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Introduction

In recent years particle physics has encountered an unexpected slow down
compared to the glorious days of the second half of the 20th century. The
Standard Model (SM) of elementary particles alongside the Einstein’s the-
ory of General Relativity for gravity provides the study of Nature with a
remarkably simple framework, that at present, explains almost all the phys-
ical processes observed in the Universe. Only physics beyond the Planck
scale, where a full theory of Quantum Gravity is required, and experimental
evidence such as dark matter and neutrino masses seem to escape from this
general framework. It seems that new physics can only appear at scales well
below the reach of terrestrial colliders. These extreme scales are so high that
no new feasible experiments could ever test them.

After the discovery of the Higgs boson at the Large Hadron Collider
(LHC) at CERN [1], open questions are still standing and await clues or
answers, either from the LHC or from other experiments. Some of these
are: Is there a path to the unification of all the fundamental forces? Why is
there more matter than anti—-matter? Are there “hidden” space dimensions?
What are dark matter and dark energy? Alongside these open questions
probably the most pressing ones are concerns in the theoretical exploration
and understanding of the SM itself. There are indeed many good reasons to
be at least concerned with the currents state of the theory and in particular
with the origin of many of its parameters. Typically these values are obtained
experimentally and rarely have a dynamical reason to have the value they
have today. The mechanisms driving their evolutions are typically not clear
and some of the values are deemed not “natural”. To recover a satisfying
picture fit to tackle the more delicate questions risen by the SM itself there
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is a need to postulate some type of physics beyond the Standard Model.

The LHC project was conceived to elucidate the mechanism by which the
W and Z bosons acquire mass while the photon does not. The postulate of
a field frozen below a critical energy and interacting with some of the d.o.f.,
due to symmetry arguments, explains the different possible masses in the
model. The purposes of the experiments there were to search for the Higgs
boson and to look for some clues of physics beyond the theoretical knowledge.
As of today none has been found, but the machine did characterize a scalar
resonance, the first scalar particle deemed as fundamental.

Nonetheless even with this result naturalness issues with the parameters
of the model are still standing. The mass of the Higgs boson is among these
parameters. Another important naturalness issue emerges in the reign of
QCD. Experimentally strong interactions appear to conserve CP symmetry
to a very high degree of precision, nonetheless in the years between the 1970’s
and the 80’s the theory of QCD, due to its non—trivial vacuum structure,
brought to light the issue of Strong CP Violation via an extra term in the
Lagrangian proportional to the CP-violating topological gluon density GG
that was ignored before, the 6 term. An economical solution to the issue and
to a number of other SM problems is the introduction of a light pseudo—scalar
degree of freedom a the axion. The only mandatory coupling is the one to
the GG term. Once the axion field relaxes to a vacuum expectation value,
its potential will force the infamous 6 phase responsible for the unobserved
neutron Electron Dipole Moment to disappear.

Of course the introduction of new degrees of freedom will have an impact
essentially on every branch of high energy physics. The newly introduced res-
onance can play a role in Cosmology and the thermal history of the Universe
as well as Colliders. Having the axions very weakly coupled with the SM
degrees of freedom, at the phase transition occurring in the early Universe,
where T' ~ f,, can parametrically induce different thermal distributions use-
ful to probe possibile dark matter and dark energy models. For light enough
particles one can also deduce limits on their coupling from Astrophysical
observations, such as supernova bounds, helioseismology and measurement
based on the Hertzsprung—Russell diagram.

The simple solution of an extra spin 0~ particle, coming from a U(1) in
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the UV is very easily realised theoretically. This is of course one of the reasons
for the popularity of axions. String theory and GUT among others naturally
produce many light scalar fields that can be assembled into axions or Axion-
Like Particles (ALPs). Indeed all the properties discussed up until now are
independent to a large extent on the particular UV completion of the model.
Tuning the high energy origin and behaviour of the axion can dynamically
solve low—energy issues of the SM. Notable examples are: Relaxion models [2]
where the presence of an axion dynamically relaxes the value of the Higgs
mass with respect to its naturally large value, Flaxion models [3] where the
particular flavor structure of the axion coupling to the SM degrees of freedom
explains the hierarchical structure of low—energy fermion phenomenology in
the quark and the lepton sector.

In this manuscript the axion solution to the Strong CP Problem is ex-
plored. The first step is to understand the problem and its solutions. Many
of the techniques and results discussed in Chapter 1 carry strong conceptual
importance and are central topics and milestones in understanding QFTs.
Namely Sec.1.1-1.3 contain a discussion on fundamental QFT knowledge
of Strong Interactions and QCD. The rest of the chapter tackles the intro-
duction of the axions and ALPs in general with a brief tour of the Chiral
Lagrangian of QCD. A number of model independent aspect of the theory
of these light-pseudo scalar bosons are discussed and the most notable UV
complete models are derived. In the final part of the chapter a discussion on
the difficulties, and the introduction of ALPs is studied.

In Chapter 2 the ALP Effective Field Theory expansion truncated at or-
der 1/f, is presented and some of its Renormalization Group flow properties
are discussed. Meaningful relations between the parameters and the oper-
ators of the model derived from the symmetries of the theory are studied.
The redundancies of the description are addressed and a set of well defined
physical operators and couplings is indicated in order to project limits onto
them. A set of CP—Violating dimension-5 operators along with the conse-
quences that they entail are discussed in Sec.2.6, some of the models able to
generate them are introduced.

A brief review of the present experimental bounds and searches is dis-
cussed in Chapter 3. Most of the attention is dedicated to Terrestrial Facili-
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ties and Fixed Target Experiments while some attention is dedicated to the
indirect measurement of ALPs and axions parameters via cosmological and
astrophysical probes. Some future prospects are discussed.

In Chapter 4 a general discussion on hadronization techniques can be
found. Particular attention is devoted to the possible criticalities one might
encounter when applying these methods. Indeed the opening arguments are
aimed at understanding the approximations in the Brodsky-Lepage approach
to factorisation. Once the correct technology is introduced a number of
hadronized amplitude are obtained, using both Brodsky—Lepage methods
and Lattice QCD results. A set of new meson-to-meson ALP form factors
is computed and presented for the first time enabling the phenomenological
study of the following chapter. A discussion on the possible issue emerging
from the asymptotic regions of momenta distributions is presented.

Finally in Chapter 5 the whole machinery developed is applied to a num-
ber of phenomenological studies, up to three particles final states. Some
restrictions on the ALPs theory space are recovered utilizing terrestrial re-
sults in the hypothesis that the ALP would escape detection, the so called
“invisible ALP.” The limits obtained are always projected onto flavor con-
serving ALP—fermion couplings, as the flavor violating ones are taken to be
dominated by loop induced contributions. The searches are divided based
on the different possible final states allowed by these hypothesis and by the
energies reached by flavor experiments.



Chapter 1

Axions and Axion—Like
Particles

In theoretical particle physics the study of matter fields, their symmetries
and their associated conservations laws intertwines in what is known as a
gauge theory or a Quantum Field Theory (QFT). It turns out that classical
symmetries of a theory are not always “respected” in QFTs, and in a sense
quantization can spoil them. This should not come as too much of a surprise
given the very different nature of a classical field theory and a quantum
one. These kind of symmetry violations associated to quantum effects are
called “anomalies” and the symmetry that gets broken at the quantum level
is labelled as anomalous. Strange or unpredicted effects appearing at the
quantum level are nothing new and are rarely worrying, instead anomalies
must be treated carefully and are a major feature of QFT with the power to
modify the spectrum of the theory in unexpected ways and to even invalidate
the whole theoretical structure.

Two main types of symmetries are present in QFTs, global symmetries,
sometimes called accidental, and local (or gauge) symmetries. The former
are associated to charges and conserved currents while the latter represent
redundancies in the representation of the physical degrees of freedom de-
scribed by the theory. Gauge symmetries are introduced by hand in order to
build the theory using the simplest possible representation of the Poincaire
group that contains the desired degrees of freedom. If a global symmetry
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is anomalous the theory is perfectly fine and only the phenomenology will
have important modifications. If, instead, a gauge symmetry is anomalous
the theory breaks down and the internal consistency is ruined. In some cases
is possible to avoid the anomaly, but doing so imposes strict constraints on
the physical content, e.g. QED with a single Weyl fermion is inconsistent
because it would have an anomalous local U(1). Anomalies have a profound
impact on a theory, they can dictate the field content of a model and influ-
ence the phenomenology of it. In QCD one has a beautiful realisation of a
global anomaly that helped understand deep facts about Yang—Mills theories
and the theory of strong interactions them self. In what follows a discussion
of the QCD anomaly, its phenomenological impact and the inconsistencies
encountered with experiments is presented. The introduction of a new spin
0~ degree of freedom, an axion or an ALP, is chosen as a possible solution.

1.1 The U(1) axial anomaly

For massless quarks m, = mgq = m, = 0, the QCD lagrangian contains
a global invariance under an extended symmetry group. The U(1) axial
trasformation is given by

u
v=1[ d | = =e sy, (1.1)
S

In this limit, which we shall adopt until further notice, Noether’s theorem
can be applied to identify the classically conserved axial current.

T8 = Ty s + dyuysd + 57,755, I8 =0 (1.2)

where the superscript on Jéz) denotes an SU(3) singlet current. In the
full quantum theory the approximate symmetry is lost because the current
divergence has an anomaly. One can see this in a number of ways, the
most hands on is due to Adler Bell and Jackiw [4, 5], while for a deeper
understanding Fujikawa’s path integral method is reffered in [6] and discussed
in Sec. 1.1.1.
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An anomaly is said to occur when a symmetry of the classical action is
not a true symmetry of the full quantum theory. The Noether current is
no longer divergenceless, but receives a contribution arising from quantum
corrections. This contribution is typically reffered to as the anomalous part.

It is important to review the work of Adler, Bell and Jackiw in the case
of the coupling of an axial U(1) current to two gluons. Define the quantity

T (k. q) = i / d4xd4ye“f'xeiq~y<o(T(Jgf) (x)Jg(y)Jg(0)> \o> (1.3)

where J¢ is a flavor-singlet vector current coupled to gluons

a — A?
%Zijﬁ@ (1.4)

q:u7d?s

Here the SU(3) matrices relative to the latin indices, a and b pertain the
color degree of freedom and not the flavor space [7,8]. There are two Ward
identities [9], representing the conservation of axial and vector currents. The
vector Ward identity, corresponds to 0“J¢ = 0, is

an;iLgB(k’ Q) = 07 (15)
while for the case of the axial ward identity is derived via in a similar fashion
8“Jé2) = 0, to obtain

KT 5 (k,q) = 0. (1.6)

In order to reveal the anomalous behaviour of this coupling, one can
calculate the vertex in lowest-order in perturbation theory and compute the
contribution from the two possible momentum route [10]

A1 A 1
5¢+¢+%W§ﬁﬂ’

(1.7)

1
+Tr< o
71175?"‘%7

the prefactor 3 comes from the three massless quarks contributing equally to
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the amplitude.

It is easy to see that the integrals in the definition of Tﬁgﬁ are linearly
divergent, and as such they might be not well defined, this is alredy a hint
that the computation is troublesome. To quantify the effect of a shift in the
integration variable is instructive to consider

Py (=1
I :/d%[—”——”] 1.8

! Pt (p—=0)* t8)
A linearly divergent integral is of the form [ d*pF(p) where p*F(p) # 0 but
p*F'(p) = p*F"(p) = ... = 0 for p — oco. In Euclidean coordinates one can
Taylor expand and use Gauss’ theorem to compute the effect of shifting the
integration variable

/ d*pi [F(p) ~F(p- l)} = / d'pp[l"0.F (p) %l“l”(?u@uF(p) +.]=

=0 [ AS,0P ) = S0 F Gy = 1 [ A0y
(1.9)

where in the last equality we used the fact that p3F’(p) ‘p_}oo = 0. So Eq.(1.9)
means that a shift in the integration value will change the result by an amount
proportional to said shift, times the integral of the function over the boundary

of the physical space. In case of I, one finds that
. — 1) . Py PuP
I :z/d4p (ﬁ _ 7) :zl“/d35 Dy :zzﬂ/d?’S—“—”. 1.10
! St -0 "pt pp 10

It’s easy to see how the integral will not depend on the specific value of p

since the dependence will be exactly cancelled. This leaves I, = z”% To

apply this to the case at hand one needs to compute the shift to ng 5- Namely
one substitutes p — p+ b1q + ba(—k — ¢) in the first term. To preserve Bose

symmetry one needs to change in the second term p — p + bag + b1 (—k — q).
The change is computed using Eq.(1.7-1.10)

ab
ab 0

po3 == 167'('2 (bl - bQ)EMOC/BV<2q + k)’Y (111)
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and is induced by the shift in the original integration variable p,. Still there
is no indication of violation of any global symmetry, just an indication in
handling these contributions. One can compute the Ward Identites directly
with the same technique by using the shift p — ¢ — (¢ — p). The results
are trivial once we know of Eq.(1.11), the interesting observation is that
the original integration shift shows that one can never satisfy both equation
simultaneously

35ab
¢“Tibs(k.q) = —

(1+ b1 — byt
167 (1.12)

ab
(1 - bl + b2)€o¢ﬁpaqakﬁ-

BT ) = S

The important physical result is that despite the claim of Noether’s theo-
rem that there are two sets of conserved currents, namely SU(3). vector and
U(1) 4, one loop calculations indicate that only one of the two can be con-
served. Of course one can not violate Gauge symmetry otherwise the theory
loses every possible meaning and so the axial current must not be divergence-
less. The anomaly is that Noether’s theorem was wrong, or wrongly applied
rather. The violation of the current is not dynamical but purely a loop effect,
and it can be show that this is equivalent to the addition of an operator to
the QCD lagrangian

apv ~ apv 1

30'/5 a va a
=—_@,G", (G =3¢ bGey). (1.13)

0
P = G

1.1.1 Fujikawa’s Method

It is instructive to look at the path integral treatment of the issue discussed
above, as done in [6]. One defines the theory via the generating functional

Zla,., AS] = / [DY][DY] exp / (L‘QCDW,&,AK)—%JEEO)“), (1.14)
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the logarithmic change along the axial current source is given by the func-
tional expansion truncated at first order

InZa, — 0,6,AS] —InZ[a,, AS] =
[ a0,5) 20 (Zlas A5 oo = i [ 510,75 ),

i

(1.15)

where —i7"” () is the functional derivative that appears in Eq.(1.15).
5

The two gluon matrix described above is given by

ngﬁ(‘ru Y, Z) = (7')2

5—2]’;(0) (z) . (1.16)
5A(y)3 AL (2) o

Solving for J% © (x) is done by parametrizing the 3 transformation inside the
fermionic part of the lagrangian, meaning that

Laep(, 9, AS) + BIE (2) = Locp (W, 7, A2) (1.17)
where
Y = 6—i575¢
5 — e, (1.18)

Furthermore, one needs to change the path integration from ¢ — ¢’. As
such, one should keep track of an eventual Jacobian J associated with this
operation

[1uipsl = [1Dpi)
if the jacobian does not depend on the fermion fields one finds that

Z[a/ﬁ — 03, AS] = jZ[alhAg\]’ (1.19)

meaning that

InJ = —i/d%ﬁ(m)aujéo)“(x). (1.20)
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The lesson here is that the quantum current .J gom () will have zero diver-
gence if and only if the Lagrangian and the measure of the path integral are
invariant (i.e. J = 1) under the U(1)4 transformation. If both the conditions
are realised the symmetry is preserved at the quantum mechanical level. It is
easy to understand that all the classical symmetries will satisfy the condition
relative to the Lagrangian, so that the jacobian of a transformation will be
the condition to determine if a symmetry will translate consistently to the
quantum theory. In the case at hand the jacobian, if properly renormalised,
has the form

3 s ~ auv
J = exp(—2itr 5v;) = exp [—i/d%ﬁ(m) f GG "1, (1.21)
T
from here one reads off the current divergence
9470 (z) = 2% g G, (1.22)
Sp A ng

The final task is to compute the regularised jacobian, as it will be a divergent
quantity. From the Eq.(1.18) one recovers the formal expression

J = [det(ew%)}_l [det(ew%)}_l. (1.23)
The determinant runs over all the indices of the object, namely the 4 x
4 Dirac indices, the three flavor, color and the spacetime index (i.e. the

position z*). For finite objects this can be made less formal by using det C =
exp(trln C). This identity allows for the expression

J = exp(—2itr 5vs). (1.24)

The trace symbol indicates a sum over flavor space, Dirac index, colour and
spacetime index,

J = exp (—ZiTr’ / d*z (x| By° ]x>>, (1.25)

where Tr’ is now the sum over the discrete flavor, colour and Dirac indices.
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To regulate the calculation a high energy eigenmode removal via a gauge
invariant cutoff is introduced. So the final formal expression is

J = lim exp (—QiTr’/ x (x| ByPe” PIM)? |£L’>) (1.26)

M—oo

where ) is the QCD covariant derivative. Using the heat kernel expansion
one gets that

gSAaAb Vrya (07}
- gk f e (P ),

:exp< 16,2 /d4xﬂ( )3 - 25% . 4@6‘“@’898 G, G? ) (1.27)

— exp <—¢ / d's f(x) 5 30‘5 G, G" > .

The fact that this is not the identity means that the symmetry is not con-

served at the quantum level. If one includes quark masses the anomaly
equation is

~ auy

— _ 3 s
0Ty (@) = 2ilmyin u+ mady’d + my5ys) + 0 G, G, (1.28)
s

meaning that the IR and the UV contribution to the anomaly do not talk to
each other. To generalize the result one can define

Y = gy, T, AD = g, TPy, (1.29)

where T, ‘(/b) and Tjgb) are matrices in the quark flavor space. The anomalous
couplings for the currents are

Dbcd
MAY) = —__guvaB G, Gaﬁ + masses
b 167 (1.30)

C Nc b c d
Dt = 2t (TPHT, 1Y),

where N, is the number of colors.

This shows how symmetries of a classical Lagrangian are not always sym-
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metries of the full quantum theory. Anomalies spoil the classical symmetry,
appearing in perturbation theory within divergent Feynman diagrams. The
anomalous breaking is not a dynamical breaking of the symmetry associated
with a phase transition, and one should not expect a Goldstone boson. From
the path-integral point of view a more rigorous picture is extracted, the sym-
metry never existed in the first place as the generating functional was never
invariant under the transformation law. As such Noether’s theorem needs
to be supplemented with the jacobian to test the symmetries of a Quantum
Theory.

1.2 The 6 vacuum

Gauge theories with particularly simple gauge groups, QED and theories
with local U(1)’s, are completely described by their Lie Algebra, or their
differentiable structure. More complicated ones are affected also by global
properties of the symmetry space, in particular topological properties play
a fundamental role. One is generally concerned with gauge transformations
that are connected to the group’s identity via infinitesimal steps. What
happens if one considers the disconnected parts of the group? Will these
topological properties have any effect on the phenomenology? To answer
these questions one has to look at “large” gauge transformations which, in
the SU(3). case at hand, change the color gauge fields in a more drastic,
disconnected—to-the-identity fashion [11,12]. For example the gauge trans-
formation generated by

2 72 .
X oA g TX (131)

AI(X) - X2+d2 X2+d2’

where d is an arbitrary parameter and 7 is an SU(2) Pauli matrix in any
SU(2) subgroup of SU(3). Such a transformation is given only by the non—
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homogeneous part and changes the null potential into

J

AV () = — gis(VjAl(x))Al(X)_l

2d 2 2 .
T m[ﬂ(d —X7) +2x;(7 - x) — 2d(7 - x),],
where
(ZAa

This pure gauge potential lies in an SU(2) subgroup of the full color
SU(3) group, and is “large” in the sense that it cannot be brought contin-
uously into the identity. The 7 - x factor couples the internal colour indices
to the spatial position such that a path in coordinate space implies a cor-
responding path in the SU(2) color subspace. Associated with every gauge
potential A, is a conserved topological charge called the winding number,

;3

n= -t / @ Tr | Ai(2) Ay (2) Ax(x) | ", (1.34)
2472

It can be demonstrated by direct substitution that the gauge field of Eq.(1.32)

corresponds to the value n = 1. Fields with any integer value of the winding

number n can be obtained by repeated applications of A;(z), i.e.

An(x) = [Ar(x)]". (1.35)

All gauge potentials can be classified into disjoint sectors labeled by their
winding number. The existence of these distinct classes has interesting con-
sequences. Namely consider a gluon field that a t — —oo as the zero potential
A(x) = 0, has some interpolating A(x,t) for intermediate times, and ends
up at ¢t — +oo lying in the gauge-equivalent configuration A(z) = AW (z),
these configurations are known to exist [13]. Then the following integral can
be shown to be nonvanishing:

92 4 ~ apy
%/‘d X G/u/G .
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This is surprising since the integral is a total divergence as GG can be
written as

apy

- 1
Ge,G" = 9,K", KF = ¢hvho {A‘; %o + §gsfabcA‘;AﬁAg . (1.36)

as thus the integral can be written as a surface integral at ¢t = +00 :

gz 4 ~apy g 4
?)Q?/de'ij :W/dﬁauKu

(1.37)

More generally, the integral of GG gives the change in the winding number

g2 A s G2 3 10
Is [ prar ™ =9 [ Py K
3272 / T 3072 / v

t=00
=ny —n_ (1.38)

t=—o00

between asymptotic gauge-field configurations.

Thus the vacuum state vector will be characterized by configurations of
gluon fields, which fall into classes labelled by winding number. Moreover
one can associate unitary operators {U,}, acting on state vectors, to gauge
transformations {A,} so that in general

Up[n) = |n+1). (1.39)

This implies that a gauge-invariant vacuum state requires contributions
from all the classes in a coherent manner

0) =) e |n) (1.40)

n

so that the theta state is invariant under gauge transformation up to a global
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phase parametrized by the arbitrary 6 parameter. This means that a gauge
invariant vacuum must contain coherent contributions from all the separated
topological classes. The nontrivial vacuum structure requires an extra input
in defining the theory of QCD: the QCD Lagrangian, the scale Agcp and fi-
nally the vacuum label 6. In a path—integral representation the § = 0 vacuum
would imply transition elements of the form

(6=0]X|6=0)= / (DY][DY][DAIX 50 = 3" (m| X |n).  (1.41)

m,n

A different value of 6 corresponds to a phase in the decomposition

(0] X |0) = Zelm" (m| X |n) . (1.42)

However, this phase can be accounted for in the path integral by the addition
of a new term to Sgcp. In particular one can actually write

~apv

(0] X 0) = / [DY][DY)[DA,) X Secr iz o, O (1.43)

where X is a generic operator. It has been shown that to implement correctly
the computation with the # dependence one can simply follow the standard
path—integral approach with a modified action depending on the vacuum
parameter

apy

o G (1.44)

Locp =

The 6 parameter is considered a coupling constant, and as such there
is an important distinction between the vacua of QCD and the different
possible vacuum states of a theory with spontaneous symmetry breaking.
In the latter case the possible vacuum expectation values allowed from the
potential simply distinguish between different equivalent states of a same
theory. In QCD instead each value of 6 produces different amplitudes values
similarly to how a change in Agcp would produce different amplitudes. This
way different values of 6 represent different possible theories that Nature
might choose.
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1.2.1 Chiral rotations and 6 vacua

There is a connection between the axial anomaly and the presence of a 6
vacuum. In a massless theory with N fermions the U(1) axial current

T ="y (1.45)
k
is not conserved due to the anomaly
N s ~ apy
a0 = g0 (1.46)
T
However one can define a new conserved current using Eq.(1.36) as
~0) 0 Nyas
The associated charge
Q5 == /d3l'j570($) (148)

and the current itself are conserved but are not gauge—invariant. Under a A,
transformation, defined in Eq.(1.39), the operator @5 is modified

U,QsU; " = Qs — 2Ny (1.49)

As such the different 6 vacua of the theory are related by chiral transforma-
tions

U1 |0) = Uy @ U UL |9) = e 72Nreiads |g) (1.50)
or rather, using the fact that
UL 10) = e |0) (1.51)

one obtains ]
@5 |0) = |0 — 2N;a) . (1.52)

The lesson is that in Yang—Mills theories there are inequivalent pure gauge
field configurations that have to be classified in different topological classes.
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This in turn means that finding a gauge invariant vacuum state is not a
trivial task. The anomaly between SU(3). and U(1)4 leads to non trivial
transformations laws of the gauge invariant vacuum under both symmetries.
The special case of massless quarks is free from these difficulties as one can
rotate away any effect due to #, but massive theories will unavoidably have
a term that is CP—violating. In summary the non—trivial vacuum of Yang—
Mills theories requires that the path integral is extended to include gauge
field configurations with non zero quantum charges, and in turn requires the
inclusion in the effective action of the CP violating term GG.

1.3 The U(1) puzzle

An argument supporting the picture discussed in the previous sections is
the fact that there is no light state corresponding to the Nambu-Goldstone
boson of a spontaneously broken U(1)4 flavor symmetry in the hadronic
spectrum. This effect was dubbed the U(1) puzzle, or the U(1) problem by
Weinberg [14]. The solution is easily seen since U(1) 4 was never a symmetry
of the theory due to the topologically non-trivial structure of QCD. The
global anomaly of QCD changes the prediction of the theory and in particular
the spectrum of the Low—Energy Chiral Lagrangian. Once more consider the
massless QCD Lagrangian with the 3 lightest flavor

Lacn =~ (F5 ) + i Do + i Dy, (1.53)
where the chiral fermions are the fundamental degree of freedom. The sym-
metry of the classical theory is U(3), x U(3)g, and the QCD vacuum is
(Grar) = V? = A}cp, spontancously breaking the flavor group into it’s
diagonal part, U(3)diagonal- Thus there should be nine massless Goldstone
boson, written as a matrix as 7®7*. In particular the diagonal part of the
matrix is associated with the neutral ones, of which there are three. Since
quarks do have masses, the global symmetry being broken is only approxi-
mate, and as such the Goldstone bosons will have masses according to the
Gell-Mann-Oakes-Renner relation m2F? ~ V®m,. The experimental spec-
trum is however in strong disagreement with this prediction, at least for the
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heaviest neutral particle, the n. In theory its mass should be bounded by
V/3mo to around 200 MeV, but experiments measure it closer to 1 GeV.
The heaviness of the 7. is sometimes called the U(1) puzzle, since one of the
Goldstone boson associated with a U(1) factor of U(3)diagonal i missing. The
solution is rather simple, The true symmetry of the theory is not the one
we assumed because the axial U(1) is anomalous, as such the mass of the
particle associated to it will also get contributions from the triangle diagram
SU(3)2U(1) 4. The physics of topologically non trivial gauge configurations
has a very direct impact on the spectrum of QCD, shifting the value of the
1’ mass. One can study the effects using non-perturbative techniques and
obtains a satisfactory prediction [15].

1.3.1 QCD vacuum dependence on 6

It should be noted that the dependence of the QCD vacuum energy density
on the 6 parameter, E(f), is extremely important in discussing the axion.
Indeed the axion VEV will play the role of an effective 6, so that the same
result established for the QCD angle will easily translate to the axion. In the
large volume limit, the energy density is related to the Euclidean functional
generator, Z(0), via (see [13])

Z(0) = lim e FOV3, (1.54)

V4—>OO

The same quantity can be taken in the Euclidean path-integral representa-
tion for pure gauge field configurations

1 2 ~
Z(0) = / DAexp(—Z / d4mGG+i9% / d4xGG>

( 87T2> 0
~exp | ——5 | €7,
g5

where in the last step one considers the semi—classical approximation, taking

(1.55)

only the contribution of a ¥ = 1 instanton. Finally one should use the
dilute-instanton gas approximation, asking the instantons centers to be well



24 CHAPTER 1. AXIONS AND AXION-LIKE PARTICLES

separated. One gets

—8r2

E(0) = —2Ke 9 cos(0), (1.56)

where K is a positive constant encoding Jacobian factors due to the instanton
zero modes. It turns out that the vacuum energy of QCD is periodic in 6,
and has a global minimum for # = 0. These results will still be true in the
case of an axion, even with the theory completed with fermions.

1.4 The strong CP problem

General # # 0 will induce CP violation, or equivalently T violation. The
strength of these violations is known to be miniscule, even by the standards
of weak interaction. A measurable consequence of a non-zero 6 is found in
nuclear physics where the CP Violating phase induces directly a permanent
electric dipole moment to the neutron. In the Standard Model nothing is
forcing 6 to be zero, as other sources of CP violation are present in the the-
ory, and as such it seems unnatural for it to be so small by chance without
any dynamical reason. Given that 6 could be anywhere in [0, 27] having
f ~ 0 is a naturalness problem, the strong CP problem is thus a fine tuning
problem. One might assume that QCD does not violate CP, thus imposing
0 = 0 a priori. This solution is however not stable under higher order elec-
troweak radiative corrections. The problem gets worse in the full SM theory,
as the quark mass matrix itself will shift the value of 6 by a finite amount.
This process is a consequence of the diagonalization of the quarks mass ma-
trices after the electroweak symmetry breaking. Indeed when the Higgs field
condenses the Yukawa’s between the doublets and the fermions will generate
mass matrices that are neither diagonal nor CP—invariant. To shift the CP
violating part in the weak mixing matrix and to diagonalize the matrices
one has to perform independent left and right—-handed transformations. One
encounters an axial rotation in the diagonalization process and as discussed
before this induces a shift in the value of 6. To recover the contribution to
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the GG operator from the fermionic sector consider the following:
=Sl Yr=Sky  m=Sim'Sg, (1.57)

where primed quantities are the one in the flavour basis, i.e. non diagonal,
m is thus diagonal and is defined to combine all the mass matrices spanning
the whole flavor group. The U(N) transformations for L and R quarks have
different U(1) factors associated with them that amount to an axial rotation
U(1)4 = e9r=91) leading to a change in the # parameter

0 —0=0+2N: (¢ — dr). (1.58)

More generally the shift is proportional to the phase present in the mass
matrix that one wants to rotate away, as such the role of 2Ns(¢r — ¢g) is
generally played by arg(det(m’)). So the effective parameter regulating CP
violation in the QCD sector is actually 6 composed of two unrelated phases
that have to cancel almost exactly without a dynamical reason.

As discussed previously nuclear physics is almost indifferent to # but a
non—zero value implies a permanent electric dipole moment for the neutron.
In fact the CP—violating low energy operator

H=—d,E-S (1.59)
that in relativistic form is

L= —%dnﬁaw%nF“”, (1.60)

can be experimentally bound to be |d,| < 3 -107%%¢ c¢cm [16], while the
theoretical prediction is |d,,| = 2.4-107*%0e cm. The bound derived from this
simple scenario is

0 <1071 (1.61)

which is of course not a natural value. There are three candidates solu-
tions to the problem.

1. my = 0. If one of the quarks is massless than the flavor group can be
broken down in two pieces, U(N) = U(1) + U(N — 1). The extra U(1)
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factor associated with the massless quark could be used to rotate away
6. Of course there are no massless quarks so this solution is excluded.

2. Spontaneously Broken CP One can assume that CP is a symmetry
of the microscopic fundamental theory, but is spontaneously broken. In
these scenarios 6 can be calculable, and sometimes even small [17-19].
In some string theories, CP is an exact gauge symmetry spontaneously
broken in some points of the moduli spaces [20,21]. This solution is
typically excluded since the density of CP preserving states generated
by flux vacuua in moduli fixed critical string theory is 1072°°. This
renders the solution even more unnatural than when we started.

3. Axions: An approximate, global symmetry (Peccei-Quinn (PQ)) with
a QCD anomaly, gets spontaneously broken. The pseudo-Nambu Gold-
stone boson which arises from symmetry breaking (the axion) dynam-
ically drives § = 0 in a potential minimum.

Of these solutions the most compelling one seems to be the third one.
An introduction of a light scalar particle will prove useful in Cosmology
and in Astro—Particle, moreover there is no shortage of light scalar particles
predicted by String Theory.

1.4.1 The Axion Solution

The Peccei-Quinn solution to the Strong CP problem [22-25] is to include a
new 0~ field a(x), denoted as the axion field, with an effective Lagrangian

a 1 2 g? a ~
LY = 5(8Ma) + WEGG + £(6Ma, 1/1) (1.62)
that is quasi—invariant under the shift a — a + cf,. Here and in what follows
fa denotes an energy scale, much like the pion decay constant f,, that will
be called the axion decay constant. The shift described above will leave the
action invariant up to a term

2
o s 4 ~
05 = €303 /d *GG. (1.63)
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With this set—up it is easy to see how the connection with pure gauge SU(3).
could relax the Strong CP problem . Indeed one has:

2
. a - ~
LY+ ['QCD = L%EE)D + E((‘)“a, ¢) + (f_ + 0) 33;2 GG, (164)

and after a shift the part proportional to GG would be (]iia +0+c) 337%2 GG.

Choosing ¢ = —6 would solve the Strong CP problem, provided that {(a) = 0,
otherwise CP invariance is again ruined. To prove that (a) = 0 one can use
the Vafa-Witten theorem [26]

Z(a) =/Da (/D¢e—sao+ia0é) :/Da /nge‘S'aO“aG@

< / Da / | Dpe—Slamo+iaGC| — / DaDge 5= = E(0) < E(a),
(1.65)

<

meaning that the axion potential naturally drives the classical value of the
field to zero. In the derivation one has to assume the positiveness of the mea-
sure valid only for vector theories, like QCD. The hypothesis is violated in the
presence of chiral fermions such as the ones in the Standard Model. Another
important way to recover (a) = 0 is by computing the axion potential using
Chiral Lagrangian methods. In doing so a number of model independent in-
sights on axion physics are disclosed. Before exploring the chiral realisation
of the theory is somewhat important to know the form of the Lagrangian in
Eq.(1.64), and to clarify what types of couplings are expected once a spon-
taneously broken U(1)pq is assumed. Consider the associated current Jg,
conserved up to anomalous terms
2 2

DTt = fg—i\gGG + f6—52FF (1.66)
where NV and E are the QCD and EM anomaly coefficients. From the Gold-
stone theorem (0| Jpq |a) = ivap,, where v, is the PQ order parameter. It



28 CHAPTER 1. AXIONS AND AXION-LIKE PARTICLES

follows that the effective axion Lagrangian has to contain a piece

2
a g2 GG—l—geE oua

v, 1672 v, 1672 PQ’

LD —

(1.67)

due to Eq.(1.66). The specific form of the Peccei-Quinn current will depend
on the charges of the PQ) symmetric fields. E.g. take a chiral Standard Model
field ;. The anomalous current will be

Jbq o — XL, (1.68)
L
where x; denotes the PQ charge. It is customary to consider the standard
normalization
fo=gn
“ 2N
so that Eq.(1.67) is
2 2
a g -~ a ek _ - oua
LY D——2GG+ —
D 3o 00t Nl F gy WXt + YrXmn). (1.69)
a g? Coy dua ‘
— GG ——FF
e R TR LA
where the axion-photon coupling is defined as’
0 aF
= 1.70
= N (1.70)
and the axion—fermion one is
0 XL — XR
=== 1.71
Cy N ( )

1.4.2 Axion potential

For the sake of simplicity let us consider QCD with only the two lightest
flavors, where ¢ = (u,d)” and M, is the mass matrix diagonal in mass basis.

Tt is customary to indicate the dimensional parameters with ¢;’s, while the dimension-
less ones are typically referred to as g; = ¢;/ fa.
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The axion effective Lagrangian is

d,a
OaF F+-t— of chfyufy q—q,Myqr+h.c.. (1.72)

a_l 2
L8 =50y +4 32

One can shift away the aGG term via an axial redefinition of the quark fields:

q— 6”5“/(2f’1)Q“q. (1.73)

This transformation generates a term

gs Tr(Qa) —GG (174)

oL = 3272 f,

that exactly cancels the GG dependence in Eq.(1.72), once Tr{Q,} = 1.
Since this transformation is also QED anomalous it will affect the F'F' term,
and generate different interactions with the quarks. In particular

a,a _
2’} ey q — G Magr + hoc., (1.75)

where all the parameters are now modified, or axion—dressed. In particular

gWaFF +

a_1 2 1
L —2(8Ma) +4

one has

g, =9 (2]\/)2 7 Tr(Q.Q%), where Q = diag(2/3,—1/3)

= Cg - Q(M (176)
Ma — ei'ysa/(zfa)Qa qui’ysa/(Qfa)Qa

where N, indicates the number of colours. The axial quark current is decom-
posed in an iso-singlet and an iso—triplet component

1 - a
5 Tr(o%cq)qy7 0. (1.77)

_ 1 _
G’ q = 3 Tr(cq) 77,7 °q + 5
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One substitutes Eq.(1.77) in Eq.(1.75) and maps it onto the Chiral La-
grangian [27, 28]
oual

’Z (Te((D*U)'D,U) + 2B, Te(UM] + M,UY)) + 2*} 5 Trlego] T2,
’ (1.78)

where By is a constant related to the condensate and the singlet has been
excluded since it refers to the heavy 7. In Eq.(1.78) one identifies the current

a
ﬁxPT -

coupled to the axion via its transformation properties, in particular it has
to transform under flavor SU(2), ® SU(2)g as the quark iso-triplet would
transform. One can show that the pionic iso—triplet current is

2

Ti=ig Tr[c*(UD,U' —U'D,U)]. (1.79)

The parametrization for the pion field is

a a

U = exp (iﬂada/fa> = I[cosf— —|—ZU " gin fi’

with 7 = \/(79)2 + 27t 71—, fr = 93MeV and D, U = 9,U +ieA,[Q,U].

(1.80)

To get the axion—pion potential expand the non—derivative part of Eq.(1.78),
consider:

2
1
2By Te(UM] + MUT) =By f2(my, + mqg) — §Bo(mu + mg)m

- —BOJ;—2a Tr(U{Qa, M,}) + hoc. + . ..

(1.81)

Usually one takes Q, = M 1/ Tr( ) This choice cancels any coupling
between an axion and an arbltrary number of pions. Such a coupling is
generated by the term

fr
< By faaTl"(U{Qm Mq}) + hC) Qa:Mq_l/TI‘<Mq_1) (1,82)

2 o%m? T

s
= 1-22(my, + my aTr{]Icos——i—z sin —
7.0 ) AR |
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Substituting Eq.(1.80) in Eq.(1.82) one can see that the whole contribution
is zero, either because Tr[c?] = 0 for odd numbers of 7 or because the
contribution is purely imaginary and the Hermitean conjugate will put it to
zero. This choice of @), eliminates the axion—pion mixing from the theory,
while the expansion in Eq.(1.81) makes the SU(2) symmetric pions masses
m?2 = By(m, + mg) at LO in the chiral expansion. The axion—pion potential
can be computed exactly with this choice of Q,:

2
V(a,m) = —2By¢ Tr(UM] + M,U")

2f2 my a my, a
- mu + my { |:mucos <mu + my fa> macos <mu + myq fa>} oo (fﬂ)
71'0 . mq a . My a
P fonsin () i (e () }
(1.83)

To obtain the axion mass value expand Eq.(1.83) to order two in -, the first

order in fl is zero for construction. The axion—pion potential, up to order
a

two is

T 1 mymg m2f> a’
V(a,7) = —m2f?cos (f ) + §(mu+md)2 12 a? cos (fw) +0 <f3)
(1.84)

Setting the pion field to its ground state, 7 = 0, yields the axion mass squared

m2 f2 12
2 My My il 10 Ge\/)
fr— :> a — 5 7 V?

Ma (my +mg)?  f2 " ( fa He

so for QCD—-axions the mass and the Peccei-Quinn scale are not two inde-

(1.85)

pendent parameters. An alternative expression for the axion—pion potential,
corresponding to the choice @, = %diag(l, 1), discussed in [29], gives

Va, %) = —m2 f? \/ %siﬁ (26; ) Ccos <7}—0 - ¢a) ,  (1.86)

where tan ¢, = % tan(a/(2f,)). The minimum now is clearly given by
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the point in field space (a,7°) = (0,0). Moreover along the pion ground state
7% = fr¢, the axion potential is

Via, 1) = —m,%ﬁ\/1 - % sin’ ( ¢ ) (1.87)

mu+md 2fa

Expanding this solution at leading order and the “single instanton” one, the
cosf in Eq.(1.56), one sees that for small values of a the approximations are
converging. For larger values of a different non—perturbative effects enter the
potential and the semiclassical dilute-instanton gass approximation breaks
down as topologically non trivial configuration will give non zero contribution
in the path integral.

1.5 UV Complete Axion Models

In Sec. 1.4.1 a number of model independent properties were discussed,
based purely on the structure of QCD, on the anomaly coefficients and on
the matter content of the theory. It is nevertheless important to study some
UV complete axion models to prove that at least one exists and to study how
the coupling of the high energy theory are related to the phenomenological
ones. This section will explore the two benchmarks UV completion for the
axion effective Lagrangian of Eq.(1.72). The simplest implementation of
the Peccei-Quinn symmetry is given by the Weinberg—Wilczek (WW) model
[22,23], whre the QCD anomaly of the U(1)pq current is generated by SM
quarks charged under the PQ symmetry. The scalar sector is enlarged with
an extra Higgs doublet carrying the additional U(1)pq. In the WW model
the axion decay constant is of the order of the electroweak scale v ~ 246
GeV. Indeed f, is found to be f, = v/6sin(25), where 8 = arctan(v,/vq).
This model was not suppressed enough and was quickly ruled out by beam
dump experiments and rare meson decays [30,31]. This led to the so called
“invisible axion” models where the PQQ symmetry breaking is decoupled from
the electroweak scale via the introduction of a Standard Model singlet scalar
field, acquiring a VEV at very high scales v, f, > v. Then the axion’s

interactions are as suppressed as fia’ see Eqs(1.69-1.70).
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UV completion of the axion effective Lagrangian comes down to two
separated classes. The Kim-Shifman-Vainshtein-Zakharov (KSVZ) [32, 33]
type requires new heavy coloured fermions to carry the anomaly, while Dine-
Fischler-Srednicki-Zhitnitsky (DFSZ) [34,35] type embeds the anomaly onto
the Standard Model quarks, similarly to the WW-model.

1.5.1 KSVZ axion

The KSVZ model extends the Standard Model field content with a vector—
like fermion Q = Qj + Qg in the fundamental of colour, singlet of SU(2),
and neutral under hypercharge: Q (3,1,0), and a Standard Model Singlet
complex scalar ® (1,1,0). The Lagrangian of the KSVZ model is

LEVE 210,012 + QiDQ — (yoQrLQr® + h.c.) — V(®) (1.88)
and it has the U(1)pq symmetry
d — eia<I>, QL — Gia/QQL, QR — e_m/zQR. (189)

The U(1)pg symmetric, spontaneous symmetry—breaking-ready potential is

v2\ 2
V(@) =N (|- 2), (1.90)
with v, as the order parameter. Considering polar coordinates for the scalar

field ]
D = —(vg + pa)e’™/e, (1.91)

V2

the axion field a correspond to the massless, at tree level, Goldstone boson,
while the radial mode p, picks up a mass m,, = v/2X\pv,. In the condesed
phase the fermions Q will get a mass from the “Yukawa-like” term mg =
Yova/V2. The Lagrangian

L= —mQQLQRem/”“ +h.c., (1.92)
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is responsable for the generation of the aGG operator. To see this one can
perform an axion dependent chiral rotation of the Q fields

0 0. (1.93)

Indeed the transformation in Eq.(1.93) is anomalous under SU(3)., given
that the Q’s are in the colour fundamental, as such one gets a contribution
from the non—invariance of the path integral measure [6]

KSVZ g a -

oL = =—-—GG. 1.94

3212 v, ( )

In this case one can identify f, = v, and the only “portal” to SM fields

is the aGG term. Nonetheless such a term can generate radiatively all the

coupling to the SM fields, given that the vector—like fermions can be as many

as one likes, the coupling are not guaranteed to be small, even if they are
loop generated.

1.5.2 DFSZ axion

In DFSZ models the field content includes two Higgs doublets, H, ~ (1,2, —%)
and Hy ~ (1,2, %), and a complex scalar Standard Model singlet ® ~ (1, 1,0).
The latter field extends the WW model, allowing the PQ symmetry—breaking
scale to be decoupled from the electroweak scale. The potential of the model
is

V(H,, Hy, ®) = V(|H,|,|Hy|, |H,Hy|, |®|) + \H,H;®? + hc..  (1.95)

where V depends only on the moduli of the fields and it preserves the re—
phasing symmetry. On the contrary the term proportional to A explicitly
breaks this symmetry to two indipendent U(1) factors, i.e.

so that one has hypercharge and PQ symmetry left. The action of the PQ
symmetry is taken to be the same for all the generations and is determined
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by the assigning the charges thanks to the following Yukawa Lagrangian, in
the case of DFSZ-1 model,

£DFSZ*I = _YUC_]LURHu — YDqLdRHd - YEZLGRHd + h'C- (197)

Alternatively one can couple H, = ic?H? in the lepton sector, DFSZ-II
model, so that

LPFS2 . Yoa, upH, — Yog,dpHy — YelrerH, + h.c. (1.98)

The potential in Eq.(1.95) gives a non—zero VEV to the fields that can be
parametrised, neglecting the radial components, as

Vy 4 1 Vg 0 Vp
Hu _ _Uezau/vu , H, = _emd/vd ( ) , o = _ew@/v@’
V2 ( 0 ) V2 1 V2
(1.99)

where vy > v, 4 in order to escape the WW model’s exclusion. The next
important task is to distinguish the axion field between all the possible com-
binations of the three scalar field defined in Eq. (1.95). To identify the axion
one can use the Goldstone theorem, first build the associated PQ current

< s s
TP = —ixe®0,® — ixp, HI 0y Hy — ixg,H O Hy + -+ D
T = 22 xiwidho,

i=P,u,d

(1.100)

where the dots are the contributions from the fermionic fields and the y;’s are
the fermion’s-PQ charges. JE Q’a is defined to get contributions only from

the DFSZ-model fields. The axion field is defined as
1 2 2,2
E i, 2 E . 1.101
a P XiVi @ v : X v ( )

so that JP?| = v.0,a and (0] JFQ| |a) = ivep,. Note that under a PQ
transformation a; — a; + kx;v; the axion field transforms as a — a + kv,.
The PQ charges in the scalar sector can be determined by requiring: i) PQ
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invariance of the operator H,H;® which implies xg, + xm, — 2xs = 0,
and i7) orthogonality between JEQ|G in Eq.(1.100) and the corresponding
contribution to the hypercharge current Jﬂa = >, Yiv;0,a;, which implies
> 2Yixiv? = —xm, v+ xm,v; = 0. The latter condition ensures that there is
no kinetic mixing between the physical axion and the Z boson. All charges
are hence fixed up to an overall normalisation that can be fixed by choosing
a conventional value for yg:

xo =1, xm, =2cos’B, xu, = 2sin’p, (1.102)

where we have defined v,/v = sinf, vg/v = cosf, with v ~ 246 GeV.
Substituting in Eq.(1.101) we obtain:

v2 = vz +v3(sin 28)?, (1.103)
and given that ve > v we have v, >~ vg. The axion coupling to SM fermions
can be derived by inverting the first relation in Eq.(1.101) to express a,q in

terms of a and select the a dependent terms. This accounts to the substitu-
tions a, /vy, — Xm,a/Va, Gq/va — Xu,a/v, and yields

EDFSZ*I C —mUﬂLuReZXHu“/““ — deLdREZXHda/Ua — mEéL€R€ZXHda/vah.C. +- -

(1.104)
The axion field can be now removed from the mass terms by redefining the
fermion fields according to the field—dependent axial transformations:

w— e X Ra)y gy TN/ Qua) gy =X/ (Ua) e (1.105)
which, because of the QCD and EM anomalies, induce an axion coupling
to both GG and FF. Let us note in passing that since the fermion charges
SatiSfy the relations Xurp, = Xur = XHy> Xdp — Xdr = XHy> and Xer — Xer = XHgy»
as dictated by PQ invariance of the Yukawa couplings, the transformations
Eq.(1.105) are equivalent to redifine the LR chiral field with a phase transfor-
mation proportional to their PQ charges. The contribution to the anomalies
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to the DFSZ-I case are

1 1

N =n, <§XHu + §XHd> =3,

2\ 2 1\’
o (o ()

where n, = 3 is the number of SM fermion generations while xg, , are given
in Eq.(1.102). The anomalous part of the axion effective Lagrangian is

(1.106)

~ EFa -~

georsz—t - Qe L2 Cpp 1.107

87 fa + 8t N fo ( )

with f, = v,/(2N), while E/N = 8/3. The field-dependent axion transfor-
mation do not leave the fermion kinetic terms invariant, and their varia-
tion corresponds to derivative couplings of the axion to the Standard Model

fermionic fields:

1
S(uidu) = XHu%ﬂy“y‘r’u = (— cos” ﬁ) %ﬂvuy%, (1.108)

3 2f,
s opa 7 5 1. 2 8Ma— 5
§(didd) = XHy 5 dY'y°d = 3 sin 6] de“v d, (1.109)
. d.a_ 5 1 . 9 aua7 5
S(eige) = XH, 55 €V'y’e = 3 sin Fev“y e, (1.110)

at this point one can read out the axion—fermion coupling c?p in Eq.(1.71).
Note that they are generation diagonal.

1.6 Axion Quality Problem

In Sec. 1.4.2 the axion potential has been derived. The striking feature of
the model is that the of QCD dynamics will drive the value of 6 to zero
in a natural way, given that the periodic potential has a minimum for that
value, solving the strong CP problem. For a particular choice of charges the
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potential for small @ can be take to be
Vacen(0) = (m)? fio (1 — cosb), (1.111)

where the # parameter and the axion field a can be considered interchangable.
For the model to be consistent the vacuum should be stable as one goes to the
UV. It can be argued that higher-dimensional symmetry-violating operators
expected to be induced at the Planck scale by quantum—gravity effects will
spoil the Peccei-Quinn solution [36-40]. Indeed it is believed that Planck-
scale physics will eventually violate all the global symmetries. As an example
a black—hole scattering process with a global charge in the initial state will not
conserve it due to Hawking evaporation [41]. At low—energies, with respect to
the Planck mass, these effects are described by higher—dimensional operators
in an effective field theory of light modes. These effects will in general favour
a solution § # 0. To avoid reintroducing a non-zero CP violating parameter
the Quantum Gravity effects must be strongly suppressed with respect to the
QCD ones driving @ to zero. To solve this issue one has to consider either:
(1) exponentially small couplings for the symmetry—breaking operators at
the Planck scale or (2) the higher—dimensional potential coincidentally also
has a minimum for § = 0.

Consider a potential for the U(1)pq scalar field of the form

fa)?
Vo(®) = >\<|<I>]2 - 7@) . (1.112)
Thanks to dimensional analysis one can asses the scale dependence of higher
dimensional operators. These must be suppressed by positive powers of the
Planck mass. Indeed a general symmetry—breaking operator of dimension

2m + n with PQ charge n will have the form:

V,(®) = W@F%n +he 4o, (1.113)
Pl

where g = |g|e? is a complex coupling with |g| not necessarily small and ¢ a
constant chosen so that V' has a minimum in zero. The complex phase ¢ does
not need to be generated from additional CP violation induced by Quantum
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Gravitational effects but can be simply come from the chiral rotation in the
mass sector 6 o< argdet(M). After spontaneous symmetry breaking this term
generates a low—energy contribution:

V,(8) = (m9)2f2 (1 — cos <nfi+5)) (1.114)
where the gravitationally induced axion mass is

f 2m~+n—2
\/§M Pl ) .

(m9)? = |gIPM2, ( (1.115)

The total potential will then be

V(a) = f2 {(mg)2 (1 — cos (nfﬁ + 5)) + (mi)? (1 — cos fﬁ)} . (1.116)

a a

Some nuances are not explicitly discussed, e.g. & should be replaced by &
after the field-dependent chiral transformation to put aGG to zero, and
the coupling g has to run down from the Planck scale gaining a factor
log Mp)/m, ~ 50 that will not be important in what follows. To solve the
strong CP—problem the minimum of the potential in Eq.(1.116) must be for
a < 10719, To satisfy this bound, put n = 1 for simplicity, one must have

ind
|sin | <1071, (1.117)
V1+71242rcosd

where r = (m!)?/(mg)?. Therefore, if sind is of order one, r is pushed up
to be of order10'. If we demand that the coupling constant |g| < 1072, and
assumes a symmetry—breaking operator of dimension 5 we find that in order
to consistently solve the strong CP-problem we must have

fa $10GeV, (1.118)

which corresponds to m, > 100KeV. Axions with such masses coming purely
from the anomaly and strong—interaction physics have been ruled out by
laboratory experiments [42,43]. Since in this regime mJ < m’, the standard
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phenomenology of the axion will remain essentially unaltered by the Planck—
scale physics discussed here and as such the limits extracted from experiments
are perfectly valid. The whole mechanism described essentially forces the
axion theory space to be small and already disallowed by observation. Of
course one can make the couplings of the symmetry—violating operator to be
exponentially small. Consider the Peccei-Quinn mechanism for m! ~ 107°
eV, corresponding to fpq ~ 10'? GeV. Such a symmetry-breaking scale, the
coupling of a dimension-5 symmetry-breaking operator induced by Planck—

scale physics must be
lg] S 107 (1.119)

So one exchanges a fine-tuning problem on @ for a fine-tuning problem at
the Planck scale.

The lesson here is that PQ symmetry is quite fragile under the effects
of higher dimensional symmetry—breaking operators, and so it could hope-
fully arise as an accidental symmetry due to a combination of fundamental
principles. In this way the effects of some of the first irrelevant operator
might simply be zero, as it happens for B number violating operators at
d < 5. Without substantial modifications the level of “accidental cancella-
tion” of higher—dimensional operators is concerning as it should be of the
order of d ~ 10. Many different mechanisms have been put forth to amend
this problematic aspect of the theory of axion.

o Low f,. Lowering the PQ scale to f, > 10° GeV requires the disap-
pearance only of the dim-5 symmetry-breaking operator to preserve a
small enough value of <9> In this set up the WW model works quite
well as the first gauge—invariant PQ-breaking operator is a dimension
6 one, given by (H,H)3. Super-heavy axion models can escape most
of the astrophysical constraints modyfing the QCD relation between
m, and the PQ scale f,. These models can have f, of the order of tens
of TeVs.

o Gauge protection. New local symmetries can lead to an accidental
PQ symmetry protected from higher-order PQ breaking operators, up
to some fixed order. One can look into discrete symmetries, Abelian
and non—Abelian etc... [37,44-49]
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e Accidentality. It should not be ruled out the case of an accidental
high quality symmetry, similar to the B number violating operators,
but there must be some theoretical mechanism to drive this case.

1.6.1 Axion-like particles

The theory and phenomenology of axions is to a large extent shared with
any other pNGBs which have a low mass and very weak couplings coming
from a spontaneously broken symmetry at very high energy scales. These
Axion—Like particles are light scalars or pesudo—scalar fields arising from
spontaneously broken symmetries at some scale f,, much like the axion, but
are not necessarily tied to the strong CP problem and will not get their masses
from QCD effects but from some other dynamics that break explicitly the
global symmetry. They emerge in GUTs or String Theory models via the
breaking of accidental global U(1) symmetries that appear as low energy
remnants of exact symmetries of the high energy theory. ALPs tipically,
but are not exclusively, emerge as additional pNGBs perpendicular in field
space to the spin—0 particle that couples to the topological charge density in
QCD GG, and drives 0 to zero. This aspects allows them to be “decoupled”
from some of the required features to solve the strong CP problem, such
as the anti proportionality between their mass and the symmetry breaking
scale. The parameters appearing in an ALP Lagrangian can be taken to be
independent offering an appealing quality in terms of their phenomenological
viability. Nonetheless the pNGBs nature gives some constraints on the form
of the Lagrangian. Shift symmetry must be imposed on the interactions and
symmetry breaking effects are of the soft kind [50]. In a more pragmatic
sense ALPs will have similar interactions and effective Lagrangians as the
ones discussed for axion fields, namely anomalous couplings to gauge fields
and derivative ones to fermions but with the added advantage of having in
principle independent parameters.
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Chapter 2

Effective Lagrangians For
Axions and ALPs

The literature on ALPs searches at colliders at and fixed-target experiments
is rapidly growing and the interested reader is refferred to the seminal papers
[51-58]. Inspired by these works the following Chapter is devoted to the study
of the Effective Field Theory (EFT) of the SM with a new light pseudo—scalar-
Nambu-Goldstone-Boson gauge singlet valid up to the cutoff scale ~ f, and
truncated at dimension-5. The theory is in the spontaneously broken phase
of a high scale U(1), realised at these energies by the flat direction in the
potential for the Goldstone boson a. This symmetry is also explicitly broken
by the mass term and by the anomalous couplings to the gauge-vectors. The
high scale U(1), the Peccei-Quinn symmetry, can be made anomalous by
construction to solve the Strong CP problem, although this is not necessary
in general to the study of ALP phenomenology. The implementation of the
Effective Theory at this stage is similar to the approach of a SMEFT where
all the model dependence is contained in the higher-dimensional operator’s
coefficients. The leading order correction to the renormalizable Lagrangian is
considered, and so the Laurent effective expansion in the cutoff is truncated
at order f,'. From now and in the rest of the manuscript ALPs and axions
will be called ALPs collectively, unless explicitly stated.

43
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2.1 Effective Lagrangian at the UV scale

An Effective Theory is formally defined by the model’s field content and
the symmetry group one imposes onto the theory. In the case of the ALP
Standard Model EFT, field content and gauge-symmetries are inherited from
the SM with the addition of a pseudo-scalar gauge singlet endowed with
the shift symmetry, a — a + ¢, anomalously broken by the gauge boson’s
couplings of the notorious XX form, and softly by a mass term. Global
symmetries are to be considered accidental and non-renormalizable operator
might break them. In any practical application the EF'T’s Laurent series has
to be truncated at some order and a non-redundant complete operator basis
must be chosen. The word chosen here is critical in the sense that typically
more than a single basis will have these characteristics and a sensible choice
can produce a simpler phenomenological study of the theory.

In this manuscript the Lagrangian will always be considered at NLO in the
inverse f, expansion, i.e. only non-renormalizable operators of dimension—
5 are considered, indeed any operator of dimension higher than 5 will be
suppressed by additional powers of f;!. The question of the choice of basis
is instead more involved and requires some attention. A recent review on
the subject, including the complete one-loop corrections of the theory, can
be found in [28,59-61]. To start, consider the complete and non-redundant
NLO ALP effective Lagrangian [59] defined below the UV scale f, defined
by

Larp = Lsu + EaC’P + EaC'PV. (2.1)
where all the additional CP violating effects are induced by £¢7V. The SM

Lagrangian is

1 @ % 1 v 1 a Yapy ; v
Lsy = _Z_LWNVW " ZLBWBM N ZGWG ! “Z%Wf + ‘D“H‘T |D*H]
!

O, YoHdr + Q.Y Hug + LY. Her + h.c.] —V(H'H),
(2.2)

where the Y’s are the SM Yukawa matrices and v; is the set of chiral fermion
fields {Qr, dgr, ur, L1, er} representing 3—dimensional flavor space vectors. H
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is the Higgs doublet, V is its potential and X** are the field strengths asso-
ciated to vectors bosons of the gauge group G = SU(3). ® SU(2), @ U(1)y,
as customarily defined. Here and in the rest of the manuscript neutrinos are
considered massless and no right—handed neutrino is introduced.

The ALP—fermion operators of mass dimension 5 that preserve the local
symmetry group G and the global Peccei-Quinn symmetry U(1)pg (here
realised as the shift—-symmetry a — a + ¢) are:

) 0,
0, = ;“(amﬂuR), 0, = 2% (dgy"dr), Oq= f Y(Q7"Qu),
a a a (2.3)
_ Oua, - Oua,_
OL = f (LL’)/“LL), Oe = f (GR’)/ GR),

where the matrix indices are left implicit. In particular all of these operators
are matrices in flavor space and the flavor indices are realised as

O} = fa L054"Q;.

The most general mixed (including bosonic and fermionic couplings) CP

conserving Lagrangian [28] is non unique and depends on the choice of basis.
Many different complete and non redundant bases have been discussed in [59].
A particular choice of basis for the CP conserving Lagrangian, truncated at
the first non trivial order in the Laurent expansion, of the EFT is

m2 (87 e} Qg
£OP — @@+§w+wﬁw+@ﬁ%+%ﬂ%
~ (2.4)
+ > ¢05+ Y <0y,
f=u,d,e f=Q,L
where Oy = _f%WSVWaW’ Op = _%BMVBW> and Og = — Zuéaw are

the shift anomalous gauge couplings, note that in the previous chapter cg was
set to one, as customary when one considers QCD—-axions. Nonetheless one
can recover it either by redefining the PQ scale as f, — f,/cq, or e.g. for the
DSFZ-1 model by the equation ;—f = —%. The next parameter to discuss is
the hermitian flavor matrix cy. Under the CP conserving assumption ¢y must



46CHAPTER 2. EFFECTIVE LAGRANGIANS FOR AXIONS AND ALPS

be taken symmetric. The matrix product in Eq.(2.4) is defined element by
element and not as a typical row by column product. Finally in Eq.(2.4) there
is a separation between R—handed operators and L-handed ones. Indeed the
terms indicated by O ¢ for f =@, L, involve only L-handed fermionic fields.
The tilde operators are defined to avoid redundancies and are:

O, =0, —diag{O.}, Og = 0g — d;1diag{O0}. (2.5)

In O, the diagonal is cancelled while for (~)Q only the element 11 is set to zero.
In general the model described in Eq.(2.4) has a total number of parameters
equal to

3(vectors) + 2(my, f,) + 5 X par(cs) — N (2.6)

where N is the number of redundancies and par(cs) is the number of real
parameters contained in a single matrix c;. The cf’s are hermitian and as
such they can be parametrised as

cy =a+ib, (2.7)

where a is symmetric while b is symmetric and traceless. For a generic num-
ber of flavors n, the dimensions of a and b are ny(n,+1)/2 and n,(n, —1)/2
respectively; adding the CP conserving condition ¢y = c:]f results in b = 0.
The redundancies are taken care by the elimination of the 4 operators dis-
cussed in Eq.(2.5). The total number of CP conserving independent pa-
rameters in the model of Eq.(2.4) is 31. The redundancies associated to the
operators in Eq.(2.3) are related to classical global symmetries of baryon and
lepton family number conservation, these are to be discussed in Sec.2.1.2.

2.1.1 Bases and Field Reparametrizations

The issue of bases and field redefinitions in Effective Field Theories are of
course tied to one another and are a rather delicate subject to discuss. The
equivalence of different choices has been proven in the Equivalence Theo-
rem [62], so the issue of finding a “complete basis”, intended as a minimal
set of gauge—invariant operators closed under renormalization, is an issue of
convenience. Indeed in principle there are no difficulties in considering a
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redundant basis but complete ones will have a reduced number of Wilson
coefficients and are in general simpler to work with. The important lesson of
the theorem is that the local field dependent transformation will modify the
theory’s Lagrangian but leave the physical quantities, i.e. the S-matrix, in-
variant. The theorem states that any transformation ¢ — ¢ + f(¢) between
regulated theories, i.e. without divergences, will not modify the S—matrix
elements. This implies that the specific form of an interaction term in the
Lagrangian can be changed and its physical effect will be distributed else-
where. These field reparametrizations can be used to modify the interactions
term of the Lagrangian, to rearrange or to cancel certain contributions, to
facilitate calculations etc... It is not possible however to render a free-theory
an interacting one or to de-interact completly a theory [63].

As a relevant example consider a unitary ALP dependent transforma-

. a(x)
tion of the Higgs doublet H — He' 7o |, under which a generic dimension—5
Effective Lagrangian

Lsv(HHY) + O,(H, HY), (2.8)

where O,(H, H') is a generic higher dimensional operator depending on the
Higgs field unrelated to the operators in Eq.(2.4), will change at linear order

in fi after the expansion

5£SMHG(37) alz) &H +.., (2.9)

Lsv + O, +ic SH T +1c 7ol

where the dots are the equivalent term due to the change in H' and any
eventual anomalous effect. The polynomial nature of the Lagrangian pro-
tects gauge invariance and the Equivalence Theorem assures that the physics
description is the same. Consider the ALP—dependent fields redefinitions

a

Yy — exp (ngf> Uy, H — exp (i%@[{) H, (2.10)

where f describes the set of all the chiral fermions in the theory and Q’s
are tensors in flavor space. The field redefinitions in Eq.(2.10) must be uni-
tary, and as such the rotation parameters Qi and Qg are real and hermitian
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respectively, it turns out that Q; has to be symmetric to preserve the hermi-
tianity of the Lagrangian. Once these hypotheses are verified any Lagrangian
obtained from the original via the transformation of Eq.(2.4) will have a dif-
ferent form of interaction but will describe the same physical results.

2.1.2 Redundancies and Operators Identities

Sec.2.1.1 tackles the reparametrization freedom of Effective Field Theory and
its consequences. The most notable one is the presence of equivalent repre-
sentations of the theory with an inequivalent number of parameters, or rather
the existence of a class of equivalent Lagrangians by field redefinitions. The
ones that have the minimum number of parameters and are at the same time
closed under renormalization have a special role, they posses a “complete
basis”. In principle when discussing an EFT’s Lagrangian one should in-
clude all possible terms allowed by the symmetry of the model, it is however
clear [28] that there are gauge and shift invariant operators not included in
Eqs.(2.4). These are the three left-handed leptonic operators %Liy“LiL,
the left-handed quark operator %in@i and finally the ALP-Higgs in-
teraction

Outt = a;aa (HTW“H) . (2.11)
These five gauge and shift invariant operators are not included in Eq.(2.4)
because of their redundancy. But why are these redundant? What is the
formal procedure to remove them starting from a general EFT Lagrangian?
To answer these questions consider the rotations in Eq.(2.10) and their effect
on Lgy to first order in the Laurent expansion parameter f,'. The net shift
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for the most general rotation is [59]
ALsm = —QuO.m — Z Q0+ [(QrY. — Y.Q. — QuY.)O.y

f

+ (QQYd - Y4Qq — QHYd)OdH + (QQYu -Y,Q, + QHYu)OdH + hC]

12 2
g 1 8 2 g
+ 292 OpTr {gQQ - gQu - de +Qr —2Q.| + 3972 Ow Tr[3Qq + Q]
2
9s
+ 39,2 OG TT[QQQ - Qu - Qd]7

(2.12)

where the L. and R pedices have been abandoned to lighten the notation and
the operators O.g, O,y and Oyy are defined as

Oupr = ifiLLHeR, Oy = z'fﬁ@LﬁfuR, Ounr = z'fi@LHdR (2.13)
Remember that the Lagrangian shift obtained in Eq.(2.12) due to the trans-
formations of Eq.(2.10) comes entirely from Lgy while £EF is conserved. The
first two terms in Eq.(2.12) come from the kinetic term shift of the Higgs
field and the fermions, respectively. The three terms proportional to O.p,
O.n and Ogy are a consequence of the change of Yukawa interaction terms,
and are sometimes dubbed as chirality—flipping interactions. Finally the last
three operators are generated thanks to the anomalous contributions of the
axial transformations performed. It is easy to recover these contributions
by using Eq.(1.30), where the anomalous current carries the flavor charges
TX’) = {Qy,Qp} are given by Eq.(2.10) while the relevant gauge charges T‘(/a)
are the well known ones of the gauge group G. The trace is intended over
the flavor space indices. Finally products of matrices are to be performed
following the usual internal product, while product of matrices and operators

are instead defined as

At this point one is free to take any value for Qs or Q in Eq.(2.12) and in
doing so it is possible to cancel the redundant operators that appear in £5¥.

Field dependent rotations allows one to modify the parameters regulating
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the interactions, and in doing so one can choose a particular form of the
Lagrangian without modifying the physics described by the theory. So in
order to remove a contribution in the Lagrangian of the form ¢,z O,y one
is instructed to rotate the Higgs field by a Qg = ¢,y amount. The price of
removing the Higgs—ALP interaction is in the introduction of the chirality
flipping operators. In Eq.(2.12) the chirality flipping operators proportional
to Qg introduce the identity

Out =Y.0ur — Y0418 — YO,y +hec. (215)

The bosonic nature of O,y disallows for any additional Flavor Violation
to be induced by it. As such the flavor structure of the chirality flipping
interactions is determined by the Standard Model’s flavor structure, i.e. by
the Yukawa matrices. At this point one can fix the quantities Q; to exactly
cancel the coefficients of O.y, Oyg and O, g, effectively trading O,y for the
chirality conserving operators of Eq.(2.3). Indeed if one takes only R handed
fields, the coefficients of the chirality flipping operators can be eliminated by
the choice Qs = Q. = —Q, = ¢,y . This proves that the operator O,y was
always a redundant one as plugging this choice of parameters in Eq.(2.12)
results in the condition

OaH = TI'[Oe -+ Od — Ou] (216)

Note that in this particular case the anomalous contributions cancel exactly
but will not be true for other choices of Q.

Collecting all the terms proportional to Qs in Eq.(2.12) it is possible
to obtain relations between the fermionic operators. Writing flavor indices
explicitly one gets

0F = [O% (Ya)ju+Ou (Vo) jx + (ON52 (YD + (0N, (Y1) 1]
2 342 g2 (2.17)

§9 12 _0 O
T 962V T 5o 1672 9|’

Ow +
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12

01 = [~ O (Y (O (Y] ~ 8% | 20+ 200, 219

1272 32 2

12
Oy = [~ O, (Ya)ki—(O")ifi (Y] — 67 {48 Op + 35 OG} ., (2.19)

12

0l = [~ O (Yo)—(ON5(YD] — 69400, (220)

2

O} = [0 (Y)jnt+(ON) 5 (Y])k] + 67 { s Op+ 5550w, (221

32m2 2

where the sum over & is understood. Now consider the sum of Eq.(2.17-2.19)
and take the trace of the result. Unpacking the notation one recognizes the
operator built in this way, i.e.
oua
Ja

the ALP—baryonic current coupling. Finally take the diagonal part of the

(¢°Ow — g”Op), (2.22)

Jg:Tr[OQ+Ou+Od:| Ny

3 3272

sum of Eq.(2.20-2.21). Once more explicitly writing the indices one obtains

dua
Ja

the ALP-lepton current couplings. The relations in Eqgs.(2.22-2.23) provide

(9°Ow — g”Op), (2.23)

Ji. =100+ O =

3272

one constraint on the diagonal elements of quark currents, and n, constraints
on the diagonal elements of leptonic—currents operator. As such a single
diagonal operator in the quark currents becomes redundant while n, for
leptonic currents. The basis presented in Sec.2.1 has these four redundant
operator removed via the definitions of the ¢} L,Q operators.
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2.2 Alternative Bases

The ALP-dependent field redefintions of Eq.(2.10) induce, to order (1/f;1),
the transformation laws in Eq.(2.12). This freedom allows one to change the
Lagrangian and the specific form of the interactions. As such the Lagrangian
LEP is not uniquely defined by Eq.(2.4) but rather changes with different
choices of a basis. Any basis is fine as long as the total number of independent
parameters is consistently maintained. A valid option is to include all the
possible operators made out of left—-handed fields, including all the diagonal
couplings. To maintain the total number of parameters unchanged one would
have to cancel all the right-handed flavor diagonal couplings in the leptonic
sector and one of the flavor diagonal coupling of right-handed quark currents.

As shown in Eqs.(2.17-2.21) one can trade shift-invariant fermionic op-
erators with a combination of chirality flipping operators and anomalous
ones. Chirality flipping operators are of course not invariant per se under
the required shift symmetry a — a + ¢. Only in some particular cases the
chirality—flip couplings are tradable for generic chirality—preserving ones (plus
appropriate redefinitions of the anomalous couplings). This happens in Min-
imal Flavor Violation (MFV) Effective Field Theory models where all the
flavor violation stems from the Standard Model Yukawa matrices, where the
chirality—flipping coefficients have to be proportional to the Yukawa Matri-
ces. In general the two descriptions are not equivalent, indeed it is enough
to show that the two description have in general a different number of pa-
rameters. Shift invariant operators have hermitian matrices of coefficients
while chirality-flipping ones have generic n, x n, matrices. In the CP-even
case the number of purely shift invariant fermionic parameters amounts to
ng(5ny+3)/2 —1, while for chirality flipping operators the generic number of
parameters is 3n§. In practice any shift-invariant operators can be expressed
as a sum of chirality-flipping ones and anomalous ones, but the relation is
not invertible in general.

2.2.1 Anomalous Operators and Anomalous Currents

Naively, considering only classical symmetry invariance, one might expect
to be able to express all the shift—-invariance of the theory via the fermionic
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chirality conserving operators. It should be clear that the anomalous operator
are instead required by the quantum effects. This fact must be reflected in
the transformation law of Eq.(2.12) given that a shift can not remove all the
anomalous couplings leaving only the classical chirality conserving operators.
To cancel the anomalous coupling the rotation parameters must satisfy

2

g 1 8 2
Tr{=Qo —=Q, — = —2Q.| = -
25 Tr|2Qo — 5Qu— Qo+ Qu —2Q.| = —cs

2
3272
gz
3272

Tr[SQQ + QL] = —Cw (2'24)

Tr[2Qq — Qu — Qd] = —ca.

These can be solved by the Q; but chirality-flipping operators are introduced
in doing so. To get rid of them one should solve simultaneously the three
conditions in Eq.(2.24) along with the system

QQYu - YuQu = 07
QoYa—Y4Qq=0, (2.25)
QLYe - YeQe = 0.

It turns out that is is not possible to satisfy the conditions in Eqs.(2.24)-(2.25).
Indeed one can get rid of the anomalous operators but quantum induced
chirality-flipping terms must appear along with classical shift invariant fermionic
operators. A solution for the anomalous operators in terms of fermionic ones
can be obtained as long as one relaxes two of the conditions appearing in
Eq.(2.25). One example is

1672
Op = ——[Tr O, + (Y.Ouy + h.c.)],
g/2ng
3272 1 Y.
OW = ang |:TI‘ (OL + 506) — <706H + hC) :|, (226)

272 1 Y 1
OG = 327T |:TI‘ <—Od + —Oe) — (—dOdH - —OEH + hC) :| .
gsng 3 2 3
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It is important to note that the combination ¢?Ow — ¢?Op corresponds to
the results in Eq.(2.22-2.23). Indeed consider the combinations

0
o E =) =0 (2.27)

and

d.a n
fL(JJ’é +Y T8 = T6.3(9°Ow — g"0p). (2.28)
These last two equations corresponds to the conservation of the U(1)p_p,
quantum number and to the non—conservation of the global anomaly associ-
ated to U(1)p,r respectively.

2.3 Phenomenological parameters

The ALP EFT discussed in terms of SU(3). x SU(2), x U(1)y gauge in-
variant operators leads to multiple experimental signals. The ultimate goal
is to detect or to constraint from data the set of fundamental independent
variables

{CW7 CB, Cq, Cf}7
which are to be treated as free Lagrangian parameters. The three anomalous

gauge couplings Oy, Op and Og induce five distinct physical interactions
with gluons, photons, W and Z bosons. These are typically codified as

~ apv (0% a = Uy
LoD — —G“ G L E JF ——F 7
“ar fa = o T Y s fu "
(6] & ~ UV « ~ _UV (229)
— wZ = VVJr w
47r52 c2 fa 27r52 fa

where s, and ¢, are the sine and cosine of the Weinberg mixing angle re-
spectively, ¢, is defined at tree-level by
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Thus the electroweak sector generates four interactions from the two anoma-
lous couplings
{ew,es} = {cy, ez, cw, 2}, (2.30)

that are in principle independent. This fact allows one to overconstrain
the electroweak gauge sector of the parameter space by imposing internal
consistency.

In all cases the fermionic sector is instead described directly by the EFT
coupling matrices c; in a complete basis. For practical purposes one can
define vector and axial couplings between the ALP and the fermionic current
instead of chiral ones. To do so consider only quarks for simplicity and write
everything in the vector/axial-vector form

£ S G (14 2y dy (14 7 )ead + Q" (1~ 17)cqQ) —

2fa
_ Oua i 5
=5 (@Y CyQ + Q"7°C4Q),
(2.31)
where Cy and C4 are defined as
Cy = (c, B cq) + g, Ca = (cu.®cy) — cg, (2.32)

where the direct sum is the same as the one used in Eq.(2.31). The diagonal
part of Cy is zero because of vector current conservation, while the diagonal
part of C,4 can be expressed in a basis independent way as

)22 )33

cu = (¢, — co), c. = (cy —cg)™, ¢ = (cy —cq
_ t 11 _ t 22 — t 33
Cq = (Cd -V CQV) , Cs= (Cd -V CQV) , Cp= (Cd -V CQV)

11 22 33

)

Ce = (Ce—cp) ¢, = (c. —cp)™, cr = (ce —cp)™,

(2.33)

where V is the CKM mixing matrix. If one takes the basis discussed in
Sec.2.1 the notation is simpler given that CQ = cL = 0.
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2.3.1 Minimal Flavor Violation

It is important to discuss what exactly Minimal Flavor Violation (MFV)
means and to some extent what it entails, to do so here we follow the deriva-
tion found in [60]. The MFV Ansatz commands that the flavor violation
stems from the Standard Model parameters and from nothing else. These
means that any flavor-breaking hierarchical structure in the ALP EFT model
has to come from the Yukawa matrices [64]. Under this hypothesis the ma-
trices ¢y can be expanded to first order in the spurion parameter € as

co=chll+e <céYuYL + céYdYD + O(é?),
c, =T +eclYY, +0O(), (2.34)
ca= AT+ eclYIY,+ O(H).

Similar results are valid for the leptonic sector. To study the effects of the
MFV Ansatz it is instructive to look at the mass—basis. In this basis the

change to the parameter matrices are better expressed by separating up and
down fields in ()7. One has

o*a

fa
o0*a

Ja

where between the first and second line one performs a transformation to

ESP D) (UL’yHcQUL + DL%CQDL + URYuCullr + EZR’yMcddR) =
(2.35)

((_]L’YMCQUL + DL"}/MVTCQVDL + TLR’}/HCUUR + EZR’YMCddR);

basis for which all the transition matrices are the identity except for the one
associated to Dy, i.e. UL =V here Y, is diagonal and Ygiag = VY, where
once again V indicates the CKM matrix. At this stage one needs to separate
up and down coupling matrices for the L-handed fields, sometimes in the
literature these matrices have been called Ky and Kp. In the case discussed
here Ky = cg, while Kp = VicgV. Finally Eq.(2.34) in this basis with the
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addition of K becomes
co=c)l+e (%(Ygiag)? + ch(inagfvT) + O,
Kp =l +e (leVT(Ygiag>2V v cg(inag)Z) O,

c, = AT +ecl (YH)2 + O(e?),
ca = AT+ et VI(Y )2V + O(&?).

(2.36)

In Eq.(2.36) it is clear that any flavor violating effect comes from Standard
Model parameters, in particular from products of Yukawas with elements
of the CKM matrix. Finally one can get a good approximation by taking
Y$* = 0 and Y% = diag(0,0,;). This implies that any flavor violating
effect will be induced by Kp, and it will be proportional to y; times elements
of the CKM matrix:

co= C%]I + yfecb + 0(62),
(Kp)y; = cgbij + y7eVs; Ve + O(€),

cu = Ayl + yiec, + O(e?),

cg = AT+ O(2).

(2.37)

2.4 Renormalization Group Flow

The Effective Field Theory discussed in Sec.2.1 is well defined in the energy
range contained between f, and v. At energies close to f, the EF'T approach
breaks down and all the terms in the Laurent series contribute the same
amount. On the other hand at energies below the electroweak phase transi-
tions the effective degrees of freedom describing the interactions are different
than the ones defined at high energies. The obvious example is given by the
Higgs field effectively disappearing from the spectrum below the electroweak
scale. If the energies of experiments are well below the masses of the heavy
bosons mediating the weak interaction the theory can be simplified even fur-
ther by removing the non—propagating particles with a second expansion in
inverse mass scales given by the masses of the weak vector bosons.

In considering processes at different scales than the ones at which the
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theory is defined quantum effects will induce a trajectory in theory space for
the parameters of the Lagrangian. These corrections to the classical scaling
will drive the solution away from the particular perturbative fixed point as
the separation gets bigger. In the case of the ALP Effective Field Theory a
combination of threshold effects and operator running play a role in the low—
energy observables measured in experiments. This has recently motivated
a number of articles on the subject of Renormalization Group flow and one
loop corrections to the ALP coupling [59, 60, 65] that are discussed, in the
needed measure, below.

2.4.1 Non-renormalization theorems

It is well known [66] that CP—odd anomalous gauge couplings within the
SM, i.c. Lagrangian terms of the generic form aXX where X is a generic
gauge field strength and « its fine structure constant, are not multiplicatively
renormalized at any order in perturbation theory. The reason is their topo-
logical character, discussedd in Chapter 1, which ensures anomaly matching
conditions. The combinations a /27X X appear in the Lagrangian multiplied
by “0” angles which are periodic variables with periodicity of 27, and can-
not thus be multiplicatively renormalized. In the case of the ALP-gauge
anomalous couplings, the ratio f% plays the role of the effective angle. The
non-renormalization theorems thus apply as well to ALP couplings of the
form a/27X X, where 27 f, is the periodicity of a. In consequence, no UV
divergent terms can result from corrections to the combinations a; /27Oy,
ay/2m0p and a, /210, this result has been discussed in [65]. This simply
means that

d d d
CB = 07 ﬂCW = Cw = 07 ﬁCG

BCB =

CG:O.

(2.38)
Matching effects to the ALP-gluon and ALP-photon couplings ¢ and ¢,

dlog dlog :dlogu

could in principle arise from loop graphs containing top quarks and heavy
electroweak gauge bosons. The corresponding effects were calculated in [67]
and it was shown that for a light ALP these effects decouple like m?2/m? and
m?2/m?,, respectively. For a light ALP far below the weak scale there are
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thus no matching contributions to the effective low-energy Lagrangian

Acg =0, Ac, = 0. (2.39)

2.4.2 Renormalization of Fermionic couplings

The case of fermionic couplings is much more involved than that of the
anomalous ones. The beta functions for the ALP—fermion couplings have
been obtained using a variety of bases [60, 65, 68] and a complete one-
loop analysis including finite effects is present for generation diagonal cou-
plings only [59]. While the beta functions and matching have been obtained
with in a redundant basis in [60]. The relevant discussion, at least for the
phenomenological analysis presented in this manuscript, is the one regard-
ing top-induced flavor changing effects. As discussed in [60, 67] these are
the result of top—enhanced penguin type diagrams, and can be mapped, in
the leading log approximation, onto a low—energy flavor violating effective
Lagrangian [69]. This effect is a NLO correction to the 3—point function

<8f*;a¢i7“v51/zj> mostly relevant for external down—type quarks. Assuming
a large enough separation of scales, f, > v, one can use the leading log

approximation to evaluate the diagram:

k

¢ GF - . fa \°
. 2—8}2—\@@7“75 (2}; Vkinijkm,% log (m_) > Q;
(2.40)

where the sum runs over the internal loop quarks and the extra mass term is
from a mass insertion. The dimensionless quantity regulating the magnitude

of the contribution is GrmiV;;Vj, log (%) , and as such a combination of
mass and Cabibbo suppression will determine the strength of this effect. One
should expect the top—quark to dominate the loop contribution, nonetheless
some interesting phenomenology is induced by internal down—type quarks
too. A through analysis is presented in Sec.5.1 and in Tab.5.1. Consistently
with the literature on ALP—fermion phenomenology and the discussion pre-
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sented here, the parameters regulating flavor changing neutral currents me-
diated by the ALP are defined at low energy by the effective Lagrangian

9 a-
0L = _Cijﬂdi’YMPLdj + h.c. (2.41)

a

with an analogue for external up-type quarks. The parameter ¢;; is typically
defined by equating Eqgs.(2.40) and (2.41) to each other.

2.5 Phenomenological parameters below the
electroweak scale

It is necessary to choose a complete set of phenomenologically viable parame-
ters, similarly to what have been discussed in Sec.2.3, viable at low—energies.
Indeed Eq.(2.31) is a perfectly good starting point. As discussed in Sec.2.4.1
the gauge anomalous parameters do not run nor receive matching contribu-
tion from integrating out the heavy chiral fermion fields ¢; p neither from
the heavy gauge bosons W and Z. The fermionic case, discussed in Sec.2.4.2
is different and requires some more careful considerations. A perfectly fine
way to discuss the low—energy theory is to define the couplings and the pa-
rameters that one measures at the scale at which one measures them. This
eliminates the issue of quantum—induced running and the matching proce-
dure altogether. As a relevant example consider the Lagrangian in Eq.(2.31),
a complete set of couplings is {c,, ¢g, Cy, C4}. Of course in Eq.(2.31) the top
field ¢ is still considered dynamical. To simplify the theory further consider
the construction of Sec.2.3.1 along with the discussion in Sec.2.4.2; i.e. con-
sider a Minimal Flavor Violation Ansatz for the theory. This will ensure that
all the flavor violation is proportional to the top Yukawa times a combination
of elements of the CKM. The Lagrangian considered in the phenomenological
analysis of Chapters 4 and 5 is defined as

cP as a ., =apv a a ~ apv
Ea = — CGEEG/WG - C,},EEF#VF
9. o (2.42)
+ 55 (@1 CrvQ + Q1" CaQ),

2f,
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where Cy and C4 have been discussed in Sec.2.3 and are to be considered
in the mass basis. Following [69] and Sec.2.4.2 the RG effect is captured in a
logarithm dependence introduced in the down—quarks off—-diagonal couplings.

2.5.1 Weak Chiral Lagrangian Couplings

In Sec.1.4.2 we obtained an expression for the Chiral Lagrangian for the
QCD-Axion, the same can be done for ALPs too without changing much.
Following what has been pointed out in a recent paper [61] where the authors
discuss a contribution that has been missed in the literature one can recover
the terms that mediate flavor—changing non-leptonic decays in the Kaonic
sector. The problem arises in the first place if one argues that having no
coupling in the partonic phase between the W bosons and the L-handed
current would yield no coupling in the condensed phase. The reasoning
seems sound at face value but once the fields condense the L. and R part are
mixed via the mass term, thus inducing an ALP-meson coupling even when
only the R-handed fermions couple with the ALP in the partonic phase.

The Lagrangian responsable for flavor—changing non-leptonic decays in
s — d transitions is

£y = =2V (000 + O + POH) 23)
where the effective chiral operators are classified according to their transfor-
mation properties under SU(3) and isospin. The SU(3 ) octet operator Og
mediates weak transitions with isospin change Al = —, while the 27—plet
operators (9;42 and (’)%2 mediate the transitions with Al = 1 and Al =3
respectively. These operators can be expressed in terms of products of the
left-handed operators Jjj, corresponding to the chiral representation of the
chiral quark currents g'v,Pr¢’. One finds that the operators are:

Og = Z(Ja)3z‘(<]a)2¢,

Oaf® =(J32(T) 11 + (J31 (T )1z + 2(T%)52( V)22 — 3(J)2(T )33, (
O3 =(J32(T) 11 + (J31(J 1z — (J)32(J )2z,

2.44)
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where the contraction over Lorentz indices is implied. The coefficient of the
octet operator |gg| ~ 5 [70], is larger than the coefficient | gg’ﬁ by about a
factor of 30, and in the SU(3) symmetry limit the coefficient | 9542\ is smaller
than | ggé2| by a factor of 5. The enhancement of the AI = 1/2 transition is
known as the A7 = 1/2 selection rule.

2.6 CP-—violating ALP couplings

A surprisingly less explored sector of light pseudo—scalar particles phenomenol-
ogy are the CP—Violating ALP interactions. To introduce CP violation in
the PQ broken phase one is simply required to consider the operators:

a a as a -

LY =PV — —FF 4+ &PV = —GG + g3, 0Hf f. 2.45

¥ 47 fa G ST fa gaf¢ ff ( )

These terms can introduce new—forces, such as scalar—scalar (monopole-
monopole) and scalar—pseudo-scalar (monopole—dipole) interactions [71]. The
non-relativistic limit of the scalar—scalar interaction in Eq.(2.45) for two nu-
cleons N; and N, can be computed as in the inverse Born approximation

S S
V(r) = - B g, (2.46)

For light—-ALPs the couplings are subject to strong limits, as one can test
precise Newton’s inverse square law. Instead monopole—dipole interactions
can test combination of couplings of the type g2ygan, that will be tested
in the ARTADNE and QUAX experiments [72, 73]. It has been shown [74]
that CPV signatures at low—energy require shift and CP symmetry—breaking
effects in the UV. These effects will be inherited to the IR dynamics via some
mechanism that is yet to be specified. An interesting parallel can be found
in mesonic interactions where the m is the analogue of the ALP, mediating
CP conserving and CP violating interactions whenever 6 # 0.

CP-violating scalar ALP couplings to nucleons are generated whenever

the potential does not exactly relax the ALP VEV to zero. In the presence of
extra sources of CP violation in the UV it is expected that Oeg = (a) /f, # 0
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and one can pose a limit on the scalar coupling

17MeV>
Ja ’

For a recent discussion on the subject, one is referred to [74,75].

ng = Ocst (

63

(2.47)
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Chapter 3

Experimental Searches and
Results

In the following we give a brief review of the different possible Axion and
ALP parameter bounds extracted from experiments focusing on Beam Dump
searches and flavor factories. Nonetheless, as one can see from Fig. 3.1,
the ALP parameter space has been explored in many different ways, often
with non zero overlap. This joint effort of astrophysical, cosmological and
terrestrial probes gives the best chance of exploring the theory space in a
meaningful way. For the sake of completeness a brief discussion is carried
on the primary arguments of the different searches, along with a concise
review of the indirect constraints on axions and ALPs from cosmology and
astrophysics, for an in—depth look at these issues see [77-79]. Typically the
bounds extracted from cosmological searches are often model-dependent and
come from early—universe, inflation, reionisation, dark matter, dark radiation
etc... Axions and ALPs might sometime improve the matching of observation
with theoretical expectations, in this case one might see these results as hints
towards a preferred model. With these highly indirect observations claiming
a discovery is very hard due to the difficulty in establishing observational and
systematic errors. The strategy is to accumulate hints of axion and ALPs
existence from different searches to increase their individual significance.

65
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Figure 3.1: In the figure its presented a review of the overall constraints in
the (m,, g) plane. The yellow/orange area represents the allowed parameter
space of QCD—-axion models while the rest is the theory space of ALPs. The
bounds are colour coded: black/gray for purely laboratory results, bluish
colors for helioscope experiments or bounds depending on stellar physics,
and greenish for haloscopes or cosmology-dependent arguments. The picture
is taken from the rewiew [76].
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3.1 Cosmological Bounds

ALPs and axions are pseudo-Nambu—Goldstone-Bosons of a symmetry spon-
taneously broken at some high scale f,. At energies higher than that scale
ALPs are nowhere to be found, instead a different degree of freedom, typi-
cally identified with some scalar field S, would be dynamical and evolving.
As the energy of the field S reaches scales that are comparable to f, a phase
transition must occur with the field VEV freezing to some value. Below the
critical temperature of this transition a new degree of freedom, associated
with a flat direction in the potential emerges, this is the QCD axion/ALP.
Any deviation from a completely flat direction are associated with explicit
breaking of the global shift symmetry of the ALPs, in particular the mass
operator. Of course as long as the ALP mass is small with respect to the
scale f, at the phase transition the ALP will be in a state of indifferent stabil-
ity, meaning that in different causally disconnected “patches” of the Universe
different equivalent vacuua will be occupied. If the ALP field is periodic than
one cannot avoid string formation due to the Kibble mechanism [80]. In the
string cores, the order parameter cannot break the PQ symmetry restricted
by topology and a huge energy density is stored ~ f2. The string network
eventually evolves emitting low—momentum ALPs and decreasing its length.
At the phase transition ALP interactions to the thermal bath are not ex-
pected to be small, and so a thermalized ALP populations is expected on
top of the smooth field. The VEV will have a wavelength the size of the
horizon ¢, while the thermal fluctuations are ¢(7'/Mp|) < 1 where T is the
temperature. In this picture one has T' ~ f, < Mp; so that there is a huge
separation of scales between the long-wavelength ALPs and the thermal ones.

The picture that emerges up to this point is completely general and the
main take away should be the fact that there are at least two ALP pop-
ulations, cold and hot. Their role in the history of the Universe is well
separated and un—correlated. The important separation is that cold ALPs
are a candidate for cold dark matter, while hot ALPs population can account
for hot dark matter and hot dark energy. In particular the effects due to the
ALP-SM couplings can always be as small as one can push f, in the UV,
while some other constraints are harder to avoid, e.g. its gravitational sig-
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nature. Suppose that the ALP production takes place during the radiation
dominated era, where the production rate are high thanks to high temper-
ature, and suppose that the ALP thermalizes with the SM bath. Under
this assumption is possible to compare the ALP radiation density to today’s
CMB photon density. Depending on the masses one can distinguish either
cold or hot dark matter, and eventually dark radiation for very light ALPs.
Hot dark matter threshold is typically at 10KeV. The latter scenario affects
structure formation and can be constrained via CMB anisotropies. There is
also the possibility of non—thermal production where Dark Radiation ALPs
and Hot DM ALPs are produced in galaxy clusters producing soft—X-rays
by photon conversion. In this case a strong bound on photon coupling can
be enforced g, ~ 107!, If the ALPs/Axions are light enough their preferred
decay channel has to be via photons and will induce signatures based on
when the DM ALP decays. If the decay happens before the CMB decoupling
the huge photon injection can distort the predicted spectrum. If one consid-
ers DM decaying after recombination there should be some monochromatic
line broadened by cosmic expansion, that can be constrained by the flux of
extragalactic background light (EBL in Fig.3.1) or by direct line searches in
the X-ray and gamma-ray region. At high energies the UV cross section of
H photoionisation is so large that these photons can alter the history of the
Hydrogen ionisation fraction is modified. If one then assumes a high enough
reheating temperature one has the constraints shown as BBN, CMB, X-rays
and xion [78]. Assuming that ALPs account for all the observable cold DM,
the ensuing constraints are shown in Fig. 3.1 labelled as “Telescopes”.

Another interesting way of implementing bounds in the ALP parameter
space is via inflation. The ALP potential is flat and to have UV validity it
has to be protected by radiative corrections and higher order effects. Some
models have been proposed, called “natural-inflation” with interesting po-
tentials such as A*(1 — cos ). Given the nature of inflation the low—energy
phenomenology is typically decoupled from the specific of the UV theory.
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3.2 Astrophysics

Thanks to their couplings with light matter fields ALPs can be thermally
produced inside stars. The dense and hot surrounding along with the possi-
bility of emission from the whole star, core included, compensates well the
weakness of these parameters. It is well known that the total emission can
compete with photon surface emission and with thermal neutrino emission.
This means that stars are the best ALPs and axions factories in the Universe
and effects of such a huge production should yield some kind of signature
of their presence, unless their couplings are extremely small. In this sense
astrophysical bounds are perfect for probing the light ALPs theory space
via a number of mechanisms. Particular attention is dedicated to the ALP
coupling to photons in the literature, the coefficient of the operator aF F.

In the contest of stellar evolution, the most relevant process is the Pri-
makoff conversion. This consist in the conversion of thermal photons, due to
external electrostatic fields, into ALPs:

v+ Ze = a+ Ze. (3.1)

It turn out that the energy—loss rate per unit mass via ALPs radiation of
a star becomes relevant for low density and high temperature cores. These
conditions are found in the Horizontal Branch (HB) evolution phase of a Red
Giant. The indirect limit extracted from these observation can be seen in
Fig. 3.1 denominated as “HB”. The data has been collected on 39 Globular
Clusters (GCs) [81,82] and measures the ratio of Horizontal Branch to Red
Giants in the GC. The ratio decreases as the HB phase is accelerated due to
ALPs overproduction. The Sun is also a great laboratory for ALP-photon
coupling, and its proximity allows one to be very sensitive to these light
particles flux. In particular the bounds extracted from Sun physics are due to
neutriuno flux and helioseismology [83]. Another, more “direct” way of using
the Sun’s Axion flux to probe the ALPs parameter space is via Helioscopes.
These work using the inverse Primakoff effect where an ALP interact with
an external magnetic field and is converted to a photon. These Helioscopes
have mass ranges of m, [meV,eV], and essentially are concerned with Dark
Radiation ALPs. Limits have also been extracted from the Supernova data
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SN1987A.

As discussed in Sec.2.6 the introduction of CPV couplings can induce
monopole—monopole forces between baryons that can compete with gravity at
distances 1/m,. These have been studied in highly precise experiments. The
direct measurements on dipole—dipole interactions are much weaker than the
astrophysical limits on the same parameters, both for nucleons and electrons
couplings.

3.3 Bounds from Flavor Physics

This section finally introduces the main argument of the manuscript: flavor
induced bounds on ALP—fermion couplings. These searches are relevant in
virtually any model in which the ALP is implemented. As discussed in [60]
the PQ-symmetry can exhibit flavor-violation at the UV scale or not, the
low—energy couplings will always get a radiatively induced flavor—violating
part. Flavor violation opens up the possibility to study ALPs in rare, flavor—
changing processes that are among the most sensitive tests for light new—
physics. The nature of pseudo-Nambu-Goldstone-Bosons provide a window
into energy scales well beyond the capabilities of LHC with machines that
operate at a fraction of the energy.

Flavor violating processes are typically, but not exclusively, mediated
by couplings to fermionic fields, and provide powerful and sensitive tools in
the exploration of the ALP theory—space. Among the 5—dimensional portal
between ALPs and SM the most important structure, in this context, is
the ALP—fermion coupling in Sec2.3.1. In what follows model-independent
couplings are considered and no UV structure is assumed. In this sense all
the limits derived are, if not explicitly said so, on the low—energy parameters
of the theory.

This theoretical picture allows one to look at Flavor Factories and Beam
Dump data, taken at energies up to a few GeV’s, and project limits on
ALP—fermion interactions from flavor—violating processes. Quark flavor phe-
nomenology of Axion—Like Particles has mesonic decays in its primary roles,
for a recent review see [84,85]. Indeed most of the studies and the advances
in this sector come from Kaon physics or B-physics.
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Figure 3.2: Flavor bounds on universal ALP couplings to quark doublets
with cg = coll, and all other coefficients set to zero at the scale f, = 1TeV.
The picture is taken from the review [84].

As a simplifying model-dependent case study take all the ALP couplings
as Universal and to the quark doublets. The constraint from flavor physics
are shown in Figure 3.2. In this scenario any isospin conserving ALP cou-
pling comes from the running and matching from the high energy scale to
the low—energy one. Moreover isospin breaking ALP couplings enhance the
ALP-photon couplings and in this hypothesis the final visible state vy~ will
experience suppression. The strongest bounds are from invisible channels or
muonic signatures.

The flagship process of flavor searches for ALPs is the K — ma signature.
It arises from a s — d a quark level transition, with the new physics particle
escaping the detector. Kaon physics is thus in the spotlight and many differ-
ent current and future experiments are probing these rare Kaon decays. In
particular the NA62 experiment at CERN is looking for a signal of the type
K* — m*a. The experiment has collected 3 x 10! pot in Run 1 and is aiming
for 10'® pot by the end of Run 2. Using the complete Run 1 dataset, the
NAG62 experiment established upper limits on B(K — ma) with a invisible at
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the level of 107! in the mass ranges of 0-110 MeV and 155-260 MeV [86,87]
The search represents a direct extension of the K+ — 77Uy measurement,
which determines the range scanned for m,. The event selection requires a
K™ in the initial state and a 7 in the final state, in the absence of any other
in—time activity in the detector. The largest (and irreducible) background is
due to the K™ — 7+ ov decay. The two-body decay of these channel is char-
acterised by a peak in the reconstructed missing mass distribution, with a
width of O (1073) GeV? determined by the experimental resolution, on top of
the contiuous K™ — 77w spectrum. The NA62 experiment has also estab-
lished upper limits on B(K — ma) with invisible a, at the level of O (107%) in
the 110-115 MeV mass range, in the vicinity of the my mass, from a dedicated
analysis based on the 10% of the Run 1 minimum bias dataset [88]. Measure-
ments of the K; — 7°0v decay naturally provide limits on O (K — 7%a).
Once again the dominant background is given by the wvv final state. In this
experiment no missing mass reconstruction is performed, so there is no reduc-
tion in the acceptance for the ALP to be in the 7° mass region. The KOTO
experiment [39] has reported a limit on B(K° — 7%) down to 2.4 x 107 at
90% CL with the 2015 dataset. Recently new preliminary results have shown
three signal candidate over a 50% predicted background. In the short term
KOTO sensitivity is expected to improve.

The B physics sector has also a fundamental impact on flavor searches
limiting the ALP—fermion couplings space. LHCb [90,91] BaBar and Belle
[69,92-99] have studied visible and invisible signatures of b—decays. Belle
experiment had conducted searches for B — hvv for many different mesonic
states. These searches are conducted with the full Belle data sample produced
by the KEKB collider at the Y(45) center-of-mass energy with an integrated
luminosity of 711 fb~1, (772411) x 105 BB pairs. The three-body B — hiv
decay, with two invisible particles in the final state can not convey enough
kinematic information. Indeed the experiment has to fully reconstruct the
accompanying B meson in the semileptonic decay channels decaying to D’s
or D* and a lepton—neutrino couple.

Another class of decays usefull in probing ALP—fermion physics is given
by monogamma final states. T resonant searches exploiting decays such as
T(nS) — Y(1S)ntn~ can be used to directly probe Y(15) decays [100].
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Also low background channels like B — va or K? — ~a can be used to
probe quark couplings at low—energies. These searches have been carried on
at BaBar [101] and at the Belle [102] experiment.
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Chapter 4

Hadronization Techniques

It will be useful to spend some time discussing hadronization and composite-
object couplings to ALP current (a\") = (0ua)/ fa) to understand the approx-
imation considered and build some physical intuition. Such a discussion, to
the authors knowledge, is missing in the literature at least for the case of a
massive ALP, while a general discussion can be found in [103-105]. For ele-
mentary particles the coupling is a model dependent parameter coming from
a “charge” matrix sometimes denoted Cgq. For extended objects, exactly
like the case of protons form factors, it will be replaced by a momentum-
dependent function reflecting the distribution of the masses and velocities of
partons, and in turn the bound state’s internal structure [106, 107]. Once
again in the case of elementary particles coupling to ALPs it is understood
that the current will couple to fermions proportionally to their momenta,
or in an equivalent base, to their masses. In a similar fashion one expects
extended objects to have a sort of effective coupling mass that will depend on
the total momentum and on its distribution between the internal degrees of
freedom. Finally the nature of the hadronic state will play a fundamental role
in its relativistc behaviour. The perturbative treatment of these processes
assumes a partonic description of the hadrons involved in the transition. The
general discussion is very similar to that of inclusive hadron processes, such as
deep—inelastic scattering, with the premise that in some limit the amplitudes
can be written as a product of three probabilties that separate long—distance
and short-distance physics.

5
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Figure 4.1: The valence quark state of a pion interacting with an external
current carrying momentum ). The valence couple must be localized in 1/Q
in the transverse direction while in the longitudinal one Lorentz contraction
assures the particles to be close. The picture is taken from [105].

Despite the fact that in their rest frame mesons are complex non-static
objects, a highly relativistic particle would ony see the dominant valence
quark content justifing a simplified description of these non—perturbative
states [103-105]. In the case at hand' the important observation is that the
final state particles recoiling back to back, the ALP and the daughter meson,
must have a nearly light-like relative velocity, i.e. they must be emitted in
a highly relativstic state. Under this condition the strong quantum effects
that bind the constituents of the involved meson are highly time-dilated in
the rest frame of the escaping ALP. Moreover the lifetime of these states
are stretched and the partonic content looks frozen to the escaping particle.
For relative speeds near the speed of light the two recoiling particles are in
contact for very short times decreasing as 1/ = (1 —v?/c?)'/2. The relevant
interactions can only happen on small time scales and short distances, rel-
ative to typical mesonic sizes and masses, where QCD is perturbative. As
such the short—distance dynamics and the long—distance ones will have no
interference. This incoherence between soft and hard physics implies that
one can consider each meson to consist of a definite partonic state during
the entire interaction, allowing for the simplification discussed at the start
of the section. The long time dynamics of the initial state are described by

LA version of the hadronization technique discussed here with a massless ALP was
discussed first in [108].
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the valence quarks distribution ¢y,, these quarks undergo a short—distance
process described by a hard-scattering skeleton diagram. At a later time,
they reform the outgoing meson via a wave function ¢.,;. The amplitude is
written as the product of three probabilities: 1) the probability of finding the
valence quarks of the incoming meson with a certain momentum distribution,
namely ¢i,, 2) the hard amplitude Ty for the partons to emit an ALP and
undergo a flavour change producing the quarks in the final state, see Fig.4.4,
and finally 3) the amplitude for that same final state to recombine in the
meson, given by ¢.. These three pieces are then convoluted into a single
amplitude describing the process in this approximation. At energies well
below the electroweak symmetry breaking the process appears as if a flavor
changing external ALP current, proportional to GgV M9, a/ f,, induces the
hadronic process considered. In this sense the analogy with an electroweak
form factor is saturated. From a more practical point of view the amplitudes
are represented by the product

1 1
/Od:cé (1 — Zaﬁ> /OdycﬁZut(yi,u)TH(:vz,yz-,Q,u)aﬁm(:vww <1 - ZZJ) )

(4.1)
where T} is the hard scattering computed perturbatively, @) is the exchanged
momentum and g is the renormalization scale (entering via the couplings).
The p dependence in the ¢’s is induced to render Eq.(4.1) independent of
the particular value of the renormalization scale. A natural choice is Q) = u
making perturbative calculation consistent as long as a,(Q) is perturbative,
i.e. for large Q’s. The length associated to this momentum exchange is
b = 1/Q and it represents the localization of the valence quarks couple in
the transverse plane, relative to the mesons motion as shown pictorically in
Fig.4.1. If the partons are separated more than b = 1/@) that particular state
will not contribute to the amplitude. So the information needed is on the
state is of the order QQ/M),; where M), is the meson mass. Three particle
states, e.g. with an extra gluon, will be suppressed by extra factors of 1/0Q),
since as () grows the probability of finding more than the minimum number
of particles bunched up in 1/Q) decreases. The classical dimension of T} is
of (mass)™2 and since the dependence has to come from external momenta
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the approximate form can be Ty ~ 1/(zyQ?) + 1/((1 — z)(1 — y)Q?). The
extremes x,y ~ 0,1 known as “end—points” are problematic as they violate
the localization assumption and generate unphysical singularities. Indeed in
the limit x,y ~ 0, 1 the hard scattering function Ty spreads out in transverse
space and it will not be concentrated around 1/@Q. One has to finally define
the position space equivalent of the wave function. The definition is carried
in the light-cone coordinates for a mesonic state. The amplitude for the
valence quark of such a state to annihilate in the vacuum in position space
is,

(= p, 22 = (0] 20}y Q=) [M(p)) (4.2)

where p is taken in the plus direction, & = \%(’yo ++3), 2z are the light—cone

coordinate and the distance between the valence quark fields 22 is taken as
space-like. The Dirac structure v7+® projects out the zero helicity combi-
nation of the valence quarks. For ¢(x, 1) the convention is to fix the quark
momentum fraction to be zp along the mesonic direction of motion and to
integrate freely on the rest transverse momenta. The coordinate system is
then fixed to have z, = 2z = 0, and the Fourier transform taken with respect
of 27,
dzT -t _
o(x, 1) :/ P (T, 22— 0), (4.3)

oo 2m

here the limit onto the light—cone, 2% = 0, is singular and a dependence on
the renormalization scale is introduced, remember that if one chooses u to
be of the order of () and @ is the inverse of typical size of the localization
of the valence couple, @ ~ 1/b, it follows that the renormalization scale is of
the order of transverse momenta of the valence couple.

4.1 Brodsky—Lepage prescription

It is instructive to construct the zero—th order Brodsky—Lepage prescription,
some times called the leading—twist wave functions, for the pion and the D
meson distribution amplitude, to compute them one can follow [103,109-111].
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Figure 4.2: The D meson Distribution Amplitude ¢p(z,p?) at 1 GeV. The
dotted, the dashed, the dash-dot and the solid lines are for different values
of the Gegenbauer momentum Bp = 0,0.20,0.40 and 0.60 respectively. The
numerical results obtained in the manuscript will always consider By, = 0,
i.e. Eq.(4.7). The plot is taken from [109].

Consider the spatial part of pion Wave-Function

2 2
+m
Al ) | (4.4

\Ifﬂ-(.%, pJ_> - ATI'SOTK'('%.) eXp <_m

where A, is an normalization constant and [, is a mass scale regulating the
spread in the transverse plane of W. Integrating out the transverse momen-
tum down to the scale p, or otherwise up to distances ~ 1/Q, produces the
pion’s distribution amplitude:

¢7r<37,ﬂ2) o Br Az (1 — 2)pr ()
mZ + p?
X (Erf —853rx(1 — )

m? (4.5)
— bt [ 862z(1 — 1‘)]) ’
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where . (z) = (1 + BWC’f/Z(Qx - 1)) is defined in terms of the Gegenbauer
expansion. A similar expression can be obtained for the D meson with the
substitution in Eq.(4.4) for the argument of the exponential function

ki+m2_$ki+m§ k% +mg,
S2(1—ax)z  8FE(1-x)  8Fx

(4.6)

The resulting wave functions ¢ r(x, ) describing the meson’s quark mo-
menta distribution for heavy and light mesons are very well approximated
by their asymptotic form, i.e. the limit yu ~ () — oo, respectively by:

§ + 1_ 1} ) 7 o(x) x z(1 —x). (4.7)

l—z =z

o) o |

The parameter £ in ¢y (x) is a small parameter typically of O(m,/mg), being
q and @ the light and heavy quark in the meson. The mass function gp(x)
is usually taken to be a constant varying from ggy(z) ~ 1 and g¢;(z) <
1 for a heavy or a light meson. This is a theorem for ) high enough to
completely decouple QCD running effects [103, 104, 112], while it must be
taken as a model for lower? values of Q. Unless stated differently in the rest
of the paper this model is assumed. The exceptions are the kaonic sector, a
detailed discussion dedicated to the subject of the employed model can be
found in [115] and in Sec.5.2, and for lighter D mesons. Coming back to
regular gamma matrices one can extend Eq.(4.2) and define the meson decay
constants f; as:

0lgy" v QIP) =ifpPp, (4.8)
Olg"QV) = fvMye'(Py),

where the vector structures on the RHS are forced by Lorentz invariance.
Finally one has to define the spin structure of the Wave-Functions for the

2The so-called Sudakov resummation [113,114] allows one to formulate precise predic-
tions for even lower values of Q.
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ground state of a meson M [103,108,116,117]:

w(r) =200 (P 1 Mg (a)
(4.10)

() :@(Mxﬂa +i0* Pyg)ea(Py)

while ¢(x)’s here are to be considered normalized to 1. In Eq. (4.10), with «
one typically denotes the fraction of the momentum carried by the heaviest
quark in the meson. In Egs. (4.7-4.13), a slightly different notation with
respect to the referred literature is used. In particular the functions ¢(x)
have been normalized to one, in such a way that in Eq. (4.13) the mesonic
form factor can be explicitly factorized.

4.1.1 Limits and Criticalities

An essential part of the discussion of the results obtained has to do with
their limitations and their applicability. Although an in—depth discussion
regarding the validity of the approximation used throughout this work has
been presented in Sec.4 and 4.1 there are still some interesting points to raise.
The most important one is probably the so called end—point behaviour of the
distribution amplitude. This is the asymptotic form of the probability dis-
tribution in Eq.(4.3) as one of the valence quark gets all the available energy
in the system, signaled by z; — 1. Tt has been shown in [118,119] that the
x; — 1 limit that as long as 1 —x; > d); the partonic distribution amplitude
vanishes with a power law (1 — z;)” with v > 1, assuring the convergence of
the distribution. Consequently the integrations in the variables x;, represent-
ing the fraction of the meson’s 4—momenta carried by the i—th valence quark,
are well behaved, as long as 1 — x; > d5;. The region where 1 — z; < 0y
has to be analyzed separately. Here d,; is defined as a process dependent
cutoff, excluding the unphysical bare singularities. These end—point effects
are under control if the emitted ALP is massless but introduce non—trivial
complications in amplitudes where the emitted particle has a non—zero mass.
The role of this cutoff is discussed in Sec.5.2 and its numerical impact on
the results is negligible. Contributions from these regions can be taken into
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account, and are typically more suppressed than bulk contributions, but re-
quire a modification of the distribution amplitudes, e.g. Drell-Yan—West did
it for the first time [118] and considered (1 — z;)® in the limit x — 1, in

accord (roughly) to experiments and theoretical expectations®.

b[x]
N O S N S

Figure 4.3: End-point behavior for both the heavy (pink) and light (blue)
contributions to the hadronized amplitudes discussed in Eq.(5.11). In (a) the
Ds — pva process with m, = 0 is shown to be regular and integrable, while
in (b) the Dy — uwva process is discussed in the case m, = 0.1 GeV. The
shaded area correspond to the allowed values for the Mandelstam variable w.
The dotted curve corresponds to its mean value.

The lesson one can learn here is that the issue of end point singularities,
x;,y; — 1in Eq.(4.1), has to be discussed process by process. Some processes
will have regular and integrable functions, e.g. emission of a massless particle,
while other processes can develop simple poles near the boundaries of the
integration interval*. This exact situation is encountered in the (&% (m2)
discussed in Eq.(5.11). The form of the cutoff should clarify that this effect
in the present context is generated only if a massive particle is emitted in
the final state. These poles have been addressed [103, 118] by modifying

the mesonic Distribution Amplitudes in the  — 1 limit. To reabsorb these

3 A more comprehensive discussion on the asymptotic behavior for £ — 1 can be found
in [119]

4In the case presented here the issue seems related to the emitted particle mass but in
general this is not true as the same problems emerge in the context of DIS.
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Figure 4.4: Tree-level s-channel of a charged (g@)-meson decaying into a
charged (qu’ ) meson and an ALP. Diagrams where the ALP is emitted from
the final state meson can be easily obtained.

simple poles, generated by the appearance of extra (1 —z) in the propagators
of the internal valence quarks, one is instructed to add a term (1 — z) in the
numerator, thus curing the simple pole.

4.2 Factorization in the s—channel

Following the Brodsky Lepage method the factorization of an amplitude go-
ing through a mesonic vacuum state is discussed. This is the simplest non—
trivial possible application of the techniques discussed in Sec.4. The process
studied is shown in Fig.4.4. Looking at the picture the factorization emerges
naturally. The amplitude is a product of two uncorrelated vector currents
obtained by cutting the diagram along the weak boson leg connecting the
hadronic external states. One of the two currents gives a trivial hadroniza-
tion contribution given by Eq.(4.8) while the other has to be calculated using
Eq.(4.1) but with a trivial “out” state. Let the initial mesonic state be g@)
and the final one Q'¢’ and consider that, thanks to the intermediate vacuum
state, one can factorize the contributions as

(O (@ Q) |Mr) (M| (Q'7* Prg') [0)+ (0] (a7 PrQ) | Mr) (M| (QTq)[0)

(4.11)
where i, (f), stand for initial, (final), state production and M; and My are
the initial and final mesonic states. One is tasked with the computation of
(0] (gT5/ Q) M), where (qI';/Q) is the hard scattering process that has to
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be extracted from the Feynman diagrams depicted in Fig.4.4. The diagram
where the ALP is emitted from the W internal line automatically vanishes,
being the W+W ~—ALP coupling proportional to the fully antisymmetric 4D
tensor. The hard-scattering calculation produces the result

) _ AGr Ykl Y Pk
F(Z) — VCKM M . M
g \/§fa Cqmqmg — 2k - Pq CQQOZ — 2k - PQ
4G Sh~ P P b~
F(f) = —F VCKM C /TI’LQ/—’Y %VYM L — cq/mq/ —’y,u Lk’y .
V2. m2 + 2k - Py m2 + 2k - P,

where ¢, and cg are the ALP—fermion coupling of the ¢ and @) quarks. Now

(4.12)

one applies Eq.(4.1) with a single mesonic out state:

O(aT,Q) [M) = i fay /O e T ()T (4.13)

The different possible nature of the mesons M are implemented via W,;. Here
are presented the cases of pseudo—scalar and vector mesons in all the possible
permutations. It is convenient to divide the results in Initial State Production
(ISP) and Final State Production (FSP). Indeed such a choice will facilitate
the evaluation of relative magnitudes, based on the masses of the emitting
mesons, and the general computation of the signal due to the set up proposed
in Section 4. One should start by looking at the familiar pseudo-scalar to
pseudo-scalar decay, where quantities with I and F' subscript are relative to
initial and final state mesons respectively. This class of transitions has been
thoroughly studied in ALP phenomenology [69,94,115] due to the importance
of the NA62 search on the rare decay K — wvv [87,120] and the Belle and
BaBar searches for the equivalent B physics signal [121]. These processes
have been associated to 1-loop effective observables but in a recent analysis
[115] the authors have shown the potential information loss in choosing to
ignore tree-level contribution to these observables, in particular one can have
correlations between the parameters of the amplitude, and even bound the
lighter quarks coupling constants. Here are presented the pseudo—scalar to
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pseudo—scalar transitions:

) _Grfifrk- Pp

Aip = v

V2f, (4.14)

CqMy B cQMmq
/dxgl(x) [mg “o%k-P(1—x) m2—2k- PILU} or(z)
and
A _Grlifek Py,
FSP \/§f
- (4.15)

CQ/le _ Cq/mq/
/dng(x) [mg + 2k Ppx mZ+ 2k Pp(l— x)} or ().

The next interesting channel is pseudo-scalar to vector. An important ex-
ample is the search for B — K*a [121]. Once again we separate in ISP and
FSP. Here we have for the s—channel

(s) .GFfIka,uGMGDF)

B =X VM[MF
15P V2f, (4.16)
c.m com
J Mg . Q'Q
/ zgr(x) {mg_Qk.PI(l_x) m2 — 2k - Pix 01(z)
and
s GFfIfF o
e =Sy enpiet [ asx
Cormygy 9B a o B
_ QT (o kP kP g — ko gt 4.17
o (a8 — ik (4.17)
Cq/mq/

_|_

m2 + 2k - Pp(1 — ) (Eapupk” + ik g™ —ikPg") | p ().

Finally the results on the other possible channels, vector-to-pseudo—scalar
and vector-to-vector, are presented. Once again in the following Initial State
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Emission (ISP) and Final State Production are discussed (FSP):

S G ff (0%
clel = — %}GFVE (PI)Png/dxx

C,m e} . 6%
[mQ — qu. qu(l — (Eapupk? + ik*g"" — ikP g™") (4.18)
T #]{:?p]x(gaﬂupkp — k7 g™+ ik g™ | or ().
and FSP
s G
cll, = —i \F/g; Jr Ve (Pp)ka M Mp
" e . (4.19)
dz | = cklls |ér(@).
/QF(””) U2 ok Pro w2+ 2k Pe(l —2)) OF @)
Finally one has the vector-to-vector amplitudes:
9 _ _Grfifry, o
Dise = =i~V (Pr)e" (P M Py
d CqMy LP .kg ap _ o 5#>+ (4.20)
Tz =2k Py ) Cosmek” KOG — ik
#}fpﬂc(gaﬁupkp + ik g,gu - Zkﬁg ") or(x).
and
s _ _Grlifr
Drsp = —i= 5 Ve (P (Pr) Mi Py
/ d:c[ S (Capupk? + ik g — ik g+ (4.21)
m2 + 2k - Prx e
Cq/mq/

m2 + 2k - Pp(1 — ) (Eaupk” + ik® g — Z‘kﬁgau)] or ().

4.3 Factorization in the t—channel

The same study done for the s—channel can be done for the ¢—, in the con-
text of neutral processes. In this case the relevant diagrams are the ones
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Figure 4.5: Tree-level t-channel of a neutral (g))—meson decaying into a neu-
tral (Q'q') meson and an ALP. Diagrams where the ALP is emitted from the
final state meson can be easily obtained. Similar diagrams can be depicted
for the CP conjugate process.

depicted in Fig.4.5. Once again the diagram where the ALP is emitted from
the T internal line automatically vanishes, being the W+ W ~—ALP coupling
proportional to the fully antisymmetric 4D tensor. To condense the compu-
tation one separates the emission based on the line it originates from, either
fermionic or antifermionic. In this fashion the channel’s factorization will be

(MFp| (Q/FLQ)Q)(QVMPLQI) | M) + (Mp| (Q/VMPLQ)(Z]F&Q)QI) |Mp), (4.22)

where I'@@) gtand for either particle or anti-particle emission. Note that
this process, unlike what happens for the s—channel, does not present any
trivial external state and so the full Brodsky—Lepage machinery is required
to make sense of the amplitude. As before the hard scattering is computed
perturbatively with the diagrams depicted in Fig.4.5, resulting in

AGp Yk Lr Pk
F(Q) L yCKM My —— R S lld b

V21, QU e ok Py 9 m2 — 2k By
r@ _ AGF vokn () VEwlr I Py’

V2f, e opp, M m2iok-By )

(4.23)
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Finally one recovers Eq.(4.1) for the process at hand

(Mp| (QT,Q)(qI™q') M) = — fMyitMl / dady Tr[Wag ()T War(y) L],
(4.24)

where the nature of the meson will modify the amplitudes via the ¥,,’s. Once
more let us consider the different set of processes available with a combination
of pseudo—scalar and vector external states. The pseudo—scalar to pseudo—
scalar, where ISP and FSP refer to Initial State Production and Final State
Production (of an ALP), are

Al = GFfIka - PRV Mrx
2fa
chQ Cqmq
p _
/ zgr(z) {mg_gk.Pﬂ; mg—Qk'PI(l_x)} #1(e)
(4.25)

and
Ay = ST Py g

2fa

[ dretz) [ Co Ty ‘oma } o).

m2+2k- Pe(1—x) m2+ 2k - Ppa

(4.26)
The pseudo—scalar to vector t—channel instead reads:
G
BY, = i%VMIMVe“(PF)kax
cQmMmaq CqMg
d _
/g;(af;) v [mg —2k-Pix m2—2k-P(1—2x) or(),

(4.27)
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and
G
B, = - ST e PPy
do | — & WPy + ik Pf — ik’ P} (4.28)
T mg—i—Qk-pr(gaﬁ“p [+ ik Py — k" P+ -
Cqg My

-1 ppb -1 B pa
Finally the results on the other possible channels, vector-to-pseudo—scalar
and vector-to-vector, are presented. Once again in the following Initial
State Emission (ISP) and Final State Production are discussed (FSP). the
t—channel vector-to-pseudo—scalar ISP is:

G
el =— I;fIfFVeO‘(PI)Pfx
Ja
cQMq . a o
/da: [m<€aﬁﬂpkuPFp + Zk’BPF — ik P}é)‘i‘
Cq™h e . «
T Py ek P+ ik P} — ik P)| o1 ().
(4.29)
and FSP
G
Crgp =i ;ff E M MpV e (Pr)ka
“ oo o (4.30)
d [ q' My’ _ QMe ] _
/gF(‘”) U ok Pe(l—a)  mi+ 2k Pra) OFW)
Finally one has vector-to-vector amplitudes in the t—channel
G o
DY, :z$ve (P))é’ (Pg) Mg P!
cQMQ 0B ad | ipa B8
/d.’L' [m(Saﬁgpkp — ik g + 1k g )+ (431)
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m2 — 2k - P;(1 —x)

(5aﬁ5pkp - ikagﬁé + ikﬁgaé) ¢1($)
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and

Grfifr
D]E%P =1 2fa

CQ'mgy . o . «
/daz [mQ —|—Q2kc«gpr(€a5pka + kP g — ik g )+ (4.32)
cq/mq/
m2 + 2k - Pp(1 — x)

Vel (Pp)e*(Pr) M, Pp

(gaépl/ky + ik6gap - ik‘pgaé) ¢F(‘T)

4.4 Penguin Hadronization

Some of the meson decays will receive contributions at one-loop level [67,69,
94] by the flavor diagonal part of the fermion—ALP interactions of Eq. (2.31)
from the diagrams shown in Fig. 4.6. In the following only the contribution
arising from fermion—ALP interaction will be considered. In this kind of
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Figure 4.6: One-loop penguin contributions

processes, one quark line participates to the ALP emission while the other
quark is a spectator. Customarily the hadronization of a matrix element
between two pseudo-scalar meson mediated by a vector current, where one
of the quark does not interact can be factorised as

(Mp| " Q2 | Mp) = f(¢°)(Pa, + Pary )" + fo(d®) " (4.33)

with ¢ = Py, — Par. The form factors f 0(0) = 1 in the isospin symmetric
limit, while the non approximated, ¢> dependent, form factors are obtained
from LQCD calculation [122]. Consider only the flavor diagonal part of
the Lagrangian in Eq.(2.31), where all the parameters are zero except the
diagonal ones defined in Eq.(2.33). Using only this flavor conserving part
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one can induce at one loop, via the processes depicted in Fig.4.6, an effective
flavor violating coupling. Indeed from Eq. (4.33) the amplitude for the M; —
M a decay mediated by the 1-loop effective flavor—violating part is:

2

ME, . = Geme Mi (1 Mf%) {f+(q2)+q—f—(q2>] R

W 7\ -] 2
(4.34)
where the coefficient
(@) " g(xq) Cq Lyq 3

opportunely normalized in order to factorize out all the relevant scale depen-
dences, is the induced effective coupling at 1-loop. The process mediating the
decay in the UV regime has been discussed in Sec. 2.4.2 and. The penguin
with the ALP emitted from the internal W line is included for completeness,
even if in the following phenomenological analysis ¢y = 0 will be assumed.
If the quark changing its flavour is a down type quark than the dominant
contribution coming from this amplitude is proportional to ¢;, but in general
one needs to look at it case by case, e.g. for the K meson decay, the charm
contribution roughly accounting for 10% of the total contribution. One-loop
diagrams, with the ALP emitted from the initial/final quarks can be safely
neglected being suppressed by at least a factor m?/m?%, with respect to the
penguin contributions, as they arise at third order in the external momenta
expansion. Therefore, no sensitivity on the ALP—quark couplings from the
external legs can emerge in the decays from one loop diagrams.

In the case of a Vector to Pseudo-scalar transition the factorisation in
terms of Form Factors is different [123,124], namely

(Ve @y (1 = 75)Qa |M5) = P{Vi(¢?) — PYVa(q?) — PVs(q®) — PpVe(4?).
(4.36)
If one couples the Left-Handed current in Eq.(4.36) with the ALP the only
non zero term is the one proportional to Vp. Finally one can use the con-
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ventions found in [123] to obtain

Gpm2
ML =i D ZET A Ag(P)e(Py) - g, 4.37
Ps—V ij 2\/§7T2fa VO(Q)(V) q ( )
where conventionally one takes Vp(q?) = Lfo(q?), and ¢ is the momentum

q
transferred.



Chapter 5

Invisible ALP Bounds From
Flavor Physics

Meson to meson processes are the well-known protagonists in bounding the
quarks—ALP couplings in the MeV-GeV mass range, mainly thanks to the
Kaonic sector [86,87,89,120,125-128]. Tt is natural to ask if there are other
potential candidates in this class of processes that may improve, or at least
supplement, the limits discussed in Sec. 3.3. In this chapter a number
of interesting results are presented to answer this question. At first the
focus will be on ALP searches via rare meson decay of the form M — M'a.
Here the most promising candidates appear to be B—factories and B—physics
in general [90,91,93,96]. Recently many results and analysis have been
published [61,68,69,94,99,115,129] on the subject but it is clear that B meson
decays do not produce bounds as dominant as the ones from kaon rare decays.
A thorough analysis shows that the difference is in the experimental precision
achived. Another interesting mesonic sector is the D—sector, here any bound
extracted would truly be “orthogonal” to the ones deduced in the other cases.
Indeed D—mesons decays are typically are free from any ¢; presence, and as
such they probe directly the couplings to the valence quarks. Even though
the signals are very weak these channels are intrinsically interesting. Finally
light vector mesons provide a unique laboratory to test interferences and
correlations between loop and tree level in the signal, similarly to the kaon
channel. In general when tree-level and loop contributions are separated by

93
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’ Channel \ Tree—Level \ Loop ‘
BF — D*a 1x107% | 7x1073
B - D%a | 1x1072 |7x1073
B - K**a | 8x107° n.a.
BF — p*a 3x107° n.a.
Bf - K*a | 2x107° n.a.
BF — m*a 4 x 1077 n.a.
B* — DZa 1x107 n.a.
B* - D¥a | 1x1071Y n.a.
B - K*a| 1x107° |4x1073
B* — pra 1x107Y | 5x 107
B* - K*a | 1x107% | 6x 1073
B* »nra | 5x10710 [ 1x107°
D - K*a| 3x1077 [3x107°
D — p*a 2x 1077 n.a.
Df - K*a | 1x107% |3x107%
DT — 1*a 1x107°8 n.a.
D+ — K**a | 3x1077 n.a.
D* — p*a 3x 1077 | 3x 107
D* — K*a | 3x107" n.a.
D* — na 2x107% | 2x107®
K+ = pfa | 3x107% [4x1077
K* - K*a| 3x107° [4x10°°
K* - 7n%a | 7x107% |4x1077
pt—=K*a | 6x1078 |5x1077
ot — 1Fa 2x 1077 | 5x107®

| K¥ = 7%a | 7x107°7 [4x1077]

Table 5.1: Order of magnitude of charged amplitudes.

a factor between' 1072 ~ 1072 one can extract some interesting correlation

between the couplings. Such a big window is justified by the hierarchical

limits extracted on the parameters associated with the different channels,

ITo be relevant the bigger amplitude must be the one associated with the more con-

strained parameter.
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in [115] the authors discuss these features in the relevant case of the analysis
of the NA62 signal.

5.1 Bounds from mesonic final states

Using the formulas discussed in Sec.4.1 and 4.4 a number of predictions on
the order of magnitude of amplitudes is presented in Tab.5.1, where these re-
sults are obtained in the massless limit, and in units of the relevant coupling,
i.e. having ¢; = 1 and f, = 1 TeV, using the form factors [122-124,130-139],
and the relevant Clebsch—Gordan decompositions. The channels considered
in Tab.5.1 represent a sample of interesting processes where the approxima-
tion discussed in Chapter 4 has meaning, namely the particles produced in
the final state are emitted at high relative velocities. In the CM frame the
3—momentum of the final state particles is

V(MR — Mp)? + mi — 2m, (M3, + Mp)
2Myy

|Pon| = : (5.1)
and as long as the relative velocity of the final particles is relativistic the
approximation we are in is well defined. In the following the biggest in mag-
nitude are discussed in descending mass order of the mother particle. The
B — D*(D*)a channel appears clear from any correlation due to the small-
ness of its tree level. Moreover it has the biggest amplitude of the computed
ones thanks to the smallness of the Cabibbo suppression, and has a decently
large parameter space. Of course processes involving these exotic resonances
are typically harder to control experimentally, nonetheless it is important to
point out that a measurement of a Branching ratio < 10~° would be compet-
itive with the bounds from the kaonic sector, with a much larger available
parameter space. The dashed black line in Fig.5.1 is the expected limit from
this scenario. Another important channel is the Bf — Va for both the
final vector states considered as this decay appears to be dominated by tree-
level contribution. Moreover the small ratio Mp, /M, i~ allows one to forget
about final state emission producing a very clean, but somewhat small, sig-
nal proportional to down-type quarks coupling. One could potentially reach
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Figure 5.1: Summary on ¢; bounds in the GeV ALP mass range.

perturbativity bounds with BR < 1075, Descending in mass one encounters
B-physics and B factories with data from BaBar and BELLE [93, 96, 140]
close to reaching the Kaon sector bounds but with branching ratios orders of
magnitude higher. The bound in Fig. 5.1 is obtained using BELLE data on
B — Ka. As mentioned above the D,/ D-sector has unique and interesting
properties. The NLO contribution for these channels are not top enhanced
as the quarks running inside the loop correction are down-type. This pro-
duces interference in the signal, present in particular in D} — K*a and in
Dt — 7wta, where naive considerations suggest correlation between ¢, and
¢p. It is clear that these and the other channels in this sector allow for mea-
surement on a typically difficult contribution to isolate, the one coming from
the charm quark. Although the amplitudes are not the largest they offer
an interesting window on charm quark physics otherwise precluded in the
meson to meson ALP decays. The lighter mesonic resonances K* and p can
be considered in the same category due to similar Cabibbo suppressions and
mass scales. All the processes allow simultaneous presence of tree level and
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loop with similar magnitudes. This will produce a non zero interference be-
tween the two, offering a possible analysis of light couplings. The combined
signal entering the measures has to be studied carefully in a fashion similar
to that of the kaonic sector. The last channel present in Tab. 5.1 is the most
important one and deserves a dedicated discussion postponed to Sec.5.2.

For neutral channels one has a similar story and all the results are shown
in Tab.5.2. The most promising are of course B — K*°a for loop couplings
and D° — K*% for tree-level couplings and finally a couple of channels will
have strong correlations between the parameters. In particular K*° — K%,
p® — K% and p° — 7% exhibit the largest correlation out of every channel
considered in the analysis. Unsurprisingly it emerges even in the neutral
sector, that the best way to probe tree-level channels is to look at the D
sector where the pengums contrlbutlons are mediated by down type quarks
and will experience large —% suppression. On the other hand these tree-level
channels will have Contrlbutlons coming from ISP, typically a charm quark or
a lighter down type quark emission, in the former case additional suppression
might be introduced depending on the model of the ALP-fermion coupling
(e.g. if one chooses a up-type, down-type coupling as done in [115] or a
universal coupling).

5.2 Kaonic sector

The kaonic sector deserves a special treatment for a number of reasons. It is
without a doubt the channel with the most precise data and most number of
studies. The extreme precision reached by terrestrial experiments allows for
the most stringent bounds it and presents correlation effects between loop
and tree-level. Nevertheless the amplitude associated with this process is
not the biggest. The most interesting aspect, beside the potential to bound
¢, are the correlation effect discussed by the author in [115] and that will
be shortly reviewed in Sec.5.2.2. Another interesting feature of this process
is the non—trivial hadronization required, if one wants to keep track of both
tree level and penguin contribution. Following what has been discussed in
Sec.4.1 one obtains the tree level decay amplitude of the KT — wta for
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\ Channel \TreefLevel\ Loop \

BY — D% n.a. 1x1073
BY — D% | 2x10°° n.a.
BY — K*% n.a. 8 x 1070
BY — pa 1x 1077 n.a.
BY — KV n.a. 9 x 10~*
B’ — K" n.a. 8 x 107°
B — D% | 7x107' n.a.
BY — pla 4 %1078 1x107°
B’ = K}a n.a. 4 %1073
BY — 7% 3x107% | 9x 1074
DY — K% | 5x107° n.a.
D% — pla 4x107°% | 2x 10712
D% — Ka | 1x1077 n.a.
D% — 7% | 1x107% |2x1071°
KY— K% | 2x107% | 4x1078
KV — 7% | 5x107° | 2x107°
O — K% | 5x107% | 7x107°
p’ — mla 1x1077 | 5x 1071

| K) =7’ [ 6x10° [ 5x107° |

Table 5.2: Order of magnitude of neutral amplitudes.

initial and final state ALP emission, namely Eqgs.(4.14) and (4.15), to be:

s G . M
AgézR = _F<VusVUd) fK fﬂ' (ka : Pﬂ')_K
V2 fa 52)
/‘1{057”39(37_(55) . Cumue(l_.r—éf) }¢ ( ) ( )d
o Um2 — 20k, Px m2—2(1— )k, P J OEV IR AL
and
s G . M,
‘A%BS‘R = _F(VusVUd) fK f7r (ka : PK>_
! v Csm cf:n (5-3)
/0 {me%—kaa-P7r B m?ﬂ—?(l—:L‘)k‘a~P,r}(bw(%)gw@)alm
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with 6% = m,/(2M¥) an explicit cutoff introduced in the fractional momen-
tum to remove the unphysical singularities appearing in the integrals. The
most compelling aspect of Egs.(5.2) and (5.3) is that for universal, or diag-
onal couplings, say c¢s = ¢, = ¢, a parametric cancellation appears in the
amplitude. This is a general feature of all tree level process and does not
depend on the particular channel parameters, masses decay constants etc.
As a rule, if present the tree-level will always have a parametric cancellation
for same signs couplings. Of course the individual signs are arbitrary and one
might choose a different convention, but Eq.(2.31) looks like the most natural
choice for a phenomenological model. The second interesting observation has
to be that kaons are not properly heavy mesons nor light ones. The “heavy-
ness” of a meson, in this context, is determined by the parameter £ = m,/mg
defined in Eq.(4.7) and measures how much of the total momentum distri-
bution of the meson should be assigned to the heaviest parton. Small values
of ¢ indicate a large skew in the momentum distribution amplitude, typical
of heavy meson, while £ ~ 1/2 suggests a light meson, with a symmetric dis-
tribution of momenta among the valence quarks. These correspond to two
extreme cases that have an immediate approximated form. One can consider
either, SU(3) symmetry (m; ~ m,) thus consider the Kaon as light , or the
opposite heavy meson treatment wherem, > m,. At this point one has to
assign a low—energy value to the valence quarks and introduce some level of
model dependency. When & = 1/2 quarks in the valence state are assigned
the same mass, namely m, = 7, = Mg/2, and in the massless ALP limit
one gets:

3GF fr fr s M?
MIL<+ R _Z—\/g<vusvud) ff gIL( (cs —cu) - (5.4)

Conversely, in the heavy meson approximation, one can assume m, = { Mg
and mg = (1 — )M, with & = m,,/m,. Moreover, approximating ¢k (z) ~
d(1 —x — &) as suggested in [141], one obtains, in the m, = 0 limit:

_GFfoﬂ' MI2(

Mg+ ~ W(V:svud)f 9[13 (cs —cu) - (5.5)
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This simple example highlights the criticalities discussed below Eq.(5.3). The
approximate formulas of Eq. (5.4) and (5.5) cancel completely when a univer-
sal coupling is chosen maximizing the parametric cancellation. This cancel-
lation is still partially at work even when the full ¢k (z) is used and indicates
a possible underestimation of the Mg amplitude (and consequently on the
ALP-quark coupling limits) in the “universal” ALP-SM quark coupling sce-
nario compared to the general case?. Moreover one can see the difference
that considering a heavy or light meson in this model brings, in particular
the ratio of these cases ML, /M, = (3/2)(gk/gi}). From the approximate
formulas of Eq. (5.4) and (5.5) one can estimate roughly the order of magni-
tude of the uncertainties introduced in the calculation by the hadronization
procedure for the K meson. To reproduce the numerical results of the follow-
ing section, an intermediate approach will be, instead, considered: the heavy
meson function will be used, assuming® g# = 1, and with the two partons
defined as m, = m, + A and my; = ms + A with A = (Mg — m, —ms)/2 a
parameter of order Agcp. Conversely, for the estimation of the M, ampli-
tude, one can safely assume to parametrize the pion using the light meson
wave-function. If one take g.(x) ~ 0, as customarily suggested in the litera-
ture, the pion contribution automatically vanishes. A conservative estimate
can however be obtained by setting, for example, ¢,/g9x ~ M, /M, which
predicts the following upper bound to the ratio

M+

K =
" M+

M 3
< T) ~1.x1072,
~ (MK) .

For this reason, even in the numerical calculation one can neglect the ALP-7

R

emission as expected on a general ground, once same order ALP couplings
to u,d and s quarks are assumed. Looking at Tab.5.1 one can see that
the dominant part of the amplitude comes from the top enhanced loop. To
compute it one follows Sec.4.4 to find the loop amplitude for the K™ — 7t a:

2Being the sign of the ALP-fermion couplings completely arbitrary, depending on the
conventions used this parametric cancellation can occur for ¢, = ¢,, when the Lagrangian
in Eq. (2.31) is used, as done for example in [68,99,108].

3In the following section it will be commented on how to adapt the numerical results
to account for different choices of gx.
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me, o Grmi M. (1— Mg*)
K+—rta 4272 fa Mf{+

2 m; 2 (9) (5:6)
|:f+(ma) + MIZ(+ _ M2+ f* (ma>1 Z Csd
m q=u,c,t
with the coefficient
(@) X 9(ry)  cqmy fg

opportunely normalized in order to factorize out all the relevant scale de-
pendences. The penguin with the ALP emitted from the internal W line is
included for completeness, even if in the following phenomenological analysis
cw = 0 will be assumed. The dominant contribution from the penguin dia-
gram is mostly proportional to the ¢; coupling. For the K meson decay, with
the charm contribution roughly accounting for 10% of the total contribution.
One-loop diagrams, with the ALP emitted from the initial/final quarks can
be safely neglected being suppressed by at least a factor m?/m¥, ~ 1076
with respect to the penguin contributions, as they arise at third order in the
external momenta expansion. Therefore, no sensitivity on the ALP—down
quark couplings can emerge in the K — 7a decays from one loop diagrams.
An order of magnitude of the tree vs loop amplitude ratio is obtained from
comparing Eqs. (5.4) and (5.6), giving:

T

M+
L

M+

J& [

2
my

Vi Vi
Vis Via

~ 27

Ry = ~1.x 1072 (5.8)
showing the expected level of suppression. Even if the tree vs loop ratio
is at the per cent level, the tree level diagrams may have a non negligible
impact in the measurement of the K — mwa decays, as in principle they
depend on different and less constrained, down quark—ALP couplings. The
corresponding neutral amplitudes are obtained in a similar fashion using the
appropriate results shown in Sec.4.3 and 4.4. The only subtlety is that the
mass eigenstates of the neutral Kaon are misaligned with the flavour ones.
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This requires a particular combination of amplitudes in the flavour basis to
be considered as the experimental signal. The authors discuss this particular
issue at length in section 3.3 in [115]. Moreover one can check in Tab. 5.1
that the one can safely ignore tree-level in the case of the K? decay.

5.2.1 Phenomenology of the K — ma channel

Armed with the tree-level and one-loop, charged and neutral, K — ma de-
cays amplitudes, one can bound the ALP-fermion couplings using the experi-
mental limits provided by the NA62 [86-88], E949 [125-127] and KOTO [89]
experiments. The main assumption underlying the following phenomeno-
logical analysis is that the ALP lifetime is sufficiently long for escaping the
detector (i.e. 7, 2 100 ps) or alternatively the ALP is mainly decaying in a,
not better specified, invisible sector. Visible ALP decays have been studied,
for example, in [67,69, 75, 142]. The tree-level amplitudes of charged and
neutral channels depend on the ALP couplings with s, d and u quarks, while
the one-loop ones are typically dominated by the ALP coupling with the
heaviest quark running in the loop, the ¢ quark, being the ¢, u contributions
suppressed by the m,, ./m; mass ratio. Being the focus of this paper on ALP-
fermion couplings, for the rest of the section ¢y = 0 will be assumed. The
interplay between the simultaneous presence of ¢y and ¢; has been discussed
in detail in [69]. An analysis of the X' — 7a decay with completely gen-
eral, but flavor conserving, ALP-quark couplings, would require to consider
a five-parameters fit, (cy, cq, ¢, Cs, ¢;) beside the ALP mass m,. In order to
obtain meaningful information about the ALP-fermion couplings different
simplifying assumptions have to be introduced. To study the phenomenol-
ogy only two independent family universal ALP-fermion couplings, ¢; for the
up quarks and ¢ for the down ones, will considered, for sake of simplicity”.
Under this assumption, the interplay between the tree—level and loop contri-
butions to the K — ma decay will be thoroughly discussed. Limits for the
universal ALP—fermion coupling c,e can be then obtained straightforwardly.
As stated in the discussion above, the following results have been obtained

4The authors refer to [115] for a more detailed study of the contributions considered
here.
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using the heavy meson approximation for the K meson with g¥Z = 1, but with
a modified parton mass definition, e.g. a value gx = 1/2 could be reasonable
considered the mixed nature of the K-meson. However, different assumptions
on gx can be simply obtained by accordingly rescaling the showed bounds
on ¢;: ie. ¢ =c¢;/gk.

5.2.2 Interplay between tree—level and one—loop con-

tributions

0.001

& 5.x107

1.x1074} ]

5.x107°

L | L | L L L | L L M
0.005 0.010 0.050 0.100
mg, [GeV]

Figure 5.2: Excluded parameter regions for an universal ALP—up quark cou-
pling ¢4 derived from NA62 (pink), E949 (cyan) and KOTO expected (dashed
line) experiments.

To constrain, simultaneously, tree—level and one—loop contributions to the
K — 7a decay one has to adopt simplified frameworks. Following [69], one
can consider the scenario of universal ALP-quark coupling, c,e. From the
analysis of Sec. 4 one easily realizes that in this scenario, the top-penguin
loop contribution dominates the charged and neutral K decay, once ¢y = 0 is
assumed. The full cyan and pink lines in Fig. 5.2, represent the limits on c,¢
obtained from E949 and NA62 respectively as function of the ALP mass m,.
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The dashed gray line represents, instead, the c,e limits from the expected
KOTO upgrade. These results are in agreement with the bounds presented
in [69] and show that K meson decays typically constrain c,e < 1072 in the
sub-GeV ALP mass range.

In general MFV ALP frameworks, however, it may not be unconceivable
to assign different, but flavor universal, PQ charges to the up and down quark
sectors, see for example [143-145], that in the following will be denoted as ¢4
and c, respectively. In this scenario, one-loop amplitudes only depend from
¢y while the tree-level amplitudes are practically proportional to a linear
combination of ¢y and ¢, as evident for example in the simplified amplitudes
of Egs. (5.4) and (5.5). Indeed, to study the interplay between tree-level
and one-loop the reference value ¢, = £0.05 has been chosen, somehow
in the ridge of the parameters allowed from previous analysis on tree-level
contributions [115]. The blue and brown shaded regions showed in Fig. 5.2
represent the variability of NA62 and E979 bounds on ¢y once ¢ is let varying
in the [—0.05,0.05] range. The presence of the tree-level contribution can
modify the bounds on ¢4 extracted from penguin diagrams of roughly one
order of magnitude, in all the m, range. The expected KOTO limits on the
K? — 7%a decay is reported in Fig. 5.2 as a black dashed line, giving a
practically constant bound ¢; < 1 x 1073 over all the m, range of interest,
yet not competitive with the charged sector one. Notice that, however, the
neutral K decay sector does not suffer from any relevant interference from
the tree—level processes, largely suppressed from the CP violating parameter
€. A simultaneous measurement of the charged and neutral K — 7 a decays,
may thus in a not too far future may give independent indications on the
relative size of the ALP-light quark couplings. Finally, in Fig. 5.3, a summary
on the combined bounds on (¢4, ¢;) is presented for two reference values of
the ALP mass m, = 0 GeV and m, = 0.2 GeV. For the two upper plots
sign(c;) = sign(cy) has been taken. In the lower plots, where sign(c;) =
—sign(ct) has been considered, a partial cancellation between one-loop and
tree-level contributions takes place. In this second scenario, the ¢| constraint
from the Y (ns) decays at Babar and Belle (full vertical black line) derived
by [99] can contribute to close this flat direction.
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Figure 5.3: Excluded parameter regions for universal ALP—up and down
quark couplings ¢4 and ¢; derived from NA62 (cyan) and KOTO (pink and
dashed pink line) and Y (ns) — ~va (full vertical black line) experiments.
The upper plots refer to the sign(c;) = sign(c4) case, while in the lower ones
sign(c;) = —sign(cy) has been chosen.

5.3 Leptonic Final States

In this section the authors consider the detailed analysis of pseudo—scalar
meson leptonic decays, M — fvya, with an ALP escaping the detector or
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Figure 5.4: Tree level contributions to the M — ¢y, a amplitude, with the
ALP emitted from the M meson. The diagram where the ALP is emitted
from the charged lepton is straightforward.

decaying into an “invisible” sector. These decay channels were previously
analyzed in [108] for a massless ALP and for a universal ALP—fermion cou-
pling, here instead the ALP mass and the fermion couplings are going to be
considered generic and flavour—conserving. Therefore it will be possible to
extract independent limits to both quarks and leptons couplings to ALP. The
bounds obtained for the couplings of ALPs to leptons are the most stringent
to date. Using the effective Lagrangian of Eq. (2.31) one can calculate the
leptonic decay rates of pseudo—scalar mesons, M — (v, a, with the ALP suf-
ficiently long-lived to escape the detector without decaying (or decaying into
invisible channels). In such a case the only possible ALP signature is its miss-
ing energy /momentum. In the following, M), and Py, will denote the mass
and 4-momentum of the decaying meson, while leptons and ALP masses and
4-momenta will be indicated with my,, m,, pe, p, and p, respectively. Neutri-
nos will be assumed massless. These decays have a single allowed topology
shown in Fig. 5.4, where only the diagrams where the ALP is emitted from
the M-meson are shown. The diagram where the ALP is emitted from the
charged lepton follow straightforwardly, while the one with the ALP emitted
from the W™ internal line automatically vanishes, being the W*W~—-ALP
coupling proportional to the fully antisymmetric 4D tensor. In the following,
the derivation of the decay amplitude for the channel in which the ALP is
emitted from the initial quarks or from the final charged lepton are discussed
separately, as they need two different hadronization treatments. The two
diagrams depicted in Fig. 5.4 represent the contributions to the M — ¢y a
decay in which the parent meson constituent quarks emit the ALP and then
annihilate into a virtual W boson, producing the final leptons. The corre-
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sponding amplitude® can be written as:
M, = 0]l QM) (€, Prvy)

with T} given by

o 4GFV CqMy P P =P, Mg
h — L 2 Vs
\/_ fa a_zpa'pq (59)
? —p,—m '
CQmQ Q "
- ’YPL>-
fa _2pa Pq

In Eq. (5.9) p, and pq are the initial quarks momenta, with ¢, and ¢
the corresponding ALP-fermion couplings. Using the methods introduced
in Eqs.(4.13-4.7) one obtains the following decay amplitudes for the meson
ALP-emission process:

4’L'GFV(1Qf_M M]%/[ [ meq

(D(Q) 2
o L 2pe- Py Qg 2t (M)

a

ch\TZq o (m )] (Wﬁ Py Vz)
(5.10)

M, =

where the functions ®'% Q)( 2) contain the integrals over the quark momen-
tum fraction and are defined respectively as:

10 . P
@(Q) 2 — / DPa M d
M(ma) 0 mg_2<1_l‘)pQPM ¢M(Z’)QM<I'> €
1
oD (m2) = Pt () gui(w) da (5.11)
M Mg m2 — 22 p.- Py M\T) gm . .

The presence of the kinematical cutoff §,; = m,/(2M);) prevents the appear-
ance of unphysical bare singularities. The leptonic decay amplitude for the
lepton ALP—emission process can be easily obtained by using the definition

5For definiteness, the leptonic current is written assuming a negative charged meson
M = qQ state, being ¢ a light up-type quark and @ an heavy down-type one.
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of the meson form factors of Eq. (4.8), giving
M, = (0]gr.PLQIM) (LT v) ,

with

4GF Cp My p +? + my )
r* = Va0 a7t P 5.12
¢ \/_ ( fa 75m2+2pa'p27 v ( )

In Eq. (5.12) p; dubs the momentum of the final charged lepton. By making
use of all the Dirac matrices relations one obtains:

4iGp fur - com? _
_ Loy Ju Pov) — —M (py p .
M, 7 Va0 7, {Ce me (€ Ppvy) 2+ 2pe (f}ﬁa LW)

(5.13)

5.3.1 Differential Decay Rate

For the 3-body decay at hand, and assuming a massless neutrino, one can
define the following Mandelstam variables:

s = (Pu—po)® = (p+pa)? = My +mi —2Myw,  (5.14)
t = (Pu—pv)’ = (pe+pa)? = Myp — 2Mpw, (5.15)
u = (PM - pa)2 - (pf +pu)2 = M]%/[ + mg - 2Z\4M(J~Ja (516)

with the energy conservation providing the identity:
s+t+u= My +mj+m.

The differential 3-body decay rate of any scalar particle in its rest frame
can be simply written as function of two independent final energies w;, or
equivalently of the two independent Mandelstam variables, as

1 1

ey dw, = 2 dsdu (5.1
(27r)38M s, 1Ml dr de (2r )332M3 M ds du (5.17)

(dUs) g =
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with M = M, + M,,. The Feynman amplitude squared reads:

2 2
szc 02 M pe.pl’_m€< Pa - Dv
7 A BT A T ACT T -
2 pu'(pa+p€) >}
+m,
(mg + 2pa 'pZ)Q
m m 2
M2 = Car[cq 2 @8 (m2) =y 1= @0 ()|
My My 510
X 2(pa p€><pa 'pu) - mgpf *Pv .
(pa : PM)2
m m
MG = Ovs e i [caq e @4 (m)—e, 37047 (m)
e (5.20)

m?2 (pa - pu + Pe - v
(m2 +2pq - pe)(Pa - Pur)

with the overall constant factor defined as:

12
Cu = 4G% VP My, f%

One can notice from Eq. (5.20), that the mixed product is proportional
both to the ALP and the charged lepton masses and, consequently, can be
neglected either for a massless ALP or for meson decays to a light charged
lepton. The total decay rate, for a general ALP mass, can be obtained
by numerically integrating the differential decay rate of Eq. (5.17) in the
kinematically allowed region. On the other hand, the massless ALP limit
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can be easily integrated analytically. By setting m, = 0 one obtains:

{c? (2p2 +3p* + 12p* log p — 6p° + pg)

oGP,
M—Llvpa — W?

2
+ [—CQ T2 5@ gy — “ a0 (0)} (1—6p> — 12p"log p + 3p* +2p°) ¢.
MM MM

(5.21)

For ¢y = ¢; = cg = 2 one recovers an agreement with the leptonic part of
the decay rate in Eq. (17) of Ref. [108], while the hadronic part is wrong
and 1/4 of the result in Eq. (5.21), consistently with what obtained from the
Feynman amplitude check.

5.3.2 Bounds from Leptonic Final States

Pseudo—scalar leptonic decay experiments can be used to constraint flavour—
diagonal ALP-fermion couplings of Eq. (2.31) via the ALP (invisible) decay
rate derived in Sec.5.3.1 in Eqs.(5.17-5.20). Leptonic B-decays have been
measured at B-factories, latest BELLE data for electron, muon and tau chan-
nel can be found in [146-148], respectively. Charmed meson decays have been
measured at BESS (see [149-151] for D and [152,153] for Dy decays respec-
tively) and at BELLE [154]. Leptonic Kaon decays have been measured by
KLOE and NA62 [155-157]. In Tab. 5.3 available experimental determina-
tions for the leptonic pseudo-scalar decay branching ratios are summarized
and the lowest order SM predictions are shown for comparison.

It is once again important to stress that the following phenomenological
analysis assumes an ALP lifetime sufficiently long to escape detection (i.e.
T, 2 100 ps) or alternatively that the ALP is mainly decaying into a, not
better specified, invisible sector. In both cases, the ALP signature is a missing
energy /momentum, just as for neutrinos. In this scenario, the simplest way
to constrain ALP—fermion couplings is then to saturate the 1-o experimental
limits on the corresponding leptonic branching ratio adding the leptonic ALP
decay to the leptonic SM amplitude. No kinematical constraint (2-body vs
3-body decay) is used in the analysis at this stage. The derived bounds
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‘ Channel ‘ SM Branching Ratio ‘ Experiment Ref. ‘
B* — i, 8.37 x 10712 <9.8x 1077 [146]
B* — p*v, 3.57 x 1077 (5.3+£24+0.9) x 1077 [147]
B* — 750, 7.95 x 107° (72+27+1.1)x107° [148]
D* — e*p, 9.51 x 107 <88 x107° [149]
D* — y*v, 4.04 x 1074 (3.71 4+ 0.19 4+ 0.06) x 10~ | [150]
D* — %1, 1.08 x 1073 (1.24+0.24+0.12) x 1073 | [153]
DF — e*p, 1.24 x 1077 <83 x107° [154]
DF — u*p, 5.28 x 1073 (5.49 +0.17) x 1073 [151]
DF — 50, 5.15 x 1072 (4.83 +0.65 4 0.26) x 1072 | [152]
K* — e*r, 1.62 x 107° (1.582 £ 0.007) x 107 [157]
K* — u*p, 0.629 0.6356 £+ 0.0011 [157]

Table 5.3: Lowest order SM predictions and experimental constraints on the
considered M — (v decay branching ratios.

on the U(1)pg breaking scale f, are shown in Tab. 5.4. These values have
been obtained by setting the relevant ALP-fermion coupling to one, with all
the others vanishing. The results are provided for two reference values of
the ALP mass m, = 0 GeV and m, = M,;/2 GeV, showing the variability
range that should be expected for a massive vs (almost) massless ALP. As an
example, the first row in Tab. 5.4 should be read as follows: the “up—quark”
columns represent the f, limits obtained by setting ¢, = 1 and ¢, = ¢, = 0
for the two reference values of m,, the “down—quark” columns represent the
limits obtained by setting ¢, = 1 and ¢, = ¢. = 0, and finally the values in
the “lepton” columns are obtained by setting ¢, =1 and ¢, = ¢, = 0.

For the heavy pseudo—scalar mesons, such as B, D and Dy, the formulas
discussed in Sec.4.1 can be readily applied. These mesons are very well
described by the heavy wave function ¢g(z) in Eq. (4.7), with gp = 1.
Constituent quark masses should be used for partons, instead of bare masses,
ie. My = mg + my (being mg ~ mg) with @) and ¢ the heavy and light
quark in the meson, respectively. The Kaon sector is more delicate as Kaons
cannot be treated fully consistently neither as heavy or as light mesons [110].
The specifics of these contribution have been discussed in detail in Sec.5.2.

One can immediately realize that the f, bounds shown in Tab. 5.4 from
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fa |GeV] u-quark || f, |GeV] d-quark || f, [GeV] lepton
Channel ma[zo ‘]ma:% ma[:() ‘]ma:% mGLO ‘ }ma:%
B¥—e*v, | 2.8 0.079 4 1.3 5107* | 1.3-10~*
B*¥— u*v, 6 0.16 8.3 2.7 0.2 0.06
BY*—rtp. 0.38 0.006 0.5 0.065 0.2 0.05
D¥—etp, 6 2.1 5.7 0.86 0.02 | 5.3-10~*
D*— p*v, 4 1.3 3.7 0.56 0.27 0.070
D¥—7r*p,. | 0.007 0.007 0.006
D¥—e*p, 8 3 8.2 1.9 0.002 | 6.6-10~*
D¥—u*v, 5.5 2 5.7 1.3 0.3 0.09
Di—1*0, 0.02 0.01 0.02
K*—etp, 249. 87 170 10 0.243 0.06
K*—u*p, 1.7 0.5 1.2 0.05 0.32 0.06

Table 5.4: Limits on the U(1)pg scale f, derived from leptonic pseudo-scalar
meson decays, setting the relevant ALP-fermion coupling equal to one, with
all the other couplings vanishing.

up-type and down-type ALP-quark sectors are far from being competitive
with the ones derived from FCNC processes, presented in Sec.5.2 in Figs.
(5.1-5.3). For example, from Fig.5.2, one can read off a limit f, = 10 MeV
stemming from the top-enhanced penguin contribution, assuming ¢; = 1.
Tree—level diagram contributions to FCNC processes can provide constraints
on lighter quark sectors, Fig.(5.3) or Ref. [115], giving limits on f, in the
range f, = 106 — 10" MeV. From Y (ns) decays on can obtain a constraint
of the same order for the bottom sector [99]. The only pseudo—scalar meson
leptonic channel that provide almost comparable bounds on the quark sector
is the K* — e*v, decay, while most the other pseudo-—scalar leptonic decays
provide limits in the ballpark f, 2 10% — 10* MeV for the light lepton decays
and f, = 10" — 10? MeV for the 7 ones.

Nonetheless, pseudo—scalar meson leptonic decays can be still very useful,
as they provide the best present limits on the ALP—lepton sector for an ALP
with m, in the (sub)-GeV range, bounding f, = 10> — 10> MeV for most of

the available channels. Typically, the muon sector gives better limits on f,
as it combines experimental data with relatively smaller errors and a not too
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Figure 5.5: Limits on the coupling (a) ¢,/ f, and (b) ¢4/ f, derived from the
leptonic meson decay indicated in the legend, as function of the ALP mass
M-

large lepton mass suppression of the amplitude in Eq. (5.18). The electron
sector suffers from a larger mass suppression and typically provides bounds
on f, = 105 — 10% MeV, with the only exception of the K* — e*v, chan-
nel benefiting from its highly precise determination®. Furthermore, in this
ALP mass range, the results presented here on the electron coupling ¢, can
be complementary with present and future ALP-DM searches like EDEL-
WEISS [158] and LDMX [159] and reactor searches at CONNIE, CONUS,
MINE, and v-cleus [160].

The same information can be visually obtained from the plots in Fig. 5.5
and Fig. 5.6, where the dependence of the ¢;/f, bounds on the ALP mass is
shown for the ALP couplings to up-type and down-type quarks (Fig. 5.5 (a)
and Fig. 5.5 (b) respectively) and for the ALP couplings to charged leptons
(Fig. 5.6 (a)). As previously noticed, the K= — %y, channel is the most
promising one, putting bounds on ¢, s/ f, < 5 TeV~!, while most of the other

~Y

6Recall, however, that caution should be used when handling K data as a larger
hadronic uncertainty has to be accounted for, unavoidably.
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< 10% — 10® TeV~!, still far from the

~

perturbativity region for f, = 1 TeV. Concerning the ALP-charged lepton

channels are providing limits ¢, ¢ s/ fa

coupling notice that the best limits come form p decay channels, bounding
cu/fa S 103 — 10* TeV~!. Measurements of ¢, are still limited by worse
experimental resolution providing bounds c¢,/f, < 10° TeV~!. Sensitivity
to the ALP-electron coupling ¢, is obviously suppressed by the tiny electron
mass giving c./f, < 106 — 107 TeV L.

The results presented here represent an improvement of at least one order
of magnitude compared with limits obtained in Tab. III of [108]. Three
main reasons can be advocated: i) first of all, since the publishing of [108§],
experimental determination of pseudo-scalar leptonic decays has typically
improved by roughly a factor ten, leading to more stringent bounds on f,,
ii) moreover, one has to recall that the leading hadronic contribution in Eq.
(17) of [108] underestimates by 1/4 the ALP branching ratio, resulting again
in lower f, bounds, iii) finally, assuming a universal ALP-fermion coupling
results in a parametric cancellation, clearly shown in Eq. (5.10) once ¢, = cg
is assumed, causing a lost in sensitivity that numerically can be estimated in
the 50%-70% range”.

5.3.3 Spectrum analysis

All the bounds shown up to now have been extracted using exclusively infor-
mation inferred from the total decay rate. One may think that stronger con-
straints should be derived from the differential decay rate dI"/dw, (or equiva-
lently dI'/ds) obtained integrating Eq. (5.17) over the ALP energy w, (or over
the Mandelstam variable u), thus exploiting the different leptonic energy dis-
tribution characterizing two—body vs three-body decays. The SM two-body
decay distribution is peaked around vanishing missing mass s = m? ~ 0,
and therefore any excess of events with s > 0 could be an indication of a
three-body decay, once SM backgrounds (like Dy — pv,y with w, below
the detection energy threshold) have been opportunely accounted for. As an
example, in Fig. 5.6(b), the comparison between the limits on the ¢;/ f, coef-

ficients obtained from the differential decay rate analysis for the Dy — pv,

"A detailed and more qualitative discussion of this effect can be found in [115]
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Figure 5.6: Limits on the coupling ¢,/ f, (a) derived from the leptonic meson
decays indicated in the legend, as function of the ALP mass m,. Figure
(b) shows the limits obtained on all the couplings from the analysis of the
Dy — pv,a decay using the experimental BR (full lined) and the missing
mass distribution (dashed line).

decay observed by BESIII [151] (dashed lines) and the bounds from the
branching ratio (solid lines) are shown. The two methods give comparable
bounds, with limits obtained from the differential decay rate analysis being
somehow less stringent, showing that no clear improvement is obtained, with
present data, by adding the available spectral information.

The reason can be easily understood by looking at Fig. 5.7. The red
continuous line represents the experimentally smeared SM two body decays
rate, dl'gys/ds, here shown only for s > 0, as shown in Fig. 2 of [151].
The dl'sprynp/ds distributions obtained including the three body decay
Dy — pvyafor ¢;/ f, = 200 TeV—! and different values of the ALP mass, m,
are shown as blue curves. BESSIII collaboration provides data (dots with
error bands) on the missing mass distribution only for s < 0.2 GeV?/c*, while
most of the NP signal lies above s > 0.5 GeV?/c*. Consequently, less strin-
gent limits on ¢;/ f, can be obtained by using available spectral information.
Same conclusions can be extrapolated from the other few analysis with pub-
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Figure 5.7: Missing mass squared distribution for the Dy — pv, decay
from BESSIII collaboration [151]. The red solid line corresponds to the SM
smeared two—-body differential decay rate dI'/ds. Blue curves represent the
predicted distributions once the three-body D, — pv, a decay is included,
plotted for different values of the ALP mass, m,.

lic missing mass squared distributions. An improvement to the bounds on
the ALP-fermion couplings obtained from the total decay rate would require
to have access to the complete experimental data of signal and background
distributions, and is beyond the reach of this letter. Nevertheless one can
clearly see from Fig.5.7 that, at least for small values of m,, the difference
in the signals between 2-body and 3-body justifies a dedicated analysis on a
bigger M2,  range, as the signal is well separated from the background and
from the smeared SM 2-body.

From Fig.5.7 one sees that as m, increases the distribution for the 3—body
signal gets increasingly smaller in fashion that is far from the usual kinemati-
cal suppression “1— Ratio of masses”. Looking at the results one might think
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Figure 5.8: Decrease in the available integration region as m, € [0.1,1] in
the case of a Dy, — pua.

that the culprit for such an unnatural suppression is in the model presented
by the authors, perhaps the integrals cut—off in Eq.(5.11) is too harsh and as
a result part of the contribution is getting excluded resulting in an unphysical
suppression of the amplitude. This interpretation might be appealing but in
reality this suppression effect comes directly from the Dalitz plot shrinking
very rapidally under changes of m,, as shown in Fig.5.8.

5.4 Monogamma Final States

Recently some interesting low background channels have been studied by the
BELLE collaboration [161], namely the processes are B — INV and B° —
INV +«, with a reported Branching Ratio of 7.8 and 1.6 x107° respectively.
The study of the background can be found in [162, 163], showing plenty
of room for NP measurements. The techniques developed in the present
manuscript are well suited to study a process of the type M — ~a, or in
general any mesonic process with the vacuum as a final state. Processes like
the one studied by the BELLE collaboration in [161] have been proven to be
useful in bounding the ALP couplings, see [99], and represent a promising
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opportunity to look into the ALPs parameter space.

5.4.1 Weak Effective Theory and ALP induced Flavor
Violation

In the Standard Model Flavor Violation can only be mediated by the W's.
Below the EW phase transition F'V is induced in low—energy weak processes
via higher order corrections to the effective interactions involving only light
fermions. These effective interactions we are interested in were discussed
by Inami and Lim in a seminal paper [164]. In BSM with ALPs one can
induce change in flavor by having the ALP mediate the interaction, either
via direct F'V or, in a similar way to what happens with weak interactions, via
higher order processes. In the Minimal Flavor Violation Ansatz the former
is excluded while the aforementioned higher order corrections are exactly the
top—enhanced penguin loop discussed in Sec.4.4.

Consider the process B® — ~va, where the energies are the ones typical of
B-factories. To describe the process one has to consider the Weak Effective
Theory (WET). WET induces flavor change with the emission of a photon,
at lowest order an on—shell one. From [164,165] one recovers the form of the
effective vertex associated to the gamma mediating a change in flavor:

- eGG F

dil’yd; = WVQW@ (Fl (3% = P Pyu) Pr + iF20,,p5 (ma, Pr, + mdeR)),
(5.22)

where I} and F, are mass dependent loop functions and p,, is the photon mo-
mentum. Given that the contribution will be mediated by an on—shell photon
the part proportional to F; will always be zero, so the effective vertex one
has to consider is the one in Eq.(5.22) with F; put to zero. As mentioned
above the other way of inducing FV is via the top—enhanced 1-loop pen-
guin diagram. The effective Lagrangian associated with this term is, in the
“Yukawa” basis

- . G me (t) i

dl'd; = ——=c;;
T2 fa

The prescription to hadronize the contribution are the ones discussed in Sec.4
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and thanks to the nature of the process and the fact that we are considering
only fermionic ALP couplings the amplitudes will always reduce to the first of
Eq. (4.13). There are two effective vertices, Egs.(5.22) and (5.23), contribut-
ing to this process that one needs to consider. If the photon is mediating
the flavor violating interaction then the amplitude will be proportional to
light quarks ALP—fermion couplings while if the ALP is mediating the flavor
violation then the amplitude will be proportional to ¢;. If both are present
one will have interference in the final signal. Consider the effective vertex in
Eq.(5.22) mediating a process M® — ~v + INV where M’s partons are @ and
¢, both down type quarks. The two possible amplitudes, from either @) or ¢
emission, are given by

Gply _ Y ko v(m@Pr + mgPL)
Awer 64\/§7T2fa ki V ki P € (p1)a] camq m2 —2p, - k
_ 0w (Mo Pr + quL)kVS]
chQ mg _ QPQ Tk Q
(5.24)

As discussed before to hadronize correctly the contribution one takes the
first of Eq.(4.13). One can easily show that applying Eq.(4.13) to Eq.(5.24)
will give exactly zero as a consequence of the Ward—-Identity and momentum
conservation. Therefore any M° — ~ + INV amplitude under the MFV
and invisble ALP assumptions is generated only by the vertex in Eq.(5.23).
Therefore one has to compute the hard scattering process mediated by a
Flavor Violating ALP with the effective vertex of Eq.(5.23). The sum of the
two contributions, due to the possible exchange of the outgoing particles is

2 ()

. Grmy ¢ _

mQPR — quL
2pQ . k’

+ Qq'Y”(pq —f+ my)

By — K+ mo)”

mQPR - quL
2p, - k

Q.
(5.25)

Once again the relevant technique to hadronize the M° — ~va amplitude is to
project the operator regulating the process applied to initial state onto the



120CHAPTER 5. INVISIBLE ALP BOUNDS FROM FLAVOR PHYSICS

vacuum in the final state. The result for the operator found in Eq.(5.25) is:

.Grmi ¢ fu Que(my 4+ mg)
0 MO P — t Y q q
O Arv [M(Pur)) "Wan? 2f. M —m?

x (gr (@) Magk? = (mq — mg) PYy) / ded () (%) &(P,).
(5.26)

It is important to stress once again that in the case of an Invisible ALP with
Minimal Flavor Violation, the only non zero contribution to these decays
comes from the Pseudo—scalar annihilation of a neutral meson mediated by
the term in Eq.(5.23), i.e. the FC penguin induced vertex of the ALP with an
internal emission of a v, and as such depends only on the ¢; contribution. This
setup produces a theoretically clean signal dependent only on the coupling
between the top and the ALP through the Flavor Violating effective vertex.

5.4.2 Bounds From Monogamma final states

A single variable fit onto the BELLE data [161] for the monogamma final
state allows one to extract a limit of ¢; < 2. Therefore at the moment the
measurement does not saturate the perturbativity bound. Nevertheless the
rare decays M° — vyINV and M° — INV provide low background alterna-
tives to measure ¢; outside the K sector. In the present analysis the purely
missing energy final state has been neglected since the limit it would pro-
duce is smaller than the one derived in Fig.5.9 from the monogamma data,
mainly due to worse experimental resolution. In the future increasing atten-
tion should be given to these as typical Standard Model M° — INV are of
order 10714, i.e. realistically any potentially observed signal would indicated
NP. In Fig.5.9 the limits identified as “BELLE” and “Expected BELLE”
are extracted by BELLE data and by BR< 1076 respectively. Moreover in
Fig.5.9 the bound from BaBar’s own monogamma is shown. The observed
process is T (ns) — v+INV, that in our MFV invisible ALP scenario bounds
¢, rather then ¢;. This is due to the bb composition of the Upsilon, allowing
an annihilation to the vacuum without requiring loops or FV ALP couplings,
for a complete and in depth study the authors refer to [99]. Finally the limits
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Figure 5.9: BELLE and BaBar limits extracted from monogamma signals.
BELLE measures B® — vINV while BaBar looks at Y(ns) — v + INV. The
two experiments bound different couplings. The NA62* limit is obtained by
fitting only the tree level contribution on the experimental data.

obtained on ¢, via the K — ma channel, if the loop is turned off are shown
in the plot. These provide the strongest bounds on the parameter in the
considered mass region.
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Chapter 6

Conclusions

The present manuscript is a brief, self—contained study of the phenomenol-
ogy of ALPs in the fermionic sector, under the “Invisible Axion” assumption.
The Standard Model is embedded with an ALP via an Effective Field Theory
truncated at the lowest non-renormalizable order in the Laurent expansion.
The field content and the symmetry group are minimally extended adding a
single pseudo-scalar light resonance to the Standard Model, that is the Gold-
stone boson of an anomalous global U(1)pq symmetry spontaneously broken
at some high energy scale f,. The Effective Field Theory is then evolved along
its Renormalization Group flow from this Ultra—Violet scale down to the per-
turbative limit of QCD. Some attention is dedicated to the non—perturbative
regime of Strong Interactions with the QCD-Chiral Lagrangian.

A brief discussion on the cosmological and astrophysical implications of
this light resonance is presented along with the possible signatures on the rela-
tive observables. Direct and indirect limits on the ALP parameter space from
terrestrial experiments and non— are reviewed with some future prospects in
the observation and search for light resonances. Particular attention is de-
voted to fixed target experiments such as NA62, KOTO, BELLE and BaBar.
The phenomenology is then studied with the aid of the Brodsky—-Lepage fac-
torisation and Lattice QCD results. Short-range perturbative physics and
long—range hadronic physics are supposed to be incoherent with each other in
some limit and a model of meson ALP-interaction is recovered. A discussion
on the issues and the successes of the approximation is given throughout the

123
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manuscript in a number of different decay scenarios. An encouraging feature
is given by the QCD Chiral Lagrangian results giving the same amplitudes
and parametric dependences of the ones recovered in this manuscript within
103 accuracy.

Weak annihilation-induced ALP emissions generated by flavor conserving
couplings and weak mesonic decays induced by flavor violating ALP couplings
are studied in the framework of a single experimental signature. This allows
to extract important bounds and correlation information on the low—energy
ALP-fermion couplings from flavor factories data. ALP-leptonic final state
decays are also studied, a correction on the massless ALP limit and the full
mass dependence of the decay width is recovered. This opens up the study
for a plethora of signals able to project limits onto ALP-leptons and ALP—
quarks parameters. A discussion on the importance of 2-body vs 3-body
kinematics is presented along with the analysis on leptonic final states. Fi-
nally an analysis of ALP—mono-photon final states is presented in light of
the strong results obtained from BaBar data in the context of quarkonia res-
onances. A similar final state signature can be obtained from neutral meson
decays and some encouraging results are discussed.

An important part of the research work summarized in this thesis is the
systematic computation and study of meson-to-meson with ALP emission
form factors presented here for the first time. Most of the discussed phe-
nomenology is obtained via these formulas either at with tree-level contri-
butions or effective 1-loop ones.

Future prospects in the line of research are numerous and not always
tied to experimental results. One pressing matter is the projection onto the
UV theory of the limits obtained and discussed in the manuscript, with an
implementation of the UV flavor structure. A second possibility might be to
include visible ALP signatures, opening up searches where final states do not
contain missing energy. Finally an interesting possibility is to include Flavor
Violating coupling at tree level and study their one-loop contributions to the
ALP parameters.

The lesson one can learn from the phenomenology discussed in this the-
sis, beyond the pure exploration of the ALP theory space, has to do with
the potential correlation and subsequent modification on the limits projected
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onto the ALP—fermion parameters. Indeed in the manuscript it is studied
how some particular flavor structure in the coefficients can radically modify
the phenomenological bounds projected onto the parameters of the model.
Ignoring these effects, induced by a combination of the coefficients flavor
structure and the specific nature of the form factors, potentially leads to re-
sults that are off by orders of magnitude. Moreover the technology developed
to compute and study meson-to-meson ALP decay can be recasted to any
current with a similar Lorentz structure and has shown a promising way to
connect measurements to theory via the hadronization routes explored here.

To conclude the results derived in this work show a correlated ALP-
parameter space that is increasingly bounded and explored. In this picture
the role of flavor physics and precision observables is critical and perpendicu-
lar to astrophysics and cosmological studies. As such form factors calculation
are valuable and unavoidable if one wants to hunt for light physics in terres-
trial facilities. These give process independent results and are useful beyond
ALP exploration opening up the possibility to recast them to study different
kinds of new physics in processes involving bound states.
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Appendix A

Matter Fields and Higgs
quantum numbers
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Appendix B

Low—Energy Feynman Rules

In this appendix we present a resource for the low—energy Feynman rules
used in this work!. We start by discussing the propagators for fermions

R Y S s (B.1)
P2 —m; +ig’

ALPs ,
N Pt (B.2)
photons
e = —q;gjr“’ig, (B.3)
and W's )
o (9~ ) (B.4)

q2—m12/V—|—i€ )

At the energies the measurements are taken it is customary to consider
the vertex of the Weak Effective Theory (WET)

Gr .
0Lwrr = 4TSVUVM e/me (T (B.5)

LAll the results are discussed in the Unitary gauge. The R gauge case is discussed
in [166]
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where <JL#)ij = 7jfyuPLui. The 4-fermions contact interaction between L—

handed chiral fermions is then described by:

Uk c_lj
AG R
= i—V*V. B.6
NACIG (B.6)
@ .
The ALP—fermion interaction is given by
fi
1, | o

0 —— 3ra(CY+ T (B.7)

fi

where the parameters discussed in Sec.2.3 and 2.5. For completeness, the
anomalous ALP—photon vertex is

87

q1
/ a Cy

= Ef_ewpa(ﬁqu (B.8)
QQ\

a similar result can be obtained for the W’s when they are considered dy-
namical.



Appendix C

ALP Couplings to Nucleons

The most reliable way to derive the axion and ALP coupling to nucleons is via
an effective theory at energies << Aqcp, relevant for light ALP masses, where
the nucleons are non-relativistic. One uses the chiral effective Lagrangian
discussed in [27] with a non-relativistic ALP—nucleons effective Lagrangian.
This approach turns out to yield a more reliable approximation than current
algebra techniques [167] or the chiral EFT for nucleons [28,168]. The idea
is to use iso—spin as an active flavor symmetry and the ALP as an external
current:

Cdda a

2 2fa
+2 udcuu + cdda a -

Ly = Nv,0"N + 2gA +_NStG3N
NSHN + -
2 2 (C.1)

Caa Oul (o Gy, _ 3G 4

N “8 N+2(]4—
v 2 2?(1
2 udcuu Cdd6 a

I I
5 2fa(5p~|—nS n) +

where N = (p,n)? is the is—spin doublet field, v* is the four—velocity of the
non-relativsitc nucleon and S* is the spin operator. The g4, and g% cou-
plings are the axial iso—vector and axial iso—scalar combinations. To match
the two effective Lagrangians, one takes a single nucleon—matrix element, e.g.
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(p| La|p) = (p| LN |p) , taking the lowest order in isospin breaking effects:

Cuu (P WY w ) + caa (p| dr,7°d |p) =

ud Cuu + Cad

(C.2)
p| pS*pp) + 294 5

Cuu — Cdd <

5 (p| pS*p p)

ga

where one defines
2pS"p = py'°p,
<p| ﬂ7u75u |p> = Su, (C3)
(plu(d)y,y°uld) [p) = s,Au(d).

With these substitution one gets

ga = Au — Ad,

C4
gt = Au+ Ad. (©4)

This way one can substitute back in Eq.(C.1) and recover the nucleon-ALP
interaction:

(Au — Ad) (]37“75]7 — 'Fw”’y‘r’n)

oua { Cuu — Cdd

2fa 2
(C.5)
Cuu + & — —
= Y Au+ Ad)(py,7°p + v,y n) },
or in a more compact way
o.a —
QL;NV“75C¢1NN (C.6)

where ¢,y is a diagonal 2 x 2 matrix defined by Eq.(C.5).
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