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Sommario

Lo scopo di questo progetto & quello di prendere in esame alcune estensioni del modello standard
capaci di incorporare al loro interno 1’assione QCD.

Nel primo capitolo vengono analizzate da zero le motivazioni per l'introduzione del concetto
di assione. Il problema della violazione CP nelle interazioni forti ¢ introdotto a partire dalla non
banale struttura topologica del gruppo di simmetria di colore in QCD.

Nel secondo capitolo viene studiato un particolare modello di assione, ossia quello DFSZ. Ven-
gono quindi sviluppati il suo contenuto di campi e il suo spettro di massa. In particolare, viene
considerata una versione leggermente differente di modello DFSZ, dove il termine quartico misto
del potenziale di Higgs ¢ sostituito da un contributo cubico.

Una piccola frazione di questo lavoro € inoltre dedicata a riassumere il problema dei domain
walls. Grande importanza & data alla costruzione di modelli teorici che possano mettere al sicuro la
teoria da una catastrofe cosmologica per mezzo di una oculata scelta dell’attribuzione delle cariche
di Peccei-Quinn.

Per concludere, gli accoppiamenti degli assioni con i fermioni sono presi in esame. Grande
attenzione viene rivolta alla generalizzazione del modello richiedendo la simultanea soppressione
degli accoppiamenti assionici a protoni, neutroni ed elettroni. Una applicazione importante di
questa impostazione € la capacita di indebolire diversi vincoli astrofisici, permettendo di raggiun-
gere la cosiddetta finestra di massa pesante per I'assione. Viene argomentato come una condizione
necessaria percheé questo avvenga sia I'introduzione di una assegnazione di cariche di Peccei-Quinn
non universale per i quark e i leptoni del modello standard. A seguire, viene identificata una classe
minimale di questi assioni DFSZ, dove le proprieta di nucleofobia ed elettrofobia possono essere
implementate.

iii



iv



Abstract

The aim of this project is to examine some extensions of the SM model able to embed the QCD
axion particle.

In the first chapter the motivations for the introduction of the axion concept are analyzed from
scratch. The strong CP problem is introduced starting from the non-trivial topological structure
of the color symmetry of QCD.

In the second chapter we study a particular axion model: the DFSZ model. So, its field content
and its mass spectrum are developed. In particular, we consider a slighlty different version of
DFSZ theory, where the mixed quartic term of the Higgs potential is replaced by a cubic one.

A small part of this project is also devoted to summarize the domain wall problem. Great
importance is given to how model building can save the theory from that cosmological catastrophe
through an accurate choice of the Peccei-Quinn charge pattern.

Finally, the axion couplings to fermions are taken into account. We expecially investigate a
generalization of the model requiring conditions to simultaneously suppress the axion coupling to
protons, neutrons and electrons. An important application of this setup is the relaxation of various
astrophysical bounds, which allows to reach the so-called heavy axion mass window. It is shown
that a necessary condition for that to happen is the introduction of a non-universal Peccei-Quinn
charge assignment for the standard model quarks and leptons. Next, it is identified a minimal class
of these non-universal DFSZ axions, where nucleophobia and electrophobia are feasible.
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Introduction

Nowadays, there are compelling evidences that our insight of particle physics and cosmology is
unsatisfactory and that some extensions or, even worse, gross modifications are called for. Both
theoretical requirements and experimental data suggest there is still a huge number of problems
whose solution escapes our understanding. The dark matter and dark energy existence, the baryon
asymmetry conundrum or the break of flavour symmetry are just some open questions belonging to
a long list. The path to pursue in order to improve our knowledge of nature is clearly non-unique:
it is drawn by theoretical imagination, dammed by experimental results.

In this scenario, an extremely appealing idea is the concept of axion. The introduction of this
new particle in the standard model spectrum seems to be highly motivated from a theoretical point
of view, because it will enable us to sort out two appearently unrelated issues at once: the strong
CP problem, troubling particle physics, and the dark matter puzzle, which plagues astrophysics
and cosmology at their foundation. Moreover, the axion way has all the aesthetical requirements
of simplicity and naturalness that, as Dirac said, make a theory more likely to be true.

The history of axion is quite lengthy and convoluted. Maybe, we can track back its origin in
the 1970s, when, with the development of physics of strong interactions, the U(1) 4-problem shows
up for the first time. The QCD effective theory involving up and down quarks predicted the U(1) 4
symmetry group to be spontaneously broken by a chiral condensate operator, just as the SU(2) 4
one: for the latter, this break gives rise to some pseudo-goldstone bosons (i.e the pions), but no
particle of the QCD spectrum seems to be associated to the U(1) 4 group. This missing goldstone
boson was the bedrock of the problem, which was completely swept out in 1976 by 't Hooft, who
realized the U(1) 4 symmetry was actually not a symmetry of QCD at all. It was understood that
the non-abelian nature of the SU(3),. color symmetry lead to highly non-trivial properties of QCD,
which could violate classical symmetries at quantum level.

Nevertheless, the solving of one problem was the beginning of a new one. The awareness of
the complex topological structure of QCD vacuum resulted in the appearence of a new term in
the Lagrangian: the so-called #-term. In its turn, this new contribution introduced, through a
parameter 6, sources of CP violation in strong interactions, which were known to respect parity
with great accuracy. By measuring the neutron electric dipole momentum, the staggering constraint
of 10| < 1.3 x 10710 emerged. But if the introduction of this new parameter is well justified, as it
is, how could we accept this unnatural fine-tuning of a variable, which is, in principle, free to take
its values in the whole set [0, 27[? Until now, a conclusive answer to the strong CP problem does
not exist yet.

By the way, among a plethora of possible ways-out that were proposed, in 1977 Peccei and
Quinn suggested a pretty easy and viable possibility. They noticed how the 6 parameter could
have been made unphysical and erased from the theory by simply endowing the SM Lagrangian
with an extra global and anoumalous phase symmetry. However, in 1978 Weinberg and Wilczek
figured out that this interesting path had a side-effect. Indeed, if the Peccei-Quinn symmetry had
turned out to be spontaneously broken by the VEV of a scalar operator, a new particle would have



come out: this awareness was the real birth of axion.

From that moment on, theoretical models trying to embed axions started to thrive. Despite
that, it was immediately realized how difficult it could be to cope with phenomenology. A first
class of models (PQWW), which identified the PQ symmetry breaking scale with the electroweak
one, was quickly ruled out by experimental results and, in particular, by the tight bound B(K*+ —
7+ + nothing) < 3.8 x 10~® (which an updated measurement made even stronger B(K+ — 7+ +
nothing) < 7.3 x 10~ 1). Thereby, these visible azion models were abandoned, together with their
associated axion mass window, around 10KeV. The axion should have been an even lighter and
more weakly interacting particle in order to agree with experimental outcomes. Consequently,
between 1979 and 1981, a new set of theories was designed, predicting the existence of an invisible
azxion, referring to two paradigmatic classes: the KSVZ and DFSZ models. The former is probably
the easiest invisible axion model which can be thought of. Nonetheless, despite the simplicity, it
is affected by some cosmological drawbacks, requiring some more elaborated versions. The latter
is instead more involved just from the onset. In spite of that, both of them are characterized by a
new scalar field (a Higgs singlet), whose VEV defines a further energy scale, directly related to all
axion features.

After the introduction of the axion concept, it was also quickly understood how this particle,
interacting very feebly with common matter and light, could be a natural dark matter candidate.
The need for dark matter is extremely motivated by astrophysical observations: the unexpected
behaviour of rotation curve of galaxies, the mass discrepancy emerging from gravitational lensing
or the inconsistency between baryon and matter abundance measured in cosmic microwave back-
ground, just to mention some of them. Moreover, we know how cosmological data support the
idea of a flat universe, but that, at the same time, the amount of energy density that we observe is
not enough to pursue this scenario. Nevertheless, the SM does not offer any possible dark matter
particle: that was the reason why the proposal of axion to solve the strong CP problem sounded
like an interesting opportunity. It was not an ad hoc introduction, made to explain something we
can not see or understand, but a possibility stemming directly from a phenomenological quantum
field theory problem.

All of these theoretical motivations justify the great effort coming both from particle physics and
astrophysical research in order to better constrain and unveil axion properties. Of course, because
of its own nature, directly revealing axions turns out to be incredibly challenging, exactly like
the detection of neutrinos after their theoretical prediction by Pauli. An important step forwards
was done by Sikivie in 1983 with a paper of him, in which he proposed two of the most fruitful
techniques to search for invisible axions: the axion helioscope, to detect the flux of axions supposed
to be emitted from the Sun, and the axion haloscope, to probe the presence of axions from the
hypothetical DM galactic halos. However, nowadays, a great number of experiments has been
designed, including some to generate axions in laboratories, too, such as the light shining through
walls (LSW) approach or the vacuum magnetic birefringence (VMB) procedure. In 2013 a further
way of disclosing the axion mystery was advanced by Graham and Rajendran: it consisted in
employing potential fluctuations of the neutron electric dipole momentum, that might be induced
by axion background oscillations.

In the latest years a lot of data have been collected, constraining more and more the space
of parameters where axions can hide. Considerations about a hot cosmological axion population
set an upper bound on axion mass of m, < 0.8eV, while black hole superradiance phenomena
require a lower bound of m, > 1071%V. The evolution of stars of horizontal branch of globular
clusters imposes a limit on axion coupling to photons of g,, < 6.6 x 107*'GeV ~!, which is the
strongest limit applicable to a wide range of axion masses: more severe constraints were obtained
by considering the TeV ~ rays trasparency of our universe, but only for axion masses of m, <
10~7 or much lighter. An even higher sensitivity to Jay is expected to be achieved by the next
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generation of axion helioscopes, such as IAXO and TAXO+. On the other hand, white dwarfs
and supernovae rates of cooling were employed to set a bound respectively on the axion-electron
coupling of [gae| < 2.7 x 107" and on the axion-nucleons interaction as g2, + g2, < 3.6 x 10719,

Furthermore, an axion particle must be embodied in a suitable extension of the standard
model, so that other constraints on axion theories will be related to the field content of these BSM
constructions. Together with the direct detection of new particles with some new generations
of accelerators (that might be able to explore the ultra-TeV region), the most powerful way of
confining the intrinsic freedom of these SM generalizations is through the electroweak precision
test. By comparing their prediction of some of the most precisely known electroweak quantities
with the corresponding experimental values, a good amount of information can be extracted.
Among the most famous and useful parameters, we have the ratio between gauge boson masses p,
which turns out to be p = 1.00037 £ 0.00023.

Even if little room seems to be left to axions to stay hidden, their existence is still very well
motivated. What we are going to do in this text is exactly to explore some of the residual freedom
that is left to theory to predict axion properties respecting all of experimental data. After all,
because of their growing precision, they can not be evaded or bypassed any more. That will give
us the opportunity to realize how profitable is the axion idea, which is able to relate, with a simple
concept, profoundly different research areas.






Chapter 1

The strong CP problem

The strong CP problem is a very well-known issue in the quantum chromodynamic scenery,
naturally arising from the presence of a parity odd term inside the Lagrangian (the so-called theta
term). According to the basic principle of a quantum field approach, any kind of term respecting
the general symmetries of the theory, together with unitarity and renormalizability, enjoys the
same right to enter the Lagrangian as any other. Therefore, some particular explanation for our
incapability of detecting it (or better the consequences of it) must be given. It will be shown how
the Peccei-Quinn mechanism offers a very elegant way to emerge from this problem, but that it
has, as a side-effect, the prediction of a new kind of particle: the axion.

1.1 The U(1)4 problem

Quantum chromodynamic is the theory describing the strong interaction, one of the three
elementary forces of nature that can be understood employing a quantum field theory approach.
Between those three, the strong force is also the most intense at low energy (because of the peculiar
behavior of the S-function), making any kind of perturbative calculation useless in this regime.
Moreover, it is known that, among matter fields, only quarks perceive this force, because of a
color charge that can assume three different nuances (red, blue and green), as proved by scattering
experiments. Following the general scheme of QF'T, these color-charged particles will interact with
each other through the exchange of quanta of the strong field, i.e gluons.

The Lagrangian of this theory can be easily obtained starting from a free fermionic model
involving six triplets of Dirac fields 9 (just as the six known quark flavours), enjoying a SU(3).
global symmetry of color, which mixes the three components of the triplets themselves. These
fields belong to the fundamental representation of the group, as dictated by phenomenology. Then,
following the gauge principle, this symmetry is made local through the introduction of a matrix-
valued vector field A, of the adjoint representation. In so doing, the most general interaction
between matter and force fields can be accounted for by the theory. These building blocks can be
put together in order to obtain all possible Lorentz invariant terms with quartic mass dimensions.
The possible list of them will be narrowed down by requiring unitarity, renormalizability and local
SU(3). invariance. The QCD Lagrangian compatible with these requirements has the unique form

6
Laop = S 10D — M)yy) — 51r16" G (11)
=1

where f is a flavour index and color indeces have been clearly understood. D,, is the matrix-valued
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8 CHAPTER 1. THE STRONG CP PROBLEM

covariant derivative operator

Dyth = (9, — ig ALy (1.2)
with a the color index running from one to three and 74 the infinitesimal hermitian generators in the
fundamental representation (that is the Gell-Mann matrices A, ), fulfilling the correct commutation
relation of the group. Finally, G, is the field strength tensor, with the well-known formula

G = [D/u D,] = 8/LA1/ - (%A# - ig[A,“ Ay (1.3)

i
g
Being ¢ the strong coupling, the last term tells us that the field which mediates the strong force
is charged itself: this fact gives rise to self-interactions. For the kinetic term of the field strength
tensor the normalization tr(r&7h) = %(5“17 has been used, where the trace acts upon color indeces.

With the introduction of a non-abelian gauge field, the SU(3). symmetry is made local. Hence,
under a transformation U, (x) = exp{igw®(z)7&} of the group acting on the Dirac field triplets,
the covariant derivative will transform homogeneously as

D,(x) — Uy (2)Dyi)(z), (1.4)
provided that we require the following non-linear transformation law for the gauge field
1
Au(w) — Uy () Ay (2)UJ (2) — 5[%%(%)]@(1‘)7 (1.5)
and so
G () — Ul ()G (2)UL () (1.6)

Consequently, the field strength is not invariant under a gauge transformation and, as it is for any
non-abelian gauge theory, it will not be a physical object. Therefore, it is quite evident that the
concept of color magnetic and color electric field, naively imported from QED, can not be pursed
in this context (at least, not in the way we are accustomed to it).

In the expression (1.1), we have also inserted a mass term for quark fields including a six-by-six
mass matrix M. This latter will be diagonal, if we are considering the physical states of the theory
and not simply the gauge ones. In the standard model, this term will be generated by a Higgs
mechanism, starting from the Yukawa-term interactions. Anyway, one should observe that nothing
compels this mass matrix to be real and in general it will not be so.

It is worthy of note that, if we assume the compatibility with symmetries as the sole guiding
principle to guess the form of the Lagrangian, there is still some freedom in choosing Locp.
Nevertheless, we will be able to develop this aspect better in what follows.

Once reminded the underlying non-trivial structure of the color gauge group, it will be inter-
esting to clarify how the theory enjoys some extra global symmetries. To fathom the essence of
this issue, it will be enough to analyse a low energy regime, where all quark degrees of freedom are
frozen, with the exception of the up-like and down-like ones: after all, they are the two lightest
quarks comprising the standard model. Focusing only on the quark sector of the Lagrangian, one
will get:

L =D —my)u+dP —mg)d. (1.7)

Moreover, in most of physical applications, the very light masses m,, and my can be disregarded,
too: thus, we will momentarily set them to zero. In this low energy approximation, we see that the
Lagrangian possesses an extra global U(2) symmetry mixing up and down quarks. The absence of
mass terms, which couple the right and left chiral parts, lets this U(2) group act independently on
the left and right components:

Y = (Zi) — 1 =Up <Z§) YR = <§§> — ) = Ur <Z§> . (1.8)
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Figure 1.1: On the left side, a couple of quark and anti-quark endowed with positive helicity is
shown: the net momentum and angular momentum is zero. The same is true for the couple on
the right side, whose particles have negative helicity. We remind that the match between chirality
and helicity holds solely in the null mass limit.

As usual, we will have two conserved abelian currents (% = ry*pr, and I = Yry"bR) and six
non-abelian ones (j1* = Yy o) /2 and ji* = Yry*o%pr/2), in addition to the sixteen color
currents. They will be associated to some classical charges Qr/r and Q7 /R> which respect the
algebra

[QaL/R’ Q%/R] = ifachi/R QF, QZJ)%] =0 (1.9)

if €2%¢ is the SU(2) structure constant.

We can actually parametrize transformations of the U(2) group in a pretty formal but useful
way. Indeed, we can try to decompose this global symmetry not as U(2);, x U(2)g, but with
the improper notation U(2)y x U(2)a, where U(2)y is the vector part of the group, being a
group itself. This one is obtained by choosing Uy = Ug and so acting in the same way on the
right and left fermions. The corresponding currents are obtained as j{, = jf + ji = yHep and
Jbt = 1+ i = "o /2. On the other hand, U(2) 4 is the set of axial transformations, simply
built as U(2)4 = U(2) — U(2)y (or equally well setting Uy, = U};) In this case, we can readily
write j4 = jh — 3 = Yy#y5¢ and jhY = i — 1 = PyrayPotip /2. Of course, U(2) 4 will not be a
real group, because it will not be close under composition of two of its elements. This is perfectly
described by means of the associated algebra of conserved charges:

@V, QV] =ie™Qf  [Q4, Q%] =ie™Qy  [QV, Q4] = ie" Q4 (1.10)

Finally, if we separate U(1) phase transformations from special unitary ones, we will be able
to rewrite the original global transformation in the form SU(2)y x SU(2)4 x U(1)y x U(1) 4.

In this very physical limit, in which up and down quarks are massless, the Lagrangian seems to
enjoy a great number of symmetries. But the U(1)y and SU(2)y groups are actually approximate
symmetries of nature: the first one is associated with the concept of baryon number and the second
one with the isospin idea. We know, for example, how bound states of quarks can be classified in
irreducible representations of SU(2)y. The non-perfect realization of them is mainly due to the
small difference between the two masses of up and down quarks (not to their appearing in the
Lagrangian). A completely different discussion is called for while dealing with the remaining two
symmetries, for which we do not have an explicit realization in nature. If this were the case, a
SU(2) 4 symmetry could show up by associating to each isospin multiplet an axial counterpart of
opposite parity (because of the presence of 7°), for example.

Therefore, the first resonable idea is that the vacuum state of some scalar operator breaks
spontaneously the SU(2)4 x U(1)4 symmetry. As well explained in [1], this fact is attributable to
QCD vacuum properties. Just because the two quark masses are very light and the strong force
tremendously intense, the energy cost to create couples comprising a particle and an anti-particle
with zero momentum will be very little. Moreover, approaching the limit of null masses (where
particles’ energy and momentum are related by E = |p|), we know that Weyl equations hold, i.e
iOppr, = id - Vor, and i0ppr = —id - Vipg, from which hiyp = —ip and hpp = +ibp (with
h = & - p the helicity operator). So, the more energetically convinient choise is to produce a couple
of particles endowed with zero angular momentum, too, which can be approximately obtained in
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the null mass limit by creating them with equal chirality (see figure 1.1). Consequently, we can
imagine the QCD vacuum like a state swarming with particles created and immediately annihilated:
this physical situation is referred to as chiral condensate. The name is due to the fact that these
couples of particles will have a net chiral charge. Indeed, if we identify this quantum state with
the easiest scalar operator achievable in our theory, e.g 114177 (where the greek indeces are the
spinor ones and the latin ones are family indeces), we will readily see that its vacuum expectation
value changes under U(2), x U(2)g as:

(O (¥raitp™)'0) = Up; *UR , (Olrard™™(0) = —viUp; *UY . 6," (1.11)

That immediately tells us how this operator is not invariant under an axial transformation, but
it is unchanged by a vector one. It turns out to be a color singlet, not to break the SU(3)..
Furthermore, we point out how the quantity vy, must be a constant with dimensions of a mass.
Thus, the chiral part of the symmetry is spontaneously broken by chiral condensates and, according
to Goldstone theorem, we expect to find four massless goldstone bosons associated with the broken
generators of the chiral group. By looking at the mass spectrum of QCD, the experimentally lightest
particles that can be spotted are pions, coming in a triplet of SU(2)y. The idea of spontaneous
symmetry breaking applied in this context was a revolutionary one, because paves the way for the
understanding of the extremely light pion masses. Those can be explained identifing the pions
with pseudo-goldstone bosons of the broken SU(2) 4 symmetry (where the use of “pseudo” will be
clarified later).

Thereby, our working hypothesis is that the QCD low energy Lagrangian is SU(2)y x SU(2) 4
symmetric: it is just the VEV that breaks the axial part of the group. So, we can build our
Lagragian employing the massless quark doublets ¢; (i = L, R) and the quark condensate operator
1a1p® and inserting all possible terms respecting the above symmetry. Taking into account that
1; transforms according to (1.8) and (1,¥®) = UL, (waz/jo‘)U;%, we can write [2]

4 ey L 7o\t B e
Leniral =bidh + 172 IO (et (Wt )] + Velwhat) )t (1.12)

+ YL (Wt )R + Vr(Vat?h®) Y1)

where the trace in the kinetic term is performed over flavour indeces and V. is the chiral potential
providing the symmetry breaking scenario. It worth noticing that, for reasons of convenience, we
have introduced two new energy scales f, and p, which are related to vy as vfz) = flu: fris
a constant associated to pion physics, that we will specify later on, and p is a different way of
encoding quark condensate phenomena.

As first described in the Gell-Mann Levy model [3], the four degrees of freedom of the scalar
chiral operator ¥,¥® can be parametrized in a non-linear way as

(at™)(2) = fro(z)S(x) (1.13)

Just because 1) is a composite scalar operator, it has the non-customary dimensions of a cubic
mass, while the scalar field o is a parity even component with simple mass dimensions. Y is a
unitary matrix containing the pion fields. It is clear that, to recover the previous transformation law
of the condensate operator, o must be a singlet and 3 has to belong to the adjoint representation,
ie 3(z) — ULE(m)U;. This latter can be explicitly written down as

fx

In this matrix, pion fields clearly play the roles of phases multiplied by the three Pauli matrices
o, which have been used to express the generators of SU(2). f, is exactly a dimensional constant

S(z) = exp {w”m} (1.14)
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called pion decay constant, because it can be computed through the 7~ weak decay (i.e 7= — p~ 1,
to remind the main decay channel not suppressed by the helicity contraint), getting a result of
92MeV. Nevertheless, in literature its value can change by a factor of v/2, according to the
convention adopted.

The symmetry breaking situation described above will be mirrored here simply requiring
(0]0]0) = —p and (0]2]0) = 1ax2 (or (0|7*|0) = 0), achievable through a chiral invariant po-
tential of the form [2]

Venirat ($a0®) = =0tr[(at0®) ! (4597)] + Atr[(0ad®)T (vsd”)])? (1.15)

with b and A some real positive constants, such that b/\ = 21}3.
Using (1.14) and the small field fluctuation hypothesis, we can recast (1.13)

(wal/;(’)(x) ~ f‘?g(x)l%d + fapmto® (1'16)

Under a SU(2) 4 rotation, we can also state

($ath®) (z) = €772 (0at®) ()7 % (Yad®) (@) + {88 - 0/2, (Yad)®) ()} =
_ . o (1.17)
= () (@) 1208 0)o () + 12 38 (0", ")
and if we match it with the variation §(vo¥®)(z) ~ f200(x)lax2 + frudm?c?, we eventually end
up with

g fx
oo(x) =i—08 - on?® =i—
(@) fr I
These formulae clarify how pion fields are associated to the broken part of SU(2)r x SU(2)g: they

possess non-zero fluctuations around the VEV, given by % = i%’(iﬁ“ (o(x)) = fi%éﬁau #0.

6p%o(x) (1.18)

If we rewrite (1.12) in terms of this new parametrization, we obtain

Lanirat =00 + 350,000 + 502010, 510") 4 Vilo) + yol0m + FEln) (119

It is interesting to emphasize how the Gell-Mann Levy model predicts the existence of an
effective contribution to quark masses, even without an explicit term in the Lagrangian. As a
matter of fact, when o and X settle into their VEVs, the initially massless light quarks get a mass
by means of the last term of (1.19). That turns out to be equal to m¢/f = msz = yu?/ fr, where
the extra factor (u/fr) stems from the rescaling of o(z), used to correctly normalize its kinetic
contribution. This mass will be generated while quarks propagate through the QCD vacuum. The
up and down quarks interact with the vacuum through the same coupling y and, thereby, their
masses will be equal and SU(2)y will be preserved.

Without any claim to describing in full details this model here, we just mention that a clear
problem of this theory is the identification of the ¢’ fluctuations around the VEV (o) with some
of the known particles. Therefore, after the spontaneous breaking of the SU(2) 4 symmetry, the
mass of the sigma field is sent to infinity and the sigma oscillations are integrated out through
their equation of motion. If, furthermore, quark fields at low energy are hidden by confinement,
we are left with a model where only pions appear. In this new scenario, fluctuations of the chiral
operator around the vacuum will be simply given by:

(01(at)®)(2)|0) = —v;X(x) (1.20)
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The Lagrangian involving solely the pseudo-scalar part of the quark condensate field after symmetry
breaking can be immediately read off from (1.12) to be

L= ifﬁtr[@“ETﬁﬂZ], (1.21)

Even if we have derived it from our previous reasoning, it is worthy of note that, because of the
property 2% = 1, the only viable non-trivial terms include derivatives of 3 field.

Upon expanding ¥ in powers of the pion field, we obtain kinetic and quartic interaction terms
for pions:

1 1
L= iaﬂnaaﬂa — gf;2(77“7ra8“7rb8“7rb — w“wbaﬂw“aﬂb) + ... (1.22)

However, up to now, pions are perfectly massless goldstone bosons. Next, we can explore the
effects of introducing back the original mass term for quarks (that coming from a would-be Higgs
mechanism). We have again to consider the most general achievable contribution. A useful rule
of thumb can be to couple the Dirac fields with an external scalar source s, which transforms as
s +— LsR', and to employ it to build up an extra invariant term. Then, by setting s = M (where
M is a two-by-two mass matrix containing the up and down masses), the symmetry is correctly
broken. This new contribution turns out to be:

Linass = (08 M, 7Y ga; + h.c.) = —(M,; 7Y pa 0% + hoc.) = —tr[Mipa°] (1.23)

where we made use of the grassmann nature of spinor fields in the next-to-last passage. The plus
sign in front of zﬁgiMiijaj + h.c. is necessary, because that leads us to a minus in —tr[M®],
consistently with the corresponding plus of the kinetic term. It worth pointing out that the matrix
M is generally complex. With a SU(2)r x SU(2)g transformation, we can make this matrix
diagonal, but it will always survive a complex phase in the most general case. The role of it and
its consequences are the core of all this work and they will be extensively discussed later. What
it emerges from experiments is, anyway, that this complex phase should be very small or, at least,
consistent with a zero value. So, we will assume for now that M = M?*. Then, if we substitute the
V EV of the theory inside the previous formula and we expand it in powers of pion field fluctuations
as before, what we get is

3
v
Lass = UitT[M(E + ZT)] = —?gtr[MUaab]Waﬂb + ... =
. y (120
= —if—qétr[M{Ja,ab}]ﬂaﬂb + ... = —f—gtr[M]ﬂaﬂa + ...

where we neglected the constant term in the expansion. In the last expression, clearly, a mass term
for pions shows up, given by the so-called Gell-Mann-Oakes-Renner relation:

(M + ma)vs,

my = ZT. (1.25)
It is noteworthy that the contribution to pion masses (up to now equal for all of pions) comes solely
from the introduction of a small mass term for quarks, which explicitly breaks the axial SU(2)4
symmetry: this is the final reason why we speak of pions as pseudo-goldstone bosons. As already
stressed, the isospin symmetry SU(2)y will be violated just by the mass difference between the
two quarks (which renders the matrix M not diagonal any more) and by some electromagnetic
corrections (the up and down particles possess distinct electric charges). Nevertheless, there will
still be evidences of this imperfect symmetry, if these discrepancies are not too large.
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But we started our discussion speaking of four goldstone bosons associated with the breaking
of the axial part of the U(2) x U(2)g global symmetry of the QCD Lagrangian. The reason why
we neglected the possible boson of the U(1)4 symmetry (and so an extra phase term in (1.20))
is that there are no experimental evidences for it. Indeed, the lightest pseudoscalar (JF = 07)
mesons that have been measured are (see table 1.1): three pions, well explained by the presented
effective model and other five mesons of larger masses (K*, K°, K° and 7). These latter can
be theoretically understood adding the strange quark to our description and enlarging our global
group of symmetry to SU(3) X SU(3)g. The number of mesons equals that of SU(3) generators,
so that the matrix (1.14) is suitably replaced by

.8 8 70+ L\/sg V2t V2K
Y= e:c;o{fZ (Z TN + 13x3$°§) } with > a'A*= [ V21~ - +% V2K°
" a=1 V2K~ V2K° -2

(1.26)

a=1

where \® are the eight Gell-Mann matrices and where the possible U(1)4 singlet 79 has been
highlighted. As justified in [4], the constant f. can still be assumed to be the pion decay constant
by convention. Of course, the assumption of a massless strange quark is less justified here, if one

considers that

mq — My, ms

~ 0.29 — =25 (1.27)
My + Mg My + Mg
and just that is at the origin of the higher masses of the additional mesons of the octet. The
imperfect completion of the SU(3)y symmetry is responsible for a further complication: states
with the same quantum numbers can mix with each other. Just because isospin is a pretty good
symmetry group of nature, the mixing will affect the neutral S = 0 pseudo-scalar mesons 7ng and
no: the 70 is essentially protected, because one can prove that possible mixings are proportional
to the tiny factor mg — m,. The physical states n and 1’ will be obtained rotating the previous

ones as
n\ _ [costy, —sinbn,\ (1s
<17') o <sin9m cosl,, > <770) (1.28)

with a mixing angle 0, ~ 17° [5]. As a matter of fact, one should notice from table 1.1 how
the 1 mass slightly departs from the kaon ones. Nevertheless, the experimental mass value of the
remaining 7’ is even larger: this suggests that it can not be identified with our alleged U(1)4
meson, unless something is missing in our theory. The conundrum of this expected but unobserved
golstone boson was dubbed by Weinberg U(1)4 problem. Weinberg himself suggested that the
U(1)4 transformation should not have been a symmetry of the low energy Lagrangian at all [6].
Then, this fact was shown by t’Hooft [7], who explained how the QCD vacuum structure should
have been more complicated than assumed. This would have made the U4 (1) group not a symmetry
anymore, because of quantum corrections.

1.2 The QCD vacuum structure

We have already noticed that QCD, as a non-abelian gauge theory, is very different from the
QED counterpart: we pointed out how the field strength tensor is not gauge invariant here or how
gauge fields carry a charge themself. But there are much more subtle aspects that need to be
highlighted in QCD.

Everybody knows that a good way to build a Lagrangian is to include all terms which respect
the symmetries of the theory and its basic assumptions. So, writing down the QCD Lagrangian,
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meson state mass (MeV) | strangeness |
70 ngd 134.9770 4+ 0.0005 0
at ud 139.57061 + 0.00024 0
T di 139.57061 =+ 0.00024 0
K+ us 493.677 £ 0.016 -1
K- sl 493.677 £ 0.016 +1
K° ds 497.611 £ 0.013 -1
K° sd 497.611 £+ 0.013 +1
n ~ BeEdd | 547.862 £ 0.017 0
n ~ 5s 957.78 £ 0.06 0

Table 1.1: List of the first lighest pseudo-scalar (J¥ = 07) mesons with related masses and

strangeness number [8]. It is remarkable how the composition of the mesons ng = %\/%_255 and
ny = M\g"’gs is modified into that of the states reported in this table after the mixing induced

by 0,,.

we have been superficial on the possible existence of an extra contribution. In both abelian and
non-abelian theories, there are two Lorentz invariant terms that can be obtained starting from
the general field strength F*¥, i.e tr[F*" F,,] and e"*?7tr[F,,Fys]. The first term is parity even,
while the second one parity odd, because of the presence of the pseudo-tensor €#*??. But one can
directly verify, after some algebraic manipulations, that the latter is a total derivative:

N
P Fon Fog) = 0, (4677 tr[ A0, Ay — %AVAPAJ]) =20,J" (1.29)

where the four-vector Jf g is named the topological Chern-Simons current. It is known that the
Lagrangian is always defined up to a total derivative, provided that fields will go to zero at infinity
fast enough. Indeed, after a Wick rotation, just because the Euclidean action is the integral of the
Lagrangian over coordinate space, we could claim

~ / A*T g€y potT[FunFpo] = / d*zp20,J5° = | dog,2J]° (1.30)
S3

where in the last expression we are integrating over spatial infinity of the euclidean space, topolog-
ically equivalent to a 3-sphere. The ~ symbol stands for a correction factor, due to the euclidean
transition, which will be specified later on. We remind how, in euclidean formalism, all indeces are
reported downward by convention. Moreover, we know that:

M P FunFpo| = fieuyp,,tr[fw,}"pa} and Op = 104 0; = 0; (1.31)

and hence we can derive, by direct inspection of (1.29), the transformation for the pseudo-four-
vector JO9 = (=J§'5, —iJOS) with k € {1,2,3}.

Thus, what makes the difference is the asymptotic behavior of J E 9. From QED we are accus-
tomed to set to zero this term and the theory works pretty well with this assumption. But nothing
assures us that a straightforward generalization exists for the non-abelian case. To see that, it will
be needed to go through the topic in more details.
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1.2.1 The boundary conditions

A first mathematical notion, which will prove to be useful, is that of homotopy classes, the
set of all functions connected by a continuous transformation. For example, we can write a map
St — U(1) ~ S as gg(0) = expli(vd + B)]. All possible maps are parametrized by means of the
two variables v € Z and f € R. But all functions with different values of 8 belong to the same
homotopy class, because they can be transformed in each other with this homotopy:

H(0,s) = expi(vd + (1 — s)[1 + s52)] (1.32)

which describes all maps with the same v for varying s € R. The same thing can not be done for
distinct values of v, which therefore identifies separate homotopy classes. v is an integer number,
named winding number, which can be directly derived from the map itself:

i [ deg(e)—ld%” (1.33)

V=—
2770

Anyway, a possible non-trivial generalization can be obtained for more complicated maps S™ —
SU(m). We will be particularly interested in the case n = 3 and m = 3, for obvious reasons. In
this situation different homotopy classes are labelled by a v, whose euclidean formula is given by:

1
2472

UV =

/d306”’“t7"[(V(9)3¢VT(9))(V(G)ajVT(@)(V(@)akVT(9))] (1.34)

which is invariant under a change of coordinates and under smooth deformations of V(0) itself.
Moreover, it is remarkable that this topological object, sometimes dubbed Pontryagin indezx, is
gauge invariant. It can also be noticed that, multiplying two maps each other, one gets a new map
whose winding number is the sum of the two individual winding numbers of the original maps.

This topological structure will have profound consequences on QCD. Indeed, if we go back to
our euclidean action, we can write

1 . | = ] _
Sp= -1 / daptrl FuFul = 5 / i9 / A Fo (r Q) Fo ()] (1.35)
0

where df) is the angular measure in a 3-sphere. In order for this integral to be finite, we just need
that F,, = O(1/r3), going to zero faster than 1/r? for large r. Keeping in mind the definition of
the field strength tensor, this entails that A4, = O(1/r?), which therefore goes to zero at spatial
infinity more rapidly than 1/r. But it was first noticed by t’Hooft [7] that the correct boundary
condition for the four-potential should have fixed A, in the form of a pure gauge field, since any
gauge transformation acting on it can leave the required behaviour of the field strength untouched.
This subtlelty can be equally well understood by considering that, in (1.30), the four-divergence
of the Chern-Simons current is gauge-invariant, hence it can be included as a contribution to the
QCD Lagrangian. However, the current itself, which has a role in the boundary problem, is not.
This is a key point, which ultimately leads to the solution of the U(1)4 puzzle.

-,

Having said this, reminding that A,, = (A4 = —iAp, A), we could state

Ai(z) — V@V 00/ Au@) — V(@Q0V(Q) L +0(2)  (1.36)

r—r00 g r—00 g

where V(Q) is a continuous and differenziable map, which depends only on the angular variables
(V : 8% — SU(3)). Moreover, if we act on the potential through a gauge transformation U(z),
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using the inverse of the gauge transformation (1.5), we will modify the asymptotic formula of flﬂ
as

Au(x) — gU(Q)V(Q)GMV(Q)_lU(Q)‘l + gU(Q)GHU(Q)‘l o)) =
= g(U(Q)V(Q))@u(U(Q)V(Q))*l +0(1/r?) (1.37)

Here is the crux of our discussion: if we were able to set U(2) = V(2)~! at spatial infinity
using the gauge freedom, that would restore the trivial boundary condition 4, ~ O(1/r?). But
the problem is that this choice can not be generally pursued. Indeed, U and V are functions of
different nature. U is a customary gauge transformation, which has to be continuous and correctly
defined at each point. Hence, not to be singular, it will not depend on angular variables at the
origin, but it will assume a constant value at r = 0. Starting from this point, it is always possible to
continuously deform U while approaching r — co. But that means the function U () belongs to the
same homotopy class of the identity (v = 0), which maps the spatial infinity to the unit element of
SU(3) (up to a constant). On the other hand, V is a function solely of the angular coordinates and
it can belong to any homotopy class. So, in general, we are not allowed to choose U () = V(2)71,
because of four-potential configurations corresponding to non-zero winding numbers. It is just
this fact that prevents us from simply removing the term tr[]—"W]:" #¥] from the Lagrangian for a
non-abelian gauge theory. In the abelian case, we have no problem of this sort: a mathematical
result states there is only one trivial homotopy class for the map S — U(1).

More explicitly, rewriting the expression for the Chern-Simons current, which can be read off
from (1.29), in a slightly more useful form, we will get

_ _ _ 2%g - - - A, _ _ g -
JOS = 2, potr {Aya‘,Ao - ;gAVA,,AU} = 2€,p0lr [Q(apA[, —0,4,) — %AV[A,),AU] =

g} fvd @ew,,gtr[(vayv—l)(Vapv—l)(vagv—l)] (1.38)
where we have eventually considered the asymptotic behaviour both of the field strength tensor
and of the four-potential at spatial infinity. Clearly, ]-_"pg goes to zero for r — 400, so that the first
term in the last passage does not contribute. For A, we used (1.36). Now taking into account the
definition (1.34) of winding number, we can recast it as a surface integral over a surface at infinity
in four-dimensional euclidean space [9]:

1
v =513 | CEumuntr(VOLV OV OV O)VO2VIE)] (139
in which the overall minus sign is due to the change of coordinates. As a matter of fact, the
jacobian factor from cartesian to spherical coordinates is given by J = —r3sinf;sin6,, so that
6%1%2%3%4 — 1 and 6’)”919203 — _1

Finally, keeping in mind that tr[]:"“,,ﬁ"w] = elwpatr[fwfpo]/l one gets

_ = 2 1672y
/ d*zptr[FuFu] = [S ] dUEM@ewpgtT[(V&,V_l)(VapV_l)(VagV_l)] = (1.40)

Only for the value of v = 0, the usual disregarding of the boundary term is justifiable. But what
is the physical meaning of these gauge configurations A,, with non-trivial boundary conditions (i.e
for which v # 0)?
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1.2.2 Vacuum configurations

As well explained in [9], the interesting topological structure of non-abelian field theories has
further deep consequences. Let us consider two four-potentials obtained through two different
gauge transformations of the vacuum, e.g 4, = éU@HUT and A, = éU@uUT. Clearly, for both

of these four-potentials, the field strength tensor equals zero all over the space. But if U and U
are not smoothly deformable into each other, we will pass from A, to flu crossing vector potential
configurations that are not gauge transformations of zero: they will not annul F,, and there will
be non-zero energy values associated to them. That implies A4, and Au represent two different
vacuum states separated from an energy barrier, that is a physical potential.

However, the previous argument relies on the existence of field configurations which are not
equivalent under a smooth gauge transformation. Is it true that two SU(m) elements U and U can
not be in general deformed into each other? Using our freedom of fixing the gauge, we can carry
out this brief analysis considering the temporal gauge in its euclidean version A4(x) = 0 Vo € R*.
We can readily write down

Ay(e) = gU(x)&;U(x)_l 0 Ayf2) = éU(x)aiU(x)_l (1.41)

The first equality implies that, for this gauge choice, U(x) is just a function of & € R3. It can be
further proved that any function U(Z) can be smoothly deformed so as to map the spatial infinity
r — +00 to a single constant value: topologically speaking, the infinity is identified with a point.
With this extra arrangement, U (%) will be defined over R? plus a point, which has the topology of
S3. Eventually, it emerges that U(Z) can always be thought as a map S — SU(m) and we know
from the previous paragraph that this lets us classify U(z) functions into homotopy classes with
different winding numbers (for a more detailed description on the topic look at [10]).

Consequently, there will be as many vacua as the number of non-equivalent gauge transfor-
mations, which means that QCD vacua possess the cardinality of Z. They can again be labelled
by a winding number n, defined by (1.34). For sake of clarity, we point out how, in the preced-
ing paragraph, U just refers to a small gauge transformation, connected to the identity operator
and well-defined at each point. Here we are introducing some fictitious gauge transformations,
belonging to non-trivial homotopy classes: as stressed by [11], these objects will unavoidably show
a singularity somewhere on the compactified space S3.

In principle, the presence of multiple vacuum states should not be all that novelty. A simple
spontaneously broken scalar field with a Zs symmetry will present a couple of vacua. It is very
well known, anyway, that the probability of transition between each other is zero in practise. This
is clear by looking at the transistion probability amplitude between an in and out state separated
by a potential barrier V' (see [12])

(nout|Vnin) ~ e~ 57 (1.42)

Of course, in the limit of infinite volume, the euclidean action increases and this matrix element

goes rapidly to zero (which means the potential barrier is raised more and more). But the situation

is now different for QCD. We can consider an inner state n_.,, coming from ¢t — —oo, and an

outer state 4.0, going to t — +00. The transition probability between these two vacuum states of

different winding numbers is not zero, because the Euclidean action admits some classical solutions

which can mediate between them, allowing a tunneling even in the limit of large volume space.
To see that, we can start considering the following object

%tr [ / d'zp(Fu ifwﬁ] = / dw g (tr[F Fou) £ tr[Fu Fu]) > 0 (1.43)
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where the second equality follows from the fact that €, p0€ua8 = 2(0pados—0,800q), Which implies
]:-/w]?;w = .7?,“,.7?,“,. So, one gets

—/d4xEt7’[]:"W.7:'W] > ‘/d‘ia:Etr[]:W}'W] (1.44)

Just because the left-hand side is twice the euclidean action and the right-hand side can be rewritten
using (1.40), we obtain the following condition:

872|n/|

Sg 2 7

(1.45)
which tells us that in any homotopy class we have a field configuration minimizing the euclidean
action, that is a corresponding solution of the classical field equations.

If we now plug into equation (1.42) the expression of Sg saturating the bound (1.45), we will
attain

8720
<nout|V|n7Ln> ~ exp{_ 92 } (146)

where n’ = ngy; — n;, and the tunneling probability does not depend on volume any more. These
field configurations which mediate between different vacua are called instantons. However, one
can immediately realize that the role of instantons can be highly ruled by the gauge coupling g.
Concerning QCD, we know that at high energy g < 1, which means that we are in the perturbative
regime. Here the previous exponential is suppressed by a large factor 1/g%. The tunneling processes
will start being relevant in the non-perturbative regime.

The presence of instantons has an immediate consequence on the construction of our field
theory. Indeed, a quantum theory should be able to rely on a vacuum labelled by a time indepedent
quantity. Therefore, it is clear that the use of winding numbers is not a good choise, because of these
possible vacuum transitions. Moreover, we would like that a gauge transformation did not change
the physical vacuum state, because we know that acting with the gauge group can not have any
physical effect. We could be left, at most, with a change of phase |vacuum’) = € |[vacuum), which
is clearly not a problem, if we consider that a quantum state is defined as a ray in the Hilbert space.
But if we act with a large gauge transformation Q,, (a trasformation which connects states which
differ by a winding number m) on a vacuum state |n), we will obviously obtain Q,, |n) = |n + m)
by very definition. A good vacuum state for QCD can be designed as

10) => e |n) (1.47)

in which 6 is a real parameter. This state is properly constructed in order to be gauge invariant,
as it is evident from

Qn[0) =D ™ ) =Y e n+m) = 70N "m0 ) = e |6) (1.48)

n n n

where we just have a harmless change of phase.
In addition, here there is no overlap between different 8-vacua

Zo50010] = (OhglOin) = Y € Poure™"0m () =

n,m

_ Z ei(ni"!‘l/)e;ut e~ inibin (ni +ving) = §( :)ut — 0in) Z eivfin (v]0)

n,v v

(1.49)
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In the last passage we used the presence of the Dirac delta function to set 8,,; = 0;,,. In order to
get our final result, we have put n; to zero in (n; + v|n;), because the transition probability will
depend only on the winding number difference between two states. The 6(6.,;, — 0:n) simply tells
us that the parameter € does not depend on time. This latter is a very convinient aspect to define
a quantum vacuum, but it will prove to be a further problem later on.

If we now drop the delta function, that just ensures the conservation of 6, we can define

2000 = 30 (110) = 3 [ DAete S =
_ 4 1992 _ _
= Z DAu)l,e{,Up — d TR EE + w?tr[euapo—]'—ﬂa]:pg]

where the definition of winding number for v has been employed. The notation [DA,, , stands
for an integration over all euclidean field configurations with a definite winding number (we should
clearly solely integrate over inequivalent gauge configurations, but this is another story). Now we
just need to move back to Minkowski space through an anti-Wick rotation. To do that, we have to
proceed carefully and to consider that we will get a factor ¢ from the four space measure, an extra
—i from the singled-out time-like derivative that appears in tr[]:wﬁ 1] because of the Levi-Civita
symbol, which, in its turn, contributes with an extra minus sign, due to the conversion 123 = —1
but 123 = 4+1.

The take-home message of this discussion is that the contribution of instantons to QCD theory
appears in an extra term in the Lagrangian, which comes as

(1.50)

0g? .
Lo = @tr[]:m]: ]. (1.51)
Thereby, we can either consider the correct quantum vacuum of QCD or go on using a simple
vacuum (possibly associated with v = 0), but in the latter case we will have to introduce an extra
term in our description which accounts for all possible vacuum transitions. # is a new parameter
of the theory, describing a QCD vacuum property. The field configurations A, that contribute to
(1.51) and impede simply to neglect it as a total derivative are the instantons: that answers the
question we left open at the end of the previous paragraph.

1.3 Chiral anomalies

The #-term that we derived in the previous section sums up in a powerful way the non-trivial
properties of the QCD vacuum. What we want to show now is the profound connection between
this term and the problem of quantum anomalies.

It is well-known that at classical level, the symmetries of a theory are those of the Lagrangian
and to each of them it will be associated a conserved current, according to Noether theorem. Then,
conservation laws will be modified into Ward-Takahashi identities at quantum level. But nothing
assures us that a classical symmetry will still survive in a quantum framework. In a quantum field
theory approach, the really fundamental object is not the Lagrangian, but the generating functional
of correlation functions Z[.J]. For a theory with one Dirac field and an abelian four-potential, upon
setting sources to zero, we will have

Z0] =N / DA, DyDipe’s (1.52)

As a consequence, for Z[0] to be invariant, we do not just need the invariance of S, but of the
functional measure, too.
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Let us consider the interesting example of an axial abelian transformation U(1) 4, acting as
V(@) e P(x)  P(a) > P(z)e’ (1.53)

By taking the 5 matrix in the Weyl representation, where v° = diag(—1, 1), it is easy to appreciate
how Weyl fermions of opposite chirality rotate in reverse directions. As already seen, without a
mass term in the Lagrangian mixing up the left and right parts of the spinor, we have a conserved
chiral current j&' = 1)yv51) and an associated charge @°, which encodes the difference between
left- and right-handed particles. By adding a mass, the conservation law is modified into

Oujs = 2imips¢, (1.54)

Therefore, a particle can change chirality during its time evolution, which is responsible for a
AQ® # 0. So much for what we have in a classical approach. We can now set to zero the mass
term again and consider how Z[0] changes under a chiral transformation. To derive our result, we
will follow the customary trick of generalizing o to a function of space-time coordinates.

We know that, when dealing with path integrals, the properties of convergence are better studied
by Wick rotating our variables. In the Euclidean formulation, we will have A, = (44 = —iAy, /Y),
Yg and g will be treated as indipendent fields and for the vy-algebra it will hold that N = ’7;5
(for 44 = 4° and 4, = —iy*). Moreover, to handle adimensional differential operator, it will prove
to be convenient the rescaling ¥% = iuy g, where p is an arbitrary constant with mass dimensions.

If we consider all that, expression (1.52) can be recast as
Zpl0] =N / DA, DYpDigel ©or@rCRve—iFuwFu)

P (1.55)
¥
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We can focus on Z4[0] = det| |sz/;¢||, where A, is treated as a classical field, not to deal with gauge
fixing complications. We should take into account that a continuous Wick rotation over fermion
fields will not affect spinor indeces:

/(/)E(,n f) = ¢(ei9t7f)|9:ﬂ'/2 7]JE(Tv f) = /(/;(eietwf)‘@:ﬂ/? (156)

but it will just change the phase of spatial gamma matrices, as mentioned above. As a consequence,
we can mimic the axial phase transformation (1.53) for minkowski fermions and translate it in
euclidean formalism in a direct way:

Y =Yg P = e (1.57)
where J5 = J1927372 = —°.

Therefore, it can be straightforwardly fathomed that, after this chiral change of variables, (1.55)
becomes:

2410] = detliB ] = Ny [ DetyDpe S = 7N [ DD S oo -
_ j_1d€t||6ﬁsa(z)(i@/u)ei%a(x)H (1.58)

where, in the previous expression, J is the jacobian factor arising from the redefinition of spinor
fields. The power of minus one accounts for the grassmann nature of the variables we are varying.
The crux of the problem is just the evalutation of J. In contrast to what we are accustomed,
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the chirality of the transformation does not lead to a compensation between 1’s and v’s variation
in the fermionic measure and, hence, to a trivial J = 1. Therefore, a classical symmetry will be
preserved in a quantum field theory, if the functional measure will be invariant. If not, we speak
of an anomalous symmetry, whose conservation law gets quantum corrections.

Nevertheless, the problem of anomaly is even subtler. Speaking of an anomalous contribution
is equivalent to say that the determinant of (1.55) is not invariant under a change of basis. That
sounds a bit weird in terms of customary algebra. But we know that these properties hold only if
our formulae are well-defined and convergent: the anomaly simply tells us that our initial expression
was not so and that we will need a regulator, in order for our construction to make sense. These
underlying divergences emerge from the fact that the product of eigenvalues II;\; increases without
bound. The regularization procedure to extract a finite value from it is not unique, but the achieved
result can not depend on the way we get it.

Historically, the methodology developed by Fujikawa [13] to handle quadratic path integrals
played an important role in the process of understanding of chiral anomalies. Despite that, it was
realized later on that Fujikawa method was not reliable to deal with all kind of anomalies. A
more general technique, which has proved to be very useful, is the {-function method, devised by
Hawking [14] to regulate divergent jacobians of the path integral realm.

In the {-function regularization, the possibility of rendering divergent quantities finite is based
on the formalism of analytic continuation of ( on the complex plane, which is an entrenched sector
of mathematics. Once we defined the ¢ function associate to an hermitian or normal operator A
as

C(s, A) = Z)\j—l (1.59)

where {);, j € N} is the discrete or countable set of eigenvalues of A, the key identity of this
procedure is

det(A) = exp{—ji(s,/l)} (1.60)

That gives us the possibility of assessing the jacobian factor of our problem as a difference of two
determinants, already regularized from the outset [15]:

log7 ! = % (07 ei%M(r)mei%M(r)) _ % (07 m) (1.61)
ds I ds I

A brief summary of the (-function technique, together with a thorough evalutation of the
previous expression, is reported in Appendix A.2. Here, we just need to quote that, after a pretty
lengthy calculation, one can obtain the formula encoding the anomalous contribution:

P2

J = e:rp{ -y /d4xa(z)e“”p”]-"m,fpa} (1.62)
71'

In light of this result, the effect of a chiral transformation on the generating functional will be

— . . -5 2 vpo
Z40) = N, / DYDGeiS 1 | 10 @0, @)+ [ d'za(@)e ™" F Fpo) (1.63)

But, after all, we act on Z[0] through nothing more than a change of variables, so that the
generating functional is expected not to depend on the arbitrary parameter « of this chiral rotation.
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Therefore, it is straightforward to see that this fact entails

0Z 4]0
A[0) =0 and so
50& a=0
2 5u L po
N [ DUDG (0,57 + g 7By )oiSH T om0 iz BBl g (L
T a=0
g2

(0105 (2)]0) = (0] Frun (2) Fpo (2)]0)

1672
which shows that, even in absence of mass terms, the 4-divergence of the chiral current gets
quantum corrections. This results is known as Adler-Bardeen theorem, after the names of the first
ones who derive this formula by an attentive inspection of Feynman diagrams. It is noteworthy
that this result is exact, because equation (1.62) was derived by Fujikawa and by us in Appendix
A.2 without any use of a perturbative expansion in the parameter g. Hence, there are no additional
higher order contributions and there is no need to restrict the validity of (1.64) to a perturbative
regime. The method that we employed is based on a direct handling of path integrals, showing
the exactness of the formula (something that a diagram approach can not tell, because of its
perturbative nature).

If we now consider the corresponding charge associated to j°#(z), it is easy to notice from the
first expression that, on account of (1.40)

2
/d4$j50(53) = Q?’ -Q; = /d4$E#6#VPU}—#V‘FPU = —2v (1.65)

The amount of change of chirality is related to the winding number: even without a mass, par-
ticles change their chirality by interacting with instantons, e.g field configurations which mediate
transitions between different quantum vacua. It is fundamental to notice that the term emerging
from a chiral transformation is of the same form of that we added to the Lagrangian, to account
for the complicated QCD vacuum structure: this point will prove to be crucial later.

Up to now, we have just considered a simple abelian axial transformation. A non-abelian
generalization it is quite straightforward, but, first of all, it is worth noticing another detail. We
emphasized that, in order to have a chiral transformation, we just need to transform differently
fermions of opposite chirality. So, it is convenient to highlight the two independent roles of right
and left fermions in (1.62). This can be unambiguously done remembering that j* = 1)y*t and
§oH = 1py*~51), from which one can construct ji =yt = (j* — 3°*)/2 and j% = Yprytpr =
(j* 4 j°*)/2. Taking into account that (0|9,j"(z)|0) = 0 even at quantum level, we can write
from (1.64)

2
. g vpo
(010,12 (2)|0) = + 55— (0e"7 Fouv Foo 0)
72T (1.66)
. g vpo
(0103 (2)10) = =55 (0]€7” F, Fpo|0)
Therefore, we can rearrange (1.62) as
;2
Tite=eapd £ 2 [ d*za(e)e* F,, F, 1.67
L/R = exrp 3972 QTCY(.Z‘)E nvY po ( . )

where & refers to left or right respectively (with half of the whole contribution presented in the
original expression). Actually, as it will be clearer in the following chapters, only the relative minus
sign between left and right particles will be relevant.
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The remaining part of the job will just be a matter of generalizing abelian to non-abelian case.
This will be done on two separate levels: both considering a non-abelian group symmetry acting
on spinors and by coupling them to non-abelian gauge fields. The new chiral transformation laws
for Weyl spinors will be:

U, = expliwg ()7} Ui = explivg(2)T" YR (1.68)

where 7% are the generators of some group (an abelian or non-abelian one). All we have to include
is an extra factor, comprising a trace over internal symmetry indeces. In our Appendix A.2, we
cover this simple problem, too, obtaining the result:

;2

i
jL_/lR = e:cp{ + 32‘(;2 /d4zwa(x)e"”p”tr[T“FWfpg}}. (1.69)

Now, on account of the fact that F,,, = TF},, where T are the generators associated to gauge

symmetry, we can rewrite the trace operation in the exponent in a very interesting way

1
P T F Foo| = P tr [T TP T F? Foo = ie“”patr[Ta{Tb,Tc}]]:b Foo (1.70)

% nz
where we have highlighted the expression
d¢ = tr[r*{T", T°}] (1.71)

This object is the really elementary quantity that tells us if a symmetry transformation, represented
by the abelian or non-abelian generators 7¢ and which couples to spinor fields, gets quantum
corrections. The latters stem from the presence of gauge symmetries to which fermions are sensitive
and whose infinitesimal generators appear inside the anticommutator (1.71). If d**¢ = 0, there are
no anomalies and a classical symmetry is still valid at quantum level; if d**¢ # 0, the current
associated to the symmetry involving 7% will not be quantum conserved. It is just calculating
objects of this kind that we are able to claim that the gauge symmetry SU(3). x SU(2), x U(1)y
of the standard model is anomaly free: charges and number of fermions are designed so that all
possible d**¢ coefficients disappear. Therefore, we are left with the remarkable result that gauge
symmetry is a real symmetry of the standard model, even at quantum level: that is a real luck,
considering how gauge invariance is a foundational principle of it!

As already said, this general expression for quantum anomalies was originally obtained by
Feynman diagram calculations. We are not going to tackle this kind of problem in this context,
but we refer to our Appendix A.1 for a direct calculation of the anomaly with a perturbative
approach. Nonetheless, it will be useful for the following development of this work to understand
the underlying diagram structure behind the anomaly term by means of a heuristic reasoning.

As a matter of fact, we know that any term in the Lagrangian must correspond to a particular
diagrammatic rule. If we rescale the action by a constant A\ with dimensions of [#], the exponential
weight in Z[J] will turn into

T 7 (1.72)

Thereby, we can spot the adimensional parameter A\ = R/A. We see that vertices will present
powers of this parameter in the form A~!, while propagators (being related to the opposite of the
inverse of the Fourier transform of the kinetic term) will acquire a . So, every Feynman diagram
will come with a factor A —V, with I the number of internal lines and V' that of vertices. Then, if
we take into account the topological relation I — V = L — 1, it emerges how a Feynman diagram
will be always followed by a AL=1 factor, that turns out to be a loop counter.
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TC

Figure 1.2: A triangle diagram related to the Lagrangian term Je*7tr[ro{T", TC}]w“.FZVf,fU

A simple tree level diagram will have a factor AL directly linked to the contribution of propa-
gators and vertices: so L = 0. The determinant giving rise to the anomaly term will have no factor
A at all, because generated by the functional measure: therefore, L = 1. Thus, the anomaly con-
tribution introduced in the Lagrangian is associated to a loop diagram. Moreover, by inspection of
formula (1.69), we have three fields appearing in the new term, as it happens for a three-external-
legs diagram: a quadratic combination of the field strength tensor and w(z), that here clearly
plays the role of a field. What about the number of internal verteces? Equation (1.69) has been
written down in the most general form and it can be applied to any sort of transformation acting
on fermions: of course, there will always be a coupling constant parametrizing that. Just as an
example, we could have inserted an explicit factor g in (1.68), in case of a gauge transformation
of the same kind: this would have generated a power of three in (1.69). All that suggests how the
diagram related to J ! should be a loop with three external legs and three internal verteces, that
is to say a triangle diagram (see figure 1.2).

The loop expression associated to this diagram can be readily written down, considering again
w(r) as a field related to a local chiral transformation ¢’ = exp{iw®(z)7%y%}1). Just because
it is a phase field, its interaction with quarks will be, up to a coupling constant y, of the form
1y;0,wq;v*q;. Consequently, the integral expression of our triangle diagram will be:

1 e d*l ) . 5 ) .
—id b ;/Wtr{l_mj (*Zyj}h )W(WV )

‘ 1gvy” 1.73
el Cal] IR

where j is a quark flavor index and g the gauge coupling. We can easily notice that the integral
is linearly divergent, as suggested by our starting reasoning on the algebraic properties of the
fermion determinant: just this ill-defined integral is at the origin of the anomalous behavior of
chiral transformations. In the path integral procedure, the divergence shows up as bad behaving
determinant, which demanded a suitable regularization scheme. Here, we have customary indefinite
integrals of perturbation theory, but with a further peculiar difficulty: the presence of one 7°
matrix. If we insist on making use of the powerful instrument of dimensional regularization to
counter this calculation, as we did in Appendix A.2, we will have to face the non-trivial issue of
extending 7° to an arbitrary number of dimensions!



1.4. THE 6-TERM CONSEQUENCES 25

1.4 The 6-term consequences

We have now all the tools together to understand why the U(1)4 problem is not a problem at
all. We just need to consider if this global symmetry, that we examined in the first paragraph,
survives quantum corrections or not. This can be straightforwardly calculated using the expression
of d*¢ we derived earlier.

We can easily realize that the conservation law for the axial triplet current is unaffected by
anomalous terms. Indeed, on account of (1.64) (properly generalized), one gets

2
0,5 (z) = 73)576"””#[7'“{Tb, T°}G5, G5, (1.74)
where 7% are now axial isospin generators and T color generators, which can be expressed through
the Gell-Mann matrices. The trace is taken both over color and flavor. Using a normalization for
Gell-Mann matrices which is typical of non-abelian gauge theory (i.e tr(AgAp) = dap/2) and on
account of {Ag, Ao} = 0ab/3 + daveAe (Where dope = 2tr[{Aq, Ao }A¢] coincides with our previous
definition up to a factor two, which depends on matrix normalization), one gets

1
tr[r®{T°, T} = gtr[T“(Sbc] +tr[T%dpeede] =0 = 0,5 (x) =0 (1.75)

in which we fixed T® = A\* and we used the property of null trace of SU(2) and SU(3) generators.
So, we obtained the anticipated result: the axial non-singlet current is only broken by the explicit
quark mass term, which is responsible for pion masses.

For the singlet current associated to U(1)4, things are different. As a matter of fact, we see
that

2
8Mj5“(w) — _?)g?dwpotr[]QxQ{Tb,TCHQZZ,QSU _
1.76
— _ 92 E#Vpotr[12><2]t7a % gb gc _ 292 eluypa-gb gc ( )
3272 3 |THYTPe 3272 nr=pe

where 1549 is the infinitesimal generator of U(1)4, acting on the two flavours of our model. It
is noteworthy that the current conservation law gets a quantum correction, which directly comes
from QCD and its vacuum properties. It is just the quite tricky structure of QCD vacuum that
makes the U(1)4 group not a real symmetry of the theory: after all, t7[G,,,G,o] is nothing but the
instanton topological term. Actually, we know that the same holds for SU(2) 4, once we introduce
a mass term, but, nevertheless, we can still speak of pseudo-goldstone bosons. Anyway, if we could
have treated SU(2) 4 and U(1)4 on the same footing, as symmetries violated at tree level by mass
terms, we would have expected to find an extra goldstone boson with a mass comparable to that
of pions. However, we know that this is not the case. The same problem arises while considering
the less precise SU(3) flavour symmetry, where this singlet state is still missing. Therefore, the
mass of i’ requires a different explanation, which just stems from the anomaly term. Indeed, we
can envisage that the anomalous triangle diagram, which couples to jfj, will directly contribute to
the associated “goldstone boson” mass with some loop corrections to its propagator (remember
that j&' ~ Hno). The 7° mass will be now lifted proportionally to the strong coupling constant,
resulting in a much higher contribution than that coming from an explicit symmetry breaking mass
term. After all, we have to take into account that, when we consider QCD bound states, we are
in a non-perturbative regime. After the rotation (1.28) to physical states, we understand how the
anomaly will affect both 1 and 7/, according to the amount of n° they contain. For some results
on theoretical predictions of the n and 1’ masses, one can look for example at [16] (where they are
evalutated using lattice QCD calculations).
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But if we have sorted out the U(1)4 conundrum, on the other hand a new problem appears
upon introducing this #-term in the Lagrangian. First of all we notice that, just due to the presence
of the Levi-Civita symbol, our new contribution will not be invariant under parity and, therefore,
under CP (or equivalently time-reversal). So, we are introducing in the theory a source of CP
violation. But this is not in principle a problem: only CPT transformations are expected to be
real symmetry of the standard model. As a matter of fact, the complex phase ¢ of the CKM
matrix in Wolfenstein parametrization already violates the CP symmetry. Anyway, it is better to
highlight a difference: the f-term is a contribution which directly generates parity violation at tree
level in the strong sector of the SM.

With a better inspection of the Lagrangian at energy lower than the electroweak symmetry
breaking scale, we also observe that there is another non CP-preserving term

i a i if as0gcp 5
Lop = —(@M;"e™ qrj + h.c.) + —=—=tr[G,,G""] (1.77)
where ¢, /1, is a Weyl spinor, whose index 4 runs over quark flavours, and ay = G2trong/4m. In the
first term, we singled out a complex phase connected to the possibility of a complex mass matrix.
Of course, we can always perform a chiral transformation over spinors

a— e Pqp ar — €Pqr (1.78)

leading to a quantum anomaly contribution of the form
Qs o
‘Canomaly = +Ngﬁﬂtr[gw}gu ] (179)

where NN, refers to the number of quarks we rotate. In so doing, 8gcp transforms as Ogcp —
Ogcp + NgB. If B = —0y, we could render the mass matrix real, but we would have shifted of
a corresponding angle the phase of the QCD vacuum. On the other hand, we could have rotated
fermions of a phase —0gcp /Ny, so as to annul the f-term, but just leaving a complex quark matrix.
Thus, the two parity violating phases are not unrelated and the Lagrangian essentially depends
on a combination of them. But as already remarked earlier, this term induces a CP violation in
strong interactions: this is at the origin of an issue dubbed strong CP problem. This latter arises
from the fact that experiments suggest, with a great level of accuracy, the preservation of parity
by strong interactions. Consequently, all bound states of QCD will be eigenstates of parity in their
turn. If this is true, the neutron will not be the exception and it will be invariant under parity, too.
If we consider its electric dipole momentum, using the property of parity operator P = PT = p~1
and defining |N) the neutron state, we will get

(N|E|N) = (N|PY(PEPNP|N) = (N|(PEPH|N) = — (N|E|N) = (N|E|N)=0  (1.80)

where E is clearly the electric vector field, which gets a minus sign under parity. Thereby, we
should have a neutron electric dipole momentum equal to zero, as a direct consequence of parity
invariance. But if we now perturbe our theory with this new 6 parameter, which must appear in
the Lagrangian for all the reasons discussed previously, parity will not be a symmetry of the strong
theory any more: we expect to obtain a contribution to the electric dipole momentum of neutrons.
This quantity can be computed, by means of chirality techniques or in a OPE formalism [17]

dy, = 2.4 x 10" 30efm (1.81)

The outcome must be compared with the experimental result of |d,| < 3.0 x 10~ 13efm, fixing
an upper bound on the new parameter of our theory of |f] < 1.3 x 10710, This is clearly an
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incredibly tiny value that calls for an explanation; all the more so if we consider that this angle
arises from the addition of two different and independent phases (i.e 6y and 6gep). 6 can freely
vary inside the interval [0,27[: so, why should it assume this unnatural value compatible with
zero? Experiments seem to suggest that this parameter is actually not physical or, anyway, it does
not produce any observable result. But its introduction in the SM theory is highly justified: hence,
further justifications must be provided.

1.5 The Peccei-Quinn mechanism

Actually, a conceptually easy solution could be given just by supposing that one, among the six
quark masses, is zero. If that were the case, we could always act with a U(1)4 transformation on
this fermion field: by doing so, we will be able to erase the #-term by means of the color anomaly
developed by this operation. Of course, this will not redefine the phase of any mass term any
more. Consequently, because of the freedom of changing this fermion field, the extra term that we
introduced earlier will not be physical. Unfortunately, so long as we remain inside the SM scenary,
the hypothesis of a massless quark has been highly discouraged by experimental data: the only
reasonable candidate could be the up quark, but experiments furnished mg/m, = 1.76 + 0.13,
which obviously makes the idea of massless up quite difficult to be supported. But the existence
of a new massless quark is hard to back up, too, because of a missing phenomenology of hadron
states involving this alleged species.

A much more elegant way to escape from the strong CP problem was suggested by R.P. Peccei
and H.R.Quinn in 1977 in an important article [18]. But before exploring this solution, one
more comment regarding this § parameter should be done. Indeed, let us consider expression
(1.50). Here we are given a formula for Zy[0] in the euclidean formalism. On account of the deep
connection between quantum field theory in euclidean space and statistical mechanics, we know
that the generating functional Z is related to the partition function Z,, which can be written as
Zs = exp{—BF}. F is clearly the free energy, whose minimum gives us the stability conditions of
the system. If, in this context, we refer to £ as the free energy density, we see from (1.50) that

- 1 - - 0> -
e Val(0) — Z/DAW,exp{ — /d4xE <2tr[]-'#a]:#a] + :;iztr[ewpg}'wfpgo} (1.82)

where V; is a 4-dimensional euclidean volume factor. In euclidean notation, the first term in
the exponential is clearly positive definite, while the second one is a simple phase: any value
of 6 different from zero will just lower the result of the integration. Thereby, we will obtain:
E(0) > £(0), i.e the minimum of the energy is reached when the value of ¢ equals zero. But we
have to point out that 6 is here a parameter of the theory and not a dynamical variable: its value
can not evolve over time.

That previous disequality is a direct consequence of Vafa- Witten theorem [19], stating that in
any theory devoid of sources of CP violation, parity can not be spontaneously broken and so we
must have a minimum for the QCD vacuum energy at § = 0. Up to now, anyway, the 6-term is
a form of explicit CP-violation: hence, we can not apply this theorem to our situation. However,
we can start envisaging that, if our # was made a dynamical field, this latter could relax itself
until reaching the minimum value of energy, corresponding to a null #. Actually, this idea is the
cornerstone of the Peccei-Quinn mechanism.

In order to restore CP invariance, Peccei and Quinn required the existence of an extra global
U(1)pg symmetry, dubbed Peccei-Quinn symmetry. The particular realization of this symmetry
is clearly model dependent, but what is really fundamental is that this transformation has to be
anomalous: only this way we can cancel the #-term through a colour anomaly produced by a
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U (1) pq rotation of fields. So, in much the same way as for the massless fermion case, we can claim
that the 6 parameter is unphysical. But this is not the end of the story. Indeed, this new global
symmetry could be spontaneously broken at some energy scale: this will result in the appearence
of an extra degree of freedom in the model, i.e a goldstone boson associated with the broken
symmetry. Actually, this latter will be a pseudo-goldstone boson, being the U(1)pg symmetry
anomalous at quantum level. But, whichever way you look at it, the Peccei-Quinn mechanism
has, as a side-effect, the prediction of a new particle, that Wilczek called azion, after a famous
detergent for its virtue of cleansing the SM out of its strong CP stain.

As it will be extensively discussed later, below the low energy breaking scale, we can write an
effective Lagrangian, including the axion field a(x) in this form

L, = %@La@“a + <9QCD + JZ) %gﬁygﬁv (1.83)
where f, is an energy scale, called azion decay constant. We can appreciate how this new pseudo-
goldstone boson plays the role of the #-parameter: we can actually incorporate this one in the
definition of the axion field after a phase shift, which is a symmetry of all terms of the Lagrangian,
apart from this anomalous coupling to gluons. Thus, it seems that a spontaneous breaking of
U(1)pg could threat our construction, because, after all, it introduces back in the Lagrangian
something similar to a 6 contribution. However, we have to consider that now a(z) is a dynamical
field. Its VEV has exactly the some power to induce a parity violation as the original parameter
f, but the Vafa-Witten theorem ensures us that this should not happen, because the axion field
will evolve towards the value (a) = 0. The QCD dynamic itself, eventually, provides us with the
solution to the strong CP problem and with the restoration of parity and time-reversal invariance!

The previous reasoning holds as long as the Vafa-Witten theorem can be applied. In presence
of explicit CP violation terms, the axion potential will be modified so that (a) # 0, potentially
threatening the PQ solution. These sources of CP violation can arise from physics beyond the SM
(to explain for example the baryon-antibaryon asymmetry of the universe). However, the SM itself
presents, as already mentioned, a complex phase in the CKM matrix. Even though some new CP
violating contributions 6, will prevent a perfect cancellation of d,,, they should not be so large to
the point of evading the experimental bound >~ [0 < 1.3 x 10710,

We want to conclude this paragraph stressing how, from a theoretical point of view, the role
of axion is twofold. Indeed, it does not only solve a highly disturbing SM problem, but because of
its properties of interacting very weakly (as it emerges from different models that will be discussed
later), it is also a lawful dark matter candidate, with all cosmological and astrophysical conse-
quences of that. In this framework (that we will be explored better in chapter 3), after that the
axion field has roled down towards the minimum of the potential, it will go on oscillating around it,
which means a = (a) + da. Just considering that d,, = d,(6gcp) and that, in the PQ solution, we
can substitute gcp — a/ fo, we will have d,, = d,,(a/fa) = dn(da/f,) (where we used (a) ~ 0).
The axion is a pseudo-scalar field, so that there are no CP violation problems in the Lagrangian
(1.83), but time oscillations of a will give rise to a time-varying neutron electric dipole momentum.
That does not clash with (1.80), which refers to the mean value of d,. This simple observation
offered, pretty recently, a new way of detecting the effects of axions, in addition to a plethora of
designed experiments [20].

1.6 The need for an extension of the SM

Before analysing a concrete example of axion model, some general aspects can be pointed out. A
first thing that must be immediately clarified is the impossibility of implementing a PQ mechanism
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in a standard model scenary. That can be noticed by looking at the well-known Lagrangian, which
presents the Yukawa terms for the first quark generation

Ly = —Yaqrddr — Yudrdur (1.84)

where ¢, (the left-handed quarks) and ¢ (the Higgs field) are SU(2), doublets, whereas dg and up
are the right-handed quarks (which do not couple to isospin symmetry). Then, ¥, and y4 denote
the Yukawa couplings and, finally, ¢ = ims¢*, employed to give mass to the second component of
dr, once SU(2)r, x U(1)y is spontaneously broken. But before this threshold, the PQ symmetry
will be satisfied by all terms in the Lagrangian. We remind how it is necessary to couple differently
left and right quarks, in order to get an anomalous contribution. If, under a PQ transformation,
we have

¢ r— X up— ey dr — X% (1.85)

and we suppose that left quarks have no PQ charge (a choice that can always be done, as it will
be justified later on), it is straightforward to see that Yukawa terms will respect the PQ symmetry
if and only if X, = X, and Xy = —X},. Therefore, the up and down PQ charges are the same up
to a sign and, upon doing a PQ transformation and trying to evalutate the anomalous term, we
realize there will be no change for the #-term

asfocp Qg [HQCD — (X + X4)/2]
8T 8T

because X, + X4 = X — X, = 0. That means we can not reabsorb the 6 parameter and so we have
no chance to pursue a PQ construction. Moreover, we do not have enough freedom to introduce
an axion in our description: indeed, all phase degrees of freedom of the Higgs field around its VEV
are used to give mass to gauge bosons and there is no room to accomodate an extra axion field.
Eventually, we will have to enlarge the SM with some extra fields associated to particles which
have not been observed yet.

There is probably no need to say how our extensions should be compatible with current phe-
nomenology, which can highly limit and restrict possible developments beyond the SM. A very
important restriction on the scalar structure of the Lagrangian comes from the experimental value
of p =1.00037 £ 0.00023 (see [8]), which is defined as

Ga, G s Ga,Gu" (1.86)

_ Mg

r= MZ cos? Oy (1.87)
where Oy is the Weinberg angle and My, Mz the electroweak gauge boson masses. The exper-
imental value of p is increadibly close to 1: that is justified in the SM by the presence of the
so-called custodial symmetry, an accidental symmetry of the theory. This latter protects the value
of this parameter against perturbative corrections. Possible deviations from the exact value of 1
will emerge by including some non-custodial preserving terms. But let us clarify this idea a bit
better.

1.6.1 The custodial symmetry

First of all, let us write the most general mass matrix for gauge bosons, so as to be consistent
with the symmetry-breaking pattern of the SM: SU(2) x U(1)y — U(1)em (as described in [21]).
It turns out to be:

M2, 0 0 0
0 M 0 0
0 0 M3 m?
0 0 m? Mg

(1.88)
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where the first two entries refer to W/f and the other ones to W' and B} (these latters correspond
respectively to the third gauge field of the SU(2); symmetry and the hypercharge gauge field).
The first block is clearly diagonal and endowed with two equal entries, as ensured by the residual
U(1)em symmetry, which forces the masses of the two charged W, to be the same. On the other
hand, in the second block we have a mixing between the two neutral fields, as very well known. It
is also clear that, if U(1)em is preserved, the neutral 2 x 2 mass matrix will have a null eigenvalue
and so

detM =0 = M2, MZ —m* (1.89)
with the corresponding eigenvector _CZISIZZVW>, where Oy is the Weinberg angle, defined by
cosby = \/9217. Employing the algebraic definition of eigenvector, the following relation will
hold true 2 My

tan fy = M—‘%V =13 (1.90)

where (1.89) has been utilised. In the end, being the trace defined as a sum of eigenvalues, we can
express the non-zero eigenvalue this way:

M% = trM = MZ + M3, = My, sec? Oy (1.91)

Thus, at tree-level order we are left with:

M,

MZoos? Oy 1 (1.92)
In the limit ¢’ — 0, we obtain My = Mz. That tells us the three gauge fields Wf and Z,
transform as a triplet of SO(3) ~ SU(2), which turns out to be an extra symmetry of the theory.
Nevertheless, the hypercharge sector slightly breaks it with a tiny ¢’, so that we can only speak of
an approximate global symmetry, whose effect in (1.92) is enclosed in cos? fy. For WujE and Z,, to
get masses in an almost symmetric way, an accidental symmetry must reside in the scalar sector
of the SM Lagrangian, which is responsible for gauge boson masses through the Higgs mechanism.
In order to make this symmetry more manifest, it will be wiser to rewrite the Higgs sector using

the two doublets formalism. We can introduce

(e o (e _ 1 1(@8 s0+>
¢(@O) ¢ = itoo) <_(p_> — P= 2(¢ ¢)7\/§ NS (1.93)

with isospin Iy = I 3= 1/2 and hypercharge Y = fYq; = 1. This way we can rewrite the Higgs
Lagrangian

Litiggs = (Dud) D*é+ 11°0T6 — N67¢)*  with Do = 9,6 — igfWy,é — ig’%Bqu (1.94)

in terms of the new parametrization ® as

Yiggs = tr[(Du®) D'® + 20T — N(@7®)?] with D,® = 9,® — igFW,® + ig' B, ®r3 (1.95)
Of course, 7% = ¢%/2. It is a straightforward calculation to verify that Lpiggs = Ly, ggs- Under

gauge transformations, we know that

{¢/ UL & =ULd for Up € SU(2) (1.96)

¢/ _ eia/2¢ (Z”S/ _ efm/zqg for eia/2 c U(l)y
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which can be recast for the new field ® as

P = P = % fi 2
{ UL® =UL¢ for U eSU(2)L (1.97)

P =Peiom/2 for Uh, =e ™/2 € SUQ2)p

Then, we can try to extend the gauge group SU(2); x U(1l)y to a larger (but global) one, i.e
SU(2)r, x SU(2)g ~ SO(4), under which &' = ULCDU};. The potential sector of the Lagrangian
(1.95) manifestly respects this extended symmetry, which, in the old formalism, simply mixes
the four degrees of freedom of ¢. On the other hand, the kinetic term partially breaks it. As a
matter of fact, (D,®)" = UrD,® under SU(2)r, but it is not true in general that for a SU(2)g
transformation a similar relation holds, because (D,®)" # D“CI)UIT%. It is again the hypercharge
contribution that violates it, due to the fact that [UIT%B,TZ»] = 0 if and only if ¢ = 3. Therefore,
(D,®) = ULD;JI)U}T% under SU(2);, x SU(2)g just in the limit ¢' — 0.

Below the electroweak scale, if (¢) = (U/(z/i), we will obviously have (®) = (v/2)13x2. The

VEV of ® breaks the global SU(2) x SU(2)g to its subset SU(2)y, for which Uy, = Ug. This
remaining symmetry group is dubbed custodial symmetry, which is an accidental one, because the
theory has not been explicitly required to satisfy it: it just stems from the structure of the scalar
sector. Despite that, there are phenomenological reasons to claim it is an approximate symmetry
of nature.

We said it is an approximate one, because, again, the term proportional to ¢’ in the covariant
derivative violates the SU(2)y symmetry. In the limit ¢’ — 0, the covariant derivative (D,®)" =
ULD,ﬁI)Uz will transform as a SU(2)y triplet: consequently, from tr[(D,®) D ®] the WMi and Z,,
bosons will receive the same mass. It is just the presence of this residual SU(2)y symmetry that
enforces the value of p to be so close to one: departures from the tree level behaviour will arise
from perturbative corrections involving explicit custodial breaking terms.

The presence of custodial violation will be responsible for the experimental Ap = pegyp — 1 =
3.7 x 10~*. The hypercharge sector will contribute through the non-null value of g’ inside loop
corrections to My, and Mz. However, a larger contribution will come from the quark part of the
Lagrangian. Indeed, we can write down the Yukawa sector of the SM in the form

3
Cyuk =

(ap; dpi) ® (ym’“m) (1.98)

YaidRi

i=1

where the custodial symmetry is restored just if y,; = yq;: the mass difference between quarks
inside the same isospin doublet is another explicit SU(2)y violating source. The greatest correction
will be produced by the third generation, owning to the huge top quark mass.

Now it is clear that all possible beyond the standard model (BSM) extensions should not
clash with the phenomenological evidence of an approximate custodial symmetry: non-custodial
preserving terms can not affect Ap more than Ap — Apgps. Moreover, the scalar structure of these
BSM theories should be designed in order to give equal masses to gauge bosons Wﬁc and Z, at tree
level (up to ¢’ corrections). Let us analyse how the second requirement can costrain a model, by
considering an undefined number of scalar multiplets ¢; of weak isospin I;, hypercharge Y; and with
a VEV for the neutral component of {(po;) = v;/ V2. Then, upon defining the covariant derivative
acting on the ¢; fields as

o a Y
Dyui = Oupi — igW it d; — ZQ/EB;LQSi (1.99)

we know that we can read off from the kinetic term (DH@-)TD”@- the masses for gauge bosons, when
the ¢, fields are evalutated at their own VEVs (¢;). If we concentrate only on mass contributions,
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we will get
[(Du¢i>TDH¢i}gauge masses —
Y Y;
—i* ()" ( (Wir) + Wirf] + gWir} + g’;BM> (g[Wf‘rS + W] + gWiT + g’;B") )
(1.100)

Then, we can make use of the expressions for the charge fields let % and introduce the

ladder operators 7% = 7 +imy. If we furthermore consider the existence of the unbroken electric

charge generator Qe (¢:) = (72 + Y;1/2)(¢;) = 0, we can write down

[(D;Nbi)TID#qﬁi]gauge masses —
Wihrm +Wort Y; WHrt + WHhr”
T JTAR TR 3.3 7+ 7 [
= ()T (g—t i LW iR
(ds) ( 7 gw,; 93 u) (g 7
2

= 0 (W W Y+ W B ) (00 + 00T (70 + (W o)+

=0

+<¢1>T[< TW g T Wi f}+(j;wg‘—gg’3;)mwmf}] ()

=0 =0

Y;
W+ g ) (0)

(1.101)

The last three terms we have highlighted equal zero, because of the Lie algebra of SU(2), whose
properties are independent of the representation i. Indeed, when ¢; is evalutated at the minimum
of the potential, it is just a constant vector in the i-dimensional representation of the group. Its
third component of isospin I3, given by 75(di)i.m = m{(Pi)im, will depend on the particular choise
of the VEV. It is known from the angular momentum theory that:

= (Pi)ism = (Bi)im+1 \/Z(Z +1)—m(m=x1)
<¢l>;ljm’<¢l>2,m = 5m,m’

Consequently, the last three addends of the expression (1.101) vanish, because they involve scalar
products of orthogonal states. We can employ once more a relation derived from SU(2) Lie algebra

(1.102)

TETF = (B2 - () £ 1P (1.103)

to eventually get

(D) D" Pilsange masses = (¢:)" (QQWJW“[(T?)Z — () + (gW3i - Q'BM)Q(TW) (9:) =

21 TR T 2 UiQIgi 3 ’ 2
=\ 3 WiWEL(L +1) — 131‘]"‘72 (9W,, — g'By)

(1.104)

where in the last passage we substitute the eigenvalues of isospin operators on the vacuum. If we
now add up all of the Higgs contributions, we can identify

My = S 1) = B/ ME =31t e? + o, (1.105)
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Here we have reached the crucial point of our reasoning. In order for the p parameter to equal one
at tree level, we just need to impose

M3, = M3cos*Ow = (Li(I; + 1) — 13,) = 214 Vi (1.106)

Therefore, equation (1.106) tells us something fundamental: if we want to preserve the experimental
value of the p parameter, the only way is to extend the scalar sector of the SM model with Higgs
fields whose isospin satisfies

1 1

That means singlets, doublets, septuplets ... of scalar fields are allowed, but not triplets, for
instance. Then, using again the property 73(¢;) = —%1(@), we can eventually claim [22]
(L;(L; + 1) = Y2 /4)0?
= Sulhlli+ 1)~ v /ays L108)
2. Yivi/2
Considering the values of I; = 0, %, 3, ..., we obtain the corresponding custodial preserving
hypercharges Y; = 0, 1, 4, ..., stemming from the condition I;(I; + 1) = %Yf imposed for all 7.

All these considerations have provided us with an interesting contraint on model building.

1.7 Possible implementations

One of the first model presented to host a PQ mechanism in the SM was the Peccei-Quinn-
Weinberg-Wilczek (PQWW) model [23], which adds to the original field content of the theory an
extra Higgs doublet. The Yukawa terms were modified as

Ly = —yadrd2dr — yudrdiur (1.109)

where ¢; develops a corresponding vacuum v;. The two vacua should reasonably satisfy the relation
V3 +v3 = v = 246GeV, in order to reproduce the electroweak scale. In so doing, we have eight
degrees of freedom shared by two Higgs doublets and, consequently, we can introduce a non-trivial
PQ charges assignment as

b — e X%, up — eXu%yp dp — eXa%dp (1.110)

in which X; = X, and X5 = —Xj. Problems with this model appear when it comes to dealing
with phenomenology. As it will be shown in the next chapter, the axion mass turns out to be
related to a special quantity: m, ~ f; !, where f, is a constant with energy dimensions named
azion decay constant. In this simple model, where there is only one energy scale (i.e v), f, ~ v
and consequently m, ~ v~!. Moreover, the constant f, controls all axion couplings with SM
particles, which turn out to be proportional to 1/f,. An axion of this kind interacts too strongly
with matter if compared to current experimental results, which undoubtedly exclude it. A famous
example is the experimental bound on the branching ratio B(K* — 7t + nothing) < 7.3 x 10711,
for which this so-called visible axion model predicts a significantly larger value. Even more directly,
astrophysical considerations impose 109GeV < fao < 1017GeV (as we will contextualize better later
on): an f, ~ 246GeV grossly falls out of this range. Therefore, just because the PQ mechanism
seems to be well justified, in order to reconcile its side-effect with experiments we need to heavily
decrease the axion mass by introducing a new energy scale, that means other degrees of freedom.

This way has been pursed by different models that go under the name of invisible azion models.
One of those is the Dine-Fischler-Srednicki-Zhitnisky (DFSZ) model [24, 25], that is one of the
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main topic of this Thesis and it will be extensively described later. The essential idea of this
construction is to extend solely the scalar sector with an extra complex singlet field with respect
to the PQWW model and to require that all fields appearing in the theory enjoy a Peccei-Quinn
symmetry (excluding gauge bosons). A different approach is that followed by the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) model [26, 27], where a complex singlet scalar that couples to a new
heavy quark is introduced in the SM. Here only these two extra fields are endowed with a PQ
charge and, thereby, they alone are responsible for the axion degree of freedom: the rest of the
standard model is PQ neutral.

Of course, these are only two exemplary models, but it is easy to realise that plenty of pos-
sibilities to tweak the SM can be suggested. Anyway, all of them should take into account the
experimental restrictions coming from particle physics experiments and, being the axion a dark
matter candidate, constraints from astrophysical and cosmological data.



Chapter 2

The mass spectrum of a DFSZ
model

In this chapter we are going to study in depth the degrees of freedom of a DFSZ theory and
the problem of identifying the different fields of the standard model arising from its scalar sector,
whose structure is here much more convoluted. In particular, we will concentrate on the kinetic
and the potential part of the Lagrangian, leaving momentarily aside the Yukawa terms. Following
the general procedure applicable for the calculation of the mass spectrum of a typical DFSZ model,
we will analyse a slightly different case, where the quartic c-term of the potential, that mixes the
three different Higgs fields, is replaced by a cubic one.

2.1 The DFSZ potential

As we have already anticipated in the previous chapter, in order to implement a model enjoying
a PQ symmetry, we have to enlarge the field content of the theory. To do that, a viable possibility is
that presented by the DFSZ paradigm, which leaves untouched the fermionic sector of the standard
model, but enlarges the scalar one firstly by means of a second Higgs doublet. But we have already
pointed out how this solution possesses great phenomenological problems: its prediction of axion
properties is ruled out by experiments. Thus, the DFSZ model adds an extra Higgs singlet, for
reasons that we are now going to discuss.

Indeed, we can define the two Higgs fields as

=) =-(%) 2

which are simply copies of the SM Higgs field: two SU(2); doublets (with isospin I = 1/2)
with hypercharge Y = 1 and, consequently, with a upper charged component of Q = 1 and a lower
discharged one (according to the Weinberg relation Q = I () +Y/2). These two fields are responsible
for quark and lepton masses through Yukawa couplings similar to those of (1.109). Therefore, it
is clear that their VEVs, given by (ay) = (8.) = 0, (ag) = v1/v/2 and (By) = va/+/2, should be
related to the usual electroweak vacuum expectation value as v? = v? + v3 (with v = 246GeV),
where we define tan 8 = vy /v;.

If we now enrich the model with the extra Higgs ¢, requiring it to be a SU(2)[, singlet with
Y =0, it is immediately evident that it will not take part in the gauge symmetry of the Lagrangian.
Moreover, if (¢) = vy, we are introducing by hand a new energy scale in the theory, which has

35
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nothing to do with the electroweak one. Actually, it will be ultimately related to the axion decay
constant f,. Just thanks to this new scale, we will have enough freedom to make axions invisible.
The kinetic terms of these Higgs fields can be fixed, accordingly to their definitions, as

1
Ekin = ia,ud)*auqs + ’D/LQZ)J{Dud)l + D/L¢£DH¢2 (22)

where the covariant derivative is obviously defined this way:

9 e, .Y
D/L¢i = /L¢i - 'Lio'a,Wp,d)i - Z§Y¢z (23)
Now, if we consider how these Higgs fields transfom under the PQ symmetry, we are free to set
¢1 N eiX10¢1 ¢2 — eiX20¢2 ¢ — 61'X¢0¢ (24)

where, up to now, the different PQ charges are unrelated. Putting aside the Yukawa terms,
which play no role in the determination of the scalar and gauge mass spectrum, we can write
down the most general potential respecting CP invariance, the gauge symmetry of the standard
model SU(3). x SU(2)r, x U(1)y and the additional anomalous U(1)pq transformation. It can
be readily realised that the PQ invariance requirement imposes severe constraints on the possible
terms entering the potential, that can be expressed in the following form:

V(g d1, d2) =g (0" 0 — V2 + M(dldr — V)2 + Na(ohpr — V)2 +
+ A3(pl 1 — V2 + @hpr — V)2 + Aa[(6]601) (dhepo)+ (2.5)
— (61h) (Bhd1)] + (adl 1 + bdSd2)* b + Vi serm

In the previous expression, clearly, all of the parameters are assumed to be real. To start with, V7,
Vo and V, individuate the unperturbed VEVs of the theory, that is to say the individual VEVs
of the Higgs fields when all interactions have been switched off. That can be easily read off from
the first three terms. Then, we have two independent contributions parametrized by A3 and A4,
which display a mixing between the two Higgs doublets and, eventually, two terms which relate all
of the Higgs fields. The second-to-last coupling, just as the previous ones, does not require further
conditions on PQ charges in order for U(1)pg to be a symmetry.

The V._ierm, which has not been made explicit yet, deserves a different kind of discussion. As
a matter of fact, it can come in two distinct versions and, thereby, it can individuate two slightly
different models:

Voo {¢1¢2¢2 +0l616"2 Xo— Xy = —2X, 26)

Lot + dlpd*  Xo— X1 = —X,

with a quartic or cubic interaction term. Next to each version, we have indicated the required
charge relation in order to make this extra contribution PQ invariant. The quartic model has
already been studied quite deeply in other works (see for example [28]). What we are going to
tackle here is to develop the consequences of introducing a cubic term in our Lagrangian in a
very similar fashion to previous approaches. Customarily, the X is fixed in literature to a precise
constant value of —1/2, for reasons that will be clear later. To make use of the advantages of this
choice, we will select a value of X, = —1 for the cubic model, in order to obtain a completely
equivalent relation among charges.
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2.1.1 Realization of the custodial symmetry

A non-trivial issue will be to understand the roles of the different Higgs degrees of freedom in
our model, but we will take it up in following sections. Now it is important to explore the global
symmetries of this potential. As we have already motivated quite at length, there are good reasons
to think that the custodial symmetry is an approximate symmetry of the standard model. It is
obviously approximate, because it is not a symmetry of the whole Lagrangian: the Yukawa and
hypercharge sector violate it, as we have already shown. Nevertheless, we know how crucial its
presence is to account for the close values of the W* and Z boson masses. However, it is not
self-evident at all how this SU(2)r x SU(2)r symmetry (then broken to SU(2)y by the vacuum)
could be achieved in a DFSZ model.

As a first step, we need to reorganize the Higgs doublets degrees of freedom using the two
doublets formalism, to make more manifest our problem:

by = (<Z>1 $2) = ( % %z> Dy = (&2 $1) = 02P]y00 = (_’Bg_ a+> (2.7)

—Q_ Qg

It will also prove useful to introduce the following matrices

ol _ [ S q%z)
[=%ne <—¢>I¢2 Sios

! 0
J =& &y = (¢2¢1 ) (2.8)
2 0 olo
1 o VE 0
W=z - = (0 )

The last one is simply a constant matrix, while the remaining ones are particular combinations of
the original fields, whose VEVs take on the form

<1>_(”O% U%) (J) = vivs1 (2.9)

It is noteworthy that these vacua break the SU(2)r x SU(2)g, as expected. But if we want a
residual SU(2)y symmetry, we have to impose the condition v; = ve, rendering I proportinal to
an identity matrix, too.

If we make use of all the aforementioned notations, we can rewrite the potential as

V(9 61,62) =hol6"0 — V2V + S {orl(T — W)+ 03)] + 22 {orl(T ~ W)(1 — 03)]+
+ As[tr(I — W) + %tr[ﬁ — (Io3)?] + %tr[(a +b)I + (a—b)los)p*p+  (2.10)
+ gtr(JqS +Jten)

As usual, under a SU(2);, x SU(2)g symmetry, we will have ®;; — L®;;R" and, thus, starting
from their definitions, we can deduce

I— RIR"  J+—J (2.11)

where the first relation can be straightforwardly obtained, while the second can be simply computed
remembering that Ucs = ooU*, with U unitary. Now that the transformation of the potential
under the desired symmetry has been highlighted, the constraints on our parameters in order to
satisfy the custodial symmetry can be calculated.
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Proof. 1t is pretty easy to notice that Ay and V will not be involved in the transformation and
they will be automatically custodial preserving. Using the cyclicity property of the trace, it can
be also claimed the same thing for A3 and c¢. The remaining terms deserve a bit more of caution.
We can start developing the A1, A2 and A4 contributions:

ﬁ{tr[[] —tr[W] +tr[los] — tr[Wog]}Q + &{trm —tr[Wl+
4 \ 4 (2.12)
— tr[los) + tr[Was)}? + ftr[[z — (Ios)?]

We see that the only troublesome term which violates our global symmetry is tr[los], owing to
its transformation properties: tr[I'cs] = tr[RIR'o3] # tr[Ios]. The idea to pursue is trying to
simplify terms of this sort, appearing in the A\; and Ay couplings, with those in the A4 parenthesis.
To achieve that, we can just expand a bit more our expression as

%{(tr[[] +tr[los])? + tr[W)? + tr[Wos]? — 2(tr[I] + tr[Ios))tr[W] — 2(tr[I] + tr[Ios))tr[Wos]+
+ 2tr[Wltr[(Waos)} + %{(tr[[] —tr[los))? 4+ tr[W1]? + tr[Was)? — 2(tr[I] — tr[los))tr[W]+

+ 2(tr[I] — tr[los))tr[Waos] — 2tr[W]tr[Waos)} + %tr[[2 — (Io3)?]
(2.13)

In order to reach the compensation with the term showing up in the last bracket, we have to
start making a set of assumptions that will ultimately lead us to the identification of the custodial
preserving conditions. First of all, we have to require \; = Ay = A, so that we can write

i{(tr[l] +tr[las))? + (tr[I] — tr[lo])? + 2tr[W1? + 2tr[Was)* — dtr[I]tr[W]+
4 \ (2.14)
— dtr[Ios]tr(Wos)} + Z‘*tr[ﬁ — (Io3)?]

It is easy to see that there is no hope of simplifying a term like —4tr[Ios]tr[Wos], because the Ay
contribution does not depend on W. So, we can only require tr[Wo3] = 0, that is achieved by
setting V7 = V5. Therefore, one gets

%{2157«[1]2 + 2tr[lo3)? + 2tr[W]? — dtr[I]tr[W]} + %tr[ﬂ — (Io3)?] (2.15)

The last two terms in the first parenthesis are harmless. Thereby, we just need to impose Ay = 2\
to eventually obtain

%{ztrm? 2 [W2 — atr{T)er W]} (2.16)

which is now custodial preserving.

Regarding the term containing the parameters a and b, we can simply get rid of the annoying
tr[Ios] contribution by requiring a = b.

Finally, we can sum up the custodial preserving conditions obtained in this proof:

A=Ay =\

Mg =2)

: (2.17)
Mi=V,=V

a=">
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2.2 The field content

In this section we will go through the tricky issue of identifying the physical degrees of freedom
of the scalar sector of the model. We know that each Higgs doublet possesses four components
(a radial and three angular fluctuations), while the Higgs singlet has two of them: therefore, we
have to end up with ten possible fields. We can envisage, just from theoretical considerations, that
three of them will be eaten by the gauge bosons, contributing to their masses, exactly as in the
standard model. Nevertheless, we also expect to find a goldstone boson (i.e the axion), because
the global PQ symmetry is broken by the VEV of ¢ at a very high energy scale.

2.2.1 The gauge bosons

To start with, it will be extremely useful to spot the degrees of freedom eaten by the gauge
bosons of the standard model. It is immediately clear that a complication arises from the fact that
now the gauge symmetry is shared by two Higgs fields.

We know that we can write our fluctuations around the vacuum for the two doublets in a similar
fashion as

b1 = \}iemp{;[ﬁal + (202 + (3(03 — 1)]} (Ul 3h1> N %El(m) (”1 3}“)
)

b0 = %ewp{ 5 Mot + 1202 +113(03 — 1)]} <v2 J(i h2> = %EZ(QJ) <v2 4(1 h2>

where we have brought to light that o3 +1 is the unbroken generator. Here, to avoid a cumbersome
notation, we will consider ¢; = ¢; /vy and n; = 7; /ve, where ; and 7}; are fields with mass dimensions.
To see which particular combination of the phases ¢ and n will be absorbed in the gauge boson fields,
we have to look at the kinetic term of the Lagrangian. Of course, we are going to individuate the
degrees of freedom gobbled up by a linearized gauge transformation: thereby, we will be interested
only in quadratic terms in gauge and goldstone fields. Using the Higgs ¢; as an example, we could
write its partial derivative explicitly as

(2.18)

" —\}i{El () (afm) + %[BHQCH + 04202 + 0, (3(03 — 1)| Ex () <v1 -(i h1>} -

LD N 0 0,1 — i0,C 0 -
- \/5{ (c’),le) T2 <8uC1 +i0uC2 #—23;&3“ ) (Ul + h1>} B (2.19)

1/ 0 i 0,1 — i0,C
= ﬂ{(@u}h) + 5(’01 +h1) ( M7128H<: 2)}

where in the second-to-last passage we approximate Fj(z) &~ 1, because we will ultimately need
the square of this object. As a consequence, quadratic terms in goldstone bosons can be neglected,
together with all higher contributions.

Now, we can express our covariant derivative in a more explicit form as

B L i (gW2+g'B, gW,—igW? 0 B
Duér =0ué1 = V22 (gW; +igW, —gW3+¢'B, (@) vi+hi)

([0, 0,61~ 0, _ 1 gW! gV

where we used Y = 1 and again the approximation F;(z) ~ 1. If we now consider the term
DM¢J{D“¢1, products generating mixed interactions of gauge and goldstone fields with the Higgs

(2.20)
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field automatically simplify out. Consequently, we could claim

(v1 4+ h1)? (v1 4+ h1)?
8 8

1
+ g(vl + h1)?[40,C3(—gW4 + ¢ B*) — 20,WH — 20,LWH + ...

DupI D" dr =0,010" 1 + (WEW, + WEW?] + [gW4' — g'B*][gW} — ¢'B,]+

(2.21)
The remaining term can be easily computed using (2.19):
2 2 2
0,010"p1 = %@hﬁ"hl Lo Zhl) [(8“41) Z Oua)” (a,tcg)ﬂ (2.22)

so that, substituing in (2.21), adding also the contribution of the second Higgs doublet, we get

8,h10"hy | 0,hL0"h h1)? [(861)? + (0,62)?
D,pI D py + D, pi Dy = L 12 L 22 2 (111-1-2 1) [( ,.C1) 1‘( ne) +(8NC3)2:|+
h 2 o 2 o 2 2
(o Rl Q) 2Oy 02 4 £ fn + m)? + (vn + mPIOVEWS + WEWEL

1 . 1 .
+ g[(m +h1)? + (vg + he)*[gW4' — ¢’ BH[gW,) — ¢'B.] + g(vl + h1)?[40,Cs(—gW4' + ¢’ B*)+

1
— 28“<1W{L - 28H<2W2'u] + g(vz + h2)2[48u773(—gW§‘ + g/BI’L) — 28ﬂr]1W1” — QQHWQW;] —+ ...
(2.23)

In order to obtain our result, we do not need to take into account the radial fluctuations around
the VEVs (hy and hs): hence, we will ignore them in the following considerations. But written
in this form, equation (2.23) does not unveil the combinations of phases that can be absorbed
through a gauge trasformation of W/*. It will prove to be convinient to add and subtract the
expression ¢gsg(D, ¢ Do + D, ¢y D 1) (where we use the shorthand notation ¢ and s, which
stand respectively for cos 8 and sin 3):

_ 0,h10"hy 1

'DuqﬁJ{D‘u(ﬁQ + h.c. = f + g(vl + h1)(1}2 + hg) l:@uglal‘nl + 8M<28#772 + 48MC38ﬂ773+

—10,10"n2 + iau@a”m] + —(v1 + h1)(v2 + h2) [gg(Wlu)Q + P (WE)? + (gWh — g/B“)Q} +

1
8

(v1 + ) (va + ha) {g(wﬁ — W2 ("G +i0"G) + (—gW P + g’B@(—?aﬂcgﬂ +

0| — |~

(01 + 1) (v2 + o) {g(Wﬁ +iWR) (0" — 0" ) + (—gW + g’Bu)(Za*‘m} +hoe + ..
(2.24)

and neglecting terms involving the radial Higgs fluctuations once and for all, as already suggested,
we are left with

1 1
Dmﬂpufﬁz +h.c. = Vv [%Claﬂm + 0,,(20"n2 + 4%(35”773} + 7V {QQ(W{LF + g2 (W2 +
1
+ (gW4' — QIB“)2] — U [QWi(a“Cl +0"n) + gwi(a“@ + 0% )+

+ (—gWi’ + ¢ B,)(—20"¢5 — 25‘”773)] +...
(2.25)



2.2. THE FIELD CONTENT 41

Now, going on with this little trick, we can rewrite the kinetic term for the Higgs doublets in
a clever manner

52) DD 1 + (¢ + 53) Db Do + cs5(Dudi D o + hoc) — csp(DudiD o + hoc) =
—— N——

=0

= | 3D D" ¢1 + s3D, 85D 6o + cpsp(Dud| D" + lw)} + [s%DmiD%l + D)D" b+

— ¢353(Dudi D"y + hec.) (2.26)

If we consider the first term in square brackets, plugging in all the aforementioned expressions, we
can obtain the following result:

22 9 2 ) 2
C%D#qﬂpu(]ﬁ + S%D#gﬁ;D“d)g + Cﬁsﬁ(DMbJ{D”(ZSQ + h.c) = 5V1 [ (9uC1)” + (9uC2)

9 1 + (8,u<3)2 +
S22 (9 2 9 2 2
n BY2 {( Mh) Z( u772) +(8;L773)2 +g

: (08 + sRIIOVE)? + (W5}

[c2v? + s203) c3v?

%(QW%;‘ —g'B")? + Bg 48, Ca(—gWE + ¢ B1) — 298, W — 298, 6 WE+

2.2

55Y2 Hoy e i 1
+3 [40,m3(—gW3 + g'B") — 290, mW{ — 290, m2W5'|+

CaS3V1V

= [aucla“m + 0,C20M s + 40,G30" 03 + g2(WI)2 + g2 (W2 + (W' — g’B“)Q] +
. CpSpU1V2

. [gW;w“@ 0" + gWE(D G+ 0"p) + (g WS + g/ B,)(~20"Cs — 28”773)} e
(2.27)
Going on with some cumbersome algebraic passages, we can manipulate another bit the previous

lines, in order to obtain something neater and more readable:

ADud D 61 + sEDuED b + ca55(Dyud Do + hoc.) =

cgv 2
= R RVE 4 POVEP + 0u0)° + (0,0) — 200,017 — 200,60V |+
SpU 2
+ (BT” {gz(vvf)z + 9 (W) + (0um)* + (9m2)” — 200,m W1 - 2gaunzw2“} +
CpSpU1V2

1 [QQ(W{J)Q + 2 (W2 + 0,61.0"m + 0,(20" 12 — gW i (0 ¢y + 01 )+

2
— gWi (0" + 8“772)] + “ﬂ;’” [@w; —§'B")? + 4(0,63)° — 4(0,,G3) (gW4' — g’Bﬂ)] +

2
Co[(gwg = /B2 4+ 40,0 ~ 4@y W~ o' B)] +
CpSpU1V2 1 I R\ 2 " n ! R
4 |Ws' — g BY)" 4 40,630" 13 — 2(9uCs + Oums) (gW5' — g BY)

+

(2.28)
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Thus, when the smoke clears, we can eventually write down a compact and useful expression:

2
[g (cgv1 + spvg) W — cgv10M¢; — 551}28“7%] +
|

ool —
]

i=1

= (2.29)

2
|:(Cg1)1 + spv2)(gW4' — ¢’ B*) — 2(cgv10M (s + Sﬁvzauﬂg):|
—_—————

=1

ool

+

Noticing that cg = v1/v and sg = ve /v, we can easily see that the charged W+ bosons get the usual
mass term myy = gv/2, where v is the electroweak scale; the same is true for the combination that
defines the Z boson in the SM, which has myz = /¢ + ¢’?v/2. But now we can clearly observe that
the gauge symmetry is shared by the two doublets. As a matter of fact, the gauge transformation
to apply to our bosons in order to jump into a unitary gauge must involve both of the two Higgs
phases in a non-trivial arrangement. Indeed, considering that (; = @ /v and n; = 7); /v, it is
evident for example that the combination 6, eaten by the zeta boson at infinitesimal order is:

Z,— Z, — 20, (6543”5”3> (2.30)

and, so, 07 = 2(0553 + spn3). In a similar fashion, for the charged gauge fields Wf = (Wﬁ +
zWﬁ)/\/Q one gets 0F = [csla + sp1i2 £ i(cpCt + s5m1)]/ V2.

If we now consider the second part of equation (2.26), working out the various terms in a
completely similar way, one finally attains

2 2
1
3 {g (—spv1 + cgve) W — (—spv10"¢; + cﬁvga“m)} +
=0
1 , (2.31)
ts [(_Sﬁvl + cpv2) (gW4 — g’ B") — 2(—s5v10" (3 + Cﬁvza”ns)]
—_——

=0

where we see that in each couple of square brackets addends proportinal to the gauge fields dis-

appear, because of —sgv; + cgva = 0. As a matter of fact, these last phase combinations are just

those orthogonal to the previous ones. Therefore, there are some phase fields which survive a gauge

redefinition of vector bosons. For the neutral sector, the field orthogonal to the Z-goldstone boson
phase (2.30) is: 3 5

AO = Sﬁgg - Cﬁﬁg (2.32)

Nevertheless, the fact that adding and subtracting a quite convoluted term lets us achieve the

correct result means something more profound. If we look again at (2.26), it is immediate to see
that this expression can be written down as

Dyu(cpdr + 5p02) Dyulcadr + sad2) + Dyu(—spd1 + csd2) Dyu(—spd1 + cada) (2.33)

which tells us that the real degrees of freedom can be obtained by rotating the original Higgs
doublets: only this way one can correctly spot the direction giving mass to gauge bosons. Indeed,
if we start with our doublets written in the form (2.1), then we will have

;o B cpat + 558"
O =cpd1 + 5502 = <cﬂRe[ao] + sgRe[Bo] + i(cgIm[ag] + sBIm[ﬂo])> (2.:34)
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where the upper component is given by the sum of the two uppers components of the original fields,
having charges Q = +1: that suggests how this phase is related to the W*-goldstone bosons; the
neutral imaginary part of the lower component, instead, exactly resembles (2.30). On the other
hand, the real part is the only one with a non-null VEV. This one can be defined as the sum of
the right VEV and a fluctuation H, because, consistently

/U+H 7i L an C el S € :Civ Si’l} :i

(

So, upon carrying out the rotation, this field combination ¢} has exactly the standard form of the
SM Higgs. At the same time, the second orthogonal part comes as:

;o B —sgat + 3BT
9= —spd1tcada = (sﬂRe[ao} + ey RelBy] + i(—spImlag] + cﬁfmwon) (2:36)

Here, the charged and neutral phases just look like the fields which are not gobbled up by the
gauge fields (that we have already discussed above): the neutral one will be analysed more deeply
in the next paragraph, while the charged ones are the so-called charged Higgs H*. The real neutral
component is a scalar field S/v/2 with a null VEV: (S/v/2) = (—sgRe[ao] + csRe[Bo]) = 0.

2.2.2 The Z-boson and the PQ symmetry

As already stated, the only PQ charged objects in our model are the Higgs fields and fermions:
no direct PQ coupling is assumed to exist for gauge bosons. To ensure this fact, we have to
guarantee that the phases eaten by these bosons are PQ neutral.

Restricting as usual our discussion to the scalar sector, we know that, when it comes to speaking
of PQ symmetry, also the singlet field plays the game. There will be a degree of freedom associated
to the PQ transformation (that in the end will identify the axion) that we will name w, shared by
all the Higgs fields and, hence, given by a combination of their phases. As already said, under a
PQ transformation, we have

(bl — einw(x)/v¢1 ¢2 — engw(m)/v(bz ¢ — eiX¢w(m)/v¢ (237)

where we have made the substitution § — w/v. It is easy to realize that, starting from (2.18),
the first two fields can be written as

b1 = 1( (G +i¢1)/2 ) by = 1( (7o + i) /2 )
V2 \w1 + hy +i(—CG + V2wX v /v) V2 \w2 + ho +i(—13 + V2w Xov5 /v)
(2.38)
For the Higgs singlet, we can instead simply claim
b =0y +p+i(Gy+ Xyvpw/v) (2.39)

So, we have the following transformation laws under a PQ symmetry for the neutral phases (we
see that the charged ones are untouched, as expected):

Ch =G — V2wX,(v1/v)
7 = i3 — V2wXo(v2/v) (2.40)
G;) =Gy + Xypw(vy/v)
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We can use now the relation achieved in (2.30), which identifies the eaten Z-gauge boson phase 6,
in order to realize that it changes as

0 =0z — 2V2w(c3 X1 + s5X2) (2.41)

Therefore, all we have to do is just setting C%X 1+ S%XQ = 0 to endowed 6z with the property
of being PQ neutral. This latter is our second relation among PQ charges. If we consider that
—Xi1+ Xy = =Xy =1, we readily get X; = —s% and X9 = c%. Actually, this constraint on
0z can also be considered necessary so as to diagonalize the kinetic term, avoiding expressions
as 0,0z(x)0"w(z) in the Lagrangian: if the kinetic part is not diagonal, we can not extract a
propagator, because we do not know which ones are the truly physical degrees of freedom that
propagate.

From this point of view, the problem is still open for the fields Ay and G’¢ which transform as

{ Ay = Ao+ V2] Xz — Xilegsp = Ao + V2wepsy (2.42)

Gl =Gy + wXy(vg/v)

It is clear that this w-degree will be a suitable combination of these two. If we now consider the
original Higgs doublets written in terms of the rotated ones (W~hich highlight the physical fields of

the problem) and if we keep in mind the relations o™ = {22‘*'7}241, gt = 77"'24'7\/"2173, Im[ag] = —C3/V2

and I'm[By] = —1j3/v/2 to move from one parametrization to the other (compare (2.1) and (2.18)),
we will reach these expressions, until now:

b1 = cpdy — spdhy = L Cﬁ% ~ V2spHlt _
V2 \(v+ H —i07/2)cs — s5(S +idp)
ot + 2.43
¢2:85¢,1+CB¢,2:L Sﬁ‘ﬂ+\@cﬁH - ( )
V2 \(v+ H —ifz/2)s5 + cs(S +iAo)

¢ =vg+p+iGy

As already mentioned, Ay and é¢ are not physical fields yet. We have also set H;/ = (—3551 J2+
cgihy2)/2, HE = (Hy £ iH,)/v/2 and, in a similar fashion, 6% = (6, +i6,)/v/2.

2.2.3 The axion emergence

We have already claimed how the axion component should be associated with the freedom of
carrying out PQ transformations. However, we should still individuate this massless field. There
is more than one field possessing a PQ charge and, thus, in a reasoning similar to that done for
the gauge symmetry, we need a right combinantion of phases. The remark that the axion field can
not be completely identified with the phase of ¢ is self-evident just by looking at our cubic term
Ve_term: here the phase of ¢ does not disappear from the potential and, thereby, it can not be
associated to a massless field. Indeed, any field which has place in the potential contribution of the
Lagrangian will eventually get a mass through the spontaneous symmetry breaking mechanism.

A powerful instrument to cope with this problem is the currents algebra of the theory. As a
matter of fact, if we have a symmetry associated to an internal transformation, we can define a
conserved current, whose expression will get a contribution (according to Noether theorem) solely
from the kinetic part, being the potential independent of the derivatives of fields. Employing this
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definition, we can obtain the PQ conserved current associated to the scalar part of the Lagrangian

2
ys ys 5L 6L
PQ _ T * _
g} Z(aau¢k6¢k +6¢k53#¢2) + (5a#¢(5¢+6¢k58#¢*>

k=1 (2.44)

1 = - -
= 5 X070, + X101i0,01 + X204i0ud2 + ...

where dots stand for the additional part to which fermions could contribute through their kinetic
terms, if PQ charged. As we will see, this part is extremely model-dependent. However, using
our freedom of choosing the definition of a field, it will not be important in order to fix the axion
component. Anyway, this non-zero projection of the PQ current on fermions will have a crucial
role while considering axion mass and its couplings to matter.

If we now use the usual parametrization (2.18) for our fields, together with (2.43) for ¢, we
notice that the piece proportional to ki, ho and p simplifies out, so that we are left with:

JIIjQ ~ 7X¢’U¢aué¢ + U(chgaﬂC:', + XQSB@ang) (245)

In the space of fields, this current is a field itself, individuating the direction associated to the PQ
transformation. If we want for a field not to couple to PQ symmetry, we just need to impose an
orthogonality condition or, in operatorial language, that the commutator between the field and the
current disappears. As a matter of fact, our previous condition c%X 1+ S%Xz = 0 could have also

been found by requiring the two vectors jf @10) and 0z |0) to satisfy
(0].7F90410) =0 or (0][JF?,02]/0) =0 (2.46)
Indeed, one has:
(72 (@)l0z(y)) =
= (=Xt 0uGo(o)] + 015 Byale) + vXas @yl ) (e Icaw) + 99 hm() ) =

= 0 X163 (0,C3(2)|C3(y)) + v X283 (Ouns(@) 03 (y)) = —ivhe(X1¢h + Xos3),D(x — y) (247

which readily replicates our initial condition, provided that the orthogonality relations <8HC¥¢\C3) =
(0,Gy|m3) = (0,C3|m3) = (9,m3|¢3) = 0 hold (being (3 and 73 independent fields by very definition).
Moreover, the commutation formulae [ns3(z), n3(y)] = [(3(x), (3(y)] = —ihcD(x—y) (where D(z—y)
is the Pauli-Jordan distribution) will be satisfied, too, in the limit of a free field theory.

Once observed that, it should not be so difficult to be convinced that the axion direction can
be directly extracted from the PQ current itself. Indeed, we can easily see that

1 -
JII;Q ~ —§8H[2v¢G¢ — 2uegsg(—spls + camz)) =

. ] ] (2.48)
= —§8M[ZU¢G¢ + 2vcgsg Ao
where we used the definition of Ay (2.32) and, so, we can finally claim
A 204Gl + 2vcgssAg
JI9 ~ —58#(1;5 = ay= A (2.49)
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in which A is a dimensional constant we need to adjust dimensions. If we want to recover the
standard normalization [a4(x), as(y)] = —theD(x — y) for the axion field in a free-fields limit, it is
simple to show that the correct definition endowing our model with this consistency property is:
B 2’U¢é¢ + vsin(28)Ag
41}35 + v2sin(20)

[ (250)

It is noteworthy that, because of different choices of the Peccei-Quinn charges, the definition of
the axion for a cubic V._term theory slightly departs from the usual one, where a quartic term is
adopted: this very tiny change will have, anyway, visible effects on the mass spectrum formulae.
Moreover, we want to point out a typical aspect of these DFSZ models: even if the phase of ¢ does
not contribute by itself to the axion, as already enhanced, the axion field receives a substatial part
of its definition from it, because of the relation v4 > v. Until now, we did not say anything about
a numerical value of vy, but we just required it to be a great number in order to make the axion
invisible: we will come back on this point later on.

Actually, our axion definition (2.50) individuates the rotation matrix between the last two non-
physical degrees of freedom that were left aside, i.e Ay and é¢. Hence, we can define the additional
field orthogonal to the axion simply as

B 204Gy — vsin(28) Ay
4“3& + v2sin(20)

Ao (2.51)

and we can eventually pin down the complete field parametrization in a compact form, employing
®15 and ¢. The kinetic term can be written down as

1
Liin = 50,0"0" ) + tr[D,®1, DFd,,] (2.52)
Here, we have DF®1y = 0Py — igW“tI)m(?/Q + ig’B”‘blgag/%, in which the presence of o3 in

the last term is justified by considering the definition ®15 = (¢1 q§2) (the first component has
opposite hypercharge). Therefore, we will end up with

. vy A
(v+ H)eg —85(5—2”‘)) V2esHT
Do = 7\1[U stz N U,
vg+v?sap

A 21
¢ = <v¢ +p—1 Y5250 >escp{ e }

,/41)5) + 02893 ,/41)35 + 12895
with U the matrix containing the goldstone bosons and U, the axion field:

0 25X in2
U= e:cp{Z ’“J’“} U, = exp{%} with X = <Smo b COSQ B) (2.54)

2v \/4v5 4+ v2s2p

where the factor two multiplying a4 is used to recover the spg of the inverse transformation of
(2.50) and (2.51). By substituing this explicit expression inside the kinetic Lagrangian, one can
directly verify that all of the fields show up with a diagonal and standardly normalized kinetic

(2.53)
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term: that means we are on the right track to identify the physical degrees of freedom of the
theory.

Just to give a flavour of how things work and that everything has been correctly done until
now, we will sketch in what follows a schematic calculation of the diagolalization of the mass term
for Ag and G¢.

Proof. By using our initial parametrization (2.43), we can understand that the sole contributions
containing quadratic terms in flo and C~¥¢, could come out from V._;crm: indeed, these fields are
phase degrees of freedom that disappear while multiplying a Higgs by its complex conjugate. So,
we can concentrate solely on this part of the potential. We can start by working out (ﬂ o

1 s s A
o me = (2 (28 4 2820
Pl pa =~ 2(@ cgsg + .. .)exp{z(cﬂ + 36) » } (2.55)
and then )
Gy
¢~ (vy+...)exp za (2.56)

Consequently, we can write the expansion of the V,_;cpp, as:

A, G
Leterm = ch)J{(bng + h.c.= g[v%gsﬁ +. g+ .]exp{i [<35 + Cﬁ) 204 (ﬂ } + h.c. =

65 SB v 1}¢
c (s cg\ A G 1/(s cs\2A2 162
:[020g8g+...][U¢+...]|:1+Z<ﬁ—l—'6)0+Z¢—(64—’8) 2___¢
2 s sg) v Vg 2\ cp sg v 21)¢
i
- <SB+%>OG¢} + h.c.
Cﬂ Sﬁ U’U¢ (2.57)

If we retain again only the quadratic terms which enter the mass matrix, the preceding formula
will yield

2 79 ~2 1 A
c s c A G s cg \ AgG
Ec—term = —5[1126355’005] |:<ﬁ + ﬂ) =9 + 7;# + Q(ﬂ + 6) M:l -
Cg Sp

2
cl vy o VTCBSE 5o i s
= —— A G 20A0G
2[0138/3 . Vg CRR 4

This gives rise to a two-by-two mass matrix, whose eigenvalues and eigenstates are our next goal.
The minus sign in front of this mass term enables us to understand that, in order not to deal with
tachyon particles, ¢ has to be negative: ¢ < 0. The associated secular equation can be immediately
read off from the previous expression as

m? — |¢| 22 el 405
det coss 2 1)2055/3 = 0 = m(m - |L| |:d) + 7)252ﬁ:|) = 0 (259)
|c|v m* — e[ =2+ 2ug | 528

which gives a massless solution, as expected, and a massive eigenvalue

2
2 le| (4vg |
m4. = —|— 2.60

Ao 21}¢ <82,3 to 528 ( )
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Now the eigenvectors can be found very easily by identifying the correctly normalized vectors
solving the eigenvalues equation. This leads us to the orthogonal rotation matrices

0= (2”¢ _“Sw) (2.61)

vS2g 204

which eventually generates the axion and A fields of expressions (2.50) and (2.51) respectively. [

2.3 The mass spectrum

Once the theory has been described in details for what concerns its field content, we have to
move onto something which lets us compare our theoretical construction with experimental results.
A first decisive step will be the calculation of the mass spectrum. Actually, this latter can tell us
if our theory is consistent with the current knowledge of nature, coming from collected data, and
if there is some hope to verify it with some future experiments.

Before proceeding, we will tweak the value of some parameters in the Lagrangian, in order to
better compare our results with the existent literature. We will rescale some of them as follows:
A1 = 16A1, Ay — 16X2, A3 — 16A3, Ay — 16A4 , a — 4a, b — 4b and finally ¢ — 4c¢. This choise
arises from the fact that, in general, a different parametrization of the Higgs fields ¢; and ¢- can
be done, which departs from ours by a factor two.

We have already calculated the gauge boson masses: we saw how they remain just the same as
in the standard model at tree level (something more about what happens at higher order will be
shown later on). Then, with an explicit proof, we derived the mass of the pseudo-scalar Ay: by
comparing this result with the one coming out from a quartic c-term [28]:

,U2
¢
mio(quartic) = 8|C‘ <525 + 'U282,8) (262)

we can notice two things. First of all, the mass term for Ay remains proportional to the parameter
c: as stated for example in [29], when ¢ = 0 the PQ charges of the fields ¢ and ¢; 2 are naturally
decoupled and so there is an additional global symmetry or, to put it another way, an enlarged
PQ symmetry U(1) pg(1/2) X U(1) pg(e) (Where the notation adopted is self-evident). Below the vg
energy scale, the vacuum breaks this symmetry and we will have two goldstone bosons: the axion
and, now, Ag, whose mass goes to zero with ¢ = 0. Just to introduce some terminology, these two
neutral pseudoscalar fields comprise the 0~ sector.

A second remarkable aspect is that the original numerical factor |¢| in (2.62) is replaced in
(2.60) by the adimensional combination |c|/vg, because here, in order for the Lagrangian to have
the right physical dimensions, ¢ has to be a massive parameter. So, it seems that, from the point
of view of the mass spectrum, nothing should be substantially modified. Indeed, the role of the
missing factor ¢ in the V._ierm, who generally increases the spectrum of a factor vy in the original
quartic model, is performed by the constant c.

2.3.1 The axion mass

In the classical approach developed up to now, the axion emerges as a goldstone boson with zero
mass: this is due to the fact that, classically, the PQ transformation realizes a genuine symmetry
of the DFSZ Lagrangian. Nevertheless, we already discussed at leght that, at quantum level, there
is an additional term which breaks this symmetry explicitly. In this new framework, the axion will
be a pseudo-goldstone boson and, so, it will be endowed with a mass. Being the axion, anyway,
a very light particle, its mass should arise from a theory of low energy, where all the heavier
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degrees of freedom are frozen: being quarks hidden by confinement, the only possible particles
contributing to axion mass at this energy scale will be the pseudo-goldstone bosons of QCD. The
major contribution will come from the lightest of them, i.e the pions. It is quite easy to get conviced
that, under these circumstances, the formula giving the axion mass will be model independent:
all particles whose masses could be different for our cubic model do not take part in the effective
potential which provides the axion with a mass.

After this necessary introduction, we can start going through this issue. As already shown in
(1.83), the effective Lagrangian related to axions can be expressed as

1 a « 5 _ _

Lo = 50ua0"a+ ﬁg;ggygy — GLMyqr — GrMjqL + ... (2.63)
where we have written down the correctly normalized kinetic contribution for the axion, the anoma-
lous axion-gluon coupling (from color anomaly) and the mass term for quarks. This latter will be
generated by a suitable Higgs mechanism through Yukawa terms (that we will describe later on).
We notice how the effective axion-gluon interaction has been written using the standard form,

which includes the more physical f, constant instead of vy = 411?5 + vZs9g, explicitly appearing

in the axion phase definition: we will better analyse their relation in the next chapter. Just be-
cause we are dealing with a low energy Lagrangian, we can restrict our analysis to the up and down
quarks, considering all the heavier particles as integrated out. Incidentally, we should stress how
the color anomaly is not the only one which should appear here: we should have added additional
anomalous contributions that, anyway, are not important for the current discussion and that will
be presented in what follows.

We are now going to prove that the anomaly term is the real responsible for the axion mass: it
generates an effective potential which turns the axion into a pseudo-goldstone boson. Acting with
a well-known chiral trasformation, we can move the anomaly contribution from the gluon term to
the quark masses, getting

o, 1
q= (Z) INPRLE s 2 PSS (Z) and so L, = iauaa“a —qrLMuqr — q’RMaTqL (2.64)

where the extra factor one-half in the exponential has been used to compensate for the fact that
we are transforming two quarks and where

M, = eiﬁlzszqeiﬁ12x27 Mq — (néu ’rg ) (265)
d

Now that we have redefined through a chiral transformation the two-by-two quark matrix, we can
tweak the low energy Lagrangian that we presented in (1.24) simply as

Linass = vitr[SM] + M, %] (2.66)

in which we can not overlook the possible complex nature of the quark mass matrix any more. We

remind that S — e {w“ ﬂ;ix)} - { fL,, (fgjr— @:)} (2.67)

and that v, in (2.66) is an energy scale related to chiral condensates. Therefore, following [30], all
we have to do is to expand (2.66), considering that

; 0 + 4
M+ M2t = emp{l < il \@710 )}6_1%12X2Mq + he =

fﬂ' \/5777 -

 a Nores (2.68)
:83}]?{7, <f7\'\/§7r2fa ﬂ_(JfW “ >}Mq—|—hc

I fr " 2fa
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(a) The scalar potential before the (b) The quantum corrections embed-

introduction of quantum correc- ded in V(a) bend the originally flat
tions: the angular fluctuations move direction of the scalar potential, giv-
along a flat direction of the poten- ing a mass to axion oscillations.

tial, so that the goldstone boson re-
mains massless.

Figure 2.1

Consequently, we could claim

= _ _a Vet
Loinass = vitr [ezp{i fw\/ﬁﬂgfa 0 fx . }Mq + h.c} =
f77 f7\' 2f(l

= vf/’, <2mu cos<7}0 — 2;) + 2my cos(;o + 2; )) = (2.69)

(i i) o) ()

and making use of some standard trigonometric formulae, we eventually obtain

dm,m . a 0
Linass = 20y, (my, + md)\/l - m sin? (2]“) COS<f - %) (2.70)
where
My — My a
tang, = T tan(2fa) (2.71)

To get the effective potential acting on the axion, we can integrate out the pion field by
simply noticing that the previous expression can be minimized with respect to pions by choosing
(%) = ¢u/fr. Moreover, if we keep in mind the formula of pion mass (1.25), we will finally get
the form of the axion effective potential, whose effects have been plotted in figure 2.1:

dm,my . a
V(a) = f?rmi\/l — m Sln2 <2fa> (272)

The minus sign obviously comes out from the fact that the potential enters the Lagrangian with a
change of sign. This important result deserves some remarks. First of all, it is noteworthy to see
that the effective potential is minimized by (a) = 0: this is in full agreement with the already stated
Vafa-Witten theorem, which prohibits the spontaneuos violation of the discrete CP symmetry. The
axion field will find rest in a null expectation value, without giving rise to a potential source of CP
violation in QCD as the 6 parameter itself.
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Moreover, we know from Goldstone theorem that the directions of the potential associated
to fluctuations of goldstone modes are flat, as it happens for the famous mexican hat potential.
However, we see that, in our current, case quantum corrections slightly bend this direction, so that
these fluctuations become now associated to a massive field. We can extract the axion mass from
the previous formula very easily, by simply expanding the potetial V' (a) up to the quadratic order
ina

1 dmymg . a 1 4my,my a
Vv ~—fPmill-—27 2 o —2m2ll-—2C
(a’> fﬂ'mﬂ'( 2( )2 s ( >)+ fﬂ'mﬂ' 2( 2fa+

My + Mg 2f, My, + mg)?

2
L o’ +) )+...%_fgmg(1_1%w )+

65 2 o+ mal? 172
(2.73)
so that we obtain the important model-independent axion mass formula
2 £2 2 £2
mi _ mMyMmgq mﬂ—fﬂ— _ z mﬂ'f‘ﬂ' with 2 = % (274)
(my +ma)?  f2 (1+2)* f2 ma

In this result, we can appreciate that, up to this order of approximation, the axion mass is only
related to that of the neutral pion by means of some QCD parameters. An explicit outcome
involving loop contributions, computed in a chiral perturbation framework, can be found in [30].
Remarkably, even though we will discuss in the next chapter how the axion mass varies with energy
scale, formula (2.74) tells us how its change is weakly dominated by the running of quark mass
parameters. As a matter of fact, z is essentially scale indipendent, unless tiny corrections in cy,
and in Yukawa couplings. Substituing the values for the quarks mass ratio z = m,, /mgq = 0.48(3)
coming from lattice QCD simulations (evalutated at 2GeV), for the pion mass myo = 135MeV
and for the pion decay constant f, = 92MeV, one gets

12
me = 5.70pev 1YV (2.75)
fa

where, of course, the dependence on f, still remains. From here it clearly appears the essence of
invisible axion models. We can appreciate that, in the Lagrangian, the adimensional combination
a/ f, necessarilly enters independently of the specific features of the model, being the axion associ-
ated to a phase transformation. Thus, we are in principle free to choose the dimensional constant
fa- By enlarging this scale, we can render the axion mass (and not just it) smaller and smaller.
This is the underlying reason for setting f, ~ vy, with vy > v. Of course, we will have to give a
possible range of values for this crucial parameter in following chapters.

2.3.2 The scalar sector

The addition of extra Higgs fields to the theory necessarily introduces new parameters in the
potential with respect to the SM case: the arbitrariness of their values manifests itself in a certain
number of scenarios for the mass spectrum.

The extreme decoupling regime

To narrow down the number of variables at play, it is always possible to exploit the perturbative
minimization conditions of the potential: we will use them to eliminate the dimensionful parameters
Vi, Vo and V. By calculating the partial derivatives of our potential, expressed in terms of the
physical fields, and requiring just for zero order contributions to vanish, one finds trivial solutions
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while deriving with respect to the charged and pseudoscalar fields, whereas the conditions coming
from H, S and p provide the following system of equations:

(CL’U; —2(Vods +Vi(\1 + )\3)))8% + 4’()2(/\1 + )\3)6% + (b’Ui —2(Vixs+
+Va(Aa + )\3)))5% + 402 (\g + /\3)52 + s25(cvy + 20%X3825) = 0

(b—a)

2 2 2
< A |y - V2>\2)52ﬁ =0 (276)

CUC28 — 41)2)\16%5/3 +
2
Ao (V3 = Vi) + 2av°ch + 20v°s5 + vaw =0

The values of the parameters obtained by solving this system will be employed in all of the following
calculations. Incidentally, one can also notice that, in the last equation, an expression for ¢ can be
extracted, too, if Ay = 0, which means there is no autointeraction term for ¢.

But now we are going to move onto the more difficult task of dealing with the scalar part of the
mass spectrum. Here everything will be computed by using perturbative techniques. Nevertheless,
still a quite simple result is that related to the calculation of the charged Higgs H*: their masses
can be directly derived from the Lagrangian, upon substituting our field parametrization in the

potential:
m2 . = 8(/\4112 - %) (2.77)
525
that reminds the quartic potential result. A discussion similar to that for Ay could be carried
out: again, the only modification with respect to the known case is the substitution of the second
addend inside brackets, originally cvi /828, with cvy/sa5. For the situation we are going to analyse,
with |¢| ~ vy, the H + fields lie in a very high energy region, because of the proportionality to vi.
By looking at quadratic terms emerging from the potential after spontaneous symmetry break-
ing for the remaining three neutral fields H, S and p (the so-called 07 sector, because neutral and
parity even), it is immediately evident that these latter are not mass eigenstates. As a matter of
fact, the mass matrix is

Mps, =
402 (3(A1 + A2) + 8X3 +4(A1 — A2)cag + (A1 + A2)cap)  —8vZsag (A1 — Az + (A1 + A2)cag) SU(avd,c% +cegsg + bv¢$%)
86
—81)2523()\1 — A2 + (A1 + A2)eag) - SL;; + 402 (A + )\g)sgﬁ 4v(ceag + (b — a)vgsag)
2c02s
2 2 2 28
SU(avd,cﬂ +cegsg + bv¢35) 4v(ceag + (b — a)vgsag) 4U¢>\¢ e
(2.78)

Thus, a rotation is required to find correct physical states. It is important to notice that this
orthogonal transformation will not obviously modify the correctly normalized kinetic terms for
these fields. Moreover, one can pretty quickly realize that the diagonalization procedure can only
be carried out with a perturbative approach. Because v/vs < 1, our calculations can be organized
as an expansion in powers of this very tiny parameter. We will first of all consider the general case,
where a, b take on a natural value of order O(1). In a similar fashion, we will choose |c| ~ vy, in
such a way that the corresponding adimensional parameter c/v, (suggested for example by (2.60))
will be of order one, too.
The rotation matrix R that will take us in the physical basis H’, S’ and p/, i.e

H' H
S |=R1|S (2.79)
o P

can be chosen according to the following ansatz

v v?
R= exp{%A + 1123} (2.80)
¢
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up to second order in v/vgy. Of course, AT = —A and BT = —B: hence, there are six unknown
factors. To determine these ones, the perturbative diagonalization proceeds by calculating the
matrix D = RT M aspR, expanding it in powers of v/vg and imposing for the non-diagonal entries
to be zero: that provides a set of conditions which define R completely. Indeed, we obtain Ajs =
Bi3 = B3 = 0 and this way the rotation matrix turns out to be

2 A2 2
1— Zf% _% A13A2;§—2B12 %ALS
2
R— _% A13A2:5+2B12 1— %% %A% (2.81)
2 A2+ A2
;A3 *%AQ:S 1- %713; 2
where
2 2
Ay — 2avgch + csop + 2bsﬂ’ Mgy — ceap + (b — (12)%5257
VA VpAg + ﬁ

1 2a(b — a)vycd — c(a — b)sap + 2v4(b — a)bs>

2c Ag

¢ (2av4c + csap + 2bvgs) ( ceop + (b — a)v¢825) 2

+ = S48 — 2 4 204 (A1 + Ag)s545C0

2 U(p)\¢ A ’U¢)\¢ + 5272 ¢( ! ) 2728

We want to stress once more that, for the cubic model, ¢ consistently has mass dimensions, so that
all formulae make sense from a dimensional point of view.

Once the R matrix is given, one can calculate the eigenvalues of the mass matrix. We provide
the results in the limit of large vg, not to deal with cumbersome expressions and to have a much
clearer intuition of physical implications:

m%p = 41)2(3(/\1 + )\2) + 8\3 + 4()\1 — /\2)62[5’ + ()\1 + )\2)045)

m3, = %( —4c> N 20%((a — b)? — 2(\1 + A2)Ag)(cap — 1) — 16¢ /53
sp%e Ao (2.83)
m[Q)/ _ 4035)\¢ T 8CU¢ n 81}2(02[3((12 — b2) + (a2 + b2)/62[3)
524 Ao

We see that, again, as expected, a light mass in the electroweak spectrum arises: thereby,
the H’ field can naturally be identified with the Higgs boson of mass 126GeV discovered at the
LHC. Then, we have a very massive p’ state, whose mass is proportional to vq%, exactly as in the
original quartic model. But the S’ state, now, thanks to the dimensionful parameter ¢, has a mass
proportional to v4 and not to its square. Nevertheless, in this approximation regime, we remind
that |¢| ~ vg: the combination vgc plays in our model the role of vi, so that nothing changes from
a phenomenological viewpoint. Actually, this situation reproduces the extreme decoupling regime
of the original model, where only one scalar field lives in the low energy spectrum.

Case 2: a,b~v/vs and |c| ~ v

The same diagonalization procedure, with due modifications, can be carried out for all of the
remaining cases, ending up with mass expressions which are similar to the previous ones. A first
possibility is to consider values for the coupling parameters as a,b ~ v/vg and |c| ~ v. It is
important to observe that, in this scenario and in the other ones we are going to describe, the
quantities a,b and ¢ turn out to be small: therefore, we must carry out an expansion of the mass
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matrix not only in v/vg, but also in a and b. For ¢, the correct adimensional variable in which we
have to expand is ¢/vg.

However, the situation of interest for this subparagraph is fairly similar to the preceding one,
from a phenomenological point of view, with only one light Higgs state. Despite that, the states
S’', H* and Ay have now masses proportional to \/VVg and, consequently, their existences might
be tested with some future particle accelerators.

Case 3: a,b~ v?/v] and |c] ~ v /vg, With [c| > Xv? /vy

We can further decrease the values of the couplings and consider the case a,b ~ v?/ vi and
lc| ~ v?/vg. Even if expressions (2.83) are still valid and the p’ state still lies in the high energy
spectrum, the masses for H' and S” are both proportional to v?, together with m% and m?...
Anyway, if || < \v?/vg (with i € {1,2,3}), we will have m%, < m%,, that means a situation
which is excluded by experiments. Thus, the only viable possibilities are |c| > X\;jv? /v, (where S’
is a light state, but more massive that the SM Higgs field) and |c| ~ A\;v? Jv.

Case 4: a,b~ 1)2/1)35 and |c| ~ v%/vg, with |¢| ~ \v? /v

This case is particularly interesting, even if not so different from the aforementioned ones,
because the expressions for the two light 0T states of case 3 can be written in a compact form.
Indeed, the mass matrix, up to second order in v/v,, happens to be:

MHSp =

41)2(3()\1 =+ )\2) + 8A\3 + 4()\1 — )\2)025 + ()\1 + )\2)043) —81}282@()\1 — X2+ ()\1 + )\2)025) 0
78’[)282[3()\1 — Ao + (Al -+ )\2)025) *8::: -+ 4’02(A1 -+ )\2)8%6 0

0 0 4v3 g
(2.84)

so that we just need to diagonalise the two-by-two upper block. It worth noticing that the condition
|e| ~ Aiv? /vy just plays a role in the entry —8cvg/s2p +4v* (A1 +A2)s3 5, where the two addends are
of the same order of magnitude. The diagonalization can be pursed with the customary procedure,
getting a simplified version of the rotation matrix (2.81)

cos —sinf 0 2 2
A1C% — A2S%)s
R=|sind cosd O tan(20) = — § h 5 255) 250%
0 0 1 (M€ = Aasg)cap — g

(2.85)

The resulting spectrum will be

40203, 8cvy
vis3s  v2syp

—2cvg
m%{//s, = 2U2 ( v2s§ﬂ + S(AIC% + )\23% + )\3) + |:

()\1 + Ao +4X3 + 2()\1 — )\2)018“!‘

1/2
+ ()\1 + )\2)043) + 64()\10% =+ )\28% + )\3)2 — 64S§ﬂ()\2)\3 + Ao + )\1)\3):| )
(2.86)

which allows us to write

— C’U¢

my, +mz = 32112( + 165 + Aas3 + )\3) (2.87)

41}28%ﬁ

This rule is important to highlight the difference of this latter case from all the others. Indeed,
once the ratio between the two Higgs doublet VEVs (i.e tan/3) has been fixed, the mass of the
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lightest Higgs boson set to 126GeV and vg put equal to some high energy scale, the mass spectrum
described in the previous subsections profoundly depends on three parameters. The singlet self-
coupling Ay only affects the mass of the heavy Higgs p’, that is, nevertheless, out of reach of LHC
experiments. Consequenty, a crucial role is that of ¢ and A4 (this latter entering the expressions of
the charged Higgs masses). But in this last case, when |c| ~ A\jv? /vy, if mpy = 126GeV, it is clear
from (2.87) that the mass of S’ depends on a slightly different combination of parameters, whose
role, in the other situations above, is overshadowed by a large c.

Before moving onto another set of interesting cases, we would like to stress an important aspect.
As opposed to the extreme decoupling regime, where the parameter a and b are assumed to be of
order one and c is identified with the new high energy scale, in case 2, 3 and 4 a,b ~ 10~7 — 10710
or a,b ~ 107 —1072% and ¢ ~ v or ¢ ~ 107!%. Nonetheless, these extremely small values of
coupling constants do not turn out to be associated to an unnatural fine-tuning, but, as explained
in [31], they are technically natural, according to the notion of naturalness introduced by 't Hooft
in [32]. As a matter of fact, by performing the limit a,b,¢ — 0, the Poincaré symmmetry of
the Lagrangian is enhanced, because the scalar doublets and the singlet decoupled: thereby, they
can be Poincaré transformed independently (there will be two separate energy-momentum tensors
obeying separate conservation laws). By setting a, b, ¢ # 0, if P denotes the Poincaré group, we are
breaking an extended space-time symmetry as P?1/%2 x P9 — P#1/¢2+¢_ Furthermore, the limit
¢ — 0 is also related to the possibility of enlarging the PQ phase symmetry, as already stated.
Therefore, the cases explored earlier are perfectly reasonable and justified.

The quasi-free singlet limit

Just because the mass of p’ is controlled by Ay, one can try to perform the limit A, — 0. In
this situation, ¢ does not appear in the mass matrix any more, because, as already noticed, it can
be removed starting from the minimization conditions (2.76). Working out the same calculation
for a DFSZ potential with Ay = 0, one gets for a,b ~ O(1):

b b
mi e = 8v N\ + vi (a2 + 2) m%, = 2(a+ b)v* +2(a — b)v’cas + 41@(2 + 2> (2.88)
g 53 s}

which lie in the heavy sector and the following 0" mass spectrum

qu, = 402(3()\1 + )\2) + 83 + 4()\1 — )\2)025 + ()\1 + )\2)043)

ac? + bs? 4abv? 2 2.89
m%, — 16/1)3) (Bgﬁ) + O(’UQ) mi/ — 272[; ( )
S5 ach + bsﬁ

where now p’ is proportional to the electroweak scale. Of course, one should be able to guarantee
that m?%, < m?2,, in order for this case to be feasible. For the same reason, we can solely consider
the situation a,b ~ O(1). It is worth noticing that this case is the only one which is substantially
different from the quartic potential theory: in that scenario the quasi-free singlet limit was not
viable, because it was not possible to make a choise of parameters where tachyon masses were
absent. Here, instead, we just need to require a,b > 0. It is quite reasonable that the only
phenomenological discrepancy between the two models appears when Ay, = 0: this parameter is
directly related to the fourth power of the high scale v4 through the operator A¢(¢*¢)2, which is
clearly the dominant contribution. When this latter is present, it obscures our tiny modification
of ch—term~
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The custodial limit: tan g # 1

We have already discussed the importance of custodial symmetry in the SM scenario and how
a custodial symmetric situation can be achieved in a DFSZ model before spontaneous symmetry
breaking: we just need to use the set of conditions (2.17). Below the electroweak scale, the VEV
of the theory might or might not respect the global residual SU(2)y symmetry, depending on the
relative value of v1 and va, i.e on the value of tan 8 = va/vy. If tan 8 # 1, the custodial symmetry
is broken into a U(1) symmetry. So, we expect to have two extra goldstone bosons, which can be
identified with the charged Higgs fields, whose masses turn out to be identically zero. Moreover,
the A field has light quanta:

2
2 _ 2 vt 2
mAO = 716A'U (1 + 41}57525> (290)
where we can compensate for the minus sign through X itself. Nevertheless, the scenario just de-
picted, comprising charged massless particles, is excluded by phenomenology and must be promptly
ruled out.
The custodial limit: tang =1
If the custodial symmetry is preserved by the VEV of the theory, that is to say SU(2), x SU(2) g
is broken to SU(2)y with tan 8 = 1, we have
-2
mys = 8(—cvg + 20°N) m}, = —C(UQ + 4v3) (2.91)
Vg

which are heavy states, even if their values can be decreased by tuning the ¢ parameter. The mass
matrix for the 07 sector is instead given by

1602 (X + 2)3) 0 dv(c+ 2avy)
Mpys, = 0 8(—cvy + 202 N) . 0 (2.92)
4v(c+ 2avy) 0 _?J% +4v3 g

so that it is clear how S is already a mass eigenstate and in particular m%, = mi,i: S and the
two charged Higgs bosons constitute a triplet of SU(2)y. The remaining two-by-two matrix can
be easily diagonalized, giving the following values for H' and p':

2 2
my, = dv? (4)\ + 85— W)
U¢A¢

(2.93)

2
2 cv 2
My :2(— ., —|—2/\¢v¢—|—

2v2(c + 2av¢)2>
v

2
A¢U¢

We see that, within a scenary where a, b ~ 1)2/1)35 and |c| ~ v?/vg with ¢ ~ A\jv? /v, (i.e case 4), the
matrix (2.92) is diagonal, once we drop out terms of order v3 /vg Moreover, four fields enter the
light spectrum: H*, S’ and Ay, together with H’. By fixing as usual mpy = 126GeV, the light
mass spectrum mainly depends on A and ¢: in fact, the A3 dependence is entirely contained in the
SM Higgs mass, while the a = b presence in m, is highly suppressed.

The quasi-custodial limit

A last interesting situation is the so-called quasi-custodial limit. Here, the custodial symmetry
is fulfilled by all parameters, as in case tan 8 = 1, less than by the coupling A4, that is not equal to
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2 and hence breaks explicitly the symmetry. The mass spectrum is untouched, unless we consider
the fields H* and S’, whose masses now do not satisfy the equality m% = m%[i, but

mz = mis — 8viAg + 1607\ (2.94)

The custodial condition Ay = 2\ restores the previous result.

2.4 Vacuum stability conditions

In order for our model to make sense, we should be able to find some conditions on the parame-
ters of our Lagrangian ensuring the vacuum stability and a bounded-by-below potential. Following
[33], we can just consider the quartic and cubic terms of (2.5)

Va6, 61, 02) =Xp(676)% + (A1 + A3)(0161)% + (A2 + X3)(032)? + (23 + M) (6] 1) (dh2)+

— (D] 2) (D51) + (adiy + bdlho)d* b + (Pl dad + dhp10™)
(2.95)

Due to the tricky form of the potential, which is difficult to study analytically, we assume that the
couplings a, b and ¢ are small enough not to perturb the stability conditions obtained from the rest
of the Lagrangian. This is an hypothesis on the values of these couplings in full agreement with our
previous considerations. Thereby, the singlet field disappears from the potential almost everywhere,
with the exception of the first term: here, the stability is achieved by simply requiring Ay > 0.
Moreover, we know that this last contribution )\¢(¢*¢)2 always dominates over the quadratic and
linear terms in ¢, so that we should not worry too much about how they could affect stability.

The subtleties involved in case Ay = 0 have already been discussed. In that situation the role of
a, b and ¢ can not be neglected any more. Nevertheless, we have seen that the requirement a,b > 0
must be imposed to avoid tachyon masses. Once these conditions are provided, we see that the
term (ad)J{gbl + b¢§¢2)¢*¢> is quadratic in all Higgs fields and surely dominates, asymptotically at
infinity, over the ¢ contribution, which is linear in each of them. Independently of the way we
approach infinity in field space, a non-bounded-by-below potential will not arise.

Moving back to the most general case, we can set f = ¢J{¢1, g = (b;@ and e = Re(ﬂqbg),
d=1 m(qu{ ¢2): by doing so, we can immediately individuate a positive combinations of fields given
by fg —e? —d? > 0. Taking this into account, it will prove to be convenient to rewrite (2.95)
(putting aside the ¢-dependent parts) as

Vi(h1,62) = (A1 + X3) f% + (A2 + A3)g” + (2As + M) fg — Ma(e® + d°) =
= (A +2A)Y2f — Mo+ A3) 2012 4+ 203 4+ Ma + 20/ (A + X3) (Ao + A3)]- (2.96)
(fg— € = d®) + 223+ 20/ (A + Xs) A2 + Ag)](€® + @)

so that we get the following stability conditions:

A1+ A3 >0 Ao+ A3 >0
23 + Mg + 2\/()\1 + /\3)()\2 + )\3) >0 (297)
A3 + \/()\1 + )\3)()\2 + )\3) >0

In the quasi-custodial limit, where A\; = Ay = A, they are reduced to

(2.98)

A4+A3>0 A3+ M +22>0
223+ A >0
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Figure 2.2: Light spectrum of a cubic DFSZ model in the custodial limit. Once the mass of the
light Higgs state H' is fized to the experimental value of 126GeV and vy to an arbitrary large scale
(for example 1012GeV ), the mass spectrum depends only on two parameters: \, which is contained
mn m2s,, and c, which dictates the mio behaviour.

Considering the formulae for the masses of H*, Ay, H' and S’ in the quasi-custodial limit
(which can be read off from the custodial expressions, with the sole trick of substituing 2\ with A4
for H*), we can solve the system

m%i +8(cvy — Aqv?) =0
m3, + 8cvg =0

m2, — 1603 (A +2X3) =0
m%, + 8(cvg — 2Xv?) =0

(2.99)

in terms of ¢, Ag, A3 and A. For m% and m7,the limit v5 — co has been employed, so that terms
respectively oc v?c/vg and o< —4v?(c+2avg)?/(v3Ag) have been neglected. The result can be used,
together with the last set of disequalities, in order to derive an interesting couple of constraints on
masses:
mip +mg —m%, >0 mip 4+ mye —m%, >0 (2.100)
It is evident that these conditions will hold also for the less general situation of complete
custodial symmetry, where they simply concide, because of m%, = m%i. If myg, = 126GeV and
v = 246GeV, we can utilize the approximate mass formulae (2.99) in (2.100) to obtain some
rough bounds for A > —0.016 and Ay > —0.032. Having imposed the experimental restriction
m%, = (126GeV)? = 16v%(\ + 2)3), if A3 grows up, its increase must be offset by a smaller value
of A. The latter can decrease up to the negative value of —0.016, so that A3 < 0.016.
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As already noticed, the custodial symmetric spectrum of case 4 just depends on A and c:
therefore, taking into account the mass disequalities for this situation, it is possible to plot the
allowed region for these two parameters (look at figure 2.2). In a custodial symmetric scenario,
there are no further constraints coming from the p quantity, because Appggys is exactly zero: all
custodial violating contributions will arise from the SM Lagrangian.

A custodial or quasi-custodial scenario can be pursed also in the quasi-free singlet limit: all
of previous considerations are still lawful, if supported by the additional a,b > 0 requirements.
In this simplified situation, (2.89) can be used to derive a bound on the a parameter, in order to
fulfil the hierarchy among the lighest masses of the spectrum: m%, < mi, will imply a > 0.066.
Moreover, it worth noticing how in (2.88) the roles of A and A4 are hidden by the large vy scale:
even though custodial symmetry will be broken into a quasi-custodial case, the theory will not
realise it. That means departures from the tree level value of p, owning to DFSZ loop corrections,
will be negligible if Ay = 0, at variance with the other cases, where setting A4 # 2\ can have visible
falls-out on p.

2.5 The electroweak precision test

For sake of completeness, we want to show in this paragraph how physics at higher energy scale
can be powerfully constrained by the so-called electroweak precision test: of course, we are just
going to give a flavour of the topic.

In order to incorporate the axion field in our theory, we have been compelled to enlarge the
field content, including particles which generally lie in the high energy region. Even though they
can not be directly produced in current particle accelerators, field fluctuations in form of virtual
quanta can influence through loop corrections the value of some very precisely measured quantities.
Comparing the predictions of the DFSZ theory with experiments can in principle give an indirect
proof of axion existence.

An extremely important quantity that does this job is the already introduced p parameter:

miy
P=—5 5 = 1+ Apsy + Appsu (2-101)
mycy

where Apgys are the deviations from the custodial preserving scenario covered by the SM: this
term includes the small corrections due to ¢’ # 0 and the larger ones related to the top quark
mass. The extra contribution Apggys will instead arise from custodial breaking effects coming
from theories which extend the SM Lagrangian. One must have Apgys + Appsar = 3.7 x 1074,

All terms which violate custodial symmetry will affect p through loop corrections to the values
of the gauge boson masses: these quantum fluctuations will enter the perturbative series of their
propagator diagrams. We will not work in the unitary gauge, where the goldstone bosons of the
H’ field have been gobbled up by the gauge bosons, but these goldstone modes will be explicitly
retained in loop calculations. Once defined the massive vector field and the scalar goldstone field
propagators at zero order in perturbation theory respectively as

i (1= Okyk, i

D, (k) = — G : Dyoia(k) = ——5——
o () In k% — &miy, + ie gota () k2 —&m3,, + ie

—_ 2.102
k2 —m2,, + ie ( )

where £ is the gauge fixing parameter, we will implement the Feynman-'t Hooft gauge setting £ = 1

— 1w 7
Dy(k) = 55— Dyalk) =

2.103
k2 — m%w + i€ ( )

k% —m¥,, + ie
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In a non-abelian gauge theory, the additional presence of some ghost fields underpins the
unitarity of the whole construction. However, we will not need to explicitly consider them: they
are allowed to interact solely with gauge fields and their associated goldstone bosons, without
blending with the scalar sector through tree level verteces. Therefore, ghost degrees of freedom
will simply enter Apgps at 1-loop order.

With convention (2.103), we can write down the most general form for loop corrections to the
quantum propagator diagram of a massive vector field as

—> —>
=15 (p7) = ig"" Uap(p”) + p'p"Aup(p”) = (2.104)
2dHAB
dp?

2
=" (HAB(O) TP e O O<ApNP>) P ARG AB=W,.Z,

where we have expanded for small energy p? = 0, owning to our interest in studying effects of the
new physics energy scale Ayp ~ v3 > p*. The particle mass is defined as the energy p* at which
the propagator D,,, (p) exhibits a divergence: that implies quantum corrections to gauge boson
masses will be given by II'}; (p?) evalutated at p* = m%v /7" Consequently, referring to tree level

masses as m% , we will have

tree)

g-v

m%V = m%ﬁ/(tree) + HWW<p2 = m%/V) ~ (2 105)

m2Z = m2Z(tree) + HZZ(p2 = mQZ) ~ (92

that will affect p as

2 1 o+ Lww(0)
m%,v m%/V(tree) + Iyww (0) mw(”'ee)( + MYy (tree)

P=—5 5 = V) > =

mZ(tree M7 (tree)

(2.106)

M (tree) yww (0) C 1Izz(0) ) Hww(0)  IIzz(0)
~ 3 |1+ — 1 2 N Prree T 3 2
mZ(tTee)cW mW(tree) mZ(tree) W (tree) mZ(tree)

Ap
Therefore, the effects of new physics will show up in

II 0 IIz7(0
Appsm = VQVW( ) - zz(0)

3 - A,OSM (2107)
W (tree) mZ(tree)

Thus, we just need to compute the quantities Iy (0) and Iz z(0) starting from the general
computation of H’;(”Y(pQ), where now subscripts refer to particles circulating inside loops. The
diagrams contributing to it are (see figure 2.3):

e the scalar loop and tadpoles diagrams, which, nevertheless, will simplify in the difference
appearing in (2.107) at the order of correction we are going to consider. Therefore, we will
not explicitly evalutate them;

e the vacuum polaritazion diagrams;
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X
4p> 4])) p+1
W=z wW*/z p N »
— —
W*/z wW*/z
Y Y
(a) Vacuum polarization diagram (b) Self-energy diagram
X / T \
—> —> —_— ——
p p p p
(c) Scalar loop diagram (d) Tadpole diagram

Figure 2.3: Diagrams contributing to the calculation of I/, (p?). The last diagram is a tadpole,
which can anchor itself in the gauge propagator by means of different kinds of tails (a ghost-like,
a scalar-like ...). Depending on that, the loop will host a suitable variety of virtual particles. This
large number of options has been graphically depicted with a dashed line. Together with the scalar
loop diagram, it will not directly enter our calculation of Appgys.

e the self-energy diagrams.

In what follows, it will turn out to be unnecessary to consider the physical gauge boson basis,
obtained through the Weinberg rotation: we will eventually work in the limit ¢’ — 0, where
cw — 1 and sy — 0. Moreover, the Feynman rules that we are going to use for our calculations
can be directly extracted expanding the kinetic term of the DFSZ Lagrangian: cubic verteces are
summarized in tables 2.1a and 2.1b, where their squares have already been taken into account for
practical purposes. Just because we are not going to compute scalar loop diagrams, Feynman rules
for quartic interactions have been left aside.

We can start evalutating the vacuum polarization loop integral I j(l,y using dimensional regu-
larization, where space-time dimensions d are extended from four to 2w, w € C. Therefore, if p is
the ultraviolet regulator, we can write

d2v] 1.1
XY (2 — _¢ 472w/ ptby _
o (P7) Xy (2m)2 [p2 — m% +i€|[(l + p)2 — m2 +ie]

1 d2w] 1.1
—_C 4‘2w/dd6 —1/ o =
v B0y =) | Gl =, + il T ol )% — i i)

i [y [ A= (=) (1)),
Cxyp /od /(27r)2w (2= A(z, p?) + ]2

(2.108)

where we made use of the Feynman parameters z and y and we defined A(z, p?) = x(x — 1)p? +
xm3 + (1 —x)m?-. Expanding the numerator of the integrand, terms proportional to [* will vanish



62 CHAPTER 2. THE MASS SPECTRUM OF A DFSZ MODEL

for symmetry reasons, upon integrating, and hence
d2w] —C 4—-2w; ll/ 1 A2l —pt2@(1 — )20
])iy(pz):/ dx/ XY H ul —i—pupl,/ dw/ pt (1 —x) Xy _
g 2m)2 (12 — Az, p?) + i€]? 0 (2m)2 (12 — A(x, p?) + i€]?

—Axy(p?)

4—2w QW dzwl 12 2
— K

(2.109)

Furthermore, terms containing the gauge boson momentum p* can be removed from the calculation,
because they never contribute in practise. Indeed, all of these diagrams are generally sandwiched
between fermion currents, so that the relation p,,(¢")y*us(¢) = 0 holds, where we required the
vertex conservation law p,, = qM qu- Thereby, we are left with a scalar integral which contributes
to M xy (p?) of expression (2.104), that is:

C 42 2
XY Cxv a4 2w/ / 2.11
) = ] e A 1 210

~ 2 2
with A(z) = 22 -2+ W Now, a Wick rotation can be performed without ado, provided

that p? is kept below the threshold of physical production of the two virtual particles appearing in
the loop. Indeed, we can check it by considering the parabola A(x), whose equation can be simply

studied as: ~
2 2 2
dA(z) =0 = ZI= 1<mY L v 1) and d dA(Qx) =2 (2.111)
x

so that

, (2.112)

AGz) >0 (mx —my)? <p?<(mx+my)?
<0 p?<(mx —my)?Vp?>(mx+my)

Nevertheless, there are no physical conditions providing 0 < Z(p?) < 1, which corresponds to our
domain of interest, for 0 < p? < (mx — my)?: therefore, we can forget about the restrictions

on A(Z) in this interval. In addition, if we notice A(z = 0) = (m%/p?) > 0 and A(z = 1) =
(m2./p?) > 0, we will be able to state that

PPA(x) >0 <= 0<p’<(mx+my)? Vzelo,1] (2.113)

which actually confirms we can perform a Wick rotation so long as the energy is not enough to
produce resonance states.
By moving onto the Euclidean space and making use of the Mellin transform, we could write

XY (2) = +CXYM / /delE 1% _
2m)% 12, + p2 A(2))?

2w 2 +o0
/ a7l Ly / dtte B TAl =
27'(' 2w 0

CXYM4 2“)/ 1 / N, / 2wy~ _
= ar® Sy T ), M ai) | T =
1 +oo
J
7

_ Cxyp*2¢ x/ gt wetA _ Cxyp*=2 /1 dxr(l tw)
2I°(2)(4m) 0 0 Al-w

CXY:u4 2

(2.114)

= or(2)(4r)@
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X Y Interactioil term F;eynman rule for I1Y%, (p?): Cxy
S | Hop || F4§WY),S0,Hop —gg(% +p)u2l+p), — —921#211,
Ao | Hipo Q%Wf/nggqu/z —92%’(2[ +p)ul+p)  — _92%Z;Llu
Gy | H —gﬂqb[ﬁhgﬁp —g%p+wh4p4-wy = =g, b Cxyluly
Go | Gaj1 ¥%W1”/2G2/18MG0 —2%2(21 +p)u(2l+p), — —g2iujy
Hyz | ag || —9572Hip0u0 |~ =220+ Dup+ Dy = "=z lly
Ga | By || 99 sW{,B.Gap 929% % 00 9o = G0 G + Cxy guv
(a)
X | Y || Interaction term Feynman rule for 1155 (p?): Cxy
H | H || 4WIH\5,H, —CQIPRAD) =~
Ao | S || —gp Wi A0S | —g*F2+ D)2+ —gz%lulu
Gy | H —gWLHO,G —-Pp+Dup+0), — =%l Cxyluly
Gi| G | 4WEGE,Gy —LEp 0.4y = gL
S | ag g”jjﬂﬂmaﬂ% —92%@—&-0”(;0—!-1),, — —92”1%251#[,,
B, | 99 sW§B,H 92925 909" 9ov = 529" G + Cxy Guw

(b)

Table 2.1: The two tables show the (squared) Feynman rules, which enter the computation of
WJ/Q (2.1a) and W2 (2.1b) mass corrections. In both of them, the first five rules on the far right,
used in the evalutation of the vacuum polarization diagram, have been stripped of linear terms in
the loop momentum [# and of contributions proportional to the external gauge momentum p*. In
the last rows, the metric tensor appearing g”° in the vector boson propagator has already been
taken into account.

If we name € = 2 — w, expanding for small € lets us claim

1 2\ 2—w
0

- 3272

1 2

1 4

~ 7302);‘;/ dxA L +17E+...] [1+€ln WA“ +] = (2.115)

0

1
%7302)@;/ dx[(1+AE+lnu2)AAlnA+..}

™ Jo

with A, =1/e — vg + In(47) (where vg = 0.5772... is the Euler-Mascheroni constant).

If we now extract the term which is constant with respect to p? by setting p? = 0, we can
exactly compute the integration in = through elementary integrals:

C 1
P (0) =~ (1 At o) [ datam + (1= 2)m )+
Cxy

+ 3272

1
[ datatm —m) + mi in(a(md ~ ) + md) =
0
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3272 2 3272 2(m3% —m?) 4

= O (3 Aok - [m%ln(m%(/u? - m;‘yln(m%/ﬁ)]}

6472 |\ 2 (m% —m3y)
(2.116)
Actually, it will prove useful to manipulate further the term in square brackets:
myln(m% /p?) —myln(mi /p®) _ (m% —mi)(miin(mi /p?) + m%ln(m%//lﬁ))Jr
(3, —m2) g, — ik

2 2 2 2 2 2 2

mxmy 2 /2 2/ 2 2 mx 2 mx mxmy my

- ——( l = In| — In| —= )| - ——"—5In| —
T (o ) + Il ) = () (T ) — AT ()
(2.117)

so that we can eventually claim

CXY 3 m2 m2 2 2 2
1 ) = - Exr { (2 + AE> (e + 1) — k"% — X 4 T 2

(2.118)

In a similar fashion, we can evalutate the contribution .J jf,y to 115 (p?) coming from the self-
energy diagram. According to the Feynman rules of our table, the only vector field entering this
loop is the massless hypercharge field B, (that coincides with the photon in the limit ¢’ — 0).
Therefore, we will have

d2wl g
JXY 2\ C 4—20.)/ Hv —
por (P7) = Cxypp @m) [p? —m% + i€+ p)? + ie]

d*Ig 1
= iCxyp*™ d
e / - @m) [} + 8, (@)
where A, (z) = z(x — 1)p* + zm%. With exactly the same procedure, we can eventually obtain the
scalar integral

4—2w +o0 4—2w 1_
T (p?) =+ OXYH)UJ /dx/ dtt—we tAe(@) — 4 CXY“ /d w)

(2.119)

Cxy 47r,u2
16772/0 dx L"’1_7E+ ][14-6171 A, +ee | = (2.120)
Oxv [ 014 A+t — s Oxy 1 LA = in(m? /2
T i |1+ Ac+Inp” —InA, 5y 162 + A — In(m% /p°)
Now that we have all the tools together to proceed, we can define the set of functions
f(mk,mi) = —65% {( +A )(mg( +mi) — len— - mylnmx + ";X,mnfyl zg); }
de m2
f(m3%,m%) el im f(m%k,m3) = 327r2{(1+A ym mg(lnug(}
mX—>77LY

C
o) = =iz |1+ A = /)]
(2.121)
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where the limit, for the second definition, has been carried out using the simplified form (2.118)
for XY (0). If we further introduce the vector of scalar mass eigenstates h; = (H',S’, p'), we can
simply compute Appggys using (2.107) and adding together all of the contributions given in table
2.1a and 2.1b. The result will be

3
Appsm = ml%,v [Z(R if (i i) + R f(mges ,mi ) + f(m%,,mipe) + f(mgo, mga)+
i—1

3

1

e fye ) gl | o | SRR S )+ R o o )+
=1

+ R%if(miﬂmid)) + Ryi9(mi,)) + f(mipe,mipe) + f(mGe, mEe )| + Aprop — Apsu

(2.122)

We can start neglecting the g’ corrections by approximating m% ~ m¥,. Moreover, we know

that the top correction Apy,y,, together with the contributions f(mZ.,mZ.), f(mZo, m%.) and
g(mQBM) are already covered by the SM, so that they disappear upon subtracting Apgas. By direct
inspection, one also notices that the two terms RHZf(mGi,mh ) and RHZf(mGO,mh ) exactly
simplify in the limit m% ~ mW (remembering that mGi = m%,vi and mG = m%). Using the
property of rotation matrices Ziﬂ R ; = 1, we can write

1
Appsm = mZ {ZR mh M) — f(migvm%zi) - f(m%i’m2¢)) Jrf(m,z%,qui)Jr

— f(mbpe,mipe) + f(miye,m } ZR (ZR )( oz g(mHSM>)
T —Apsr

(2.123)

Just because Appgps is a measurable quantity, we expect the divergeces enclosed in A, and the
unphysical and arbitrary scale yu to disappear. This can be easily achieved between the last two
addends of the previous expression, but it is by no means obvious how that can occur among
terms in square brackets. Therefore, we can focus on them and go through some cumbersome
calculations to gain a better insight of the procedure. In the interest of convenience, we further set

~ 2 2 2
f(m%,my) = 20 In| 2% ). By employing our preceding definitions and the Feynman rules
X Y Y

to make Cxy explicit, we can start considering

ZR mh 7mHi) f(m?élovm%zi)_f(mlgziumz(ﬁ))—i_f(mz&o?m?qi)_f(m?'—li7m%-1i)+

2 3 2
g 3 3 me, .
+f(mili’m§¢) 647‘1’2{( + A )m%i + (2 —|—A€> E R%zm%h —m?{iln MI; +
i=1
m? 3 402

3 4ov
_ZR mh ZTLT_ZRSZ (mHi7mh) T¢ — € mi(} U¢( )ZRS’Lm%’I—"_
; f

i=1

i N, cz> f v?s iﬁ 3 2
JrUTZRSimhi ZR (m%,mi,) — 22 (2 +Ac Jmg, +
foi=1 f

m2 —0
Lo
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v2525 3 & s o V% /3 2 mg B mj,,
S S
- (2 + A€> ZRSimhi + oz Ma ln 5 ZRSth
i=1 Vs
%,_/
m§¢~>0
i 42 /3 402 /3 42 m2
/3 [ [ [ +
Ss ZR a¢’ )+ ) € m?40—|—vj%<2+A)mHi—UJ%m§{iln ’ulg +

Yo 7, o 2 2 2 m%{i UQSEB 3 2
— —5-f(myse,mi, ) —2(1 4+ A)my+ + 2myein 2 + —+ A |ms+

—f("bili ,mi{i )

2.2 2.2 2 2.2 2 2.2
. v;)%sﬁ (2 N Ag) - _v;]%sﬁ - lnm:éi - Uvsfjﬂ m2, n":y vvs: f(mHi,mi)}
m2, =0 m2, —0 m2, —0
(2.124)
where we explicitly indicate where we are going to performe the invisible axion limit m2¢ — 0.
All terms proportional to the squared axion mass will vanish, together with f (m?2 5 m3) mg—: ) 0.
Now, the use of the v; definition will yield v

ZR mhamHi) f(mxzéxo?m}%i)_f(m}QLiamid,))—’—f(mioamzHi)_f(m%{iam?{i)—i_

a¢~>0

2 40?2 p?s?
g 3 A s :
f(mQHi,mid)) m2 642 { {(2 E) <1 U; 7 5) 201 6)} Mg

(2.125)
We can finally plug this result in our initial expression (2.123), in order to get
g : 2 4% (2 2
Appsy = m [Z; Ry, (Wf(onvmh ) — f(mhiamHi)>+
= (2.126)
4“?;5 .

f(mio,m%i)—i—mi[i} 16n 2ZR ( H”’)

i

YY) 2.2
4v¢—|—v 558

The last addend, proportional to ¢’2, that we are going to drop out, too, represents an overlap

between the SM and BSM contributions. The dependence on scalar masses is only logarithmic.
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On the other hand, the completely new contributions reveal a slightly stronger dependence on
the mass variables. For example, we know that the mass splitting between S’ and HT states
(that comprise a triplet in the custodial limit) violates custodial symmetry: consistently, we find
a quadratic dependence on myg+ in the Appgys formula.

In order to compare the predictions of our DFSZ axion model with experimental data, we
introduce one of the Peskin- Takeuchi parameters [34]

AT = SPE 1 23332‘ &f(mQ mi ) — f(mi ,m%.) )+
Qem 1671'3%/1/7)’1%‘/ ] St 4«1)33 + U25§,3 Agr "Ph; hyo M+
2 (2.127)
- Lf(mi 7m31i) + m%i
41135 + v25§ﬁ 0

where we used o, = €2 /41 = g?s}, /4.

We will just consider this parameter, among the possible others, because we are not going to
develop a detailed analysis about electroweak precision test, which can be found in abundance
in literature (see for example [35]). Furthermore, the AT value has been proved to be the one
dictating the more severe bounds on BSM physics, if compared to the remaining ones.

We can realize that the only difference with respect to the AT formula obtained in a quartic

2
4v¢

po EuE the ultimate reason

DFSZ model resides in the four factor multiplying vi in the ratio

for this tiny change is due to the modified axion definition given for the cubic theory. Nonetheless,
being vy a large energy scale, the phenomenology will be again consistent with the old results,
without great novelties. Consequently, we can claim that, from the point of view of the scalar
spectrum, a cubic DFSZ model is practically indistinguishable from a quartic one: therefore,
different subtlelties must be taken into account in order to discern between them.

By way of conclusion, we explicitly show the tight restrictions imposed by the experimental
value of AT = 0.09 +0.13 (measurement done by [36]) on an exemplary spectrum, i.e that of case
4 (a,b ~ v*/v3 and |e| ~ v* /vy, with |c| ~ A\iv®/vg). After all, this is the only one predicting
a sizeable number of light scalars, in addition to the SM Higgs: the two charged Higgs H™,
the pseudo-scalar Ag and the scalar S’. We will simply soften the custodial requirement up to
the quasi-custodial scenario, where only A4 violates it: that will be enough to appreciate the
strong constraints arising from electroweak measurements. We will fix again my, = 126GeV,
vy = 10'2GeV and the electroweak parameters will be chosen to the approximate values of v a2
250GeV, my =~ 80GeV and sgw ~ 0.22. Now, using equations (2.100) to implement stability
and noticing how in a quasi-custodial case 4 the rotation matrix simplifies as R?gl = R%B =0 and
R%Q = 1, the AT formula can be explicitly written in terms of the unknown factors my=+, ma,
and \gp = A\g — 2 (figure 2.4) or mpy+, my, and mp, (figure 2.5). Here, \yp parametrizes the
effect of custodial breaking. We can easily move from one set of variables to the other one using
the relation mj, = m%,. — 8v*\yp.



68 CHAPTER 2. THE MASS SPECTRUM OF A DFSZ MODEL

600

/,, 1 3000 - y 77 |
%
A = —0.5 % y
55 Mg = +0.2 4 KED
S5 K5
500 O"O'O' ' "&'%
BEEES | S5
s 55
G 5
200 P %@:@%%%& %% %

N
S
5]
S

@
8
8

m g+ (GeV)
my+ (GeV)

1500 -

200

1000 -
100

&

R
R
RS

RIS

R

X

X

R
R ‘\
NN
R
X
R
R
N
NN
S

N
R
X
R

500 - X

500 600 500 1000 1500 2000 2500 3000

mag (GeV)

Figure 2.4: The two plots illustrate the light mass spectrum of a DFSZ model (quasi-custodial
case 4) for two different values of the custodial breaking parameter A\y5. The orange region is the
viable range of masses for the couple (ma,, mg+) according to the AT = 0.09 £ 0.13 restriction;
the blue grid area excludes points forbidden by the stability conditions of the potential.
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Figure 2.5: The two plots illustrate the light mass spectrum of a DFSZ model (quasi-custodial case
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area excludes points forbidden by the stability stability of the potential.



Chapter 3

The domain wall issue

The axion concept is an extremely fruitful idea of theoretical physics with countless applications
and consequences. Just that makes the completion of axion models an incredibly delicate task.
Theories bearing the axion as a part of their spectrum should be compatible with particle physics:
all of the fields we introduce in order to construct a consistent axion particle should deal with the
current phenomenology at the LHC, for example. Nevertheless, this new pseudo-scalar field can
potentially affect astrophysics and cosmology, too. So, there is another frontier that grossly limits
our model building freedom. The domain wall puzzle is an exemplary problem that one has to
take into account when coping with axions.

3.1 The f, and v4 relation

Until now, we have overlooked a subtle issue when dealing with the effective axion-gluon in-
teraction. We discussed how the standard form to present it is (2.63), i.e in terms of the constant

fa
Qg Qg ~
‘Canoma = L 5 ay i 3.1
ly fa 87 gu ga ( )

This is the axion decay constant, which directly parametrizes the strength of decay processes
of axions into gluons through a triangle diagram. Despite that, we can also compute this term
starting from our DFSZ model. In the next chapter, we will deeply study the possible Yukawa
contributions to our Lagrangian; what is important to consider here is that, if we take into account

a Yukawa term in the form yQ;®12qgr (with Q7 an isospin doublet and ¢qp = (ZR> a vector of
R

isospin singlets) and we make use of the expression (2.53) for ®;o, the phases associated to the
matrix U, can be reabsorbed through a local chiral transformation. This procedure will generate
an axion-gluon vertex of the form

2Nag 05 L4 5w
Lanomaly = vy ¢ gg#ugg (32)

where we remind that vy = 1/41)35 + 025543 for a DFSZ theory with a cubic potential or vy =

A /vi + v2s9p in presence of a quartic one. N is the color anomaly, which can be computed using

(1.71), once the PQ charges for fermions have been assigned. In this last expression, the effective
coupling constant of the interaction involves the high energy scale vy of the model, which is mainly
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Figure 3.1: Thermal axion sources for 7' > Ty during the quark-gluon plasma phase.

related, thanks to the constraint vg > v, to the VEV of the singlet field ¢. By requiring the
matching of the two expressions (3.1) and (3.2), one gets

s Xgvg
a = SAr - a = —

! 2N wve>v N
where the last equality holds by considering the different vy definitions for the DFSZ models,
together with the suitable X4 value. Indeed, X4 = —1 for the cubic theory and X, = —1/2 for the
quartic one. The number linking f, and v, is called the domain wall number: Npw = —N/X,.
This latter is the leading character of this chapter.

(3.3)

3.2 Axion and cosmology

If axion existed, they would have highly influenced the past history of the universe. In par-
ticular, they would find a place in the cosmological scenario as dark matter components. As a
matter of fact, they naturally possess a huge number of properties that a would-be dark matter
candidate should have: a tiny mass, small couplings with SM particles (as we can already see
from the suppression of the gluon vertex, due to f,), a long life-time (greater that the age of the
universe) and so on. All of these features derive solely from f,, whose range of possible values
is fixed as 10°GeV < f, < 1017GeV [37]: the lower bound comes from supernova cooling, while
the upper limit from black hole superradiance. Through (2.75) one gets the axion mass range
5.70 x 107 "MeV < m, < 5.70 x 1073eV. Actually, the upper bound on axion mass is intimately
related to the properties of this particle of interacting with nucleons. Despite that, the presented
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interval can be tweaked for the better, by opening the axion mass window: how to achieve that is
the main topic of the next chapter.

Axions can take part in the history of cosmos both as hot and cold dark matter constituents. Hot
axions can be efficiently produced through different processes during the universe thermal evolution.
For temperature 1" higher than the Toy ~ 200 — 300M eV of the quark-hadron transition, axions
can be directly generated from gluon and quark reactions, as g+¢(q) <> ay+q(q), ¢+q <> ap+g or
g+g < g+ay [38], whose Feynman diagrams are shown in figure 3.1. When the temperature drops
below Ty, we move from a quark-gluon plasma phase to a situation where gluons confine quarks
into hadrons. Here, the most relevant axion thermalization processes are due to pions and nucleons
interactions, such as m + 7 <+ ™ + ag and m 4+ n <> n + ay, which can be described by an effective
Lagrangian (presented in the following chapter). These reactions will be effective until the pion
recombination temperature 1, ~ 130M eV . The presence of a new source of relativistic components
in the universe, together with neutrinos and photons, can lead to important consequences. As
said in [39], just as massive neutrinos, axions could leave an imprint on the CMB temperature
anisotropies, could contribute to the effective number of relativistic degrees of freedom, could
influence primordial nucleosynthesis and structure formation through the free-streaming scale.

In spite of the extreme similarity between axions and neutrinos, we claimed that axion can
even constitute a cold dark matter component, which sounds pretty strange, if we consider its
generally small mass. Recent experiments showed how some neutrino species must possess a mass.
Nevertheless, this latter must be very tiny, so that, regarding the process of structure formation,
neutrinos will be hot dark matter components: they will be produced by thermal fluctuations in
the early universe and, even if they are cooled by the cosmos expansion, they will still be highly
relativistic at that epoch of structure accretion. A similar reasoning applies to axions produced
by the reactions we have previously presented. But it is now important to consider the differences
between these two light particles just by remembering the peculiarities of the axion field.

The axion is a pseudo-goldstone boson: it arises as the phase of some complex scalar field. In
one of the simplest invisible axion model, such as the KSVZ one, there is only one extra Higgs field
S enjoying a PQ simmetry, so that one can naturally set S = (vg + 5)e**s/?s. In our DFSZ theory,
things are much more complicated, because we have a PQ simmetry shared by three Higgs fields.
We have already studied the emergence of the axion phase, which is expressed by (2.50): by looking
at the VEV vy which normalizes this axion phase, we can envisage that the field combination T
acting as the KSVZ S, here, will be given by

_ dvgyo + vswﬁ

T = (vf + x)e'as/vs where T ”
f

(3.4)

with H = v + H, whose VEV is (H) = v. The T formula has been fixed in such a way that
(Y) = vg. Of course, we know how vgs > v, so that T is essentially ruled by ¢. For the same
reason, the major responsible for spontaneous symmetry breaking of PQ symmetry will be just the
term proportional to Ay of (2.5). The non-perturbative vacuum Vj, itself, which can be obtained
from the potential minimization conditions (for example (2.76)), turns out to be grossly Vj, ~ vi.
Despite that, axions would emerge even without a ¢ field, because it is not the only PQ charged
Higgs. In the same way, the symmetry breaking mechanism will occur in the quasi-free singlet limit
(A = 0), too, where the subleading terms of the potential related to H will start contributing.

All that is of capital importance from a cosmological perspective: we will now consider the axion
field evolution (and not just its perturbation, as we did up to now). If we are in the primordial
universe, at energy higher than f,, the PQ symmetry is preserved by (Y) = 0, which minimizes
the potential

V(Y) m Ag (LY +v3)° (3.5)
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and we have no axions. But when we drop below this scale, the PQ symmetry is broken: if our T
field is subjected to the simplified mexican hat potential

V(Y) = A (YT = 03)? (3.6)

it will roll down from the false vacuum state (Y) = 0 to one arbitrary minimum between the
infinite set of them, i.e (T) = v;e’®/Vs where the angular variable a,/v, just parametrizes each
element. The sign flip between (3.5) and (3.6), which we modified by hand, shoud be in principle
explained by the cosmological evolution of the parameters with temperature. Our energy is still
greater than Agcp ~ 200MeV, below which QCD can not be treated perturbatively any more
and quarks are confined into hadrons: for the effects of asymptotic freedom, strong couplings are
weak and, clearly, pions do not exist. At these scales there is no effective potential for the axion,
which is practically massless. Nevertheless, this pretty simple mechanism must be explained a bit
better when embedded in a cosmological background.

3.2.1 Axionic strings

When the PQ phase transition occurs, we know that it will take place simultaneously in different
points of the universe: quantum fluctuations will move the Y field to a completely casual value
of the U(1) symmetric set of vacua. Nevertheless, these values will not be the same everywhere,
because the correlation length between various universe positions can not exceed the casual particle
horizon dg, defined as usual

t /
cdt
dy(t)=R(t) | S~ (3.7)
o R(t)
and associated to light propagation. R is the scale factor which enters the Friedmann-Robertson-

Walker metric
2

1—kr?

ds® = Adt* — R(t)< + r2d§2> (3.8)
and k the curvature constant. The process, which leads to a universe comprised of distinct patches,
is dubbed Kibble mechanism [40, 41] (sometimes known also as Kibble-Zureck mechanism). In
principle, it is possible to describe a continuous closed path on a plane in the physical coordinate
space, connecting points where the T field settled in different VEVs, whose phases a4 /vy run from
0 to 2m: that is legitimate just because we are dealing with a continuous symmetry. This path
can be smoothly deformed into a point, provided that a singular region where (T) = 0 still exists.
We can extend this discussion from plane to space, so that the simple requirement of causality
provides us with a chain of points where the PQ transition did not occur and the scalar field got
trapped in the false vacuum: these chains are the axionic strings.

Let us consider a simple axionic string, located along the z axis of a coordinate system. The T
field configuration describing an axionic string can be encompassed by the ansatz

S(t, @) = v¢f(r)em9 (3.9)

where § = a4/(2v4). We want that the field approaches the real vacuum far away from the singular

region & = (0,0, z) (when the cylindrical r coordinate goes to infinity) and that it assumes the zero

value at r = 0. This constrains f(r) in such a way that

fr)y=1 when 7r— 400 (3.10)
f(r)=0 when r—0
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In (3.9), n is the already introduced winding number (1.34), which tells us how many times we are
moving around the false vacuum region. We are not going to consider any time dependence, which
means S(t, ¥) = S(Z) is a topologically stable field configuration. After all, S(¢, ) is a topological
solution of field equations, which is stable against small perturbations by very definition. If we
now consider the total energy of the system

E = /d% [&SF +|V.S|* + V(S)] (3.11)
the gradient of the string will be
2

V.S = vy [arf(r)f + mfgfa)e} e = VLSPP =] [(arf(r))2 + n2f(r7;)] (3.12)

The time derivative in (3.11) is null, according to our assumptions, so that

+oo +o0 f(T’)Q
E= 27r/ dz/ drr <’U(225 [(&f(r))2 + n2r2} + /\¢’U(225(f(7‘)2 — 1)2> (3.13)
—o00 0

We notice that our theory has an intrinsic length scale r. = (\/ﬂ%)il’ which can be used to define
the location of the boundary separating regions where f(r) = 0 (the string core) and f(r) = 1
[42]. In our calculations, we will assume for simplicity a step-function form of f(r) = 6(r — r.).
Moreover, it is quite natural to introduce an ultraviolet cut-off L in the previous integral, which
otherwise would diverge: this L can be considered as the distance between neighbouring strings,
which is expected to be, from the dynamic of Kibble mechanism, of order of the horizon scale.
Thus, we can write down

E=2r /:o dz (/0 drr {vi(arf(v”))2 + M”i} + /L drrvg {(&“f(r))z " n2r12]> (3.14)

+o00 L
~ / dz (mﬁ, + 27m2v35 log ())
o Te

and, hence, we can define the linear energy density of the string us as

L) (3.15)

Lhs & 27m2v§> log(
Te

where in general the contribution of the core is neglected with respect to the second one. These
string configurations are extremely related to axion field: as described in [38], string loops can
for instance recollapse or wiggle, giving rise to processes which radiate axion particles. It was
shown that this new non-thermal mechanism creates axions with such an energy that, because of
the universe expansion and the subsequent switching on of QCD potential, become non-relativistic
pretty quickly.

3.2.2 The domain walls

When the temperature drops to the energy Agcp, the string decay mechanism is inhibited,
because a new process plays the game. Indeed, at this epoch, pions arise, generating an effective
potential for axions of the form (2.72). This new term in the Lagrangian will break the U(1)
symmetry connecting degenerate vacua, but we still have a residual symmetry. As a matter of
fact, our axion potential is periodic in the variable a/f,: its minimum is reached for

<%>:0+m7r with meZ (3.16)
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Figure 3.2: A pictorial representation of a string-wall network in case of Npy = 4: it can be
appreciated how an axionic string is the boundary of four walls, which separate regions of different
vacua.

so that it seems there is only one possible VEV for the axion (a/f, is an angle and, thereby,
(a/fa) € [0,27[). But, here, we need to introduce the vg scale through the relation (3.3), which

gives
a4 G\ _ _gzp2 [y Amuma o g
V(fa) 7 V<U¢) B fﬂmﬂ\/l (my + mq)? o (NDW 2U¢> (317

The new angular variable a/(2v4) will minimize V' (ay/vg) for a collection of vacua
ag 0. T 7(Npw — 1)

Gog! = Now T Now

given exactly by Npy values. What emerges is that the original set of U(1) symmetric vacua is
broken by quantum effects to a more restrict set of Zu,,, symmetric ones. The original vacuum
field configuration, characterized by a particular value of ag/(2v4), will now roll down towards one
of the new Apy vacua. The field configuration which interpolates two casually unrelated regions
is dubbed a domain wall. These walls will attach to preexisting strings, which, in turn, will be
surrounded by Npw walls (figure 3.2).

The new Lagrangian describing the axion will now appear as

Lo = %aﬂad,aﬂ% _ (v(‘;f) _ V(O)) (3.19)
where we have subtracted to the potential the energy of the minimum, because, as motivated in
[37], it is customary to assume, as a solution to the cosmological constant problem, a null axion
vacuum energy. An explicit analytical form of the domain wall field configuration can be very
difficult to obtain in this specific case, but, nonetheless, we can derive some important properties
of it in a simplified situation. If we consider a wall which is located along the plane z = 0 and
which mediates between two different vacuum values, in such a way that, for instance

e [0, (3.18)

{a¢/v¢ =0 when 2z — —o0 (3.20)

ay/vy =2 /Npw when 2z — 400
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we can simply extract the form of the energy from the previous Lagrangian. We are looking again
for finite energy solutions, which have no dependence on time. Moreover, using the symmetry
of this simplified problem, we consider spatial variations of the field solely along the direction
perpendicular to the wall itself. With some manipulations we can write down

£ [ @l g0.00a,+ (v(3) -vo))| -
- /d?)x% (82% - \/2 (V(C}‘:) - V(O))>2 + /d3x\/2 (V(‘}Z’) - V(O))@Z% .

where, from the first integral, we can get the equation of motion for the domain wall field

O.ay — \/2 (V(C}j> - V(O)) =0 (3.22)

in such a way that we are left with an explicit expression for the energy

E= /dxdy/+oo dz0 a¢\/ ( (J{’) V(O)) =
27 /Npw M0 171
:/dxdy/o dagy | 2f2m2 {1— \/1— ﬁsm (NDW2 ¢>} = (3.23)

—/dxdy(?ﬂfafﬂmwfoﬂde [1\/1msm29]>

From the previous formula, we can readily read off the domain wall surface energy

awz?xﬁfafﬂmﬂ/ﬂde [1—\/1—(4m“mdsm20] -

0 My +mg)?

1+2 9 [T 4z 5 2
~2V2—=—m, doy| |11 =41 - ——5 0| ~8. a
V2 NG m fa/o { \/ EBE sin ] 8.96m f;

where we set Z = m,,/mq ~ 0.48. In the next-to-last passage, we made use of (2.74), that gives
the mass of the axion in terms of the pion’s one. But, in a cosmological framework, we should
be careful in noticing how that relation has been obtained using chiral perturbation theory: at
low energy, the effective degrees of freedom which interact with axions are described by mesons.
Thereby, this formula is valid only for T' < Tocp. For higher temperature, QCD couplings will
be suppressed by the phenomenon of asymptotic freedom, where g — 0 and perturbation theory
holds. In this regime, there will be no effective potential V' (ag/f,) and, consequently, m, — 0,
as expected for a Nambu-Goldstone boson. Nonetheless, while approaching Tgcp from higher
temperatures, before pions appear at the confinement energy, the degeneracy between the U (1) pg
vacua will start faltering because of instantons interactions: after all, we know that these ones are
non-perturbative phenomena, whose effects are relevant just when g > 1. Thus, the anomalous
constribution ~ a¢tr[gu,,§“”] will generate an effective periodic potential through the axion-gluon
triangle vertex. This discussion as a whole lets us understand how the axion mass depends on

(3.24)
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temperature and, consequently, on time, due to the modification of the effective potential, which,
in its turn, is sensitive to the active degrees of freedom. This idea is summarized in the relation

5 *V(ag/ fa,T) 1a*ve,r1)| 1
m (T) - (52a¢ %:0* fg 420 9:0* fg XtO;D(T) (3-25)
where V(ag/fa,T) is the effective potential, which weights up quantum corrections, t00. Xtop(T)
is instead the so-called topological susceptibility, which encloses temperature dependence.
Thereby, up to now, we have a universe filled with a string-wall network: differently from
string configuration, where strings tend to decay by collapsing or intersecting each other, this new
network where strings are the edges of walls turns out to be pretty stable. If that were the case
and a QCD transition had really populated the cosmos of these topological structures, it is easy
to realize that domain walls would have led to a cosmological disaster. Indeed, because of Kibble
mechanism, we can estimate that there will be at least one domain wall per casual horizon, whose
dimensions can be parametrized by the age of the universe t. The contribution to the energy
density coming from domain walls will be given by pw (t) = ow /t, so that today we would have
had

ow _ a
pw(to) = = 22 10 1467%3 (1012fG6V> (3.26)
where the age of the universe is tg ~ 14Gyr (and 1Gyr = 3.16 x 10'°s before present). It
worth noticing that py (to) > pais = 1.9h21072%g/em3, where peiq is the well-known value of the
energy density which separates hyperbolical from spherical universe geometry. h =~ 0.7 is related
to the Hubble parameter. This means that the existence of a string-wall network would have
quickly dominated the universe dynamic and would have led, nowadays, to a close universe: this
is definetely inconsistent with cosmological measurements, which suggest the hypothesis of a flat
COSMOS.

3.3 Possible ways out

As well summarized in [38], there are three possible solutions to the domain wall conundrum:
e the inflationary solution;

e the introducion of a small explicit PQ breaking contribution;

e the ANpw = 1 scenario.

The first one clearly relies on inflation. In a similar fashion as for the solution to the high
monopole energy density, emerging from the alleged GUT phase transition, even here inflation
can save us from this anomalous concentration of topological defects. Indeed, if the PQ phase
transition occurred before the inflationary period, the axionic strings could be watered down by a
violent phase of exponential expansion of the universe. The axion field itself would be homogenized
on large scales, so that the only contribution to its mode expasion would be given by zero modes.
Around the QCD temperature, the axion quanta, which are associated to oscillations of the field,
will acquire a mass: nevertheless, this zero mode axion field will produce particles which are
practically at rest (i.e as cold dark matter). Moreover, just because the phase of the T field will
be initially homogeneous on large regions, the formation of domain walls will be suppressed.

A second less appealing solution is based on the idea that a small explicit breaking of the
residual Zys,,, symmetry could lift the degeneracy of the Npw vacua and lead to the decay of
wall structures. This Zys,,, breaking term will clearly affect the original PQ symmetry: if we still



3.3. POSSIBLE WAYS OUT 7

) L ANS

Figure 3.3: With Npw = 1 the transition below the Toep temperature will generate a string-wall
network made of membranes, which quickly collapse under their own surface tension. The process
is expected to end up with a cold axion radiation emission.

C BN
old axion radﬁm“oX

want the PQ mechanism to work, we must require this correction to be extremely small. On the
other hand, the symmetry break can not be too tiny, because the unique true vacuum should be
able to take over before domain walls dominate the energy density of the universe. This set of
constraints grossly limits the room in parameter space for this mechanism to appear and, even if
it is completely legitimate, it does not seem one of the most attractive ways out.

A third possibility is instead to consider PQ models whose domain wall number is equal to one.
In this case, it will not be necessary to require the existence of an inflationary phase after the PQ
transition: this cosmological period can take place before it or can even be absent. The reasons
why a Npw = 1 can save us from the domain wall catastrophe can be easily understood. First
of all, it is noteworthy that, even if only a unique vacuum existed, domain walls could arise. In
fact, before breaking the degeneracy of the circle of vacua, we will unavoidably have the formation
of strings: around these chains of false vacua, the S phase can wrap with a non-trivial winding
number, exactly as before. When QCD potential switches on, field configurations characterized by
a/fo = 7 could move towards the minimum using two directions: decreasing their phase towards
a/fo = 0 or trying to reach a/ f, = 2w, because these two values are physically identical. Therefore,
a wall will interpolate field patches whose phase difference is greater than 27 nearby it and that
quickly connect to the surrounding true vacuum region. Our rule of thumb will say that any string
will be the edge of only one wall. Thereby, our network system made of strings and walls will
degenerate into a collection of membranes and strips. We can evalutate the stability of this system
by calculating the ratio between the energy in the wall surface and that stored in the boundary.
The string energy will be given by ust, where, again, ¢ parametrizes the typical size of the string
by means of the horizon scale; the wall energy will instead goes as owt2. Given that, one gets

Ewan — owt

R = = 3.27
Estring s ( )

This relation tells us that, after a short period of time, where the string energy is greater than the
wall one, the wall surface energy will dominate the dynamic of the membrane, which will collapse
under its own tension. Exactly as for string decays, it is generally assumed that these short-lived
networks are sources of non-relativistic axions. Of course, this reasoning can not be applied for
Npw > 2.



78 CHAPTER 3. THE DOMAIN WALL ISSUE

This brief description of the role of axions in cosmology made it possible to understand how
important it can be to select models respecting the condition Npyw = 1. It will be explicitly
computed in the following chapter that our DFSZ models do not respect this constraint. By using
the formula Npw = —N/Xg4, where N will turn out to be 3 and Xy equals —1 or —1/2 for
the cubic or quartic potential respectively, one gets Ngi, = 3 or N3 = 6. The cubic model
seems to move towards the direction of a possible improvement of the domain wall problem, that,
nonetheless, is still present. One can try to look for different invisible axion models, as the KSVZ,
which can be proved to have exactly the desired domain wall number. But as stressed in [43], this
theory, where an extra heavy singlet quark is added, has the cosmological drawback of leaving a
stable relic population of this heavy species, which can not decay, because not coupled to the SM
sector. Of course, plenty of solutions can be explored and other viable models can be found. But if
we insist on retaining a DFSZ scenario, we will show in the next section how relaxing some implicit
conditions in these theories can also have, as a side effect, the resolution of the domain wall issue.



Chapter 4

The flavour non-universal DFSZ
axion

The Yukawa interaction terms have been put aside, up to now, because they do not enter
the discussion of the scalar mass spectrum and of the domain wall problem. Nevertheless, they
are of capital importance in order to restrict possible axion properties, while comparing them
with phenomenology. One of the most robust result of old DFSZ models was believed to be the
prediction of non-null couplings of axion to nucleons, as a consequence of interaction terms with
quarks. What will be proved in this chapter is that these non-vanishing axion-nucleon interactions
are the outcome of assuming a flavour universal PQ charge scheme. Dropping out this hypothesis,
a great amount of possible models arises, some of which enjoy the nucleophobia property, that
makes it possible to relax some astrophysical constraints on axion mass.

4.1 Universal PQ charge models

To better appreciate the novelty coming from replacing the old models (where axions couple
with the same strength to all fermion sectors), with the new ones, it will prove to be useful to
briefly introduce the less general previous cases. Pointing out that the only difference between the
two classes of models resides in the Yukawa terms, we can write down them simply as

yjliséren; DFSZII

! (4.1)
yflLfégeRf DFSZ 1

Lyur =Y }arsdrurs + yfaosdedry + {
where f is an index running over the three fermion sectors and with y*, y¢ and y¢ referring to
the nine different Yukawa couplings of the SM. Clearly, q;, and [;, are isospin doublets and ug,
dgr and ep are isospin singlets, while ¢1 = iga¢; is used to give mass to the correct component of
the doublet. We finally notice that in (4.1) the possibility of having two different DFSZ versions
has been highlighted, according to whether lepton masses arise from the first or the second Higgs
doublet. If we want to ensure PQ invariance, our fermions should change accordingly under a PQ
transformation. We remind that:

Sh=e"00 @y =00y ¢ =0 (4.2)

and we can further assume that only right fermions are PQ charged (we will extensively discuss

later why this does not mean losing generality):
qr = qr I, =1L up = e lup dfy = eX¥qp e = eXelep (4.3)
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so that we get the following conditions:

X.=—-X; DFSZII

(4.4)
X.=-X, DFSZI

X, =X Xg=-Xy {

Now it is important to go back to the final parametrization we derived in the second chapter
(2.53), that, without explicitly reporting the goldstone boson fields, can be read as

1 \@CBHJF —22'5%%,
¢1:ﬁ (U+H)CB—85<S—|—Z2U¢A°) €$p{vf}

1 V2sgHt 2ic%a¢ -
02 = V2 \ (v+ H)sg + cs <S+Z2U¢AO) exp{ vy }

for the Higgs fields that play a role in Yukawa interactions. We remind that vy = 4/ 4Xﬁvi + v2s93,

as usual. The phase containing the axion will appear in (4.1): this is precisely the forerunner of
a possible complex phase for the mass term, that we already had to cope with. It is just this
imaginary exponential which gives rise to axion-fermions interactions. Indeed, we can act with a
local PQ transformation over our fermions, as in (4.3), to remove Higgs phases. The only thing to
keep in mind is that now 6 will be replaced by the local axion field, that is, explicitly

¢y = e 2@ /e DFSZ 1

_ 4.6
elR _ €+215%a(fb)/vfeR DFSZ 11 (46)

—924s2 _9:.2
ulee 2Lsﬂa(x)/vfuR d}{:e chﬁa(x)/vde {

This is a chiral transformation, which will generate some anomalous contributions, in a way that
we have already seen and that we will better explore for more general models. Here we just want to
derive the peculiar form of the fermion couplings. To see that, all we have to do is to consider how
a local PQ transformation will not leave unchanged the fermion kinetic part of the Lagrangian,
because the customary partial derivative will act on the exponential. Therefore, by removing
the axion phase from Yukawa terms, we introduce a further contribution, which represents the
aforementioned fermion interaction:

22 a;f eryyteny  DFSZI

h (4.7)
255?613”0")/ ERf DFSZ 11

aua _ aua -
ACfermion7a:cion = 25%:TURfWMuRf + 20%:7de7“de + {
where, for clear reasons, only right fermions are involved. Using the up sector as an example, we
can develop our expression even more as:

1+ WS 5 Jua

a,a a,a
et Ly (VT VYY) o Sl s y IO
8 Vs RfY URf B Vs Yy

where the vectorial part of the fermion current never contributes, because it can be eliminated
using the Dirac equation

5 Opa
QSBﬂuf’y up = —2852 (Opugyuy + upy" 0, uyp) = —2is%%(mfﬁfuf —myusur) =0 (4.9)

in which the first equality holds up to boundary terms. To extract the correct coupling constants,
we refer to the usual normalization, which employs the axion decay constant f,

»Cfermionfam'on Cw 2; 7/1'7 Y 7/1 (410)
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and using the relation f, = vy/2N of (3.3), we finally end up with

C.=c4/3 DFSZI

4.11
C.=—s3/3 DFSZII (4.11)

Cu:s%/?) Cd:c%/?) {

where the color anomaly value N = 3 (a result which will be proved in the next paragraph) has
been made explicit.

4.2 The photon coupling

As already shown, one of the corner stone of axion models is the effective axion-gluon coupling:
indeed, while acting with (4.6), we will generate an anomalous color term. Considering again as
a starting point the original DFSZ theory, the latter can be derived by using (1.69), (1.70) and
(1.71) so that

Lo . — gg %dabga guy (4 12)
azion—gluon 3972 vy prb :
In particular, being the trace over different flavours, if we detone by X g /R the diagonal matrix
containing quark PQ charges, we can write

d™ = tr[ XN N0 — tr[ XA, A (4.13)

where we used the fact that right and left fermions contribute with opposite signs. Just the
relative sign is meaningful, here: a global change of sign will not have spill-over effects on physics,
because the effective QCD potential is an even function of the axion field. Moreover, leptons do
not couple to gluons and, so, they do not appear in the calculation. By using the already quoted
{Aa; N} = (1/3)5ab + dapeAe and summing up over the three color hues, we get

=t 3 (S S ) =

colors colors

(0 —3(—s% — Cg)) =36 (4.14)

where the factor three is the so-called color anomaly coefficient N. In the previous expression, the
fr index runs over the three quark generations, while fr over the six quark singlets.

In a similar fashion, even if without any relation to the solution of the strong CP problem,
other kinds of anomalies can be produced, according to whether d**¢ of (1.71) will vanish or
not. Thereby, it is legitimate to believe that axions can present an effective interaction vertex with
photons and SU(2), field strength tensors. To start with, let us consider the case of electromagnetic
interactions. By making use of our previous formula, we can derive for the DFSZ model

d=2 3 (ZXLfQLf ZXRfQRf> +2(ZXLZQLI ZXRzQRl> =

colors
2\° 1\? 1)2¢3  DFSZII 8 DFSZI
=6<3s%<> +3c%(—> + =1 52 ):
3 3 —(—1)%s3 DFSZ1 2 DFSZ 11
in which the second part accounts for leptonic contributions (again l;, runs over the three lepton
generations, but [ only over the three charged lepton singlets, because right-handed neutrinos, if

existing, are not electrically charged). The results obtained are dubbed electromagnetic anomaly
coefficients E. Therefore, until now, the Lagrangian containing the anomalies will happen to be

(4.15)

E
Lomomaly = > jf’ Gge,G + sgﬁ?f F (4.16)
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7y

v

Figure 4.1: A diagrammatic representation of the axion-pion mixing. Because of that, the decay
70 — 27 (which is the major neutral pion decay channel, occuring with a fraction of (98.823 4
0.034)% [44]) generates an additional model-independent contribution to the axion coupling to
photons.

where we have explicitly made use of N = 3 and, again, of f, = vs/2N.

All of the axion strong and electromagnetic effective interactions should be included in the just
written terms. But here we have to proceed cautiously, because it is necessary to remember how
the axion fate is severely connected to that of pions. If we consider again the effective Lagrangian
(2.66), by expanding the M, matrix for large f,, we get

Lonass = vf},tr[EM; + h.c] = vjtr {Z <Mq - ZJC:J +.. )] (4.17)

so that a mass mixing between axion and 7¥ emerges, when the linear a,, term multiplies the linear
pion one stemming from the ¥ expansion. This remark did not affect the calculation of axion mass,
for which pion degrees of freedom had been integrated out, but now it has important consequences.
Indeed, if a mixing exists, it means we are not dealing with the correct physical fields and, hence,
in principle, our axion field could turn into a pion while propagating. Because we know that a
7Y can decay into a couple of photons, we have an extra contribution even to the axion-photon
coupling. To assess it, we can try to eliminate at leading order the axion-pion mixing through a

different quark field definition. We can generalize the transformation (2.64) into

u 52 e Qo U
q(d>}—)e'y2.faQ (d> (4.18)

with @, a two-by-two matrix, which replaces the identity. If we choose trQ, = 1, we have the
correct multiplicative factor which exactly cancels the gluon anomaly. From now on, we will never
consider it again in a low energy regime. This second chiral transformation acting only on up and
down quarks will modify the axion electromagnetic interaction as

a (FE a ~
Lanomaly = g <N - GtT[QaQi]) %fuufuu (419)

where

Qq = (2(/)3 _f /3) (4.20)
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contains the quark charges. If we now move back to the expansion of (2.66) in this new general
case, where M, = eZmQ“qu’mQ”, one gets

iag
2fa

so that to remove the mixing, we just need to impose Q, = M Ltr[M, P 1. This explicit redefinition
of quark fields lets us compute a complete form of the electromagnetic anomaly

c _ 9 (E 24matm,
anomaly = 352 \'N 3 my + my

Linass = v tr [2 (Mq — o7 {Qa, My} + ... )} (4.21)

%ﬂww" (4.22)
It is noteworthy that the first term E/N is model dependent, because directly calculated through
the PQ charges of the theory; the second one is universal and, substituing the values of quark
masses at 2GeV, gives C, = E/N — 1.92(4) (where the last digit is affected by an uncertainty
arising from the determination of the quak masses ratio).

If we now try to repeat the same passages for the SU(2); gauge symmetry, we immediately
realize that d**¢ = 0: indeed, only left fermions can couple to the weak force and, just because in
our model they are not endowed with a PQ charge, no anomaly coefficient will arise. But let us
consider a bit better the role of the weak interaction in the anomaly scenario.

4.2.1 The electroweak parameter 0gy,

We saw that a supposed 6 electromagnetic angle can not exist, because the term ]-'Wj:“” isa
total derivative and can be removed from the Lagrangian without any topological complication:
U(1)em, exactly as U(1)y, is an abelian gauge symmetry. The same reasoning does not apply to
the rest of SM local symmetries, so that for the strong force we introduced a 6gcp parameter, that
is at the origin of all this work. It can not be removed by means of any transformation, because,
as noticed in [45], it does not exist any current whose divergence contains only the strong anomaly
with no further contribution which moves the effect of the gcp somewhere else in the Lagrangian.

For the SU(2);, anomaly this is not true. If we consider the global baryon and lepton transfor-
mations

Qr— eBwQ el (4.23)

we notice that they are classical symmetries of the theory. Nevertheless, they turn out to be
anomalous. Defining B as the baryon number (1/3 for baryons and zero for leptons) and L as the
lepton number (one for leptons and zero for baryons), we have

tr[B{\?, A’}] = tr[L{X*, X0} =0
tr[B{r?,7°}] = %bB SN 1) = 3§

colors “left quarks

6ab
Lt =L Y 1=38 (4.24)

left leptons

B o ()]
wl2(B0)] - Flov? a2 = -3

and, hence, the corresponding currents are not conserved at quantum level. We underscore that
the extra factor 1/4 in the calculation of the anomaly for the abelian hypercharge symmetry comes
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from the usual parametrization of these transformations, where the hypercharge number always
appears multiplied by a factor one-half as Y/2. Upon a baryon and lepton transformation, the
weak anomalous Lagrangian will be

aw

= (Opw — 3ap — 3o, )Wa, W (4.25)

‘CGEW =
If we set ap+ay, = 0w /3, the electroweak vacuum angle disappears from the theory, which means
it is not physical. Despite that, it is noteworthy that the anomalies (4.24) obtained for baryonic
and leptonic symmetries exactly cancel each other: thus, a real symmetry of the Lagrangian, even
at quantum level, will be the so-called B-L symmetry.

4.3 The coupling to matter

We have already explored on different occasions the importance of dealing with effective theo-
ries, where only the active degrees of freedom are considered and all the heavier ones are integrated
out. To describe some situations of practical value, we will definetely need to use them.

But first of all, we have to rewrite the quark part of the Lagrangian in the new quark basis, given
by (4.18), where the gluon anomaly disappears and the axion-pion mixing is suppressed. This can
be easily achieved by considering that this phase transformation will provide a new contribution
to Yukawa terms by means of the derivative in the kinetic part. Starting from (4.10), where we
refer to cgv as the ultraviolet axion-quark couplings at high energy scale (e.g f, ~ 10'?), we can
write

a,a _ . _
anion—quarks = ) § Cqufyl ’qu - § (QRMqQL + hC)
2fa
u,d,s,c,b,t u,d,s,c,b,t

_ _ a,a _ _
D10 = Qaladl + 55" X0 ¢ Y (arMagu + he)
u,d @ s,c,b,t u,d,s,c,b,t

8HCL¢

2fa

(4.26)

where the axion non-derivative coupling through the mass term M, has been reported, too, for sake
of completeness. The @, matrix contains the infrared correction to up and down quark couplings:
(Qu)u = B = 1/(1 + 2) and (Qu)a = cif* = 2/(1 + 2), with 2 = m,,/m4. Therefore, we can

UV _ UV _ IR
redefine Cujd = Cuja — Cuja-

4.3.1 Pionphobia

As described in the previous chapter, the leading thermalization processes of axions for T' > T
are m+ m <> ™+ ay and ™+ n <> n + ay (where, here, n stands for a general nucleon). These are
related to the production of possible hot dark matter axions. To have an effective theory involving
both nucleons and pions, we can not avoid to include all meson states within a mass range running
from the pion mass to that of neutrons. In so doing, the approximate symmetry group that should
guide us in building the effective Lagrangian will be the SU(3) flavour group. This symmetry
is also mirrored in the baryon sector, where the lightest states are described by an octet whose
members are collected in the matrix

i VSt V3
. 1 - N .
B=—| V25~ -2°+4 Vo (4.27)

\@ ~ =~ A0
=— =0 _9A
V2= 2= 25
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Nevertheless, before starting our analysis, we wish to stress how these theories will be solely
useful to extract some considerations up to tree level calculation. Indeed, it has been realized how
a description including all 0~ mesons and %Jr baryons is unstable at loop level: that is ultimately
due to superpositions and small energy gaps separating these two SU(3) octets from the rest of
QCD spectrum. For instance, between the proton/neutron threshold (~ 938 MeV') and the A° one
(~ 1116 MeV) all members of the 1~ meson octet thrive, while within the energy gap running from

Y (~ 1193MeV) and E (~ 1318 MeV) has place the first element of the %+ baryon decuplet A
(~ 1232MeV). Therefore, we can rely on the following picture just as a model.
When constructing a Lagrangian including baryons, it is much more convenient not to use the

matrix (1.26), which transfroms as ¥ — ULZU}E37 but its squared root u:

w? =3 sothat o' =\/U XU}, =Upuh™ = huU}, (4.28)

where h = h(UL,Ug, %) = (ULZU;)’1/2UL\/§ is named compensator field. From the previous
formula it can be noticed how h belongs to the unbroken part of SU(3); x SU(3)g symmetry
group: it acts on the right as h~! = h' and on the left as h, in such a way that h € SU(3)y.

Moreover, a suitable representation of the baryon field B can always be choosen in terms of
a B such that B — hBh™'. As a matter of fact, under a SU(3); x SU(3)g action, the B
matrix will change as B = URBRU;Ec + ULBLUE But we can cleverly define a baryon matrix
B = (uPg + u! PL) B(Pgru' + Ppu), having the desired behavior.

With u and B we have identified a particular non-linear realization of the chiral group symmetry,
because the transformation law of v and B involves a matrix h which depends on the meson
fields themselves. It can be shown that these two field representations (i.e (X, B) and (u, B)) are
equivalent, because the physics of the S-matrix elements is not affected by their interchange. As
a consequence, we can assume the B matrix as our initial object, defined as in (4.27) in terms of
entries deprived of their tilde symbols.

We can now introduce some useful objects. The first one is the chiral connection T'*

r,= %(uTaﬂu +ud,ul) (4.29)

which transforms as I'), — hI‘Mh_1 + hOh~!. The chiral connection can be employed to build a
covariant derivative for the baryon field with homogeneous transformation properties

D,B =0,B+[I',,B] — (D,B)" = hDMBh_1 (4.30)
The second important quantity is the chiral vielbein u*
u,, = i(u'du — ud,u’) (4.31)

which transforms homogeneously, too. Using u* we can rephrase the meson kinetic part tr[@HEW“Z]
as trlu,ut]. Of course, all of these expressions involving derivatives of fields should be suitably
tweaked, if one needed to reproduce the gauge field couplings: nevertheless, they will not enter our
considerations.

Finally, in this non-linear representation, the standard quark mass term Uitr[MqZT + XM J]
(where now M, is a three-by-three matrix) will be replaced by tr{x+] = vitrul Myu® + uM]ul,
which again transforms homogeneously.

We are now ready to write a pretty general effective Lagrangian, whose terms are obtained by
requiring the presence of SU(3) symmetry (with the exception of the explicit breaking contribution
of the mass term) and CP invariance, typical of strong interactions. The last requirement can be
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taken into account by remembering that mesons are pseudo-scalar states. So, under a parity
transformation, they will entail PYPT = X, That implies PuMPJr = —gipu, and PFMPT = giul'y,
where i is a spatial index (the extra minus sign of g;; comes out from the partial derivative change
under parity). Therefore, the only possible contributions will be

2
LefFective :ijtr[uuu“] + tr[x+] + tr[B(iv*D,, — my)B] + gtr[ny“fy‘r’{uu, B}+ 32

+ gtr[év“vs[uu, Bl + L3 + Lo + L3
where m;, is the bare baryon mass. The SU(3) axial couplings D =~ 0.80 and F = 0.46 can be
experimentally determined through semileptonic baryon decays [46]: they fullfil the SU(2) isospin
symmetry constraint F'+ B = g4 = 1.26, where g4 is an axial constant that controls the neutron
B-decay (see next subparagraph).

Pretty interestingly, in this SU(3) model the mass term ¢r[x]| gives rise not only to a pion-
axion mass mixing (that we removed at first order), but the axion field can actually blend in with
the other neutral pseudoscalar mesons, i.e the ng and 7ny. However, these mixing angles are highly
suppressed and do not significantly modify the physics: being the axion mass very tiny, the mixing
with the lightest particles will be favoured.

We can now focus on the last three terms, which contain the axion physics: they encode the
axion interactions with mesons and nucleons. We will concentrate on £ in the next subpara-
graph, where we will develop a more precise effective theory in which only protons and neutrons
are produced among QCD bound states. Thus, let us consider only interaction terms that are
peculiar of high energy scales and cosmological problems, where meson degrees of freedom can still
be excited. We can construct these terms following [47].

The axion-pion interaction

Regarding £ we should try to couple an external axion source to meson currents. These
ones can be obtained differentiating the meson kinetic term of (4.32) with respect to the SU(3) 4
axial 4,3 = i{\?, X}00% and U(1)4 axial §4,% = 2iX609 variations, together with the SU(3)y
vectorial dy, X = i[A%, X]060¢ and U(1)y vectorial dy, X = 2i556¢, ones. Nevertheless, the last two
transformations do not contribute. After all, a parity even meson current can only be associated,
for parity reasons, to vectorial external sources, which can not be built with a linear term in the

axion field. After these preparatory considerations, we can write down

Ot o ﬁtrw(zauztzwz)} +a“a¢c ﬁtr[zaﬂztzﬁaﬂz} (4.33)
2f. 2 2fa "\ 2 '

axial-multiplet meson current axial-singlet meson current

nt
‘Cﬂ'—a -

where ¢* and c¢; refer to the dependence on the ultraviolet coupling constants. If we denote by C

the diagonal matrix C' = diag(c{",c{V,cV), we can rewrite it as

1 1 1
C = gtT[C]ng:; + 52&7‘[0)\3])\3 + itr[C/\g]Ag (434)

So, what enters expression (4.33) is just the projection ¢* = tr[CA*]/2 of C' (with a € {3,8}) on
the symmetry generators and ¢, = ¢r[C]/3.

To get some useful results, we just need to expand the meson matrix. The leading axion
thermalization processes will comprise pion interactions: the shorter life-time of heavier mesons
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strongly suppresses collisions with axions, which become highly improbable. The current term can
be expanded as
O (mNE i D, (meNe)3 i

_ . eye byb\2
9,57 - STty = —2i T +3 IE —E(WA)aM(wA)+

1

3

(m°A9)28, 7N + ...
(4.35)

The previous linear factor in d,,(7°) can be neglected in our reasoning: it is just responsible for a
pion-axion kinetic mixing, that can be reabsorbed in the normalization of the field wave functions.
In the second term, we have to carefully consider the contribution (7¢\¢)3: because pion fields
commute, we have to project the product of the three A matrices into its completely symmetric

part
7Ta’]Tb’]TC)\a>\b)\c — %ﬂ_aﬂ_bﬂ_C)\(aAb)\c) — 17127_‘_(1711)7_‘_0({)\&7 {)\b’ )\c}} + {{)\a’)\b}’)\c} + {)\b7 {)\a7)\c}})
’ (4.36)

Using the Gell-Mann matrices algebra of anticommutators {\*, A’} = 459 /3 4 2d2*°\¢, where
we remind that depe = tr[Ac{ s, A\c}]/4, we can claim for instance:

8

A% NN} = gabw +gd™ ddredr N (4.37)

and from the complete symmetry among the d®*® indeces, we can end up with

(AT AP+ LA + (A0 A% A =

] (4.38)
— Sdabc + g(ébCAa + 5ab)\c + 5aC)\b) + 4(dbcedaef + dabedcef + dacedbef)/\f

Now, employing the relation d*¢d®¢/ 4 dabedees 4 daceqbes = gbagef 4 §2¢6bf 4 50597 the (meAe)?
term will become

z@u(ﬂ'-)\)?’_ i
3 73 363

™

0, (84" xxt %) + 3%[3[(77 )@ - ) + 2( - D) (- V)]

To extract the pion contributions we have first of all to restrict the indeces a, b and c¢ to the
subgroup of Gell-Mann matrices related to pion fields, i.e a,b,c € {1,2,3}. If we consider that the
unique non-null coefficients of the symmetric tensor dgp., with at least two indeces in the subset
{1,2,3} [48], are di1g = dasg = dszzg = 1/4/3, the first term in the previous formula will not
contribute.

For the third addend of (4.35), we could write in a similar fashion:

Ou[8d™ emor e + 12(m - ) (1 - \)] =

4.
o (4.39)
363

/1: ¢ 8 ey e aoc a a eyeyc
- F(TF DNRCEPYRES 7 3™ 0, m(meA) + 2d°*¢(9, w7’ + 70, mP)TEAN (4.40)
Again, a,b,e = i with ¢ € {1,2,3}, while ¢ can just be equal to 8. Making use of the known
expression for the product of Gell-Mann matrices specialized to our case

2 2 . ) ) o
AENE = 556013><3 + (ifer + decb)Ab _ g(3*'L813><3 + (’ifZSb + szb))\b _ duS)\z (441)
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we will be able to get
i 2i
—F(ﬂ' N0 (m-A)? = — () (7 Oprr) (4.42)
Calculations for the last term of (4.35) can be carried out hand in hand, so that we get

7

eye Z
7 (m°A9)20, 7N\ = JTSF’(W )0 - A (4.43)
Collecting all of these results, the building block of our axion-meson currents will happen to be
4 7/ e () e
29,87 — h.c = gf—g[amr (m-m) —7(m- Oum)|A®. .. (4.44)
The axial-singlet meson current can not contribute, owing to ¢r[A°] = 0. Furthermore, we have

to take into account that, with e € {1,2,3}, also the index a of (4.33) is restricted to the same
subset, because of the property tr[AAe] = 204.. As a consequence, just because ¢ # 0 if and only
if a = 3, we will have

Ouag &V — eV o 4o -9 -+ +-.—9 -0
7 T[W (T 0ym™ + 7w Opm) —2m O] (4.45)

i, =
as stated in [49].

The axion-pion-nucleon interaction

Moving onto the interaction term L' _ = we can proceed similarly. We can extract the
Noether currents from the mixed pion-baryon terms in the Lagrangian (4.32) and couple them
to an axion external source. Terms proportional to 4°, where the chiral vielbein appears, will
contribute with a Noether current derived from a vectorial transformation for parity invariance
reasons. In this special case v/ = UuUT, just as X, so that dy,u = i[A\% u]60%. The remaining
mixed term, represented by the contribution with the chiral connection factor, will instead enter

through an axial variation. From relations

{5A32 = i{\?, £}60% = i{\%, u?}60% = i{\%, u}ud0y + iu{\*, u}60% (4.46)

5V/AE = 5v/Au2 = 5V/A’LLU + uév/Au

we can guess the transformation law dy,u = i{\* u}d09 for the axial part. Therefore, we will
eventually obtain:

. 1 .
Lo = 82”7;%6" <—2tr[B’y“[(uT/\“u - uAauT),BH) +

vectorial meson-baryon current
(4.47)
8Ha’¢ @

_|_
2fa

<—§tr[37“75{(7ﬂ)\“u +uX®u’), B}] — gtr[B'y“75[(uT)\au + urul), B]])

axial meson-baryon current

Of course, ¢* = tr[CA%]/2 will still be valid. From this expression, it immediately follows that
U(1)y,a variations can not be useful in this discussion: if A* is replaced by the identity, cint

will vanish. In addition, the axial meson-baryon current can not generate a linear pion term, so
that we will exclude it from our considerations. What is missing is just the expansion of the first
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contribution, in order to reproduce interaction verteces involving only pions and nucleons. As a
matter of fact, we will get

) 2
uI A% — u\ut = L[)\“, M7l 4 = == fapem N (4.48)
fr fr
where fup. are the structure constants entering [A%, A?] = 2if®c)\¢. In the previous formula,

the index b can be immediately restricted to the set {1,2,3}. To select the proton and neutron
component, while multiplying for the B matrix from the right and B from the left, A, can only
have a ¢ € {1,2,3,8}. Looking at the values of the structure constants [48], the only possible ones
for ¢ are {1,2,3}: that fixes a to the same set. Consequently,

AU — uN Ut = 2i(fazam + faram )N fr + 20(fazo™ + farom N/ fr + 20(fa1 T + fa1 TN/ fr

a=1 w2\ — uNu = —(2f1037%)N3 ) fr — (2f1327°) N2/ fr
a=2 w2y — w2t = —(2f213N ) fro — (2fam1 TN fr (4.49)
a=3  uNu—urNul = —(2f310m )N/ fr — (2f321 7N fr
where fi123 = 1. Because only ¢ # 0, just the last line will contribute in the sum over the a index.
It can be similarly shown that the second term of the commutator, i.e By*B(ufA*u — ulul),

does not give relevant contributions to our problem. Selecting solely the interesting products while
multiplying by the baryon matrices, one ultimately gets

; UV _ UV
i0uag Cy " — €

om = d_(r~ay"p — mtpytn 4.50
I W (m™nytp pyH'n) (4.50)

again in full agreement with [49]. For sake of clarity, we spell out how we used the definitions
7l = (nt 4+ 77)/v2 and 72 = —i(7t — 77)/+/2, consistent with the initial form of ¥ in (1.26).

What clearly emerges from the previous calculations is that reactions involving both axions
and pions are proportional to the coefficient &7V — 5gv. This feature is fundamental, from a model
building point of view, because it suggests us a possible way of evading cosmological constraints
where dark matter interactions with pions are relevant. To suppress pions couplings, opening the
possibility for a so-called pionphobic behaviour, one should just require

~UV ~UV_0

1_
YV V= UV _ v o~ % (4.51)

= ¢, —cg =17

in accordance with [50]. Every pionphobic model must satisfy the previous constraint.

4.3.2 Nucleophobia

When facing astrophysical problems involving the search for axions, it is often enough to con-
sider a low energy theory, where the only particles with a role are the stable ones: neutrons (with
a pretty long decay time), protons, electrons and, clearly, the axions. In this context, energies are
so low that pions are not produced, too. Being electrons elementary particles, their low energy
couplings can be readily read off from the ultraviolet Lagrangian (up to some running effects);
the previous reasoning is instead not applicable to protons and neutrons: just because they are
hadrons, that is quark bound states, their coupling constants can solely be obtained by matching
the effective theory with the ultraviolet one (look at [30]).

We would like to point out that, in this low energy scenario, we know we can rely on the
approximate global symmetry SU(2)y of isospin, which mixes neutrons and protons. We do not
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need to consider a model based on the SU(3) group, because all the unstable degrees of freedom
(that we had to account for in the previous paragraph) can not be excited. In so doing, we obtain a
twofold advantage: we can use a more precise symmetry group of nature than the SU(3) one and,
furthermore, we are able to avoid the problem of loop instabilities. The second point, in particular,
makes the isospin-based model a really reliable theory.

To start with, we can try to highlight the isospin symmetry at high energy by rewriting the
first term of the Lagrangian (4.26) as

_ Ouag (- Vyta® 0 w) _
‘Cawionfup/down_ 2fa (U d_)< NUV’Y“’YS d] —

v - (4.52)
Duay UV+CUV Vv . (u
_ﬁ(u Cz){ 12x277+f‘777 d
which clearly stresses the isospin structure. If we now set ¢}V = (¢7V +¢&{V)/2 and {V =
7V —&UV) /2, we can finally obtain
oua ~ -
ﬁamionfquarks = ;f ¢ |: (U7 7 u + d’Y ’YSd) V(UVHVSU - d7u75d):| +
Ouae UV~ w5 _ (4.53)
T YoV a— Y. (@rMagr + hec)

s,c,b,t u,d,s,c,b,t

Moving to a non-relativistic regime, the effective theory can be built up using the only existing
symmetry group: the approximate isospin symmetry SU(2)y. All terms compatible with this
symmetry enter the low energy Lagrangian:

Leffective = NPO,N + gy NyP IV N + Ny#aP JAN + atr[MJNN +bNM,N + ... (4.54)

where a and b are some constants and dots stand for extra terms with respect to leading order
contributions, which are not essential for our task. N = fL is clearly the nucleon isospin doublet,

while v* the nucleon quadrivelocity (a fixed four-vector, which gives the non-relativistic limit of
the v* matrices). The presence of it can be traced back to the heavy baryon formalism, where the
momentum p* is recast as p* = myv* + k* (with k* < m,, a residual momentum). In this limit,
the usual Dirac propagator will be

ip +mn) M(Hyﬁ)v}kﬁg(’@) (4.55)

p2 —m2 + ie 2 My,

in which we made use of v*v,, = 1 and where P} = (11%)/2 are velocity projectors. These latters
define the velocity eigenstates

N, =™ PYN  n, =e™""P'N (4.56)

In the nucleon rest frame, where v* = (1, 6), N, and n, coincide respectively with the large and
the small Dirac components. The n,, field can be integrated out using its equations of motion, so
that, eventually, the kinetic term correctly reproducing the non-relativistic propagator (4.55) will
be N,(v-9)N,. In the following we will remove the subscript of velocity eigenstate from N, and
we will simply refer to it as N, remembering that only the large component plays the game in the
non-relativitic limit.

Together with the kinetic part, the Lagrangian presents two addends involving M,, whose
expansion does not generate linear axion contributions, and two terms where the nucleon current
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is coupled to external sources. The first one includes a vector current J X . Nevertheless, we will
set J /Y = 0, because there is no way of getting a vectorial current linear in the axion field, which is
a pseudo-scalar particle by very definition. Then, the nucleon axial current Ny*~v° N is associated
to the most general current respecting the isospin symmetry, J , which can be decomposed in a
singlet and triplet contribution

JA Jsznq + JtT‘Zpl _ quq 12><2 + gAJA,u (457)

J;'"9 couples the axion source to an axial-singlet nucleon current. Moreover, since we do not have

charged external currents, we need to require Jil{f = 0. In so doing, we are left with an axial
isospin-triplet current, with which only the antisymmetric up and down combination will finally
interact, and with an axial isospin-singlet current, where the couplings of the symmetric up and
down part and of all remaining quarks will enter. Therefore, we can envisage that

aua oua
Ji, =@ ;fj with g = (V,s,¢,0,t) J3, =S ij’
where V' and A refer to the particular up and down combinations discussed above. It worth
noticing that the quark couplings, extracted from the unknown constants g¢ and g4 for reasons
of convenience, are here evalutated at the QCD scale Q = 2GeV. To match the two theories, we
should ultimately be able to account for the running of Yukawa couplings from the ultraviolet scale
fa to the infrared @ threshold.
To get an expression for g? and g4 we can simply compare the nucleon matrix elements of the
two Lagrangians. Remembering the basic ingredients of the isospin algebra of nucleons

[Ii,Ij] :_Gijklk and IZT:L Ii:(flilg)/2
Llp) = +1/2lp)  Izln)=-1/2]n)  [p)=I"|n) [n)=1I"|p) (np)=0

we can write the proton matrix element for the effective Lagrangian (assessing only the interesting
terms involving the axial current) as

(P|Leffectivelp) = g21{PINV*~®(JL,12x2) N|p) + ga(plNv*+*(J4,0")N|p) =

= g2(plpv"¥° (JL)plp) + g2 (n|I~ny"y (J&, I |n) + ga(plpy*y° (J3,)plp)+

- Ol oy
—galnl L7y (I, )0l ) = L8916 + gacd) (4.60)

(4.58)

(4.59)

In the preceding expression we have defined the proton spin S% = (p|py*~+°p|p): Lorentz and parity
invariant arguments lead us to this identification up to a constant, which can always be reabsorbed
in our unknown multiplicative factors. The same procedure is applicable to neutrons

0,a
Sl G1(g2cQ — gac?) (4.61)

<n|£effective|n> = 2fa

where clearly S¥ = (n|ny y°n|n).
The nucleon matrix elements can now be computed for the ultraviolet theory in a similar fashion

<p|£awion quarks |p> =

_ Oua - -
= 2f¢[ Y (pl(@y* Y u+ dy*+°d)|p) + 5V (pl(ary = dy*yPd)p) + D eV (play+ alp)
@ s,c,b,t
aua
- 2’} ¢ [cgvs;;(Au +Ad) + 5V S (Au—Ad)+ > Vs;;Aq] e
e s,c,b,t .
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in which we have introduced the quark contribution Ag to proton spin as (p|gy*v°q|p) = ShAq.

By noticing the relation between neutron and proton matrix elements

St A = (nfayyPuln) = (pldy'y dlp) = SEAd

) (4.63)
SpAd = S Au SpAg = S)Aq with g =s,¢,b,t

dictated by isospin symmetry, we can similarly get

(M aion ) = S92V 528+ )+ 7 5(A = A+ 5 Vspaal ey
@ s,c,b,t

Once the couplings of the ultraviolet Lagrangian are decreased up to the ) energy, we can compare
equations (4.60) with (4.62) or (4.61) with (4.64) in order to get

ga = Au — Ad gy = Au+ Ad gl =Aq with ¢g=s,cb,t (4.65)

All of these calculations let us rewrite the third addend of (4.54) in the form

Leffective = 82”? NAyh~® {W(Au — Ad)03 + M(Au + Ad) + Z cQAq] N +
o (4.66)
from which we can extract a first formula for nucleon couplings:
Cp=@Mu+e§Ad+ Y @A  Cp=FAu+@Ad+ ) PAq (4.67)

s,c,b,t s,c,b,t

The first problem to deal with is obtaining an explicit value for Aq. The quantity g4 =
Au — Ad = 1.2723(23) can be measured from the [S-decay with great precision, as we already
brought up in the previous subparagraph. On the other hand, some of the remaining ones can
be derived by lattice simulation: Au 4+ Ad = 0.521(53) and As = —0.026(4). For the charm
contribution only an upper and lower bound is known (i.e Ac = £0.004). Nevertheless, this latter,
together with the bottom and top terms, can be neglected, because we expect them to enter very
little in the nucleon spin magnitude. All that gives us

C, = 0.897(27)é9 — 0.376(27)c9 — 0.026(4)c?

4.
Cp, = 0.897(27)¢% — 0.376(27)¢2 — 0.026(4)c% (4.68)

The second issue is that our formula should account for the running of Yukawa couplings
between the two energy scales typical of the ultraviolet and effective theory respectively. As
a matter of fact, all of the couplings, in the previous expression, are evalutated at @ and not
in terms of the original quark Lagrangian. Going on following the discussion sketched in [30],
one should keep in mind that the QFT running phenomenon is intimately related to ultraviolet
fluctuations of virtual particles: at high energy scale all quark masses can be disregarded and an
SU(ny) group emerges (where ny is the number of active quarks). Considering the diagonal matrix
of axion-quark couplings for this situation, we will have

1 1

C = diag(cu,ca; -y Cn;) = —tr[Clly;xn, + = Ztr[CTj])\j (4.69)
S——— Usi i r j=1

ny
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where T} are the generator of the Cartan subalgebra of SU(ny) and r is the dimension of the
algebra itself (the rank). From this expression we can extract the coupling of the singlet current
in this context. If j& are the individual quark currents, one can recognize the generalized axial
singlet current j§& = > 04 As we discussed in the first chapter, this current is anomalous: it
is not protected by conservation laws and, thereby, it acquires an anomalous dimension in the
renormalization procedure. Therefore,

8ua¢ = 8 a¢ 2y o -u 2q
_ _ - —
E E Cq n; Jg + "y In -

q ——

running

axial multiplet current axial singlet current

Opag LAY YgCa ] Ouag ap
%;[2;(%——;f)m“+2«m i) - % §j[ Q) - n=L g

(4.70)

of
where Z(Q) is the renormalization constant of the axial singlet current (see [51]). We would like
to relate couplings at two different energy scales, removing the bare parameters of the Lagrangian
from formulae. For two couplings at scales @ and Qg respectively, we can write

¢§ =y +(2(Q) — 1) =L
4.71
c%=%<m%wni”/ e

By summing up over g on the two sides of the second equation of the system, we will get > q 0220 =
Z(Qo) >, o Ca'- Subtracting the two equations and replacing the summmation over bare couplings
with the relation derived above, one can finally obtain the running formula

CQ = CQO Z(Q) _ szl e
qa — 7q + (Z(QO) 1) ng (472)

It is important to point out that j{ only renormalizes multiplicatively, so that the running process
can be pretty simplified. If we had not removed through a quark redefinition the term proportional
to ~ GG, we should have had to consider its mixing with 9,.j% (an operator with equal dimensions
and the same quantum numbers). Moving from f, towards @, crossing the top and bottom thresh-
olds (of my ~ 4.18GeV and m; ~ 172.44GeV respectively), where the number ny significantly
changes, one can correct our preceding coupling formulae as:

Cp = —0.47(3) + 0.88(3)C,, — 0.39(2)Cyy — 0.038(5)C, — 0.012(5)C, — 0.009(2)Cp, — 0.0035(4)C,
C,, = —0.02(3) + 0.88(3)Cy — 0.39(2)C,, — 0.038(5)C; — 0.012(5)C.. — 0.009(2)C;, — 0.0035(4)C,
(4.73)

where we have finally set cgv = (), and where the constant term derives from the infrared cor-
rections (with z = my/mg = 0.48(3)). The values of Z(Q) at different scales have been computed
in [30] from the anomalous dimension equation, i.e the differential equation satisfied by Z(Q). It
worth noticing how the main contribution to neutron and proton couplings comes from up and
down quarks, dubbed wvalence quarks, which determine the quantum numbers of the two hadrons.
All heavier quarks enter the expression as virtual particles produced by quantum vacuum fluctua-
tions (quarks of the sea).

But now we get all the tools together to explore an extra possibility: the nucleophobic behavior,
which means that axions interact feebly with protons and neutrons. The achievement of this result
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is not just a theoretical pastime, but it has profound consequences on some axion properties which
can be extracted from astrophysical measurements.
If we add and subtract the two previous formulae, we clearly obtain

Cp+ Cp = 0.050(5)(Cy + Cg — 1) — 26
(4.74)
Cp—Cp=12732)( C, — Cy —

1—=2
1+z

where we have set 6 = 0.038(5)C; + 0.012(5)C, + 0.009(2)C}, + 0.0035(4)C;. From that, it is quite
evident how the requirement for C),, and C), to simultaneously vanish is equivalent to C, + C,, =0
and C), — C,, = 0, which implies

! + 26 Cy= i

C, =
1+2 142

+26 (4.75)

If we decide to neglect the tiny § value in the previous expressions, these conditions of nucleophobia

can be recast as

1 2
= (4.76)

Incidentally, it worth noticing that nucleophobic conditions automatically imply pionphobia.
The requirements (4.75) directly satisfy (4.51). Moreover, this statement is untouched by our
running considerations: indeed, the difference é¥V — EdUV is the multiplicative coupling of the
non-singlet current in equation (4.66), which is free from anomalies. The conservation law of
this current protects our pionphobia constraint from renormalization. If that were not convincing
enough, one can simply observe how d corrections coming from sea quarks simplify by subtracting
Cy and Cy in (4.75).

From here, it lucidly emerges the dire need to look for different DFSZ models, if one wishes
to endow the axion with a nucleophobic behaviour. In fact, it is straightforward to verify that
the foregoing relations do not hold for (4.11), where C,, < 1/3 and C,, + C4 = 1/3. Nonetheless,
it emerges that this ubiquitous factor one third, in both relations, is ultimately related to the
number of quark generations which couple to PQ symmetry in the same way. Thereby, it can be
envisaged that the only possible way out of this situation is relaxing the hypothesis of universal
PQ coupling among the three generations (as first noticed in [52]). This will give life to a plethora
of new possible models, some of which nucleophobic.

As it will be shown, these generalized DFSZ models also offer the possibility of removing
the coupling to electrons in a very simple way, even though this is not a previlege reserved to
these theories. An axion that does not interact with electrons is dubbed electrophobic. If both
nucleophobia and electrophobia are present, we speak of an astrophobic axion.

4.4 The 2+ 1 DFSZ model

4.4.1 The PQ charge pattern

For sake of clarity, we report here our UV reference Lagrangian involving the axion:

1 o.a
Lo = 50,090" 04 + Lanomaty + ;f‘baiw(c;uj +C8 At
a
_ oua
dﬁ“(cc‘l/idj + Céd_ﬂs)dj + ;fd)éﬂ”(cxej + Céej’YS)ej

By (4.77)

o
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where Lanomaly contains the anomalous contributions. The last three addends are the derivative
axion couplings to fermions which we want to determine: we have written down them in the most
general form by including the vectorial fermion current, too. Studying the basic DFSZ model, we
have seen how these couplings intimately depend on the PQ charge assignment, that is the only
essential aspect of the previous DFSZ theory we are going to tweak. In particular, we will explore
a next-to-minimal model with a 2+ 1 flavour structure, where only two generations have universal
PQ charges: this hypothesis will be enough in order to derive some interesting results.

To redefine the charge assignment of the theory, let us consider a Yukawa Lagrangian with
twelve Higgs fields given by Ly, = Ly + L4 + L, with:

Ly = Y33593UR3PA; T+ Y3a013URaP A, T Ya30LaUR3PA; T+ Yapd Lo URVP A, T heC. (4.78)
Lq=Y4503dRr3045 + Y3.T130RaDAs + YisTradR3P A, + YopTLadrr®as + heC. (4.79)
L = yS3lrsersda, + YsalL3€RaP A + YislLaCR3D AL + YplLaCROP AL, + hecC. (4.80)

Here, we have a,b = 1,2 running over the two families with the same PQ charges. On the other
hand, the subscript A; can take on its value in the set {1,2}, which means that, according to the
model, all of the twelve Higgs fields will be eventually identified with one of the two original Higgs
doublets. From the previous Lagrangian, in order to ensure PQ invariance, we can readily read
the PQ charges associated to each fermion. However, we have to consider that there is a certain
arbitrariness in the way these charges can be assigned, so that we should try to benefit from it in
the most convenient form.

First of all, due to the anomaly free B — L symmetry, we can always relate two phases between
quark and lepton fields. If ¢}, = qrze™s® and I}, = I13e'*'23® (where phases are independent
because of different PQ charges), we can act with a global B — L symmetry, which transforms
quark and lepton phases simultaneously:

aqui = qua — O/qw = XQLsa + 5/3 (4 81)
oy, = Xnga — OzELS = lea + 8
In order to have ay, . = rafLs, where r is the ratio between the hypercharges of the two fields

(ier =Y,,/Y,.,), we just need to choose 8 = 3(X,,, — rX;,,)a/(3r —1). Then, we can use
the hypercharge symmetry U(1)y, which is again anomaly free, to remove both of these phases
at once. This discussion, as a whole, enables us to understand how we are always free to set

Xq.5 = Xi,, =0, without loss of generality. Once fixed that, the rest of charges will be given by:
XuRa = _XAz ) XdRa = XAe. s XeRa = XAm s
XUR3 = _XAl ’ Xng = XA5 ) XeRg - XAQ 5 (482)
XqLa =—Xa, + XAs ) XlLa = XAQ - Xay,

All of combinations that can be generated modifying the A; values are collected in table 4.1. We
observe that the models presented in the table are organized in couples, whose members just differ
for the arrangement of the Higgs doublets in the leptonic sector. Moreover, some theories are
obtained from others just exchanging partially or entirely ¢; with ¢2, as for M2 and M1’, where
the interchange is complete. The class of models dubbed as M1 and M2 (with all variants indicated
with a prime) is the only one where charge univerality is broken among left quarks. The variants
of M3 and M4 models differ from the rest of the theories because the universal PQ pattern is
preserved only in one sector between the right up and right down quarks ones. In the M5 class,
the universality is broken in both of them.
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A1 4| As_ g8 | Ag_12 A1 4| As 8| Ag_12
M1 1122 | 2211 | 1122 M4” 111 | 1212 | 1122
M2 1122 | 2211 | 2211 M4 1111 | 1212 | 2211
M1 2211 | 1122 | 1122 M4pis 2222 | 2121 | 1122
M2/ 2211 | 1122 | 2211 M4}, 2222 | 2121 | 2211
M3 2121 | 1111 | 1122 M4}, 1111 | 2121 | 1122
M3’ 2121 | 1111 | 2211 M4}, 1111 | 2121 | 2211
M3” 1212 | 2222 | 1122 M5 1212 | 2121 | 1122
M3 1212 | 2222 | 2211 M5’ 1212 | 2121 | 2211
M3pis 1212 | 1111 | 1122 M5 2121 | 1212 | 1122
M3, 1212 | 1111 | 2211 M5 2121 | 1212 | 2211
M3}, 2121 | 2222 | 1122 MbBpbis 1212 | 1212 | 1122
M3}, 2121 | 2222 | 2211 M5}, 1212 | 1212 | 2211
M4 2222 | 1212 | 1122 M5} 2121 | 2121 | 1122
M4/ 2222 | 1212 | 2211 M5} 2121 | 2121 | 2211

[DFSZ —T[[ 2222 [ 1111 | 1111 | DFSZ —II || 2222 | 1111 | 2222 |

Table 4.1: 2+1 DFSZ models in comparison with the simpler DFSZ-1 and DFSZ-II structure

Using rules (4.82), one can easily derive the charge configurations for each of the twenty-eight
cases, as shown in table 4.2. From the calculation of the color anomaly, the table illustrates how
the four theories in class Mby;s must be excluded due to N = 0: they are not real QCD axion
models, because, if no color anomaly exists, we can not reabsorb the fgcp parameter, making it
unphysical. The remaining models present two types of N, up to the sign. Thus, according to
(3.3), the relation between f, and vy will be f, = v¢/2 for N =1 or f, = vy/4 for N = 2. We
know that the domain wall number is a positive quantity by very definition, because it relates two
energy scales. Therefore, if the color anomaly turns out to be negative, the extra minus sign will
not enter the Npy definition. Actually, it will not be able to affect physics at all: as we said,
anomalous terms generate the effective axion potential, that is even in the axion field.

After this small clarification, we are ready to explicitly compute an expression for Lanomaiy-
Differently from the basic DFSZ models, now the assignment of PQ charges also introduces an
effective coupling between axions and electroweak gauge bosons, because here left fermions are PQ
charged, too. Just as for F and N, we can define an electroweak anomaly coefficient W, which can
be assessed as

W3 = tr[ X {re, 0} + tr[ Xt {72, %)) = %b ( SN X+ ZXLZ) (4.83)

colors fr, lr

where again X} and X i are the diagonal matrices containing PQ charges for quarks and leptons
respectively. Thereby, before the breaking of the electroweak scale, we will have
ag O ap ay Y Qg Qe W

£anoma = v Ga 77*[5“”3 v e - LRV 4.84
v §x0a G ¥ f. 87T N ot e ~ Vo Wi (4.84)

in which the second term is associated to the hypercharge anomaly Y. When we cross the energy
at which electroweak gauge bosons become massive, the only surviving symmetries are SU(3). and
U(1)em- The field strength tensors B, and W}, are not good degrees of freedom to describe the
theory any more. We can use instead the well-known photon F,,, and Z-boson Z,,, field strength
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‘ XURS X“Ra XdRS XdRa XQLs XqLa ‘ ‘ XeRs XeRa XlLS XlLa ‘ ‘ N W Y E
E M1 X1 -Xi X X, 0 X-X | x X, 0 X —-Xo|l+1 4 -—10/3 2/3
g M2 X1 -Xi X X, 0 Xo-X || X2 X, 0 X,—X, || +1 8 —16/3 8/3
s My X, -X» X X, 0 Xi-X | X X, 0 X —Xof -1 -8 16/3 —8/3
3 M2 X, -X» X X, 0 X1-X| Xo X 0 Xo—X1 || -1 -4 10/3 -2/3
M3 X, -Xi X X, 0 0 X, X, 0 Xi—Xo|[+1 -2 2/3 —4/3
2 M3 X, -Xi X X, 0 0 Xy Xy 0 Xo—Xi || +1 2 —4/3  2/3
g M3 X, Xy X X, 0 0 X, X, 0 X —Xof|l -1 -2 4/3 —2/3
Z M3 X, Xy X X, 0 0 X, Xy 0 Xo—X, || -1 2 —2/3 4/3
2oM3 || -Xi X X1 X 0 0 X X 0 X1—-Xo| 42 -2 10/3  4/3
g M3, -X; X, X X, 0 0 X, X, 0 Xo—X, || +2 2 4/3 10/3
= M3y, X, X1 X X, 0 0 X, X, 0 X —Xof -2 -2 —4/3 -10/3
M3 -X, X1 X X, 0 0 X, Xy 0 Xo—-Xi||-2 2 -10/3 —4/3
M4 X, -X, X X, 0 0 X, Xy 0 Xo-Xi|l+1 2 83 14/3
% M4 X, X, X X 0 0 X X 0 Xi1—Xo| +1 -2 14/3 8/3
g Ma X1 -Xi X X, 0 0 X, X, 0 X—Xi||-1 2 -14/3 -8/3
g M4 X1 -Xi X X, 0 0 X, X, 0 X —Xo| -1 -2 —8/3 —14/3
B Mdy, X, X2 Xy X, 0 0 X, Xy 0 Xo—-Xi||+2 2 10/3 16/3
oMy, | X —Xe X X 0 0 X X 0 Xi—Xof| +2 -2 16/3 10/3
5 M4y, X -Xi X X, 0 0 X, X, 0 X;—-Xi||-2 2 -16/3 -10/3
M4y X, -X; X X, 0 0 X, X, 0 X —Xo| -2 -2 -10/3 -16/3
M5 X, Xy X X, 0 0 X, X, 0 X —-Xo|l+1 -2 8/3 2/3
M5 X, Xy X X, 0 0 X, Xy 0 Xo—Xi || +1 2 2/3 8/3
[
el M5 -X5 - X1 X1 X5 0 0 X1 X1 0 X1 —Xo -1 -2 —2/3 —8/3
T M5 -X, X X X, 0 0 X, X, 0 X;—X,||-1 2 —8/3 —2/3
(5]
e Mby, X, X, X X, 0 0 X, X, 0 X —-X|l 0 -2 2 0
= M5, -X1 X, X X 0 0 X X 0 Xo—-Xi| 0 2 0 2
M5, X, -Xi X X, 0 0 X, X, 0 Xi—-Xo|l 0 -2 0 =2
M5 -X; X1 X X, 0 0 X, X, 0 X;—X1 || 0 2 -3 0
DFSZI || =X, —-X» X X, 0 0 X, X, 0 0 300 -8 -8
DFSZII || =Xy —-X, X X, 0 0 X, X, 0 0 300 -2 -2

Table 4.2: In this table the charge assignment of different 241 DFSZ models are shown. The theories have
been grouped according to the sector where the PQ universality is broken. In the last two rows we report
the old DFSZ models, where calculations have been done with a Yukawa Lagrangian compatible with that of
this paragraph (and slightly different from that one at the beginning of the chapter, how charges display).
In the four columns on the right, the anomaly coefficients associated to the SU(3). color symmetry (N), to
the SU(2) weak isospin group (W), to the U(1)y hypercharge phase transformation (Y) and to the residual
U(1)em symmetry (E) are presented. We stress how the four hightlighted rows (running from M5y;s to M5;..)
must be discarded because of N = 0: they do not represent viable QCD axion models. It also worth noticing
how the simple rule E = W 4+ Y relating different anomalies holds.
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tensors, which are related to the previous ones through

2 wh+w,,
By = —Sow Zuv + Cop Fuv W’(“’) = V2
W) = corr Zuw + S0u, F, w) — Wi, W, (4.85)
pv w &y w pv A T

where we have also reminded the form of the charge eigenstates W*. Of course, Oy is the Weinberg
angle.

By plugging these expressions into equation (4.84), one gets

g s 0 >a ag ay Y - -
Eanomaly = fid)ggg guy + %éﬁ(isngﬁw + ceW]’W)(fse)WZ“ + CQW.FM )+
06 Oew o g, W (4.86)
T (Cow Zuv + S0y Fuw) (Cow 21 + 80y, F*) + I 8w NW+ W

in which we made use of the identity W{" W, = W"'W} | thanks to the Levi-Civita symbol

property e#*P? = eP?*¥_ Now, remembering that the electric charge e is related to the hypercharge
¢’ (inside ay) and the electroweak coupling g (in a,) through the relation e* = g"%cj = ¢%s3

we can write

ap @ ~ ap Qe ¥ + W
ﬁanomaly: ¢ sggugzl/+7¢ o

ag aysng + aewcgww
fa 87 fo 8 N

fa 8TIN

209 Qew W iz,
fa 8 FW+ Wiw

Fu 4 Z,,2M

4.87
ap ayY — ey W 5w ( )
- 829W r 7?/1,112 +

so that, comparing with the usual expression (4.16), we deduce the anomaly relation £ = W + Y.
For sake of completeness, we remind that this is not the more useful anomalous Lagrangian to
employ in calculation: we have already seen how the gluon coupling can be reabsorbed in a
redefinition of the up and down quark fields, introducing an extra model-independent contribution
in the electromagnetic coupling.

We would like to emphasize that the effective interaction with the Z-boson and the mixed
axion-Z-photon vertex are not peculiar of a generalized DFSZ model: these would survive even
if W = 0. What is a really distinctive mark of these theories is the new decay mode of axion in
two charged W+ bosons. Even if interesting from a theoretical point of view, this new effective
coupling with charged electroweak bosons is very unlikely to produce any testable results, being
the vertex suppressed by the tiny value of the a.,, constant, typical of weak interactions.

4.4.2 The fermion interactions

The most fundamental aspect of these new models resides in the derivation of fermion inter-
actions, that now we are going to develop. We have already discussed how the axion coupling to
fermions can be brought to light by means of a chiral redefinition of fermion fields, which moves
the Higgs doublet phases from the Yukawa term to the anomaly. Nevertheless, being the transfor-
mation local, a derivative axion term emerges from the kinematic part of the Lagrangian. Now, we
just have to consider that PQ charges are not universal. We will explicitly carry out the calculation
just for the M1 model of table 4.2, that will be used as an example. From the kinetic term we will
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have:

bl N ZZ-X ’!IL’ILa bl . 2iX ’NL’ILa
‘Cfermionfaa:ion = URmZ'yuau (11;;(25) URp + uLmzfyuau (W) ULn+

- 2iX, - 21X
T drmiy 0, (ldl}m%> i + A ), (ldvmafb) Aot
f f

21X, , 21X,
+ ermin0, (l o ) et + eLmind, (Z — ) eLn =
f

) vf (4.88)
_ a
= Um’}’“ ;fd) (_XuRmn(]' + ’75) - XuLmn(l - '75))un+
a
s ,0ua
o G (K (149°) = Xy, (1= 7))t
a
., 0ua
eV S (K (L97) = Xy (1 =77

where, using the definition of f,, there are no extra multiplicative factors at the coupling level,
because N = 1. But we have to remember that quarks appearing in the foregoing expression
are not mass eigenstates: one has to diagonalize the Yukawa matrix for fermions through a bi-

unitary transformation. This latter will redefine our states as u',, = Uy R, Wp,, = éﬁl)uLn,
dpm = Uéfl,)Lan, dr,. = V,%)dLn, €pm = U,(,f%eRn and e}, = Vrgf,zeLn. Taking this into account

and considering that

100 00 0
Xy, =Xs,=[0 1 0]=1-(0 0 0 (4.89)
00 0 00 1
-1 0 0 00 0
X,=[0 -1 0l=-1+[0 0 0 (4.90)
0 0 0 00 1

we can readily write

8,}1 u u u u
L ermion-azion = W1 5= (<UL Xy, Ung (U4 1%) = Vo Xy, Vo (1= %) +
- . 0.a
" S (U X UL (04 9%) = Vi Xy, Vi (1= 9P+
— 8ta € (& € €
+ egfyHéT(b(_Ui(’rn)XeR7nn U7(lj)T(1 + 75) - ‘/;g”n) 6L7nn V,,E‘])T( 75))6_,7 =
“ (4.91)
= i 2f {0 = Dby el + 971X+ Dby — e g+
- .0
A ST X = 1)y e} + 7= Xa + D8y — 15+

+ et ;fa¢{( X1+ 1)6ij — eF +7°[(=X1 = 1)di; + €571 }e]

where we have set ¢} = Vigu)Vg(Jy)T, ZL Vi(?)d)\/?)(fﬁ and €} = Vi(;)VS;)T. Remembering that the
diagonal vectorial part of the interaction never contributes (as we already justified previously), we
can easily extract the relevant fermion-axion couplings for the M1 model. These are reported in

4.3, together with all the other ones.
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What immediately appears to be peculiar of these generalized models is the presence of flavour-
violationg couplings, which can in principle induce decays such as K+ — 7% + ag, pt = et + ag
or 7 — e* +ay, just to mention some possibilities. When these verteces appear, they are always
proportional to the misalignment factor efL = V( )V(f) or e ] = Ui(g)Ug)T. Thus, in order to be
able to say something about these new processes one should make some hypothesis on the form
of these objects. As described in [52], from the unitarity properties of U and V, it immediately
follows that the diagonal entries of el satisfy 0 < ef <land}, ef = 1, while for the off-diagonal

ones the relation |e{ £ j| = holds true just by the very definition. Once these constraints

m J]
are fulfilled, one can either treat these e{j as free parameters or speculate about their order of
magnitude. Given the lack of an explicit structure for U and V, for the left quark sector the only
reasonable thing we can imagine is that V(% and V(@ are almost CKM-like. We remind that
Vory = VWY@t gnd that, in the Wolfenstein parametrization, Vo g s takes the form

1—X%/2 A AN3(p —in)
Vorm = - 1-)?/2 AN? + 0\ (4.92)
AN(1—p—in) —AN? 1

where A ~ 0.2 and A, p? + 7% =~ O(1). So, we can envisage that

eur/de _ /@y /@1 5 yo. euz/de _ /@y /@1 5 ya (4.93)
eus/de _ /@y /@F g (4.94)

el _ il _ /@y /@1 s /i ginfde /@y /@1 o ys
eur/du _ gun/dn _ V(u>/<d>v<u> 2 (4.95)

in which the last set of equalities (4.95) can equally well be estimated using the unitary relations
mentioned above for the off-diagonal misalignments.

These left misalignment parameters have a central role in the first four models of table 4.3.
Nevertheless, because of the sign of color anomalies, the photon coupling can assume only two
values and, even if fermion couplings slightly vary, there are only two classes of theories with a
different phenomenology: those with C, = 1.25 or with C, = 0.75. According to our preceding
estimation, we are being said that quark flavour violating verteces are highly suppressed by (4.95),
while diagonal couplings for the first two generations essentially depend on PQ charges, because
contributions in (4.93) are tiny corrections. If we neglect these latter, we see that the first nucle-
ophobic constraint C,, + Cq = 1 holds, while C,, = 2/3 can be achieved by tuning the value of c%
or 3%, depending on the case.

If we require electrophobia, too, all we have to impose is C., = 0, which means €} = c% ~
2/3 (for M1-like models) or €7} = sﬁ 1/3 (for M2-like cases), because of the aforementioned
nucleophobic conditions. A so large value of €% could be explained by physics beyond the SM and,
in particular, by a consistently high mixing angle in the PMNS matrix, which should be related to
V(). The remaining diagonal misalignments of the leptonic sector can be fixed by the experimental
constraint on the muon-to-electron conversion (a suppressed process in the SM scenario) and by
the condition ), e{i =1.

If we move onto the following models, we clearly observe that only three cases are phenomeno-
logically new among the huge number of displayed possibilities: these ones have C,, = 3.25,6.59
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‘ Parameters H Fermion couplings ‘
| Now || E/N ol | oy i ch ClA, Cilh, cilk |
2 M1 ~1/Xy || 2/3 125 | &— e 5% — edr —ck + €t Lelt iegf Fegk
g M2 -1/Xy || 8/3 0.75 2 — et 53 — et 53— €k el keF ek
=)
& M1 /Xy || 8/3 075 53— et 3 — eiF & — €t *el? :I:egjL +esF
= M2 /Xy | 2/3 1.25 55 — ek 3 — eiF —sh +€F ek kel Fek
M3 —1/Xy || -4/3 325 || —sh+en 5% —cZ tef €&F 0 Fest
9 M3 —1/Xg || 2/3 125 | —si+er 3 55 —e5f &7 0 +ert
e
g M3 1/X 2/3  1.25 =g rer e 2 —ef € 0 +eif
Z M3 /Xy || -4/3 325 | —cg+erf c 55 ek eF 0 Fek
i M 3pis -2/Xy || 2/3  1.25 || (c§ —e€i®)/2 s%/2 (—c3+eh)/2  €F)2 0 Feik /2
= M3, —-2/Xy || 5/3  0.26 || (¢ +e€i?)/2 s3/2 (s3—€F)/2  €7)2 0 teik /2
-: N - ; u o
M3y, 2/Xy || 5/3 026 | (s3—€")/2 /2 (-2 ef)2 0 eif /2
M3 2/Xy || 2/3 125 || (s3+€4R)/2 /2 (—s3+ek)/2 €r)2 0 Fek/2
M4 —1/X, || 14/3  6.59 < —c% +elf s3— €5k 0 egf Let
2 M4 ~1/X, || 8/3 0.75 c —c3 + el —c% + €5F 0 €r Fek
]
g M4 /X, || 8/3 0.75 52 —s% +en —s% + €t 0 elr Fesk
S oM || 1/X, | 14/3 659 53 S & — et 0 eln et
_§ My, —2/X4 || 8/3 0.75 c3/2 (s3—em)/2 (s3—et)/2 0 —egf /2 eE/2
= M4y, -2/X, || 5/3  0.26 c3/2 (s3—€m)/2 (= +€F)/2 0 —€R/2 Fek/2
2 My, 2/X, || 5/3 0.26 52/2 (B —e€im)/2 (—sh+€F)/2 0 76? /2 FeF/2
M4 2/X, || 8/3 0.75 53/2 (3 —eim)/2 (R —e€t))2 0 —e /2 keF/2
g M5 “1/Xys || 2/3 125 || - +er —shtern —c} + €t et er Fet
¢ M5 —1/X, || 8/3 075 || —ck+eun —s? +eln s2 — ek et er +eft
fd M5" /Xy || 8/3 075 || —c—eif —s5 - Egﬁ - Eff S 6;; ififf
5 M5 /Xy || 2/3 125 | —ch—eit —sh—ein —s? 4 et eir eln Fek
DFSZI 3/X, 8/3 0.75 3/3 5%/3 5%/3 0 0 0
DFSZII || 3/X, 2/3  1.25 /3 s3/3 —c3/3 0 0 0

Table 4.3: The table displays the axion-fermion couplings for the different theories. The first three
columns show respectively the domain wall number Npy, the color to electromagnetic anomaly ratio
E/N and the consequent photon coupling C, computed with the formula C,, = E/N —1.92. The
highlighted rows are those associated to models where nucleophobia is feasible. We would like to
underscore once more, that for Npy we simply applied the definition Npw = —N/X,. Therefore,
the domain wall number could show up under the guise of a negative quantity, on occasions, depending
on N. This unwelcome minus sign must be understood as a harmless factor, to eventually collect away
from the Npw definition: it will just affect the anomalous axion-gluon coupling, which is physically
insensitive to an overall sign redefinition.
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and 0.26. The last value is associated to Mj,.., M .., My, and M, , but, for all of them,
nucleophobia is unfeasible. For the remaining cases, the situation is a bit different from the
previous ones. Indeed, to get a nucleophobic theory with C,, + Cy = 1, we just have to impose
¢“F =1 or €/ = 1, depending on whether we are dealing with the M3 or M4 class. That is
perfectly legitimate, because, in these cases, there is no working hypothesis on the structure of e{f
coming from electroweak considerations. The second nucleophobic condition is instead fulfilled if
s% or CQB are suitable chosen. By fixing the 5 angle, we will automatically determine the €7} value
which ensures electrophobia exactly as we have already shown.

Before exploring the experimental falls-out of nucleophobic models, we would like to point out
that, by relaxing the PQ univerality condition, we were also able to pave the way for the solution
of another open problem: the domain wall issue. In table 4.3 the different domain wall numbers
associated to each model are presented.

A particularly appealing class is that which shows a Npw = —1/X4. If we consider a DFSZ
theory with a cubic potential, we readily obtain a possible solution to the flourishing of topological
defects in a post-inflationary PQ breaking mechanism. We already stressed how this one is not
the only viable solution to the problem: despite that, it is noteworthy how a cubic nucleophobic
model can be naturally endowed with interesting cosmological properties, too.

4.5 Astrophobia and phenomenology

It is pretty clear that the solution of the domain wall conundrum is just a side-effect of astropho-
bic models. The major outcome of considering theories where couplings to electrons and nucleons
are suppressed is the possibility of raising the axion mass up to the so-called heavy azion window:
20meV < mg < 200meV. We will show how axion properties can be extremely constrained by
astrophysical observations and, together with particle physics considerations, can be used to test
the astrophobic scenario as a possible candidate for physics beyond the standard model.

4.5.1 Astrophysical bounds

The astrophysical observations which can be employed to fix some limits on axion interaction
properties are a huge number and we are not going to cover all of them here. Nevertheless, for a
fairly complete discussion, we are going to take into account four of them:

the branching ratio in globular clusters;

the hot dark matter boundary;

the white dwarf cooling anomalies;
e the burst duration of the supernovae neutrino signal.

The key idea of all astrophysical measurements is that, if axions existed, they would provide
a significant channel through which galactic bodies could release their energy, together with the
standard known cooling processes. The first test we have recalled is based on the observation
that the effective axion-photon coupling never disappears in our models. As described in [53],
globular clusters populating the Milky Way Galactic Halo (a nearly spherical volume of stars and
dust surrounding galaxies) can be used as a constraint for the photon coupling parameter, that
is customarily defined as goy = aemCy/(27f,). A Globular Cluster is a tightly gravitationally
bound system of stars (they are among the oldest structures of our galaxy). According to their
formation mechanism, they are expected to have the same origin and practically identical features.
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The great amount of stars they can host (a few milion of them) makes very easy to spot different
stellar evolution phases: each of them will be very well populated and simply distinguished from
the others. That provides a relevant statistical sample, which renders globular clusters good
candidates for a precise analysis. In particular, one can make out: the main sequence, related
to the core hydrogen burning phase; the red giant branch (RGB), during which the gravitational
force is balanced by the radiatio pressure, obtained by burning the hydrogen external shell; the
horizontal branch (HB), where the helium presents in the core is consumed. For a statistically
wide family of stars, the number of members of each region is related to lifetime, which, in turn,
is affected by the efficiency of all energy loss channels. Employing this observation, a boundary of
|9a~] < 6.6 x 10711 GeV ! was obtained by measuring for each globular cluster the R parameter,
defined as R = Nyg/NgrcB, i-e the ratio between the HB and the RGB stars. Indeed, the latters
are expected to be less sensitive to the axion-photon channel with respect to the formers because
of their temperature, which makes the bremsstrahlung processes a definitely more efficient cooling
mechanism.

A second boundary comes from hot dark matter axions. As we know, the majority of alleged
dark matter should be cold, according to galaxy scale considerations. Nevertheless, variations in the
fraction of hot dark matter can produce testable consequences on structure formation, anisotropy in
the cosmic microwave background (CMB) or even in the abundance of species generated during the
primordial nucleosynthesis. Both [39] and [54], for example, point out how the presence of hot axion
relic can affect the customary effective number of relativistic degrees of freedom Ny = 3.046 (given
by the three neutrino species, together with a relativistic correction of 0.046): as a consequence,
a lot of astrophysical observables should keep track of hot axions through a ANcyss. In the early
universe, with a temperature in the interval Tocp < T < T, the main thermalization mechanism
for axions is given by pion interactions. Computing the efficiency of these reactions, one can get the
axion decoupling temperature and the corresponding effective degrees of freedom at that energy:
from here, the desired information on the CMB or other astrophysical quantities can be extracted.
In particular, the presented reasoning has been used in [55] to constrain the axion mass with an
upper bound of m, < 0.8eV. In spite of that, one should consider that, in a nucleophobic model,
the axion-pion couplings will be highly suppressed, too: as stated by [56] and as we have explicitly
shown, all of pion interactions are proportional to C,, — Cy ~ 0. This suggests that bounds from
hot dark matter considerations could be grossly relaxed (even if this will not affect our analysis).

The remaining more stringent constraints rely on interactions of axions with fermions. To
compare our models with physical data, it will prove to be much more useful to rewrite our
Yukawa Lagrangian in a slighlty different way. We can start from a general fermion contribution
and manipulate it as

G
L fermion—azion = fi/'y'u e (C]‘”/;fj +7502fj)fj{ =

2fa
7o Yo~V A 7 Q¢ ~V A
== ufh“ﬁ(cfifj +’Y5Cfifj)f]" - filﬁ(cfifj - 75Cf,ifj)’7”8uf]{ = (4.96)
Gy 7
- _Z#ﬁ((m-ﬁ = myp,)Cf zp, + (my, +mp)V°Chip ) f;

which explicitly shows how fermion verteces are proportional to the respective fermion masses. In
particular, the complete effective Lagrangian turns out to be

0 -
£ = 20 (Copy"yp + CoiyyPn + Cetyye) + 2 S C, F F1 (4.97)
2fa fa 87
which presents only diagonal terms: an useful quantity parametrizing fermion verteces will be
Gaf = C}qm #/fa, as it can be readily read off from (4.96). The effective Lagrangian shown above
will be extensively satisfactory to study astrophysical processes.
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Information about the axion-electron coupling can be derived from the white dwarf luminosity
function, which describes the number of stars per unit volume and luminosity interval. The basic
idea of this experimental method, presented in [57], relies on the fact that white dwarfs (WD)
are the end products of star lifes: their evolution can not be described in terms of thermonuclear
reactions, but just as a gravothermal process of cooling. In this scenario, an additional cooling
channel involving axions could significantly affect the shape of the luminosity function itself. From
a historical point of view, the introduction of new cooling sources had been a great step forward in
an eventual insight of the so-called cooling anomaly problem, according to which stars seem to cool
faster than predicted. These studies make it possible to fix a bound for g,.: as a matter of fact,
the interaction with electrons is, reasonably, the prevailing axion process here. This one manifests
itself through the bremsstrahlung reaction e + N — e + N + a, where electrons are slowed down
by the electromagnetic field of nuclei: the outgoing electron can release part of its energy through
axions production. In [58] the bound on the electron coupling has been fixed to

|gael < 2.7 x 10713 (4.98)

Finally, we are going to consider an astrophysical phenomenon which will let us derive a limit
on the axion-nucleon coupling. As claimed in [59], an efficient measurement of it can come from
supernovae (SN). This violent event, associated to the core collape of a massive star, will be followed
by a cooling phase of the nascent neutron star, where a lot of energy is released through a neutrino
signal. Nevertheless, reactions of nucleon-nucleon axion bremsstrahlung (ie N+ N — N+ N +a)
can provide an extra cooling mechanism, which will hasten the neutrino emission, leading to fewer
events over a shorter time. By computing the matrix element for the process, one notices that the
leading contribution is proportional to the non-obvious combination ggp + g2, of the two nucleons
involved in the reactions. From that, the amount of energy loss due to axions flux can be estimated.
In [58], this procedure applied to the neutrino signal of SN 1987A (the closest observed supernovae
from the telescope invention) resulted in the constraint

Gop + Gom < 3.6 x 107" (4.99)

To extract some phenomenology, we are going to consider the four nucleophobic models M1,
M2, M3 and M4, the two non-universal and non-nucleophobic Msy;s and M},  theories and,
finally, the old DFSZI and DFSZII ones, to better appreciate the differences. We would like to
stress how the g, and hot dark matter boundaries affect all of the models in a simple way; what
should be treated case by case are constraints on matter couplings.

To start with, we are going to consider the nucleophobic class. We have already observed how
the electron coupling can be easily and completely removed by means of a right choise of 3: if this
was the only constraint, we would always have enough freedom to raise the axion mass up to the
hot dark matter bound. However, a stronger limit comes from the coupling to nucleons: it can be
suppressed by nucleophobic conditions, but not removed once for all, because of the small surving
0 correction. In order to impose nucleophobia, we can set C,, = 2/3 and Cy = 1/3. Then, we can
evalutate the ¢ contribution using ¢ = 0.038(5)Cs + 0.012(5)C, + 0.009(2)C} + 0.0035(4)C}. For
the M1 and M2 models, the four remaining couplings which appear in the formula can be easily
assessed using (4.93) and (4.94) for the CKM-like matrix elements; for M3 and M4, instead, we

have no hypothesis on the elff terms, but we know that elff/ 47 — 1 should hold true to achieve

nucleophobia. This latter, together with 37, e/ = 1, requires egf/dl?' = eg§/dR ~ 0. From (4.74),
we can obtain some expressions for C), and C,,, which directly enter our condition (4.99) as

(CimZ 4+ Cam?) —3.6 x 107 f2 =0 (4.100)

where we have saturated the bound and in which, clearly, m, and m,, are the proton and neutron
masses respectively. By using (2.75), one gets a relation for the maximally allowed axion mass,
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which turns out to fall into the heavy axion mass window. The results are m, = 0.20eV for
M1/M2, m, = 0.25¢V for M3 and m, = 0.12eV for M4.

For the models Msp;s and Mj,, . the electron coupling constraint can again be evaded by
means of a prudent choise of the mixing angle in the PMNS sector. The sole bound is again the
nucleon one. Nevertheless, here the analysis is pretty different, because nucleophobia cannot be
achieved: this will result in a freedom in the g value, that, in principle, is not fixed by any other
criterion. Moreover, here, we will set €] = 0, €55 = 0 and €35 = 1, where the relation ), €/ =

must hold independently on the CKM-like form of the € parameters. In these conditions, we have
Cy, + Cp = 1/2. Tt can be directly verified that, by choosing the €;;® terms this way, we are able to
lift the axion mass the most. Proceeding like before, we will finally get trickier expressions for the

nucleon bound (4.100), which is now a function of 3:

0.196 + 0.202¢3 + c5(—0.353 — 0.315sp) + 0.162s5 + 0.19753 — 1.17 x 107°/m? =0  May;s
0.196 + 0.197¢3 + c3(—0.353 — 0.315s3) + 0.353s5 + 0.202s3 — 1.17 x 107°/m2 =0 My

bis

(4.101)

The plots for these two equations are shown in figure 4.2. Even if the range of § can seem to be
arbitrary, we have to remember that this value directly appears in the Lagrangian through the
Yukawa couplings, which must guarantee a perturbative expansion both at high and low energy,
as explained in [60]. We will not go through this delicate topic here, but we will assume the
benchmark interval 0.28 < tanf8 < 140 [61]. This range has been obtained by computing the
[B-function for the Yukawa coupling of the light Higgs of a 2HDM model and by requiring the
condition y2 /41 < 1 at different energy scales. The lower bound is common to all possible 2HDM
theories, i.e type I, II, Leptonic-specific and Flipped (which vary for the position of the two Higgs
doublet in the Yukawa sector: see [62] for details). The upper bound is of tan 8 < 140 just for
the Flipped model, whereas it is of tan 8 < 350 for the Leptonic-specific one. Just because, as
claimed in [61], further constraints can arise requiring the perturbative unitarity of other coupling
constants, we will restrict ourselves at least to the tightest range of values between the two ones.
It can be questioned that our models are not 2HDM-like, because DFSZ theories add a complex
singlet field to the spectrum and, in addition, they impose a PQ symmetry, which prohibits the
emergence of some terms in the Lagrangian. Nevertheless, for our analysis, it will be enough to
consider this interval as a point of reference. After all, if we remember that vy > v, the additional
heavy scalar p almost decouples from the calculation of the S-function corrections at energy lower
than vs and the axion couplings are highly suppressed. In this way, DFSZ models can be considered
like a subclass of 2HDM models, without grossly affecting our benchmark range for tan S.

Taking this into account, we can graphically derived the highest axion mass value achievable
in these theories. That turns out to show up in the limit tan 8 — 0.28 for the Mj3y;s case and for
tan 8 ~ 3.16 in M3, , with two pretty similar results of m, ~ 24meV.

We finally move onto the ordinary DFSZ models, in order to underscore their departure from
the new cases we have presented. The considerations done for nucleon couplings still hold in these
situations. But now we have no freedom to remove the electron coupling (unless we choose a
particular value of ), so that the bound

Come = 2.7 x 10713 f, (4.102)
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Figure 4.2: The two plots show the azion mass dependence on the B parameter (radians) for the
Msy;s model (the upper graph) and the MY, one (the lower graph). The green grid highlights

regions of B excluded by the perturbative interval in a reference period of the function.



4.5. ASTROPHOBIA AND PHENOMENOLOGY 107

must be satisfied, too. By doing that, we are led to a system of equations

{2.99 x 107 Mm% — 2.7 x 10713 = 0 DFSZII

0.183 — 0.170ca5 + 0.0397c4g — 1.17 x 107" /m2 = 0
(4.103)
{2.99 x 10 Mmged — 2.7 x 10713 = 0 DFSZI

0.183 — 0.170¢35 4 0.0397c45 — 1.17 x 107°/m2 = 0

whose plots are displayed in figure 4.3.

In the DFSZI case, the plot reveals how the electron coupling constraint (blue line) does not
really provide a further bound: one can just consider the best value for m, inside the unitary
interval given by the nucleon bound (red curve). The maximal axion mass compatible with this
model is m, &~ 14meV in the limit tan § — 0.28. For the DFSZ II version, we can not rise the axion
mass up to this value of 8 without violating the restriction on g,.: looking at the curves intersection
in the graph, one can get m, =~ 12meV . It worth noticing that the blue curve presents some points
where it diverges: these ones correspond to the [ values which annul the axion-electron coupling.
On the contrary, the red curve always has a different behaviour: there are no divergences, because
the nucleon coupling can be suppressed, but never removed, as a result of the non-vanishing ¢
correction.

In figure 4.4, all of the outcomes we have quoted are summarized. Here, the different constraints
that we have described in this paragraph are considered. While plotting the |g,,| coupling as a
function of m,, one should take into account the upper limit imposed by the R parameter and other
restrictions on axion mass. One of these comes from the model independent bound m, < 0.8eV;
then, there are the model dependent constraints from WD and SN studies, which are graphically
displayed by colorful bullets or stars truncating the curves. The PQ non-universal models, which
do not enjoy nucleophobia, can just slighlty increase the maximal value of axion mass with respect
to the old paradigm, provided that the 8 parameter is properly tuned and electrophobia is required.
Hence, the really essential feature to reach the heavy axion mass window resides in the ability of
removing the nucleon coupling.

First of all, it worth noticing that the nucleophobic scenario can easily accomodate the recent
fits for ggqe and gq, from a combined analysis of HB and WD [58]: gee = 1.5 X 10713 and Jay =
0.14 x 10719°GeV 1. If these values are in tension with the SN bounds in the old DFSZ theories,
this is not true for the nucleophobic ones.

In addition, these models are very interesting from an experimental viewpoint, because to be
revealed they ask for a sensitivity to |ge,| which is just slightly greater than the current one.
Therefore, the next generation of axion helioscopes (which employ the axion-photon interaction
to detect possible axions coming from the Sun), such as TAXO and its upgrade TAXO+, will be
crucial to constrain or discover an astrophobic axion species.
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Figure 4.3: The two plots show the azion mass dependence on the 8 parameter (radians) given by
the bound on gqe (blue curve) and on the nucleon coupling (red curve). The upper graph refers to
the DFSZI model, while the lower one to the DFSZII theory. The green grid highlights regions of
B excluded by the perturbative interval in a reference period of the function.
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Figure 4.4: The graph presents the |ga| coupling as a function of the axion mass (or its decay
constant) in a double logarithmic scale. Fach straight line is truncated when the upper bound on the
azxion mass from gq. and ggp + g2, is saturated. The horizontal and vertical gray regions represent
the excluded range of values obtained from the R parameter and the hot axion limit respectively. It
worth moticing how nucleophobic models are able to reach the heavy axion window, making them
testable by future experiments. The black lines highlight the sensitivity of some next-generation
axion helioscopes (i.e IAXO and IAXO+) to |ga| with respect to the old CAST helioscope.
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Figure 4.5: The two diagrams contributing to the muon decay u~ — e~ + v + a4. They differ by
the position of the two interaction verteces and, as a consequence, by the exchange of a virtual
muon or electron respectively.

4.5.2 Precision Flavour Experiments

An unavoidable property of PQ non-universal models is the appearence of flavour changing
verteces. This feature offers a further possibility to constrain and test these theories through
precise particle physics experiments.

In the lepton sector, the strongest bound on flavour violating processes stems from the muon
to electron transition. As already mentioned, this decay is not forbidden by the SM, but highly
suppressed: a neutrino oscillation mechanism will render this process viable, but with a branching
ratio B(ut — et) < 1075 [63] (extremely below current experimental bounds). On the contrary,
physics beyond the standard model could facilitate this channel: that is the case with our axion
models, which breaks family symmetry. To derive some comparable results, we need to get an
estimation for the free parameter €55, which can be extracted from family violating transition
involving the second lepton generation. The muon-to-electron transition exactly fits the bill. An
upper bound on the muon decay into an electron and a pseudoscalar particle f is given in [64]
to the value of B(u™ — et f) < 2.6 x 1076, All pseudoscalar particles inducing flavour violation
are dubbed familons: in our generalized models, the axion is a particular kind of familon. Never-
theless, how explained in [65], this tight constraint on B(u™ — e™ f) has been derived under the
assumption of a vectorial coupling of familons to SM particles, in order to deal with some technical
complications. Just because our Yukawa Lagrangian shows both axial and vectorial couplings, this
upper limit can not be used in our reasoning.

What we can do is considering the more stringent experimental constraint B(u* — e™+v+f) <
1.1 x 109, where leptons of both chiralities take part in it: this will give rise to a weaker limit on
the familon coupling for this process. This latter was obtained in [64] from the previous condition:

o )
e = > 3.1 x 10°GeV (4.104)
|CLI? +|C4.”

Remembering that |CY, > = |CZ, | = €ft €55, we can constrain the axion mass as

1.7 x 104

€L €L
€11 €22

mg < 0.2eV (4.105)

Not to have a constraint stronger than SN bounds, we can require the left-hand side of the previous
expression to be greater than the tighter bound m, < 0.25¢V of the M3 model, where €7} should
be fixed to 1/(1 + 2) (z ~ 0.48) to reach electrophobia. This implies

€55 <1.6x107* (4.106)
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as

Figure 4.6: Diagram of the flavour changing 7+ decay: 77 — e + a,

Because of ), ;7 = 1, €55 will be determined, too, depending on the value of €{}. Therefore,
we needed an experimental input to estimate all of the diagonal leptonic € parameters: for this
purpose, we employed one of the most precisely measured process.

Once that our variables have been fixed, we can explicitly compute the branching ratio for
some interesting flavour violating decays. Let us consider the important 7+ — e* + a4. In order
to compare experimental results with our theory, we need to calculate the decay rate given by the
simple diagram in 4.6.

Starting from the Yukawa Lagrangian contributing to the decay

za¢,
2,

we can readily obtain the corresponding matrix element from the LSZ reduction formula

Lre =" 82’} (Y +4°Ch)r = ((me —m7)CY. +~4°(me +m,)CA)r (4.107)

1
2fa
Using the shorthand notation Am = (m, —m,) and ¥m = (m, + m,), we can sum up over the

final spin polaritazions and average over the initial ones. By employing the spin sum rules for the
antiparticle spinor state v,, one gets:

%Z|Mif|2 =

- Z 8f2 p‘r AmCV - 'ySEmC',,i)pgv,a(pe)aﬁ,«(pe)a(AmC'V + '752mcer)a505(p'r) =

Mip = =57 0r(Pe)a((me — m:)CY + 7 (me + mT)Og-)aﬁUS(pT)ﬁ (4.108)

= tr[(AmC;/; - 75Em0é‘;)(pe —me)(AmCY. + 'y‘r’EmC;f‘T)(]DT —my)] =

8ﬁ
= S trl(AmCL (5 p,) + (AmCE e — (SO, — (SmCA V) -
8]1”2 [(AmCY )2 (4p. - pr + 4memy) + (EmCA)2 (4p, - pr — 4mems,)]
(4.109)

Because of the condition (CY)? = (CA)2, the model dependent coupling can be collected. Then,
we can proceed with some elementary kinematic manipulations. Using p; = (m,,0), we get
Pe - pr = m-E,.. To compute E., we know that

{ Pr=0=pa+9. = |pe| = pal (4.110)

E,=m,=E.+E,
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Considering both the definition E, = \/m?2 + p2 and the previous conservation laws, we can write

—VmZ+pE=Vmitp? =

B m2 —m2 +m2 Q_mQN& 1_m3 e 1_m2 (4.111)
Pe = 2m., a™ 9 m2 D) m2
where the approximate formulae originate from the invisible axion limit m, — 0. In so doing, we
can state
2 m e mg 2
T L
2z Z IMis|? = 2f2( 5)? (1 — mg> (4.112)

This expression will enter the decay rate formula (once the conservation conditions will be
taken into account by solving the four-dimensional Dirac delta):

D(rT = et +ay) = ! / s / &, (2m)*6™ (pr — pl, — pl,) lz Mg || =
2m, | (2m)32E. ) (27)32E, © Y24

_ 47T d|pe||p€|2 . r , , } v )]
= 8m7(27r)2 / ‘E‘(ll(pe)‘E‘/(S (mT Ee Ea(pe)) 2 Z ‘M7f| =

-]

_ 1 dE, ‘p/e| 5 (E/ 2| _ |Pe| 1 2
B SmTW/ E'(p.) |1+ E. /E (pe)| Z|M1f| SmTwE + Eq(pe) |2 TX:‘MZ s

r,S

m3

m2\*
L 1 e
327rf3h(611622)< m2>

T

(4.113)

where in the last passage we have inserted back an % (set to one), to recover the correct physical
dimensions. Now, making use of m, = 1.78GeV and 7, = 1/T'7,, = 290.3 x 10715, together with
= 0.5MeV, we end up with

B(r+ o et +ag) = —Tr_Lieah) (1 me " 66x 108 M)’ (4.114)
et tag 32rf2h L7, m2) ~ 0.2¢V '

in which we notice how the product €j1e33 ~ 2z/(1 + 2)? is essentially model-independent. Com-
paring it with the current bound B(1~ — e~ f) < 2.6 x 1073 [64], we see that we are three orders
of magnitude below the experimental limit: thereby, such a process is still viable and not excluded
by high precision measurements. In addition, family violating transitions, such as 7= — p~ + ay,
will be grossly suppressed by the tiny €55 value. One can calculate

{B(T_ — " +ag) =32x107°  for M1/M3 with €t ~1/(1+z) (4.115)

Bt~ = u~ +ay) =1.6x107° for M2/M4 with €% ~z/(1+ 2)

where there is no doubt true that they are compatible with the bound B(7~ — u~+f) < 4.6x1073
[64].

Other relevant constraints can arise considering the quark sector. An important phenomenon to
take into account is the decay K~ — 7~ +a, (figure 4.7), which is made possible by the following
Yukawa interaction:

LY +45Ch)s (4.116)

- ,0ua
Cs%d:d’y 2f
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Figure 4.7: Diagram of the flavour violating K~ decay: K~ — 7~ + ag

because the up quark is just a passive spectator. To get the M;; relevant for the process, we have
to evalutate the following matrix element:

(gl [ S22 O, +4*Cib)a] 1) (.117)
a

In momentum space, the axion will just contribute with its momentum through the four-derivative.
Morever, we notice that parity invariance reasonings lead us to drop out the quark axial current.
Indeed, we know that pseudo-scalar meson states and the axion will transform as P |[K—)=—|K7),
Plr=) = —|z~) and P|ag) = —|ay), but the two pseudo-particles state |7, a,) will be parity even
in the simplest case of zero total orbital angular momentum. Remembering the transformation of
Dirac fermions under parity ]51/J = ~%), we can easily realise:

P(9uay(m™, ag|dy" " CLhs|K 7)) = goi0u(—ag)(m ™, agldy v"4°+ Ciys(—| K 7)) =

I i T / (4.118)
= 900 (T, agld(—go) V"7 (V°)?Cois|K ™) = —0uaq(m™, agdy"y°Ciys| K ™)

which implies (7~ |dy*y°C4s|K~) = 0.
What we need to do is just assessing the vectorial part of the matrix element. We can envisage
its most general form just by means of considerations based on Lorentz invariance:

(n”|dy*s|K ™) = (p + pl) Frr + (0 — 1ly) Frco (4.119)

up to two form factors Fg1 and Fis, which must be evalutated by numerical and non-perturbative
techniques. They can just be functions of Lorentz scalars, i.e the kaon and pion mass, together
with p2. There are not additional independent scalars that can be built up with the three particle
momenta if one set the axion mass to zero (as we are going to do, using once more the invisible
axion limit). That said, we can move back to the evalutation of the matrix M, which will take

the form
1%

C
M 4 [pau (P4 + Ply) Fre1 + Pap (Pl — pZ)FKz] (4.120)

o,
Using the conservation law p# — pfi = p# and setting the axion mass approximately to zero (i.e

PapP™ = 0), we see that the term proportional to Fxo can be removed from the calculation. The
remaining contribution can be easily written down as

_ Camic (| _ ma
Mq,f = 2fa 1-— mig{ le (4121)

From this point on, the computation proceeds exactly as shown above, finally leading us to the
result

m3 GdR/dL mg 3 m 2 EdR/dLedR/dL
B(K~ —n~ =K _ds 1—— ) =11x1077( = dd -
( T+ 49) = Gan T ( mi() x 0.2¢V 10
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where A = 0.2 is the already introduced CKM parameter. Moreover, ezg refers to M4 and egg to
M1/M?2. For the form factor, we have used Fx1(p? ~ 0) = 1. Strictly speaking, this is correct
only for exact SU(3) flavour symmetry, but corrections to one are known to go as the ratio of
quark masses and, hence, they can be ignored at this level of approximation. For M3 we have
CY. =0, so that the process is not allowed and the current bound B(K™ — 7t +a4) < 7.3x 10711
from [66] is immediately satisfied. On the contrary, for the M4 model the previous formula fixes a
constraint on €% for which there are no theoretical considerations to derive an estimation. Taking
into account that 625‘ must be approximately one and using m, =~ 0.12eV, we get €?® < 1.9 x 1078,
which leaves us with a pretty unrealistic model. On the other hand, for the M1/M2 theories
the e?r parameters are CKM-like, so that egdL €dL /A0 ~ 1. This provides us with an axion mass
bound of m, < 0.05eV, comparable with the astrophysical ones. But this does not mean that the
main slice of the heavy axion mass window must be cut off. We should not forget that our model
building form of € is just a working hypothesis: we know that the left-handed e formulae must
be related to the CKM sector, but, in practise, we miss any explicit expression for them. These
precision flavour experiments should actually be used to measure these Yukawa couplings, instead
of further constraining the axion mass.

In a similar fashion, one can derive the branching ratio for other meson decays. For example, it
can be considered the Bt — KT + a, reaction, whose experimental bound is B(B* — KT + f) <
4.9 x 1075 from [67]. Remembering that the meson BT (ub) has a mass mp = 5279.25MeV and

a life-time 75 = 1.64 x 107125, we can evalutate its branching ratio
3 dr/dL 2\3 2 , dr/dL dr/dL
B(BT — K" = _"MB s 1— Mk F2 =38x%x10"7 Ma b €ss
( +96) = Grm 7 T, m2, ) 7B 0.2eV X
(4.122)

where Fp is again the form factor defined by (K~ [5y*b|B~) = (p¥ + pl/) Fp: its value is known to
be Fp = 0.33. The result is clearly not ruled out by experiments even in this case. Despite that,
the less tight constraint on this decay mode will impose bounds that are less stringent than those
previously derived: for instance, for M1/M2 we obtain m, < 1.8eV, which is higher than the hot
dark matter limit.



Conclusions

The axion idea can solve two disturbing problems of contemporary physics at one shot. From
one side, it can naturally justify why strong interactions do not violate parity and time-reversal
symmetry and, therefore, it can give an answer to the strong CP problem in a pretty elegant way.
On the other hand, being stable and weakly interacting particles, axions turn out to be excellent
dark matter candidates.

Because of their light masses, just as for neutrinos, particle accelerators are not useful to directly
detect axions. Nevertheless, these new particles must be embodied in some minimal extensions of
the standard model. Hence, the particle content of these BSM theories can be potentially measured
and constrained, thus offering an indirect proof of axion existence. In Chapter 2, we revised the
famous DFSZ model, enlarging the SM with a second Higgs doublet and a Higgs singlet. In
particular, we pinned down and examined the consequences of slightly changing the quartic c-term
of the potential with a cubic one. As expected, the effects of this modification resulted in tiny
corrections of mass formulae with respect to the previous model, without any testable impact on
phenomenology at MeV scale: the high value of the vy threshold, required to make the axion
invisible, overshadows any possible departure of the cubic model from the quartic one. Despite
that, we considered in this new setup the mass spectrum of the theory for different values of the
parameters a,b and ¢, which relate the Higgs doublets sector with the singlet one. As already
claimed in previous works, these scenaries are particularly appealing, because they provide a light
spectrum of particles (one of which identifiable with the SM Higgs), which could be in principle
detected at LHC or in future particle accelerators able to reach the 1007eV regime. Moreover, we
noticed the presence of an extra viable situation which was absent in the quartic model, given by
the quasi-free singlet limit. Here, the Higgs singlet self-coupling A4 is simply set to zero, opening
up the possibility for the cubic potential term to dominate. But, so far, the interest in this case is
again purely theoretical, because the majority of particle masses reside in the vy energy region. By
way of conclusion, the realization of custodial symmetry was taken into account, too. To further
contrain the model, a brief description of the electroweak precision test was developed and the
bounds imposed by the Peskin-Takeuchi parameter T for the more interesting quasi-custodial case
were considered.

Even though the consequences on the mass spectrum are essentially negligible, as described in
Chapter 3, the replacement of the quartic c-term with the cubic interaction can affect the periodicity
conditions of the effective potential for the axion phase. We observed how that adjustment was
able to narrow down the number of degenerate vacuum states in which the axion field can settle
in after the emergence of a QCD potential around the scale Tgocp ~ 200-300MeV . Thereby, we
pointed out how a cubic DFSZ model seems to soften the domain wall cosmological puzzle.

The effects of that are even more enhanced in the generalized class of theories which we took
into account in Chapter 4. In particular, this section is devoted to a precise analysis of axion
interactions with gauge bosons, through the quantum anomaly contributions, and with fermions,
by means of the Yukawa sector. Although axion models able to erase the axion couplings to
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electrons and photons were already designed in a pretty simple conceptual framework, until now it
was thought that a well-established result of DFSZ models was the prediction of a non-vanishing
axion-nucleon coupling. What we explicitly showed is that by dropping out the hypothesis of
a family universal PQ charge pattern, the interplay between axion and nucleons can be highly
suppressed and axions can be endowed with the property of nucleophobia. Two fundamental
conditions for that to be pursued were derived: the axion verteces C, and Cy with the up and
down quark respectively are required to satisfy the relations C,, + Cy = 1 and C,, = 2/3. Working
in a next-to-minimal non-universal 2+1 flavour structure, we derived all possible models varying
for their charge configurations. Among all them, we spotted a particular subset of theories whose
fermion couplings make nucleophobia achievable. What was observed is how for these axion models
some recent fits of gee = 1.5 x 10713 and g,y = 0.14 x 1071°GeV ™! can be much more easily
accomodate with respect to the universl DFSZ scenario. Moreover, by very definition, the bound
on protons and nucleons interactions coming from neutrino burst duration signal of supernovae
1987A of g2, + g2, < 3.6 x 107! can be evaded: that discloses the possibility of reaching the
heavy axion mass window 20meV < m, < 200meV (in contrast with the previous bound of
mg < 20meV’). Thereby, the next generations of helioscopes, such as IAXO, will be crucial in
order to test nucleophobic axions.

Once we enable the PQ charge pattern to violate family symmetry, the axion becomes a par-
ticular kind of familon. Consequently, we highlighted at the end of the third chapter how a 2+1
DFSZ model can legitimate flavour changing reactions. That paves the way to the possibility of
extracting important information about axion physics not only from astrophysical observations,
but also from particle physics experiments. Indeed, the limits on the branching ratio of important
decay processes, such as B(t~ — e”f) < 2.6 x 1073 or B(KT — 7" +a,) < 7.3 x 107!, can be
used to constrain the strength of the flavour violating verteces, which are ultimately related to the
PMNS and CKM matrix elements.

Despite the growing precision which has been obtained by experimental measurements, this
work illustrated how there is still enough theoretical freedom to mediate between our conceptual
constructions and phenomenological outcomes. Furthermore, we can probably say that, because of
its ability of conveying together efforts coming from all conceivable research areas, like cosmology,
astrophysics, high energy frontiers or physics of flavour violation, the experimental and speculative
axion hunting remains one of the most fascinating challenge of contemporary physics.
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Appendix A

Some formal developments about
chiral anomalies

In this section we are going to analyse in some detail the derivation of the anomalous term,
showing up in chiral theories, from different but complementary points of view. The first part
aims to obtain the Adler-Bardeen theorem by explicitly assessing the triangle diagram, responsible
for the anomalous contribution. This perturbative approach to anomalies will make use of the
dimensional regularization procedure. Here, the problem of handling the ° matrix will be faced
by means of the self-consistent Breitenlohner-Maison prescription. The second part will counter the
anomaly issue from a non-perturbative perspective, directly dealing with quadratic fermion path
integrals. These ill-defined expressions will be regularized using the general (-function procedure.

A.1 The dimensional regularization viewpoint

Let us consider a quantum field theory comprising a massless Dirac spinor, which couples to a
non-abelian gauge field in the customary way:

L=~ 51r(Guu ] + Gy (A1)

with D, = 8, — igA%rfs and tr[r7p] = 6°°/2. The field strength tensor is defined as usual:
Guw = 0,A, — 0,A, —iglA,, A,]. From this Lagrangian, we can directly extract the Feynman
rules of this problem. Moreover, by means of the action principle, we can derive the equations of
motion

A2
i =0 (A.2)
We know that j”¢ is the fermion vector current, while the fermion axial current is defined as
JE® = py¥~y57&p. The purely gluonic current J¥¢ = f“bcAzg“”b can be read off from (A.2). If
we endow our fermions with an extra non-abelian global symmetry with generators X, we could
build a general axial current associated to it, i.e J& = ¢y~ X&).

Actually, the perturbative approach to anomalies starts by considering the evalutation of a
peculiar matrix element: (ki,7; ko, s|J¢*(x)|0). Here, k1 and ko are the external momenta of two
quanta of A, whereas r and s the respective polarization states. It is crucial to remember how,
in perturbation theory, external fields are to be considered as asymptotically free: therefore, the

{W‘“’ + gfeAZIG = —gjvt = — g Ty
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whole normal mode expansion machinery will hold true for

AL”(QU) = lim A,(z) A% (z) = lim  A,(x) (A.3)

xro——00 xo—+00

If k1 and ko refer to gluon momenta, we will have to project our physical situation into a high
energy regime, where g < 1.

We can start developing our object, so as to obtain the LSZ reduction formula in coordinate
space. To start with, we can notice

M ks s(2) = (B1, 75 k2, 8| J52(2)10) = (01gr out (k1) s 0ut (k2) J5(2)]0) (A.4)
For instance, we could write gr out(k1) = (gr,out (k1) — Gr,in(k1)) + gr.in(k1): factors containing one

gr,in(k1) or gs.in(k2) will vanish when the annihilation operators will act on the right vacuum state
of (A.4). In particular, making use of the inversion relation between the annihilation operator

gin/om(kl) and the vector field ALn/Out(x), we could state:
g'r',out(kl) gr, zn(kl k'l /dX i 8x0AZZt(x) - ezki"mlaquzz(I)) =

= —e%(ky) / dx< lim — lim >(eik1'wi8I0AZ(x)) = —%(ky) / d4x8m0(eik1'wz’5onﬁ(x))

To—+o0 To——00
(A.5)

Therefore, equation (A.4) will become:

MG gy o(2) = 2670 (R )e C"(k2)/d4$d4y5z03yo [er 1R (010, AL ()9, AL () JEM(2)[0)] =

= *6?“(/61)62”(@)/d4xd4y6ik1'w+ik2'y(wf +07,) (Wi + 95014}, (2) A5, (y) J57 () |0) =

= &M (ki) (k2) /6145661‘{1/6““'””“"“2"”(|k1|2 + 02, ([kaf* + 05,)(0] 4}, (2) A7 (y) I3 (2)]0) =

=~ (k)ed (k) / dhad'ye!™ I (= 4+ 0F) (= V) + 05, {0] A4} (2) A7 (4) T3 (2)[0) =

= = (k1) (k2) / diadlye™ T, 0,(01 47 (@) AL (1) 157 (2)[0)

(A.6)

Moving from second to third line, we have taken into account the mass shell relation w? = |k|?
for massless particles and, in the following passage, we automatically integrated by parts twice,

moving the operator V2 from the plane wave function to the vector field.
If we now apply the equation of motion (A.2) for the four vector potential, we will get

(k1,75 k2, 8| J52(2)[0) = —g?ep (k1)ed” (k2) /d4xd4y6ik1'm”“'y(OIJ’Z(w)jﬁ (y)J5*(2)|0) + O(g%)
(A7)
The gluon current J¥¢, in case it contributes to (A.7), will enter higher order terms, because gluons

can only attach to fermion lines of an axial current by means of at least an extra g vertex.
Remembering that the Fourier transform of a matrix element is given by

FUOL @) (1) T8N (2)]0) = (2m) "6 (p + g — w) M (p, g, w) (A.8)
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k b
l+k1 17/1‘7

k1 + ko k14 ko
— A — A

I+ ko

ko, v, c

Figure A.1: Lowest order contributions to the amplitude /A\//lzll’f)‘ (p,q,p + q), given by a fermionic
triangle A.la and the indistinguishable process A.1b, where k1, pu, b <> ko,v,c. The black square
corresponds to a v° matrix insertion.

where w is the axial current momentum, we can plug the previous identity in (A.7) and, hence,
after some integrations, we will end up with:

(k1,75 kg, 5| J2N(2)|0) = —926b“(k1)6§”(k;Q);\v/lzll’f)‘(kl, ko, w = ky + kp)e!F1HR2)2 L 0(g%)  (A.9)

The Feynman diagrams contributing to M“bw‘(p, g, w = p+ q) at lower order in g are shown in
figure A.1. But if we want to derive the Adler—Bardeen theorem, as set out in (1.64), we have to
consider the four divergence of (A.9):

(k1,75 ko, 5|0 J8 (2)]0) = —ig2e (k1 )e (ko) (ky + k) A\ M (ky, ky, by + ka)e!F1772)2 4 O(g?)
(A.10)

The integrals which enable us to assess the two triangle diagrams are given by:

_ d4l X, I “’LTC y X, iTe 0Ty ul
wttan o == [ S e T o e

:_/ dll tr[ abe i = Ky) s iU +K) il il =) s 5L+ Ky) il u]

@n) k)2 Uk B T TR T Ry 2

(A.11)

with w¢ = tr[X%7%7¢] and where indeces of the fundamental representation (entering spinor
propagators) have been understood. The overall minus sign accounts for the presence of fermion
loops. To be honest, we overlooked the small imaginary part +ie, which should have accompanied
any denominators to account for mass poles: that was done just to lighten the notation.

The Breitenlohner-Maison prescription As already observed in the first chapter, this inte-
gral is linearly divergent. That means a regularization procedure is called for to give a mathematical
significance to the foregoing expression. An extremely powerful instrument turns out to be dimen-
sional regularization, which can be applied to any situation of interest, owning to its ability of
sustaining non-abelian gauge invariance, too. This procedure was employed in chiral theories in
[68], for instance. But a non-trivial issue, which one immediatly bumps into, is handling the 75
matrix. To pin down this problem, in this paragraph we are going to work directly in euclidean
notation for matter of convenience: a Minkowski generalization, if needed, will be straightforward.

This delicate task involving ~5 was faced in [69], where it was pointed out how this matrix is
not the sole element rooted in four-dimensional space. In a dimensional regularization framework,
Lorentz covariant tensors, such as 7y, Iy, 0, ..., are extended to d dimensions by treating them
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as formal objects with some algebraic properties. But some problems arise even when dealing with
the €, po-tensors, which is genuinely 4-dimensional, as shown by

4
CprpapzpaCvivovary = Z Sgnﬂ-H(SMVw(i) d=4 (A'12)

TESY =1

This property can just hold in d = 4. Not to abandon the possibility of reducing products of
several e-tensors in algebraic manipulation of integrals, Breitenlohner and Maison suggested to
recognize the special role of d = 4, while extending tensors to arbitrary d. That can be achieved by
introducing, together with d-dimensional objects, also 4- and (d — 4)-dimensional ones. Thereby,
we will decompose a d-dimensional tensor as:

L, = I, + (A.13)
~—
d-dimensional (d—4)-dimensional  4-dimensional

The d-dimensional symbols v, 1, d,v, €upo- and 1 will satisfy the properties [69]:

Opv = Oup OupOpy = Opw Opvly =1y Opv Yo = Vu

(A.14)
5;wfupor = €upor {’V;m%/} = 26/11/1 vy =71 5uu =d trl =4
while the (d — 4)-dimensional ones 4, lAﬂ and 5W are assumed to obey:
6#1/5110 = g,uugua = g,uo’ S,uu = &/p g,ul/lu = lA,u 8#1/’71/ = ’?,u
4 4
) , (A.15)
Cprpzpspa Cvrvavavy = Z SgnTrH((SMVW(i) - 5#1‘%(1')) = Z Sgnﬂ-H(slM'/w(i)
TESy i=1 TES, i=1
This set of identities suffices to prove:
5/11/3’1/ = 6”1’;%/ = ﬁ/u {’7/17'3/1/} = {’?uaﬁ/u} = 25#1/1 6p1/6upa-r =0 (A 16)
Cprpopapa = ST 1) fr(2) bom (3) Hom (4) 5## =n—4 try, =0

Note how € just exists in one version. The same is true for 5. Actually, it can be noticed that
there are two properties that characterise the fifth gamma matrix in four dimensions:
i) trvs 1Yo Yo] = 4€uvpo i) {15} =0 (A.17)

which are incompatible for d # 4: just one can be used to define a d-dimensional 5. But if we
mantain the second one, together with the reasonable cyclicity property of trace operations, we
are unavoidably led to a contradiction.

Proof. We can simply start by considering the simple object tr[v57,7,7,7-]. If we just make use
of the fundamental property v,v, = 0,, = d, together with the trace cyclicity and {v,,75} = 0,
our initial gamma trace can be manipulated as:

dtr[vsYu 7YYol = Vs 7u Ve Ve Ve (AVA)] = =[5V Ve Yo YA VAVL] =
= =20t [ 57 Yp Yo YAl + T [V5 1 Yo Yo AT = =200t [ V51 Yo Yo VAl — IV Yo VAT YA YY] =
= =200t [ V57 Y Vo YAl — 200t [V5Yp Yo YAVl + Vs Yo Yo AT YA =
= =26, [ V57 Yo Yo Al = 20uAtT (1570 Yo YA Y] — V5 Yo YAV Y VAo =
= =20, [ V5V Yp Yo YAl — 20uAtT [ V5V Yo YA Vi) — 200AtT [ V5 Yo YAV Y] F I [V Yo YAV Ve YAl =
= =20\t [V57Yp Yo YAl = 200AtT [ V5o Yo YAV — 20pAtT [V Yo AT Y] — TPV VAL Yo YA Yo ) =
= =26, [ V57 Yp Yo YA = 20untr (150 Yo YAVl = 20pa 8 [V5 Yo YAV V] — 200ntr [V YAV YY)

+ Vs YA YL Y Ve Vo YA
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If we further take into account the relations {ya, 75} = 2das and t7[v57a,7s] = 0 (which is a direct
consequence of {v,,75} = 0), we could finally get

2dtr [ V5V Vo Yol = =2t (V5 Yp Vo Vi) — 2[5V Yo Yo Vi) — 2t [V5 Yo Vo Yu Y] — 2t [V5 Yo Yu YY)
2dtr[YsYu 1Yo Vo ] = ATV Yoo — 26 [V5 Yo Yo Y Yul — 2t Y5 Yo Y Y Yy
2dtr[ys Yy Yo Yol = 4[5 YV Yo Vo] + AT [ V5V p Yo Yu Y]

(4 — d)tr[vsvur Yol = 0
(A.18)

Therefore, if {7,,7vs} = 0 for arbitrary d, the previous relation tells us ¢r[ysy,v.7,7s] = 0 for
d # 4. But along with being a proof of incompatibility of the two 5 definitions, here we are also
said that no smooth limit exists so as to recover

(lii_rg tT['VF)'Y;/YV'Yp'Ya] = deuvpo #0 (A~19)

As a consequence, {7,,75} = 0 is not a good identity to extend to general d without jeopardising
the entrenched 4-dimensional 5 properties. O
Thereby, Breitenlohner and Maison realized tr{vs7,7.7,Ys] = 4€uups should have been used

as the right defining relation for vs: {v,,75} = 0 just turns out to be an accident of four di-
mensions. One has to recognize 75 is a deep-seated 4-dimensional tensor, which will not anti-
commute with d-dimensional gamma matrices. As a matter of fact, by consistently assuming
¥s = (4) " epvpo VYo Vo [69] succeded in proving

{5} = (A5} = 2375 7=1 (A.20)

The first relation will play a crucial rule in the emergence of the anomaly. Moreover, it straight-
forwardly stems from it how:

{’?,ua '75} = :Y;L'VE) + 75'?# = 22/#75 = ﬁ/w’%’)] =0 (A‘21)

Back to the integral After this brief interlude, which gave us the necessary tools to counter
the 75 issue, we can return to our Minkowski integral (A.11), dimensionally regularized:

v 42w d*1 tr[(L — Ko) (Ky + Fo )V (1 + k)" 17"
Lope(k1, k) = it / (2m)2 Wabe (I — k2)2(1 + k1 )22 +
42w a1 tr[(] — k) (B 4 F )V (1 + o)y 4]

it / (2m)2 “act (1 — k1)2(1 + k)20

(A.22)

in which p is the usual ultraviolet regulator, that we use to preserve physical dimensions and d =
2w € C. Of course, 4° is handled as made clear in the previous paragraph (with a straightforward
translation to Minkowski formalism). We also remind how all physical momenta k; and ks remain
four dimensional vectors: just the loop momentum [ is analytically extended to 2w.

To reduce our integral to the really contributing part, we can rewrite (f, + F5)7° in the first
addend in a clever way:

B+ k) = +EDY ==k )V = =" U+ F) — ([ = k)7 + 275(2 + %1) (A.23)

where we used {9#,~7°} = 29#~° and in which:

Ay = Y0 usl% = Y0 g™ Gusl”? = 41, = | (A.24)
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An equivalent manipulation can be pursed for the second addend, with ki, t, b <> ko, v, c. Thereby,
carrying out some proper simplifications, we will have:

a1 (I =k )P AU+ F)™ 1y
Y% . 472w/ el | — 2 _ 1
ave k1 Kr) =in (22 otel” (I — ko)202 (A
(/= k)70 + B U + E v 1y (A.25)
2
+ (l*k2)2(1+k1)2l2 +(k1,u,b<—>k:2,u,c)
ArY(kq,k2)
If we perform the change of variable I’ =1 — ko in the first addend
y ) d2wl 5 1 v 5 wia~v
I(l;bc(klakl) :ZM4—2w/ 5 wabctr |:_ lry Z (l + %22)7 _ Y (l + kl)z 217 +
(2m)2 P+ ko) ({4 k)2l (A.26)

+ AHVUCI; k2):| + (k171u7b x4 k27V, C)

we can use the trace cyclicity and {4*,7%} = 24"v5 once more, in the second contribution, to
write:

d*1 {_ SRR Y e U Y S

2
I (k1 k) =i HW/— abet
wpe(k1, k1) =ip (QW)wab " 12(1 + ko)2 (I + kq)212

A“"(k}ljcg)

I ) 420
(I +k1)%12

I1+Y (ky,k2)

+AM (ky, k2):| + (k1,10 <> k2, v, 0)

The term A*”(kq, ko) is manifestly antisymmetric for the exchange of k1 < ko and p + v.
Hence, by adding it to its counterpart (ki, p, b <> ko, v, ¢), we observe

WP AP (ky, ko)] + wPtr[AYH (Ko, k1) = wtr[AMY (ky, ko)] — wOCtr[APY (ky, ko)] =
= (W — W ) tr[A (ky, ko)] = tr[X[r°, 7)Jtr[AMY (K, ko)) = fPtr[X T tr[AMY (ky, k)] =
= fUetr[ X tr[r®] tr[AM (k1, ko)) = 0

=0 (A.28)

because infinitesimal generators of unitary groups have null traces. But this is true if X'* and 7°¢
belong to different internal symmetry groups, allowing us to split the trace in the second-to-last
passage. In case X'* = 7%, the result is unchanged:

wabctr[A“”(kl, k2)] + wad’tr[A”“(kz, k)] = fbcetr[rare]tr[A“”(kl, ka)] =
fbce bece (A29)
=5 tr[r®, T¢tr[A*Y (k1, k)] = Tfaedtr[Td]tr[AW(kl,kz)] =0

At the same time, the contribution IT#¥(ky, ko) presents the following numerator:

trlIV A (L + k)] = tr[y° 3y " P11+ kr)als = 6%t [Py v v P11+ kr)als =

(A.30)
= —4i§”pep°‘“ﬁ(l +k1)alpg =0

owning to the contraction property of the (d—4)-metric tensor and the four dimensional Levi-Civita
symbol.
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Taking that into account, we are left with:

2w r _ 507 7 wi~v
I (ki ki) = — 2iu4_2wwabc/ (2d7r)2l‘*’ aalt %(227 ](Cé;(iéi(]fl;ﬁlh /] + (k1,p,b < ko, v, 0)

(A.31)

The denominator can be disentangled by means of Feynman parameters:

/ d2v] 1 _/ 42+l /dxd o (5(1‘—|—y+2—1) _
@)% (1 — ko)2(1 + k)22 YO — k)2 +y( + k)2 + 202

2 R 5 (A.32)
= / ey / dxdy 5 5 73
(2m)> Jo (I = wky — yk1)? — x(z — 1)k3 — y(y — 1)k7]
Actually, one should carefully notice that:
(I — xky — yk1)? = 2 + (I — zky — yky)? (A.33)

because of the four dimensional nature of the external momenta. But from expression (A.32),
we can easily extract the condition legitimating a Wick rotation. As usual, we can analytically
continue our integral into euclidean space, provided that A = z(z — 1)k2 + y(y — 1)k? > 0 in the
interval x,y € [0,1]. That is ensured for k%, k3 > 0. By looking at (A.10), the euclidean extension
will be given by:

sbu(k'l) (’V(kQ)(kl + kQ) M)\/Ll/(kla klv k1 + kQ) -

4—2w, .abc T d2wl€ ! tT[(l - k2)7€5(i+%1)(l+k1)78#l’}/ﬂ/]
g (e ) [ (2@%/0 Y T 2y — k1 )2 1 2z — DG + y(y — DEP

+ (k1, 1, b <> ko, v, )

(A.34)
where we remind that v.5 = —7°, Yeo = 7° and vex = —iv*. The polarization vectors have been
extended to euclidean space, too, as &, = (&, = —igpg, €1 ): therefore, v.-&f = —i¢,. Nonetheless,

we are going to drop any euclidean subscript from now on, not to weight the notation: after all,
we will remain in euclidean space until the end of our calculation.
We should proceed by performing a shift redefinition of l’ = (I — zhky — ykl) But in order to

do that, we have to analyse the structure of the numerator, noticing that kl }éz = 0 (because we
are contracting a (d — 4)-dimensional tensor with a 4-dimensional one):

tr{(] — k)rs (] + FO)vuIn) = tr[vs3av87u 7670 vp)la U+ k1) pls (L — k2),

' A ] ) (A.35)
= tr[’YS’?a’YB’Y;L’y&’VV’Yp](loclﬂlﬁlp + laklﬁlélp - lalﬁléka - laklﬁlﬁka)

But the second and third terms will not contribute, because they lead to an integration over an odd
number of variables. The quartic term in [ can be shown to vanish by simple algebraic passages.
Indeed, by projecting the trace over the symmetric part in « and 8 indeces:

tr[¥sAar8u VoY Vollalplsly = dactr[vsYa VsV ¥6 M Yo lclslslp =
. 1 .
= tr{ys Ve 18V Y pllcllsl, = §t7“h’5{747Wﬂ}%%%%]ldﬁlélp = (A.36)

= Swtr[757M75’yy’yp]l¢lgl(glp = 45(/@6M5Vplclgl§lp = 4€M§Upi2[5lp =0
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because we are contracting a symmetric tensor /s5l, with an antisymmetric one in the same couple
of indeces.

We have almost complete this lengthy procedure of reduction of the initial integral. Indeed, we
have:

d2v _4 4—2w o ” Aa 7 7
I9(ky k) = / dxdy/ l tr[vsYav8 Y Vs Vo Vo llakis(ls + 1s)kap

(I — wky — yk1)? + x(z — 1)k3 +y(y — Dk
+ (k1, 1, b <> ko, v, c) =

1 2w 77 abc
d=l —4lyl5k1gko,w
— 4—2wt Aa v / d d {/ als 15 2p
=t o fodt k1 pka,w
4 i I P k1,11, b <> ko, v,
| it | Gy T e DT T ¢ (e ke

- (A.37)

where the last term disappears, due to the two separate odd integrations in 4 and (d — 4) spaces.
With this last suppression, we have reached the core of the anomaly. We can extract the tensor
structure of the integral and perform the long-awaited change of variable in [:

41 t?"’w V8V VYol 2 k1
I/abc k1. k 4— 2w abc / dxd / 51a’IB vip BR2p —
o (R ) = —dpe 2o.; 2w —4 ey 20 (I = xky — yk1)2 + A3

2w—4 4 72
gyt / dx dy/ d - l4/ d l4trjvsva7ﬂ7u757y7p]{ kigkap _ (A.38)
2w 4 © 2m)4 (T — wky — yk1)2 + 12 + AP

2w—4 47 2
— 4M4 2ww?e 6 ad leka/ dxdy/ d 2 Z4A2/ d l4 tr[?57a7;@7#757u70]
“ @m)t 2+ (2 +A)3

The last surviving trace can be simplified once for all:

0astr[YsYa Y8 Yu Y5V V) = —0astT[V5Ya Y85V Vv Vp) + 0asdustr[Vs¥a Y8 Vv Vo] =
= 50&5tr[75:)/a75757,u7v7p] + 5&65u5tr[75’3/a7B7v7p] - 6&5555t7’[75’3/a7u7u7p} =
= 0astT[V5Ya V6 V8V Y Vol + 0060ustT [ V5 Yo V8V Vo] — 0080861 (V5 Yo ViV Vpl = (A.39)

= (2("} - 4)tr[’75’yﬁ’7ﬂ’7117p] + 5065u560ﬁ1/p - 30656660;1,1/,0 = 4(2‘*) - 4)65#1/;7
=0 =0

The contribution of the [ integration can be derived through a well posed Mellin transform:

/ 'l 1 1 / 'l /+Oodtt2e—t[l"2+(f2+A)]:
i+ @+a))p TG @t

1 1 +oo e~ (l +A) 1 1
= 77/ dit? = -
I'(3) 1672 J, 2 3272 [[2 4 AJ3

(A.40)
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Plugging this partial result in (A.38), we can further develop our expression:

ey k) = P deg,)kigk ' dnd B
(ks k) = == P (degunp)kripha, | drdy @iz AP

H4 2w . o d2e— 4l A2 +ood 2 _r(P4A)
27T2 w eﬁw,p 18 gp/ XL y/ 2w 1 F ) A TT € =
4—2w +o0 2w—47
_ 19 be 2 _—TA d d l 7% _
= _Wwa (‘e,ﬁuupklﬁk?p/ d],'dy/ dTT e <_d7_) /We =

4—2w abe +oo w—2
K w 2 —raf d m
e S = — v k d B — — =
472 (2m)2w— 1 Puve mkzp/ d y/ drre <d7’) (T)

4—2w abc +oo

M (2 — w)w / / 3—w _ —TA

= wok1sk dxd d =
4w (2m)2w—4 CBurpf1pl2p 0 vy 0 e

- ,u4—2w (2 _ w)wabc
T Yiw (27r)2w74

1
eﬁuupklﬂkaF(2 - W)/O d.’L’dyAw_4 =

w9 wabc

1 1
i ) (2- w)eﬁ,ul/pklﬁka {2—&) +.. ] /0 dxdy

(A.41)

Therefore, the I'(2 — w) expansion for w — 2 exactly simplifies the vanishing (2 — w) overall
factor. If we add the contribution [ L’V (k1,k1), obtained from the previous result by exchanging
k1, 1,b < ko, v, c, we could state:

1
185 (ky, ky) = 182 (ky ky) + 1080 (K Ky ) = y= €8 pk15kapw + gy pkapk1 W | =
) . (A.42)
= An2 5 €Buvpkipkap(w “bo 4 waCb) A2 eﬁwpklﬁk%dabc

Now substituing this outcome in the starting matrix element (A.10), we end up with:

(k1,75 ko, 503 J5 (2)[0) = (—i )249 T el (kn)ed (k)R Ryl Rz £ O(g) - (A43)

where we moved back to Minkowski space, as the extra factor —i betrays. However, to have a
better insight of the right-hand side of this expression, let us consider the following matrix element:
(k1,75 ko, 5|glbwgé“’(z)|0>. We are developing a perturbative approach, retaining only lowest order
terms in g. Therefore, we can just take into account the linearized version of g};yégu(z), where
the four-vector potential is treated as a free field. Hence, at zero order in g, the normal modes
expansion will hold true:

- / Dpe’y(p)(gr(p)e ™% + gl(p)e’?) (A.44)

in which Dp is the usual Lorentz invariant measure. Once said that, with a final effort we can
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draw up better our matrix element as:

~ 1 Y oo
(ky, s k2, |G, G2 (2)]0) = 3 uvoo (k1,75 k2, 51GyGE7 (2)[0) =

= T ik, | (01 AYOP AT + OV ALO7 AL — 9 ALO7 AL — 0" A0 A7) + O(9)[0) =
= 26;4upa<k17 T3 k27 S|8MAbVapAg|0> =

= 2€p0 / DpDq(ky, 13 ka, 5|0 %, () gy (D)€' + h.c]0?[€5.(a)gl ()€™ + h.c]|0) =

= ~2€upo / DpDge'y, (p)eBe(0)p"¢”{0lg- (1), 914 (0)][95 (k2), 915 (0))|0)e’ P97+
(A.45)

— 2€u0p0 / DpDae’sy,(p)eGe(@)pa” (0] [gs(k2), 914 ()] [g+ (K1), gl (@)]]0)e PFD= =
= _ZGMVPU /dpdqggb(p)E%c(q)p#qpnrA(SS(kl - p)nsB(SS(kQ — q)ei(p+q)z+

- 2‘5qu0/dpdqfl//xb(p)gch(Q)p#qusAﬁsg(kz —p)nrpdd(ky — q)el P =
= —QGMUPU(Egb(kl)E(Sfc(k'g)klfkg + E:b(kQ)ggc(k’l)kgkf)ei(kl+k2)z _
= —2€up0 (€73 (k1)eg:(k2) + EZC(kl)5;’b(k2))k§‘k§ei(’fl+k2)z

In the third line, we set (k1,7; k2, $|O(g)|0) = 0, because there is no higher order term in g quadratic
in the gauge four-potential. In the last passage we simply rearraged indeces, by employing the
antisymmetry of €,,,0. Nonetheless, the two addends in brackets will contribute in the same way,
owing to the complete symmetry of the d*¢ factor. As a consequence, we will end up with the
equality:

1 k Tk g;u/gpo- 0) = —4 v (e (ko EP i(k1+k2)z
Ee,uupa< 1,73 27S| b e (Z)| > - = e,LWPUErb( 1)€sc( 2) 172€
1 (A.46)
§€Wﬁp<k1a 7; ka, 3|gllfygc'8p(z)‘0> = ewﬁpgﬁb(kl)Egc(k?)kfksez(kl+k2)z

in which we reorganized and renamed indeces, in order to easily individuate how to rewrite the
right-hand side of (A.43). This final remark lets us enunciate the Adler-Bardeen theorem:

2
g 1w
(k1,73 kg, 5|05 J§2(2)]0) = ~ 3973 A" €,6p (k1,73 k2, 5|G1 G (2)|0) + O(g?) (A.47)
where the additional factor one-half with respect to (1.64) is due to the anticommutator embed-
ded in d*¢. Clearly, relation (A.47) can be obtained from (1.64) by acting with two functional
derivatives, e.g %, while keeping treating the gauge four-potential classically. We know that

this formula is exact and it does not need higher order corrections, that we implicitly understood
in O(g?). Nevertheless, by using a procedure based on Feynman diagrams and perturbative ex-
pansion, it is formidably challenging to envisage how all perturbative corrections could vanish.
Moreover, we derived the anomalous conservation law of a chiral fermion current as a formula
valid for matrix elements. But how can we say that, for a non-abelian gauge symmetry, the four-
divergence of Jg*(z) exactly equals the combination QWQ‘“’ and not just its linear part? If even
non-linear terms contributed, the matrix element (ki,7; ko, s; k3, t|0x.J2*(2)|0) would not vanish,
too, by means of anomalous box diagrams [70]. The non-perturbative approach will extensively
answer these questions.
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A.2 The (-function approach

We have already pointed out in the first chapter of this work how divergences in determinants of
differential operators are encoded in the ill-defined expression II;\;, which grows without control.
An extremely useful instrument to regularize this kind of formulae is the {-function procedure
[15, 71]. Here the regularization is enclosed in the (-function itself, which can be analytically
extended to a meromorphic function in the whole complex plane (or to a holomorphic one in
C — {1}). Luckily, we can relate our functional determinants to the {-function, to benefit from all
of its properties.

Let us suppose we are given an elliptic differential operator A of order m > 0, that means an
operator

AY(z) = Y aa(x)0P(x) | WER, v£0 = > an(x)p® #0 (A.48)

la|<m |a]=m

That requirement simply makes A positive semi-definite. We further assume A is invertible and
defined on a manifold without boundary M of dimension d. If A is hermitian or normal (i.e
AAT = ATA), we can define the (-function associated to A as

C(s,A) =Tr[A™%] = Z A° (A.49)

which converges for Re[s] > d/m. But we anticipated how ((s) can be continued on C as a function
of the complex variable s: in particular, it will have a well-defined behavior on the imaginary axis
Re[s] = 0. As a matter of fact, we can write

7¢ (Z A ) — (loghj)A;* (A-50)

J

that, evaluted at s = 0, lets us claim

detA = emp{—jsﬁ(s, A)

S_O} (A.51)

Actually, formula (A.49) can be tweaked, so that we are able to associated a {-function also for
non-normal operators [15]. If we introduce the integral kernel K (A, z,y) of A

AY(z) = /d4zK(A7:c,z)7,/J(z) (A.52)

we could generalize (A.49)
(s, 4) = - / ta [ i@ KA ) = [deK(a ey (A5)

in which {ug(x)} is the set of eigenfunctions of A and where we employed the formal completeness
relation Y, uj(z)uk(y) = §*(z —y). But the previous result can be used as a starting definition of
¢, without any reference to the eigenvalues of A. Among the two remaining requirements on A of
ellipticity and invertibility, the last one can be dropped out, too, with some further considerations
[72]. Nonetheless, we will not need to be that general.

Indeed, if we consider our case of interest of chapter one, we can recall (1.58), giving the effects
of a chiral transformation on the fermionic determinant

det|[iP' /|| = T~ det||e7T5@ (1P )5 (A.54)
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In this context we had an fermionic field, interacting with an abelian four-potential. P = @ — ig4
is the covariant derivative in the euclidean formulation, where 7, = "y);. 1 is instead an arbitrary
constant with mass dimensions, that we need to work with adimensional operators. The factor J
is the jacobian of the chiral rotation, which can be express by means of (1.61)

log 71 = & (07 ei’Y55a(ﬂﬁ)mei'¥s5O¢(m)) S (o, ﬂD) (A.55)
ds I ds I

If we now consider that, in euclidean formalism, (z@)T = z@, we will have (z@)Tz@ = (z@)Q By
taking into account (A.51) and that logdetA = logdet A%, we will end up with an useful form of
(A.55):

2 —~2

R R A Ld¢ (. =P
l 1_ 2% ¥5da(x) ysda(x) | _ — 95 A.
09T 5 7 (076 2 e 5 7s 0, 2 (A.56)

-2
The advantage of having introduced P~ is that we can deal now with a hermitian, positive

2
semi-definite operator. We will make use of the first property later. Nonetheless, 7~ still admits
null eigenvalues, which can jeopardise the definition of {, that is based on A~°. But primarily,
let us manipulate the previous formula a bit more. Employing the identity (A.49) and setting

A= —ﬁ2/,u2, we have

log7 1 = Ld Tr[A 4 0, A]7° — Tr[A] _1ld (—8)Tr[A™*16,A] =
2ds —o 2ds o
1 § s (A.57)
= ——Tr[A™*716,4]
2 s=0
We can correctly determine §,A keeping in mind that:
eﬁséa(w)@ei%éa(w) ~ @ — (7550[(1»)@ + w’%éa(l‘)) (A.58)
Iz I poop

S (iP/ 1)

and so

2

() Ia(2)n(2)2

A A AN 2

= _i(f) Sadale) — 2ﬂf%5a<x>f ~ stae) (f)

Therefore, we can write

2 — — —

logT ! = —%Tr [(ﬁ) - ((f)z%aa(x) + 275%%(9:)75 + s0a(x) (f)zﬂ

—aire] () oo 2

o)

where in the next-to-last passage we made use of the trace cyclicity property, while in the last
one we split the total trace operation Tr into the matrix ¢r and integral tr, trace for matter of

s=0

s=0
(A.60)
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convenience. We also added an extra factor (—1)~°, that can not affect the result at s = 0, but it
-2
will prove useful later. At this point, we are just missing a more explicit form of tr,[—da(z)D /1] =%,
=2
which is equal to the ((s) of =P~ /u?, considering how da(z) is just a multiplicative function.

For this purpose, we can return to (A.53) and consider an operator A hermitian and strictly
positive. That allows us to claim

(s, A) :/d‘lxK Z/d‘lm U () =
- ls);/d%/om ety (2)un () = F(s)/d‘lx/om A H A (L, 7, 7)

where we relate the integral kernel of A™° to the heat kernel of A by means of a Mellin transform,
which holds because of the property of A of being positive. But if we now assume the last expression
of (A.61) as the definition of the {-function of A, we will be able to deal with hermitian positive
semi-definite operators, which is precisely what we need.

We remind here how the heat kernel of a hermitian, positive semi-definite operator is defined
as [73]

(A.61)

Alt,z,y) Ze Aty (2)un (y) (A.62)

with ¢ an adimensional parameter. The heat kernel H (¢, x,y) satisfies the heat equation

(; +A>HA(L‘ z,y) =0 (A.63)

with the initial condition Ha(0,z,y) = §*(z — y), owning to the completeness of {ug(x)}. A

mathematical result states that, for small ¢, the heat kernel expansion holds true

Ha(t,2,y) = (2, y)v" 2" t<1 (A.64)

167r2t2

where a,(z,y) are the Seeley-De Witt coefficients and v an arbitrary constant, necessary to adjust
dimensions. The initial condition on H4 (0, z,y) automatically implies ag(z,y) = 1. Plugging the
heat kernel expansion in (A.61), we get

1 1 = g [T
C(S’A)W/d4z<w7r2;a7l(x)/o dtt* 3T Jr/6 dtt lhA(t,:c,x)> (A.65)

in which a,(z,z) = a,(z). We restrict the ¢ integration by above with an arbitrary small e and
we represent the unknown part of the solution of the heat equation for large ¢t with h (¢, x,y). We
are ultimately interested in the value of ( in zero. Therefore, remembering how F(ls) ~ s+ O(s)

for s = 0, we will have

s2+n +oo
_ 4 4 s—1 _
o) = oz [ 2 §jan S 06 [de [ d e -

—0

1 s—2+n 550 1
1672 ¢ T O0) /d4xza” s—2+n 1672 /d4m2(m)

1

22

l

(A.66)



130 APPENDIX A. SOME FORMAL DEVELOPMENTS ABOUT CHIRAL ANOMALIES

This result allows us to rewrite (A.60) as

logg ! = —# d*zptr |:CL2(£E)’Y5(SOZ(SIJ):| (A.67)

where as(x) is the second Seeley-De Witt coefficient of the heat kernel expansion, associated to
=2
the operator —P" /u? [71, 74]. Equation (A.63) and (A.64) will happen to be

0 o 1 e IR 4 ne
EHA(t,:my) =D Ha(t,z,y) Ha(r,z,y) = T62¢ A(u)2r Zan(a?,y)(;w)Q” =2 (A.68)
n=0

in which we include the dimensionnful parameter 7 = t/u?. v has length dimensions, that, in
natural unit, are the inverse of mass dimensions, typical of u. Making use of the arbitrariness in
the choice of these two contants, we can set v = 1/u, so that the unknown factors disappear from
our description. We will use these two relations in order to assess ag(x).

We can start evalutating

_@-9? 4o

9 _ 677— n—3 > J) n—2| _
EHA(t,x,y) = Ten2 z%[an(x,y)(n 9" + P an(z,y)T ] =
n= (A.69)

_e-9? 400

= [an_l(x, y)(n—3) + 4an(:z,y)} 7

n=0

clearly using the fact that a_,, = 0 for n € N. If we now consider

7003 {Pps Do} | [ %] [Pus Do) _ = = s W] Woao
2 2 T 2 et 4 (A.70)
D

where W, = [@“, D,], we will be able to compute:

_ 67% +oo . .
PHA(t,2y) = S 3 [ypan(x,y)Tnz e, @Wz] )
_—w)? 7:: p (A.71)
= o [zban1<x, y - Ly, o, y)} s

_@=»? foop

¢2HA(1L, xz, y) = % Z |:¢2an1(x’ y),rn—B _ @anfl(xy y) (f - y)uz(fﬂ - y)uTn_4+

n=0

_ 3((1‘ — y);f(ﬂﬁ — y)l/)an(x’y)Tan _ (-T — y)u2a;—(33 - y)”@an(a:,y)rn’2+ (A72)
+ ((‘T — y)yi(x B y)l/) an(ac, y)Tn—4

Taking into account that

l?[(w - y)ua(x - y)u] = a[(i’? - y)u%/] =4 and ((LB - y)l/a(aj - y)V)2 = (.’13 - y)2 (A73)
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the previous equation can be simplified as:

B _@=u? 4oo

P Halt2.0) = o 2| Plan-ales) - - hDuasr (o)

n=0 (A74)
(SC — y)2 n—4
_2an—1(xay) + 4 a’n(x7y) T
As a consequence, the heat equation in (A.68) will give back the recurrence relation
— 2 —
D an—2(2,y) — (. = y)uDuan—1(2,y) — 2an-1(z,y) = an—1(z,y)(n — 3) (A.75)
s ~ .
= P an—1(z,y) = nan(z,y) + (x — y),Dyan(z,y)
Our final task is to sort this relation out up to the second Seeley-De Witt coeflicient.
Let us firstly take (A.75) for n =0, with a_; = 0 and ag = 1, and derive it for D,,:
— 2 —
D a_i(z,y) =0-ao(z,y) + (z — y), D’ ao(z,y) (A.76)
= bu[(x - y)vbyaﬂ(way)] =0 J:g @uaﬂ(x) =0
which automatically implies
D,Dyag(z) =0 = 8Dy Dyag(z) =0 = Day(z) =0 (A.77)
Thereby, evalutating (A.75) for 7 = 1, we will obtain
-2
a1(z) =P ap(z) = (D +Y)ag(z) =Y (A.78)

Considering again (A.75) in 2 = 1, before appliying the limit z — y, we can derive it for D,, twice:

P ao(w,y) = a1(2,y) + (= — y), Doar (x,9)
= DB ao(a,y) = 2D,ua1(w,y) + (¢ — 9),8,Dyas (2, y)

=2 _ (A.79)
= DD ao(x,y) = 3Day(z,y) + (x — y), DDyas (x,y)
=y Daq(z) = %Dﬁan(x)
The relation giving the second coefficient we are interested in will be:
Par(e) =2a(zx) =  as(z)= %(D +Y)ar(z) = %D]_Dan(x) n %Yal(x) L
= az(r) = (D +Y)ai(z) = %DDao(x) + %DY + %W A0

so that we are solely left with the calculation of DDag(x). To achieve that, we need to derive
(A.76) not once, but four times:

(r —y),Dyag(z,y) =0 = Dyao(r,y) + (z — y),DaDyag(z,y) =0
= DgDyao(z,y) + DaDpag(z,y) + (x — y),DsDaDyag(z,y) =0
= D DgDpao(x,y) + DyDoDpao(z,y) + DgDaDyao(x,y) + (¥ — y), Dy DsDaDyag(z,y) = 0
= DsD,DgDyao(,y) + DsD,DoDgao(z,y) + DsDsDaDao(w,y) + D,DsDuDsao(z,y)+
+ (.%‘ - y)y@(;@,ﬂ_)ﬁﬁa'byao(x,y) =0
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Evalutating the last equation on the diagonal x = y and performing two separate contractions, we
will generate:

85+030(DsDy DDy + DsDDoDg + DsDpDo D~ + Dy DDy Ds)ao(z) = 0
= (DD + D, DD,)ag(xz) =0

6580~va(DsDy DDy + DsDDoDs + DsDpDy T
= (2D,D,D,D, + DD + D, DD,,)ao(x)

=0

4+ D, DyDaDs)ac(x) = 0 (A.82)
0

Then, we can exchange two derivatives of the last result

o 1o e - 1 (A.83)
D,DD,ag(z) = —§[DM,DV][DM,D,,] = —§W,WW,W
From the first contraction in (A.82), we can finally derive the desired equality:
— - 1
DDay(x) = —D,DD,ao(x) = +§WWWW (A.84)
As a consequence, plugging in (A.80) we get
()—1W W +1DY+1Y2 (A.85)
i) = e g 2 ’

Remembering the definitions in (A.70), we see that D does not contain gamma matrices, whereas
Y has two of them. Hence, substituing (A.85) inside (A.67) and keeping in mind the properties

tr(ys] =0
tr[(odd number of 7,5)¥s5] = 0
tr['_m'_}/u'_}%] =0

the only contribution surviving the trace operation will be the third one. We will end up with:

-1 i 4 2~
=— Y55 A.

logg 62 /d CIL‘EtT[ mﬁa(m)} (A.86)

It worth noticing how, up to now, we did not explicitly use the fact that our chiral transformation
was abelian. If this is the case, we can simplify the foregoing formula as

_ 7 1 7
logT ! = T /d4xEZtr[%’m’yywavﬂ]WWWaBéoz(x) =162 /d4erWa5WWWa55a(m)
(A.87)

euclidean space. As already seen in this work, we will have a factor i coming from the space-time
measure and a —i from the singled-out derivative with rescpect to x4 in Wy, W,g. Moreover, there
will be a —1, stemming from the Levi-Civita symbol and an extra i = —1, that we need to recover
the definition F,,, = i[D,,D,]/g. By doing that, we are able to piece together the bedrock of this
work, brought up in the first chapter:

-2
logT ! = _1269772 /d4xem,a3f””]:0‘56a(a:) (A.88)
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The generalization of the previous expression to non-abelian transformation is straightforward,
if we simply separate in ¢r[Y?¥56a(z)] traces carried out over spinor and internal indeces. That
will modify the preceding formula as

2
logg ! =— 3229 _ / dA 20 I FOotr (7T, T°})00" (z) (A.89)
T

where the fundamental coefficient d°*® = tr[r¢{T%, T} emerges.

Therefore, we were able to derive here the anomalous contribution in a completely non pertur-
bative way, making use of the extremely general method of (-function regularization. Nonetheless,
a by far widespread technique to assess anomalies is the Fujikawa one. But reference [15] un-
derscores an important point: Fujikawa procedure is very useful in different contexts, but it fails
when applied to more general situations, where, for example, fermions are coupled to axial vec-
tors or pseudoscalars. Thereby, the two methods coincide when the jacobian factor is associated
to a hermitian operator, but some discepancies emerge for non-hermitian ones (which are a key
ingredient in different theories, such as the Weinberg-Salam model). That lets us understand how
the (-function regularization still remains the most powerful and reliable instrument to handle
quadratic path integrals that we have at disposal.
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