follows.

4.1.3 Phenomenology

The exchange of mirror charged leptons and SU (3) g gauge bosons provides the dominant signals,
as argued above, and it will be shown here that LUV signals are particularly prominent for
T-related observables, while no charged lepton flavor violation (cLFV) is induced due to the
preserved U(1) lepton number symmetry for each flavor: all modifications to SM couplings
induced are flavor diagonal, as explained earlier. Flavor observables for the leading signals can
be written in terms of only three independent parameters, which here are chosen to be

- The mixing parameter 0.6

- The lightest mirror fermion mass M:.

- The norm Hy;H, which is given approximately by its largest eigenvalue proportional to
mr, see Eq. (4.1.26).

We determine next the bounds on these three parameters.

Bounds on the mixing parameters: The strongest bounds on © come from non-
universality and non-unitarity of the PMNS matrix that follow from the (flavor diagonal)
modifications of the couplings of leptons to Z and W bosons, Eq. (4.1.32). The decay rate
of the Z boson to a pair of charged leptons (denoted by [ in the following equation) is now given
by:

2
M
P(Z—>z—z+):996 Z (c§W+4s§V—2cQWs’g)+0(®4)
7TCW
, (4.1.35)
—Teu (Z = 1717) [1- 22V 92 1 0(e),
ou(217) (1- 22 et ) o (e

where the second line illustrates that the new contribution can only have a destructive
interference with the SM one. The ratio of the branching ratios for the decay of Z into 777~
and eTe™ allows to extract explicitly the dependence on O,

Br (Z — T*T’)
Br(Z —efe™)

—1~-21407 . (4.1.36)

SGiven one mixing angle, the other two are obtained from it by scaling.
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The experimental bound [315] on the observable on the left hand side of this expression leads
to a strong limit on ©:

Br (Z — T+T_)

)\E'U 2
< 4.5 x10 4.1.37
Br(Z — ete™) 8 ’ ( )

V2M;

where the bound has been rescaled to the 95% CL assuming a gaussian behaviour. In
consequence, using Eq. (4.1.29),

~1=0.001940.0032 = |O.]=

0] <27 %1073, Qg <1.3x107°. (4.1.38)

At this point it is pertinent to ask whether the persistent anomalies in the decay of B meson into
K and K* bosons [316,317] could be induced by the modifications to Z-fermion couplings just
discussed, as it is precisely these couplings which tend to diminish the decay rate into u and 7
leptons while the electronic channels are almost uncorrected; this could happen for instance via
a Z-penguin loop attached to the quark legs and/or through the equivalent mechanisms when
gauging flavor in the quark sector [7]. Nevertheless, the bounds just set on ©,,, are too strong
compared with the experimental anomaly which, if confirmed, would require O(1) corrections.

Similar bounds on © can be inferred from the analysis of non-unitary contributions to the
diagonal elements of the PMNS matrix U, to which other observables contribute. The leptonic
mixing matrix is now corrected by

o 2
U =cosOU , (UUT)QB — 0ap = —@iﬁ = 5

)\%vz m

_2BY 5 T (4.1.39)
2M? aﬁm%

and in consequence the most stringent bound stems again from the 77 entry; bounds on the
diagonal entries can be derived from a global fit to lepton universality and precision electroweak
observables [318], yielding

|0,,] < 7.5 x 1072 (4.1.40)

at 95% CL. An alternative bayesian global fit can be found in Ref. [319] resulting in [©,,] <
7.6 x 1072,

Bounds on M;: The heavy-light fermion mixing is controlled by the Yukawa couplings, see
Eq. (4.1.6), and in consequence the lightest fermion of the heavy spectrum —the mirror tau—
will decay predominantly to channels involving longitudinal gauge bosons Wy, and Zj and the
Higgs particle, provided 7 is heavy enough,

ML M;
64r '

ML M

ML M
321 ’

I'(7 A =
(T — ZrT) .

I(F — Wiv,) =

(7 — hr) =

(4.1.41)

The 7 fermion is electrically charged and it would thus be copiously pair-produced in eTe™
colliders via photon exchange, if sufficiently light. The lack of evidence for new resonances and
for charged heavy leptons in LEP data [320] sets a constraint

M: > 100.8 GeV at  95% CL, (4.1.42)
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a bound that does not depend on the mixing parameter ©. The LHC can provide stronger
constraints on the mass of the mirror taus. The most sensitive channel would involve pair
production of 7 via neutral current or photon exchange and their subsequent decay to 7 + Z
with ~ 25% branching ratio. To the best of our knowledge such a search has not been performed
yet. Related searches for SUSY chargino pair production and their decay to W plus missing
energy (neutralino) currently constrain chargino masses to be above ~ 620 GeV [321]. The
decay of the 7 to W + v would lead to a similar final state, although with somewhat different
kinematics. Thus, similar constraints are expected to hold for the 7, however a dedicated search
that directly applies to this scenario is still missing and needed.

Bounds on H))EIH: Eq. (4.1.42) can be translated into a limit on the flavon vev, applying
Eq. (4.1.9),

v = ;j (1+ 0@ /m2)) <0.01AeGeV™!, at 95%CL. (4.1.43)

independent from Ag can be extracted from the limits on four-

Moreover, bounds on Hygl‘

lepton interactions induced by the exchange of SU(3)r gauge bosons among right-handed
charged SM leptons. Integrating out those AE gauge bosons results in effective low-energy
couplings of the form

coBrp 2
e H%?H <é%%e%) (ER1"eR) » (4.1.44)

which do not exhibit a dependence on the coupling constant gr. The coefficient cg encodes a
specific flavor-conserving suppression:

2,2
apep _ Ml |5 5 L Sy e (4.1.45)
E va?/[apﬁnma—kmi oy m2 |

where the last term would be absent if gauging the full U(3)g. This expression is (tree-level)
exact up to Yg/Yn corrections as opposed to the approximate mass formula in Eq. (4.1.25).
Considering specifically a process involving two electrons (denoted here by e}%) and two other
generic charged leptons e%, Eq. (4.1.44) becomes’

2m2mg, — mZ (mg +m3)
2(m2 4+ m2)m2

| 2+ 6w ( ) (chreh) @iery . (a.140)

where m% ~ m?2 has been used. These operators are suppressed by an extra ~ m?2/m? factor
with respect to the case where no flavor symmetry is implemented [322]. Equivalently, it can be
argued that the effective scale associated to the new physics responsible for these processes can
be m; /m, smaller than in the case without flavor symmetry protection, in a pattern reminiscent

"In Egs. (4.1.45) and (4.1.46) m1 = me, m2 = m, and m3 = m..
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of MFV as expected. The bounds stemming from LEP data [323] on four-fermion interactions

involving two electrons can thus be translated into 95% CL constraints on Hy,gl H

ete™ = ete — Hy;H < 0.41(0.44) GeV~L,
ete™ = ptum — Hyb:lH < 0.37(0.30) GeV~1, (4.1.47)
ete™ 1 — Hy,;lH < 0.57(0.57) GeV—1,

where the first (second) value is for destructive (constructive) interference with the SM
contributions. These constraints are weak but complementary to that in Eq. (4.1.43) since they
are independent from Ag.

Stronger bounds on Hy;H can be inferred from present data on other flavor conserving
processes such as magnetic moments, to which the flavor SU(3) g gauge bosons may contribute.
Defining as is customary the muon anomalous magnetic moment, a,, as the coefficient of the
muon dipole operator in the effective Lagrangian [324]

a, e _
L2y, = _ﬁw,ﬂ; pF” +he., (4.1.48)

it is easy to see that penguin diagrams mediated by the SU(3)g flavor gauge bosons induce a
correction of the form

m2 92 R R 3 m4 2
Sa. — " E_(a . pa :_77"” *1H 414
W= a3 2 M2, ( Jun = = 152 VB | (4.149)

where the Casimir factor of 3/4 results from the SU(2),—, quasi-degeneracy among the lightest
gauge bosons. Note that the sign of the contribution obtained is negative®, as the SM one, and
therefore it does not help to relax the tension between the SM prediction and the experimental
determination, Aa, = ap,"? — as™ = 287(63)(49) x 107* [315]. However, requiring that the
flavor correction does not increase the present tension beyond 50, the following bound follows:

H)@lH < 0.047GeV !, or equivalently Vel > 7.4 x 10*GeV . (4.1.50)

Note that, unlike for the other constraints discussed in this section, a 95% CL has not been
adopted in this bound since the SM prediction itself already presents a stronger disagreement
with current data.

It is interesting to translate the bounds on || Vg|| into a limit on the flavor gauge boson mass
scale. Eq. (4.1.50) translates into a limit on the mass of the lightest gauge bosons A®3, AF6,
AFT given by

M e 2 2.5 x 10? gp GeV (4.1.51)

~

8The sign of the contribution is negative because the lightest gauge bosons couple only to the right-handed
leptons. For a detailed analysis of the role of the chirality of the couplings to leptons in the g — 2 contributions
see, e.g., Ref. [325]
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as a function of the gauge flavor coupling gg. In the case of the illustrative benchmark spectrum
considered in Fig. 4.2, the lightest flavor gauge bosons have masses of O(10) TeV, largely
satisfying the bounds obtained in this section assuming a perturbative weak regime for the
new gauge sectors.

4.2 Gauged Lepton Flavor Seesaw Model: SU(3), X SU(3)g X
SO(3)n

In the context of the type I Seesaw theory with three degenerate right-handed neutrinos Ng,
the maximal flavor symmetry group of the Lagrangian in the limit of vanishing masses for the
three known fermion families is U(3); x U(3)g x O(3)n. The latter is the symmetry exhibited
by the kinetic terms plus heavy degenerate right-handed neutrinos,

_ _ 1 _
L =il Pl + ierlPer + iNrdNg + 5{ML]\,J\IRCNR+h.c.}. (4.2.1)

As earlier stated, we focus on flavor effects and restrain here to gauging the non-abelian factors
SU(3)¢ x SU(3)g x SO(3)n only. The field content that needs to be added then in order to
cancel gauge anomalies is identical to that in the previous model, since triangle diagrams cancel
for SO(3)y and the Ny fermions are singlets under the SM gauge symmetry. The fermion
spectrum is summarized in Tab. 4.2; note that the quantum numbers for Yy differ from those
in the previous section.

| SU@)r UQ)y SU@B) SUB)E SOB)x
(p = (vp,er) 2 ~1/2 3 1 1
R 1 ~1 1 3 1
Ng 1 0 1 1 3
Er 1 -1 3 1 1
& 1 1 1 3 1
Ngr 1 3 1 1
Vg 1 3 3 1
YN 1 3 1 3

Table 4.2: Transformation properties of SM fields, of (flavor) mirror fields and of flavons under the EW
group and SU(3), x SU(3)g x SO(3)n-

Using again and until further notice unprimed fields to denote flavor eigenstates, the
Lagrangian describing the model can be written as that in Eq. (4.1.2), where now %3 encodes
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both Yukawa interactions and Majorana mass terms,
Ly =XplL®Er+ppfrer+Ae €L VulR
+ Al @ N+ An N Vv N + 'MLTN
where again all overall constants, i.e., A’s and p’s, can be made real via chiral rotations. The only
source of CP violation lies then in the non-trivial flavor structure of the vevs of the scalar fields
Vg and V. The charged lepton mass matrix inferred from this Lagrangian is identical to that in
Eq. (4.1.8), and in consequence the particle spectrum and phenomenology of the SU(3) g sector
(gauge bosons and mirror charged leptons) matches the description given in the previous section.
In contrast, the particle spectrum and phenomenology of the SU(3), and SO(3)y sectors (gauge
bosons and heavy neutral fermions) will now depend on three fundamental scales: the vevs of
YE and Yy and the lepton number parameter pury. Note that now the LN and flavor scales
are distinct; for instance for ury = 0, there will still be be physical leptonic mixing and flavor

effects associated to V. The neutral fermions mass matrix in the Lagrangian Eq. (4.2.2) (in
the {¢¢, Ng, Ngr} basis),

. 4.2.2
Nr°Np + hec., ( )

0 Mu/V2 0
Av/V2 0 AwVE | +he, (4.2.3)
0 ANIN HLN

DN |

is typical of inverse Seesaw scenarios [326-328], in which generically that separation of the two
scales holds. Eq. (4.2.3) immediately suggests two interesting limiting regimes for the parameters
Yn and ppn:

prN > Yn: In this limit the Np fields would decouple producing an effective mass term for
the N of the form YnyYV%/urn. The basic type I Lagrangian of the previous model is
recovered, albeit with the (2,2) entry of the neutral mass matrix in Eq. (4.1.8) replaced
by that effective mass.

YN > prn: An approximate U(1)ry symmetry holds in this limit, as often explored within
low-scale inverse Seesaw scenarios [54,329,330]. Nz° and Ni would form pseudo-Dirac
pairs and the light neutrino masses will be suppressed by a factor purn/(AnYn) with
respect to those for the basic type I Seesaw in Eq. (4.1.8).

The second limit leads to new phenomenology and will be the focus of the rest of the section.
The interplay between Vg and Yy will determine the spectrum and the phenomenology of the
flavor gauge bosons and will be discussed next.

4.2.1 Fermion Spectrum and Interactions: Yn > prn case

It is possible to expect in this model measurable signals of lepton-flavor violation, precisely
because the LN parameter (uzn) and lepton flavor violation scale (|Vn||) are independent and
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the latter is not strongly constrained by the tiny value of light neutrino masses. By the same
token, the mirror neutral fermions —determined by ||Vy||- are now allowed to be much lighter
than in the gauged-flavor SM discussed in Section 4.1, see Eq. (4.1.13), and close to those of the
charged lepton mirror fermions. Indeed, in the ury < Yy limit the singlet fermions Nz and
Ng° form Dirac pairs of mass

My =~ AnDn s (4.2.4)

where we neglected A\, v contributions and the mass splitting in quasi-Dirac fields is given by
wrN, while the three light neutrinos acquire Majorana masses suppressed by the LN scale, which
does not carry flavor structure,’

?)2

v v2
2 Ay 2 2% Yy

A2l 1
v 4.2.5
——ULN = 3T (4.2.5)

my, =

The lightness of neutrino masses can be thus attributed to a small uyy instead of a very large
IVn]| (needed in the previous section): this is a technically natural solution as p v is protected
by the approximate U(1)ry symmetry. In consequence, ||Vy| can now be of the order of the
electroweak scale or even smaller, resulting in putatively observable signals of lepton-flavor
violation mediated by flavor gauge bosons of the SU(3), x SO(3)n sector (see further below)
independently of the value of light neutrino masses.

Note that, as in the gauged-flavor SM in Section 4.1, the mirror lepton mass matrices are
linearly proportional to the flavon vevs Vg (Eq. (4.1.9)) and Vn (Eq. (4.2.4)), and the mass
of the SM charged leptons is inversely proportional to Vg (Eq. (4.1.10)); in contrast, the light
neutrino masses exhibit now a quadratic inverse dependence on Yy, Eq. (4.2.5). From this
equation a parametrization equivalent to that of Casas-Ibarra [67] can be introduced:

v HLN
=——R :
yN \/§ )\N mlcjlzag

U, (4.2.6)

where U is the PMNS matrix and m&® is the diagonal matrix of light neutrino masses m,,,

myd = (Mg My My ) (4.2.7)
and R is an orthogonal complex matrix. The latter can be parametrized in general as the
exponential of the anti-symmetric Gell-Mann matrices with complex coefficients, although in
the case discussed an SO(3)y transformation allows to remove the imaginary part of these
coeflicients, _

R=enT" RR" =1, R=R', (4.2.8)

where 7; are three real parameters and the matrices 7" denote the set of three generators
{12,715, T7}.

9The effective LN scale here is thus Azy ~||My]|? /Ly, as usual in inverse Seesaw constructions, while the
scale suppressing flavor effects is || M|
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In the rest of this section, and in analogy with Eq. (4.1.27), we revert again to the notation
in which flavor eigenstates are denoted by primed fields while unprimed ones stand for the mass
eigenstates. In the limit of vanishing prn, which will be assumed from now on, the mass term
for neutrinos coming from Eq. (4.2.2) after symmetry breaking reduces to

(Ayﬁv/\/i + ANNT’gyN) 1 4 he. = —NGMyNg + hee., (4.2.9)

and therefore a unitary rotation among only the vy and Npg fields suffices to diagonalize the
mass matrix:

Lo = e cev YL (4.2.10)
N II%C —S @l C@i N RC ’
where ©, is as given in Eq. (4.1.29) and we simultaneously define N7, = —Np in order to recover

the usual sign for the Dirac mass term of the heavy states, and in accordance with the definitions
in the gauged-flavor SM, Egs. (4.1.27) and (4.1.34).

Interactions with SM gauge bosons

Y introduces new flavor non-conserving transitions, associated to the extra fermionic states and
parameterized by ©,. The flavor changing and light-heavy mixing effects can then be written
in the mass basis as in Eq. (4.1.31), where now

Ji = —éeyte — EVHE,
JI;/H :77L’7HUTC®V (coer + sefL) + NRC’YNSL)V (coer + sefr) , (4.2.11)
Jg =enyt (—(02W — seset)Pr + 2812/VPR) e — EF (s@TsePL — 23124,) & — (?L*y“sefceeL + h.c.) +
+ ﬂL’Y”C%)DVL + NR’V‘LS@;LSQVNR + (7y*co, 50, Ni + h.c.) .
Note that the PMNS matrix appearing in W couplings is given by the product U Tcel, cg, with

U being its unitary part and ©, and © encoding deviations from unitarity. The expressions for
the mixing angles equal those in the previous section, Eq. (4.1.29).

Scalar interactions

Using the definitions in Eq. (4.1.7) for the scalar excitations, the generalized Yukawa interactions
read for vanishing prn:

-1 [ eL (Apceh — Aesodrp)se,  (Apceh — Aesodr)coy eRr

Lo =—7== | = +
e e\ gy (Aecotdr + AEseih)se, (Aecotdr + Apseth)coy Er



108 Chapter 4. Gauged Lepton Flavor

Ay _ —_ AN [ _

_ ﬁh (VL co, + Ng° S@l) Ng — ﬁ <NRC ol — VL Seu) éNNg + h.c.. (4.2.12)
In this model there are 18 + 18 — 19 = 17 scalars ¢ and ¢x,' which are fluctuations around
the 6 mixing parameters, 6 masses, 3 variables in the orthogonal self-hermitian matrix R and
two phases in U(1); and U(1)g. Their effects are strongly suppressed [7] and will not be further
discussed.

Were the extra neutral states N lighter than the Higgs boson, the following decay channel
would open:

2

T(h — Nv) = %’Mh (1 - > , (4.2.13)
s

where N stands here for the generic mass eigenstates. The N fields will in turn be unstable
and decay to lighter charged fermions and neutrinos via the interaction in Eq. (4.2.11), with a
pattern that depends strongly on My and O,,, potentially leading to new visible Higgs decays,
displaced vertices or contributions to the invisible decay. Additional bounds would then apply;
we will not further consider this case of heavy neutrinos lighter than the Higgs particle.

Flavor Gauge Boson Spectrum and Interactions

Additional flavor non-conserving effects can be induced by flavor gauge bosons, Af;. Indeed, the
theory contains nineteen flavor gauge bosons whose Lagrangian reads

ST (AfoPAT) + T { (9p4E Ve — 9eVp L) (9pVEAP" — g™ V) } +

! (4.2.14)

+Tr { (QNAfny - QZyNAfL) (gNy]TVAN’“ - ggAe’“y]TV> } — Z g1 Tr (AﬁJﬁJ ,
I

where cubic and quartic gauge boson interactions are not shown as they will play no role in
the phenomenological analysis below. In Eq. (4.2.14) the ensemble of fields Aﬁ, I=/(E N,is
treated as a traceless hermitian matrix and the currents are defined as matrices in flavor space,
with the currents J%, and J!|;; as defined in Eq. (4.1.16) and the SO(3)y current given by

1/ _. , A )
[JZNLj =3 <Ng%’y'uNIl% - W‘Ryﬂj\%) . (4.2.15)

The EOM resulting from Eq. (4.2.14) for AE is identical to that in Eq. 4.1.18, while for Aﬁ and
ALV they are given by

2
1
AL — gEgeyLAny — gngeVI AN YN + %é {y;yE + VLo, Aﬁ} — %Jlf;‘é = ;gTr (LHS)1,

10 Among the 36 real degrees of freedom of the two 3x 3 complex matrices Vg and Y, 19 become the longitudinal
components of the 19 flavor gauge bosons of the model.
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2
g * GegN * gN AN
0P AN + T yn Il + Vi, AN} = 25 (ALYl - A TVE) - DL = o,

(4.2.16)
where ng = 3. Eq. (4.2.14) can be alternatively written in a compact matrix notation arranging
the flavor gauge bosons in an array xj, = (Afjl, e ,Afjg, AE’I, e ,AE’S, Afy’l, R Aﬁf’g):

1 L
Lojsge=—5 > T (F,{,,F}‘”) 352 X (Mi)ab F= Y g <A£Jj1) . (4.2.17)
I=(,E,N a,b=1 I=(,E,N

where the mass matrix Mf‘ can be written in blocks as

vy
M MJQE’E M]%E 083 , (4.2.18)
MZQVE 038 MJQVN

.
I

with (MJ%JE)Z and (MZQE)U = (Ml%é)ji identical to those in Eq. (4.1.22) for the gauged-flavor
SM case, whife instead

(Mz), =t {Tr (Ve {7, T3} VE) + T (0w {72, T3) ij)} ,
<M€2N>Z.j. = (vae)ﬁ = —2g4gnTr (Tiyj\sz{yN> : (4.2.19)
(Miw), = A (y]*v {1} yN) ,

where T = {1y, T5, T+}, i, = {1,...,8} and 7,5 = {1,...,3}.

Notice that, contrary to the processes mediated by the exchange of SU(3)g gauge bosons AE ,
those mediated by AfL can indeed lead to observable flavor non-conserving processes given the
non-diagonal flavor structure of YV and the related low scales allowed in this gauged-flavor type
I Seesaw scenario.

Generally speaking, M . will be determined by the largest value between || Vg| and ||V
There are in general too many parameters to make definite predictions, though. The most
relevant consequences are briefly discussed next and illustrated in Fig. 4.3 for three relevant
limits: Vg > [|[Yn]l, YE ~ YNy and || Vg| < YV, with the latter two cases being of special
phenomenological interest as they lead to putatively observable cLFV in addition to LUV signals.

YE > ||Yn|| — Vectorial Flavor-Preserving Gauge Bosons

The heaviest gauge bosons would be those whose mass is dominated by the vev of Yg. This
applies to all SU(3), and SU(3)g gauge bosons but two (see below), as Vg transforms under
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Uiy p x SOB)N
Ay, VulN — vy puN
Spectrum in Fig. 4

SUB)E

LUV in 4 — 7 and
| sub-leading cLF'V

Spectrum in Fig. 5

LUV and cLFV
1 — eee, T — lee

Spectrum in Fig. 6

Figure 4.3: Schematic diagram for the relevant phenomenology scenarios. Each box reports the
symmetry associated to the relevant gauge bosons and the expected dominant phenomenology.

those two groups. The hierarchical structure of YV —with eigenvalues inversely proportional to
the SM charged lepton masses— results in a stratification of those heavier gauge bosons in two
layers, as illustrated by the two upper layers of the spectrum in Fig. 4.4: the upper level contains
the nine gauge bosons which couple to the electron, while the intermediate level corresponds
to those gauge bosons coupling only to muons and taus. The phenomenological impact of the
upper level will be neglected in what follows.

The lightest gauge bosons would be those which acquire instead a mass only through the vev
of Y. There are five such states. Three of them are the SO(3)y gauge bosons, depicted (in
green) in the illustrative case in Fig. 4.4: they carry flavor, mediating transitions only in the V;
realm. Notice that they will only mix for complex )Yy, since the mass cross-term that connects
them to the other gauge bosons is Tr[Tgygy}LvagyN] = —Tr[T3’8y]7\;T27577y]’§,], see Eq. (4.2.19).

The presence of the other two light eigenstates —the lightest ones in Fig. 4.4— can be
understood from the fact that Vg can be made diagonal via a rotation in flavor space. This
corresponds to the three distinct vectorial and diagonal U(1) symmetries which are preserved:
LN which has not been gauged, plus two others which correspond to very light gauge bosons,
which acquire a mass only through the vev of V. These states are diagonal in flavor space and
traceless —see Fig. 4.4— and given by the linear combination AL/ = (g EAfH— ggAE )/ (g7 —i—g%)l/ 2,
with mass matrix

Te(TYNINTE) Te(T3YVLInTx)

M3, = 2¢]
v TI"(Tsy]TVyNT?)) Tr(Tsy]TVyNTs)

(4.2.20)

Those two gauge bosons generically couple to all flavors with similar strength, see Eq. (4.2.20),
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Figure 4.4: Gauge and fermion heavy spectrum for the gauged lepton flavor type I Seesaw model, with
YE > || Yn|. Boxes correspond to flavor gauge fields and lines to mirror fermions. Neutrino normal
ordering was assumed and the parameter values taken are 633 = 45°, 615 = 33°, 613 = 8.8°, Dirac CP
phase § = 37/2, Majorana phases a1 = ag = 0, R = 1. All g’s and all X's are 0.1 except Ay = 1 and
pwe =1TeV, urny =1 KeV, while m,, = 0.03 eV.

and thus the most stringent bound stems from LEP [331],

My, >2.1x10%GeV, (4.2.21)

Vi

where Ay, denotes the lightest eigenstate of Eq. (4.2.20). Those two vector bosons also contribute
constructively!'! to the muon anomalous magnetic moment:

2
m 9597 —2
by = ot x EI ST (M) T 4.2.22
I 1272 g +9E; Av ij J ( )

Although they could potentially explain the existing anomaly, this is excluded by neutrino trident
production data, v, N' — v,uu N with N denoting here a nucleus. Indeed, the contributions
from the flavor gauge bosons to this observable read [332]

(SM+A) 14 (14 452, + 20y)°
z = (1+4siy 2V) . by =0 gEg" > YT (M2) T (4.2.23)
o(SM) 1+ (1+4s2) 9; + 95 ij

and are constrained by the CCFR [333] and CHARM-II [334] collaborations, implying the
indirect bound da, < 7.5 X 1071° | which precludes an explanation of the muon magnetic
moment anomaly via these gauge bosons.

Fig. 4.4 also illustrates that the lightest exotic neutral fermions would be those mirroring
the light neutrino sector, as expected since the mirror fermion masses are linearly proportional
to the flavon vevs. Therefore, the unitarity deviation ©, induced in the PMNS matrix by the
mirror neutrinos dominates over © (stemming from the mirror charged leptons), see Eq. (4.2.11).
Analyses probing flavor non-conserving processes and electroweak precision data [37,319, 335

1 As opposed to the contribution studied in Eq. (4.1.49), in this case the sign is positive since the coupling of
the lightest flavor gauge boson to leptons is vectorial.
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358] can then be translated into constrains on the combination 0,0} [318] as follows:

(@VG,T,) < 25x 1073, (@ﬁi) < 24 %1077,

ee el

(@V@i) < 4.0 %1074, (@ﬁi) < 2.7% 1078, (4.2.24)
g er

(@ﬁi) < 5.6 x 1073, (@ﬁi) <1.2x107°3,
TT /LT

at 95% CL.

Y~ > ||Ye|| — LUV and subleading cLFV

In this limit, in which all entries of Yy are larger than the largest one in )Yg, the lightest
gauge bosons correspond to the SU(3)g symmetry. Therefore, the leading phenomenology
described in Section 4.1 when gauging only the SM leptonic flavor group SU(3), x SU(3)g
will apply. In particular, as || Vg|| dominates, an effective low-energy SU(2)p symmetry is at
play and mediated by the three lightest gauge bosons, while transitions involving the electron
flavor will be additionally suppressed by (m./m,,)* with respect to those in the y—7 sector. The
lepton universality violation effects associated to the u — 7 sector and dominated by fermionic
7 exchanges found in Section 4.1 are also valid for this case.

As for the heavier states, since the leading contribution to the SU(3), gauge boson masses
is given by Yy no large hierarchies among the SU(3), gauge boson masses are expected for a
generic R matrix and generic light neutrino mass spectrum. Therefore, the importance of the
lepton flavor violating processes mediated by these gauge bosons will not be strongly correlated
to the specific flavors involved. This is in contrast to the case for AE shown in Sec. 4.1.1.
However, there are specific limiting cases with approximate symmetries for which hierarchies are
introduced and the number of relevant parameters is reduced so that more definite predictions
can be made. We briefly consider an example next.

Generic R and degenerate neutrino masses

As expected, the lightest states of the spectrum will be similar to those discussed in Section 4.1,
as seen by comparing Fig. 4.2 and Fig. 4.5, while the heavier states can be now much lighter
and thus of phenomenological interest, as explained earlier on.

In the limit of degenerate neutrinos, Eqgs. (4.2.6) and (4.2.8) lead to

)\1/ >\1/ T
Yy = L MVHIN pgt o U AVBLN gt (4.2.25)
V2 ANy, V2 ANy

This expression is invariant under a U(1) subgroup of SU(3), x SO(3)n:

Iy — eiamT/i (yN) Ue—m“?iT/iUT , (4226)
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where « is the (real) parameter of the transformation. Therefore, the gauge boson associated
with this U(1) will only acquire mass through Vg and will be lighter than the rest. The generator
of this residual U (1) symmetry in the SU(3), sector is Un;,T"*UT and therefore the induced cLFV
four fermion operator mediated by that state is

2 _ ) 2
M‘;” (EL%UmT”UWL) . (4.2.27)
Av)

That lighter state is illustrated by the first gauge boson on the second layer of Fig. 4.5, in

LT w0
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Figure 4.5: Gauge and fermion heavy spectrum for the gauged lepton flavor type I Seesaw model, with
Yn > ||VEe|l and degenerate light neutrinos, CP-odd case. Boxes correspond to flavor gauge fields and
lines to mirror fermions. Neutrino normal ordering was assumed for neutrinos and the parameter values
taken are 03 = 45°, 612 = 33°, 613 = 8.8°, Dirac CP phase § = 37/2, Majorana phases a1 = —7/2,
asz1 = —27/3, R is a rotation in the 23 sector by angle —i times a 12 rotation by angle i. All g’s and all
Ns are 1 except Ay =2, A\, = 0.2, ug = 15 GeV, while pury = 100 GeV and m,, = 0.03 eV.

which generic values of the Dirac CP phase § and a non-trivial R matrix have been used. In
this generic case, the most competitive bound on the operator in Eq. (4.2.27) stems from the
1 — eee decay.

In the case of a CP conserving PMNS matrix, the antisymmetry of 7" would imply that the
combination UnT"*UT in Eq. (4.2.27) would have vanishing flavor diagonal interactions. The
only expected decays would then be 7 — pee and 7 — ppe, determined by the specific values
of R. Nevertheless, the recent hints [359,360] of a leptonic CP phase § ~ 270° would discard
this possibility, if confirmed. In this perspective, we refrain as well from detailing other specific
predictions that would follow for scenarios with § = 0 or 7.

Ye ~||Yn|| — LUV and cLFV

This case is involved given the interplay of several scales, although it can be described
qualitatively. As Vg is intrinsically hierarchical (and determined by the inverse of the charged
lepton masses), in the example considered next it is assumed that the norm || V|| is heavier than
the eigenstates of the approximate SU(2)gp symmetry of the muon-tau sector and lighter than
the rest of the Vg entries. In consequence, the lightest exotic fermion and gauge boson masses
are as in the SM gauged case discussed in Section 4.1, as can be seen by comparing Fig. 4.2 with
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the

illustrative case in Fig. 4.6. The lightest fields in the spectrum are again the mirror 7 lepton

and the SU(2)g gauge bosons, leading to the ;1 — 7 phenomenology discussed in Section 4.1.
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Figure 4.6: Gauge and fermion heavy spectrum for the gauged lepton flavor type I Seesaw model, with

YE

~ ||¥n]l. Boxes correspond to flavor gauge fields and lines to mirror fermions. Neutrino normal

ordering was assumed and the parameter values taken are 033 = 45°, 615 = 33°, 613 = 8.8°, Dirac CP
phase § = 37/2, Majorana phases a; = ag =0, R =1, all X’s and ¢’s are taken to be 0.1 except Ay =1

and

pe =15 GeV, pry = 20 KeV and m,,, = 0.003eV.

Additionally, the gauge bosons which take their masses dominantly from Yy may now lead
to observable cLFV signals, as discussed next. Electron number violation will be suppressed by

the

largest of the two scales || Vg|| and || Vx|, while muon and tau violation by the largest of

| Vel me/m, and | Vn||. Therefore, the generic expectations for flavor violating processes are:

-2
Bru—mee(Aﬁ): Bri je—e- (Aﬁ), Brr—mue(Aﬁ) ~ (”yEH2 +||yN”2) )
)2 (4.2.28)

2
m 2 2
qu—ﬁu,u,u(Aﬁ% BrT*),ue"'e_ (Af;) ~ (mg HyEH +||yN”
I

The experimental bounds in Table 4.3 can then be translated into limits on the combinations

1Vell> +|1Vn]> > 3.5 x 10°GeV,  from u — eee,

R . ) L (4.2.29)
\/m§||yEH +|| VN7 > 1.9 x 10°GeV, from 7 — pete .
Br(p — ey) <5.7x 1071 Br(r — py) < 4.4 x 1078
Br(r — ey) <3.3x 1078 Br(p — eee) < 1.0 x 10712
Br(r — eee) < 2.7 x 1078 Br(t — ppp) < 2.1 x 1078
Br(r — ptp7e) <2.7x 1078 | Br(r — pp—et) <1.7x 1078
Br(r — pete™) <1.8x 1078 | Br(t — pte~e) < 1.5 x 1078

Table 4.3: 90% CL limits on flavor wiolating decays of a charged lepton into three other charged
leptons [315].

100
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When the two scales || V|| and | Vn|| are comparable, i — eee sets a lower bound on each of
them of ~ 2.5 x 10°GeV; when instead ||Vy| <||Ve|, 7 — nete™ leads to a stronger bound on
Vel = 2.9 x 105GeV. In both cases, flavor observables turn out to be more sensitive to the
scale of the flavor gauge bosons than present collider data, as the bounds on || Vg|| are stronger
than that extracted from direct searches in Eq. (4.1.50), | V|| > 7.4 x 104GeV.

4.3 Comparison with Minimal Lepton Flavor Violation, for

YN > Ve

We have gauged in the preceding sections the maximal non-abelian leptonic global flavor
symmetry of the SM and of the type I Seesaw Lagrangian. In doing so, we were inspired by the
phenomenological successes of the MFV ansatz in which the Yukawa couplings are treated as
scalar spurions. A pertinent question is then whether the resulting low-energy phenomenology
described above is compatible with that expected in the original formulation of Minimal Lepton
Flavor Violation (MLFV) [78] and subsequent works [310-313].

The low-energy effective Lagrangian of our gauged-flavor models will, by construction, be
formally invariant under the spurion analysis of MLFV; the question is whether the analytic
dependence on the scalar fields matches that in MLFV. It is shown below that this is not always
the case, due mainly to the presence of additional gauge bosons in the gauged-flavor Lagrangians.

For definiteness, we focus here on the specific limit Yy > Vg, which applies both to the
gauged-flavor SM described in Section 4.1 and to one scenario of the gauged-flavor type I Seesaw
model, see Section 4.2.1. Integrating out the flavor gauge bosons and the mirror fermion fields
in Egs. (4.1.2)-(4.1.6), (4.2.1) and (4.2.2), and restricting the expansion to order =2 in flavon
fields vevs (Vg and YVy), the low-energy Lagrangian reads 2

et — <_eLc1>AE”E ep— 1D & o1y + h.c.> +

AeVE Arn
1 p? A2 1 S V| ~
titpyy— L e +ilp®E D (070 +i 08 D (e )+ (43.)
Ae VEVE Ae VI VE AN VNI
CE 1 _ 2 1 1 _ _ 3
- —Tr erYuer) — 3T | ————| (Uvule) |ce (bpvufr) +2coe (ERVuER) | 5
£ || Eent® 53 5] ) [ ) 26 )

where subleading contributions to the displayed operators have been neglected, e. g. 1/ :)/]2\[ VS
1/3)%, given that we assume Yy > Vg.

The first line in Eq. (4.3.1) is in fact the general effective Lagrangian in Eq. (4.0.2) which
describes the charged lepton and neutrino masses, with the charged lepton Yukawa coupling
given by Yp = (Agug)/(A¢YE) in both gauged-flavor models considered, SM and type I Seesaw

12 Recall that we are working on the convention in which g and all A; coefficients are real; otherwise all A2
should be traded by |A;|?.
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scenario, as already found in Eq. (4.1.10) and Section 4.2. C), is linear in y;,l for the former
scenario and quadratic for the latter, see respectively Eqgs. (4.1.10) and (4.2.5).

The second line in Eq. (4.3.1) displays fermion-bilinear terms which are those resulting from
integrating out the mirror fermions, as illustrated in Fig. 4.7. Finally, the last line stems from
integrating out the heavy flavor gauge bosons resulting in effective four-fermion operators only; a
flavor non-conserving operator resulting from Aﬁ exchange is depicted in Fig. 4.8 as illustration.
The coefficient of the first four-fermion operator, cg, has been given in Eq. (4.1.45), whereas the
explicit formulas for ¢y and ¢y depend on the model under consideration; they will be discussed
further below for phenomenologically accessible cases.

)\2 —
—_— ﬁ%egqﬂﬁwﬁ

Figure 4.7: Example of effective operator induced via heavy fermion exchange.

Mirror Lepton Exchange

The first term on the second line of Eq. (4.3.1) contributes to the kinetic energy of the right-
handed light charged leptons; the field redefinition

eno [1--L e |, (4.3.2)
R ) R <9I
208 VLV

allows to recover canonically normalized kinetic energies and leaves the rest of the Lagrangian

unchanged, at the order considered. This confirms the result found in Section 4.1, as the mixing
Or among right-handed charged fermions does not affect the gauge interactions.

The second term in that line is a dimension six (d = 6) effective operator with a coefficient of
order ng and therefore quadratic in the charged lepton Yukawa couplings Yz, see Eq. (4.1.10).
Were one to write the (’)(Y]%) coefficient for such operator with the prescription of MLFV, it
would read, in matrix notation,

7 -
MLEV: 5l @YVuYiD (cWL) , (4.3.3)

which indeed corresponds to our result in Eq. (4.3.1) provided the associated scale is identified
as A = ug, see Eq. (4.1.10). Note that A is then not the mass scale of any of the heavy particles
in the model and can actually be lower.

131f instead the coefficient is written in terms of mass scales, e.g. the mass of the lightest mirror charged lepton,
M, , it would read \%/M? x YEY;/HYEQH to order my /m-.
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The rest of operators produced by fermion exchange can be cast as well in standard MLFV
form; in particular the third operator in the second line of Eq. (4.3.1) induces charged flavor
violation as was indeed already studied in the context of leptonic MFV in Ref. [312].

A relevant difference between MLEFV constructions and the flavor-gauged scenario concerns
CP violation. While a priori no symmetry principle prevents from assuming a complex overall
phase in non-hermitian MLFV operators, in the lepton gauged-flavor models studied here such
extra overall phases are absent. Therefore, the gauging of the lepton flavor symmetries provides
a mechanism to protect against CP violation, not present in generic MLFV scenarios. In other
words, the only source of CP violation are the scalar vevs and thus the only physical CP-odd
phases are those of the PMNS matrix in both gauged-flavor scenarios, plus the usual extra
phases of the minimal type I Seesaw model in the gauged-flavor type I Seesaw case.

2 _ _
' g — AErnd
L ,

Figure 4.8: Tree-level exchange of a flavor gauge boson resulting in a four-fermion effective operator.

Flavored Gauge Boson Exchange

The effective couplings resulting from the exchange of a heavy flavor gauge boson present a more
complicated structure than those mediated by heavy fermions. For instance, the first operator in
the third line of Eq. (4.3.1) involves four right-handed charged lepton fields and a coefficient of
order yg? Using Eq. (4.1.45) and Eq. (4.1.10), the dependence on the charged lepton Yukawa
coupling Yz in the gauged-flavor case reads, in matrix notation,

1 k+1
_52(_1)1@1%4 ’y”ikeRéR'Yu (YPEYE> eRr +
k

1 2
<éR»yMYETYEeR) o (4.34)
(ygyE) }

ATr |V 1V

where 1/(1 + x) = Y (—x)™ has been used. In contrast, within the MLFV prescription the
Lagrangian term would be given by

v _
MEV: (ernyYeer) (Ervuen) | (4.3.5)

at leading order. In consequence, the spurion dependences do not match even if formally both
are of order Yé. Furthermore, only two leptons are involved in a non-trivial flavor structure
in the MLFV case instead of four in the gauged-flavor scenario. In both cases, although this
operator induces LUV, it does not induce LFV which is the distinctive feature of MLFV to
which we now turn.
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The second term in the third line of the Lagrangian Eq. (4.3.1) exhibits a combination of two
operators which induce LFV transitions —weighted down by y];Q— which can be compared

to the operators OfllL), OfL), Of&) of Ref. [310]. Those two operators are strongly suppressed
in the gauged-flavor SM case as the Yy scale is necessarily very high, while they may lead to
visible effects in the context of the gauged-flavor type I Seesaw model in Section 4.2.1, as the
scale associated to Yy can be low enough even if Yy > ||Vg|. In the following, to allow a
fair comparison with MLFV we will focus on flavor non-conserving transitions and consider a
CP-even limit of the gauged-flavor type I Seesaw model.

CP Invariance (R =1, § =0, a21 = ag; = 0)

In the CP-even limit considered, the combination of two operators appearing in the last term
in Eq. (4.3.1),

1 1 - -
— §Tr T] < %’yﬂﬁ) [C?BH’O (CEyeh) + 20?5'” (é'&’y“e%)} , (4.3.6)
yNyN
is determined by the coefficients given by
UL U, G )
with
Cijrs . 1 5is5jrmuimyr (m?,l + le’r) n
2=
L\ (2, —m2, ) (my, = my,) + 8 (2, W)
_ 25ir5jsm12,imgj _ 5ij5rsm,,iml,r
(m3, = mp ) (my, —my,) = 6i;(2my,)* 23, my, )7
RO mgMmp 1 2Ul“€jUiTpmVimVj (mgl + ml%])
tE m% + m% Zk My, (mzz/2 - mgj)(mw - mVj) + 5ij(2mw)3 (4.3.9)
t o2, 2 o
B AU Uj,mi,mi, 2k Uy, U‘Ip 0ij M,
(m3, —mZ,)(my, —my;) — 0i5(2my,)? 2k My ’

where the ¢y coefficients correspond to transitions between purely left-handed leptons, while
cer correspond to left-right mixed terms.'* Alike to the comparison between the operators in
Eqs. (4.3.4) and (4.3.5), the Yukawa dependence of the gauged-flavor model cannot be matched in
this case to that in standard approaches to MLFV [78,310]; we will compare here for definiteness
with the “extended” model in Ref. [78] for which the MLFV ansatz would suggest a coupling
proportional to'?

Oy Um&as Ut ipytey, . (4.3.10)

1 The coefficients czgé appear suppressed with respect to czjkl by a factor mwm(s/(mfl —|—m§). This implies that
left-right ¢, contributions to transitions between leptons of neighboring flavors (e.g. u — ece and 7 — upu) are
larger than between the third to the first generations (e.g., 7 — eee or 7 — puee).

1511 the notation of our gauged-flavor type I Seesaw model in Section 4.2, the coefficient in front of this equation

would read (v? purn) ™!, see Footnote 9.
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Figure 4.9: Comparison between the gauged-flavor type-I Seesaw scenario and MLFV in a CP-even
case: branching ratios for the different lepton rare decays over that for u — eee, for neutrino normal
ordering (NO) and inverted ordering (IO).
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The differences in the operator coefficients in Eqs. (4.3.6)—(4.3.9) versus Eq. (4.3.10) translate
into distinctive phenomenological signals; as an illustration, the branching ratios for various
lo —1 gl:l; processes are compared in Fig. 4.9. A first clear difference is the absence of processes
that violate lepton flavor by two units in the MLFV case, e.g., 7 — petet and 7 — ep™pu™ (the
dashed lines in the gauged-flavor case). These processes are suppressed in MLFV by higher-order
spurion insertions, while the more intricate dependence on Yukawa couplings of the gauged-flavor
case allows them at leading order.

A second prominent feature depicted in Fig. 4.9 is the strong hierarchy between two different
type of decays in the gauged-flavor scenario, for inverted neutrino hierarchy and also for normal
ordering with large m,,: transitions involving only one flavor in the final state are much
suppressed, see Figs. 4.9a and 4.9c, unlike in MLFV, Figs. 4.9b and 4.9d. In consequence,
the dominant channels for the gauged-flavor scenario are 7 — pee and 7 — epp (in purple and
orange). This hierarchy can be understood in terms of symmetry. If the three light neutrinos
are almost degenerate, an approximate SO(3)ysy remains unbroken, as already pointed out
in Refs. [301,302]. The three corresponding gauge bosons would therefore be lighter than the
rest with masses proportional to the neutrino mass splittings and thus suppressed by a factor
(my, —my;)/(my, +my;). The lightest of these gauge bosons corresponds to the smallest mass
splitting (Am?, ~ 7.50 x 1075 eV?) between m,, and m,,, and dominates the contribution
for inverted neutrino hierarchy as well as for normal ordering with large m,,. Because the
couplings of this lightest flavor gauge boson are given by the generator of SO(2) rotations, which
is antisymmetric in flavor, a selection rule for the decays follows. This can be seen explicitly in
the limit Amg, < > m,, in which Egs. (4.3.6)—(4.3.8) simplify to

_1]1?
~ — HygllH (%772:)2 (UOAU;TE - UagU;rB) (UﬂU;ré — UﬂUL;) 72”%%?@27“56 )

from which it follows that whenever two flavors coincide, given the assumption of CP invariance
the corresponding operator coefficient vanishes an hence [ — I'l’l’ cancels, whereas for more than
two flavors involved
Br (r — pee)  sin?(fa3)
Br (1 — ppe)  sin®(f13)

~20. (4.3.11)

In contrast, in MLFV the 7 — pupp and 7 — eee branching ratios are a factor two —due
to combinatorics— times those for 7 — pete™ and 7 — eutu~, respectively, see Figs. 4.9b
and 4.9d.

4.4 Conclusions

We have considered the gauging of leptonic global flavor symmetries that the SM Lagrangian or
its fermionic Seesaw extension exhibit in the limit of negligible light lepton masses. A remarkable
consequence is that the gauge anomaly cancellation conditions point to a universal underlying
Seesaw pattern for both charged and neutral leptons:
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- The gauging of the flavor symmetry SU(3), x SU(3)g of the SM Lagrangian (that is,
without assuming right-handed neutrinos) leads to the minimal type I Seesaw scenario as
the simplest realization in terms of extra fields needed. In other words, without assuming
Majorana neutrino masses, the gauging procedure suggests them directly.

- Starting instead from the maximal flavor symmetry of the type I Seesaw Lagrangian,
SU(3)e x SU(3)E x SO(3)n, leads to a double Seesaw and in particular an inverse Seesaw
pattern.

This study extends previous work on gauging the flavor symmetries of the SM quark sector,
which had already shown the existence of a Seesaw-like pattern that protected the model from the
customary FCNC issues which tend to be the graveyard of attempts to understand dynamically
the flavor puzzle. Interesting signals and correlations have been identified here as a result
of gauging the maximal non-abelian flavor symmetries of the SM and of the type I Seesaw
Lagrangian. The main leptonic flavor signals expected tend to involve the heavier SM leptons,
whose interactions are less constrained by present data.

In the leptonic gauged-flavor SM case, the expected phenomenological signals are flavor-
conserving, and include charged-lepton universality violation and non-unitarity of the PMNS
matrix that follow from the (flavor diagonal) modifications of the couplings of leptons to Z
and W bosons, particularly prominent for 7-related observables. Furthermore, the first particles
awaiting discovery would be a tau mirror lepton and SU(3) g gauge bosons which mediate pp—7r
transitions.

Gauging instead the maximal lepton flavor symmetry of type I Seesaw may lead not only to
signals of lepton universality violation but also to putatively observable flavor non-conserving
transitions among charged leptons. The dominant signals expected depend mainly on the relative
hierarchy of the scalar vevs that generate the charged lepton masses ||Vg|| versus those that
generate the neutrino ones ||Yy| and the LN scale. When all Y vevs are larger than [|Vv]| ,
the leading transitions are again flavor-conserving, while the lightest states in the spectrum are
mirror neutrinos and gauge bosons whose mass is determined by || Vx| . In the opposite case,
that is for ||Vn| > [|Ve| , the lowest states are again the mirror tau lepton and the three
SU(3) g gauge bosons which mediate transitions in the ur — 75 sector. Of particular interest is
the fact that Majorana masses within an approximate U(1) lepton number symmetry setup are
allowed, associated to the inverse Seesaw structure that results naturally from the requirement
of gauge anomaly cancellation; it is precisely because the lepton scale is then distinct from the
lepton number scale, that the latter can be low enough to expect sizeable flavor-changing signals.
The precise phenomenology depends much on the CP pattern of the model. For the generic case
of CP violation and (almost degenerate) neutrinos, ;1 — eee is at present the most sensitive
flavor non-conserving channel.

The results have been also compared with the phenomenological predictions of leptonic
minimal flavor violation. We have shown that the presence of additional flavor gauge bosons
may provide distinct low-energy transitions among the SM fields. It is also remarkable that the
gauging of the lepton flavor symmetries provides a mechanism to protect against extra sources
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of CP violation beyond those in the SM (and Seesaw type I), which is absent in generic minimal
lepton flavor violation scenarios. In addition, flavor changing transitions among charged leptons
involving more than two distinct leptons tend to be stronger than those in which a tau or
muon decays into three equal leptons, in contrast again with generic minimal flavor violation.
The impact of scalar flavor excitations is model-dependent and remains to be studied in detail,
although it is expected to abide by the same flavor protection than the rest of the theory.

The necessary mediation of at least one BSM field is at the basis of the Seesaw mechanism for
the generation of light neutrino Majorana masses; it is very suggestive that the mass mechanism
for light fermions —quarks and leptons— which results from gauging the flavor symmetries
corresponds qualitatively to the same pattern. Interestingly, other theoretical constructions
such as “partial compositeness” lead as well to a universal Seesaw-like pattern behind fermion
masses; if new flavor signals are indeed observed, an extended and detailed study of many flavor
channels will be needed to disentangle a possible flavored-gauge origin. The main drawback of
our construction is our ignorance about the absolute value of the scales involved, that could
render the predictions of these models out of reach in the foreseeable future. Yet, the quest
to identify a dynamical origin to the flavor puzzle is a fundamental and fascinating endeavour
plausibly awaiting discovery.



CHAPTER

5 Color Unified Dynamical
Axion

In this Chapter, which is based on the publication in Ref. [4], we develop a new solution to
the strong CP problem via massless fermions, in which the issue of the different § parameters
that arise in the presence of two or more confining groups is solved via color unification. Color
unification with massless quarks is attempted here for the first time. This path is an alternative
to the axicolor-type constructions and will lead to different phenomenology. QCD will be unified
with another confining sector singlet under the electroweak gauge symmetry. The color unified
theory (CUT) breaks spontaneously to QCD and another confining group. The small-size
instantons of the unified color group provide an extra source of high masses for the axions
of the theory, and it will be shown that typically no axion remains at low scales. The exotic
low-energy spectrum is instead fermionic. Furthermore, it will be shown that interesting new
phenomenological signals can be explored at colliders. The complete ultraviolet completion
of this idea will be developed, implementing two different scenarios: in one of them the two
resulting heavy axions are dynamical, while in the other one axion is elementary.

5.1 SU(6) Color Unification

We propose a scenario in which QCD is unified with another confining group into SU(6), and
a single, strictly massless SU(6) fermion rotates away simultaneously all § parameters. The
unification path in the context of an extended strong sector to solve the strong CP problem
was first proposed by Rubakov long ago [170], in a Grand Unification construction that relied
on traditional models a la DFSZ [203,204] with massive exotic fields, and required a Z3 mirror
copy of the complete SM field content. Another recent attempt [177] using unification ideas also
relied on massive exotic fermions a la DFSZ. Here we instead consider color unification in the
presence of massless fermions. The massless SU(6) fermion belongs to the 20 representation of
the SU(6) CUT, having a definite chirality (e.g. left-handed) while being a singlet of the SM
SU(2), x U(1)y gauge symmetry:
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Table 5.1: The massless fermion sector of the SU(6) construction above the unification scale.

At a color unification scale Acy much higher than the EW one, the SU(6) group breaks into

SU(6) 29V SU(3). x SUB) x U(1). (5.1.1)

The parameters 6. of SU(3). and 6 of SU(3) are necessarily equal and unphysical down to
the unification scale, and will remain so even below the unification scale as long as ¥ remains
massless, protected by chiral symmetry. Under spontaneous symmetry breaking of the CUT
symmetry, ¥ decomposes as

Pr(20) = (L, 1)(=3)r + (1,1) (+3) + (3,3) (=) + (3,3)(+1)L, (5.1.2)

where the charges under the U (1) group in Eq. (5.1.1) are shown in parenthesis for completeness.
If the components of the W, field are to remain massless under the CUT scale, SU(3) must
confine. The two confining scales Aqcp and A need to be separated with A> Aqcp, as no bound
states are observed other than those compatible with QCD. The 20-dimensional representation
is thus advantageous because all its components charged under QCD are also charged under
S U(g), and so will form bound states at the higher scale A. This representation is also pseudo-
real, and so the theory is anomaly free. The non-trivial issue of how to separate A and Aqep is
discussed further below.

| sU@®). | SUB)
wL Od O
W O O
2%, | 1 1

Table 5.2: The massless fermion sector of the SU(6) construction below the unification scale. The
notation is such that ¢¢ = (¢v°)r = (¢Yr)°.

The colored-axicolored massless fermions in Eq. (5.1.2) will be denoted 1, g, see Table 5.2,
while v, will refer to the singlet massless fermions to convey that they act like sterile! neutrinos.
The 1, fields only connect to the other fields through the unified strong forces, and thus their
couplings to the visible universe will be safely suppressed by Acuyr, provided the U(1) gauge
group in (5.1.1) is also broken near that scale.?

!By “sterile fermion” is meant any fermion which is not charged under the SM gauge group.
2This breaking will become manifest in the next section.
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SU(6) color unification is thus a successful path to solve the strong CP problem, and this
fact will remain at the heart of the developments in this Chapter. The remaining problem is to
obtain a low-energy spectrum which is fully compatible with observations.

The SM fermions

Because of color unification, the SM quarks must belong to SU(6) multiplets. The simplest
option is to include them in six-dimensional fundamental representations. For each fermion
generation,

Qu6) = (¢. ),  UG) = (u,@)r, D) = (d,d)r . (5.1.3)
where qr, ur and dr denote the SM quarks, while their SU(6) partners are signaled by tildes.
The ¢, fields are necessarily electroweak doublets, and this character turns out to be the major
practical issue of this model:

e Leaving the tilde-quark sector massless but confined is unacceptable, as the condensate —

assuming chiral symmetry breaking of SU(3)—would typically break the SM EW
symmetry at the large A scale.

e Alternatively, giving much larger masses ( > A ) to the tilde quarks is not viable either
in this SU(6) setup without spoiling SM quark masses, since they belong to the same
multiplet. If a scalar field gave high masses to the tilde quarks ® by obtaining a high
vacuum expectation value (vev), that scalar field would have to be an SU(2);, doublet.
Then its large vev would spontaneously break SM EW symmetry, giving gigantic masses
to the W and Z boson.

The main problem of this model is then the unacceptably light tilde-fermion sector. We will
develop next an extension whose only purpose is precisely to achieve high masses for the tilde-
sector quarks, decoupling them from the low-energy spectrum. By the same token, the necessary
separation of Aqcp and a larger confining scale will naturally follow.* We will develop in detail
two realistic ultraviolet (UV) completions.

5.2  The realistic Color Unified Theory: SU(6) x SU(3’)

It is necessary to give large masses to the tilde-quark sector without giving masses to the SM
quarks, a challenging enterprise as explained above due to the SU(6) unification. An external
mechanism is ideal for this task. The color unified SU(6) group which contains QCD is enlarged
via an external non-abelian SU (3') group with additional fermions charged only under the latter.

3Through tuned Yukawa couplings of the tilde-quark sector to an extended scalar sector.

“If SU(6) sufficed to obtain a realistic spectrum, the S’U(g) group and A scale of this section would correspond
to those of the axicolor group [202] as described in the introduction. The extension of the CUT group will break
this direct correspondence, although two confining groups will still be at play.
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SU<6) SU(?’/) SU(?’)C SU(3)diag SU 2)L U(DY
qr O 1 O 1
O 1 6
QL qL 1 O O %
u$ O 1 1 _2
Ue¢ 0 1 L 3
L ag 1 O 1 -2
¢ O 1 1 1
C D ~L 3
Di ! ¢ 1 m 1 i
o, 0 O 1 0
Uy 20 1 & 0 0 1 0
2 X 1, 1 1 1 0
qr, 1 O qaf, 1 m O —1
uf 1 O ulf 1 O 1 2
df 1 O df 1 O 1 ~1
A O O — — — 1 0

Table 5.3: The matter content. The table on the left describes matter above the CUT scale, while
the one on the right gives the transformation properties under the gauge groups remaining after CUT
spontaneous breaking. The fermions in bold have masses comparable to Acyr and are integrated out
around the CUT scale. The quantum numbers under the EW gauge group correspond both to the
high-energy and low-energy fields.

In fact, all fermions in the theory will be charged under only one of the two groups, SU(6) or
SU(3"). ¥ will be thus taken to be a singlet of SU(3’) and the same applies to the multiplets
in Eq. (5.1.3) which contain the SM quarks. The two sectors are connected exclusively via a
new scalar A. QCD remains a subgroup of SU(6), whose #-parameter is rotated away by the
massless ¥, fermion in Eq. (5.1.2). This type of auxiliary extension was suggested in Ref. [177]
to give high masses to exotic fermions in a different context. The field content of our model is
summarized in Table 5.3, in which all fermions except ¥, will become massive. It is easy to see
that the theory with this matter content is anomaly free. The scalar A appearing in the table
belongs to the bifundamental of SU(6) x SU(3’), and its vev breaks color unification at a scale
Acur, taken to be much larger than all SM scales,

SU(6) x SU(3) 22Ty SU(3), x SU(3)diag - (5.2.1)
The fermion quantum numbers under the two resulting groups are also shown in Table 5.3.

A simple CUT-invariant Yukawa Lagrangian which connects the SU(6) and the auxiliary
SU(3') extension reads

L3 kgt A QL + ky UFAUF + kg dfADS + hec.. (5.2.2)
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The CUT symmetry is spontaneously broken upon A taking a vev of the order of the CUT
breaking scale Acur

000100
(A)=Acur |0 0 0 0 1 0 (5.2.3)
000001

This breaking generates a large mass for both the tilde- and prime-quark sectors, leaving massless
only the SM fermion components of the original fermionic fields:®

£ 3 Acur {Hq dr.dL + Ko WIS, + Ky d’fcig} + he.. (5.2.4)

Unless otherwise stated, we will assume in what follows that all x; Yukawa couplings are O(1),
meaning all tilde and prime fermion masses are of order AcyT. Some tuning of the k; values
could be acceptable, though, as discussed further below.

The SM fermions get their masses through the usual SM Higgs doublet ®, which in this model
is a singlet of SU(6) x SU(3'),

LY MQLeU7 +Y7M QLeDg + he., (5.2.5)

where YiSM denote the SM Yukawa couplings. Analogously, the most general Lagrangian
compatible with all symmetries discussed above allows us to write Yukawa couplings of the
Higgs field to the prime-sector fermions,

L3y, g ®uf + vy g ®df + hee.. (5.2.6)

Egs. (5.2.5) and (5.2.6) induce contributions to the tilde fermion masses which are quantitatively
irrelevant in comparison with those from Eq. (5.2.4). In addition, the couplings in Eq. (5.2.6)
will be absent for symmetry reasons in one of the models to be developed in this work (Model
IT in Section 5.2.2).

Both SU(3). and SU (3)diag can now remain unbroken and confine at two different scales, Aqcp
and Agiag, With Agiag > Aqcp. The task of achieving different values for the two confining scales
and getting rid of the tilde sector or any other dangerous exotic sector is thus accomplished.

Note that the Yukawa-type Lagrangian in Eq. (5.2.2) has an inherent global U(1) symmetry
under which only the prime fermions and the A field would transform — a generalized Baryon
number symmetry in the prime sector, with charges

BN'{A, g lf, df} = {+1,+1,~1,~1}. (5.2.7)

*Note that we take (A) to be real. The phases of the nonvanishing entries in Eq. (5.2.3) can all be made equal
by an SU(6) x SU(3') transformation; the remaining phase can be removed by a transformation under the U(1)
defined in Eq. (5.2.7).

51n this notation taken from unified models the contraction of the spinor indices is implicit, more precisely the
first term would read QY C®UE, where C' = iy270 is the charge conjugation matrix.
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This symmetry is not chiral, thus not anomalous under SU(3'), and irrelevant to the strong
CP problem. An associated pGB 7 results after spontaneous breaking, albeit with its couplings
safely suppressed by the CUT scale and interacting only with the very heavy prime and tilde
sectors.?

Finally, the theory below AguT contains phenomenologically interesting bound states formed
from the massless 17, g fermions, to be studied below. The spectrum of free eigenstates below
the EW scale contains the usual SM spectrum, plus a harmless pGB and sterile neutrinos.

0’ issue

The extension of the strong sector by the auxiliary external group SU(3') brings a new 6’
parameter into the game:

/
Qg ~ (0% ~ Qi ~ « ~
L D bg 877TG6G6 + 6 877TG/G, — (96 + (9/) 87?g Gdiangiag + ¢ 877:-GCGC’ (5.2.8)
where G; denote gauge field strengths with tensorial indices omitted. G, Gs, G' and Giag
correspond respectively to the SM QCD gauge group, SU(6), SU(3") and SU(3)giag. While the
rotation of the massless field ¥ was designed to reabsorb 6 and ultimately 6., # may source
back a SM strong CP problem through the contamination to the visible sector via the A scalar.

Indeed, at low energies the massless quark ¢ transforms as a (3, 3), therefore the phase 6
cannot be fully reabsorbed in the Lagrangian since the chiral rotation that removes the SU(3).
f-term generates a new contribution to the SU(3)qiag topological term. Ref. [177] acknowledges
this issue (in the context of a different model which does not rely on massless fermions) and
leaves it unsolved hoping that some UV completion solves it. In what follows, we will determine
and exhaustively analyze two UV solutions, via the simple addition of either

e An extra massless fermion transforming only under SU(3').
e A second bifundamental scalar field, which automatically endows PQ invariance to the

above extension procedure.

The first solution is more in line with the spirit of the present work, as all 8 parameters inducing
a strong CP problem are made unphysical via massless fermions, and it is developed next.

"This symmetry is broken at loop level by SU(2)r sphalerons, in the same way that in the SM baryon number
current is anomalous. For our purposes this effect is negligible.

8 As suggested in Ref. [179], this type of pGB could be entirely removed by gauging the U(1) group. There
is no real need to implement this procedure in our case, though, given the strongly suppressed couplings of this
pGB.
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SU(6) | SUB) | SU2)L | ULy || SU3)c | SU(3)diag
X 1 O 1 0 1 O

Table 5.4: The table shows on the left (right) the quantum numbers above (under) the CUT scale for
the massless y quarks which absorbs 6’ in Model 1.

5.2.1 Model I: Adding a massless fermion charged under SU (3’).

The ¢’ parameter of the auxiliary SU(3’) gauge group can be made unphysical by the addition
of a massless fermion field y that transforms as a fundamental of SU(3') and is an EW and
SU(6) singlet. In other words, the field content for this solution is that previously shown in
Table 5.3 plus the massless fermion x with quantum numbers shown in Table 5.4. Additional
composite bound states will result from y, among them composite pseudoscalars with anomalous
couplings — dynamical axions— whose masses are discussed further below.

Running of the coupling constants.

The CUT breaking pattern in Eq. (5.2.1) imposes the following relations among the gauge
couplings
1 1

1
= + , at n= ACUT R 5.2.9
Qdiag (:U') &7 (:u) O/(M) ( )

with the constraint
ac(Acut) = as(Acur), (5.2.10)

where ac, Qdiag, @ and o denote respectively the coupling strength of QCD, SU(3)diag, SU(3')
and SU(6). As shown in Fig. 5.1, there is a discontinuity in the running of the coupling constants
at the CUT-breaking scale that allows o/ to have large values while reproducing the known QCD
running at low scales.” Those o values will seed a source of large axion masses, as discussed in
Section 5.2.1 further below.

Although the relation in Eq. (5.2.9) imposes aqiag(AcuT) < @c(Acur), the presence of the
SM gy, ur, and dr quarks at energies well below Acyr slows down the running of QCD with
respect to that of SU(3)giag. In this regime ¢ and x are the only fields left charged under
SU (3)diag (the ¢ sector generically decouples as their mass scale is set by Acur, see Eq. (5.2.4)).
As a consequence, giag runs faster and thus the SU(3)qiag group confines at a higher scale
than Aqcp, see Fig. 5.1. This mechanism easily achieves the separation of the two confining
scales. We computed both the one- and two-loop running and the latter actually reinforces the

9 Fig. 5.1 assumes a zero x mass. As will be shown in Sec 5.2.1, x acquires an effective mass due to small-size
instanton effects. Threshold effects near m, may alter the running. Even when these effects are large enough to
be noticeable, Fig. 5.1 still captures the qualitative behavior of the RG flow.
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Figure 5.1: Running of agcp, Qdiag, @6, and ¢ in the model with the one extra SU(3') fermion of
Table 5.4. The full matter content is given by both Tabs. 5.3 and 5.4. The inputs used are o/ (Acyr) = 0.3
and Acyr = 3.3 x 10" GeV for illustration, which results in Adiag = 4 TeV (taken as a benchmark point).
The solid (dashed) lines correspond to the two (one) loop results.

pattern, as illustrated in the figure for the choice Agjng = 4 TeV. Lower values of Agjag are also
phenomenologically acceptable, see Section 5.3.1 below.

Confinement of SU(3)4iag and pseudoscalar anomalous couplings to the confining
interactions

SU(3)c | SU(3)diag
Y| O O
e | O O
XL 1 0
Xp| 1 O

Table 5.5: The massless quark sector charged under SU(3)giag remaining below the confining scale
Adiag-

At the scale Agiag, SU(3)diag confines and the remaining massless fermions will form massive
QCD-colored bound states.
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Assuming that both ¢ and x in Table 5.5 remain massless after SU(3)qiag confinement, the
SU (3)aiag Lagrangian exhibits, at the classical level and in the limit in which o is switched off, a
global flavor symmetry U (4)r, xU(4)r — U(4)y. '© The chiral symmetry is then spontaneously
broken by the quark condensates (¢rvr) and (Xrxg). This results in 16 (p)GBs,

16 =8, + 3¢+ 3.+ 1.+ 1., (5.2.11)

decomposed here in terms of their QCD charges. There is a QCD octet plus a singlet with
flavor content ) (3. x 3. = 8. + 1.). The two QCD triplets, 3. and 3., correspond to the
combinations 1y and yt. Finally, a color-singlet composite state is made out of yx. The
fourteen colored mesons in Eq. (5.2.11) acquire large masses induced by gluon loops that are
quadratically divergent and therefore sensitive to the cutoff scale Adiag,11

9ac , 9

m?(8.) ~ ?Admg, m?(3.) = m?(3.) ~ Adlag (5.2.12)

The remaining two QCD singlets will be denoted here by 77&, and ?7;< and are shown next to be

dynamical axions. The associated currents are

1
%13%7
a = XX = fa 0 (5.2.14)

iy =0 = fa oy, 0 = (5.2.13)

where fq denotes the SU(3)aiag PGB scale, with Agiae < 47mfq. These classically conserved
currents are broken at the quantum level by the SU(6) and SU(3') instantons, and so the
currents are anomalous. The anomalous terms are

. (673 = i ~ 1% -
Ouify, = =6 _GeGe — —V6 = GatingGting — V06 o~ GG, (5.2.15)
o o el diag =
Ouin = 2 GG — =2 == GiagGdiag (5.2.16)

These anomalous terms modify the classical equations of motion of the 77;[) and 17;(,
Only = —V6-2 GG 5.2.17
faBmy = —V6o GG, (5.2.17)
foy, = 2% (5.2.18)
d T]X - 87T bl L.

and give rise to an effective Lagrangian,

V61! o 27 a. V6
) _% JG(;G _ G QN % G, G _ Qdiag f X 4 \f% Gdlanglag'
d

8t fa T fa 87r fa 8
(5.2.19)

19U (4)y remains unbroken and contains as a subgroup the SU(3). QCD gauge group.
1 They contribute to the running of the QCD coupling constant, but given their high masses their impact is
unnoticeable.
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nip and 77;< are thus two dynamical axions. It is to be stressed that the P(Q scale in this model
is fa ~ Agiag for both axions and not the much larger Acyr scale. When the SM quarks are
taken into account, the n@CD pseudoscalar meson is also present at energies below the QCD
confinement scale, and the effective Lagrangian of anomalous couplings reads

/ / ! /

Odiag My Thy ~ Qe Qe Ty, ~
LD — 22X 4 V6L | GaingGaine — — | 2 +v6 -2 | G.G,, 5.2.20
8w<fd m)dgdg 87r< fr fa (52:20)

where Aqcp < 47 fr.

5?1" n, 7720 ’ gé)CD %CD 777:& ’
Vipr = —228 (92X 4 \/6-Y | + 2 +v6-2 | . 5.2.21
=7 < V) T B Y0 (5:2.21)

The scale £qcp can be expressed in terms of QCD observables from the chiral effective
Lagrangian according to the results from Refs. [187,361, 362] obtained in the large N limit.
In the two-quark approximation, £qcp reads

oy — f2m

EéCD == = (202 MeV)* ~ Aé}CD’ (5.2.22)
and Egiag is obtained by rescaling the previous value
A 4
4 _ o4 diag ~ A4
Ediag = €QeD <AQCD> >~ Ading - (5.2.23)

As a consequence, the two instanton-induced scales Aqcp and Agiag provide a contribution to
the masses of the pseudoscalars which have anomalous couplings.

It follows that there are only two sources of mass (disregarding corrections from SM quark
masses) for three states coupling to anomalous currents: anD, 77&) and 7. In the absence of
supplementary mass sources, one axion would get a mass of order Agjag While another one would
have remained almost massless, as often happens in models with dynamical axions. The model
would be simply an ultraviolet implementation of the invisible axion paradigm.

As we will see next, an additional and important instanton source of mass for the axions is
present, though, which lifts the light axion mass. In fact, depending on the model parameters,
the x fermion mass itself may: i) still be lighter than Agiag, in which case the above discussed
U(4) pattern of global symmetry holds; ii) alternatively, become more massive than Agj.s and
thus be decoupled from the spectrum above Agiae. In the latter case, the approximate global
flavor symmetry of the SU(3)qine Lagrangian would instead be U(3)r, x U(3)r — U(3)v,
suggesting 9 (p)GBs,

9=8.+1.. (5.2.24)
The mass of this QCD-colored octet pseudoscalar is as previously given in Eq. (5.2.12) above,

while the 77;< would then disappear from the spectrum at energies above Agiae: the presence of
1, is to be then disregarded in Eqgs. (5.2.14)-(5.2.21).
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The impact of small-size instantons on the dynamical axion mass

An additional and putatively large contribution to the axion mass(es) applies in the presence of a
spontaneously broken theory: the small-size instantons (SSI) of the theory at the breaking scale,
as pointed out long ago in Refs. [249,250,363] and very recently in Ref. [179]. SSI can induce a
large mass even for perturbative theories if the breaking scale is large enough to overcome the
exponential suppression of instanton effects. In our model, the instantons of the color-unified
theory in Eq. (5.2.1) near the Acyr scale provide automatically this third source of axion mass.
The SU(6) SSI can be neglected because of the smallness of ag at Acur (e.g. see Fig. 5.1) and
the analysis below will focus on the SU(3’) SSI contribution.

At the scales where we will compute the SST effects, the SU(3') gauge coupling is perturbative.
Therefore, for these instantons, the dilute gas approximation [130] gives a reliable estimate of
the effective potential for the pseudoscalars. This was not the case for the previous instanton
effects which, corresponding to the confinement scales, required the use of the effective chiral
Lagrangian to obtain the potential from QCD observables.

It is well known [113,129,130,364] that, in the absence of fermions, the effective Lagrangian
that describes instanton configurations for a pure Yang-Mills theory SU(N.) induces a scale
Ajnst in the instanton potential given by

At =/Cpl§D[o/(1/p)], (5.2.25)

where p is the instanton size, D[] is the dimensionless instanton density,

2 2Ne ’
D[/ (1/p)] = Cinst | = —2nfel/e) 5.2.26
/0] = Con () e (5.2.26)

The constant Cj,s reads [365,366]
4 9-2Ne p—e(1)~2(Ne—2)e(1/2)
72 (Ne—2)!(N.—1)!
and the function ¢(z) is defined in Ref. [113] such that ¢(1/2) = 0.145873 and ¢(1) = 0.443307.
For the SU(3') instantons of our model Cj,s = 0.0015."2 In order to compute the integral in
Eq. (5.2.25), the running of the coupling constant o/(x) must be included. At one loop this
reads

Cinst (Nc) -

(5.2.27)

2 2
— =} 1n 7 ACUT —+ , 5.2.28
Gy Il eun) o (5229

where oy = o'(Acur) and b is the one-loop S-function coefficient. For the spontaneously
broken theory, only the SSI instantons with size < 1/Acyr are relevant [367],

1/AcuT dp

6
ra (pAcur)’ <—b In (pAcur) + %)) - (5:229)

4 —27/o!
Adgp = Cinge™"ocur / A
o' (Acur

0

12 his value differs from that used in Ref. [179] (Cinst = 0.1) that was taken directly from the original 't Hooft’s
computation in Ref. [113], for which it was later shown [365] that the factor 272N was missing. See also Erratum
in Ref. [113].
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This has the form .
A%SI = Cinst f(a/CUT7 b) e abUT AZ(llUT ) (5'2'30)

where f(c/,b) is given by

, 16
f(a,b):m

+607m30/203 (b — 4)3 + 30m*ab? (b — 4)* + 120°a/b(b — 4)® 4 475 (b — 4)6) . (5.2.31)

(450/656 +90ma/5b3 (b — 4) + 902 b (b — 4)?

For instance for the benchmark value o = 0.3, the value of SU(3') SSI-induced scale in the
absence of fermions (for which b = 10) is

Adgr = 3.0 x 1075 Adyrp. (5.2.32)

Nevertheless, the presence of fermions dramatically changes the value of this scale [129]. A
suppression factor appears, which results from the interplay of the instantons of the theory and
the fermionic spectrum. Moreover, an extra suppression stemming from the Euclidean action
of the scalar A whose vev (A) = Acyr breaks spontaneously the gauge group, 6_2”2’)2A%3UT,
needs to be included in the full computation (as it was explained in the context of constrained
instantons in Section 2.2.5). For the SU(3') theory under consideration, the prime-fermion
Yukawa couplings are relevant.

Small-size instantons with small Yukawa couplings

The massless x fermions may acquire an effective mass due to the instantons of SU(3)giag and
SU(3") SSI, similar to the effective mass in QCD for a hypothetically massless SM up quark. In
this section, we assume the y; couplings in Eq. (5.2.6) to be small, e.g O(0.2) for illustration.
This is a regime of moderate small-size instanton effects, in which the instanton-induced effective
x mass is smaller than the confinement scale. As a consequence, a composite axion made out
of this fermion can be considered to be a pGB.13

The impact of the y; Yukawa couplings is illustrated by the one-instanton “flower” contribution
in the left side of Fig. 5.2. The pure gauge results in Eq. (5.2.25) are now suppressed by three
factors: the x chiral condensate, the scalar contribution to the Euclidean action and the .
dependence,

dp 2 _ —on2 272 1 it
AéSI = — E D[O/(l/ﬂ)] (37r2p3 <XX>) e 272 p* Ay (47[-)6 Hy; y:i . (5233)

(xx) is the order parameter controlling SU(3)giag chiral symmetry breaking and thus expected

to be (xx) ~ —Agiag. For p < 1/Acur, the product p? (xx) < 1 reduces the SSI-induced scale

13In Section 5.2.1, we will consider y, couplings of O(1) which corresponds to the regime of large small-size
instanton effects, translating to a very heavy x fermion which decouples from the spectrum well above the
confinement regime.
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Figure 5.2: Instanton contributions in Model I. The long dashed lines connecting the y; gy ® uf
interactions correspond to ¢ propagators, while the short dashed lines depict propagators of the A
scalar. For O(1) Yukawa couplings in the prime sector, the diagram to the left represents the leading
order contribution, whereas the one to the right is subdominant since it is further suppressed by the SM
Yukawa couplings.

by orders of magnitude, with

27T2 b 3 —2m/al 1 17 /z
Adsy = KR Cinst Aoy Age et (4m)0 1:[ YuYa X

6
1/Acur )
X / dpp"2 [ —bIn (PACUT) T e 2 pQACUT (5.2.34)
0 CUT
where, in the presence of Ny Dirac fermions,

4. 2—2Nc601/2(—2Nc+2Nf)

72 (N, — 2)/(N, — 1)!

Cinst(Nf, Ne) = emcrterz, (5.2.35)

The integral in Eq. (5.2.34) can be computed exactly, although a good estimation follows from
the approximation

—bo 0 —baf
1+ % In(pAcur) | ~1+6 % In (pAcur) , (5.2.36)
T T

which, dropping the scalar contribution, leads to the following parametric dependence on the
scales

T _2n/y! 3bOé —l—
Adg ~ 9% Cinst Aiag Acur e 77/ocur aCUT b — H Yot (5.2.37)
CUT
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For the benchmark ayr = 0.3, and substituting Ny =7, b = 16/3, y,,,, y; = 0.2, this gives
Adgr ~ 2.9 x 107 A, Acut - (5.2.38)

The complete computation including fermions can be compared with the one in in Eq. (5.2.32):
a strong suppression by a factor of order (Agiag/ Acur)? is now present.

There is an additional contribution to the SSI scale independent of the the y; couplings, but
suppressed by the x chiral condensate, times the product of k; Yukawa coupling of the prime-
fermion sector in Eq. (5.2.2) and the product of SM Yukawa couplings. This contribution is
illustrated by the instanton “double flower” in the right side of Fig. 5.2, and given by

o= = [ 1/ (376" 600 ) g o [TV )
(5.2.39)
where the power of the 47 factor results from the 6 SM Yukawa couplings and the 12 £} couplings
in the product. For p < 1/Acuyr, this contribution is well approximated by

2 2
4l b Talur H SM~-SM % i i
(47T)180in5tACUT6 cuT Yul Ydi /iq Rykg X

0Ags1 =

Wl N

1/ACUT 2 6
X / dp pb=2 (—b In (pAcur) + ,7T> e~ 2w P My | (5.2.40)
0 o'(Acur)

In summary, putting together the two instanton contributions discussed, the SSI scale is given
by

dp 2 B —9n2 2 A2
M= [ % D1/ (37%° () ) 27

1 oo 1 S
iy Ll viivit + s TDYEMYEY (il - (5240)
L i

Even with O(1) k; Yukawa couplings, the second term is strongly suppressed by the SM Yukawa
couplings. Overall, the size of the new scale Aggy is quite sensitive to the value of the SU(3)
coupling constant at the CUT-breaking scale. Fig. 5.3 illustrates the 17;< axion mass induced by
the small size instantons. For the benchmark examples studied, Aggr significantly affects the
properties of the pseudoscalars. It provides an additional contribution to the effective potential
in Eq. (5.2.21) of the form

/
OVers = —Adg cos (27X . (5.2.42)
Jfa
A mass is thus generated for the 7];( axion, given parametrically by

mg& ~ 1.8 x 107 Agiag Acur, (5.2.43)



5.2 The realistic Color Unified Theory: SU(6) x SU(3') 137

where the replacement Agjag ~ 47 fq has been used and the scalar contribution has been drooped.
The lighter axion may thus be as light as O(GeV). The other dynamical axion of the theory
has been shown to acquire a mass of order Agjag, see Eq. (5.2.21). Both dynamical axions have
thus acquired masses far above the typical invisible axion regime, as a direct and unavoidable
consequence of the instanton potentials inherent to the theory.

How light can the axion that couples to SSI become?

The y} values are very relevant for the size of SSI scale. Nevertheless, the mass spectrum and
thus the running of coupling constants is basically unaffected by them. Should the y, couplings
be negligible, Agsy would be determined by the second term in Eq. (5.2.41). For vanishing v,
values and generic k; couplings of O(1), the product of Y;°M /47 factors in the second term
in Eq. (5.2.41) would suppress the 77;( axion mass to values of order keV. Such low masses are
excluded up to the GeV range [368] for axion scales not far from a TeV, as is the case here. The
allowed range is illustrated in Fig. 5.3.14

Solution to the strong CP problem

It is pertinent to briefly re-check the status of the strong CP problem after taking into account
the impact of the SSI of the spontaneously broken symmetry discussed above. Any new mass
term for the axions breaks the PQ symmetry and therefore perturbs the axion potential; it is then
important to verify that the vevs of the axions remain in the CP-conserving minimum, solving
the strong CP problem. Indeed, this is the case with our color-unified proposal as, according to
Eq. (5.2.8), the potential including #; dependencies explicitly reads at second order, for the case
discussed above in which both dynamical axions are present at the SU(3)qiag confinement scale,

2 2 2
A4 / B A4i ! 77/ B _ A4 17/ B
Veff:;SI<—27J7c:+9/> + (—2%—\/6;§+0’+96 5 (Ve b |

For this potential, the minimum is CP-conserving;:

7 n;{ _ - % _
<0 2fd> 0, <96 \/6fd> 0, (5.2.45)

since all 6; dependences cancel. A word of caution is pertinent as the exact dependence of the
potential on the phases of the different couplings in the Lagrangian which participate in fermion
mass generation (k;, YZ-SM , Yi, ...) remains to be computed. Nevertheless, the two massless
fermions ¥ and y guarantee that at energies above CUT the two parameters fg and @' are

“For higher axion masses there are also collider constraints [368]: dijet searches at the LHC provide bounds on
axions with m, > 1 TeV [369]. Thes searches can be extended to axion masses slightly below a TeV by searching
for dijet resonances accompanied by hard initial state radiation [370]. These bounds are weak, though, and only
apply in a small window of axion masses.
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unphysical. Below CUT, the spectrum of the theory is exclusively the SM one plus massless
fermions, and the EW SM contributions are known to be negligible [137], even if a mismatch
remained in spite of the low-energy presence of the massless quarks. An explicit computation of
the threshold effects is elaborate and it is left for future work. Note that without the presence
of the second PQ mechanism, that is, without the presence of the 77;( field and its vev, all #; in
Eq. (5.2.8) would not have been reabsorbed, while Eq. (5.2.45) demonstrates that its inclusion
does ensure a CP-conserving minimum.

It is very positive that in this model there is no contribution to the EW hierarchy problem
coming from axion physics. No potential connects the EW and axion scales: the PQ scale f, '
is set by Agiag and not Acyr, and all axions are dynamically generated. This is a feature that
our Model I shares with the original axicolor model, and in general with models of composite
dynamical axion(s). There remains instead the customary fine-tuning in spontaneously broken
unified theories, as Acyt and the EW scale are connected via the scalar potential, but the latter
does not communicate to our PQ mechanism.

The demonstrated possibility of lowering the PQ scale towards the electroweak one raises
the question of the compatibility of the setup presented here with attempts to solve the EW
hierarchy problem, e.g. via compositeness or supersymmetry. This is an interesting question
which deserves future work. One could probably build supersymmetric or techincolor version of
the models presented here. Nevertheless, the need to strongly separate the Aoy scale from the
EW scale is a non-trivial source of instability in the scalar potential.

Computation of the pseudoscalar mass matrix: 77;(, 77:&’ néCD and light spectrum

After the replacement of the pGBs with anomalous couplings by their physical excitations,
My = (M) + s My = (1) + njy, the effective low-energy potential for the axions and the SM
n@CD field is given at second order by (disregarding the effects of SM quark masses)

2 2 2
Ad 7, Ay n, n, Adep 1GCD .
Vi = SSI [ 9 X + 128 | 9 X + \/671/) + Q 2 Q + \/é—w . 5.2.46

1 2 fa 2 fa fa 2 Ix fa ( )

Expanding to second order in the fields yields the following mass matrix:

(A§SI+A§) /ﬁ
47]%, (2\/6 7 ) 0
M2, ., = A Adt+Agen AL . 5.2.47
W o o ALk = (5.2.47)
A A
QCD QCD

!5 The PQ scale (usually denoted by fpg) and f, differ by a model-dependent factor stemming from the relative
strength of the axion coupling to gluons. Here we disregard the distinction between f, and fpq.
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Figure 5.3: Model I with small y; Yukawa couplings. The 7| axion mass induced by the SU(3") small
size instantons at the scale Acyr is shown together with the smaller mass for the dynamical 77;# axion
sourced by Agiag instantons. The aqyp values corresponding to solid lines are allowed, while those for
dashed lines correspond to excluded values, for which SU(3)giag would confine below 2.9 TeV, ruled out
by searches for scalar octets at LHC [371] (see Sec. 5.3.1).

. . 4 4 Ad . . .
Assuming the hierarchy of scales L Bsa o 92 (valid for certain regions of parameter

I3 fa E:
space, see Fig. 5.3), the three mass eigenvalues'® are

A4 Ad A¢

m%/ ~6-2, m,l27/ o~ % , m%/ ~4 QSD . (5.2.48)
¥, phys d X,phys fd QCD phys f7r

As advertised, the usual QCD anD phys T€MAiNs as a light eigenstate, while one of the two
composite axions acquires a mass in the range GeV to tens of TeV. The other composite axion
will have a mass orders of magnitude larger and will be out of collider reach.

Low energy spectrum and observable effects

In addition to the dynamical axion with mass O (GeV) or larger, under a few TeV the spectrum
of the theory contains:

'The physical states correspond to the following combinations: 7, ,n,s = 1/fa(2n + V6n}) and 0} pnys =~
1/ fa(VEn, — 2m}).
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e The SM pseudoscalar meson nbo D phys> plus the rest of the SM hadronic spectrum.

e The exotic QCD—colored “pions” — color octets and color triplets — whose masses are given
in Eq. (5.2.12) as m? ~ aCAﬁlag With masses naturally lighter than the TeV scale, these

QCD-colored pions can be easily produced at the LHC.

e The two sterile fermions stemming from the 20- representation W. They are basically
invisible as their interactions with the visible world are suppressed by Acur, which is
much larger than Agi.e without any tuning.

e Possibly, a GB associated with generalized baryon number. This GB is harmless as its
interactions are suppressed by Acur. It can also easily be made arbitrarily heavy by
gauging that global symmetry.

The very interesting phenomenological bounds and detection prospects for the exotic QCD-
colored mesons will be quite similar to those applying to the next model. The ensemble will
then be briefly developed in Section 5.3 further below. The same applies to the cosmological
consequences of the two color-unified UV completions developed in this work.

Small-size instantons with O(1) Yukawa couplings

If the Yukawa couplings in the prime sector y{wy(’ii are O(1), the instanton-induced mass of
X is larger than Agiae. The mass of the bound state 7, pnys Will be then dominated by the x
mass instead of the confinement scale. It is thus relevant to consider the instanton effects on
the constituent quarks (i.e. x), as opposed to the discussion in the previous section in which the
instantons contributed directly to the mass of the bound state 77;(. As a consequence, the relevant
diagram (Fig. 5.4) generates an effective mass m, for the x quark induced by SSI instantons:

Lepr = —myXX, (5.2.49)

which can be computed using the dilute instanton gas approximation:
. @D /1 g 2 3 —QTFpACUT 1 v, 11 62 10 12A 5250
my = [ LDl (/) (370" ) e (i LI ~ 62 107 Acur. (5:250)
i

For the benchmark values used for Acyt this indicates a mass of tens of TeV or above. As
expected, the mass of the y thus lies well above the confinement scale Ay, and therefore the
mass of the 77X will be dominated by the mass of its constituent fermion: My~ 2my The two
axion masses are represented in the Fig. 5.5, where the mass of the nd) is taken from Eq. (5.2.48)
and that of 77x from Eq. (5.2.50). Both composite axions have masses typically above the TeV
regime and are out of present collider reach.
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Figure 5.4: Instanton contribution for the second scenario in Model I. It generates an effective mass for

the x.
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Figure 5.5: Axion masses for Model I, with Yukawa couplings y; ~ O(1). The slight kinks in the 7}
curves mark the y threshold. The 77;< axion mass, dominated by the instanton effects on the constituent
quarks, is shown together with the mass for the dynamical n:b axion sourced by Agiae instantons. The
aqyr values corresponding to solid lines are allowed, while those for dashed lines correspond to excluded
values, for which SU(3)aiag would confine below 2.9 TeV, ruled out by searches for scalar octets at

LHC [371] (see Sec. 5.3.1).



142 Chapter 5. Color Unified Dynamical Axion

Solution to the strong CP problem

Upon SU(3)diag confinement, only one massless fermion remains in the spectrum, ¢. Therefore,
the potential contains only one pseudoscalar meson that inherits a shift symmetry: n;b. This
does not invalidate the solution to the strong CP problem, since the other phase ¢’ in Eq. (5.2.44)
is reabsorbed when the y is integrated out of the spectrum. This is a consequence of the mass
of the x being generated by instanton effects: the phase of this mass term will be exactly that
of the topological term, and it will be completely removed after integrating out the fermion.
After taking all instanton effects into account, the low energy potential for the dynamical axion
now reads:

A4i , \" A , 1\
Vo=t (el ea) o2 (L6Rea) e

and the minimum is CP-conserving;:

<9‘6 — \/67’2"> =0, (5.2.52)
fa

Low energy spectrum and observable effects

For most of the parameter space, the two dynamical axions n{ﬁ, phys and 77;(7phys are typically
heavier than the TeV scale and thus very difficult to observe at LHC. Otherwise, under a few
TeV the spectrum is the same as that itemized in Section 5.2.1, except that there are no color
triplet “axi-pions” because of the y absence at the relevant energies, see Eq. (5.2.24). Therefore
only the color octet “axi-pion” can be searched for at the LHC.

5.2.2 Model II: Addition of a second A scalar.

This solution to the 6’ problem is an alternative to extending the spectrum by a massless
fermion, discussed in the previous subsection. In this second model no extra fermion is added to
the SU(6) x SU(3') Lagrangian, while a second A field will be considered instead. The spectrum
is that in Table 5.3 albeit with the scalar line duplicated, A — {A;, As}. This simple extension
allows the implementation of a PQ symmetry which reabsorbs the 6’ contribution to the strong
CP problem. The corresponding PQ symmetry is automatic if the terms in Eq. (5.2.6) are
omitted and Eq. (5.2.2) is replaced by

L3 kg AIQL + ky uF A2 U + kadf A3 DS + hec.. (5.2.53)
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This Lagrangian is invariant under two independent abelian global symmetries; one of them is

anomalous with respect to SU(3’) and corresponds to the PQ charge assignment 17

PQIAL Mg,y ulf df}y = {+1,—1,+1,+1,+1}. (5.2.54)

The vevs of A; and Ay generalize the CUT spontaneous breaking in Eq. (5.2.3) and at the
same time break spontaneously the PQ symmetry; therefore, this PQ scale coincides with the
CUT scale. This distinguishes model 2 from model I, as in the latter the PQ scale coincided
with Agiag. A pGB-—an elementary axion—is generated at this stage. The corresponding PQ
conserved current is given by

g = [@wqg +ulffyuf + dEytdE + (A DFAT — A DFAS — h.c.)] : (5.2.55)
The A; fields are parameterized as

1 . 1 ;
ML= Jolpiua e Ba= () (5.2.56)

where va, and va, denote respectively the Ay and Ag vevs, both of which we take to be real
for simplicity. Decoupling the heavy radial modes, the PQ current reads

jin D op,May —vp,0Ma = fo 0" a, (5.2.57)
where the elementary axion field a(z) corresponds to the GB combination

a(z) = ;a(vAlal(:B) —onan(@)) (5.2.58)

fa=Acur = ”val + ’UQAQ . (5259)

This classically exact PQ symmetry is broken at the quantum level by the SU(3’) anomaly,
which at lower energies translates into an anomalous current for the SU(3)qiag gauge theory.

with

. o ~ Qi ~
Auipg = S—WN’G’G’ — :g NiagGdiagGiag » (5.2.60)
where N’ and Ngiag are the group factors,
N'=Nowg= 3 Tr [T;;Q{tb,f}} =12, (5.2.61)

LH—RH
and where TI%Q corresponds to the PQ generator and t* = ’\717 to the Gell-Mann matrices for the
SU(3) generators. The anomalous term modifies the classical equations of motion of the axion,

O‘d:g 12 G giag Ging - (5.2.62)

faOa + 0,(qh"qr) + Ou (W uf) + O, (dieytdy) =

7 The Lagrangian possesses another U(1) symmetry, namely the generalized baryon number symmetry defined
in Eq. (5.2.7), which is however non-anomalous under SU(3’). See footnotes 7 and 8 on the harmless consequences
of the non-anomalous global symmetry.
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| SU).

SU(3)diag
UL m m
Pr, € O O

Table 5.6: The massless quark sector charged under SU(3)qiag below Acur in the model with an extra
scalar.
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Figure 5.6: Running of aqcp, Qdiagonal, @6, and o in the model with one extra SU(6) scalar; the only
inputs assumed are agyr = 0.3 and Acyr = 4.1 x 10 GeV for illustration, which results in Agiag = 4
TeV (taken as a benchmark point). The solid (dashed) lines correspond to the two (one) loop results.

and gives rise to an effective Lagrangian,

1 — — — Qldiae 12
f—aua (q’L'y“q’L + Wk + d’fv“d'f) + ;:g
a

1 ~
LD iaua(?“a + - a Gdiangiag .
a

(5.2.63)

The impact of the SSI of the spontaneously broken theory will again add further contributions,
inducing a putatively high mass for the elementary axion as discussed further below.

Running of the coupling constants

The matter content allows SU(3)qiag to confine at higher scales than the QCD group SU(3). as
in Model I. The separation of both scales is made even sharper in the Model II because agjag Tuns
faster. In Model II, only one massless fermion charged under SU (3)giag is ever present under the

CUT scale (compare Tabs. 5.5 and 5.6). We have estimated both the one and two-loop running,
as illustrated in Fig. 5.6 for Agj,g = 4 TeV.
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Confinement of SU(3)4iag and pseudoscalar anomalous couplings to the confining
interactions.

At the scale Agiag the QCD coupling constant is small, and the SU(3)giag spectrum with only
one massless fermion in Table 5.6 has an approximate classical global symmetry U(3)z x U(3)g.
Upon chiral symmetry breaking U(3); x U(3)r — U(3)y by the quark condensate ()1¢g),
nine pGBs appear,

9=1. + 8. (5.2.64)

The gauge QCD group SU(3). is again a subgroup of U (3)y which remains unbroken. The octet
of pGBs colored under QCD will acquire large masses due to gluon loops, which at one-loop is
given by

9
m2(8,) ~ O‘° N (5.2.65)

The QCD singlet 1., denoted 77;), is a dynamical axion. Note that it has the same quark
composition as the 771’!} meson in Model 1. The 7];} couples to both the SU(3)giag and SU(3).

anomalies,
. = 1
]ZA - ¢7M75t9w = fa 8M77;b ) 0 = %]13><37 ) (5.2.66)

resulting in a low-energy effective Lagrangian for this axion given by

V6
Lepr C _fm/) <Ozs G, G + ad1ag Gdlanglag> . (5.2.67)
d

In summary, this solution to the strong CP problem is a hybrid one with two axions: a heavy
dynamical axion 77:& with mass of order Agjag stemming from a PQ symmetry which reabsorbs the
original fg;(6) (and thus qep) parameter as in the previous section, and a second elementary
axion a resulting from solving the external SU(3') sector a la PQWW [8,147,148]. Up to now,
only two sources of masses have been identified for the ensemble of three pseudoscalars with
anomalous couplings (anD, 7]&) and a). We analyze next the SSI of this model which provide a
large source of axion mass for the elementary axion a.

Impact of small-size instantons on the dynamical axion mass
Small-size instantons of the spontaneously broken CUT

The analysis of SSI for Model IT under discussion is simpler than that for Model I developed in
the previous subsection. No massless fermions charged under SU(3') are present in Model IT (in
contrast with Model I). Furthermore, PQ symmetry forbids here the y; Yukawa couplings which
gave the dominant contribution in Model I. In consequence, the terms proportional to k; and
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Figure 5.7: Instanton contribution in Model II. The long dashed lines connecting the SM Yukawa
interactions correspond to ¢ propagators while the short dashed lines depict A; or A, propagators.

mediated by the A; and Ay scalars and the Higgs field will dominate Aggr. This is illustrated
by the instanton “flower” in Fig. 5.7. It results in Aggr given by

d 1 ) .
M=~ [ 25 Dla'(1/p)] v | R A A (5.2.68)
[

which can be written as

27

- 1 > B .
Adst = CinstAlyre “cur E [Ty Y i sl x
i

(4ﬂ. i q

1/ACUT 2 6
* / dp g <—b In (pAcur) + W) e 2P NEuT(5.2.60)
0 o'(Acur)

with b = 5 in this case. Here the approximation in Eq. (5.2.36) is no longer valid, and the result
corresponds to that of the pure Yang-Mills case (Eq. (5.2.30)) with the extra suppression factor
of the Yukawa couplings,

—_p 1 o
Mgy = Cinst flaoyr, D) e “cur Ayt ) H Yi_MY(iM Ky Kok (5.2.70)
%
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where the function f(oqyr,b) is defined in Eq. (5.2.31) and the scalar action factor can
be neglected since the major contribution stems from instanton with sizes smaller than
1/Lambdacur.

This result translates into a new contribution to the instanton-induced effective potential of
the form

Vs = —Ag cos (12 ;) . (5.2.71)

Taking into account that in this model the elementary axion scale coincides with the CUT scale,
it follows that for oy = 0.3 and with O(1) k; Yukawa couplings,

m2 ~ 3.7 x 1073"AL . (5.2.72)

For the benchmark values used for Acyr, this implies an elementary axion mass in the range
1075 eV - 10 GeV, see Fig. 5.8 for illustration. In summary, the dynamical axion has a mass
of order Agiag and thus of a few TeV or above, while the elementary axion is light although
typically heavier than the usual invisible axion.

Solution to the strong CP problem

The minimum of the axion potential can be easily shown to remain CP-conserving after including
all contributions to the axion masses. Indeed, the #; dependence of the potential can be again
read off of Eq. (5.2.8),

/

2 2
A,SZLSI a 7l 2 Aéll a Ty &5 AéCD 771,11 7]
V;ff—2(].2fa+9> +7 12E—\/6E+0 +96 + 9 _\/654’96 )

(5.2.73)

for which the following bosonic vevs lead to a CP-conserving minimum,

a g\ Y LA
<12fa+9> 0, <96 \/6fd> . (5.2.74)

After the replacement a — (a) +a, 1;, — (1;,) + 1}, and introducing as well the QCD ngcp, field,
the effective low-energy potential for the physical mesons which couple to anomalous currents
is given at second order by

A2 a\? Al a My ’ Adep (- Macp Ty i
V, ;5= Sl (12 ) +2d 192 V62 + 2 +v6-2] . (5275
=7 fa 2 fa fa 2 fx fa 0279

where all the CP violating phases have been relaxed to zero.
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Computation of the pseudoscalar mass matrix: a, "7:/,’ anD and light spectrum

Taking into account all contributions except the SM quark masses, the following mass matrix
results for the singlet pseudoscalars of the theory which couple to anomalous currents:

(A§SI+Aﬁiag) A%
144 == —12v6 o 0
2 _ Al AL AL A4
Ma,n&],néCD - —12\/6 ﬁ 6 <d§QCD> 2\/6 f(j?f . (5276)
A AL
QCD QCD
0 21/6 22 1~

4 A4 4
Assuming the hierarchy of scales A—% > ?SD > ASQSI, the resulting mass eigenvalues are
d T a

4
Ad A4 AGep
m? .- 144%, mz/ ~ 62, mfi/ ~ QS ) (5.2.77)
phy fa v, phys d QCD phys fﬂ_

In this model both the usual QCD 71’ and the axion a,pys remain as light eigenstates, while the
other eigenstate nﬁb phys will have a mass generically above the TeV scale.

Apart from the axion, the lowest set of exotic states is an octet of exotic “pions” whose masses
are S TeV, see Eq. (5.2.65). A similar colored octet is present in Model I discussed in Sec. 5.2.1,
although Model I contains an additional set of color-triplet pseudoscalars in the case of small
y, Yukawa couplings. In contrast, no color-triplet is ever expected here as the exotic classical
flavor symmetry is U(3)r, x U(3)g, see Eq. (5.2.64), instead of the U(4)1, x U(4)r symmetry of
Model 1.

This Model IT with an additional scalar may be less appealing than than Model I with an extra
massless fermions for two reasons: a) its axion sector contributes directly to the EW hierarchy
problem, as its elementary axion results from a scalar potential which a priori communicates
with the Higgs potential; b) it is a hybrid model with both one elementary and one dynamical
axion, while Model I is more aligned with the spirit of solving fully the strong CP problem via
massless fermions.

5.3 Phenomenological and cosmological limits on the lightest
exotic states

A common feature of the ultraviolet complete models constructed above is that the generic
spectrum under the EW scale includes, in addition to the SM spectrum, sterile fermions, in
contrast with usual axion models. An axion may also be present in this range depending on the
model parameters.
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Figure 5.8: Model with a second SU(6) scalar. The a axion mass induced by the SU(3’) small size
instantons at the scale Acyr is illustrated, together with the larger mass for the dynamical axion 777’#
sourced by SU(3)diag instantons. Order one Yukawa couplings in the prime sector have been used in this
figure.The oy values allowed correspond to the solid sectors of the lines, while dashed lines correspond
to excluded values, for which SU(3)qiag would confine below 2.9 TeV, ruled out by searches for scalar
octets at LHC [371] (see Sec. 5.3.1).

5.3.1 Collider observable signals

A set of observable exotic states are expected to be the exotic SU(3).-colored “pions” whose
masses may lie under the TeV scale. These resulted from the chiral symmetry breaking of the
confining group SU(3)diag.- All models exhibit as a common characteristic QCD color-octet
meson bound states made out of their massless fermions, shown in Table 5.5 and Eq. (5.2.12)
for Model T and Table 5.6 and Eq. (5.2.65) for Model II. In addition, QCD color-triplet meson
bound states may be observable for Model I with small Yukawa couplings in the primed sector.

In this color-unified axion solution, the exotic fundamental fermions have no SM SU(2) x U(1)
charges. The heavy pions will be produced in colliders only via QCD interactions, e.g. gluon-
gluon couplings, through which they also presumably decay before they can hadronize to make
color neutral states. As they are colored, they do not mix with ordinary pions or other visible
matter.
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Color-octet pions from SU(3)diag confinement

The lightest scalar octets in Egs. (5.2.12) and (5.2.65) are denoted by mq = 8.. Their effective
coupling to QCD gluons can be written as

a
?’\ﬁasgdachzyGW , (5.3.1)
where D, denotes the SU(3). covariant derivative and dg. is the corresponding symmetric
group structure constant. The second term in Eq. (5.3.1) results at one-loop from the triangle
diagram with the fermions y running in the loop. The color-octet exotic pions can thus be
either produced in pairs through the gluon-gluon-m4-m4 coupling in the kinetic term, or singly
produced through their anomalous coupling to gluons. The kinetic term dominates the scalar
octet production channels, while the second term allows the 74 decay, yielding a dijet final state.

LD Du’/TdDuﬂd +

Experimental limits on scalar octet pair production via the gluonic interactions in the kinetic
term can be inferred by recasting searches of sgluons. A recent search of sgluon pair production
by ATLAS using 36.7fb~! of \/s = 13 TeV data [371], whose prediction was obtained from the
NLO computation in Ref. [372] for /s = 8 TeV (rescaled to 13 TeV according to Ref. [373]),
sets a bound on the octet scalar exotic pions given by

m(mq) = 770 GeV | (5.3.2)
From Egs. (5.2.12) and (5.2.65), this translates into
Adiag Z 2.9TeV. (533)

For Model I and in the particular case of small Yukawa couplings in the primed sector, an
alternative bound may be inferred from the limits on color-triplet scalars, which can be produced
via their color interactions. In the absence of couplings which mediate their decay (as the second
type of coupling in Eq. (5.3.1) is not possible for scalar triplets), they will bind with SM quarks
to form stable hadrons. This search is expected to result in a sensitivity similar to the one
above [374].

It is very interesting to pursue the experimental search for colored pseudoscalars and stable
exotic hadrons. Their detection would be a powerful indication of the dynamical solution to the
strong CP problem proposed here.

Dynamical axion and exotic fermions

The dynamical axion denoted above by n{/), phys with instanton-induced mass of order Agjag,
Egs. (5.2.48) and (5.2.77), can a priori be either pair-produced through the kinetic coupling or
singly produced through the dimension five anomalous operator. It would decay dominantly
to two back-to-back jets and can be searched for in dijet resonance searches. Its production,

however, may be suppressed by its high mass. For instance, for Agi,s ~ 2.9TeV, My
s phys
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90 TeV, which is beyond the reach of present collider searches. The other mesons and baryons
resulting from the SU(3)giag confinement have masses in the TeV range and above; they would
lead to collider signatures similar to those for the exotic pseudo-goldstone bosons.

The axion coupled to SSI

In Model I, the second axion is also dynamical and it was denoted by 17;(, phys® Its mass can span
a large range, depending on the strength of the Yukawa couplings in the prime sector:

e For y. couplings of O(1), this second axion becomes typically heavier than the TeV scale
and is thus out of LHC reach.

e For small y; couplings (O(0.2) have been illustrated), an observable axion with mass in
the GeV-tens of TeV regime is realistic. Given the low PQ scale (fy, close to a TeV) lower
masses are excluded.

The second axion in Model II, denoted a and of elementary nature, is expected to be light
although heavier than the invisible axion, with a mass in the 10 eV - 10 GeV range for O(1)
Yukawa couplings in the prime-fermion sector. By lowering the values of the latter couplings,
it can even become as light as the usual invisible axion and with similar phenomenology, as its
associated axion scale is the color-unified scale, f, ~ Acur.

5.3.2 Cosmological and Gravitational aspects

We briefly discuss next the cosmological aspects of the models constructed above, as well as the
putative instability threat from gravitational non-perturbative effects.

Stable particles and cosmological structures

Stable particles with masses higher than about 10° GeV may lead to cosmological problems,
dominating the mass density and overclosing the universe [375]. This is often a problem in
previous models of composite axions because exotic stable baryons bound by the extra confining
force [202,376] are expected.

However, as pointed out in Refs. [240,376], if axicolor can be unified with a SM gauge group,
then the unified forces could mediate the decay of axihadrons into lighter states, and the model
would be cosmologically safe. The color unification of this work automatically employs this
mechanism. The heavy exotic hadrons decay to the sterile fermions %, which are part of the
CUT massless multiplet ¥ in Eq. (5.1.2) and Table 5.2. It remains to be determined whether
the lifetime for these CUT-induced decay channels is too large to avoid problems from stable
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exotic hadrons. If the decays are made to be fast enough, the resulting sterile fermions may
induce in turn other cosmological problems. This analysis is left to a future work.

A similar concern pertains to the domain walls which may arise due to the spontaneous
breaking of the discrete shift symmetry in the instanton potential, Egs. (5.2.46) and (5.2.75).
The walls need to disappear before they dominate the matter density of the universe, or else
other mechanisms must be applied to solve the domain wall problem [201,227,377-379].

In any case, if the universe went through an inflation phase any relic previously present will
be wiped out. If the reheating temperature is lower than the PQ scales, meaning lower than
Agiag here, neither the heavy stable particles nor any putative domain walls are produced again
after inflation, and the problems mentioned above are avoided altogether. We defer to a future
work the in-depth study of the cosmological aspects of Model I and Model II, with either high-
or low-scale inflation.

The question of gravitational quantum effects

Gravitational quantum corrections have been suggested to be relevant and dangerous for axion
models in which the PQ scale is not far from the Planck scale. In Model I, both PQ scales
correspond to Agiag, which is much lower than the Planck scale, and no instability resulting
from gravitational quantum effects is at stake. In Model II instead, while the dynamical PQ
scale is analogously low, the second PQ symmetry is realized at the CUT scale and gravitational
quantum effects could be relevant.

It has often been argued that all global symmetries may be violated by non-perturbative
quantum gravitational effects, see for instance Refs. [225-229]. For instance, a black hole can eat
global charges and subsequently evaporate. Similar effects may exist with virtual black holes.
Another indication that gravity might not respect global symmetries comes from wormbhole
physics [230-233]. The natural scale of violation in this case is the wormhole scale, usually
thought to be very near (within an order of magnitude or so) the Planck mass Mpjanck-

For axion models with high PQ scales, such as the typical scale of invisible axion models
fa ~ 10 — 10'2 GeV, it has been argued that those non-perturbative quantum gravitational
effects could lead to extreme fine-tunings. The authors of Ref. [225-228] concentrated on the
simplest (and the most dangerous) hypothetical dimension five effective operator

|2 (2 + 2%)
95 — =,

) 5.3.4
MPlanck ( )

where g5 is a dimensionless coefficient and ® would be a field whose vev breaks the PQ invariance.
This term threatens the standard invisible axion solutions to the strong CP problem, as it would
change the shape of the effective potential. The minimum moves unacceptably away from a CP-
conserving solution unless the coefficient is strongly fine-tuned, for instance g5 < 107> for f, ~
102 GeV. These potentially dangerous terms can be avoided if the global PQ symmetry arises
accidentally as a consequence of other gauge groups [239,241]. Nevertheless, the idea that gravity
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breaks all global symmetries is indeed an assumption —and sometimes an incorrect one— at
least at the Lagrangian level. '® Furthermore, very recently the impact of non-perturbative
effects has been clarified and quantified in Ref. [234]. The effects may be extremely suppressed
by an exponential dependence on the gravitational instanton action, and be harmless even with
high axion scales. The demonstration relied on assuming that the spontaneous breaking of the
PQ symmetry is implemented through the vev of a scalar field, and thus it directly applies to
our Model I1." In summary, Model I is safe from instabilities induced by gravitational quantum
corrections and plausibly this also applies to Model II.

5.4 Conclusions

Color unification with massless quarks has been proposed and developed here for the first time.
As a simple implementation of the idea, the SM color group has been embedded in SU(6), which
is spontaneously broken to QCD and a second confining and unbroken gauge group. An exactly
massless SU(6) fermion multiplet solves the strong CP problem. We have fully developed two
ultraviolet completions of the mechanism.

In order to implement this idea successfully, it is necessary to give satisfactorily high masses
to the SU(6) partners of the SM quarks to achieve a separation between the QCD scale and that
of the second confining group. For this purpose, an auxiliary SU(3") gauge group is introduced
under which the aforementioned massless fermion is a singlet. SU(6) x SU(3') — SU(3). x
SU(3)diag is a simple and realistic option. Both final groups remain unbroken and confine at
two different scales, Aqcp and Adiag, With Agiag ~ O(# TeV) > Aqep. The scale Agiag then
gives the order of magnitude of the mass of the dynamical composite axion inherent to the color-
unified mechanism. Furthermore, massless (or almost massless) sterile fermions are a low-energy
trademark remnant of the massless multiplet that solves the SM strong CP problem.

In order to avoid the SU(3') sector sourcing back an extra contribution to the strong CP
problem, a minimal extension of its matter sector suffices. Two examples of ultraviolet complete
models have been explored in this work: in Model I an extra SU(3') massless fermion is added,
while Model II includes instead a second scalar with the same quantum numbers as the color-
unification breaking scalar. From the point of view of the strong CP problem, those two models
are very different. Model I features a second dynamical axion with a second PQ scale which is
also of order Agiag and thus low. In Model II, this second PQ scale coincides instead with the
much larger color-unification scale, and the associated axion is elementary. We computed the
two-loop running of all coupling constants involved, showing that the desired separation of all
relevant scales is achieved naturally: a color-unification scale much larger than the two confining

18For example, orbifold compactifications of the heterotic string have discrete symmetries that prevent the
presence of some higher dimension operators, and this can strongly and safely suppress the dangerous effects
under discussion [238].

19 Although no explicit demonstration was given in that work for the case of dynamical breaking via condensates,
plausibly the result would also apply for models with dynamical axions and very high axion scales.
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ones, Agiag and Aqcp, and the subsequent separation of the last two. This separation of scales
is robust and stable over a wide range of parameter values.

We have found that regardless of the details of the ultraviolet implementation, generically
there are the three sources of anomalous currents: the instantons of the confining SU(3)., the
instantons of the confining SU(3)giag, and finally the small-size instantons of the spontaneously
broken color-unified theory. There are thus three diverse sources of mass for the three
pseudoscalars in the theory which couple to anomalous currents: the QCD 7/, the dynamical
axion inherent to color unification, and the second axion (either dynamical or elementary)
associated to the solution of the 6" problem. These three bosons then acquire masses of order
AQcp, Adiag and Agg, respectively, and no standard invisible axion (coupling anomalously only
to QCD instantons) is left in the low-energy spectrum. This is generically a very interesting
mechanism from the point of view of solving the strong CP problem with heavy axions and
scales around a TeV. The mechanism allows a wide extension beyond the invisible axion range
of axion parameter space which solves the strong CP-problem. Typical axion masses are in the
TeV regime and above, although strictly speaking one of the axions can become as light as the
usual invisible axion.

With axion scales around the TeV, observable signals at colliders are expected, as well as other
rich phenomenology. Generically, the lightest exotic bound states are colored pseudoscalars
(QCD octets and in some cases also triplets in Model I, and only octets in Model II). We
have recast the results from present experimental searches for heavy colored mesons to infer
a 2.9 TeV bound on the confinement scale of the second confining group, SU(3)diag, Which is
directly related in Model I to the axion scale.

Overall, Model T may be preferred as: i) it is exclusively based on solving the strong CP
problem dynamically via massless quarks; ii) from the point of view of naturalness it does not
require any fine-tuning to ensure the hierarchy between the PQ and the electroweak scales, as no
PQ field is involved in the scalar potential. In Model II instead, one PQ field participates in the
color-unification scalar potential, and furthermore this model is a hybrid dynamical-elementary
axion solution to the strong CP problem.

Model I is also unquestionably safe from the point of view of stability of the axion solution
with respect to non-perturbative effects of quantum gravity, as its PQ scales are Agjag ~ TeV.
Furthermore, recent advances suggest that the quantum gravity threat should not be considered
a risk even for Model II. The other issue of the cosmological impact of (quasi) stable heavy
exotic hadrons and of the (almost) massless sterile fermion remnants can be simply avoided by
introducing an inflation scale and reheating temperature lower than Agj,e. This last subject
deserves future detailed attention in particular in view of the dark matter puzzle.
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6 Automatic Peccei-Quinn
symmetry

In this Chapter, which is based on the publication in Ref. [2], the axicolor framework introduced
in Section 3.2 is approached in a novel way: to assume that the SU(N) exotic confining gauge
sector is chiral. In a minimalistic approach, we require a fermion content such that:

e It confines and renders the theory free from gauge anomalies.

e The exotic fermion representations are chiral, so that fermionic mass terms are
automatically forbidden.

e Minimality in the specific matter content will be a guideline. Two (or more) different
axicolored fermions are present, with at least one of them being QCD colored as well.

In this class of set ups, at least two chiral U(1) symmetries emerge in the dynamical sector and
nullify the theta angles of the dynamical sector and the QCD sector. It can be checked that it is
not possible to obey the three requirements listed above for SU(3), SU(6) or SU(7), at least not
with just two exotic fermions in low-dimensional representations of the chiral confining group.
It is possible instead for SU(4); nevertheless, this theory would not render an improvement on
the gravitational issue, as argued in App. 6.A, and it will not be further developed.

We focus here on the case of chiral gauge SU(5), implemented via its lowest dimensional
fermion representations, 5 and 10, which together fulfill the conditions above. The SU(5)
confinement scale will be assumed to be much larger than that of QCD, A5 > Aqcp. It will be
shown that a satisfactory U(1) pg symmetry is an automatic consequence of the chiral realization
of the gauge group. Note that some models have been previously built for which PQ invariance
is accidental, that is, not imposed by hand [238-245]. Nevertheless, they all required extra
symmetries in addition to axicolor, either gauge or discrete ones. In contrast, axicolor SU(5)
will be shown to suffice because of its chiral character, rendering a particularly simple framework.
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Relevant aspects to be developed include on one side the identification of the exotic fermion
condensates, which in dynamical axion models are the only source of spontaneous symmetry
breaking, e.g. for exotic flavor and for the PQ symmetries. Another important question is the
impact of SU(5) gauge invariance on the possible non-perturbative gravitational couplings of
the theory.

The idea will be implemented in two alternative realizations, selected so as to achieve minimal
matter content. They will only differ in the QCD charges of the exotic 5 and 10 fermions present:
octets of QCD color in one model, while triplets in a second version.

6.1 The SU(5) chiral confining theory

We consider a chiral version of the axicolor model, with SU(5) as an extra confining group, and
one set of massless exotic fermions in its five and ten dimensional representations, 15 and g
(the notation ¥5 = 5, 119 = 10 will be often used for convenience). Such a set cancels all SU(5)
gauge anomalies (as in SU(5) GUT models). The complete gauge group of nature would then
be

SU(5) x SU(3)e x SU((2)r, x U(1). (6.1.1)

An economic implementation is to assume the usual SM fields to be singlets under SU(5), while
the exotic chiral fermions in the 5 and 119 representations of SU(5) are singlets under the
electroweak SM gauge group.

| SU®) | SU@B).
5 R
10 R

s
P10

Table 6.1: Charges of exotic fermions under the confining gauge group SU(5) x SU(3).. The left-handed
Weyl fermions 15 and 119 are massless and singlets of the SM electroweak gauge group. R denotes a
pseudoreal representation.

If the exotic fermions carry also QCD color, this theory solves the strong CP problem. Indeed,
the presence of (at least) two massless fermions ensures the existence of two distinct U(1)
chiral global symmetries, exact at the classical level but explicitly broken by quantum non-
perturbative effects. The @-parameters corresponding to the two confining gauge groups become
thus unphysical via chiral rotations of those fermions. Furthermore, the chiral character of the
representations forbids fermionic mass terms and thus guarantees that those symmetries are
automatic, instead of imposed on a given Lagrangian as customary. Finally, the requirement
of a large confining scale A5 > Aqcp leads to a realistic model, given the non-observation of a
spectrum of bound states composed of those massless exotic fermions.
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For simplicity, we will consider that the set {15,110} belongs to a (pseudo)real representation
R of color QCD, so as automatically cancel [S U (3)¢]3 anomalies, see Table 1. Later on we will
develop in detail two specific choices for R: the case of the fundamental of QCD with reducible
representation R = 3 + 3 in one case, and the adjoint R = 8 in the second case. In all cases,
all mixed gauge anomalies in the confining sector vanish by construction as well, because only
non-abelian SU(N) groups are present and the exotic fermions are electroweak singlets.

6.1.1 Global symmetries

At the scale Ay, SU(5) confines and the massless fermions in Tab. 1 will form massive bound
states including QCD-colored ones. In the limit in which the QCD coupling constant ;g is
neglected, the SU(5) gauge Lagrangian exhibits at the classical level a global flavor symmetry

U(n)g X U(n)m — SU(n)g X SU(’I’L)lO X U(l)g X U(l)lo, (6.1.2)
where n denotes the dimension of R, which plays the role of number of exotic flavors,
n=dim{R}. (6.1.3)

The two global U(1) symmetries correspond to independent rotations of the two massless fermion
representations. However, they are both broken at the quantum level by anomalous couplings
to the SU(5) and QCD field strengths. A generic combination of them will lead to the following
anomaly coefficients (see App. 6.B):

UMW) x [SUG) s nx (Q5T(5) + QuT(10) = T (@5 +3Qu) ,  (6.1.4)
U1) x [SUB)]?:  T(R) x (5Qs+10Qu) . (6.1.5)

Here, Q5 and Q19 denote arbitrary U (1) charges for 15 and 11, respectively, and T’s denote the
Dynkin indices of the corresponding representations. It follows from Eq. (6.1.4) that the charge
assignment

RQs=-3, Qu=1, (6.1.6)

renders a combination of U(1)’s that is free from SU(5) anomaly. The SU(5) anomaly-free
combination is analogous to the B — L symmetry in usual SU(5) GUT’s. It will play the role
of the PQ symmetry in our model, since it is a classically exact symmetry that is only broken
by the QCD anomaly. A second combination will remain explicitly broken' by quantum non-
perturbative effects of SU(5), so that the classical global symmetry in Eq. (6.1.2) reduces (for
as =0) to

SU(n)g X SU(n)m X U(l)pQ:B_L. (617)

The corresponding global charges of the exotic fermions are shown in Table 6.2.

'This can be for instance, the orthogonal combination corresponding to {Qs = 1, Q10 = 3}, although any
combination different from that free from anomalous SU(5) couplings can play this role.
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Table 6.2: Global chiral properties at the classical level, in the limit of vanishing «.

Confinement versus chiral symmetry breaking

A first question is whether the confinement of the SU(5) gauge dynamics is accompanied by the
spontaneous breaking of the associated chiral global symmetries. Two alternative realizations
are possible:

e The global symmetries can be spontaneously broken via fermion condensates. As a result,
(almost) massless (pseudo)Goldstone bosons (pGBs) will be present in the low energy
theory.

e Conversely, they could remain unbroken and the spectrum of bound states would explicitly
reflect those global symmetries via multiplets of degenerate states. In particular, massless
baryons are then needed in order to fulfil the ‘t Hooft anomaly consistency conditions [95]
to match the anomalies of the high and low energy theories.

It can be shown that it is not possible to comply with the 't Hooft consistency conditions for
the complete flavor group. That is, it is impossible to match the [SU (n)g]g and [SU (n)m]3
anomalies before confinement —and thus in terms of quarks— with the anomalies after confinement
in terms of massless “baryons”. The demonstration can be found in App. 6.D. The confinement
of gauge SU(5) is thus necessarily accompanied by the spontaneous breaking of the chiral global
SU(n)s x SU(n)1p symmetry, and associated (pseudo)Goldstone bosons (pGBs) will be present
in the low-energy spectrum.

In contrast, for U(1)pg it is possible to fulfil 't Hooft anomaly conditions [380,381]. At high
energies and in terms of quarks, the spectrum in Tab. 6.2 contributes to the global anomalies as

[UWpgl®:  n (5 (Qs)% + 10 (Q10)3) — 125n, (6.1.8)
U(1)pg % [SU(B)C]2 . N=205QT(R)+10Q10T(R)) = -10T(R), (6.1.9)
U(l)pg x [grav]®:  n(5Q5+10Q10) = —5n. (6.1.10)

where IV denotes as customary the QCD anomaly factor. The low-energy spectrum admits in
turn a massless baryon composed by three fermions,

X=1055, (6.1.11)
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which has PQ charge Q, = —5 and can belong to the R representation of SU(3).. Its
contribution to the anomaly equations matches the anomalies at the quark level in Egs. (6.1.8)
and (6.1.10):

[UW)pg)’:  n@d=-125n, (6.1.12)
Ul)pg x [SUB)])": N=2Q,T(R)=—-10T(R), (6.1.13)
U(1)pg x [grav]® : nQy=—5n, (6.1.14)

In consequence, the chiral confining SU(5) theory would be a priori perfectly consistent
even if the U(1)pg were to remain unbroken after confinement. Nevertheless, this is not
phenomenologically viable since (almost) massless QCD colored fermions are not observed in
nature (other than the light SM quarks).

To sum up, parts of the global symmetries in Eq. (6.1.7) with the field content in Table 6.2
need to be spontaneously broken by fermion condensates upon SU(5) confinement.

6.1.2 Fermion condensates: chiral-breaking versus PQ-breaking

It will be assumed that Aj settles the overall scale for all dynamical breaking mechanisms in the
SU(5) sector, which will take place through fermion condensates.

Chiral condensate

The lowest dimension fermionic condensate which is gauge invariant and breaks the non-abelian
chiral symmetries in Eq. (6.1.7) is a dimension six operator:

1010105, (6.1.15)
with vacuum expectation value (VEV) and breaking pattern expected to obey
(1010105) ~ A8 = SU(n)s x SU(n)10 — G D SU(3).. (6.1.16)

On the right-hand side of this expression, it has been assumed that the QCD gauge group is
contained in the unbroken subgroup G of SU(n)s x SU(n)10. This is possible as the product of
four R representations contains an SU (3) singlet since R is (pseudo)real. It should be noted that
the unbroken subgroup G which contains SU(3) is not necessarily aligned with the one which
contains SU(3). for as = 0. Once a; is turned on, on the other hand, the QCD interaction
forces the condensates to preserve color, which implies that only the QCD invariant condensates
will form (see also[240]).2

2In the thermal bath, for example, the QCD breaking vacua have higher energy density than the QCD
preserving one due to the thermal potential proportional proportional to méluonTQ7 where Mmgluon denotes the
gluon mass on the QCD breaking vacua.
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If R is an irreducible representation of SU(3)., then the only part of the non-abelian chiral
symmetry in Eq. (6.1.16) that is expected to remain unbroken is SU(3).. If R is reducible
instead, some U(1)’s can remain exact (see Sec. 6.2 where R = 3+ 3). Therefore, irrespective of
G, most generators of SU(n)z x SU(n)1o other than those of SU(3). would be explicitly broken
by QCD interactions,

SU(n)s x SU(n)yp 22201050 ¢ 220 qrr(3)... (6.1.17)

In consequence, most of the pGBs associated to the broken generators of the non-abelian chiral
symmetry are necessarily colored under QCD. Their masses m are quadratically sensitive to
large scales via gluon loops and thus safely large,

3o

47
where C(R) is the quadratic Casimir of the QCD representation R to which a given pGB belongs,
TaTH = C(R)F.

m?(R) ~ C(R)AZ, (6.1.18)

The chiral condensate in Eq.(6.1.16) is U(1)pg invariant, though, since its PQ charge is
vanishing. The spontaneous breaking of the PQ symmetry (which is phenomenologically the
only viable option as earlier explained) can only be achieved via higher dimensional fermionic
condensates.

PQ condensate

The lowest dimensional operator which is gauge invariant but has non-vanishing PQ-charge is
55105510, (6.1.19)

which has mass dimension nine and PQ-charge -10. In order to achieve spontaneous U(1)pg
symmetry breaking, we assume that this operator obtains a non-vanishing VEV,?

(65105510) ~ A?, (6.1.20)
which is associated with the QCD axion as a composite field.

In summary, the combined action of the two condensates in Egs. (6.1.16) and (6.1.20) induces
a breaking pattern of the global symmetries of the exotic SU(5) sector of the form

(1010105) (55105510)

SU(n)s x SU(n)10 x U(1)pg G x U(1)po G 7% SU(3). (6.1.21)
For later use, it is convenient to parametrize the field combination in Eq. (6.1.20) as

55105510 ~ A2 e " 100/ frq (6.1.22)

3Its VEV also breaks the non-abelian chiral symmetry, but this effect should be subdominant with respect to
that of the lower dimension operator in Eq. (6.1.16).
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where the radial degrees of freedom are left implicit, a denotes the dynamical axion that
corresponds to the axial excitation of the operator, and the PQ charge of the condensate resulting
from Tab. 6.2 is explicitly shown. The PQ scale fpg associated to the pGB nature of the axion

obeys
frq o As. (6.1.23)

It should be noted that the PQ charges of the SU(5) invariant states are multiples of 5, and

hence, the PQ symmetry in the broken phase is realized by a shift of the axion given by
5 5
2L 20 i n, a=10,27), (6.1.24)
frq  frq

see also App. 6.C.

6.1.3 The axion Lagrangian

In order to obtain the low-energy effective Lagrangian for the axion, the conservation of the
PQ current will be studied next. The current at high energies can be computed in terms of the
fundamental fermions by applying Noether’s formula:

jpq = @5 l/%&”?ﬁg + Q1o ¥}oa" 10 = —3 1%5“1?5 + Pl 1o = frqdta. (6.1.25)

At energies below SU(5) confinement, the current can be expressed in terms of the composite
fermions (i.e. the composite baryons that will be generically denoted by x;) and the composite
scalar (the dynamical axion a),

ibq = frad"a+ Y Qx, (X[ 0" x2). (6.1.26)

This current is classically conserved but it has a QCD anomaly,

. « =~
uipq =N é GG. (6.1.27)
This ward identity is reproduced by the following effective Lagrangian:
1 a,a as a =
Lo = ~0"ad,a+ = (" xi) + N= ——Ga 6.1.28
o = 50" adat T2 Quli ) + Ngn 266, (6.1.28)

where the PQ symmetry is realized by the shift of the axion in Eq.(6.1.24) with x;’s kept
invariant.

Relation between fpq and As in Naive Dimensional Analysis

The effective Lagrangian obtained above can be rewritten in terms of a complex field satisfying
Uut =1, '
U = eto/fra (6.1.29)
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where the factor 5 is introduced to take into account that the physical domain of the axion field
is a/ fpq € [0,27/5), as shown in App. 6.C. The result is

1 2 d

Log =~ (fPQ> U, U — 51 (XT G X) ¥ (6.1.30)
2\ 5 Irq

where the kinetic term is canonically normalized. In this equation, the sum over composite

baryons only shows explicitly the unique type of baryon made out of three fermions, which

happens to be the baryon x with PQ charge @), = —5 defined in Eq. (6.1.11), albeit now being

massive.

Applying Naive Dimensional Analysis (NDA) [382,382,383] to the Lagrangian in Eq. (6.1.30),
it follows that

A5\ 4
L= (22) o a,u+ (1) ua (XT aﬂx> . (6.1.31)
47 A5
leading to the identification
4
Ag =~ @ . (6.1.32)
Customarily, the axion scale f, is defined reabsorbing in it the QCD anomaly factor N,
fo= fPTQ . (6.1.33)

Coupling to gluons and Domain Walls

Because of the periodicity of the instanton potential, the anomalous coupling of the axion to
gluons breaks explicitily U(1)pg to a discrete symmetry S(m),

2
S(m) :a—>a+ﬂTmpr, meZ. (6.1.34)

Nevertheless, not all S(m) transformations are nontrivial, as some of them are equivalent
via gauge transformations (see App. 6.C). The physical discrete symmetry corresponds to
the quotient Sphys = S/Zs, where Zs is the center of the SU(5) group [220]. This implies
that the QCD potential has dim[Sppys] degenerate minima and therefore a number of domain
walls Npw = dim[Spnys| will be generated when the axion field takes a VEV, as this breaks
spontaneously the discrete symmetry,

V]

Any theory with Npw > 1 has a domain wall problem: domain walls could dominate the energy
density of the universe and overclose it. It will be seen further below that in our theory indeed
Npw > 1, and in consequence a pre-inflationary PQ-transition will be assumed to avoid this issue
(see e.g. [384] and references therein). Besides, we also assume that the highest temperature
after inflation is lower than A5 to avoid the production of massive particles in the dynamical
sector, as some of them are stable due to the Zo unbroken subgroup of the PQ symmetry, leading
to an unacceptably large relic density.
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6.1.4 Planck suppressed operators

It has been argued that quantum gravity may violate all global symmetries. In particular, Planck
suppressed operators which are not PQ invariant could be dangerous for axion solutions to the
strong CP problem, since they can unacceptably displace the minimum of the axion potential
from the CP conserving point.

Within our model, because of gauge invariance and chirality, the lowest dimensional operator
of this type has mass dimension nine, as previously argued: it is the operator in Eq. (6.1.20),
whose VEV breaks PQ spontaneously. This significantly strong Planck suppression suggest
that our model can be protected from those gravitational issues. This is to be contrasted
with the usual expectation in axion models which allow lower dimension effective operators of
gravitational origin, e.g. dimension five couplings as in Eq. (5.3.4).

The prefactors of the effective operator are relevant and they can be settled using NDA [382,

383], resulting in:
1 1 1

—c—— 55105510 1.
Cea = ¢ s, 21l ! (6.1.56)

at around the Planck scale. Here, ¢ would be generically of order one and a combinatorial
factor due to the presence of identical fields has been explicitly included in the definition of the
operator.* In order to quantify its impact on the location of the minimum of the axion potential,
it is necessary to express it in terms of the low-energy composite fields. NDA leads to

am)2 (NN? 0 .
coa=clyy (5) age ot ehe (6.1:37)
e Pl

The resulting axion potential, including as well the QCD contribution reads °

a (4m)2 (N\? f2 (10 a
V(a) = —m2 f2 cos <h> T <5> Mglcos <Nfa + 5) , (6.1.38)

where 0 is the relative phase between the Planck-suppressed operator in Eq. (6.1.37) and the
QCD vacuum parameter. The displacement of the axion VEV with respect to the CP conserving
minimum is then given by

5 o 2(4m)2 (NN ST
180,551 = lesin(@)) 257 (F) 57 (6.1.39)

which is strongly constrained by the experimental limit on the neutron electric dipole moment
(EDM). For a given implementation of the SU(5) theory, this indicates an upper bound on
the f, value needed to avoid to fine-tune the coefficient of the gravitationally induced effective
operator.

4Consistently, this would correspond to a combinatorial factor of 1 in the corresponding Feynman rules.

5The QCD axion potential is approximated here by a cosine dependence, since we are only interested in the
displacement of the minimum where that approximation is perfectly valid. For the correct dependence using chiral
Lagrangians at NLO see Ref. [183].
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There is a certain degree of uncertainty when using power counting arguments in the present
context, though, which may change the prefactors significantly. As illustration, if f, is taken as
the PQ physics scale (instead of saturating it by As ~ 47 fpg/5 as in NDA), the operator in
Eq. (6.1.36) would translate into

Lpg—c-L Jo il Ly 6.1.40
J;@’ = C ﬁ Milgle + h.c. 5 ( 1. )
instead of Eq. (6.1.37). The displacement induced on the effective QCD vacuum angle would then

be significantly smaller, depending on the value of the anomaly factor NV in a given realization
of the chiral confining SU(5) theory.

We will apply next the analysis above to two examples of the confining chiral SU(5) theory,
which differ in the QCD charges of the exotic fermions {13, %10}, corresponding respectively to
a reducible and irreducible QCD representation R. In the first model R = 3 + 3, while R = 8
will be assumed in the second model. While the former requires four exotic fermions (instead of
just two for the second option), its matter content is smaller in terms of number of degrees of
freedom.

Planck suppressed operators and neutrino masses

In addition to the dimension nine operator in Eq. (6.1.36), other operators with lower
dimensionality may be present, e.g.:

1 1 1__ cy
=c———5510L®
Lper 647TME5’1 +

2
5 A (L)%, (6.1.41)

where L and ® denote the lepton and Higgs doublets, respectively. The combination of these
two operators breaks the PQ symmetry’, modifying the axion potential and thus displacing
Oer. However, for pseudo-Dirac neutrinos (where the size of the observed neutrino masses is
dominated by a Dirac Yukawa coupling), the impact of these operators is a negligible correction
to the coefficient of the dimension nine operator discussed above in Eq. (6.1.36). Nevertheless,
depending on the mechanism responsible for realistic neutrino masses, the presence of fields
beyond the SM ones may or may not allow for additional dangerous operators. For instance, for
the seesaw type I mechanism the following terms should be considered

1 _ = _ R
L= 5 (5510N) + MNeN +y,NL®, (6.1.42)

where N denotes a singlet fermion, M is the Majorana scale, and y, its Yukawa coupling.
The combination of the couplings present in Eq. (6.1.42) generates the dimension nine operator

SWe thank the referee for pointing out this coupling.

"Because any global symmetry is expected to be broken by gravitational effects, B-L may not be an exact low
energy symmetry and a Planck suppressed Majorana contribution to neutrino masses may be present, although
numerically negligible.
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discussed above,
1 1 1

LX ——— (55105510 6.1.43
* N3 04, 7 ) (6149

albeit with a milder suppression by a factor Mp)/M. In consequence, the gravity-induced
operator (55 10N> can be dangerous and result in a larger displacement of f.g than that
considered in this work. A simple option to avoid this type of operators would be to gauge B-L
in the SM sector with three right-handed neutrinos. In this case, the gauged B-L symmetry
would be spontaneously broken the vev of a scalar field, leaving a residual gauge Z, (under

which N and L® are odd) that forbids the two Planck-suppressed operators considered above,
see Egs. (6.1.41-6.1.42).

6.2 Model I: color-triplet fermions

In the first model, the exotic {z,110} fermions appear in the fundamental representation of
QCD, alike to SM quarks, with
R=3+3, (6.2.1)

as shown in Table 6.3. The [S U(3)C]3 anomalies are then automatically cancelled due to the
the four distinct SU(5) fermions present. The latter being massless, at the classical level this
spectrum has four independent U(1) global chiral symmetries. One combination is broken by
non-perturbative SU(5) effects, and three would remain unbroken for vanishing «, one of them
being the PQ symmetry. The dimension of the (pseudo)real representation is then

n==6. (6.2.2)

As indicated in Eq. (6.1.7), the global chiral symmetries correspond to SU(6)s x SU(6)10 %
U(1)pq for as = 0, which is explicitly broken by QCD down to

SU(6)5 x SU(6)10 x U(1)pg 2% SU(3)e x U(1)y.5 x U(1)v:10.- (6.2.3)

That is, only QCD plus two global U(1) symmetries remain unbroken for a, # 0, while U(1) pg
is broken by the non-perturbative QCD effects. The two surviving U(1) symmetries are the left-
over of the four classical U(1) symmetries associated to the four independent massless fermions
of this model (see Table 6.3), as two were explicitly broken by anomalous couplings at the
quantum level: respectively SU(5) and QCD interactions.

The question of whether the QCD group SU(3). is indeed the surviving unbroken group
after chiral symmetry breaking, as indicated in Eqgs. (6.1.16), (6.1.17) and (6.1.21), deserves
a specific discussion. To see this, let us note that an SO(6) subgroup of the global symmetry
SU(6)5 x SU(6)10 satisfies the 't Hooft anomaly consistency conditions. Besides, the condensates
(1010105) and (551055 10) can be SO(6) singlets. This means that the unbroken subgroup
G of the global symmetry SU(6)s x SU(6)10 contains SO(6), i.e. G D SO(6).8 The SU(3)

80ur arguments do not depend on whether G = SO(6) or G D SO(6), although we expect that G = SO(6).
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SUG) | SUB)e | UM pe || UMys | UMv,10
Vs | B 3 -3 1 0
V5.3) 5 3 -3 —1 0
Yoz | 10 3 +1 1
’lp(lo’g) 10 3 +1 —1

Table 6.3: Model I: charges of exotic fermions under the confining gauge group SU(5) x SU(3)., the
PQ symmetry and the spontaneously broken global U(1) symmetries. The left-handed Weyl fermions 15
and 119 are massless and singlets of the SM electroweak gauge group; their QCD representation has been
indicated as an additional subscript.

subgroup of SO(6) is then obtained by identifying the vector representation of SO(6) to be 3+3.
Therefore, it is clear that an SU(3) global symmetry remains unbroken below the confinement
scale.

It should be noted that an SO(6) subgroup of SU(6)s x SU(6)1¢ is not uniquely determined,
and hence, the unbroken SO(6) is not in general aligned to the one which contains SU(3).
for g = 0. However, it has been argued that, among the possible condensate channels, the
minimum of the potential corresponds to the one preserving QCD for as # 0 [240]. Thus,
we find that it is most likely that the SU(5) dynamics with the non-vanishing chiral and PQ
condensates in Eqs. (6.1.16) and (6.1.20) preserves SU(3)..

The U(1)y 5 and U(1)y 10 symmetries are generically broken by those condensates. In fact,
the chiral condensate in Eq. 6.1.16 breaks spontaneously U(1)s x U(1)19 down to a U(1), where
the number of positive and negative charges with respect to this U(1) is balanced at the QCD
preserving vacuum. The PQ condensate could also break this remaining U (1) if the quarks in the
condensates are all either in the 3 or in the 3 representation of QCD. Accordingly, the model
predicts one or two additional pGBs which obtain tiny masses from the higher dimensional
gravitational operators in Eq. (6.1.36). As those pGBs decouple from the thermal bath at a
temperature much higher than the weak scale, the contribution of each pGB to the effective
number of relativistic species is suppressed, i.e. ANg ~ 0.03, and hence the model is consistent
with the current constraint Neg = 2.99f8:§§ [21].

In this model, the PQ current in Eq. (6.1.25) takes the form
Jhg == 3005 55" V.3) — 305 50T V5.3) (6.2.4)
+ ‘D(Tlo,?,)auw(loﬁ) + 1/’(T1o,3*)5“¢(10,3*) = fpqda. (6.2.5)

For fermions in the fundamental of QCD (T'(3) = T'(3) = 1/2), the QCD anomaly factor and
the domain wall number in Egs. (6.1.10) and (6.1.35) are then, respectively,

N=-10, Npw=2. (6.2.6)
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Figure 6.1: Displacement of the CP conserving minimum due to the presence of the Planck suppressed
operator, for |csin(d)| € (0.001,1)and assuming NDA. The regions excluded by the experimental limits
on the neutron EDM are depicted in blue, while future prospects are indicated by a dashed blue line. The
red band corresponds to the SN1987a bounds axion-nucleon couplings [262]. The f, values that suffice
to account for the full content of dark matter in the pre-inflationary scenario are depicted in green.

The resulting domain wall problem is avoided here by the assumption of pre-inflationary PQ
transition, as earlier explained.

Planck suppressed operators

For the value of N in Eq. (6.2.6), the displacement induced on the QCD 6 parameter by the
NDA estimation of the Planck suppressed operator in Eq. (6.1.37) is illustrated in Fig. 6.1 (left
panel). The figure also depicts the stringent constraint imposed by the experimental bound
on the neutron EDM [99], which for the most conservative estimates [385] translates into the
requirement

3 + 3 Model: fo S (4.5 x10%,1x10%)GeV, for |esin(8)| € (0.001,1).  (6.2.7)

The softer constraint that follows if NDA is disregarded and substituted by the estimation
stemming from Eq. (6.1.40) is also depicted.” The degree of tuning of the operator coefficient is
illustrated in Fig. 6.2 (left panel).

9The explicit breaking can be further suppressed if, for example, we assume supersymmetry with R-symmetry.
In such cases, f, in the preferred value for the DM relic density is also allowed, though we do not pursue such
possibilities further in this thesis.
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Figure 6.2: Allowed values for the Planck suppressed operator coefficient |csin(d)|, for axion dark matter
compatible with neutron EDM and SN1987a bounds.

Axion dark matter

In the misalignment mechanism, the relic axion abundance €2, depends then on two variables:
the axion decay constant f,, and the initial misalignment angle 6; = a;/ f,. For |0;| < 7 it reads
[256]

0, 2 f 1.17
Q,h?=0. ‘ a 2.
=035 <0.001> (3>< 1017GeV) ’ (6.2.8)

where h is the present Hubble parameter. If axions were to explain the total relic dark matter
density Qpy A% ~ 0.12 [21], the f, value required for an initial misalignment angle in the range
; € (0.1,3) is

0~ 2x 100 —5x 10" GeV. (6.2.9)

However, for values of §; ~ &, the anharmonicities of the QCD potential are important and f,
can be as low as [19, 256, 386]
fa~2x10°GeV. (6.2.10)

These two estimations of the f, values that allow axions to constitute all the dark matter of
the universe have been depicted in Fig.6.1 by green bands dubbed, respectively, “preferred”
and “correct” densities. The bounds on f, stemming from measurements of the neutrino burst
duration of SN1987a are depicted in red. '°

The lower f, value in Eq. (6.2.10) is about a factor of two too large to be compatible with
that required in Eq. (6.2.7) by the neutron EDM bounds. This option requires a fine-tuning of
the coefficient ¢ of the Planck suppressed operator of O(10~7), to be compared with the typical
adjustment by 54 orders of magnitude in axion models with dimension five Planck-suppressed

19 Assuming the fiducial density profile for the proto-neutron star in Ref. [262], the bound reads f, > 10% GeV.
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operators. Furthermore, for a misalignment angle close to m and low inflation scales, lower
values of f, are possible and the fine-tuning of ¢ could be avoided altogether, even in this most
conservative case of the NDA estimate of the effect. Conversely, would the NDA prefactors be
disregarded, O(1) coefficients for the Planck suppressed operator are seen to be allowed in a
large fraction of the parameter space.

6.3 Model II: color-octet fermions

We consider here an alternative realization with only one {15,110} set of two fermions charged
under SU(5) and belonging to the adjoint representation of QCD, see Table 6.4. All gauge
anomalies cancel then automatically. This model is less economical than Model I, though, from
the point of view of the total number of exotic degrees of freedom.

\ SU(5) \ SUB)c || U()pq \
s | B 8 -3
Yo | 10 8 +1

Table 6.4: Model II: charges of exotic fermions under the confining gauge group SU(5) x SU(3).. Their
PQ charges are shown as well. The left-handed Weyl fermions s and 119 are massless and singlets of
the SM electroweak gauge group.

In the limit of vanishing s the number of flavors of the SU(5) fermionic sector is
n=S8, (6.3.1)

and thus the global chiral symmetries of the SU(5) Lagrangian correspond to

SU(8)s x SU(8)10 x U(1)pg 2Z% SU(3). . (6.3.2)

In consequence, in this model only QCD remains unbroken for as # 0, and hence no light pNGs
appear associated with the spontaneous breaking of the non-abelian global symmetries.

To see whether the QCD gauge group remains ultimately unbroken, note that an SO(8)
subgroup of the global symmetry SU(8)s x SU(8)10 satisfies the 't Hooft anomaly consistency
conditions, while the condensates (1010105) and (§5105510) can be SO(8) singlets. In
this case, we find that the unbroken subgroup G contains SO(8), i.e. G D SO(8). The SU(3)
subgroup of SO(8) is realized as the special maximal embedding where the vector representation
of SO(8) is identified with the octet of SU(3) (see e.g. [387]). Thus, it is again clear that an
SU(3) global symmetry remains unbroken below the confinement scale, with non-vanishing
(1010105) and (55105510) condensates. Finally, the SO(8) symmetry is aligned with that
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containing SU(3). once ag # 0 is taken into account. This shows that, also in this model, it is
most likely for the SU(5) dynamics to preserve SU(3)e.

For fermions in the adjoint of QCD (T'(R) = 3), the QCD anomaly factor and the domain
wall number in Egs. (6.1.10) and (6.1.35) are, respectively,

N =-30, Npw=6. (6.3.3)

Planck suppressed operators

Fig.6.1 (right panel) shows the displacement induced by the operator in Eq.(6.1.37) on the
QCD vacuum parameter, for the value of N expected from NDA, see Eq. (6.3.3), which implies
the requirement

8 Model: fo S(17Tx10%,3.7x108)GeV,  for|esin(5)] € (0.001,1),  (6.3.4)

to comply with the experimental bound on the neutron EDM. This constraint is stronger than
that for Model I for QCD-triplet exotic fermions, Eq. (6.2.7). A softer constraint if NDA was
disregarded in the estimation is also illustrated.

Axion dark matter

The comparison between Eq. (6.3.4) and the f, ranges in Egs. (6.2.9) and (6.2.10) shows that
this model with exotic fermions in the adjoint of QCD is more in tension than model I, if axions
are to explain all the dark matter of the universe without recurring to fine tunings. Fig.6.1
(right panel) illustrates this situation. For the NDA estimation of Planck suppressed couplings,
fa as required by dark matter is a factor of five too large with respect to the neutron EDM
constraint; this translates into the requirement of a O(10~!°) fine-tuning of the coefficient ¢ of
the Planck suppressed operator, as illustrated in Fig. 6.2 (right panel). Alternatively, the present
model could explain a subdominant fraction of the dark matter content.

A comparison without NDA power counting estimates is also illustrated: non-fine tuned
values of the coefficient ¢ are then compatible with the axion accounting for the ensemble of
dark matter, while complying with EDM limits. Overall, the uncertainty on the estimations of
non-perturbative gravitational effects, and on the f, values required to account for dark matter,
is large enough to still consider this model as a candidate scenario for purely axionic dark matter.
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6.4 Conclusions

We have presented a novel composite axion theory that solves the strong CP problem and has
as singular features:

e A gauge confining symmetry which is chiral, unlike usual axicolor models which use
vectorial fermions. In consequence, the PQ symmetry is automatic, without any need
to invoke extra symmetries.

e Exotic SU(5) fermions in (pseudo)real representations of QCD.

e Inherent protection from dangerous quantum non-perturbative gravitational effects.

The gauge group selected and illustrated here is chiral SU(5) with two massless fermions in its
5 and 10 representations and a confining scale much higher than that of QCD. A new spectrum
of composite bound states is expected.

We showed that the ‘t Hooft anomaly conditions for the global symmetries of the exotic
fermionic sector imply that the non-abelian global symmetries must be spontaneously broken.
The global abelian symmetries, e.g. the PQ symmetry, must also be spontaneously broken for the
theory to be phenomenologically viable, resulting in a dynamical invisible axion. Furthermore,
the PQ invariance is the analogous of the B — L symmetry in SU(5) Grand Unified Theory
(GUT).

We have determined the fermionic operators with lowest dimension which may condense and
induce spontaneous breaking. Because of SU(5) gauge invariance, six is the minimal dimension
for the operator whose VEV may break the exotic flavor symmetries. An even higher dimensional
condensate is needed in order to break P(Q invariance: the VEV of a dimension nine operator.
The latter is also the lowest dimensional effective operator which could result from gravitational
quantum contributions, breaking explicitly the PQ symmetry, as these effects must respect gauge
invariance. Its high dimensionality is at the heart of the inherent protection of this theory with
respect to the gravitational issue.

We have developed two complete ultraviolet completions of the chiral confining SU(5)
theory, which only differ in the (pseudo)real QCD representations chosen for the exotic
fermions: a reducible 3 + 3 representation for Model I, and the irreducible adjoint in model
II. The former is more economical in terms of the total number of degrees of freedom. Both
models are phenomenological viable and largely protected from quantum gravitational concerns.
Remarkably, in the case of exotic fermions in the fundamental of QCD, the f, range allowed if
axions are to explain the full dark matter content of the universe can be compatible with that
required to avoid a fine-tuned coefficient for the Planck suppressed operator. For octet-color
fermions the compatibility is marginal but still possible.

The basic novel idea of the construction is to use a chiral confining group, which provides
an automatic implementation of PQ invariance. The most economic avenue is to implement
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it via just two exotic fermions in (pseudo)real representations of QCD. In this perspective,
we have briefly explored other confining groups as well. For instance, a chiral and confining
gauge SU(4) symmetry would be a viable alternative, although it does not enjoy a sufficient
protection from gravitational issues, at least in the case of only two exotic fermions. Even the
smaller chiral confining SU(3) symmetry is possible, although the versions with only two exotic
fermions require very high-dimensional representations of the confining group and, again, they
are less protected from gravitational issues than the SU(5) case (see App. 6.A). Nevertheless,
as the estimation of gravitational effects is somehow uncertain, it may be pertinent to dedicate
specific studies to these alternative directions.
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Appendices
Appendix 6.A Alternative confining groups: SU(3) and SU(4)

SU(4) Model

It is also possible to construct a chiral axicolor model that fulfills the requirements explained in
the begining of the present Chapter with an SU(4) gauge group.

| SUM) | SUE) | U)rg
Uz 4 8 -3
Yo | 10 1 4

Table 6.A.1: Charges of exotic fermions under the confining gauge group SU(4) x SU(3).. The left-
handed Weyl fermions 13 and 11¢ are massless and singlets of the SM electroweak gauge group.

It is easy to check that this theory is free from gauge anomalies ! and that the global U(1) PQ
in Table 6.A.2 is exact at the classical level but explicitly broken by SU(3). instantons, solving
therefore the strong CP problem a la Peccei-Quinn.

However we will not study this model further since it lacks special protection against PQ-
violating gravity operators. Indeed the lowest dimensional non-renormalizable operators that
break PQ and could be generated by quantum gravity effects are

c 1 _---_ c 1
L — —4444 + — —10101010, 6.A.1
Planck 5 32 ) Tz (6.A.1)
and would lead to unacceptable deviations from the CP-conserving minimum (barring a fine-
tuning of ¢ by several tens of orders of magnitude) and thus spoil the solution of the strong CP

problem.

Alternative SU(4)

It is possible to implement the confining gauge SU(4) solution in a setup in which two exotic
fermions belong to the adjoint of QCD, by considering higher SU(4) representations, e.g. 35
and 70 since A(35) = —112, A(70) = +112, see Table 6.A.2.

H [SU(4)]3 anomaly: 8A(4) + A(10) = 0, since A(4) = —1, and A(10) = 8.
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| SUM) | SUE). | U)rg
’(/13_5 3_5 8 _98
Yo | 70 8 56

Table 6.A.2: Charges of exotic fermions under the confining gauge group SU(4) x SU(3).. The left-
handed Weyl fermions 135 and 7o are massless and singlets of the SM electroweak gauge group.

SU(3) Model

The idea of using a chiral confining theory as solution to the strong CP problem can also be
implemented with a confining SU(3) gauge group, for instance via the fermionic content in
Table 6.A.3.

| SUE) | SUB). | U)re
Vi | 15 R ~119
hyo | 42 R 35

Table 6.A.3: Charges of exotic fermions under the confining gauge group SU(3) x SU(3).. The left-
handed Weyl fermions 1z, and 142 are massless and singlets of the SM electroweak gauge group.

This theory is anomaly free since A(15') = —A(42) = 77 and again the exotic fermions
transform as pseudoreal representations R of the QCD group. However, the theory is not as
protected against PQ breaking gravitational effect as the SU(5) case, since the corresponding
effective operators can appear at dimension six,

1 - -
—15'15'4242 (6.A.2)

E C
Planck X Mlgl 2191

and in consequence we will not further elaborate on this model.
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Appendix 6.B Anomaly factors

In this appendix we review the group theoretical factors that are relevant when computing the
global or gauge anomalies in our theory. Let us consider a given conserved current jj; that
corresponds to the symmetry associated to the generator 7. In the presence of the gauge field
Fy the divergence of the current reads,

Ot jg = %C“bc Fyu F1Y (6.B.1)

group

where FH = %ef“’" PF5,, the fine structure constant of the corresponding gauge interaction is

2
denoted by a; = Z—;'r and the group theoretical factor Cyroyp is given by

Chteny = DT |T*{th. t5}] (6.B.2)

where the sum runs over all fermionic representations R of the gauge group t%. Thoughout the
Chapter the fermionic degrees of freedom are expressed in terms of left-handed Weyl fermions.

This formula is used for three different cases, depending on whether the groups are abelian or
non-abelian and whether the anomaly is cubic or mixed.

e Non-abelian cubic anomalies:

[SUN* s Cotey = Tr |ttt} = a3 AR), (6.B.3)
R R

where A(R) denotes anomaly coefficient or triality of the representation R.

e Abelian cubic anomalies:

VWP Corow =Y Tr [Qr{Qr. Qr}] =2y Q% (6.B.4)
R R

where Qg denotes the U(1) charge of the corresponding fermion.

e Mixed anomalies:

[SUMN xU@1): =S Tr [QR{tb : %}} =53 Qr2T(R), (6.B.5)
R R
where T'(R) is the Dynkin index of the representation R.

These group theoretical factors are tabulated [388] and can also be computed with the
Mathematica package LieART [389)].
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Appendix 6.C Axion field domain

Our definition of the PQ symmetry according to the charges in Tab. 1 corresponds to the
following transformations:

P10 — €' ¥y,
g — e PN s, (6.C.1)

where « is the rotation angle. However, the domain of o does not correspond to the full range
[0, 27) since some of these rotations are equivalent due to gauge transformations. In particular,
the center of SU(5) is the discrete symmetry Z [SU(5)] = Zs, that corresponds to the following
gauge transformations:

¥10 o2 ik/5 P10 Q2mik/5 _ 64”’“/5%0,

s — e 2T RS g (6.C.2)

for k = {0,1,2,3,4}. It is easy to see now that a PQ transformation with angle o = 27/5 is
gauge equivalent to a = 2w with £ = 2. As a consequence, the axion transforms under PQ as

a a
—— — 4« 6.C.3
frq frq ( )
and its physical domain is
e 0,2n/5). (6.C.4)

frq



6.D ‘t Hooft anomaly matching: is SU(8)z x SU(8)19 x U(1)pq spontaneously broken? 177

Appendix 6.D ‘t Hooft anomaly matching: is SU(8)5 X
SU (8)10 X U(1) pg spontaneously broken?

aaa If the SU(5) group confines without breaking the chiral symmetries in Table 6.D.1, the
consistency of the theory implies the existence of massless baryons in the low energy that match
the global anomalies of the high-energy theory. However, for some theories these ‘t Hooft
anomaly matching conditions cannot be satisfied as a consequence of the properties of the
fermionic representations. It must be then concluded that these theories can only be realized
via spontaneous breaking of its chiral symmetries. This will be the case for the SU(8)5x SU(8)1
chiral symmetry of our SU(5) model.

Table 6.D.1: Global chiral properties at the classical level, in the limit of vanishing as.

Let us first compute the global anomalies in the high energy theory (in terms of the
fundamental quarks ¥5 and 19):

[SU@8)s])®:  5x A@D) =5, (6.D.1)
[SU@8)10)>: 10 x A(D) =10, (6.D.2)
Ul)pg x [SU®)s)?:  5x2T(0)Q5 = —15, (6.D.3)
U(1)pg x [SU(8)10]>: 10 x 2T(0)Q10 = 10, (6.D.4)
[U()pol®: 8 (5 (Q:)® + 10 (Q10)3) — ~1000. (6.D.5)

If chiral symmetries remain unbroken these anomalies will match those in the low energy
theory in terms of the bound states. The simplest SU(5) singlet that can be formed in this
theory consists of three fundamental quarks, x = 1055 . Can it match the previous anomalies?
The transformation properties of x under the global symmetries are

SU(8)s: 8x8=28+36, (6.D.6)
SU(8)10 : 8, (6.D.7)
Ul)pg: —3-34+1=-5. (6.D.8)

In consequence, there are two posible representations for the baryon y under SU(8)z x SU(8)19 x
U(1)pg: (28,8,—5) and (36,8, —5). If the low energy contains a number ngg and nse of baryons
transforming under each representation respectively, then the anomalies are given by

[SU(8)s]% 1 8 (nag A(28) + 13 A(36)) = 32(nag + 3nzs) , (6.D.9)
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[SU8)10)>:  28nag A(8) + 36136 A(8) = 4(7 nag + 9736) , (6.D.10)
U)po x [SU®)s)?:  8Qy (nas2T(28) + nss 2T(36)) = —80(3nas + 5nze),  (6.D.11)
U)pg x [SUB)0]>:  Qy (28nas 2T(8) + 36 nze 2T(8)) = —20(7nag + 9Inzg), (6.D.12)
[U(MW)pg]® s 8(28nas + 36n36) (Qy)° = —4000 (7nos + Inae) - (6.D.13)

It is easy to see that there is no way of matching these anomalies with nog, n3s € N. If we would

For the first one, 55555, the transformation properties are:

SU@B)s: 8x8x8x8x8= (56)+4 (504)+(792) + 5 (1008) + 6 (1512') (6.D.14)

+5 (1680) + 4 (1848), (6.D.15)
SUB)w: 1, ( )
Ul)pg:  5(=3)=-15. ( )

6.D.16
6.D.17

For 1010101010 the transformation properties are:

SUQR)s: 1, (6.D.18)
SU@B)1p: 8x8x8x8x8= (56)+4 (504)+ (792)+5 (1008) + 6 (1512) (6.D.19)

+5 (1680) + 4 (1848), (6.D.20)
Ul)pg:  5(+1)=45. (6.D.21)

Repeating the analogous exercise to that in Egs. (6.D.9)-(6.D.13), and using the properties of
the representations of the 5-quark bound states in Table 6.D.2, it follows the same conclusion as
before: the chiral symmetry must necessarily be spontaneously broken due to the impossibility
of satisfying ‘t Hooft anomaly matching conditions.

R |27®R) | AR)

56 13 -5
504 213 75
792 713 1287
1008 524 294
1680 1088 1066
1512 | 883 | 777

Table 6.D.2: Dynkin index T(R) and anomaly factor A(R) of the different representations of SU(8)z

that are contained in [8]°.

This does not mean, however, that the full SU(8)s x SU(8)19 x U(1)pg is completely
spontaneously broken. Some subgroup can remain unbroken. In particular, it is shown in
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the body of the Chapter that it is possible to leave unbroken the U(1)pg with the baryon
in Eq. (6.1.11) satisfying the anomaly matching conditions. Nevertheless, this possibility is
phenomenologically excluded due to the absence of colored massless quarks in nature.
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7 Axion couplings to EW
gauge bosons

In this Chapter, which is based on the publication in Ref. [3], the axion couplings to EW gauge
bosons are studied in the simultaneous presence of the gluonic coupling.

The main phenomenological constraints for QCD axions are obtained from their couplings
to photons, gluons and fermions. Nevertheless, as has been commented in Section 3.2, in
specific QCD axion models the coupling to photons may be suppressed [166,167] and moreover
large uncertainties may hover over the purely hadronic constraints [390]. It is thus important
to analyze the axion couplings to other electroweak gauge bosons, as they may become the
phenomenologically dominant couplings in certain regions of the parameter space for those
models. Couplings of axions and also of ALPs to heavy gauge bosons are increasingly
explored [287-290,368,391,392] in view of present and future collider data, and also in view of
rare meson decay data. For instance, in addition to LHC-related signals, recent works [291,393]
consider the one-loop impact of aWW couplings on rare meson decays.

Here we first determine the model-independent components of the coupling of QCD axions
with electroweak gauge bosons, which result from the mixing of the axion with the pseudoscalar
mesons of the SM. In other words, we determine the equivalent of the 1.92 factor in the photonic
coupling in Eq. (3.1.20) for the couplings of the axion to W and Z gauge bosons. A chiral
Lagrangian formulation will be used for this purpose, determining the leading-order effects. The
heavy electroweak gauge bosons will be introduced in that Lagrangian as external —classical—-
sources. Our results should impact the analyses for light axions of theories which solve the
strong CP problem. They are novel and relevant in particular whenever the axion is lighter
than the QCD confining scale and is on-shell in either low-energy or high-energy experiments.
They also impact the comparison between the data taken at experiments at low and high-energy.
For instance, a null result in NA62 data for K — wa does not imply the absence of a signal at
high energy in an accelerator such as that from off-shell axions at LEP or at a collider. This
is because model-independent contributions are present at the low momenta dominant in rare
decays (and cancellations may then take place), while at high energies they are absent.
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As a second step, we will extend the analysis to heavy axions which solve the strong CP
problem. Axions much heavier than Agcp and with low axion scales are possible within
dynamical solutions to the strong CP problem, at the expense of enlarging the confining sector
of the Standard Model (SM) beyond QCD [4,170-180]. These theories introduce a second and
large instanton-induced scale A’ > Agcp to which the axion also exhibits anomalous couplings,
resulting in the bulk of its large mass. Precisely because the axion mass typically lies well above
the MeV regime, these heavy axions avoid the stringent astrophysical and laboratory constraints
and present and future colliders may discover them. The transition between the light and heavy
axion regime will be explored for the coupling of the axion to the photon and to the electroweak
gauge bosons.

Finally, the phenomenological part of the analysis will be carried out on a “two-coupling-at-a-
time” basis: it will take into account the simultaneous presence of a given electroweak coupling
and the axion-gluon-gluon anomalous coupling (essential to solve the strong CP problem). For
the analysis of data, for the first time the experimentally excluded areas for the EW couplings
9aWwWs Gazz and ge,z will be identified and depicted separately, besides the customary ones
for the g,y coupling. Furthermore, the relations among the exclusion regions stemming from
electroweak gauge invariance will be determined and exploited. Model predictions will be
illustrated over the experimental parameter space.

Aside from the main focus of the work on true axions, our analysis applies to and calls for a
timely extension of the ALP parameter space. Very interesting bounds on ALPs from LEP and
LHC [287-290, 368,391,392, 394, 395] assume often just one electroweak coupling for the axion,
and no gluonic coupling. The path to consider any two (or more) couplings at a time will change
the experimental perspective on ALPs.

What is the difference between a heavy axion and an ALP with both anomalous electroweak
and gluonic couplings? The key distinction is that the former stems from a solution to the
strong CP problem while a “gluonic ALP” may not. Both exhibit anomalous couplings to QCD
and in both cases there is an external source of mass besides that induced by QCD instantons
and mixing. However, for a true heavy axion that extra source of mass does not induce a
shift of the § parameter outside the CP conserving minimum (and thus the solution to the
strong CP problem is preserved), while for a generic gluonic ALP such a shift may be induced.
Nevertheless, this important distinction is not directly relevant for this work, as the novel aspects
and phenomenological analysis developed below are valid for both true heavy axions which solve
the strong CP problem and for gluonic ALPs. To sum up, all results below for heavy axions
apply directly to gluonic ALPs as well. In addition, the conclusions based purely on EW gauge
invariance have an even larger reach: they hold for all type of axions and for generic ALPs (that
is, ALPs with or without gluonic couplings).
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7.1 The Lagrangian for the QCD axion

Without loss of generality, the axion couplings can be encoded in a model-independent way in
an effective Lagrangian. At leading order in inverse powers of the scale fpq at which the global
PQ symmetry is broken, and at energies above the electroweak (EW) scale, it reads

Lot = Lont + %(aua)(aﬂa) 6L, (7.1.1)

where a denotes the axion eigenstate at energies well above the confinement scale and Lgy is
the SM Lagrangian, see Eq. (1.1.1).

We will work in the basis in which the only PQ-breaking operators in the Lagrangian,
(5[,5@ , are the anomalous couplings of axions to gauge bosons. This choice is allowed by the
reparametrization invariance of the effective axion Lagrangian (see Appendix 7.B). The CP-
conserving and PQ-violating next-to-leading order (NLO) corrections due to axion physics then

read !
5[:5@ ZNQOG—F LOOW+POOB, (7.1.2)

with Oz, Oy, and Op denoting the anomalous axion couplings to gluons, SU(2)r and U(1)y
gauge bosons, respectively,

(6% ~ a
Op = ——G%GM™W—— 7.1.3
aw a
O, = —Wyya pyamw 7.14
1%.% 87T g fPQ’ ( )
ap a
0: = B, B -2 7.1.5
B 87 12 fPQ ( )

where ag, ap and ap denote respectively the fine structure constants for the QCD, SU(2);, and
U(1) gauge interactions, and Ny, Py and L are dimensionless operator coefficients. Customarily,
the Lagrangian in Eq. (7.1.2) is rewritten as

1 | | -
6Lq :ZggggaGG+ ZgQWWaWWJr ZggBBaBB, (7.1.6)
where the Lorentz indices of the field strengths are implicit from now on and
@ =———ay Ny q° -1 aw Lo PCpp=— ! ap Py (7.1.7)
agg — 27rfPQ s ’ aWW — 27TfPQ ) aBB — 27TfPQ . s

The model-dependent group theoretical factors can be generically written in terms of the
fermionic PQ charges X; as

No = Y 2x,7(RYY),

i=heavy

1The derivative operators also present in the most general basis [186,289,396,397] are PQ invariant and thus
not shown.
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Ly = Y 2x7(R"Y),
i=heavy

R o= ) 2x4Y7, (7.1.8)
i=heavy

where &; is the difference between the right-handed and left-handed PQ charges:?

X, =X — Xr; - (7.1.9)
In Eq. (7.1.8), T(RZSU(?’)) and T(RZ-SU(Z)) are respectively the Dynkin indices of the fermionic
representation R; under QCD and SU(2), and Y; denotes the hypercharge. The sum over
“heavy” fermions and the subscript 0 indicate that the contribution to the anomalous couplings
from all exotic heavy quarks, and/or heavy SM quarks (s, ¢, b, and ¢t quarks) if PQ charged, is
encoded in the Ny, Ly and Py operator coefficients. That is, the possible contribution of the
SM first generation up (u) and down (d) quarks is not included in those coefficients. Indeed,
for models in which they have PQ charges an additional PQ-invariant term must be considered,
replacing the v and d Yukawa couplings in Eq. (1.2.3) by:

SLEQ = —Qi Y ®dgetXai/ira — Q1 Y, dug e M/ fra 4 hc. (7.1.10)

which assumes as convention that the axion transforms under the PQ symmetry as a — a+ fpq.
The X, 4 dependence in Eq. (7.1.10) will be shown below to generate extra contributions to the
physical anomalous couplings. In this equation (1 denotes the first family doublet, and flavor-
mixing effects as well as leptonic couplings are omitted from now on for simplicity. In all
equations above, color and SU(2), indices are implicit and the QCD 6 angle has been removed
from the Lagrangian via the PQ symmetry.

Among the most general set of purely derivative operators, additional couplings could also be
considered, e.g.
PQ Oua

5‘Ca,deriv = _E (QL’YM c? Qr + UR’}/MclU Ur + DR’yuch DR) , (7.1.11)

where c(f?, ¢/ and cP are matrices of arbitrary coefficients in flavor space. Nevertheless, the

reparametrization invariance of the Lagrangian [398] allows to work in a basis in which these
terms (which would seed pseudoscalar kinetic mixing) are absent and their impact is transferred
to other axionic couplings.® From now on they will be disregarded all through the analysis
on pseudoscalar mixing. In summary, the Lagrangian to be analyzed below when considering
mixing effects reads

6L, = 6LP9 4 oL@ (7.1.12)

20bviously, only left-handed quarks may contribute to Lo; in any case, it is always possible to work in a
convention in which only left-handed quarks are PQ charged.

3 In App. 7.B it will be explicitly shown that they do not have physical impact on mixing. Note that possible
flavor non-diagonal couplings are not considered.
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Below EW symmetry breaking and above confinement

After electroweak symmetry breaking but before QCD confinement, the effective Lagrangian in
Eq. (7.1.12) results in

0L, = —ﬁLmuuReiX“d/fPQ - chmddReide/fPQ + h.c.
%gfjgg aGG + %ggw aFF + %ggww aWwW + iggzz aZZ + %ggvz aFZ, (71.13)
where

Gogg = “nfeg ™ Ny (7.1.14)

Goy = _27_‘_]101)(;2aem Ey, (7.1.15)

Joww = —%JlfPQO;‘%Z“ L, (7.1.16)

ozz = —%%ﬁ% Z, (7.1.17)

Joz = _2W}PQ :};‘U 2Ry , (7.1.18)

In these equations s, and ¢, denote the sine and cosine of the Weinberg mixing angle and

— 2 __ 2
Qem = AW Cy, = OUBSy,-

For models in which the the first generation of SM quarks are not PQ charged, &, 4 = 0.
When those quarks are instead charged under PQ, their contribution to the anomalous gauge
couplings has to be included in the group theory factors, which are replaced by

N = No+ Nyg, E=FEy+Eyq, L=1Lo+ Lyg, (7.1.19)

Z = Zo+ Zua, R=Ry+Ryq, (7.1.20)

as computed further below. In all cases, only two among the four parameters F, L, Z and R
are linearly independent, because of gauge invariance, see Eq. (7.1.2),

E=L+P, Z=Lc, +Ps,, R=LE —Ps. (7.1.21)

A non-vanishing N is the trademark of axion models which solve the strong CP problem, while
the presence of the other couplings is model-dependent. It is customary to define the physical
axion scale f, from the strength of the gluonic coupling:

fo= f’% . (7.1.22)
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7.1.1 The Lagrangian below the QCD confinement scale

Three pseudoscalars mix once quarks are confined: the axion, the SM singlet 79 and the neutral
pion 3. The m3-ng mixing is due to the quark mass differences which break the global flavor
symmetry. At leading order in the chiral expansion and in the two quark approximation, the
mass Lagrangian for the pions and 7y reads

2
L5 ByE T (2 M + M, 2T> , (7.1.23)

where By can be expressed in terms of the QCD quark condensate (qq) as Bof2? = —2(gq), and
M, denotes the quark mass matrix,

M, = MY (7.1.24)
0 my
The matrix of pseudoscalar fields can be written as
S(2) = expli(2n0/(Ex v2) 1 expli TL/E] (7.1.25)

where the ng decay constant has been approximated by f, and

+
m= | ™ V2 (7.1.26)

V2rT —ms

In the presence of the axion, the anomalous QCD current GG couples to both the axion and
the 1o fields and mixes them. The two mixing sources combined result ultimately in an axion-
pion mixing. For simplicity, we will first consider the case with &}, 4 = 0 in Eq. (7.1.10), and
afterwards the case X, 4 # 0.

SM light quarks not charged under PQ (X, 4 = 0)

A popular example of this class of models are KSVZ ones, in which only heavy exotic quarks
are charged under PQ. For any model in which the v and d SM quarks are singlets of the PQ
symmetry, their quark mass matrix in the basis here considered is that in Eq. (7.1.24). In this
case N = N as all contributions to the anomalous gluonic coupling are already included in
NY. The potential for the three pseudoscalars is, at first order in the pseudoscalar masses,
™Mo ™ To
My, COS(f,r+f,r>+deOS <f7r fﬂ>

1 2
V = —Byf? +5K (2"“+ a) . (7.1.27)

fx fa
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where the last term stems from the instanton potential with K ~ A4QC p [187-189]. The resulting
mass matrix for the three neutral pseudoscalars is given by

By (my + myg) By (my, —mg) 0
Mirsmoay = | Bo(mu—ma)  AK/fr+ Bo(mu+ma)  2K/(fofa) |- (T1.28)
0 2K /(frfa) K/f3
The diagonalization leads to the well-known expressions for the pseudoscalar mass terms:
4K 2m2  mymy
2 o 2 o 2 o Jdn'ltw u
My =~ Bo (my +ma), m ~ NEl + By (my +mq), my, 72 Gmutma? (7.1.29)

It follows from these expressions that K can be expressed in terms of the low-energy physical
parameters as

1
K~ (mp —m2) f2. (7.1.30)

The corresponding mixing matrix is given by

1 f(md_mu) L
K ) 2fa(ma+mau) ) %fa :
my—ma m2 (mg—my
_Qfa(niblderu) 1 _mi, (mj+mu) s (7131)
__J m2 (mg—muy) 1
2fa mf], (mg+mu)

or, equivalently, the mass eigenstates are given by

a > @+ Our m3 4 Ogy Mo 5 (7.1.32)
70 ~ 73+ Oraq @+ Ory no, (7.1.33)
n =0+ Opaat Oy rms. (7.1.34)

Here, all the mixing angles are assumed small and

fr Mg —my fr m2 (md —mu)
O o — 7 1A~ M Oy ~ — T 0., ~ Mu \Md = M) g g
2fo My + My " 2f, K m%, (mg +my) ( )
07“1 ~ —(9(17” gn’a ~ _aan’ s 977/7r ~ —97”]/ . (7136)

Only the leading terms for each mixing entry have been kept in Eqs. (7.1.31)-(7.1.36). The
impact of the extra terms in 1/f, and in quark masses, that is, O(m2/ m%)7 may be comparable
to that of next-to-leading operators in the chiral expansion and will thus not be retained here.

The results in Egs. (7.1.32)-(7.1.36) illustrate that the physical low-energy axion eigenstate
acquires w3 and 79 components and thus inherits their couplings to all gauge bosons, weighted
down by their mixing with the axion. These results apply to any physical process in which the
axion is on-shell and the axion mass is lighter than the confinement scale.

We are interested in identifying the model-independent contributions in the coupling to the
electroweak gauge bosons for light axions and for the SM light pseudoscalars. We will first
recover in our basis the customary axion-photon couplings, to set the framework.
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Axion-photon coupling

The physical g4y~ is given by

Jayy = gg’y’y + bar Gryy T gan’ In'yy s (7137)

where the last two terms are the contributions induced by the model-independent axion-pion
and axion-n” QCD mixing. Denoting by ¢, and ¢4 the electric charges of the up and down
quarks, respectively, the photonic couplings of the SM light pseudoscalars are given by

3 3
Grry = —W? (g2 — qd) Gy = —%(qﬁ +4¢2). (7.1.38)

For the present case with X, 4 = 0, that is £y = F and Ny = N, it follows that

2 2
0 q; My + g, My
= 7.1.39
9ary = Gayy t 27 fa ( T + Mg ) ) ( )
resulting in the well-known expression
o E  2my+4my
—Z w7 7.1.40
Yary = oS, < 3 my +my ) ’ ( )
which is valid to first order in chiral perturbation theory.
SM light quarks charged under PQ (X4 7# 0)
The quark mass matrix in Eq. (7.1.23) is to be replaced by
1 Xy &/fPQ
M= "™ ) 0 (7.1.41)
0 mgq 0 el Xaa/frq

The potential in Eq. (7.1.27) is now generalized to

7o a T3 Mo a
V = —Byf? | my cos - X, — | +mycos | —— — — X;—
oz | (fﬂ /s “pr> ‘ (fw /s dpr>

2
+ = K fn+N0pr] . (7.1.42)

resulting in a pseudoscalar squared mass matrix M? which takes the form

{ms3,m0,a}
Bo (mu+ma) Bo (mu—mq) —Bojeg (mu Xu—mg Xd)
M2 o= Bo (mu—my) 4K 4 By (ma-+mg) ;ﬁgg +Bo /;Q (m Xutma Xa)
Bz (mu Xu—ma Xy) ;ﬁl‘}%’; +Bo f;ﬁQ (mu Xutma Xy) pr K By fo,T (mu X2+ma X2)

(7.1.43)
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The mixing angles in Eqgs. (7.1.35)-(7.1.36) still hold but for the pion-axion mixing which is now
given by 4

o
2fpq

The coefficient in front of the mass-dependent term in this equation coincides with the strength
of the physical gluonic couplings,” given by

amT —

mq —m
u

N = (No+ Xq+ X,), (7.1.45)
and in consequence
Oun ~ — 37 ()= 2, 4 N (7.1.46)
am — 2Nfa d u My + Ty . 1.

The expressions for the mass of the physical pion, ' and axion are the same than those in
Eq. (7.1.29).

Axion-photon coupling

For the case in which the up and down quarks are charged under PQ, X, 4 # 0, N is given by
Eq. (7.1.45) resulting in

0 « E,a 2my,+4my
= — - = 7.1.47
YGaryy ga'y'y 27Tfa < N 3 My + My ) ( )
where
Euaq=6X.q. + 6X5q]. (7.1.48)
In consequence
__ o (B Bua 2mutdma) o (E 2mytdmg (7.1.49)
9o =" \N TN T 3 my +my 2 fa \N 3 my+tmg ) o

In summary, the most general mass matrix leads to the same expression than for the case
Xuqa = 0in Eq. (7.1.54) if taking into account in E also the contribution of the up and down
quarks.

“This expression for the axion-pion mixing agrees with the result of Ref. [390] for the case where the only PQ
charged fermions are the up and down quarks, i.e. No = 0.

5As expected from the triangle diagram, all fermions (including the up and down quarks) run in the loop and
contribute to N = Np + Zu’d 2XT(R) = No + Xgq + X.
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7.1.2 Axion couplings to EW gauge bosons

The description in terms of the effective chiral Lagrangian is only appropriate for
energies/momenta not higher than the cutoff of the effective theory, 4w f;, that is, the QCD
scale as set by the nucleon mass. In this context, the W and Z bosons can be considered
as external currents that couple to a QCD axion whose energy/momentum is not higher than
Agcp, for instance a light enough on-shell QCD axion. In other words, the W and Z bosons
enter the effective chiral Lagrangian as classical sources, alike to the treatment of baryons in the
effective chiral Lagrangian.

We extend here the results of the previous section to the interactions of axions with SM heavy
gauge bosons. Eq. (7.1.54) is thus generalized for any pair of electroweak gauge bosons X, Y,

9axy = Goxy + Oar Grxy + Oary Gy xy - (7.1.50)

Indeed, all axion couplings to EW bosons receive a model-independent component due to the
pion-r/-axion mixings, in the regime in which the involved energy/momenta are smaller or
comparable to the confinement scale. A relevant point when computing the couplings of the
QCD axion to heavy EW bosons is the fact that, after confinement, a new type of SU(2)r-
breaking effective interaction of the form

awp, B, (7.1.51)

is present in addition to those in Egs. (7.1.3)-(7.1.5). It stems via axion-pion coupling from the
oW, B* effective interaction. The details of the computation can be found in App. 7.A. In
terms of the physical photon, Z and W, the interaction Lagrangian for the QCD axion is then
given by

1 ~ 1 ~ 1 - 1 - 1 -
LI =—ga9qa GG + ZgaWWaWW + ZgaZZaZZ + ZgawaFF + ngzaFZ, (7.1.52)

4
where
1
Gagg = _27rfa Qs , <7153)
1 E  2my+ 4my
- _ —_Z w7 7.1.54
Sevy 27 fa rem <N 3 my +my > ( )
1 aem (L 3
- _ - _°2 7.1.55
JaWw o fa 52, (N 4> ) ( )
L aem (Z sy, +9¢,  si(sh — ciy) ma — M (7.1.56)
JaZZ2 = "ort, s2c2 \ N 12 2 My + my o
1 Qem (2R 9¢2 —11s2, 1, 9\ Mg — My
- _ o Tw cw —3s2)—— | . 7.1.57
Gayz 27Tfa SwCw ( N 6 2 (Cw sw) My + My ( )

Eq. (7.1.54) is the known leading-order result [182,183] for the photonic couplings of the QCD
axion, which holds in all generality for on-shell axions lighter than the QCD confinement scale.
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The contributions in Egs. (7.1.55)-(7.1.57) are new and extend that result to the couplings of
heavy gauge bosons in the appropriate energy range. Indeed, the last term in the parenthesis
for each of these couplings encodes the impact of the mixing of the axion with the pion and 7/,
see Egs. (7.1.14)-(7.1.18) for comparison with the unmixed case. These are model-independent
contributions, valid for any QCD axion, i.e., for any model in which the SM strong gauge group
is the only confining force and thus the only source of an instanton potential for the axion. In
other words, they are valid for any axion whose mass and scale are related by Eq. (7.1.29). Note
that those corrections hold precisely because the axion mass is smaller than the confining scale
of QCD, which is the regime in which the SM pseudoscalars lighter than the QCD scale are the
physical eigenstates of the spectrum and the mixing effects are meaningful.

Numerically, at leading order in the chiral expansion it follows that

Gy = —273faaem (ff = 2.03> , (7.1.58)
Jaww = —27%62%2“ (]{’, = 0.75> , (7.1.59)
Gazz = —%250%‘;“1;” (ff = 0.52> , (7.1.60)
Jayz = —27rlfa SO;GZU (2]? - 0.74) . (7.1.61)

The numerical value of the model-independent term in Eq. (7.1.58) differs from the usual
one [183] of 1.92 in Eq. (3.1.20), as the latter includes higher order chiral corrections, a refinement
out of the scope of this thesis and left for future work.

The model-independent results obtained here for the coupling of light QCD axions to the
SM electroweak bosons may impact axion signals in rare decays in which they participate. For
instance, in low-energy processes the axion could be be photophobic at low energies [166] (or
more generally, EW-phobic), in models in which the terms in parenthesis cancel approximately,
unlike at higher energies at which the model-independent component disappears and only the
model-dependence (encoded in E/N, M/N, Z/N and R/N) is at play.

Gauge invariance

As it was already enforced in Eq. (7.1.21), the couplings of the axion to the EW gauge bosons
are not independent as a consequence of gauge invariance. Indeed, all four couplings stem from
the two independent effective operators in Egs. (7.1.4) and (7.1.5), plus that in Eq. (7.1.51) for
a light QCD axion (mq < Agcep). In consequence, three physical couplings can be independent
among the set {gay, Jaww , 9uzz , Gayz}, and the following relation must hold:

2 Silu C?v 2 Si;
Jazz = — | ¢ + 67 JaWww + ;gavv + 1+ Cy t 07 GanZ - (7.1.62)
w

w w
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Note that this result does not depend on the details of any particular axion model; it is
independent of the presence or absence of gluonic couplings and it thus applies in all generality
for a light pseudoscalar with only anomalous electroweak couplings. That is, it is also valid
for generic ALPs which only have EW interactions. Furthermore, it suggests that it may be
inconsistent to assume only one EW coupling: the minimum number of physical EW couplings
for an axion or ALP is two. The relation in Eq. (7.1.62) sets an avenue to oversconstrain the
parameter space which is promising. It allows to use the better constrained EW couplings to
bound the fourth one.

7.2 Beyond the QCD axion

We discuss in this section the case of a “heavy axion”: an axion whose mass is not given by the
QCD axion expression in Eq. (3.1.12)) but receives instead extra contributions. We have in mind
a true axion which solves the strong CP problem, for which the source of this extra mass does
not spoil the alignment of the CP conserving minimum. This is the case for instance of models
in which the confining sector of the SM is enlarged involving a new force with a confining scale
much larger than the QCD one [4,170-180]. This avenue is of particular interest as it allows
to consider heavy axions and low axion scales (e.g. O(TeV)), and still solve the SM strong CP
problem. The axion mass can then expand a very large range of values. It can become much
larger than the EW scale or, conversely, be in the GeV range or lower. For the purpose of this
work, the latter range is to be kept in mind as a general guideline, so as to remain in the range
of validity of the effective Lagragian with confined hadrons. The procedure will also serve as a
template to show how the mixing effects disappear from the axion-gauge couplings as the axion
mass is raised.

In practice, the analysis below applies identically to a true heavy axion which solves the strong
CP problem and to a gluonic ALP, that is, any ALP which has both electroweak and gluonic
anomalous couplings, even if not related to a solution to the strong CP problem. For the sake
of generality, consider the addition of an extra mass term to the effective Lagrangian obtained
after EW symmetry breaking but above confinement in Eq. (7.1.13),

1
6Ly = = M?a2. (7.2.1)

For simplicity, from now on we focus on the case in which the first generation of SM quarks
carry no PQ charge, as it is straightforward to enlarge the analysis beyond this hypothesis, as
shown in the previous section. After confinement, the pseudoscalar mass matrix in Eq. (7.1.28)
is then replaced by

By (my, + ma) By (1, — myg) 0
Mooy = | Bo(mu—ma)  AK/fx+ Bo(my+ma)  2K/(frfa) | - (7.2.2)
0 2K /(fxfa) K/fi+M?
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Figure 1: Mixing angles as a function of the (heavy) axion mass m,, for a value of f, = 10 TeV. The
grey area indicates the range where the validity of the chiral expansion breaks down. The figure also
applies to gluonic ALPs.

In the limit f, > K/4 (i.e. fo > Agcp) the expressions for the m, " and a mass eigenvalues
become

1K 2m2 My,
mi:Bo(mqumd), m2’27+BO(mu+md), m§2M2+f7r ™ u'lbd

e 72 Gt ma)?

The corresponding axion-pion and axion-n’ mixing angles take a very simple form in the limit
M > Uz

(7.2.3)

fr Mg —my 1 1 I 1
— , Opry = —— ————, 7.2.4
2famu+md1_%£1_n%2/ an 2f“1_n]\1422, ( )
n n

Opr =~

where again only the leading term on each entry of the mixing matrix has been retained. In
fact, it can be checked that these equations hold even for small values of M, as long as M is
non-degenerate with the pion or 1’ mass. The comparison with Eq. (7.1.35) ilustrates that the
M-dependent corrections may be important for axion masses near the pion mass or the 7’ mass.
The divergences in Eq. (7.2.4) for an axion degenerate in mass with the pion or the 7’ are an
artifact of the approximations which in practice correspond to large mixing values, as expected
in those ranges. The numerical results do not rely on that approximation and are illustrated in
Fig. 1: the spikes correspond to an axion degenerate with either the pion or the 7.

7.2.1 Heavy axion couplings to EW gauge bosons

The couplings of the heavy axion to the electroweak gauge bosons reflect the dependence of the
mixing parameters on the extra source of mass M, as follows:
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1 aem (L 3 1
- - 7.2.5
iy = =52 (N 41_(%)2), (7.25)
n/
1 E 1 5  mg—my 1
_ £ (2 , 7.2.6
g 27rfao‘em{N 1— (AL)*\3 a1 (M)2>] (7:25)
' G
b aem [Z 118t + 9c, _sfu(s%v—cfv)md—mu 1
Yaz2 2nfa 822 | N 1 _ (mM)Q 12 2 My +Mmg 1 — (mﬂf ’
n’ 0
(7.2.7)
1 Qem [2K 1 9c2, — 1152, 1(2 362 Md — 1
=— — - — —(c;, — 3s .
Jayz 27 fo SwCw | N 1 — (mﬂ)z 6 20 Yy +mg1 — (mM)Q
n’ s
(7.2.8)

The M-dependent corrections in these couplings can be relevant for heavy axions which solve
the strong CP problem as well as for gluonic ALPs, as long as their mass parametrized by
Eq. (7.2.3) is sensibly larger than that for the QCD (i.e. invisible) axion, M? > m2f2/f2.
These expressions hold as long as chiral perturbation theory is valid, that is M < 1 GeV.

For values of M noticeably larger than the 1’ mass the model prediction depicted is only
indicative, as the effective Lagrangian in terms of pions and 7’ is not really adequate and the
description should the be done in terms of the couplings to quarks. At those energies (m, > m,y)
QCD is perturbative and it would be pertinent to compute the two-loop contribution of the
gluonic coupling to the EW gauge boson couplings. For the case of photons, a qualitative
estimation has been performed in Ref. [290] with the result:

3 Qem Ovs (M2 f2

89ayy = _%(“) Gagg Zq?Bl(Tf) 10g<(§> , (7.2.9)
T 7 mf

leading to a photonic axion coupling given by

1 E 302« , f2q
Jary = —Haem (N ~ 5 Ef:qul(Tf) log m—} . (7.2.10)

The loop function Bi(7) will be defined later in Eq. 7.3.6. The derivation of the equivalent
formula for the coupling of axions to heavy EW gauge boson couplings is left for future work.
Nevertheless, the analysis presented here conveys the qualitative behaviour expected for the
transition between the low and high axion mass regimes.

Gauge invariance

For high axion masses (i.e. M > Agcp in Eq. (7.2.3)), the mixing of the axion with the SM
pseudoscalars becomes negligible. For those scales, QCD enters the perturbative regime and
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Eq. (7.2.9) illustrates how the model-independent contributions to the EW couplings diminish.
As the latter become negligible, the axion coupling to EW gauge bosons is parametrized by just
the two effective interactions in Egs. (7.1.4) and (7.1.5). In other words, the heavy axion EW
couplings span a parameter space with two degrees of freedom (instead of three for light axions
with m, < Agcp, see Section 7.1.2). Two independent constraints follow for heavy axions:

C
JaWwW = YGaryy + 271”9@«/2 s (7211)
Sw
2@
90272 = Gayy t+ 279a'yZ y (7212)
SwCw

where we have chosen to express the couplings g.ww, guzz in terms of the overall better
constrained ones g4, and gavz.6 These powerful relations will be exploited in the next section
to further constrain uncharted regions of the experimental parameter space.

Alike to the discussion after Eq. (7.1.62), the relations in Egs. (7.2.11) and (7.2.12) apply not
only to heavy axions and heavy gluonic ALPs, but also to generic ALPs which only exhibit EW
interactions and are much heavier than nucleons. The corollary that at least two EW couplings
—if any— must exist for any axion or ALP holds as well.

7.3 Phenomenological analysis

The impact of the results obtained above on present and future axion searches will be illustrated
in this section. Both tree-level and loop-level effects will be taken into account. Indeed the latter
are relevant when confronting data on photons, electrons and nucleons, as the experimental
constraints on these channels are so strong that they often dominate the bounds on EW axion
couplings.

7.3.1 Loop-induced couplings

The tree-level coupling of the axion to photons can be suppressed in some situations [166,
167] (photophobic ALPs are also possible [392]). Additionally, many models have no tree-level
couplings to leptons or suppressed couplings to nucleons [169]. However, all possible effective
couplings will mix at the loop level. This affects the renormalization group (RG) evolution, via
which all couplings allowed by symmetry will be generated even when assuming only a subset
of couplings at some scale.

Before proceeding with the phenomenological analysis, we discuss in this subsection the loop-
induced effective interactions arising from the direct coupling to electroweak gauge bosons.
Because the experimental and observational limits are usually strongest for photons, electrons,

50Obviously, the milder constrain in Eq. (7.1.62) also applies here.
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and nucleons, the loop-induced contributions to these channels can give stronger constraints
than those stemming from the tree-level impact on other channels.

Denoting the effective axion-fermion Lagrangian by

5£aeff D) cheﬁ f (f’Y,LL ’75f) (731)

it has been shown [290] that the coefficient c{ o Teceives one loop-induced corrections from
electroweak couplings,

C{eff 3 ([ Qem 3 Qem sz 3 Qe m%,v
fo 4 \4ms 2 4gaww+ A e (YfL +YfR> 9a55 | 108 T mé, * 2 4r Qfgaw og m?”
9 Qem fBa . 3 am (34 s o\ 4 24
= 1647 52,9V log m?, + Adrs2e2 \gW + (YfL + YfR) Sw | 9azz log %
w w S w
3 Qlem 3 fPQ 3 Qem 92 fng
+ Zm <4 <YfL + YfR> SW) Yavz log 7W + 5 Ar Qfga'y'y log W
(7.3.2)

To obtain this result, the ultraviolet scale inside the loop diagrams has been identified with
the axion scale fpg, which is the cutoff of the effective theory. Note that the one-loop induced
contributions to the fermion couplings are independent of the axion mass (other than a negligible
dependence through the axion-gauge couplings such as g.,, see below). They are generically of
order «v/4m as expected, that is, over two orders of magnitude smaller than the original effective
gauge coupling. Nevertheless, the experimental constraints are so strong that they will often
provide the leading bounds on gauge-axion couplings.

The most relevant fermionic limits are those on the coupling to electrons and light quarks.
While Eq. (7.3.2) is directly applicable to leptons and heavy quarks, at low energies light quarks
form hadrons: the loop-induced coupling to nucleons have highest impact. Following Refs. [169,
183], the relation between nucleon and light quark couplings can be written as

ep+ € = 0.50(5) (c% el - 1) 95,

) 1— . (7.3.3)
cp — e = 1.273(2) (cl —cf - T Z) :

where z = m,/mg = 0.48(3) and c and ¢{ are defined in terms of the coefficients in Eq. (7.1.11)
as
U Q D Q
i —c cy —¢
o — % & = % (7.3.4)
In Eq. (7.3.3), § is a combination of the heavy SM quark coeficients analogous to those in
Eq. (7.3.4), § = 0.038(5)c; + 0.012(5)c§ 4 0.009(2)c} + 0.0035(4)c}

The combination of Egs. (7.3.2) and (7.3.3) allows to derive the coupling to nucleons induced
by the coupling to electroweak bosons.
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The axion-photon coupling also receives one-loop corrections in the presence of couplings of
the axion to fermions or gauge bosons. For energies or masses in the loops higher than Agcp,
quarks are the appropiate propagating degrees of freedom,” and the one-loop contributions for
an on-shell axion can be expressed as [290]

f

Qem 2C 0"

gggv - 927“/ + Z NéQ?‘ ;m TIBI(Tf) + Q%QaWWBQ(TW), (7.3.5)
f a

where the subscript f runs over leptons and heavy quarks. Here, 7; = 4m22 /m?2 and

B =1—71f? arcsin —= , >1
1(7) Tf(7) 2 | F(r) = 2 T=1 (7.5.6)
By(r)=1— (1= 1)f(7) 5+ 5log %fv%:: , T7<1

Asymptotically, By — 1 in the limit m, > m; and By — —mi/(lQm?) when m, < my. This
means that the contribution of fermions heavier than the axion is strongly suppressed. Similarly,
By — 1+ m2/4 — log? me/mw when mg > my, whereas By — mZ/(GmI%V) in the m, <€ mw
limit.

It is worth noting that chaining the two previous one-loop contributions gives an approximate
estimation of the two-loop contribution of a given heavy gauge boson coupling to the axion-
photon coupling. As an example, consider g,yww in Eq. (7.3.2): it results in an effective fermion
coupling c{ of Which, when subsequently inserted in the second term in Eq. (7.3.5), results in
an effective axion-photon coupling. This can be compared with the third term which gives
directly a one-loop contribution of goww to geyy: for me < myy, the second term in Eq. (7.3.5)
may actually be numerically larger than the third term, that is, the two-loop contribution
via fermionic couplings may dominate over the one-loop gauge one, as it was pointed out in
Refs. [290,392]. Indeed, this two-loop contribution may be phenomenologically the most relevant
one to constrain the axion couplings to heavy electroweak gauge bosons. A caveat is that only
a true two-loop computation may settle the dominant pattern, but the analysis discussed is
expected to provide an order of magnitude estimate.

7.3.2 Axion decay channels and lifetime

The plethora of couplings discussed, contributing either at tree or loop level, produces a rich
variety of production and decay channels of the axion, depending on its mass and on the relative
strength of the couplings. A quantitative evaluation of the lifetime and branching ratios is
essential for assessing what experiments or searches are more adequate to test different regions
of parameter space.

"For energies below the QCD scale, radiative corrections involving light quarks have to be evaluated using chiral
Lagrangian methods. This was achieved in Ref.[290], the conclusion being that the results remain qualitatively
right once the quarks masses are substituted by an appropriate hadronic scale, m, for v and d and m, for
s. However, in the presence of gluonic couplings this contribution is subdominant to the one computed in the
previous sections and will thus not be considered here.
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Figure 2: Illustration of the axion (or ALP) decay widths, as a function of the axion mass for a
benchmark value of goyy = 1077 GeV~! and the rest of gauge boson couplings as in Eq. (7.3.8). The
grey hatched region signals the 1-3 GeV “no human’s land” for hadronic decays in between the chiral
and the perturbative regimes, where the dots indicate that no reliable prediction is possible.

In order to determine the detection capabilities of a given final state channel, an important
element is whether the axion can decay into it within the detector, or escapes and contributes to
an “invisible” channel. For purely illustrative purposes, Fig. 2 compares the axion decay widths
into different final states for a particular choice of the model-dependent parameters.® This figure
serves to indicate the mass threshold for the different channels and is also a good indicator of the
relative width of each decay channel. The determination of the areas experimentally excluded
—to be developed in Sec. 7.3.3— will not depend on the value of the effective couplings assumed
in this figure, though.”

In the low mass region m, < 3m,, only decays to pairs of electrons, muons or photons are
possible. The axion typically becomes long lived enough so as to be stable at collider and flavor
experiments. Note that this region is particularly sensitive to a possible cancellation/suppression
of the photonic coupling ga-, (this happens for instance in models of axions in which the
model-dependent parameter E/N partially cancels the model-independent contribution, see
Egs. (7.1.54) and (7.2.6)). This would suppress the decay width to photons and thus enhance
the branching fraction to fermions, especially close to the respective mass thresholds.

The hadronic channel plays a central role as soon as it opens. It then dominates the decay of
the axion due to the large gluonic coupling. The lightest possible hadronic final state is three
neutral pions. At around the GeV scale many other final states become viable, but in this region
chiral perturbation theory starts to break down and we refrain from making any quantitative

8 The value for Ja~~ used in this figure corresponds approximately to fo, = 10 TeV and E = 1 in axion models.
Rescaling for other values of the couplings can be achieved by taking into account that I'; o< g2y .

9The widths used in determining the colored regions in Figs. 4 induced at tree-level derive directly from the
effective goxy value for each point of the parameter space.
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Figure 3: Coupling to gluons. The excluded areas rely on considering exclusively the coupling g.g¢
by itself. The SN1987a limit was computed in Ref. [262], while the rare decays and LHC exclusions
are obtained using the results of Ref. [400] and Refs. [288, 369], respectively. Particular models are
represented by the overlaid lines, the black one corresponding to the QCD axion and the blue one to
heavy axion models (here for a benchmark choice of f, = 10 TeV). See Sec. 7.3.4 for more details. We
provide exclusion plots without superimposed lines as auxiliary files.

predictions.!? At high axion masses above 3 GeV the inclusive decay to hadrons can be safely
estimated within perturbative QCD."

At much higher energies, tree-level decays to pairs of EW gauge bosons become possible
and, though subdominant with respect to the hadronic one, will play a relevant role in collider
searches.

7.3.3 Experimental constraints on the (heavy) axion parameter space

We have reinterpreted a number of axion searches into our framework. Far from an in-depth
review, this study primarily intends to point out the relative strength of the different observables
in probing different flavors and parameter regions of axion and ALP models. Interestingly and
contrary to common lore, we find that some regions of parameter space can be better tested
through the axion couplings to heavy gauge bosons rather than to photons.

The colored areas in Fig. 3 show the regions experimentally excluded if taking into account
exclusively the axion-gluon coupling gqgy (which in axion models fixes the axion scale f;).
Although this work focuses on the case where also EW gauge boson couplings are present,
this parameter space is also shown for reference.

Y0After this work was completed, Ref. [399] appeared which discusses the hadronic decays of axions in this
region 1 GeV < mg < 3GeV.

"Note that heavy-flavor tagging can allow to distinguish final states involving heavy quarks, but this separation
will not be taken into account here.
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The couplings of axions to EW gauge bosons (gayy gaww, gazz and gayz) will be instead
explored within a two-operator framework: the axion-gluon coupling g.qq and one electroweak
gauge coupling are to be simultaneously considered. In other words, for each EW axion coupling

Jaxy, the regions experimentally excluded will be determined assuming the Lagrangian
1 ~ 1 ~ 15
oL, = EgaggaGG—l—ZgaxanYjLﬁM a’. (7.3.7)

This choice is mainly motivated by the focus on solving the strong CP problem, or alternatively
as an ALP analysis which goes beyond the traditional consideration of only one operator at
a time. The regions experimentally excluded for axion-EW gauge boson couplings are then
depicted in Fig. 4 as colored areas. Note that we don’t discuss any cosmological bounds. The
reason for this is that models of heavy axions, typically containing an extended confining sector,
are expected to significantly alter the standard cosmological picture that is usually assumed to
obtain such exclusions. The study of heavy axion cosmology thus requires a full self-consistent
study which is left for future work.

The resulting greenish regions in Fig. 4a match well-known exclusion regions for g4, although
the overlap is not complete because the latter typically only take into account the effective axion-
photon coupling; the additional presence in our analysis of the axion-gluon coupling g,q, has a
particularly relevant impact in the heavy axion region (see below).

Figs. 4b, 4c and 4d respectively for gww, gzz and g,z are novel. The possibility of measuring
four distinct EW observables offers a multiple window approach and a superb cross-check if a
signal is detected, given the fact that for axion masses much smaller (larger) than Agcp only
three (two) couplings are independent among the set {gayy gaww, 9azz, gavz}, see Eq. (7.1.62)
(Egs. (7.2.11) and (7.2.12)).

For the majority of the regions excluded in Fig. 4, the experiment directly constraints certain
regions of the parameter space {g,xy,m,} and no further assumptions are required; those
constraints apply then also to ALPs which have no gluonic couplings. However, for some collider
searches the interplay between the particular EW coupling g, xy under analysis and the coupling
to gluons plays a relevant role, and it is necessary to assume their relative strength. This will
be taken as given by

Jagg _ s (7.3.8)
JaXy  OXY
This is well motivated by pseudo Nambu-Goldstone bosons with anomalous couplings generated
by the triangle diagram with O(1) group theory factors. In any case, the results are largely
insensitive to this assumption, since in the best limits stemming from LHC searches the
production cross section times branching ratio scales as

Gogg 9o > g2
o(pp — a) x BR(a — XY) o ;gg aXQY 9a99>90XY  JaXY (7.3.9)
8gagg + gaXY 8

2The axion mass mg is a combination of M and the instanton contribution related to the first term, as
previously explained (see Eq. 7.2.3).
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It is then enough to adopt the reasonable assumption that the coupling to gluons is larger than
that to EW gauge bosons gug9 2 gaxy. This assumption has been adopted exclusively for LHC
searches in the axion mass region where the hadronic decay channels are open, i.e. mg > 3m;.

In addition, the bounds obtained via loop contributions have a logarithmic dependence on the
cut-off scale f,. A relation between f, and g¢,xy needs to be assumed in order to translate the
bounds on fermionic or photonic couplings into bounds on EW gauge boson couplings. In these
cases, Eq. (7.3.8) will be used again, which for axion models translates into

axy
__oxy 7.3.10
fa 27 Gaxy ( )

where Eq. (7.1.53) has been used. In any case, as the cutoff dependence in loops is logarithmic
this assumption has a minor impact on the exclusion plots.

To sum up, for each EW-axion coupling the experimentally excluded regions in Fig. 4 are
depicted on the parameter space {gsxy,mq} wWithout any assumption, except:

A For LHC searches and mg > 3m,, Egs. (7.3.8) and (7.3.9) were used, which for most cases
is equivalent to assume gqg9 > gaxy-

B For the regions labelled as “photons”, “electrons” and “nucleons” in Figs. 4b , 4c and 4d,
the loop-induced bounds have a very mild dependence on the assumption in Eq. (7.3.10).

After having presented the general strategy that we use for the reinterpretation of constraints
into our setup, we proceed to describe the origin of each of the exclusion regions colored in
Fig. 4.

Coupling to photons

The combination of astrophysical and terrestrial probes makes this search a particularly powerful
tool to test the axion paradigm, especially for low mass axions. Even in the case of relatively
large axion masses and/or situations where the coupling to photons can be suppressed, photons
still place strong constraints both at tree-level and through loop-induced effects.

The experimental limits on g, are compiled in Fig. 4a. At the lowest axion masses considered
here, mg < 10 meV, the most competitive bounds come from the CAST helioscope [401], and
will improve in the future with the upgrade to the TAXO experiment [269] . At slightly larger
masses up to m, ~ 1keV, g4~ is constrained by an energy-loss argument applied to Horizontal
Branch (HB) stars [260]. A similar argument applies to the supernova SN1987a and constrains
larger masses up to the 100 MeV range, both using extra cooling arguments [402] and by the
lack of observation of a photon burst coming from decaying emitted axions [403]. In the same
mass range, larger couplings can be constrained using beam dump experiments, with these
exclusions led at present by the NuCal [404] experiment together with the 137 [405] and 141 [406]
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Figure 4: Coupling to EW gauge bosons. A two-operator framework is used: each panel assumes the
existence of the corresponding electroweak coupling plus the axion-gluon coupling. The colored regions
are experimentally excluded. In panels b, ¢ and d, the loop-induced constraints labelled as “photons”,
“electrons” and “nucleons” depend mildly on f, (see text). The label “g.i.” illustrates the exclusion
power of EW gauge invariance. The superimposed lines correspond to KSVZ-type QCD axion models
(black line and grey band) and to one benchmark heavy axion model with f, = 10TeV (blue lines).
The parameter space for heavy axions corresponds to moving up and down that set of blue lines, see

Sec. 7.3.4. The results apply as well to gluonic ALPs (we provide exclusion plots without superimposed
lines as auxiliary files).

experiments at SLAC. We adapt here the constraints compiled in Ref. [407], noting that these
bounds rely solely on the photon coupling.

For yet higher axion masses, where colliders provide the best limits, the gluon coupling plays
a relevant role. As long as no hadronic decay channel is open, the LEP constraints based on
Z — ~v and Z — 7 searches obtained in [287,288] for ALPs without gluonic couplings are
also applicable to heavy axions. However, for masses above 3m,, hadronic final states start
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to dominate and we refrain from claiming any exclusion, as a new dedicated analysis would
be required to use these channels. This explains the white gap just left of the grey hatched
“no human’s land” region, which should be at least partially covered when the forementioned
analysis is performed. It is nevertheless possible to exploit some collider searches, if a relation
between the gluonic and the EW couplings is assumed. Assumption A is adopted here. Our
reinterpretation of the analysis in Ref. [408], in which the L3 collaboration looked for hadronic
final states accompanied by a hard photon, yields the limit labelled “L3” in Fig. 4a, though it
is ultimately superseded by LHC exclusions. The region labelled “Flavor” is excluded by data
from Babar [409] and LHCb [410], as computed in Ref. [395]. For high axion masses near the
TeV scale, the limits from LHC are much stronger than those from LEP, because of the enhanced
axion production via gluon-gluon fusion. We have included the limits obtained in this context
in Refs. [411,412] using run 1 data. These limits are extremely strong and should improve with
the addition of run 2 data, especially at higher energies.

Finally, the bounds on g,,~ described above have been translated —using assumption B into
competitive bounds for the other EW axion couplings, by means of their loop-mediated impact.

Coupling to fermions

Flavor blind observables involving fermions can be used to constrain gauge boson couplings
via the impact of the latter at loop level, see Eq. (7.3.2). In order to fix the mild logarithmic
dependence on the cutoff scale, assumption B will be adopted.

The most relevant constraints on flavor-blind axion-fermion interactions are of astrophysical
origin and come from either electrons or nucleons. Firstly, a coupling of the axion to electrons
allows for efficient extra cooling of some stars, which allows to place a bound on the axion-
electron coupling gqee via the observation of Red Giants (RG) [260]. Secondly, and in a manner
similar to the discussion above for photons, a too strong coupling of the axion to nucleons
would have shortened the duration of the neutrino burst of the supernova SN1987a. We use the
most recent evaluation of this bound calculated in Ref. [262]. These two observations (RG and
SN1987a) give the strongest limits on the coupling of axions to gauge bosons for axion masses
respectively below 10keV and 10 MeV, as can be seen in Fig. 4.

In addition, the one-loop induced fermion couplings also play a role in many of the observables
considered here. In particular, they open potential axion decay channels into pairs of fermions.

Rare decays

For axion masses in the MeV-GeV range, g,ww is best tested by its one-loop impact on rare
meson decay experiments, where axions can be produced in flavor-changing neutral current
(FCNC) processes. This search was first proposed in Ref. [291] (where ALPs either stable
or decaying to photons were considered). Recently, these bounds have been recomputed in
Ref. [392] in the context of photophobic ALPs, considering as well the potential decays of the
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axion to a pair of fermions due to the one-loop induced coupling in Eq. (7.3.2). We reinterpret
these searches, taking into account in addition the effects of the gluonic axion coupling under
the assumptions A and B. The main consequence is that, for axion masses m, > 3m,, the
sensitivity is drastically reduced because of the opening of hadronic axion decay channels.

At low axion masses below 2m,,, the axion is long-lived enough so that it can be considered
stable for experimental purposes. This means that in these regions the axion has to be looked for
in invisible searches. The most stringent limits were placed by the E787 and E949 experiments
testing the K™ — 77 X channel, with X invisible [400]. Following Ref. [291], we reinterpret this
search in terms of axions coupled to W bosons, which yields the constraint shown in Fig. 4b.
These bounds will be improved in the near future by the NA62 experiment.

Axions can also be produced from rare meson decays in proton beam dump experiments,
where they can be looked for in searches for long-lived particles. The current best limits are
set by the CHARM experiment [413], where the axion can be produced in Kaon and B meson
decays and subsequently decays to a pair of electrons or muons. The framework developed in
Ref. [414] has been recast to obtain the limit on goyy shown in Fig. 4b.!3

Direct couplings to heavy gauge bosons

LEP provides the best environment to directly test the g,z coupling for axion masses below
mz, as shown in Fig. 4d. The first constraint set assuming only the g,z coupling was placed
in Ref. [289] exploiting the limit on the uncertainty of the total Z width [416], I'(Z — BSM) <
2MeV at 95% C.L., which allows to set a conservative bound on the process Z — a7y. Stronger
limits can be placed by more specific searches, as studied in Ref. [392]. The best limit at axion
masses low enough for the axion to be long-lived stem from the Z — ~ + inv. search. For higher
axion masses, the large hadronic branching fraction makes the Z — = + had. search the more
fruitful one to look for axions. Under assumption A for the relative strength of the gluonic
and EW couplings, we exploit the results of the search performed by the L3 collaboration as
presented in Ref. [408] to obtain strong limits for m, in the range from 10 GeV up to the Z
mass. Note that, even if the search is the same than that used to constrain the photonic axion
coupling, the exclusion for g,z has a larger reach due to the fact that the process is mediated
by an on-shell Z boson, instead of a very virtual photon.

LHC allows to look for a plethora of processes sensitive to axions. In particular, for heavy
axions it provides the best limits on the coupling to heavy EW gauge bosons. The drawback
of restricting the analysis to processes that separately involve only one of the EW gauge boson
couplings plus the gluon coupling is the reduced number of available searches. Nevertheless, the
advantage is that it provides robust and model-independent constraints.

13 After this work was completed, Ref. [415] appeared which revisits the CHARM exclusion contour and provides
projections of the expected NA62 and SHiP sensitivities.
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The authors of Ref. [289] studied the LHC phenomenology of axions that are stable on collider
lengths and thus would manifest themselves as missing energy. In particular, mono-W and mono-
Z final states where an axion is radiated as missing energy/momentum can set constraints on
the three couplings gaww, gazz and gayz, as shown in Fig. 4. For large axion masses m, > my,
the authors of Ref. [392] suggested that triboson final states place the strongest bounds on
ALPs coupling to massive gauge bosons, though the sensitivity of this search is hindered for
axions because of the large hadronic branching ratio that we take into account. Adapting their
constraints —with assumption A— leads to the exclusion of regions in parameter space near the
TeV range, as shown in Figs. 4b and 4d for g,ww and g4z, respectively. Note that significant
exclusions can also be placed through the loop-induced coupling to photons. However, the most
promising LHC search is one that —to the best of our knowledge— has not been performed yet.
We advocate [417] the use of pp — a — V'V’ processes, which benefit from the large production
cross section through the gluonic coupling together with the clean final states that the decay to
EW gauge bosons produce. We foresee that this search will have a sensitivity to the couplings
of axions to heavy EW gauge bosons similar to the photonic case presented in Fig. 4a. Though
potentially very interesting, the detailed analysis that this study requires is beyond the scope of
this work and is left for the future [418].

7.3.4 Impact on (heavy) axion models and gluonic ALPs

The black oblique line in Fig. 3 corresponds to the linear relation between 1/f, and m, for
the QCD axion, Eq. (3.1.12). The horizontal blue branch is one example of how that relation
changes after Eq. (7.2.3) for an illustrative example of a true heavy axion.

The black, grey and blue lines in Fig. 4 illustrate possible {m,, f,} values for axions which
have a gluonic coupling g.¢¢ (and thus may solve the strong CP problem) in addition to at least
one coupling to heavy gauge bosons. Those model-dependent lines are superimposed!* on the
colored /white regions excluded/allowed by experiments for each one of the couplings in the set
{9avv> 9avz, 9azz,gaww }, as determined above. The examples chosen corresponds to KSVZ-
type axions: either a standard QCD axion or a heavy axion as in theories with an enlarged
confining gauge sector.

In each panel, for a given value of the model-dependent coupling:

e The expectation for the pure QCD axion is depicted by grey and black lines. The bands in
Fig. 4 delimited by grey lines correspond to just one exotic KSVZ fermion representation.
The values of the model-dependent parameters delimiting these benchmark bands [166]
are summarized in Table 1. The black line is instead an illustrative case with two
fermion representations such that the coupling to photons g4, cancels up to theoretical
uncertainties [166]. The upward bending of the lines obeys the expected change of the

YFor the reader interested in generic gluonic ALPs rather than heavy axions, we provide the exclusion plots
without any superimposed lines as auxiliary files.
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SU3)e x SU2)L x U(L)y

(E/N), . =44/3 (3,3,—4/3)
(E/N),..,= 5/3 (3,2,+1/6)
(L/N), = 4 (3,3, V)
(L/N),., = 2/3 (8,2,—1/2)
(Z/N), .= 29 (3,3,—4/3)
Z/N)_. = 04 (8,2,—1/2)
(2R/N) . =5.9 (3,3,-1/3)
(2R/N) . = 0.7 (8,2,-1/2)

Table 1: Maximum and minimum values of the model-dependent coefficients for the benchmark KSVZ
models with only one exotic fermion representation depicted in Fig. 4.

prediction for axion masses larger than the n’ mass, a regime in which the last term in the
parentheses in Eqgs.(7.1.54)-(7.1.57) is absent.

The expectations for heavy axions are illustrated with blue lines. The big dots which
fall on the QCD axion lines correspond to M = 0 in Egs. (7.2.1)-(7.2.3). The heavy
axion trajectories start on those points and the prediction moves on each blue line towards
the right as M grows. As the value of the axion mass gets near the pion and the 7’
masses, the prediction reflects the “resonances” found in the pseudoscalar mixing angles
and the physical couplings to gauge bosons. For larger values of M the mixing effects
progressively vanish, as physically expected and reflected in Egs. (7.2.5)-(7.2.8), and the
predictions stabilize again. The asymptotic value of the couplings is then induced only by
the model-dependent parameters (F, L, Z, R), and it is often higher than for heavy axions
lighter than the pion, for which the partial cancellation between the model-dependent and
model-independent mixing effects may operate.

The figures illustrate that the M-dependent corrections may be relevant even for not very large
M values. For instance, two close values of the model-dependent photon couplings E/N may
give a very close g4y, prediction for M values above the 1’ mass, while that prediction can
widely differ for M values smaller than the QCD scale. This is clearly reflected by the lines
corresponding to the smaller values of E/N in Fig. 4a.

The parameter space for heavy axion models spans in fact most of the region to the right of
the oblique band for the QCD axion: parallel sets of horizontal lines above and below the blue
ones depicted are possible and expected for other values of the heavy axion parameters. For a
given f,, varying M (that is, varying m,) is tantamount to move right or left on a horizontal
blue line, while varying f, displaces up or down the set of horizontal blue lines. Finally, all these
considerations for heavy axion models apply as well to gluonic ALPs, as argued earlier.



7.3 Phenomenological analysis 207

Gauge invariance

For heavy axions or any type of ALP with masses m, > Agcp, couplings to EW gauge bosons
are directly tested and gauge invariance imposes the two relations in Egs. (7.2.11) and (7.2.12).
Therefore, the combination of the experimental constrains on two of the operators in the set
{9avy> GaWwws 9azz, gayz} translates in model independent bounds on the other two couplings.
For light masses m, < Agcp, only Eq. (7.1.62) applies instead. These bounds based solely on
EW gauge invariance have been depicted by black curves on the upper right corner of Figs. 4b,
4c and 4d. They susbtantially reduce the latter parameter space, especially in the cases of g,www
and g,zz, whose current direct constraints are less powerful. They are to be taken with caution,
though, since in each of the exclusion plots only one EW coupling was taken into account,
while the relations deduced from gauge invariance involve several non-vanishing EW couplings.
Furthermore, in a future multiparameter analysis where tree-level axion-fermion couplings are
included, those relations could be corrected via one-loop effects.

7.3.5 Implications for heavy axion models

In existing models that solve the strong CP problem with heavy axions, often either
M2~ N2 o ME~m2 f%)f2 (7.3.11)

where A’ > Agep is a new strong confining scale, and the primed fields denote exotic “pions”
corresponding to the exotic fermions charged under the extra confining force. Let us assume the
first option as an example. In this case,®

N~ (mafd —mif7). (7.3.12)

Assume that an experiment detects an axion-photon signal and a certain value for the axion
mass which correspond to a point in the white region of Fig. 4a and located to the right of the
QCD band. For instance, let us consider a point located on one of the flat sections of the blue
lines depicted. The interpretation in terms of a heavy axion depends on whether the axion is
heavier or lighter than the pion and 7/, respectively:

e my > m;?. The model-independent effects due to the mixings with SM pseudoscalars have
become negligible, and g, is a direct measure of the product (1/f,)E/N.

e m, < my. In this case the measured gqy, value is undistinguishable from that for the
QCD axion, with the /N and f, dependence given by Eq. (7.1.54). In other words, it
would indicate either a heavy axion or a QCD axion with some degree of photophobia,
as in that region they become undistinguishable. This is so at least for the lowest axion
masses and /or without the help of other measurements involving heavy EW gauge bosons.

15 The muma/(my + md)2 factor in the QCD contribution is not shown for simplicity.
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In both cases, in the framework of a KSVZ model, an additional measurement of the axion
coupling to heavy gauge bosons would be enough to disentangle the values of f, and M, that is,
to determine the high scale A’. The model-independent corrections determined in Eqgs. (7.2.5)-
(7.2.8) can be essential when exploiting low-energy processes (e.g. rare decays), specially when
they lead to the cancellation of a given coupling. Such cancellation in a channel in general will
not apply to the couplings of the axion to other gauge bosons. Overall, the fact that only two
or three axion-EW couplings are independent, while four channels can be explored, will allow
to overconstrain the system.

7.4 Conclusions

Among the novel results of this work, we have first determined at leading order in the chiral
expansion the model-independent components of the coupling of the QCD axion to heavy EW
gauge bosons: guyz, gazz and geww. They stem from the axion-n’-pion mixing induced by the
anomalous QCD couplings of the axion and n’. Our results extend to heavy EW gauge bosons the
well known result for the photonic coupling of the axion g4-,. They must be taken into account
whenever an axion lighter than Agcp is on-shell and/or the energy and momenta involved in
a physical process are of the order of the QCD confining scale or lower. As a previous step,
we re-derived pedagogically the leading contributions to g,y for the case of the most general
axion couplings (App. 7.B), and then proceeded to the determination of the couplings to the
SM heavy gauge bosons.

This analysis of the EW couplings of the QCD axion may have rich consequences when
comparing the presence/absence of signals at two different energy regimes. For instance, the
axion could be photophobic at low energies [166] or even EW-phobic (e.g. in rare meson decays)
because of cancellations between the model-independent and model-dependent components,
while an axion signal may appear at accelerators or other experiments at higher energies at
which the model-independent component disappears.

We have next extended those results to the case of heavy axions which solve the strong CP
problem. This has allowed to explore how the mixing of the axion with the pion and 7’ evolves
with rising axion mass, and in consequence how the model-independent contributions to all four
EW axion couplings vanish as the axion mass increases above the QCD confinement scale. We
have determined the modified expression for g,y, relevant for heavy axions, which may have
rich consequences: an hypothetical measurement of that coupling outside the QCD axion band
could point to either a heavy axion or a photophobic QCD axion. The analogous expressions
for gavz, 9azz and gaww have been also worked out.

On the purely phenomenological analysis, we developed a “two simultaneous coupling”
approach in order to determine the regions experimentally excluded by present data for
Javy> YavZs Jazz and geww versus the axion mass. Each EW coupling has been considered
simultaneously with the anomalous gluonic coupling essential to solve the strong CP problem.
The allowed/excluded experimental areas have been depicted for each of those couplings as a
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function of the axion mass. This is the first such reinterpretation for g.,z, g.zz and gaww.
Even for g,,~, the results of previous studies often did not apply and must be reanalysed: for
instance the present bounds extracted from LEP and LHC data tend to focus on ALPs which
would not have gluonic couplings, with very few exceptions [288,395,411,412]. Furthermore, we
have included an estimation of the one-loop induced bounds for each EW axion coupling, which
leads to supplementary constraints.

The expectations from KSVZ-type of theories have been then projected and illustrated over the
obtained experimental regions, both for the QCD axion and for heavy axions. The compatibility
of hypothetical a priori contradictory signals in high and low energy experiments in terms of a
given axion has been pointed out. Furthermore, we discussed how to interpret an eventual signal
(or null result) outside the QCD axion band in terms of the value of the new high confining
scale generically present in heavy axion theories.

A simple point with far reaching consequences results from EW gauge invariance. In all
generality, not all couplings of axions to EW gauge bosons are independent among the four
physical ones in the set {gsyy 9avz, Jazz and geww}. In particular, the relations obtained
imply that at least two EW gauge couplings —if any— must be non-vanishing for any axion or
ALP. These facts have been used to project the exclusion limits for the presently best constrained
couplings onto the parameter space for the less constrained ones. In particular, for axions/ALPs
much heavier than Agcp, those relations have been projected on the parameter space for g.ww,
9azz and g, z, reinforcing their constraints. A future multiparameter analysis may correct them
via loop corrections. Nevertheless, the results obtained here clear up the uncharted experimental
regions and may be of use in setting a search strategy. More in general, the existence of four
physical axion couplings to EW bosons at experimental reach constitutes a phenomenal tool to
over-constrain the axion parameter space and to check the origin of an eventual axion signal.

Finally, all results obtained for heavy axions apply as well to ALPs which have both EW
and gluonic anomalous couplings. The constraints stemming from EW gauge invariance extend
even to generic ALPs which do not couple to gluons. In consequence, this work also extends
automatically the usual parameter space for ALPs that do not intend to solve the strong CP
problem, adding to the incipient efforts to go towards a multi-parameter strategy.
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Appendices

Appendix 7.A Anomalous couplings of the pseudoscalar mesons
to the EW gauge bosons

In addition to the axion couplings in Eqs. (7.1.3)-(7.1.5), new couplings involving gauge bosons
are expected as soon as the extra pseudoscalar mesons appear in the spectrum below the
confinement scale. In particular, for the ny and the pions, the following interactions with EW
gauge bosons (considered as external currents) are possible below the QCD confinement scale:

~ ~ - T T

Wﬁ,,W““”%, BM,,B’“’%, BWB“”f—:, ff

The lightness of pseudoscalar mesons in QCD appears as a natural consequence of the

spontaneous breaking of the chiral symmetry U(2); x U(2)g — U(2)y. The pions and

eta mesons can be identified as the pseudo Nambu-Goldstone bosons of the broken symmetry.

However, the chiral symmetry is only approximate. It is explicitly broken not only by the quark

masses, but also by the electroweak gauge interactions. This fact famously explains the difference

between charged and neutral pion masses but also allows the computation of the coupling of
pseudoscalar mesons to the EW bosons through the anomaly,

we, B (T.A.1)

. Q; =
orje = écgfguprWFg", (7.A.2)
where FH = %GMV 9P Fyp, the fine structure constant of the corresponding gauge interaction is

2
denoted by a; = Z—jr and the group theoretical factor Cyroyp is given by
cabe = 3 Tr [T“{tb,tc}] . (7.A.3)
LH—RH

Here, T is the generator associated to the conserved current (i.e. to the global symmetry)
and t* are the generators of the representation of the gauge group under which each fermion
transforms.

Applying these formulas, the anomalous couplings of the neutral pseudoscalar mesons 73 and
1’ to the EW gauge bosons can be computed. For the pion,

1 _ 1 ~ 1 -1 .1 .
LD 197 BB + S gxpw T3 BW3 —» 19722822 + LGy W FF + 2 gny5 T3 F 2, (7.A.4)

with

a1 o (%,
9rBB = o f7r C%U ’ Inz7 = o f7r 012” )
1

— o ol
gnBW = 27 fr \ Cop 520 ) Inyy = 7Tf7r’
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. o c2 —3s2
ImyZ = "o fr U CwSw '

Equivalently for the  meson,

1 ~ 1 - 1 ~ 1 . 1 _
LD 19 ww 1o WW + 19 BB BB — 19mzz M 27 + 197 o FF + 19z M0 FZ,

(7.A.5)
with
81 _ o (31
Inww = — 27Tf7r 2 121) Inww = 27Tf7r 28121) )
a (111 _a [11st4+9c
BB ="on f=\6c2) 2z = "5 fx 6 s2,¢2, ’
B o 10
9 =05\ 3 )
Gy = — o 9ct — 115
"= o fa 3s2,c2
(7.A.6)

The mixing of the axion with the " and the neutral pion will result in additional contributions
to the coefficients of the interactions in Eqs. (7.1.4) and (7.1.5), via the first three operators
in Eq. 7.A.1. The fourth one results in a neutral pion-W3B coupling, which in turn induces
a SU(2)r-breaking coupling of the physical axion to W3B . In other words, below Aqcp the
operator space of axion electroweak couplings spans three degrees of freedom, instead of the two
above the QCD confinement scale, with

1 1 1
0L —gs 7 —GG + 1 Jaww a WW + 19aBB @ BB + 19aBW 0 BW , (7.A.7)
a
where
_ 1 aem (L 3
Jaww = 2nfa 82, \N 4)’
1 aem (P bmy+1Tmy
= -5 T Y 7.A.8
JaBB 21 fo €2, (N 12(my, + mg) ( )
1 aem lmd — My,
aBW = 27 fo SwCw \ 2 My + Mg

are obtained using the result for the mass mixing of the axion with the pseudoscalar mesons
given in Eq. (7.1.32).
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Similarly for the heavy axion case,

. 1 aem (L
JaWw = 27 fa S%v N 41_ M
B 1 oem E = L 1mg — my !
9aBB = 2 f, C%U N ( ) 6 2 My +Mg 1 — (mM)Z J (7.A.9)
— 1 Gem 1 Mg — My 1
JaBW = 27Tfa SwCuw 2mu+md1— (M) 1- (7’£LM/)2 .
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Appendix 7.B How general is the mass matrix in Eq. (7.1.28)7

Let us start with the most general Lagrangian above the QCD confinement scale that is relevant
for the mass and mixings of the axion:

1 0,4 0,0 , -
0L, ==0"ad,a + ¢ = (u w) + =2 (d d
5 b 1pr( VY5 ) 1pr( VY5 d)

—ﬂLmuuReicga’/fPQ — JLmddReng&/fPQ + h.c.

tos g ﬁGGJr %gSWdFF. (7.B.1)
For simplicity, here we focus on the coupling to photons but the discussion is of course applicable
to the other EW gauge bosons. The relation of the clf’d couplings with the corresponding ones
2, ¥ and P in the SU(2) x U(1) gauge invariant formulation in Eq. (7.1.11) are given by
Eq. (7.3.4), while c¢3 = Ny in that equation. Without loss of generality, PQ invariance can be
imposed on all operators in the Lagrangian but the anomalous couplings. As a consequence, the
couplings cg’d are related to the PQ charges of the up and down quarks in in Eq. (7.1.11) in the

following way, X, q = cg’d X, (where the charge of the axion can be set to X, =1 ).

This Lagrangian has a reparametrization invariance [398],'6 that corresponds to making the
usual axion dependent quark field rotations,
cT’d — cif’d + ayd,

d d
cg’ — cg’ — 204,

c3 > c3+2a,+2ay,

Gayy — Jayy — (12au qz + 12¢y qﬁ) ) (7.B.2)

@
27 fpq
In the body of the Chapter we are considering cqf’d = 0, when computing the axion mass and
mixings. This is general due to the reparametrization invariance.

When QCD confines and the chiral symmetry is broken by the quark condensate, the couplings
in Eq. (7.B.1) translate into effective operators involving mesons. Defining the 7 and np-fields
in terms of the currents:

g8 =< (@yusu — dyuysd) = fxDums,

DO = DN =

iy == (@vrsu + dyuysd) = frDumo . (7.B.3)

The low energy chiral Lagrangian can be decomposed in three terms:

(5£a = 5['a, kin 1 5£a,mass + 5£a, anom - (7B4)

'Note that this reparametrization invariance differs from that in Ref. [398].
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e The derivative couplings cqf’d generate kinetic mixing between the axion and the mesons,
Lo s 1 4 1 u
5£a,kin = iDMaD a + iDIﬂT?)D T3 + iDMT’OD o

+ (¢} — ) == x Dja DFmy + (et + cf) = I D,aD*ny. (7.B.5)

frq frq

e The Yukawa couplings cg’d produce mass mixing. In the chiral formulation the effects of
these operators can be encoded in an axion-dependent mass matrix,

icya/frq
M= [™e O [e7 0 . (7.B.6)
0 mg 0 eic2a/fra

So that the chiral Lagrangian induced at low energies contains the term

2
0L, mass = BO% Tr (EM; + MaZT>

7o a T Ny 4 a
=By f? | m, cos S —— | + mgcos - —
oz | <f7r fa prQ> ‘ (fw /s 2fPQ>
(7.B.7)

e The coupling to gluons generates an effective potential that is responsible for the bulk of
the mass of the 7’ and can be parametrized at low energies as,

A~

2
as Tlo 1 a
5£a,anom == 2 + ¢ ) GG —r —— K (2 + c ) . 7.B.8
( fo = O (7.B.8)

Altogether, the relevant chiral Lagrangian reads,

1 N . 1 1 . N
0L, = §DuaD“a + §D#7r3 DFrg + §D#7]0 D*ny + ar D,a D rs + oy D,a DFig

+ Bof? |my cos (7?3 + 0 cqg‘a) + mg cos <7T3_"70_ cg’a)
Q

1 2
- = K 20 4 ¢ ) 7.B.9
(Feaz)  @o
The coefficients oy, o, parametrizing the kinetic mixing are
ar = (cf - cl) Jn_. oy = (cf + cl) I (7.B.10)
feq’ frq

In order to obtain the mass matrix and ultimately the mass eigenvalues and mixings, the kinetic
terms have to be diagonalized first. This can be done by the following transformations:

. a .
a — —F——a,
— a2 — a2
1—oaz g
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T3 — M3 — aﬁ; = = 73 (ct c”ll) ffﬂ a,
l—oz —a PQ
ay fe
M — M — ————— o — (¢} + ¢f) 7 a. (7.B.11)
1—a2— oz?], frq

The Lagrangian Eq. (7.B.9) becomes!” |

1 1 1
0La = 5 DpaD"a + 5 Dyms D + 5 Dyutio Do

o T3 M 4 a
+ Bof? | my cos Ch +mgcos | = — = — &5 —
Ofﬂ- “ (fﬂ' f7r fP ) ¢ <f7r f7r 2fPQ>

2
1 a
~ K (2246 —) , (7B12
2 ( fﬂ' fPQ) ( )
where ¢4, ¢4 and ¢3 are given by
¢y =2c¢f + ¢,
& =2¢ + o,
Gy =c3—2c% — 2¢. (7.B.13)

As expected, these coefficients are invariant under the reparametrization invariance in
Eq.(7.B.2). Therefore, the squared mass matrix coming from Eq. (7.B.12) is completely general,

Bo (mqumd) Bo (mufmd) 730% (mu Cﬂjfmd Eg)
M? Bo (mu—myg) %—FBo(m +mgq) 2e3 K +Bof—(m cy+m cd)
{73,710, a} u d u d foPQ fPQ u o d €
_ _ 2c3 K _ _ _2 K f2
—Bo-= fPQ (mu cy—myq cg) CJE’PQ +B OfPQ (mu cy+mg cg) c2 fl%Q +B0% (mu (€%)24+my (c4)? )

(7.B.14)
This matrix can be diagonalized analytically in the limit fpq > Bo, mu 4, f=. We find that the
physical axion corresponds to the combination:

a~ a4 Our T3 4 Ogry M0, (7.B.15)
where all mixing angles are assumed small and

£ <63 + 265) mq — (C3 + 26%) my

fr _
2fpq My + My ‘

C3
2frq

'"The same Lagrangian can be obtained by making use of the reparametrization invariance in Eq. (7.B.2) and
choosing a,, = ¢} and ag = c‘f.

Opre ~ —

3 9&7]’ - — (7B16)
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Note that this gives the physical axion in terms of the fields whose kinetic terms are already
diagonalized. In order to express it in terms of the flavor meson fields (as defined in Eq. (7.B.3)),
the transformation in Eq. (7.B.11) needs to be taken into account. The final mixings read,

fr d a\ Md — My, fr
0 ~ — —_— U U —_— 9 ;Y — 7.B.17
am 2fPQ Co Co + (Cg + C2 + 62) Ma + my ) an 2fPQ €3, ( )

expressed in terms of the couplings of the starting Lagrangian in Eq. (7.B.1). It is worth noting

that the physical mixing parameters do not depend on the coefficient c?’d of the derivative

operator, since it is PQ invariant and therefore it has no impact on the masses and the mixings.

Now we are ready to study the effect of these two diagonalizations in the coupling of the axion
to photons,

Jayy = ggv’y + bar Gryy + Qan’ 9n'yy - (7.B.18)

Taking into account that the coupling of the mesons to photons are given by

KYo" 3«
Iryy = _rfw(qi - Q§)7 n'yy = _rfﬂ(qi =+ qu)a (7'B'19)

where ¢, and gg are the electromagnetic charges of the up and down quarks, we find,

2 2
Gy = 60, + i (—6 g —6clgd—6 <03 S cg) M) . (T.B.20)
u

Recalling that the coefficients c;’d correspond to the PQ charges, the combinations that appear
in the above equation can be identified as the electromagnetic and QCD anomaly coefficients
for the up and down quarks,

Bua= Y 2Xyq,=-6cq,—6ciq], N=c3+c5+cf. (7.B.21)
Yv=u,d

Redefining the axion decay constant as usual f, = fpq/N, we can express

0 Eu,a  2my+4mg
Jary =Jary T o e \ TN T 3Tyt my )

(7.B.22)

To sum up, from the most general mass matrix we have obtained the same result of Eq. (7.1.54)
taking into account that in the E/N we have to sum over all fermions transforming under the
PQ symmetry, that means including the up and down quarks F = Eycayy + £y, 4,

« (Eheavy + EU,d _ gm“ +4md> (7 B 23)

Jorr = o \ TN N 3 my +mg



8 Flavor constraints on
electroweak ALP couplings

In this Chapter, which is based on the publication in Ref. [1], we explore ALP contributions
to flavor changing neutral current (FCNC) processes, formulating them in a model-independent
approach via the linear realization of the ALP effective Lagrangian. The complete basis of
bosonic and CP-even ALP couplings to the electroweak sector is considered. That is, the set of
gauge invariant and independent leading-order couplings to the W, Z, photon and Higgs doublet
is discussed. Given that these operators are flavor blind, they may impact flavor-changing data
only at loop level. The couplings of ALPs to heavy SM bosons had been largely disregarded
until recently, even if a priori they are all expected to be on equal footing with the pure photonic
ones because of electroweak gauge invariance. In addition to novel collider signatures [289,290],
rare hadron decays provide a superb handle on the ALP couplings to massive vector bosons [3]
for ALP masses below 5 GeV. The one-loop impact on FCNC processes of the anomalous ALP-
W-W coupling was first considered in Ref. [291]: it was shown to induce flavor-changing rare
meson decays via W exchange, with the ALP radiated from the W boson [291,393,419]. The
axion can then either decay in some visible channel or escape the detector unnoticed, and novel
bounds were derived in both cases. Given the level of accuracy provided by present flavor
experiments, it is most pertinent to take into account the competing contribution of other
electroweak ALP couplings leading to the same final states. In other words, the ensemble of the
linearly independent ALP-electroweak couplings should be considered simultaneously in order
to delimitate the parameter space. Putative anomalous couplings of ALPs to gluons could also
contribute to flavor-blind decays into visible channels, but not to FCNC processes other than
via pseudoscalar (e.g. ALP-n" and ALP-pion) mixing in SM flavor-changing decays, and they
are not considered in this Chapter.

The analysis of two (or more) couplings simultaneously has the potential to change the
experimental perspective on ALPs. Our theoretical analysis is confronted with the prospects for
ALP detection in present and upcoming fixed-target experiments and B-physics experiments.
After the theoretical analysis, the structure of this Chapter reflects successively the two
alternative scenarios mentioned above, in which the ALP produced in FCNC meson decays
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can then either decay into visible channels within the detector, or it can be invisible by escaping
the detector (or decaying to a hidden sector). For both cases, the comparison with data
considers first each coupling separately and then the ensemble in combination, and the resulting
interference patterns are worked out in detail.

8.1 Bosonic ALP lagrangian

The most general effective Lagrangian describing ALP couplings contains — at leading order in
the linear expansion — only three independent operators involving electroweak gauge bosons [186,
289, 396,397],

0Left = %aﬂa Ma — %mz a% 4 cao Oup + c8 Op + cw Ow (8.1.1)
with
Oup = z’a}f o''D 0,
Op = —%Bwé‘“’, (8.1.2)

a —_—
Ow = 77W5VW5V7
a
<=
where ¢; are real operator coefficients and ® D ,® = of (DMP) — (Dud))T@. Note that the
notation here for the anomalous effective operators for the axion differs to that in Chapter 7,
the relation among them being O ¢ = &* Ox.

Upon electroweak symmetry breaking, O,¢ induces a mixing between a and the would-be
Goldstone boson eaten by the Z. Its physical impact is best illustrated via an ALP-dependent
rotation of the Higgs field, namely ® — & ¢ica2a/fa [396], which trades O, for the following
fermionic couplings:

Opp — i %[@Yufﬁ up — QYy®dp — LY@ 5| +hec. (8.1.3)
a

where Y, 4, denote the SM Yukawa matrices, flavor indices are omitted, and neutrino masses are

disregarded. The ALP-electroweak operators in Eq. (8.1.2) are flavor blind, but O, and Oy

can participate in FCNC processes at one loop via W+ gauge boson exchange. At this order,

the parameter space of ALP-electroweak couplings in FCNC processes is thus reduced to two

dimensions spanned by the coefficients

{CW ,Cacp} . (8.1.4)

They may contribute to rare decays as illustrated in the left (c,3) and right (e ) panels of
Fig. 2. While ¢y has been discussed separately in Ref. [3,291], and the effective ALP-fermionic
interactions have also been considered by themselves before [290,368,393,419-421], the interplay
between ¢y and ¢, will be shown below to lead to interesting new features.
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(:(1 (I) =~

Figure 1: Illustration of diagrams giving one-loop contributions to the process K+ — wTa via the
interactions defined in Eq. (8.1.3).

8.2 FCNC ALP interactions

The effective interaction between a pGB and left-handed fermions can be expressed in all
generality as

Eglg-fadj = —g?j (aua) ijy“PLdi + h.c., (8,2_1)

where latin indices ¢, j denote flavor and gf; is an effective coupling.

The impact of Oy and Ow on d; — dja (with ¢ # j) transitions via one-loop W# exchange
induces a left-handed current of the form in Eq. (8.2.1), and thus a contribution to rare meson
decays. The corresponding Feynman diagrams at the quark level are those contained in the
illustration in Fig. 1, as well as the corresponding self-energy diagrams with the ALP operator
inserted on the quark lines external to the W loop. At the quark level, those one-loop W
exchanges result in a contribution to g7, for = j, given by

a _ 2 ‘/qz‘/qik] 3CW Ca(I) 1 02/ 8 2 2
95 =49 Z 1672 fg(fﬁq)—fﬁ% 0g m2 ) (8.2.2)

q=u,c,t

where g is the electroweak gauge coupling, and Vj; are the CKM matrix elements. In
this equation, m, denotes the mass of a given up-type quark ¢ that runs in the loop, the
approximation mg;, mq; < mwy has been used, 4 = mg / m%,v, and the loop function is given by

o [1+z(logz —1)]
g(l‘) - (1 _ l’)2

(8.2.3)

It follows that the decay rate for the process K+ — 7ma can be expressed as

2
31,0 |2 2
DK+ wta) = "Rl g2y (1 - ’") ,
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Figure 2: Invisible ALP: constraints on the absolute value of ¢y (left panel) and c,e (right panel) as a
function of the ALP mass, considering each of these couplings separately. The exclusion contours have
been derived from the experimental limits on B(K ™ — 7 +inv) [422] (green) and B(B — K +inv) [423]
(blue) by fixing f, = 1 TeV and by setting the other couplings to zero. Projections for NA62 [291] and
Belle-IT [424] experiments are illustrated by dashed lines.

2 2
with g = |1 — (m";—z,m“) [1 — %] In this expression, fo denotes the K — 7 scalar
K

form factor, which has been computed in lattice QCD in Ref. [425]. An analogous expression can
be obtained mutatis mutandis for the decay B — Ka, in which case the relevant form factors
can be found in Refs. [426,427].

In Eq. (8.2.2), the contribution proportional to ¢y is finite due to the
Glashow-Iliopoulos—Maiani (GIM) mechanism, in agreement with the results of Ref. [291].
The ¢4 term is instead logarithmically sensitive to the ultraviolet scale of the theory f,,
and its contribution is thus approximated by the leading log model-independent component.
Furthermore, because g(z) ~ = + O(z?) for small x, the contributions from the up and charm
quarks are sub-leading in both terms with respect to that of the top quark. Also, note that
the logarithmic enhancement of the c,e term (o log ( fa/ mt)) should be particularly relevant
for large values of f,. This logarithmic divergence is a consequence of the operator O, being
non-renormalizable [393,420,421], in contrast with renormalizable scenarios such as two-Higgs
doublet models [199,393,428,429].

The interplay between ¢, and cyy presents interesting features which depend on their relative
sign. Their contributions to ALP production in rare decays can interfere destructively if and
only if cae/cyw > 0. Such a cancellation would leave a region in parameter space which cannot
be probed by relying only on FCNC decays such as K — wa and B — Ka. An alternative to
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Figure 3: Allowed {cw,cq.e} parameter space for the invisible ALP when those two couplings are
simultaneously present. The superposition of the constraints from K™ — 7+ + inv (green) and BT —
KT + inv (blue) data is shown for an illustrative case with f, = 1 TeV and m, < 100 MeV. The

~

left (right) panel shows the destructive (constructive) interference of the two couplings for ey /cae > 0
(ew/cad < 0). The red solid (dashed) lines correspond to the current (projected) limits from mono-W
searches at the LHC with 3.2 fb~" (3 ab™") of data [289].

lift this degeneracy using LHC constraints will be discussed further below, after deriving the
constraints that follow from rare meson decays.

In order to determine the detection possibilities for a given final state channel, an important
element is whether the ALP can decay into visible particles within the detector, or whether it
escapes and contributes to an “invisible” channel. We discuss next both cases.

8.3 The invisible ALP

Let us consider first the scenario of an ALP that does not decay into visible particles in the
detector, which we shall refer to as the “invisible ALP”. This situation can arise if a is sufficiently
light, making a long-lived, or if there are large couplings of a to a dark sector, making B(a — inv)
sufficiently large. The analysis performed below is general and applies to both cases.

The experimental constraints relevant for different m, ranges are listed next:

o m, € (0,mg —my):

Searches for the decay K — mwvv have been performed at the E787 and E949 experiments. The



222 Chapter 8. Flavor constraints on electroweak ALP couplings

bounds obtained can be directly reinterpreted to limit the parameter space of new undetected
particles. E787 and E949 experiments take measurements in two regions of pion momentum,
namely p, € (140,199) MeV and p, € (211,229) MeV, which can be translated into the
ALP mass ranges 150 MeV < m, < 260 MeV and m, < 115 MeV, respectively. The limits

reported in these searches are B(KT — nTvp)®P = (1.733:62) x 10710 [422] and B(K+ —

7 tvD)™P < 2.2 x 1077 [423], which lie slightly above the SM prediction, B(K+ — ntvp)SM =
(9.11 £0.72) x 107! [430]. Similar searches have been performed at the NA62 experiment,
which aims at attaining the SM rates in the very near future [431]. In our analysis, we consider
the E787 and E949 constraints, as summarized in Ref. [422].

e my € (0,mp —mg):
The most constraining experimental limits on B(B — K ) + inv) were obtained by the Belle
collaboration. These are B(B — Kvi) < 1.6 x 1075 and B(B — K*vv) < 2.7 x 107° (90%
C.L.) [432], which lie respectively a factor of 3.9 and 2.7 above the SM predictions [433]. In
the near future, Belle-II aims at measuring the SM value with a O(10%) precision [424]. For
the new physics scenario considered here, the strongest constraint arises from the B — Kvv
result.

We have explicitly checked that AF = 2 constraints on the effective couplings gj; are less
stringent than the ones presented above for most of the ALP parameter space considered here.
Nevertheless, those constraints should provide the best bounds on ¢, and ¢y for masses larger
than ~ 5 GeV, which are out of reach of rare decays, see Fig. 2. Those observables are not
included in our analysis, though, since the consistent assessment of the corresponding limits
would require a complete two-loop computation, as well as the additional consideration of higher
dimension ALP operators, which goes beyond the scope of this thesis.

The constraints set on ALP-electroweak coefficients by data will be analyzed in two steps:
first within a one coupling at a time approach, where either only cy or c,e are switched on;
next, the {c,s,cw} parameter space spanned by the simultaneous presence of both couplings
will be considered.

Fig. 2 depicts the allowed values of ¢y (left panel) and c,¢ (right panel) as a function of the
ALP mass, when only one of these two couplings is added to the SM. The constraints obtained
on the {mg,cw} plane (left panel) coincide with those derived in Ref. [291]. The constraints
on the parameter space for {mg,c,s} (right panel) are a novel contribution of this work. The
case illustrated corresponds to f, = 1 TeV. The quantitative similarity of the exclusion limits
on the two couplings depicted in Fig. 2 is fortuitous; it is easy to check that the constraints on
cqd become stronger than those for ¢y for larger values of f,, as expected from the logarithmic
dependence of its contribution, see Eq. (8.2.2).

These plots also indicate that kaon constraints are typically one order of magnitude stronger
than those derived from B-meson decays, although limited to a more restricted m, range. Future
prospects from NA62 and Belle-II are also illustrated in Fig. 2 with dashed lines.
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When both ¢,¢ and ¢y are simultaneously considered, an interesting pattern of destructive
interference can take place, as anticipated in Sec. 8.2. Fig. 3 depicts the result of combining the
different experimental constraints for fixed values of f, and m, < 0.1 GeV. This shows indeed
that when the relative sign of both couplings is positive, a blind direction in parameter space
appears. This unconstrained direction is exactly aligned for kaon and B-meson decays. For this
reason, additional experimental information is then needed to lift the degeneracy. One possibility
is to consider the decays D — 7(a — inv), which are sensitive to a different combination of ¢,¢
and cpy, since the up- and down-type quark contributions to the term proportional to c,3 have
opposite signs, see Eq. 8.1.3. These decays, however, suffer from a heavy GIM suppression,
and no such experimental searches have been performed to our knowledge. A more promising
possibility is to consider LHC constraints that are sensitive to a specific ALP coupling. For
example, LHC searches for mono-W final states are only sensitive to cy!. In Ref. [289] the
authors derived the current (projected) bounds

lew |

Ja

from 3.2 fb~! (3 ab™!) of LHC data: these have been superimposed in Fig. 3. Similarly, a
reinterpretation of pp — tt + MET at the LHC would constrain only c,s, but such analysis
goes beyond the scope of this letter. Typically, LHC constraints are weaker than flavor bounds,
except in the region of parameter space where the flavor signal is suppressed due to a cancellation
between two contributions. In this case, the complementarity of low and high-energy constraints
becomes an important handle on new physics.

<0.41 (0.16) TeV™!, (8.3.1)

8.4 The visible ALP

We analyze next the case of ALPs produced at loop level via rare meson decays, but decaying
into visible states via the same set of bosonic interactions introduced in Eq. (8.1.2). For the
my, range considered in this work, the kinematically accessible decays are a — 7y, a — hadrons
and a — ¢¢, with ¢ = e, u, 7. Both tree-level and loop-level contributions to the decays are to
be taken into account. Indeed, experimental limits on ALP couplings to photons, electrons, and
nucleons are so stringent that (indirect) loop-induced observables can give stronger constraints
than (direct) tree-level ones [3,290].

At tree level, ¢y and c,e contribute respectively to ALP decays into photons and into fermions.
Nevertheless, the coupling cg may also enter the game for these decays: at tree level for the
photonic channel and at loop level for the fermionic channel. That is, while the parameter
space for the production of an ALP via rare meson decays is still the two-dimensional one in
Eq. (8.1.4), the whole set of ALP electroweak couplings {c.a, cw, cg} is relevant for the analysis
of visible decay channels. For consistency, all one-loop contributions induced by these three
couplings are to be taken into account.

!Bounds stemming from mono-Z signals are slightly better, but this final state can also be generated by another
coupling (cg), which complicates slightly the reinterpretation in terms of ¢y and cqus.
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For instance, the partial width for ALP decay into leptons, including one-loop corrections,

reads
2 4m?
T(a — 0H07) = |eqp2 e [ _ 2T 8.4.1
(@ €°0) = lea G\ J1- T (4.1

where aep, is the fine structure constant and ¢y is given at one-loop order by
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where s,, = sin 6y, ¢, = cos 8, and 6y denotes the weak mixing angle. For the a — ~y decay,
the partial width reads

3

9 m
F(a - 7’7) = |Ca'y'y| 47_[_;3 , (8.4.3)
where the ¢4y, coupling is defined at tree level, as
Cary =cpc +oysd. (8.4.4)
tree

Furthermore, bosonic loops give corrections to ¢4y~ proportional to cy. Fermionic loops may
also induce nonzero values of ¢4y, at the scale i = f,, even if the ALP has no tree-level couplings
to gauge bosons, i.e. cyy = ¢g = 0 [290]. To sum up, both ¢y and ¢, induce one-loop corrections
to the photonic width. Specifically, for m, < Aqcp,
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o

Carn
gl 1—loop

(8.4.5)

where By and By (7y) are loop functions, which are detailed in Appendix 8.A. For mq > Aqcp,
the second term in the last line of the above equation is absent, since it stems from 7-a mixing
which becomes negligible in this mass range.

For hadronic decays, it is pertinent to consider two separate m, regions: (i) between 3m;
and 1 GeV, and (ii) above 3 GeV. In the former region, the dominant hadronic decay is a — 37
which can be computed by employing chiral pertubation theory [290]. In the region above
3 GeV, the dominant decays are a — c¢ and a — bb, which are well described by a perturbative
expression analogous to Eq. (8.4.1) multiplied by the color factor N, = 3.2 In this work we
remain agnostic about the intermediate region m, € (1,3) GeV, since several hadronic channels,
which are particularly difficult to estimate reliably, open up for these masses.®> In this region,

2Note that the decay a — gg is not induced at one-loop level in our setup, since the up- and down-type quark
contributions cancel due to the different signs in Eq. (8.1.3).

3A first attempt to compute these rates by using a data-driven approach in this particular m, interval has
been proposed in Ref. [399] for the GG a couplings.
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Figure 4: ALP partial decay widths to various two-particle channels as a function of m,, in presence
of either ey (left panel) or cqq (right panel), for ey /f, =1 TeV™' and cu9/fa = 1 TeV ™Y, respectively.
The grey shaded areas correspond: i) to the pion mass region, which is experimentally excluded due to
the large 7%-a mixing; ii) the interval (1,3) GeV, in which the hadronic width cannot be fully assessed
either with chiral estimates or perturbatively.

the total hadronic width I', will be replaced by its value at the range frontier at m, = 3 GeV.
Note that this is the most conservative choice, since the hadronic width is a continuous and
strictly increasing function of m,.

Fig. 4 illustrates the ALP partial widths as a function of m,, when either only cy (left panel) or
cqd (right panel) are present, for the benchmark values cyy/f, = 1 TeV~! and ¢,9/fo = 1 TeV L.
The mass thresholds for each of the fermionic channels are clearly delineated.

In order to analyze the impact of an intermediate on-shell ALP on rare meson decays to visible
channels, ALP production via the couplings in Eq. (8.1.2) needs to be convoluted with ALP
decay into SM particles via that same set of couplings. When c¢,3 and cy are simultaneously
present, a very interesting pattern of constructive/destructive interference is expected. We will
assume for simplicity cg = ¢y to illustrate the effect. While a positive sign for ey /cqe leads to
destructive interference in ALP production (see Eq. (8.2.2) and Fig. 3), the opposite can occur in
the subsequent ALP decay into visible channels. Indeed, the decay into leptons shows destructive
interference for negative c,3/cyw, see Eq. (8.4.1). The expectation for the photonic channel is
more involved and depends on the ALP mass: for m, < m; the terms in the last parenthesis
in Eq. (8.4.5) are both real and positive and the interference pattern is thus analogous to that
for ALP production, while for larger masses it may differ. Table 1 summarizes the interference
pattern expected.
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cw /Cap | Production  a — €14~ a— Yy

>0 Destructive Constructive Destructive

<0 Constructive Destructive Constructive

Table 1: ALP-mediated rare meson decays: interference pattern between c,e and cy in ALP production
and decay as a function of ¢y /cqq sign, by assuming cg = cyw. The a — 7y column assumes mg < My,
see text for details.

Three sets of experimental data that will be considered in order to constrain the {m, cqa, cw }
parameter space for a visible ALP: 1) displaced vertices; 2) semileptonic and photonic meson

decays;

3) leptonic meson decays.

1. Displaced vertices. Of particular interest are searches for long-lived scalars, which would
result in displaced vertices. Two m, ranges are pertinent:

(a)

mq € (2my, mp — mg)

The LHCb collaboration perfomed searches for long-lived (pseudo)scalar particles in the
decays B — K®a, with a — pup [435,436]. Limits on B(B — K®a) - Bla — pu)
which vary between 10719 and 10~7 are reported as a function of m, and the proper
lifetime, 7,. For 7, < 1 ps, the limit derived is independent of 7, since the ALP would
decay promptly. The best constraints are those for values of 7, between 1 ps and 100 ps,
for which the dimuon vertex would be displaced from the interaction vertex. See also
Ref. [415] for a recent reinterpretation of these limits.

mqe € (2my, mg — my)

Similar searches have also been performed by the NA48/2 Collaboration for the decay
Kt — wta, followed by a — ppu [434]. The limits reported on B(K+ — 7ta)-B(a — puu)
decrease with ALP lifetime until 7, = 10 ps, becoming constant for smaller values of 7.
The best experimental limits are 0(10*10) and obtained for 7, < 10 ps.

2. Semileptonic and photonic meson decays. Relevant constraints on ALPs can be inferred from
their indirect contributions to low-energy meson decays. In particular:

()

(b)

Kaon decays. The measured kaon branching fractions B(KT — ntee)™P = (3.00 +
0.09) x 1077, B(KT — atpuu)®® = (9.4 4+ 0.6) x 1078 [19], and B(KT — 7tyy)>P =
(1.01 £ 0.06) x 107 [439] will be taken into account. In order to avoid the uncertainty
related to the unknown SM long-distance contributions, it will be required that the ALP
contribution alone does not saturate the 20 experimental bounds.

B-meson decays. Recently, LHCb observed several deviations from the expected values
in ratios of B — K® uyu and B — K®ee decays in different bins of dilepton squared
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Figure 5: Visible ALP: constraints on the absolute value of ¢y (left panel) and ¢, (right panel) when
these couplings are considered separately, as a function of the ALP mass and for f, = 1 TeV. The exclusion
contours follow from the experimental limits on KT — 7t a(— pu) (ved) [434], B — K™ a(— pu)
(orange) [435,436], B(Ky — uup) (green) [19], B(Bs — pu) (blue) [437,438], B(K — mee) (purple) [19]
and B(K — myv) (cyan) [439]. The grey dashed lines are projections for the SHiP experiment [282]. The
unconstrained regions in the range of the LHCb bounds correspond to the masses of several hadronic
resonances which are vetoed in their analysis.

mass [80,317]. If these anomalies turn out to imply new physics, ALP couplings
would not explain them. More precisely, pseudoscalar effective operators induced by
a heavy mediator cannot reproduce current deviations due to the constraints derived
from B(Bs — ptp~ )P [437]. On the other hand, a light ALP with m, < mp — mg
would face stringent limits from LHCb searches for long-lived (pseudo)scalar particles in
B — K®a(— pu), as mentioned above [435,436]. For these reasons, we leave out of our
analysis the constraints that would stem from the comparison of exclusive B — K™y
measurements with the SM expectation until further clarification is provided by the

B-physics experiments.

3. Leptonic Bs and K decays:

While the constraints in 1) and 2) above correspond to on-shell ALPs, off-shell contributions
are relevant in leptonic meson decays. LHCh measured B(Bs — upu)™® = (3.0 £ 0.6703) x
1079 [437], which agrees with the SM prediction, B(Bs — )™M = (3.65+0.23) x 1079 [438].
The ALP contribution to this observable can be computed by a straightforward modification
of the expressions provided in Ref. [429]. Similarly, we consider the kaon decay B(Kj —
)P = (6.84 +0.11) x 107Y [19]. In the latter case, we impose once again the conservative
requirement that the ALP (short-distance) contribution does not saturate the 20 experimental
values. When the complete set of electroweak couplings in Eq. (8.1.2) will be simultaneously
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considered for an off-shell ALP, the interference pattern in the amplitudes can be understood
analogously to the separate discussion on production and decay for on-shell ALPs.
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Figure 6: Visible ALP: Allowed parameter space when the couplings {caw,cqa} are simultaneously
present, for f, =1 TeV and m, = 0.1 GeV (upper plots) or m, = 0.3 GeV (lower plots). The different
flat directions observed in the figures correspond to the destructive interferences of both couplings in
ALP production and/or the various ALP channel decays, which depend on the sign of ¢y /cae. See text
for details.
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In analogy with the case of the invisible ALP in the previous section, all of these data will
be analyzed first within a one coupling at a time approach, where either only cy or c,e are
switched on (as cp by itself cannot mediate FCNC processes). In a second step, the simultaneous
presence of {cqa, cw, cp} will be taken into account. We assume cp = ¢y in the figures because
cp has only a modulating role, and this choice does not preclude or fine-tune any particular
decay channel.

Fig. 5 illustrates the allowed values of |cy| (left panel) and |coe| (right panel) in the one-
coupling-at-a-time analysis, as a function of the ALP mass and for f, = 1 TeV. Constraints
from B(K — mwpup) [19] are not displayed, since they are superseded by NA48/2 constraints on
long-lived particles in K+ — 7+ a(— pu) decays. The grey dashed lines are projections for
the SHiP experiment [282]. The figure reflects the stringent constraints from LHCb searches
for displaced vertices in the dimuon channel [415,435,436] for the large mass range m, €
(2u,mp — mp), see point 1.(a) above. These limits are more constraining than the analogous
searches performed in the kaon sector [434]. Remarkably, this is in contrast to the invisible
scenario discussed in Sec. 8.3, for which kaon constraints are considerably stronger than those
derived from B-meson decays if KT — 7nta is kinematically allowed. These results, which
take into account only one coupling at a time, could be of special interest in specific new physics
scenarios. For instance, the case of a non-vanishing c,e with cp and ¢y disregarded (right panel)
is motivated by perturbative models producing ¢, at tree level but {cg, ey} only at loop level
(e.g. cg ~ cw ~ ¢%/(1672) cua). Nevertheless, in all generality and for a rigorous approach, the
simultaneous presence of all couplings in the electroweak bosonic basis in Eq. (8.1.2) must be
considered. This may essentially modify the bounds inferred, as discussed above and illustrated
next.

Fig. 6 depicts the bounds resulting when c,4, ci and cp are simultaneously considered. Once
again, in the ALP mass region in which B-physics data on displaced vertices apply, they are
seen to be more constraining than the bounds inferred from the kaon sector, see Figs. 6¢ and 6d.
Furthermore, the four panels in the figure clearly illustrate — for two values of m, and ¢y = cp
— the remarkable pattern of constructive/destructive interference expected from the analysis in
Sec. 8.4 and Table 1. For instance, the two flat directions in the photonic channel in Fig. 6a result
from destructive interference in both production and decay for positive ¢y /caep and mg < mg.
The rest of the figures can be analogously understood. Once again, the various flat directions in
different channels call for complementarity with collider data and other experimental projects.
In particular, the degeneracy in parameter space which induces the flat direction in Fig. 6a and
Fig. 6¢, common to all rare decay channels discussed in this work, could be resolved by LHC
data. Some of the flat directions appearing in ALP decays (cf. e.g. Fig. 6d) could also be probed
by proposed beam-dump experiments such as SHiP, since they can measure ALP decays into
both photons and muons, and because B(a — up) and B(a — v7) do not simultaneously vanish.
This is also true for various LHC searches, and so both experiments could be good handles on
removing flat directions, though a full analysis is beyond the scope of this work.
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8.5 Conclusions

The field of axions and ALPs is blooming, with an escalation of efforts both in theory and
experiment. Theoretically, the fact that no new physics has shown up yet at colliders or elsewhere
positions the SM fine-tuning issues as the most pressing ones and leads to further implications
for our perspective of dark matter. The silence of data is calling for a rerouting guided by
fundamental issues such as the strong CP problem and an open-minded approach to hunt for
the generic tell-tale of global hidden symmetries: derivative couplings as given by axions (light
or heavy) and ALPs. Experimentally, the worldwide program to hunt specifically for axions and
ALPs is growing fast. At the same time, other experimental programs are realizing their potential
to tackle the axion and ALP parameter space, e.g. the LHC and beam dump experiments.

In the absence of data supporting any concrete model of physics beyond the SM, effective
Lagrangians provide a model-independent tool based on the SM gauge symmetries. Very often
the effective analyses rely on considering one effective coupling at a time, though, instead of the
complete basis of independent couplings. The time is ripe for further steps in the direction of
a multi-parameter analysis of the ALP effective field theory, and this is the path taken by this
work.

We have considered the impact on FCNC processes of the complete basis of bosonic
electroweak ALP effective operators at leading order (dimension 5), taking into account the
simultaneous action of those couplings. As this basis is flavor-blind, its impact on flavor-changing
transitions (e.g. d; — dja, with 7 # j) starts at loop level. Indeed, the experimental accuracy
achieved on rare-decay physics, as well as on limits of ALP couplings to photons, electrons, and
nucleons, is so stringent that loop-induced contributions may provide the best bounds in a large
fraction of the parameter space.

We first revisited previous results in the literature, which had been derived considering just
one operator at a time. We studied next the simultaneous action of the various electroweak
couplings. An interesting pattern of constructive/destructive interference has been uncovered,
which depends on the relative sign of the couplings and on the channel and mass range
considered. In this way, the previous very stringent bounds stemming from kaon and B-
decay data are alleviated. Furthermore, LHC searches for light pseudoscalar particles have
been highlighted as more important in regions where deconstructive interference weakens flavor
bounds. While they are generally considerably less sensitive than flavor observables, LHC
searches are shown to provide complementary information to low-energy probes, exploring
otherwise inaccessible directions in the ALP parameter space. We have also explicitly illustrated
how they can overcome some of the blind directions on rare meson decays identified here.

We have derived the most up-to-date constraints on the effective electroweak ALP parameter
space for two well-motivated scenarios: (i) an ALP decaying into channels invisible at the
detector; (ii) an ALP decaying into y7, ee and/or pu. The conclusion is that searches for K —
wvr decays provide the most stringent constraints in the first case. In contrast, for the second
scenario, the strongest constraints arise from searches at LHCb for long-lived (pseudo)scalars
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(displaced vertices) in the decays B — K®*)a(— pp). This illustrates beautifully the potential
of flavor-physics observables to constrain new physics scenarios. These searches will be improved
in the years to come thanks to the experimental effort at NA62, KOTO, LHCb and Belle-II,
providing tantalizing oportunites to discover new physics, complementary to the direct searches
performed at the LHC.

Much remains to be done to fully encompass the ALP parameter space. For instance, the
anomalous ALP gluonic coupling has not been considered in this work. Even if it cannot mediate
FCNC processes, it may impact our results for the visible ALP via the quantitative modification
of the branching ratios. In fact, recent ALP analyses of FCNC decays [3] take into account the
simultaneous presence of the gluonic coupling and just one electroweak ALP coupling, but no
work considers all ALP bosonic couplings together, let alone the complete basis of operators
including the most general fermionic ones. This effort is very involved and will be the object
of future work. In a different realm, note that the type of effective operators considered above
assumes a linear realization of electroweak symmetry breaking; the alternative of analyzing ALP
FCNC processes via the non-linear effective SM Lagrangian is pertinent and also left for future
consideration.

Appendices

Appendix 8.A Loop factors

The loop contributions to the ALP decay into photons and fermions have been computed in
Ref. [290]. The loop functions in Eq. (8.4.5) read

BO_( > NQiFBi(rp) - > NchfBl(Tf)> (8.A.1)

f=uct f=decbls
where
1 f2
BI(T) =1 Tf (7—) ’ ) (8A2)
By(r) =1— (7= 1) f(7),
with
1
arcsin —= ; T>1
_ \/; ) )
f(r i EVIZE . (8.A.3)
2 27 1—y/1-7"
where 7 4mfc/m3, (s denotes the electric charge of the fermion f and N/ is the color

multiplicity (3 for quarks and 1 for leptons.



Part 111

Conclusions



Summary and conclusions

This thesis is devoted to explore new dynamical solutions to two central puzzles of the SM, the
strong CP problem and the flavor puzzle, and to study the phenomenological consequences of
such solutions. Complementarily, the model-independent techniques of effective field theories are
applied to the physics of axions and ALPs, in order to charter new territory on their parameter
space.

New dynamical theories

In the first part of the thesis, we have explored new theoretical setups which invoke additional
symmetries and promote couplings to dynamical fields. In the first work, the leptonic Yukawa
couplings are promoted to dynamical fields, looking for an explanation to the fermionic mass
and mixing pattern. In a different realm, two composite (dynamical) axion solutions to the
strong CP problem are proposed to tackle the PQ quality problem with two completely different
strategies: raising the axion mass in the color unified dynamical axion model and, alternatively,
making the Peccei-Quinn symmetry accidental in the automatic PQ symmetry model.

In the flavor territory, the gauging of the leptonic flavor symmetries has been considered here
for the first time. As a remarkable consequence of gauge anomaly cancellation, a universal
underlying Seesaw mechanism for both charged and neutral leptons arises. A characteristic
inverse proportionality relation between each lepton mass and that of its mirror partner results,
and thus the leading flavor signals tend to involve the heavier SM leptons, whose interactions
are less constrained by present data. Two main cases were studied: that of the SM Lagrangian,
and that of its Seesaw type I extension.

— The gauging the SM flavor symmetry SU(3), x SU(3)g leads to the minimal type I Seesaw
scenario. That is, starting from the pure SM, the anomaly cancellation suggests a Majorana
character for neutrinos as the most economic option. The expected phenomenological
signals are flavor-conserving, and include charged-lepton universality violation (in Z decays
for instance) and non-unitarity of the PMNS matrix. The first particles accessible in the
energy frontier would be a tau mirror lepton and SU(3)g gauge bosons which mediate
WRr — Tr transitions.

— Gauging instead the flavor symmetries of the type I Seesaw mechanism, assuming the
maximal flavor symmetry for the latter in the massless limit for SM leptons, SU(3), x
SU3)g x SO(3)n, leads to an inverse Seesaw pattern. Besides the discussed new signals
of the previous case, this scenario may also lead to charged lepton flavor non-conserving
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transitions. Although the leading signal depends on the hierarchy among the scalar vevs
and the lepton number violating scale, one of the leading flavor non-conserving signals is
u — eee, for almost degenerate light neutrinos.

The phenomenological consequences obtained in the gauged lepton flavor framework have been
compared with those of the effective approach of lepton minimal flavor violation (MFV). We have
found that, while the effective operators generated by integrating out the exotic mirror leptons
resemble those of MFV, the flavor gauge bosons generate distinctive signals at low-energies,
lepton flavor violating decays such as 7 — peTe™ being particularly important to disentangle
both approaches.

Promoting couplings to dynamical fields may provide not only an explanation for the origin
of the flavor pattern but also an elegant solution to a very different issue, that of the strong
CP problem via the axion solution. One possible UV completion of the invisible axion model is
that of composite axions, an approach based on postulating the existence of QCD-colored exotic
massless quarks. These massless fermions are confined into bound states due to an additional
strong sector: one of such bound states is the composite or dynamical axion.

We have implemented here for the first time color unification within a composite axion model.
The confining sector is embedded in a larger group which is spontaneously broken to QCD and an
additional strong group. The studied breaking pattern is SU(6) x SU(3") — SU(3). x SU(3)diag-
Both unbroken groups confine at two different scales, Aqcp and Agiag, respectively, with Agiag ~
O( TeV) > Aqcp. The existence of two independent #-parameters (one for each high energy
group) requires the presence of two anomalous symmetries to solve the strong CP problem. One
of them is implemented via a massless fermion in the 20 representation of SU(6). Regarding
the implementation of the second anomalous symmetry, two alternative ultraviolet complete
models have been explored: in Model I an extra SU(3") massless fermion is added, while Model
IT includes instead a second scalar with the same quantum numbers as the color-unification
breaking scalar. Model I features a composite axion with a PQ scale which is of order Agjag
and thus low. In Model II, the PQ scale coincides instead with the much larger color-unification
scale, and the associated axion is elementary. We computed the two-loop running of all gauge
couplings involved, showing that the desired separation of all relevant scales is achieved naturally:
a color-unification scale much larger than the two confining ones, Agiag and Agcp, and a robust
separation of the last two due to the SM fields that slow the running of QCD with respect to
that of the extra confining sector.

Strikingly, no standard invisible axion is left in the low-energy spectrum, since the constrained
small-size instantons around the spontaneous breaking scale raise the axion mass, typically at
about the TeV range. This mechanism successfully solves the strong CP problem d la PQ
without a light axion. The novel ultraviolet complete models developed here are proofs of
concept of the feasibility of this type of scenario. This extends the parameter space for an axion
which solves the strong CP problem well beyond the traditional QCD axion band, and drastically
changes the associated phenomenology. With axion scales around the TeV, observable signals
at colliders are expected, in particular pair production of the lightest exotic bound states that
correspond to colored pseudoscalars (QCD octets). Furthermore, massless (or almost massless)
sterile fermions are a low-energy trademark remnant of the massless multiplet that solves the
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SM strong CP problem. Model I may be preferred as it is exclusively based on solving the
strong CP problem dynamically via massless quarks and thus no additional scalars worsen the
EW hierarchy problem. Moreover, Model I is safe regarding the stability of the axion solution
with respect to non-perturbative effects of quantum gravity, as its PQ scales are Agjag ~ TeV.

An alternative way to that of lowering the axion scale in order to solve the PQ quality problem
is to build models in which the PQ symmetry arises accidentally, rather than being imposed
in the Lagrangian. In this direction, we have proposed a novel composite axion theory where
the extra confining symmetry is chiral, unlike usual composite axion models which use vectorial
fermions. In consequence, the PQ symmetry is automatic, without any need to invoke extra
symmetries. This setup has been illustrated with a minimal SU(5) confining group with two
massless fermions in its 5 and 10 representations, in which the automatic PQ invariance is the
analogous of the B — L symmetry in SU(5) Grand Unified Theory (GUT).

In order to explore whether the global chiral symmetries are spontaneously broken upon
SU(5) confinement, the ‘t Hooft anomaly conditions have been studied for this theory. We
have shown that, while the non-abelian global symmetries must be spontaneously broken for
the theory to be consistent, for the U(1)pq both alternatives lead to well-defined theories. The
only phenomenologically viable option, though, is that of spontaneously broken PQ symmetry
that results in a composite axion.

Within this framework, due to gauge invariance and chirality, the PQ solution is largely
protected by construction from quantum gravitational corrections stemming from operators with
mass dimension lower than nine. Remarkably, even assuming O(1) coefficient for the putative
leading operator of dimension nine, there are viable values of f, compatible with neutron EDM
bounds, which allow one to explain the full dark matter content of the universe in terms of
axions.

Effective field theories and phenomenology

In the second part of the thesis, the effective field theory framework is applied in order to study
the phenomenological consequences of axions and ALPs. Effective field theories constitute an
exceptional tool to study the low-energy effects of axions. Due to its Goldstone boson nature,
there is a natural separation between the characteristic axion scale and the axion mass. A
consistent description in terms of non-renormalizable effective operators can be thus performed.
Furthermore, the EFT approach is model-independent: it allows one to study not only axions
but more generically ALPs, which arise in a plethora of BSM theories.

In this context, we have studied the axion and ALP couplings to EW gauge bosons in the
presence of gluonic couplings. We have first determined, at leading order in the chiral expansion,
the model-independent components of the coupling of the QCD axion to heavy EW gauge bosons:
9an7» 9azz and ggww. This contribution stems from the mixing of the axion with the neutral
mesons, 7°, 1/, induced by the anomalous QCD couplings of the axion. It is relevant whenever
the axion mass and/or the characteristic energy of the physical process at work is smaller than
the QCD scale. We have then extended these results to the case in which there is an extra source
for the axion mass, i.e. heavy axions and ALPs. In this case the axion mixing with the neutral
mesons diminishes with rising axion mass, and thus the model-independent contribution to all
four EW axion couplings vanishes as the axion mass increases above the QCD scale.
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We have also performed a phenomenological analysis, with a two-coupling-at-a-time approach
in order to determine the regions experimentally excluded by present data for gy, gayz, Gazz
and g,ww versus the axion mass. FEach EW coupling has been considered simultaneously
with the anomalous gluonic coupling needed to solve the strong CP problem. We found that
certain bounds from previous studies often do not apply in the presence of the gluonic coupling.
Furthermore, we have included an estimation of the one-loop induced bounds for each EW
axion coupling, which leads to supplementary constraints. Finally, it has been shown how gauge
invariance relates the different elements in the set of EW gauge boson couplings to axions/ALPs.
This leads to very interesting consequences in terms of over-constraining the axion parameter
space.

In another work, the case of ALPs with no gluonic couplings has been considered. Following
the path of going beyond the one-coupling-at-a-time analysis we have considered the complete
basis of bosonic electroweak ALP effective operators at leading order. The phenomenological
impact on flavor observables, taking into account the simultaneous action of those couplings,
has been studied. Although its impact on flavor-changing transitions appears first at loop level,
rare-decay experiments are achieving such precise measurements that loop-induced contributions
provide the best bounds in large regions of the parameter space. An interesting pattern of
constructive/destructive interference has been identified. Consequently, previous very stringent
bounds stemming from kaon and B-meson decays are alleviated in some regions of parameter
space. As a result, although LHC searches for light pseudoscalar particles are considerably less
sensitive than flavor observables, they can give complementary information in regions where
destructive interference weakens flavor bounds.

We have then derived the most up-to-date constraints on the effective electroweak ALP
parameter space for two well-motivated scenarios: (i) a long-lived ALP or an ALP decaying
into invisible channels; (ii) an ALP decaying into 47, ee and/or pu. Searches for K — m + inv
decays provide the most stringent constraints in the first case; whereas, for the second scenario,
the strongest constraints arise from searches at LHCb for long-lived pseudoscalars that generate
displaced vertices in the decays B — K (*)a(% ). These searches are expected to be improved
by the upcoming experimental results by NA62, KOTO, LHCb and Belle-II, providing tantalizing
opportunities to discover new physics, complementary to the direct searches performed at the
LHC.

The fact that no new physics has shown up yet at colliders or elsewhere positions the SM
fine-tuning issues as the most pressing. The situation calls for an open-minded approach to
alternative solutions to them. Within this thesis we have proposed some dynamical scenarios
addressing the flavor and the strong CP puzzles. Theoretical developments, though, need to
come along with phenomenological studies and, in the absence of BSM signals, the EFT provides
an exceptional tool to explore a more complete theory of nature. Indeed, much remains to be
done to fully encompass the axion and ALP parameter space. A multiparameter analysis taking
into account simultaneously the effects of the operators in the full basis is pertinent. This must
include one-loop effects, since they have been shown to have a strong impact on the constraints.
The quest to identify a dynamical origin to the flavor and strong CP puzzles remains open. This
is a fundamental and fascinating endeavor plausibly awaiting major discoveries.



Resumen y conclusiones

Esta tesis estd dedicada a explorar nuevas soluciones dindmicas a dos enigmas centrales del
Modelo Esténdar (ME): el problema CP fuerte y el puzzle del sabor, asi como a estudiar las
consecuencias fenomenoldgicas de tales soluciones. Complementariamente, se han aplicado las
técnicas de teorias efectivas de campos (TEC), que no dependen del modelo concreto, a la fisica
de axiones y de particulas de tipo axién (PPTA), con el fin de explorar nuevos territorios en su
espacio de parametros.

Nuevas teorias dinamicas

En la primera parte de la tesis, hemos explorado nuevas propuestas tedricas que hacen uso
de simetrias adicionales y en las que ciertos acoplos son considerados como campos dinamicos.
En el primer trabajo, los acoplos de Yukawa lepténicos son ascendidos a campos dindmicos,
buscando una explicacion a la estructura de masas y de parametros de mezcla de los fermiones.
En un dmbito diferente, se han propuesto dos soluciones de axién compuesto (dindmico) al
problema CP fuerte que abordan el problema de la calidad de la simetria Peccei-Quinn (PQ)
con dos estrategias completamente diferentes: elevando la masa del axién en el modelo de axién
dindmico con unificacién del color y, alternativamente, obteniendo la simetria de PQ de forma
accidental en el modelo de simetria de PQ automaética.

En el territorio del sabor, se ha considerado por primera vez que las simetrias de sabor
lepténicas sean simetrias gauge. Como consecuencia de la cancelaciéon de las anomalias gauge,
surge un mecanismo de seesaw universal para los todos los leptones, tanto cargados como neutros.
Como parte de este mecanismo surge de forma caracteristica una relacién de proporcionalidad
inversa entre la masa de cada leptén y la de su pareja y, por lo tanto, las principales senales
de sabor tienden a involucrar a los leptones ME més pesados, cuyas interacciones estan menos
restringidas por los datos actuales. Se han estudiado dos casos principales: el del Lagrangiano
del ME y el de su extension con el seesaw de tipo 1.

— Convertir la simetria de sabor ME, SU(3); x SU(3)g, en una simetria gauge conduce
al escenario minimo de seesaw tipo I. Es decir, partiendo del ME puro, la cancelacién
de las anomalias sugiere un caricter Majorana para los neutrinos como opcién més
econdémica. Las senales fenomenolégicas esperadas conservan el sabor e incluyen violacion
de la universalidad de los leptones cargados (en desintegraciones del bosén Z , por ejemplo)
y la no unitariedad de la matriz PMNS. Las primeras particulas accesibles serian la pareja
del leptén tau y bosones gauge del grupo SU(3)g, que median transiciones pg — 7Tg.
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— En cambio, convertir las simetrias de sabor del escenario seesaw tipo I en simetrias gauge
conduce a un modelo seesaw inverso, asumiendo la maxima simetria de sabor en el limite
en el que los leptones del ME no tienen masa, es decir, SU(3);xSU(3) g x SO(3) . Ademés
de las nuevas senales discutidas en el caso anterior, este escenario también puede conducir
a transiciones que no conservan el sabor en leptones cargados. Aunque la sefial dominante
de este escenario depende de la jerarquia entre los valores esperados en el vacio de los
escalares y la escala de violacion del nimero lepténico, una de las senales caracteristicas
que violan el sabor en este modelo es u — eee, para neutrinos ligeros casi degenerados.

Las consecuencias fenomenolégicas obtenidas para las teorias en las que las simetrias lepténicas
de sabor son de tipo gauge se han comparado con las del enfoque efectivo de violacién minima del
sabor (VMS). Hemos descubierto que, si bien los operadores efectivos generados al desacoplar
los leptones exoticos coinciden con los de VMS, los bosones gauge de sabor generan senales
distintivas a bajas energias, siendo particularmente relevantes a la hora de distinguir ambos
enfoques las desintegraciones lepténicas que violan el sabor, como 7 — pete™.

La promocién de los acoplos a campos dindmicos puede proporcionar no sélo una explicacién
al origen de sabor, sino también una solucién elegante a un problema muy diferente, el problema
CP fuerte, gracias a la solucién de tipo axion. Un posible modelo que completa en el ultravioleta
el modelo de axién invisible es el axién compuesto, un enfoque basado en postular la existencia
de quarks exdticos sin masa con carga de color bajo QCD. Estos fermiones sin masa estan
confinados en estados ligados debido a un sector fuerte adicional: uno de estos estados ligados
es el axion dindmico o compuesto.

Hemos implementado por primera vez la wunificacion del color en un modelo de axion
compuesto. El sector confinante estd incluido dentro de un grupo mas grande que se rompe
espontdneamente en QCD y un grupo fuerte adicional. El patréon de ruptura considerado es
SU(6)xSU(3") = SU(3)xSU(3)diag- Los dos grupos exactos confinan en dos escalas diferentes,
AQcp ¥ Adiag, respectivamente, con Agiag ~ O( TeV ) > Aqcep. La existencia de dos pardmetros
independientes 6 (uno para cada grupo a altas energias) requiere de la presencia de dos simetrias
anémalas para resolver el problema CP fuerte. Una de ellas se implementa a través de un fermién
sin masa en la representacién de 20 de SU(6). Con respecto a la implementacién de la segunda
simetria anémala, se han explorado dos modelos completos alternativos: en el Modelo I se
introduce otro fermién sin masa transformando bajo SU(3'), mientras que el Modelo II incluye
un segundo escalar con los mismos niimeros cuanticos que el escalar que rompe el grupo unificado
de color. El modelo I presenta un axién compuesto con una escala PQ del orden de Agjag y, por lo
tanto, baja. En el Modelo II, la escala PQ coincide la escala de unificacién de color que es mucho
mas grande, y el axién asociado es elemental. Hemos calculado la dependencia con la energia
de las constantes de acoplo involucradas hasta dos loops, mostrando que la separacion deseada
de todas las escalas relevantes se logra forma natural: la escala de unificacién de color es mucho
més grande que las dos escalas de confinamiento, Agiag ¥ AqQep, ¥y ademéds estas dos ultimas
también aparecen naturalmente separadas debido a que los campos ME suavizan la dependencia
con la energia del acoplo de QCD con respecto al del sector de confinamiento adicional.

Sorprendentemente, no queda ningin axién invisible al uso en el espectro de baja energia,
va que los instantones de pequeno tamano alrededor de la escala de ruptura espontanea
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aumentan la masa del axién, tipicamente hasta escalas del orden del TeV. Este mecanismo
permite resolver con éxito el problema CP fuerte ¢ la PQ sin un axién ligero. Estos nuevos
modelos completos son pruebas de concepto de la viabilidad de este tipo de escenario. Esto
extiende el espacio de pardmetros para un axion que resuelve el problema CP fuerte mucho més
alla de la banda de axiones de QCD tradicionales, y cambia drasticamente la fenomenologia
asociada. Con escalas del axién alrededor del TeV, se esperan senales observables en los
colisionadores, en particular la producciéon por pares de los estados ligados exéticos mas ligeros,
que corresponden a pseudoescalares de color (octetes de QCD). Ademas, fermiones estériles sin
masa (o practicamente sin masa) son un remanente caracteristico a bajas energias del multiplete
sin masa que resuelve el problema CP fuerte. El Modelo I resulta mas atractivo ya que se basa
exclusivamente en quarks sin masa para resolver el problema CP fuerte dindmicamente y, por lo
tanto, ningin escalar adicional empeora el problema de la jerarquia electrodébil (ED). Ademas,
el Modelo I es seguro en relacién a la estabilidad de la soluciéon de tipo axién con respecto a
posibles efectos no perturbativos provenientes de correcciones de gravedad cudntica, ya que sus
escalas de PQ son Agjag ~ TeV.

Una forma alternativa a reducir la escala del axién para resolver el problema de la calidad de
la simetria PQ consiste en construir modelos en los que la simetria PQ surge accidentalmente,
en lugar de imponerse en el Lagrangiano. En esta direcciéon, hemos propuesto una nueva teoria
de axiones compuestos donde la simetria de confinamiento adicional es quiral, a diferencia de
los modelos de axiones compuestos habituales que usan fermiones vectoriales. En consecuencia,
la simetria PQ es automdtica, sin necesidad de recurrir a simetrias adicionales. Esta idea se
ha ilustrado con un grupo de confinamiento minimo SU(5) con dos fermiones sin masa en
representaciones 5 y 10. Con este contenido de materia, la invariancia PQ surge de forma
automatica y es analoga a la simetria B — L en Teorias de Gran Unificacién SU(5).

Para explorar si las simetrias quirales globales estan espontidneamente rotas tras el
confinamiento del grupo SU(5), se han estudiado las condiciones de matching de las anomalias
de ‘t Hooft. Hemos demostrado que, si bien las simetrias globales no abelianas deben romperse
espontaneamente para que la teorfa sea consistente, para la simetria U(1)pg ambas alternativas
conducen a teorias bien definidas. Sin embargo, la inica opcién fenomenolégicamente viable es
que la simetria de PQ se rompa espontianeamente, dando como resultado un axién compuesto.

Dentro de este marco, debido a la invariancia gauge y la quiralidad, la solucion PQ estd
ampliamente protegida por construccion de correcciones gravitacionales cuanticas derivadas de
operadores con dimensién menor que nueve. Sorprendentemente, incluso suponiendo que el
coeficiente del posible operador dominante de dimensién nueve es O(1), existen valores viables
de f, compatibles con los limites del momento dipolar eléctrico del neutrén que permiten explicar
el total del contenido de materia oscura del universo en términos de axiones.

Teorias y fenomenologia de un campo efectivo

En la segunda parte de la tesis, se ha aplicado el marco de las teorias efectivas de campos para
estudiar las consecuencias fenomenoldgicas de axiones y particulas tipo axién. Las teorias de
campo efectivas constituyen una herramienta excelente para estudiar los efectos a bajas energias
de los axiones. Debido a su naturaleza de bosén de Goldstone, existe una separacién natural
entre la escala caracteristica del axién y su masa. Por tanto, se puede realizar una descripcion
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consistente en términos de operadores efectivos no renormalizables. Ademads, el enfoque de
TEC es independiente del modelo: permite estudiar no solo axiones, sino mas genéricamente
PPTA, que surgen en una gran cantidad de teorias méas alld del ME.  En este contexto, hemos
estudiado los acoplos de axiones y PPTA con los bosones gauge electrodébiles en presencia de
acoplos gluénicos. En primer lugar, hemos determinado, a primer orden en la expansion quiral,
la contribucién al acoplo del axién a los bosones gauge ED pesados (gayz, Jazz ¥ gaww) que no
depende del modelo concreto. Esta contribucién proviene de la mezcla del axién con los mesones
neutros, ¥, y 7/, inducida por el acoplo del axién a la anomalia de QCD. Dicha contribucién es
relevante siempre que la masa del axién y/o la energia caracteristica del proceso fisico sea menor
que la escala de QCD. Posteriormente hemos extendido estos resultados al caso en el que hay
una fuente adicional para la masa del axién, es decir, axiones pesados y PPTA. En este caso,
la mezcla del axién con los mesones neutros disminuye al aumentar la masa del axién y, por lo
tanto, la contribucién que no depende del modelo a los cuatro acoplos ED del axién desaparece
a medida que la masa del axién aumenta por encima de la escala de confinamiento QCD.

También hemos realizado un andlisis fenomenoldgico, teniendo en cuenta los efectos de dos
acoplos del axién de forma simultdnea para determinar las regiones excluidas experimentalmente
por los datos actuales para goyy, Jayzs 9azz ¥ gaww, frente a la masa del axién. Cada acoplo
ED se ha considerado simultaneamente con el acoplo gluénico anémalo necesario para resolver
el problema CP fuerte. Hemos descubierto que ciertos limites de estudios previos a menudo
no se aplican en presencia del acoplo gluénico. Ademas, hemos incluido una estimacién de los
limites inducidos a un loop para cada acoplo ED del axién, lo que conduce a cotas adicionales.
Finalmente, se ha demostrado cémo la invariancia gauge relaciona los diferentes acoplos de
bosones gauge ED con axiones/PPTA. Esto lleva a consecuencias muy interesantes en términos
de acotar espacio de parametros del axién con miltiples estrategias complementarias.

En otro trabajo, se ha considerado la fenomenologia de las PPTA sin acoplos gluénicos.
Siguiendo el camino de ir més alld del andlisis en el que sélo un acoplo es considerado a la vez,
hemos construido la base completa de operadores efectivos de bosones electrodébiles acoplados a
PPTA a primer orden. Hemos estudiado el impacto fenomenolégico en los observables de sabor,
teniendo en cuenta la accién simultdnea de esos acoplos. Aunque su impacto en las transiciones
de tipo FCNC aparece a nivel de loop, los experimentos de desintegraciones de mesones con
cambio de sabor estan logrando medidas tan precisas que las contribuciones inducidas a un loop
proporcionan los limites mas restrictivos en grandes regiones del espacio de pardmetros. Hemos
identificado un patrén interesante de interferencia constructiva/destructiva. Como consecuencia,
limites previos muy estrictos derivados de las desintegraciones de kaones y mesones B se ven
aliviados en algunas regiones del espacio de parametros. Por ello, aunque las bisquedas de
pseudoescalares ligeros en el LHC sean considerablemente menos sensibles que los observables de
sabor, estas pueden proporcionar informacién complementaria en regiones donde la interferencia
destructiva debilita los limites de sabor.

Hemos derivado las cotas més actualizadas sobre el espacio de parametros de la PPTA con
acoplos electrodébiles para dos escenarios bien motivados: (i) una PTA de larga vida media,
o que se desintegra en canales invisibles; (ii) una PTA que se desintegra en 7y, ee y/o uu.
Las buisquedas de desintegraciones K — m + inv proporcionan las cotas mas restrictivas en
el primer caso; mientras que, para el segundo escenario, las cotas mas fuertes surgen de las
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bisquedas de pseudoescalares con larga vida media en LHCb que generan vértices desplazados
en las desintegraciones B — K (*)a(—> ppe). Se espera que los resultados de estas busquedas
mejoren gracias a los préoximos resultados experimentales de NA62, KOTO, LHCb y Belle-II,
que brindaran oportunidades tnicas para descubrir nueva fisica, de forma complementaria a las
bisquedas directas realizadas en el LHC.

El hecho de que todavia no se haya descubierto nueva fisica en colisionadores ni en otros
experimentos nos hace volver la vista hacia los enigmas tedricos o problemas de ajuste fino
del ME. Esta situacién requiere que exploremos con la mente abierta soluciones alternativas.
En esta tesis, hemos propuesto escenarios dindmicos que solucionan el problema del sabor y el
problema CP fuerte. No obstante, los desarrollos tedéricos deben venir acompanados de estudios
fenomenolégicos y, en ausencia de senales maés alld del ME, la TEC proporciona una herramienta
excepcional para explorar una teoria de la naturaleza mas completa. De hecho, queda mucho
por hacer para abarcar completamente el espacio de parametros del axién y de la PTA. Es
pertinente un andlisis multiparamétrico que tenga en cuenta simultdneamente los efectos de
todos los operadores. Ademads, este futuro andlisis debe incluir efectos de un loop, ya que
se ha demostrado que tienen un fuerte impacto en las cotas experimentales. La busqueda para
identificar un origen dindmico para el sabor y el problema CP fuerte permanece abierta. Se trata
de un proyecto fundamental y fascinante, que posiblemente llevara a grandes descubrimientos.
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