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Units and Notation
In this work, natural units are employed, which means that one sets
h=c=kp=G=1.

This implies that masses, temperatures and energies have the same units and that
length and time both carry inverse energy units, which are measured in eV where
leV =~ 1.6 x 107 J. Unless explicitly stated otherwise, Einstein’s summation-
convention is imposed, where double indices are contracted. Vector components
provided with latin indices run from one to three, while greek indices are used for
spacetime vectors and extend from one to four. Indices are raised and lowered with
the metric tensor g, of the Minkowski metric via k, = g, k", where the signature
(+,—,—, —) is used. For the contraction of a four-vector k* with a gamma matrix -,
the Feynman-slash notation, § = k#~,, is applied. For the Levi-Civita symbol e/ off
the convention €”123 = 1 is chosen.

Throughout this thesis, red dashed lines in Feynman diagrams correspond to axions
or ALPs, while black dashed lines denote the Higgs. Solid lines with (without) arrows
symbolize leptons and quarks (hadrons). Wavy lines show photons or heavy gauge
bosons, and curly lines are used for gluons.
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Abstract

The Standard Model of particle physics (SM) is an astonishingly successful theory that
describes nature with almost inconceivable accuracy. Yet, it is incomplete, as several
hints point toward the existence of additional particles outside its field content. One
of the most promising candidate for such a new state is the axion-like particle (ALP),
a generalization of the axion, initially proposed to solve the strong C'P problem.
This thesis explores ALP effective theories and their phenomenological implications
across different energy scales, divided into four parts. The first part is based on the
ALP-SMEFT interference, where one-loop ALP exchange generates dimension-six
SMEFT operators. By running these effects down to experimental scales and using
existing bounds on SMEFT Wilson coefficients, strong model-independent constraints
on ALP-SM couplings are derived that are compatible with or even surpass direct
searches. In the second part, this concept is systematically extended to the low-energy
effective field theory (LEFT), showing how ALPs can contribute to the (g — 2), via
the ALP-LEFT interference. Moving down to even lower energies at and below the
scale of chiral symmetry breaking, a consistent ALP extension of chiral perturbation
theory at next-to-leading order is constructed. Applying this framework to the flavor-
violating decays K* — w%a provides the strongest constraints on ALP-SM couplings
for my, < 300 MeV. Finally, by running the modified RG equation of the quartic
Higgs coupling up to the Planck scale, ALP influences on the electroweak stability are
analyzed, as well as a possible gauge coupling unification scenario in the presence of
this new particle.
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Kurzzusammenfassung

Das Standardmodell der Teilchenphysik (SM) stellt vermutlich einen der bedeutend-
sten Durchbriiche der Physik dar und erlaubt es, die Natur mit fast unvorstellbarer
Genauigkeit zu beschreiben. Dennoch wissen wir, dass es ein unvollstindiges Mod-
ell ist, da eine Vielzahl von direkten und indirekten Hinweisen auf die Existenz von
Teilchen hindeuten, die tiber das Spektrum des SM hinausgehen. Einer der vielver-
sprechendsten Kandidaten fiir solch neue Felder ist das axionartige Teilchen (ALP),
eine Verallgemeinerung des Axions, das urspriinglich vorgeschlagen wurde, um das
starke C'P Problem zu 16sen. Diese Dissertation untersucht effektive Theorien fiir
ALPs auf verschiedenen Energieskalen, sowie die daraus resultierenden phanomenol-
ogischen Implikationen. Dazu ist diese Arbeit in vier Teile gegliedert. Der erste
Teil basiert auf dem Konzept der ALP-SMEFT-Interferenz, der Beobachtung, dass
Ein-Schleifen-Diagramme mit virtuellem ALP-Austausch Dimension-sechs SMEFT-
Operatoren erzeugen. Durch das Losen der Renormierungsgruppen (RG)-Gleichungen
von der ALP-Skala bis hinunter zur experimentellen Skala und der Verwendung beste-
hender Grenzen an die SMEFT-Wilson-Koeffizienten werden starke, modellagnos-
tische Grenzen fiir die ALP-SM-Kopplungen abgeleitet, die mit direkten Suchergeb-
nissen iibereinstimmen oder diese sogar iibertreffen. Im zweiten Teil wird dieses
Konzept systematisch auf die effektive Feldtheorie niedriger Energien (LEFT) aus-
geweitet. Nach systematischer Konstruktion der ALP-LEFT-Interferenz wird ge-
zeigt, wie bisher nicht eingeschréinkter ALP-Parameterraum zum Wert des promi-
nenten (g — 2), beitragen kann. Bei noch niedrigeren Energien, an und unterhalb
der Skala der chiralen Symmetriebrechung, wird die erste konsistente, nicht-triviale
Erweiterung der bekannten Operatorbasen der chiralen Storungstheorie in Anwesen-
heit von ALPs in fiihrender und néchstfithrender Ordnung konstruiert. Als Anwen-
dung werden die flavorverletzenden Zerfille K* — 7ta betrachtet, die die stérk-
sten Teilchenphysik-Limits fiir ALP-SM-Kopplungen fiir m, < 300 MeV liefern. ITm
abschlieenden Kapitel wird durch das Losen der modifizierten RG-Gleichung der
quartischen Higgs-Kopplung gezeigt, welchen Einfluss ALPs auf die Stabilitdt des
elektroschwachen Vakuums haben konnen, sowie ein mogliches Szenario der Verein-
heitlichung der Eichkopplungen in Anwesenheit dieses neuen Teilchens untersucht.
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An ALPine Journey

Preface:
Through Energy Scales

When we run or hike through mountains, the landscape around us changes constantly,
and new perspectives emerge with each step. Beginning our journey at the foothills,
we can observe the smallest details of our starting point, such as the leaves on the
trees or the structure of the buildings. But once we start climbing higher, these fea-
tures eventually fade and become unrecognizable to us. As we reach the summit,
however, a broader perspective unfolds, revealing a magnificent view that was hid-
den from sight below. Similarly, when we describe physical processes at very low
energy scales, we get a different view from that at very high energies, and the laws
of nature that describe phenomena at these levels even seem, at first glance, to be
completely decoupled from each other. Yet, we can traverse and describe all energy
scales smoothly and consistently, as long as we adjust our perspective accordingly.
For a physicist, this “perspective” is provided by the relevant degrees of freedom and
the corresponding effective (field) theory at a given scale. While we can apply New-
ton’s laws to macroscopic objects to describe their motion, moving down to the level
of nucleons requires chiral perturbation theory for a consistent treatment of their in-
teractions. The most fundamental degrees of freedom known today are those used
to calculate processes at the highest energies reachable at colliders: the particles of
the Standard Model of Particle Physics (SM), with the discovery of its last missing
piece, the Higgs boson, announced by the ATLAS and CMS collaborations at CERN
on July 4, 2012 [1, 2]. It is more than astounding with what accuracy this theory
allows us to compute physical quantities. For instance, the experimentally measured
value of the electron anomalous magnetic moment agrees with the theoretical predic-
tion to a precision of Ade = Geexp — detheo = (4.8 & 3.0) x 10713 [3, 4]. Yet, even
tiny differences like this one make physicists wonder if there is a deeper explanation
to it. But there is even more striking evidence for physics beyond the particle spec-
trum of the SM: A plethora of independent observations points toward the fact that
“ordinary” matter contributes only 5% to the total energy density of the Universe,
while the dark matter, an unknown form of matter that interacts gravitationally but
has no or very weak interactions with light, accounts for roughly 27% [5]. Moreover,
there are inconsistencies within the SM that remain to be explained. For instance,
although neutrinos are theoretically predicted to be massless, the discovery of neu-
trino oscillations, recognized with the 2015 Nobel Prize in Physics [6], demonstrates
that they must possess a nonzero mass. Also in the Higgs sector, mysteries remain
to be explained, such as the so-called instability problem, which refers to the fact
that the measured value of the Higgs mass indicates that the electroweak vacuum is
only meta-stable [7-11]. Another notable problem arises from the observation that
C'P is conserved in strong interactions, even though no symmetry of the SM prohibits
such an interaction. The last conundrum was elegantly addressed by Roberto Peccei
and Helen Quinn who proposed an additional global U(1)pq symmetry, whose spon-
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taneous breaking gives rise to a pseudo Nambu-Goldstone boson, called the azion'.

When it acquires a vacuum expectation value, the axion dynamically cancels the C P-
violating term of quantum chromodynamics (QCD), providing a natural solution to
the problem. A generalization of axions are axion-like particles (ALPs), which refer
to any light, gauge-singlet pseudo Nambu—Goldstone boson arising from the sponta-
neous breaking of a new, global U(1) symmetry at a high UV-scale A, but they do
not necessarily solve the strong C'P problem. ALPs spanning a wide range of masses
and couplings naturally arise in many extensions of the SM, such as composite-Higgs
models [13, 14] or supersymmetric extensions [15-17], and can potentially solve many
more questions apart from the strong C'P problem. They have, for instance, been
suggested as candidates for dark matter [18], but can also solve discrepancies be-
tween theoretical prediction and experimental measurement, with examples being the
anomalous magnetic dipole moments of the electron and the muon [19], although re-
cent developments have resolved these anomalies within the SM. Due to their classical
shift-symmetric interactions, ALP—SM couplings are of dimension-five order or higher,
yielding a suppression by at least one factor of 1/A. Search strategies for these elusive
particles involve a diverse range of approaches, including cosmological observations
[20, 21], astrophysical measurements [22, 23|, collider probes [24-29], and precision
studies of flavor-violating transitions in the quark and lepton sectors [19, 30-34].

In this thesis, we will go on a journey through the theoretical and phenomenological
landscape of ALPs. As we cross different scales, we will encounter various effective
field theories with different degrees of freedom that provide complementary perspec-
tives on ALP searches. Beginning at the scale where it is generated from the breaking
of the global U(1) symmetry, we will see in Chapter 1 that its appearance as a vir-
tual particle in one-loop diagrams generates dimension-six operators of the Standard
Model Effective Field Theory (SMEFT), an effect called the ALP-SMEFT inter-
ference [35]. Chapter 2 of this work will explore how renormalization group (RG)
running of this phenomenon from the ALP scale down to the experimental scale, to-
gether with existing bounds on SMEFT Wilson coefficients, can be used to put strong
constraints on the dimension-five ALP-SM couplings. Moving further down to even
lower energies, below the scale of electroweak symmetry breaking, the effective degrees
of freedom of the SM change, and also the heavy particles are no longer present as
external states. The appropriate theory in this regime is the Low-Energy Effective
Field Theory (LEFT), and Chapter 3 systematically extends the previously described
concept to the ALP-LEFT interference. We will see how this framework and so far
unconstrained ALP parameter space contributes to the prominent value of (g — 2),.
Continuing our journey below the scale of chiral symmetry breaking in Chapter 4,
the effective degrees of freedom will change once more and are then given by the
pseudoscalar mesons and baryons instead of free quarks. Here, the first consistent,
non-trivial extension of the known operator bases of chiral perturbation theory in the
presence of ALPs at leading and next-to-leading order will be constructed. As an ap-
plication, the flavor-violating decays K* — 7% a will be considered that provide the
strongest particle-physics constraints on ALP-SM couplings for m, < 300 MeV. In

~

addition, these limits will be translated to ALP-nucleon couplings, which, so far, were

'The name “axion” was coined by Frank Wilczek after a brand of detergent, as the particle “cleans
up” the strong C'P problem [12].
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only constrained by astrophysical measurements and non-accelerator experiments. In
the final chapter, Chapter 5, we will run the energy scales back up and continue even
further, all the way to the Planck scale around O(10' GeV). From the highest en-
ergy scale where the known laws of physics apply, we will review the problem of the
metastability of the electroweak vacuum in the SM. We will see how the presence of
the ALP, by modifying the RG equations of the quartic Higgs coupling, can either
tighten or worsen this scenario, and what effect it can have on the scale evolution of
the three gauge couplings of the SM. To begin with, however, we need a few theoreti-
cal basics about the SM, its symmetries and particles, as well as ALPs, which will be
described in the next chapter.






Theoretical Foundations

_ Chapter 1:

This chapter provides a general overview of the fundamental concepts underlying this
thesis. It begins with an introduction to the Standard Model of Particle Physics
based on [36, 37], followed by a brief discussion of effective field theories. Next,
various unresolved phenomena and conceptual challenges within the Standard Model
are outlined, leading to an introduction to axions and ALPs. In addition to the
introduction provided here, each subsequent chapter starts with an explanation of the
specific theoretical foundations relevant to its subject.

1.1. The Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) provides a unified description of three
of the four fundamental forces, the strong, the weak and the electromagnetic force,
and offers a mathematically consistent framework for the description of particle inter-
actions. It is based on the local symmetry group

SU3)e x SU2), x U(1)y, (1.1)

where the special unitary group SU(3). corresponds to the strong interactions whose
spin-one force carriers are called gluons. The symmetry groups SU(2);, and U(1)y
describe the weak and the electromagnetic interactions, mediated by the W- and
the B-bosons, respectively. Schematically, the physical particle content of the SM
Lagrangian and the interactions among those fields can be written as

ESM = Egauge + ﬁfermion + EHiggs + ﬁYukawa . (12)

In more detail, the first term, Lgauge, contains the kinetic terms of the gauge bosons,
as well as their self-interactions, and is given by

1
Loauge = = (Go, G + Wi, W 4+ B, B") | (1.3)

where G, WIL, and By, are the field-strength tensors of SU(3)., SU(2)r and U(1),
respectively. Correspondingly, a runs from 1 to 8, while the SU(2); index is I €
{1, 2, 3}. The second term in (1.2) contains the kinetic term of the fermions, as well

as the interactions with the gauge bosons. It is given by

ﬁfermion = &F { lwa ) (14)

where the sum extends over the chiral fermion multiplets F' = {q, I, ur, dr, er} and
the covariant derivative reads

Dy =0y —igi YBy —iga ;W) —igstaGl . (1.5)

The set of fermions can be subdivided into two groups, the quarks, that transform
as triplets under SU(3)., and leptons, that are SU(3). singlets. No explicit mass
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‘ Field ‘ Representation ‘ Isospin T3 ‘ Electric Charge ‘
u 1/2 2/3
()| ezvo | () | ()
uR (3,1, 2/3) 0 2/3
dr (3,1, —1/3) 0 -1/3
v 1/2 0
=) | e LR ()
eR (1, 1, —1) 0 -1
H (1,2,1/2) -1/2 0

Table 1.1.: Representations of the fermions and the Higgs boson under the SM gauge groups,
as well as their isospin and electric charge. The hypercharge ), the isospin T3 and the electric
charge are related via the Gell-Mann—Nishijima equation @ = T5 + ) [38, 39).

terms are present for the fermions in the SM. The full transformation properties of

the fermion fields under the SM gauge groups are summarized in Table 1.1. Next,

Liiges contains the Higgs potential, as well as its kinetic term and reads
A

Litiggs = (D, H)(D*H) +m% H' H — 5 (HYH)?, (1.6)

where the Higgs-doublet is given by H = (HT, H°)T and my is the Higgs mass
parameter. Finally, the Higgs-fermion interactions are parametrized by

,Cyukawa:—<QYdeR—I-QYUI{IUR—I-Z},@HGR—}-h.C.) , (17)

where the Y; with i = u, d, e denote the Yukawa matrices and H = iooH.

1.2. Electroweak Symmetry Breaking

Even though it may appear to contradict the statement made in the preceding section,
fermions are not massless particles and the observed mass spectrum even spans over
several orders of magnitude. This apparent contradiction is resolved by the Higgs
mechanism, which leads to a spontaneous breaking of the full SM symmetry down to

EWSB

SU@3)e x SU(2), xU(l)y — SU(3)e x U(1)pMm (1.8)

In more detail, the potential in (1.6) is minimized when the Higgs doublet acquires a
vacuum expectation value (vev) of the form

)

246 GeV [40]. Applying a unitary gauge transformation, the

(01H10) = (1.9)

with v = /2m%, /A =
Higgs field can then be written as

H= \}5 <v f: h) , (1.10)
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where h denotes the physical Higgs field with (h) = 0. Expanding around the vev in
the Lagrangian yields the massive gauge bosons as a linear combination of W, and
B, as

1 . . g2 v
1 v
70 = ——— (gW?—¢B,) with mz=1/03+9g}-. (1.11)
YoVt 2

In addition, there is one vector boson, the photon, that does not acquire a mass,

1 :
Ay = —m==(1W;} + g2B,) with ms =0, (1.12)
91 + 935

Analogously, inserting the Higgs-field expansion in the Yukawa-terms of the Lagrangian
(1.6) yields

fe (U+h) ij 7 (U+h) S (U+h)
EYukawa = —lfuZJ ur, \/i 'LLRJ. — }fd dLi \/i de — }/Z] er; \/5 €Rj + h.c.
(1.13)
In order to find the physical fermion masses, the mass matrices
.. v ..
M = 7 Y/, (1.14)
remain to be diagonalized by means of a unitary transformation,
Uél M, U, = diag(my, me,my)
D;{l My Dy, = diag(mg, ms, myp) ,
E}El M. Ep, = diag(me, my, my) . (1.15)

1.3. Effective Field Theories

Although one might without doubt call the SM one of the most important achieve-
ments of mankind, it is a relatively recent theory. Many outstanding discoveries,
such as electromagnetism, thermodynamics, and general relativity, were successfully
explained long before the development of today’s most fundamental description of na-
ture. This raises the question of how a consistent theory can be constructed without
complete knowledge of its underlying elementary constituents. The key concept ad-
dressing this issue is effective field theory (EFT), and is based on three pillars [41]: the
expansion in a small parameter, the identification of the relevant degrees of freedom,
and symmetries. To illustrate this based on the review [42], consider the computation
of a scattering amplitude at an energy scale y < A, where A corresponds to the mass
scale of a heavy, elementary state in the full theory. Since this state can appear as
a virtual, but not as an external degree of freedom at the low energy scale u, it can
be removed from the Lagrangian by replacing the couplings of the remaining fields
with an effective interaction that accounts for the virtual effects of the heavy particle.
The effective Lagrangian is constructed by systematically including all operators that
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respect the symmetries of the underlying theory, ordered in an expansion in 1/A. This
approach, known as the operator product expansion, is given by

nd C-(d)
Lepr =3 > Ad_(ff ) Q). (1.16)
d 7

where p is called the factorization- or renormalization-scale and d denotes the mass-
dimension. In essence, by writing down (1.16), the full theory is simplified by retaining
only the relevant degrees of freedom at the expense of introducing an infinite tower
of local operators. They are multiplied by a-priori unknown couplings C; that are
referred to as Wilson coefficients and implicitly contain information about the un-
derlying ultra-violet (UV) physics. Returning to the historical examples mentioned
earlier, such as the formulation of electromagnetism, it becomes clear that not all
fundamental degrees of freedom are necessary for describing a given process, as long
as those that contribute directly are correctly identified and accounted for.

Today, it is often assumed that the SM is the low-energy effective theory of a more
complete theory, which includes additional, yet-unknown heavy degrees of freedom
that lie beyond the energy scales accessible to current particle colliders. In this sce-
nario, one can write down an expansion as in 1.16, to include the effective higher
dimensional operators generated by the new heavy fields as

1 1

L=L —Ls+ 5 Ls+ ... 1.17
SM T+ A LS + A2 =6 T, (1.17)
and the framework that systematically organizes these additional operators is called
the Standard Model Effective Field Theory (SMEFT). At dimension five in the SMEFT,
there is only one operator, and it generates masses for the neutrinos. It reads [43]!

Ls = (H'1,)T C(H'I,), (1.18)
with charge-conjugation matrix C' = iy27°. At dimension six, on the other hand, the
number of independent operators that can be built out of SM fields while respecting
the SM symmetries increases to 2499 (59 when omitting flavor indices)?. Since the
full list of non-redundant operators was found by four physicists affiliated with the
University of Warsaw, the dimension-six minimal SMEFT basis is commonly referred
to as the Warsaw basis [46].

Concerning the C;’s in (1.16), there are in general two procedures via which they
can be determined: in a top-down EFT, one can calculate a physical process in both
theories, the full and the effective one, and require the two results to be equal, i.e.

oL 2 D () @,
Flanli)y =D >~z (F1Q&7 W10 (1.19)
d =1

!This operator is sometimes referred to as the “Weinberg operator”. In this thesis, this name is
used for the dimension-six three-gauge-boson operators. To avoid confusion, no specific name is
assigned to the dimension-five operator here.

2 At higher mass dimensions, the number of effective operators increases and can be found using the
Hilbert series technique, as done in [44, 45].
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Truncating the sum at a fixed mass dimension then determines the Wilson coefficients
up to higher-order power corrections. On the other hand, if the full theory is unknown,
a bottom-up approach still allows for a systematic parametrization of the effects of
heavy, unknown states. In this case, however, the Wilson coefficients need to be fixed
by experiment. An important observation is the fact that the scale p in (1.16), which
separates UV contributions between the operators ; and the Wilson coefficients C;,
is arbitrary. As a result, any physical amplitude must remain independent of y. In
other words, the equation

d
dlnp

Ci(p) (Qi(m)) = 0 (1.20)

must hold, where a summation over the double index is implied. If the operators are
linearly independent and defining the anomalous dimension matrix via

d
m@i(ﬂ» = =i (){(Q; (1)), (1.21)
this automatically implies that
d

This important equation captures the scale dependence of the Wilson coefficients and
is called the renormalization group (RG) equation, while the right-hand side of (1.22)
is often called the S-function of Cj(u). The concept of EFTs is a central one in this
thesis. In particular, the effects of ALPs in the SMEFT, the LEFT and xPT will be
examined, and details on the respective EFT and the impacts on the RG equations
will be given in the beginning of each corresponding chapter.

1.4. Physics Beyond the Standard Model

Despite its remarkable success in accurately predicting fundamental particle physics
processes, the SM is confronted with a variety of observations, of both experimental
and theoretical nature, that cannot be adequately explained within this framework.
Of particular importance to this thesis is the so-called strong C'P problem, which is
reviewed in the following, based on [37]. In essence, it consists of the question of why
a C'P-violating term of the form

0 -

W gs Gzyéa#“j s (123)

which could, in principle, be included in the SM Lagrangian, has a coupling @ that
is unnaturally small or even exactly zero®. Naively, the presence of such a term may

3The parameter 0= fqcp — argdet(Y,Yy) is a combination of the Lagrangian parameter fqcp and
a phase induced by chiral rotations on the quarks. As such, it is basis independent and cannot
be removed from the theory. The situation is different for equivalent SU(2) and U(1) expressions,
where the angle can be removed by chiral rotations and is therefore unphysical.
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not seem problematic, as it can be rewritten as the total derivative of the so-called
Chern-Simons current K, [37],

K, = "G, Gl with K, = €uap (LGl — 5 f ALALAG) L (1:24)
and one would therefore expect it to give zero contribution to physical quantities.
When considering non-perturbative Quantum Chromodynamics (QCD) effects, how-
ever, the situation changes. Indeed, below the QCD confinement scale, instanton

effects generate a coupling between pions and the isospin doublet ¢ containing the
proton p and the neutron n, of the form [37]

Lann = 7 (i75 ganN + Gevn) T, (1.25)
where g-nn (gznnN) is a C'P-violating (conserving) coupling. In more detail [37],

_ 6 mymg
grNN X ——

| (1.26)
x My + My

The presence of such a term generates an electric dipole moment (EDM) of the neutron
d,, from loop-diagrams such as [37, 47|

with dp, theo ~ 107 ecm@. (1.27)

In contrast, experimental measurements tightly constrain the neutron EDM [48],
|dn,expl < 1.8 x 10726 ecm (90 % C.L.), (1.28)
which can be translated into an upper bound on @, yielding
1] < 10719, (1.29)

In principle a small but radiatively stable parameter does not directly pose a problem.
Comparing it to the remaining parameters of the SM, however, would rather suggest a
value of § ~ O(1) and one can question the naturalness of this coupling. A dynamical
process, that automatically relaxes § to zero, would be much more elegant. For this
purpose, the QCD axion has been proposed and the mechanism by which it cancels
the QCD @ term from the Lagrangian will be explained in Section 1.5. While the
strong C'P problem provides one of the main motivations to search for axions, it is
not the only unsolved question regarding the SM. In fact, unexplained phenomena
and conceptual problems are encountered across multiple energy scales:

e Most evidently, the SM unifies only three of the four fundamental forces, leaving
the description of gravity unaccounted for. At very high energies above the so-
called Planck scale at O(10' GeV), quantum effects of gravity become sizable
and therefore cannot be neglected.

10
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e Remaining at very high energies, the experimentally measured value of the Higgs
mass of my, ~ 125 GeV indicates that the electroweak vacuum is meta-stable. At
large scales, around 10! GeV, the Higgs quartic coupling A becomes negative,
resulting in an instability as the potential is then unbounded from below. The
electroweak vacuum we live in, however, has a lifetime that is longer than the
age of the Universe. While in principle this is not an inconsistency, it would be
much more elegant to avoid the scenario of a spontaneous vacuum decay. Any
kind of new physics model that has an influence on the RG equations of the
Higgs quartic coupling can, however, modify this situation.

e Moving down to slightly lower energies, around O(10'¢ GeV), another indication
of physics beyond the SM emerges. Solving the RG evolution equations for
the three gauge couplings reveals that they converge to nearly identical values
at this energy scale. While one can certainly argue that this behavior is a
coincidence, the presence of yet unknown new particles could potentially modify
the scale evolution of the gauge couplings and indeed yield a Grand Unified
Theory (GUT). The SM in this scenario could then be the subgroup of a broken
larger symmetry group. While the simplest form of such a unification, a SU(5)
gauge symmetry known as the Georgi-Glashow model [49], is experimentally
excluded [50], modifications to this scenario could potentially still be realized in
nature.

e The next challenge arises from the only fundamental physical scale in the SM,
the Higgs mass my ~ 125 GeV. While its value alone does not pose an issue in
the absence of additional new physics, the situation changes when considering
any new physics coupled to the Higgs with a cutoff scale A. In this case, my
receives radiative loop corrections that are of the order of A. To arrive at the
experimentally measured Higgs mass, that is 17 orders of magnitude below the
Planck scale, extreme cancellations between the terms need to occur, which
can be considered unnatural and is therefore often referred to as the hierarchy
problem.

e In the SM, the masses of the fermions are generated via the Higgs mechanism.
In more detail, the mass terms are given by the diagonalized mass matrices,
that are proportional to the Yukawa matrices and the Higgs vev. A naive ex-
pectation would therefore be that the resulting fermion masses are roughly of
the same order of magnitude. Experimentally, however, one finds strong hier-
archies: In the quark sector, the mass gap between the heaviest quark, the top
quark, and the lightest one, the up quark, spans five orders of magnitude and
the neutrinos, which are massless in the SM, are found to have a tiny mass, with
my/me < 1076,

Another central question in the flavor sector concerns the structure of the mix-
ing matrices: while the mixing angles between the neutrinos, parametrized in
the so-called Pontecorvo-Maki—-Nakagawa—Sakata (PMNS) matrix are large, the
Cabibbo-Kobayashi-Maskawa (CKM) matrix describing the mixing between the
quark flavors, exhibits an almost diagonal pattern.

The fact that there is no dynamic mechanism within the SM that could explain
these behaviors is referred to as the flavor problem.

11
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e Apart from the challenges within the SM, a variety of observational hints point
toward the existence of at least one more type of matter beyond the known
particle spectrum, that interacts gravitationally but has no or very weak inter-
actions with light and is therefore referred to as dark matter. In fact, today
it is believed that this unknown form of matter makes up approximately 27%
of the Universe’s energy density, while “ordinary” matter only contributes 5%
[5]. The first observations pointing toward this assumption have been made as
early as 1933, when F. Zwicky applied the virial theorem to the Coma cluster
and noticed a lack of luminous matter to explain the average velocity of about
1000 km/s, which would require about 400 times the observed average matter
density [51]. Since then, a plethora of independent observations have been made
that also suggest this conclusion: To name a few, they range from V. Rubin’s
observation of almost flat rotation curves of galaxies (instead of a 1/4/r behav-
ior, as expected for instance outside a spherical symmetric matter distribution)
[52] to anisotropies in the cosmic microwave background (CMB) power spectrum
that are compatible with the Lambda cold dark matter model, Acpym [5].

While this list is by no means exhaustive, it provides clear evidence that searches for
physics beyond the SM are crucial to find a consistent model that accurately describes
nature. Axions and axion-like particles, introduced in the following section, have the
potential to address several of these key challenges of the SM, as this thesis will show.

1.5. Axions and Axion-Like Particles

An elegant solution to the strong C'P problem that dynamically relaxes the parameter
6 to zero has first been proposed by R. Peccei and H. Quinn in [53]. It consists of
extending the SM by a new U(1)pq symmetry that is spontaneously broken at a high
scale A. The resulting pseudoscalar Goldstone boson is called the QCD azion. This
mechanism generates a coupling of the axion a to gluons of the form

5% 95 Go Gew 1.30
D ? 167T2 uv b ( * )

where f is the axion decay constant, related to the scale of spontaneous symmetry
breaking via A = 47 f. Most importantly for the solution of the strong C'P problem is
that non-perturbative instanton effects below the QCD confinement scale generate a
potential for the axion [54]. It can, for instance, be obtained from the chiral effective
Lagrangian including the axion and reads [55]

dm,myg ) a 0
Via) = —m2f2,[1— T _ g2 0 1.31
(a) mz fx \/ (M + M) Sin 2 + 5 ) ( )
with a minimum at (a) = —0f. In that way, the axion now provides a solution to the
strong C'P problem, as the sum
g0 % e aw _ (1.32)
f ) 4r ’

12
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dynamically vanishes. In addition, a mass term is generated for the axion, even in the
case mgo = 0. Denoting the axion-gluon coupling by cqg, it is, up to higher-order
corrections in the chiral expansion and for m, o = 0, given by [56]

s o fPm2 2mymy

= 1.
mg CGG f2 (mu+md)2’ ( 33)

with m,, and mg the up- and down-quark mass, respectively, and f, denotes the pion
decay constant.

Axion-Like Particles

As a generalization of the QCD axion, an axion-like particle (ALP) arises as generic
pseudo Nambu-Goldstone boson from a spontaneously broken global U(1)pq sym-
metry?, but does not necessarily solve the strong C'P problem. As ALPs are shift
invariant under ¢ — a + const., the Lagrangian contains only derivative couplings
as well as anomalous couplings to gauge bosons. Including an additional bare mass
term® mq,o that explicitly breaks the shift symmetry, the most general Lagrangian up
to dimension-six order can be written as [59]

1 m2 or oL
L5 =5 (0u0)(0"a) - % a® + a Z TpcpyUp + f“ (HT D, H)
a v,a A v,A
+ caa Z?GW/G” +CBB4 wa,B +CWWZ?WMVWM
Cjﬁ;H (0"a)(8,0) HH . (1.34)

As for the axion, the ALP decay constant f is related to the new-physics scale via
A = 4xf and it is assumed that A > pu,,, with u, denoting the scale of electroweak
symmetry breaking. The sum in the first line extends over the SM chiral fermion
multiplets F' and the cr denote 3 x 3 hermitian matrices in generation space. The
second line of the Lagrangian includes the ALP couplings to G, Wﬁ/ and By, i.e. the
field-strength tensors of SU(3)., SU(2)r and U(1)y, respectively. The corresponding
dual field strength tensors are defined as B* = %e“mﬂBag, where €12 = 1 and
equivalently for WH*4 and GHve.

The Lagrangian as given in (1.34) contains several redundant operators: The single-
ALP coupling to the two Higgs-fields in the first line can be written as a sum of
an operator that vanishes by the equations of motion plus a term that contains the
derivative coupling to fermions [60]. In addition, baryon number, as well as individual
lepton number conservation remove four redundant degrees of freedom, such that all
in all, the Lagrangian contains 46 free parameters. The bosonic couplings can, for

4To avoid confusion with the notation in following chapters, the global symmetry that generates
ALPs upon its breaking is also referred to as U(1)pq, as it is in the case of the QCD axion.

5If this explicit mass term is absent, non-perturbative QCD effects nevertheless dynamically generate
a mass for the ALP, see (1.33) [57, 58].

13
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instance, be chosen as [34, 60]

- 1
caa :ng+§Tr[cu+Cd—NLCQ],

- 1
CWW = CWWwW — 5 TI‘[NC cQ + CL] , (1.35)
- 1

cop = cpp + 5 Tr[Ne (View + Vica = Ny V) eq) + Ve e — N Vi ei],

where the number of colors is N, = 3, the number of weak isospin components is
Ny, = 2 and the hypercharges are denoted as Y, = 2/3, Vg = —1/3, Y, =1/6, V. =
—1,Yr, = —1/2. While in Lagrangian (1.34), the shift symmetry is explicit due
to the derivative interactions, it can be rewritten by applying the field redefinition
Up - Wp+1 % cr Y, yielding the equivalent form

D<6 1 m2 g 9
a,
£SM+ALP = ) (Oua)(a’*a) o a

a ~ a
+ Cag - G4 G" A 4 Cyw

I yyruvl a 2V
v 7 W;w WH* + Cgp ?BW’ B*

)(0,a) HYH (1.36)

where

Yy=i(Yycqg—cqYy), Yu=i(Yycu—cqY), Ye=i(Yece—crY.), (1.37)
and
Yd’:céYg—QcQchd%—chfl, YH'ZCQQYU—2CQYMCU+YUC§,

Y/ =clY,-2¢c,Y.co+ Y. 2. (1.38)

The axial anomaly generates additional contributions to the ALP-gauge boson cou-
plings of the form [60]

o 1 Qg
Caa = ﬁ caa + 5 Tr(cqg + cu — QCq):| = ﬁ CGaG,

as [ 1 Qg

Cww = o |evw T3 Tr(Ne ¢ + CZ)] = 1 vws
o T

Cop =7+ |enp+Tr(NeVFea+ Ve, — 2V e) + V2 e.— 2P eL)|

= ﬂEBB. (1.39)

47

The full set of RG evolution equations of the ALP—SM couplings in (1.34) and (1.36)
has been computed in [60, 61], and the matching corrections at the weak scale py,
in [60]. While most couplings evolve non-trivially under a scale variation, factoring

14
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out the SM gauge couplings «; in the cyy as introduced in (1.34) yields a scale
independence up to two-loop order, i.e.

d
dlnp

cyv(p) =0 for V=G, W, B. (1.40)

In this work it is assumed that the ALP is the only degree of freedom beyond the
SM fields below the scale A of global U(1)pq symmetry breaking. In the case with
new-physics particles beyond the ALP, matching corrections at the corresponding
thresholds would need to be taken into account, and further contributions to the RG
evolution equations could arise.

1.6. UV-Complete Axion and ALP Models

While the ALP Lagrangian in (1.34) comprises all terms that can, in general, appear
for a shift symmetric pseudo Nambu—Goldstone boson up to dimension-six order, con-
crete UV-complete models for the classical QCD axion typically only generate a subset
of these terms. The two most prominent UV-complete frameworks that generate the
QCD anomaly term via the presence of an axion are the Kim-Shifman-Vainshtein-
Zakharov (KSVZ) [62, 63] and the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [64, 65]
models, that have also been proposed as benchmark models for ALPs in [66]. They
are introduced in greater detail below, following [67].

1.6.1. KSVZ Model

In the KSVZ model, the SM is extended by two fermions, a left- (1) and a right-
handed one (QRr), as well as a heavy scalar S. All new particles are charged under
a U(l)pq symmetry, but while the heavy scalar is a singlet under the SM gauge
groups, the heavy fermions transform non-trivially under SU(3).. With this setup,
the Lagrangian takes the form

Lxsvz = Lsm + [0, + Qi Q —yo (SQLQr +hec) = V(S) + Loy,  (1.41)

where yg, ps, As, and Agy are real parameters. The term Lg, denotes a portal
coupling between () and a SM fermion that vanishes in the original description of
the model, where Qr r ~ (3,1, 0). In this case, however, the extra fermions be-
come stable. This problem can be circumvented, when for instance instead Q1. r ~
(3,1, —1/3) with U(1)pqg charges Xg = 1, Xg, = 1 and Xg, = 0, such that a
possible portal term reads

Log=—yhq, HQr+h.c.. (1.42)

In order to solve the strong C'P problem, the scalar potential V(S) in (1.41) can be
chosen as

2\ 2
V(S) = %S (\5\2 - J;) , (1.43)
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such that the U(1)pq is spontaneously broken. In order to explicitly break the sym-
metry and generate a mass term for the Goldstone boson, one can modify the above
potential to

A K2 .
VI(S) = —w3|SI* + TSI + Asu|SP(HH) = 5 (% + (5)2),

s
8

2
K
= V() + As|SIP(HTH) = = (8% +(57)%), (1.44)
where p2 = A\gf?/2. The parameters in this form of the potential will be examined in
Chapter 2. In the broken phase, it is convenient to parametrize the scalar in terms of
a heavy radial component, p, and the axion or ALP a as

ia(zx)

S<x>=\j§[f+p<x>]e . (1.45)

where f denotes the vev of S. The additional fermions receive a mass term with
mq =yq [/ V2, which can be seen when replacing the scalar in the Yukawa-like term
in the first line of (1.41) by the form in polar coordinates in (1.45) and performing
the rotation

QL — e QL - (1.46)

Applying this fermion redefinition and focusing on the potential in (1.44), integrating
out the heavy fields p and Qg at tree-level using Matchete [68] yields in the broken
phase

A 2 1 2A2
Lerr = Leu = %f(HTH) + fMgH (HTH)Q + *(3ua)2 — —m?2d®
p
a o ~ 1aay .
——EgAgmwA_— - p L Br
f 8 M 3f dr "
m2 a* m2 Asir ,
HAT gy s g @) = S () ()
)\2 f2 ygyr* rs 1 1 1 3
_ 5]1\2;1 Quno + 2]\4[182 (Yd [QdH]pS - 5 [Qg—]é]pr - 5 [Q%Z]pr +h.c. ),

(1.47)

where m2 = 2x2 and the last line contains dimension-six operators in the Warsaw

basis [46]. Certainly, in order to remove the double appearance of the quadratic and
quartic Higgs interactions in the first line, the SM parameters ; and A need to be
redefined via

o Asulf’
2

2N
202

W i =p

, and A= A=)\— (1.48)

From the Lagrangian in (1.47), it is possible to deduce the dimension-five ALP pa-
rameters of the model as coqg = —1/2, cgp = —1/3 and all other couplings are zero
at the scale A. This is also summarized in Table 1.2.
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1.6.2. DFSZ Model

The DFSZ model is based on a two-Higgs scenario in combination with an additional
heavy SM-singlet scalar S. The additional fields are assigned to the representation
Hy ~ (1,2,1/2), Hy ~ (1,2, —1/2) and S ~ (1, 1, 0). In general, there are two
types of the DFSZ model, distinguished by which of the two Higgs fields couples to
the SM leptons. For the DFSZ-I model, the Yukawa term reads

Lorsz1 = —Yuquur Hi — Y4qrdr Hy — Yl eg Hy + hec., (1.49)
while for the DFSZ-II model,

Lorszn = —Yuqrur Hy — Yyqrdp Hy — Yelpeg Hy + hec.. (1.50)
Therefore, in the Lagrangian

Lprsz D ‘Dqu‘Q + ‘DMHQ‘Q + ‘8MS|2
—(H Tyur +GHoTgdg+ 1 H;Teeg + h.c.)

A A
—mi |Hi? = m3 |Hof? = 52|l = 57 |Hol' — s | Hi | Ho?
As
= N[ + 5 1S = 5181 = Asu, [SPIHP = Asm, || Hal
— s, | (H] H3)S? + h.c.] , (1.51)

the H; in the second line is Hy for the DFSZ-I model and H; = H, for DFSZ-1I. In
order to ensure the explicit breaking of the U(1)pq symmetry, a potential for S needs
to be added to the Lagrangian, for instance

2

Lprsz D % (52 + (S*)2) . (1.52)

For the purpose of finding the effective Lagrangian that contains the ALP and the
SM fields only, it is imperative to first write the fields H; and Hs in terms of the SM
Higgs and the heavy doublet ®. This can be done by a rotation R(«) that obeys

<g;>:R(a) <g> with  R(a)” (Zi :gz) R(a):(_6‘2 A%) (1.53)

In the equation above, m;; = m? + Asm,i f2/2 for i = 1,2 and m2y = A\gp,, f2/2. For
the SM Yukawa matrices, this implies

caTe DFSZ-1

1.54
sqTe DFSZ-II’ (1:54)

Y.=ci Ty, Y, =5.T4g, Y;:{
where ¢, (Sqo) are the cosine (sine) of the rotation angle a. As in the KSVZ model,
the next step is to perform field redefinitions such that the ALP is removed from the
potential,

2ia 2 2ia .2

Hy — e f oo Hy, Ho —e [ ‘ Hs,
2ia 2 2ia 2 _iax,
ugp — el “ug, dr — e 7 “dp, er —e Ffiep, (1.55)
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and

2ia

2
i en DFSZAI
RS s . (1.56)
ef">er DFSZ-II

Applying these transformations and integrating out the heavy fields p and ® at tree
level with Matchete [68] results, up to dimension-six order, in

1 a « a ay ~
Lepr =L Oua)? — ~m2a® +3 - — GG A - —~ B,,B"™
EFT sM+ = ( a) 2m a” + F ir +CBBf47r u
8a dua oua
+ CuT urY'uRr + g~ 7 dpytdg + CST eryter
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— — , 1.57
+ Mq2> Qn Quo ( )
where m2 = 2x? and the dimension-six coefficients in and below the fourth line once
more correspond to operators in the Warsaw basis. While the exact relations between
the original scalar-potential parameters and the dimension-six ones that appear in
(1.57) are not relevant for this work, it is crucial to note that, with 7, = tana = t,
for DFSZ-I and 7, = t;! for DFSZ-II, all dimension-five ALP couplings in the two

models are now either fixed or depend solely on the angle . This is shown in detail
in Table 1.2.

ALP coupling || KSVZ | DFSZI | DFSZI

Cu 0 —25,, —28,

Cd 0 —2¢,, —2¢q

Ce 0 254 —2¢q
caa -3 3 3
CWW 0 0 0
CBB —1 2 8

Table 1.2.: ALP couplings in the KSVZ model with U(1)pq charges Xg =1, Xg, =1 and
» = 0 and the DFSZ-I and DFSZ-IT models at the scale A.
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1. Theoretical Foundations

1.7. ALP-SMEFT Interference

\ 1 \ ! \ 1
N ’ N ’ N ’
S o - S o - S o _-

Figure 1.1.: One-loop Feynman diagrams yielding the ALP contribution to the Wilson coef-
ficient of the dimension-six Weinberg operator. The red dashed line indicates the ALP.

While it is straightforward to see that integrating out a heavy particle from a theory
generates higher dimensional operators from the matching computation, the situation
is far more subtle for light particles. This mechanism, however, is one of the most
crucial concepts of this thesis. It relies on the fact that light new states such as
the ALP with non-renormalizable interactions with the SM yield a non-trivial RG
flow into the SMEFT Wilson coefficients in a process that is independent of the ALP
mass. To explain this phenomenon in more detail, consider the one-loop diagrams in
Figure 1.1. The amplitude of these Feynman graphs is given by

2
A(gg(g)) = —% [4gs (Qg) + ...] + finite, (1.58)

where (Q¢) denotes the matrix element of the dimension-six Weinberg operator Q¢ =
fabe GZ’VGZ”’ G, The dots refer to matrix elements of other operators that are not
needed for the illustration of the procedure. In order to remove the 1/e pole multiply-
ing (Q¢q), the bare Wilson coefficient of the Weinberg operator, Cg o, needs to have
the structure

dgs o (1 p?
Cco2 —C —+ln-—+... ), 1.59
G0 - G\ ¢ + e + (1.59)
where the dots denote a finite contribution and M is the mass scale of the UV theory.
The crucial term, the logarithm of 2, arises generically from the loop-integral. When
the 1/€ pole is removed in order to obtain the renormalized Wilson coefficient from
the bare quantity, the u-dependence remains in the expression, which leads to

Calk) > i o6 = (1.60)

dlnp

In essence, the term in (1.60) parametrizes an inhomogeneous source term in the RG
evolution equation of the dimension-six Weinberg operator. In other words: even if the
Wilson coefficient Cg is zero above A, the presence of the ALP necessarily generates
a non-zero term, as long as its coupling to gluons, Cgg, is non-zero. Via RG flow
to lower scales, this effect gets enhanced and by mixing effects with other SMEFT
Wilson coefficients it also affects further coefficients. Certainly, Cq is not the only
coefficient that gets generated by this mechanism and the whole coupled set of RG
equations modified by the inhomogeneous source terms S; is given by

d  _SMEFT _SMEFT ~SMEFT S;
——— CSMEIT _ 9 SMEFT _ 21 4 1.61
dln,ucl Vji & (4 f)2 (for p < 4mf), (1.61)
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1. Theoretical Foundations

where ASMEFT

i is the one-loop anomalous dimension matrix of the minimal SMEFT
basis and has been found in [69-72]. The full set of inhomogeneous source terms S;
has been obtained as a part of the author’s Master’s thesis and is published in [35].
An important consequence of this ALP-SMEFT interference is that in the presence

of the ALP, the correct low-energy effective theory is given by

2
m
Leg = 5 (0pa)(0"a) - TLLGQ + Lsm+arp + LSMEFT (1.62)

N | -

with Lgmiarp containing all operators parametrizing the SM-ALP interactions.
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A Global SMEFT Analysis of

_ Chapter 2:
Axion-Like Particle Interactions

In the hunt for a new particle, the most straightforward approach is to search for a
direct signal in experimental data. In the case of the ALP, this has been pursued
for instance with cosmological [20, 21] and astrophysical [22, 23] observations, as well
as collider [24-29] and flavor [19, 30-34] experiments, and these studies have placed
stringent constraints on the ALP parameter space. However, the bounds come with
conceptual limitations. Many rely on assumptions about ALP properties, such as its
lifetime, production mechanism, and decay channels. Additionally, fits to experimen-
tal data often assume that only a single ALP-SM coupling is nonzero at the scale
A. This hypothesis, which would require fine-tuned UV models, does not hold for
UV-complete frameworks like the KSVZ and DFSZ models introduced in Section 1.6.
This chapter presents an alternative approach to ALP searches via a global, model-
independent, indirect analysis based on the ALP-SMEFT interference. Specifically,
in a scenario where the ALP is the only new-physics particle between A and the ex-
perimental scale, the ALP-induced dimension-six Wilson coefficients are evolved via
RG running down to the experimental scale fiexp. Since these low-scale SMEFT coef-
ficients can be expressed purely in terms of ALP couplings, existing tight constraints
on the SMEFT can be translated into bounds on ALP—SM couplings. This procedure
is largely ALP-model independent and nearly insensitive to the ALP mass. Never-
theless, this framework yields constraints that are competitive with or even stronger
than direct bounds in the GeV to TeV ALP mass range.

This chapter is structured as follows: Section 2.1 describes how the SMEFT RG evo-
lution equations are solved in the presence of the ALP. Section 2.2 outlines the input
data sets for the global fit, followed by a presentation of the results in Section 2.3.
Finally, Section 2.4 applies the framework to the KSVZ and DFSZ models, before
concluding in Section 2.5.

This chapter is based on

[67] A global analysis of axion-like particle interactions using
SMEFT fits
A. Biekétter, J. Fuentes-Martin, A. M. Galda and M. Neubert
JHEP 09 (2023), 120, [arXiv:2307.10372].

2.1. Solutions of the ALP-SMEFT RG Evolution Equations

Solving the full set of coupled differential equations including the SM, ALP and
SMEFT parameters is a very complex, non-trivial task for which no analytical solution
exists. Therefore, one is in general forced to simplify the system by employing approx-
imations or imposing assumptions to make the problem tractable. Another option is
to choose a numerical framework, which in principle could allow for an exact solution.
Given the complexity of the set of equations, this, however, remains computationally
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unfeasible. In order to obtain low-energy expressions for the SMEFT coefficients as
needed for a global analysis of ALP coefficients, a numerical approach is used where
higher orders in the EFT expansion are neglected. To explain the procedure more
systematically, it is convenient to write down the coupled differential RG evolution
equations in an explicit tensor notation for the dimension-four, dimension-five ALP
and dimension-six SMEFT Wilson coefficients as’

dC () @)
“diny = e (CF.C.C0) G,
dCP (1) )
e \P) (4) (5)
dln'u _’yﬁa (C ) Cﬂ (,u),
dc'® 1 )
dzln,(u) V](?) (C( )) C]@(M) +,YAIBP SMEFT(C(4)) Ot )[0(5)( " 2.1)

In the equations above, a factor of 1/(1672) is included in the definitions of the
anomalous dimension matrices 7(P) of the coefficients of operator dimension D in
order to simplify the notation. Greek indices are introduced for the ALP couplings,
while dimension-four and dimension-six couplings are dressed with roman letters. The
bold face of the coefficients indicates that they are collected into vectors. Since the
inhomogeneous ALP-SMEFT source terms S; defined in (1.61) are always propor-

tional to exactly two ALP couplings, they are parametrized as the tensor ,YQXIEP ~SMEFT

n (2.1). The dimension-four coefficients C™® are not the SM couplings, as the
presence of non-SM operators modifies their scale evolutions. However, since the
additional contributions start at O(A~2), it is a reasonable approximation to use
CW(u) = CM () + O(A~2), such that the set of equations becomes

5
AC () _ 0 (o) o))

dln p = Tba
6
dCi( )(M) — A0 (M) 6 ALP-SMEFT ((>(SM)) (+(5) c® * 9.9
dln,u '732 ( ) J (N)—i_"yzaﬁ ( ) o (N)[ B (,U,)] . ( . )

The solution to these equations can now be written in a closed form,

CO(ug) = U (g 10) CF (o) (2.3)
C(g) = UL (g, 110) CS (10) + UAETSMEFT (11 410) O () [CF (10)])*

where j1r and pig are the final and initial renormalization scales. The evolution matrices
U®) and U©) are given by the matrix exponentials

UP) (¢, t0) = T exp Utfdw [P (CM(w ))]T] :

tf w1 Wn—1
( / dw; / dws- - / dwy,
to to

x [1P(CM )] [P (CSM(wn))]T> ’

'In this chapter, the convention employed for the covariant derivative differs by a sign from the one
in [35].
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_ 6
UALPSMEFT (14 10) = UL (17, 1) %

ly
/ dw [Uﬁk (to, w) ,YIA;\I)L&P—SMEFT (CSM(U)))

J
to

x U (w, to) [UP (w, t0)op]"],  (24)

where t; = In u; and T denotes the t-ordering of the exponential. While the numerical
evaluation of the expressions in (2.4) remains computationally demanding, the crucial
advantage is given by the fact that these matrices are initial-condition independent.
Thus, it suffices to evaluate the equations once for a set of initial scales, and to
interpolate the results. The actual evaluation of concrete low-scale coefficients given a
set of coefficients at a high scale A is then a straightforward multiplication of the input
vector with the previously evaluated evolution matrix UP) and/or U ALP-SMEFT

2.2. Input Data Sets and Translation to ALP Coefficients

The input data sets used for the global analysis of ALP coefficients from SMEFT
fits can be split into three categories, for which linear parametrizations in terms of
SMEFT Wilson coefficients exist. In detail, predictions are taken from

e Higgs-data: Expressions in the Higgs sector are taken from [73], as well as
references therein. Measurements in this data set constrain the SMEFT coeffi-

. 1 3 1 3
cients CeH, CHa CHB, CHD? CHda C’I{Dv CHea CHG? C}[za 01(2127 C}{;v Cj('—]()la CHu7

Cuw, Caws, Cu, Cug, Cum, Cg and Cyy.

e Top-data: Expressions from top data are taken from the fitmaker data-
base [74], as well as references therein, from which constraints on the coefficients

CS;, Cies OS2, Cuw Crrp, CS’Q, Cuws, Cu, Cuc, Crd, CHe, 0227 C}};, CHu,
Cup, Cw, Ca, Cég), Céi), C’Si), C\u are obtained.

e Low-energy data: The y? function for low-energy experiments provided in
[75] and [76] contains tree-level SMEFT predictions for quark pair production
in eTe™ collisions, v-scattering on electron and nucleon targets, atomic parity
violation, as well as pion, neutron, nucleon and 7-decays. These observables
are sensitive to the SMEFT coefficients C,gq, Cee, Cen, Cra, Cup, CHe, C’gg,

0;27 C]('—[lga 0527 CHLH CHuda CHW37 Cfdy Cfea C@edqa ngelg)m7 C[g;ua Cﬁfa C[S;)a Cé§)7
Cfm qu-

More details on the observables taken into account can be found in Appendix 2.7.B.
The numerical input required for the data sets is G, @ and Mz. The Venn diagram
relating the constraints for the SMEFT coefficients to the three data sets is shown in
Figure 2.1. In order to obtain limits on the ALP coefficients, the total x? function
from all three data sets,

(€)= [d-pen] v - aon)] | (25)

with experimental data J: predictions p and covariance matrix V', is minimized. While
for the low-energy data set the y?-function is given in the supplemental material of
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Figure 2.1.: Venn diagram relating the constraints for the SMEFT coefficients to the Higgs,
top and low-energy data sets.

[75, 76] and includes all flavor indices, it has to be constructed explicitly for the Higgs-
and top-data. To compensate for the fact that some parametrization assume flavor
universality, missing flavor indices are replaced by third-generation ones wherever
quark-gluon or quark-Higgs SMEFT operators are involved, which concerns Cyg —
[Cuclsz and Cqg — [Cymlss for ¢ = u,d. In all other cases, where first- and second-
generations dominate, the the index is set to two, i.e. Cy — [Cy]22.
In the next step, the y?-function given purely in terms of SMEFT coefficients needs
to be translated to a function of ALP couplings. Remaining model-agnostic, possible
matching terms from integrating out the heavy new states are neglected, such that all
SMEFT Wilson coefficients that contribute to the data sets at a lower scale plexp < A
are only generated via RG evolution from the presence of the inhomogeneous ALP
source terms in (1.61). Therefore, solution (2.3) simplifies to

i (texp) = U™ M (poxp, ) CP (W) [CF (A" (2.6)
yielding a direct relation between each low-scale SMEFT Wilson coefficient and the
high-scale ALP couplings. This equation implicitly includes the only ALP mass-
dependence of the framework: If the experimental scale pexp, in the equation above
is lower than the ALP mass, the inhomogeneous new-physics contributions to the
RG evolution need to be removed below m,. This is done via a tree-level matching,
after which the pure SMEFT running is employed between m, and piexp. If, on the
other hand, m, < fiexp, the system is evolved down to the scale associated with the
observable, e.g. fexp ~ mp, 4+ 2my for tth production, without modification.

2.3. Global Fit Results

This section presents the results of the global ALP parameter fit from SMEFT con-
straints. The individual bounds for the six dimension-five couplings are shown in red
in Figure 2.2, together with the results from a one-parameter fit depicted in gray. To
obtain these limits, the symmetry breaking scale is taken as A = 47 TeV. Certainly,
the most prominent feature in the plot is the exclusion of a vanishing ALP-gluon cou-
pling Cgg that in principle could be interpreted as a signal of new physics. When
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Figure 2.2.: Bounds on ALP couplings at 95% (dark) and 99% (light) confidence limit as
obtained from SMEFT constraints, translated via the ALP-SMEFT interference. The gray
limits are obtained from a one-parameter fit, where only one coupling is constrained at a
time, while the red limits correspond to a global fit. The symmetry breaking scale is set to
A =47 TeV.

reconsidering the input data in more detail, it turns out that this effect is caused by
an anomaly in the CMS simplified template cross section for h — ZZ [77], where
three correlated bins favor non-zero values for C,, ;7 and Cyq. This anomaly vanishes
at 99% confidence level, as the light lines for C in the figure indicate.

Returning to a more general description of the fit results, O(1) bounds are obtained
for the bosonic couplings Cag, Cww and Cpp as well as C,, while the limits on Cy
and C, are weaker by more than an order of magnitude and still allow for values up to
O(50). The global fit results coincide roughly with the one-parameter ones for Cyryy,
Cgg, C. and Cy, but are weaker by ~ 18% for C,, and by ~ 25% for Cqq.

2.3.1. Leading-Log Approximation

To better understand the quantitative impact of the resummation of logarithms on
the bounds, it is instructive to compare the one-parameter results to those obtained
using a leading-logarithmic approximation. In this case, the solutions of the SMEFT
RG equations simplify to

CPMPFT () m AR T () €O () [CF (AN n (2.7)
and the list of low-energy observables in this leading-logarithmic approximation can
be found in Appendix 2.7.A. A schematic comparison of the bounds obtained in the
leading-logarithmic (LL) and the fully resummed scenario is depicted in the upper
graph of Figure 2.3. While the four coefficients Cyw, Cgp, Cy and C. get similar
constraints in both methods, this is not the case for Cgg and Cy,. On general grounds,
this can be explained as follows: When truncating the resummation at LL order,
essentially only bounds on SMEFT coefficients that are directly sourced by the ALP
can contribute to limits on the C®). Therefore, if a SMEFT coefficient is tightly
constrained but has a vanishing ALP source term, then it improves the bounds on
the ALP coefficients only starting at next-to-leading logarithmic order. It is thus
important to deduce the most relevant SMEFT coefficients that contribute to the
bounds on C, and Cgg in more detail:
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Figure 2.3.: Upper row: Bounds on the ALP-couplings from a one-parameter fit using a
leading-logarithmic approximation (blue lines) and the exact, resummed results (black lines).
Lower row: Bounds obtained from individual data sets for the coefficients C,, (left) and Caa
(right) for the same scenarios.
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e The individual bounds obtained from the three different data sets for C,, are

shown in the left graph in the second row of Figure 2.3. While Higgs- and
top-contributions are rather similar, the leading-logarithmic approximation ob-
tained from low-energy data does not produce a bound on the coupling. Further
analyzing this effect reveals that the absence of the strong constraint from Cyp
is responsible for this discrepancy. Explicitly, the RG equation for C'ip reads,
in the limit where all contributions proportional to «; # a5 and the Yukawa
couplings except for oy = y?/(47) are neglected [71, 72],

d 3ay  3A 6o (1) 6 o
Cop=|—+-=)C —|C - —|C . 2.8
HD ( - +87r2> HD + [Chglss - (Crulss (2.8)
Since there is no ALP-induced source term in the equation, these limits do
not get translated to ALP-bounds at leading-logarithmic order. The situation
changes when non-trivial RG flow of other SMEFT coefficients is taken into
account. At lowest order, the relevant terms are [35]

d

d
T [Cihlss = —m oy C2 4+, iy [Crolas = 2 C24..., (2.9)
which yields the two-loop, lowest-logarithmic solution
Crp(p) = —9a2 C2 In? % : (2.10)
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that is primarily responsible for the bound shown for the resummed result.

e For the ALP-gluon coupling Cgg, the situation is similar to the one of C,.
Again, there is no bound at leading-logarithmic order from the low-energy data
set. As these observables only play a minor role in the generation of the bound,
the main difference arises from the weaker bound obtained from the Higgs data.
In particular, gluon fusion processes put strong bounds on the SMEFT couplings
[Cuclss and Crg, whose lowest-logarithmic solutions start at two- and three-
loop order, respectively, and are given by

100 o2 oy
3

2595yt Iz
—% Cée In* =, Cuealp) D

A 5 CéG In

[Cuclss(p) D 3 % ,
(2.11)

when taking into account the running of C,,.
2.3.2. Comparison with Direct Bounds
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Figure 2.4.: Comparison of the 95% CL indirect bounds as obtained from the global fit
based on the ALP-SMEFT interference (red) with direct bounds from collider, flavor and
beam dump experiments, as well as supernova bounds (dark gray). In the derivation of the
direct bounds, only one ALP coupling is assumed to be non-zero at a time. In addition,
strongly model-dependent bounds are depicted in light gray as described in the main text.
For the ALP-gluon coupling Cgq, the lower bound at 95% CL is not shown as it disappears
at 99% CL.

To quantify the significance of the indirect, global ALP-SMEFT interference bounds

presented in Section 2.3, these limits are compared to direct constraints, primarily
from flavor [34] and collider [28] experiments, in Figure 2.4 for ALP masses of order
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O(GeV). Two important aspects can be inferred from the figure: Firstly, the indirect
bounds exhibit a nearly flat behavior as a function of m,. The slight weakening
of the bounds at higher masses arises from integrating out the ALP when the scale
myg is crossed before running down to the experimental scale. Secondly and most
importantly, indirect bounds can indeed compete with or even exceed the direct limits
in the shown mass range. In a more detailed description, the strongest constraints
between m, = 1072 GeV and m, = 10° GeV for each coupling are as follows:

e Cga: For the ALP coupling to gluons, flavor bounds dominate for m, <
O(1GeV). Above this scale, the indirect bounds from the ALP-SMEFT in-
terference exceed the direct ones except for mg ~ 100 GeV, where LHC multijet

constraints [78] outperform the indirect limits.

e Cpp and Cww: Again, flavor bounds pose the strongest constraints on both
couplings for low ALP masses. While the indirect ALP-SMEFT limits become
important around O(0.1 GeV) for Cpp, this is only the case around O(10 GeV)
for Cyw. The mass-independent direct bounds that restrict the couplings up
to mg ~ 100 GeV stem from non-resonant ALP contributions to vector-boson
scattering [79]. Additionally, the light gray regions show collider constraints on
the photon coupling Cy = s2 Cww +c% Cpp, where sy, (¢,) is the sine (cosine)
of the weak mixing angle [29]. These bounds originally assume an ALP decay
predominantly to photons, which, however, is not likely for m, > myz, where
further decays become possible, for instance a — Z~y [80]. As a consequence, the
same bounds are also shown in dark gray, but with the branching ratio rescaled
by a factor of 1073. It is important to note that strong direct bounds derived
from non-resonant gluon-fusion ALP production exist, however, they depend on
the product Czz Caq or Cyy Caq. In particular, the analyses in [81] and [82]
vield |Czz Caq|/f? < 4 x 1072 TeV~=2 and |C,, Caal/f? < 5 x 1073 TeV—2,
respectively. Since the direct bounds shown in the plots are restricted to one
non-zero coupling at a time, these results are not included.

e C, and Cyg4: The direct bounds constraining these two couplings in the mass
range shown are obtained from flavor data. In both cases, the indirect ALP-
SMEF'T interference limits become important at around m, ~ O(10 GeV). The
additional gray region in the plot for C), for m, < 100 GeV results from LHC ¢t
searches [83].

e C.: The direct bounds for C. up to an ALP mass of O(1GeV) stem from
SN1987A supernova observations [84], as well as beam dump experiments at
SLAC [85]. For higher masses up to roughly 10 GeV, bounds from flavor and
dark photon searches at BaBar are important [86]. The light gray region results
from LHC h — aufi searches [87], which, however, assume that the ALP decays
only to muons. When other decays are taken into account as well, for instance
to 7 leptons, the bound weakens severely. Apart from the region excluded by
BaBar, the indirect bounds exclude previously unconstrained parameter space,
both for ALPs with masses below 107! GeV, as well as above 50 GeV.

In short, the indirect bounds for all ALP couplings contribute new constraints to
regions in the parameter space that has not been covered by direct bounds before.
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While in particular for higher ALP masses above 100 GeV they become relevant for
all couplings, also parameters from low-mass ALPs get constrained, most prominently
Ce.

2.4. Translation to UV-complete ALP Models

The framework to obtain indirect bounds from the ALP-SMEFT interference can
also be applied to UV-complete axion models. There are two main differences with
respect to the model-independent bounds: First, there are fixed relations among
the dimension-five ALP—SM couplings and second, there are non-zero dimension-six
SMEFT coefficients from the matching relations at the scale A that can modify the
limits found above. Concretely, in this section, bounds for the KSVZ and the DFSZ
models, as introduced in Section 1.6, are derived.

2.4.1. KSVZ Model

In the KSVZ model, only ALP-gauge boson couplings are non-zero at the scale of
global symmetry breaking A, but the SMEFT operator Qg arises from the tree-
level matching computation independently of the choice of the fermion charges. The
operators Qgq, Q%Z and Qg)q appear when the portal coupling v, in (1.42) is present.
Considering the coefficient in front of the operator Qpgn in (1.47), the constraints
on the SMEFT Wilson coefficient Cyg can directly be translated onto a bound for
a combination of the ALP decay constant and parameters of the scalar potential as
A% f/Asm| > 2.8 TeV. While the values of the ALP-gauge boson couplings are fixed
for concrete realizations of the KSVZ model as shown in Table 1.2, keeping them
general and profiling over the SMEFT coefficients Cgn, Can, ng and CS()Z yields
results that are in agreement with those presented in Figure 2.2 and remain within
a 10% deviation of the one-parameter limits. Finally, the portal coupling y, gets
constrained as |y,/Mg| < 0.1 TeV~! when assuming a flavor universal scenario.

2.4.2. DFSZ Model

In the DFSZ model, the ALP-SM couplings are all expressed in terms of a single
parameter, the angle a. In addition, eleven dimension-six SMEFT operators arise in
the effective Lagrangian after the matching at the scale A, see (1.57). In order to find
limits on the a-f parameter space, two cases are considered: First, a scenario in which
the Wilson coefficients of Qyp, @rn and @y are assumed to be suppressed due to
small parameters in the scalar potential and second, a scenario in which these Wilson
coefficients are profiled over, but including the restriction |Cygl, |Cugl|CH| < 1.
Denoting these scenarios by S7 and So, respectively, and given that the fit results
are nearly identical for the DFSZ-1 and DFSZ-II models, the bounds can be found in
Figure 2.5. As can be seen from the plot, the exclusion regions generated by S; and
S mostly overlap, but the limits from S; are slightly stronger for all values of . The
main contributions to the constraints arise from the Wilson coeflicients Qgh) and Q,(Ii),
which are generated by the matching computation. In more detail, strong restrictions
on these parameters are obtained from RG evolution into Cgp, Cg; and CS;, which
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Figure 2.5.: Excluded parameter space derived from the ALP-SMEFT interference for the
DFSZ model from a scenario in which the scalar potential parameters are suppressed (S7) and
from profiling over the SMEFT Wilson coefficients (S3). The dark gray region is excluded by
the perturbative unitarity bound I'23 < 3 [88], while the light gray region shows '3 < 1.

all have strong bounds at the electroweak scale.

All in all, the indirect bounds are weak for regions in the parameter space where
I'33 < 1 and become stronger toward larger values of a. They also overlap nearly
completely with the region excluded by perturbative unitarity, I's3 < 3 [88].

2.5. Summary and Conclusion

In this chapter, a global analysis of ALP interactions from SMEFT fits was pre-
sented, based on the phenomenon of the ALP-SMEFT interference that describes
the appearance of inhomogeneous source terms in the RG evolution equations of the
dimension-six SMEFT Wilson coefficients. Employing low-energy, Higgs and top data
sets, indirect bounds on dimension-five ALP-SM couplings were deduced that are
compatible with or even stronger than direct bounds in the GeV to TeV ALP mass
range. In addition to producing strong constraints, it was shown that the indirect
procedure offers a two-fold advantage: First, it does not require assumptions about
specific ALP properties such as its lifetime, branching ratios or couplings, and sec-
ond, the results are (mostly) independent of the ALP mass. In order to obtain these
results, a semi-analytic solution to the RG equations at dimension six under the as-
sumption of flavor-universal ALP interactions was derived based on evolution tensors.
As these tensors are initial-condition independent, they can be pre-computed and
therefore largely facilitate future analysis of dimension-six coefficients in the presence
of ALPs at any scale. Delving deeper into the constraints on dimension-five couplings
obtained in this chapter, the strongest results were found for the bosonic couplings
Caca, Cww and Cpp that are of O(1), as is the bound on C,,. The remaining two
ALP-fermion couplings Cy and C, are weaker and still allow for values up to O(50).
Disentangling the effects of RG evolution showed that the leading-logarithmic approx-
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imation captures the most important effects for all coefficients except Ceg and Cy
that get constrained mainly by higher-order terms in the resummation. Following this
analysis, the indirect bounds were compared to existing direct limits. It was shown
that so far unconstrained parameter space gets excluded by the present analysis for
all dimension-five ALP couplings, which underlines the power of the indirect global
fit. While this primarily concerns ALP masses above 10 GeV, a significant portion of
the parameter space for C, is also excluded for ALP masses below 1 GeV. Finally, the
framework was applied to the UV-complete KSVZ and DFSZ models. In both cases,
additional non-zero Wilson coefficients at the scale A arise from a tree-level matching
computation. In the first case, the KSVZ model, these contributions do not have a
significant impact on the coefficients of the theory compared to the vanilla fit without
UV completion. In the DFSZ model, by contrast, threshold corrections dominate the
constraints on the parameter «, particularly in regions where the UV Yukawa cou-
plings are large. Looking forward, several directions remain to be explored. Certainly,
a combined global fit on ALP couplings from both, direct and indirect constraints
would be of great value. Concerning the UV-complete models, different assumptions
on the mass spectrum might modify the results, as can one-loop matching corrections
which remain to be derived.
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2.7. Appendix

2.7.A. Contributions to Z-Pole Observables in the LL Approximation

In this section, the leading-logarithmic expressions for the Warsaw basis SMEFT
Wilson coeflicients that are relevant for the Z-pole observables are given in terms of
the ALP coefficients at the scale A = 4xf. For simplicity, only the largest entries of
the Yukawa matrices are kept, i.e. [Yy ]33 = v, [Yalss = yp and [Ye]ss = y-. This yields
at the scale y =my

Caws =491 9y CppCww In —
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With this, the modifications of the weak gauge couplings and the W mass, parame-
trized as in [75], are given by

2
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2.7.B. Experimental Higgs and Top Input

In this section, the experimental Higgs and top data used as input for the global fit is

summarized.
Experiment/ Facility Observable # of Measurements References
7 and 8 TeV ATLAS & CMS combination 20 Table 8 of [89]
Run-I data h — pp ATLAS & CMS combination 1 Table 13 of [89]
h — Zy (ATLAS) 1 Figure 1 of [90]
ATLAS h— Zy 1 [01]
13 TeV h— pp 1 [92]
Run-IT data h— 7T 4 Figure 14 of [93]
h — bb from vector boson fusion 1 [94, 95]
h — bb from ttH 1 [94, 95]
STXS? h — yv/ZZ/bb 42 Figures 1 and 2 of [96]
STXS h - WW in ggF, VBF 11 Figures 12 and 14 of [97]
d‘&ii’g“ for EW Zjj production 12 Figure 7(d) of [98]
CMS h — WW in gluon-gluon fusion 1 [99]
13 TeV h— pp 4 Figure 11 of [100]
Run-IT data h— 77/WW in tth 3 Figure 14 of [101]
STXS h — WW in Vh 4 Table 9 of [102]
STXS h — 77 11 Figures 11 and 12 of [103]
STXS h — vy 27 Table 13 and Figure 21 of [104]
STXS h— ZZ 18 Table 6 and Figure 15 of [77]
h—bbin Vh 2 Table 4 of [105]

Table 2.1.: Higgs data included in the global fit of the ALP coefficients.

2Simplified template cross-sections (STXS) are a model-independent framework to analyze Higgs
processes. They provide a tool to reduce the influence of theoretical uncertainties and allow for
the combination of different experimental measurements. For more details, see e.g. [106].
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Experiment/ Facility Observable # of Measurements | References
Tevatron forward-backward asymmetry Apg(my;) for tt production 4 [107]
ATLAS & CMS charge asymmetry Ac(myz) for tt production in the ¢+jets channel. 6 [108]
7 and 8 TeV, Run-1 W-boson helicity fractions in top decay 3 [109]
ATLAS charge asymmetry Ac(myz) for tt production in the dilepton channel 1 [110]
7 and 8 TeV Ouws Otiz 2 [111]
Run-I data %, ﬁ for t-channel single-top production 445 [112]
oy in the single lepton channel 1 [113]
oy in the dilepton channel 1 [114]
s-channel single-top cross section 1 [115]
d‘fyﬁ for t¢ production in the dilepton channel 6 [116]
d‘% for t¢ production in the (+jets channel 8 [117]
CMS 0y, in the (+jets channel 1 [118]
7 and 8 TeV charge asymmetry Ac(my;) for t& production in the dilepton channel. 3 [119]
Run-I data Oiws Otiz 2 [118]
0ygy in the (+jets channel. 1 [120]
s-channel single-top cross section 1 [121]
d;i - of t-channel single-top production 6 [122]
t-channel single-top and anti-top cross sections Ry 1 [123]
oW 1 [124]

W for ¢ production in the dilepton channel 16 [125, 126]

d‘% for t¢ production in the (+jets channel 8 [127, 128]

Table 2.2.: Top physics included in the global fit of the ALP coefficients.
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Experiment/ Facility Observable # of Measurements | References
ATLAS oo 1 [129]
13 TeV oz 1 [130]

Run-IT data 0447, Ry for t-channel single-top and anti-top cross sections 1+1 [131]
charge asymmetry Ac(myz) for t§ production 5 [132]

oW Otiz 2 (133]

{Z]—‘:T for tty production 11 [134]

CMS o 1 [135]

13 TeV 01z in the Z — (¢~ channel 1 [136]
Run-II data d:i - and Ry (pz:rf) for t-channel single-top quark production 5+5 [137]
ﬁ for ¢ production in the dilepton channel 6 [138]

di—f’f for t¢ production in the f+jets channel 15 [139]

Tiw 1 (140]

#‘2 for t1Z production 4 [141]

Table 2.3.: Top physics included in the global fit of the ALP coefficients.




ALP—-LEFT Interference

_ Chapter 3:

So far, phenomenological ALP effects have only been considered above the scale p,, ~
v & 246 GeV. When crossing this threshold, several important changes take place:
The electroweak symmetry SU(2)r x U(1)y gets broken down to U(1)gm via the
Higgs-mechanism. This process also gives masses to the fermions and the Z and W#
gauge bosons. With m; =~ 173 GeV, mz ~ 91 GeV, myy =~ 80 GeV and my ~ 125 GeV,
the top-quark, the heavy gauge bosons Z and W* and the Higgs boson need to be
removed as degrees of freedom below the respective scales. Matching the full SM onto
this Low-Energy Effective Field Theory (LEFT) generates non-zero Wilson coefficients
of higher-dimensional local operators. For instance, “integrating out” the W= gauge
bosons yields dimension-six local four-fermion operators, as the heavy propagator
effectively contracts to a point, an effect that is schematically illustrated in Figure 3.1.
The operators generated in this procedure are suppressed by powers of 1/ v? according
to their dimension d.

Figure 3.1.: Generation of a local four-fermion interaction by shrinking the W=®-propagator
to a point at scales below myy .

The presence of axions and ALPs with m, < 1, contributes additional terms not only
to higher dimensional Wilson coeflicients that are present below p,, from integrating
out the heavy SM fields, but also generates additional operators. As in the SMEFT
case, this occurs via inhomogeneous source terms added to the RG equations that
are obtained from one-loop processes. In order to find the full list of ALP-induced
source terms, this chapter starts with a description of the ALP—SM interactions below
the electroweak scale. Afterwards, the set of LEFT source terms up to dimension-six
order is derived systematically. As an application, these results are then applied to
the anomalous magnetic moment of the muon.

This chapter is based on

[142] ALP-LEFT Interference and the Muon (g — 2)
A. M. Galda and M. Neubert
JHEP 11 (2023), 15, [arXiv:2308.01338].
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3. ALP-LEFT Interference

3.1. ALP-Interactions below the Electroweak Scale

Apart from the modifications that occur in the pure SM Lagrangian below the elec-
troweak symmetry breaking, also the ALP-Lagrangian needs to be rewritten in terms
of the appropriate effective degrees of freedom for u < p,, meaning that the heavy
states are no longer present and the ALP-photon coupling is incorporated correctly.
This yields, up to dimension-six order! [60],

2

D<6_ 1 Mq Qs & ~a Apva B A /%
L, (Bua)(ﬁ a) — -5 a? +CGG4 fG , G 4c. dm f T
o*a
+T[uLkU’YuUL+uRku’YuUR+de7D'YudL (3.1)

+ CZRk:d’}/,udR +erkevuer + éRke’}’ueR] .

The matching conditions that connect Lagrangian (1.34) to this low-energy version
have been found in [60]. Remembering that the top-quark has been removed from
the theory, the fermion vectors are explicitly given by urpr = Prr(uc 0)” and
drr=Prr(ds b)T with Pp, g projecting onto the left /right-handed component of the
spinors. The covariant derivative entering the field-strength tensors below p,, reads
Dy, = 0y —igs G, t* —ieQA,. The hermitian matrices k; are defined in the fermion
mass basis and the matrices related to left-handed quarks obey kp = VkyV, where
V denotes the CKM matrix.

Integrating by parts and using the equation for the chiral anomaly, the Lagrangian
(3.1) can be rewritten in the equivalent form [60, 67]

1 2 N
L7 < ) = 5 (9,0)(9"a) - ”; a® + Cag ; Yae, Gre 1, % F, M
1a

_7 [uLMuuR—i-dLMddR—i-eLM eR—hc} (3.2)

2
Tap

which has the advantage that the explicit derivatives acting on the ALP are removed.
The matrices kp (F = u,d,e,U, D, F') now appear in combination with the diagonal
mass matrices mpg of the fermions as

[TLLM{LUR + JLM; dr + éLMé €R + h.C.] ,

Mu:muku_kUmu> Md:mdkd—kpmd, Me:meke_kEme7 (33)

as well as in the matrices parametrizing the dimension-six coupling that appears in
(3.2) after the rewriting,

M/ =m, k:i —2kymyk, + k:2U m, etc. (3.4)

Effectively, the ALP-fermion coupling is thus related to the mass of the corresponding
state, which justifies not writing neutrino terms in the Lagrangian (3.1). Finally, the

'Since the Higgs-field has been integrated out, operators of dimension-six are not present in the
effective Lagrangian.

38



3. ALP-LEFT Interference

relations for the ALP-boson couplings are

a 1 «
Coa = - cGG+2§cqq L Oy = cw+fZ#N!Q§cff ;o (35)
q

where the sum extends over all light fermionic degrees of freedom, NZ = 3 for quarks
and N! =1 for leptons.

Following the same concepts as for the ALP-SMEFT interference described in Sec-
tion 1.7, the presence of ALPs below the electroweak scale induced inhomogeneous
source terms in the RG evolution equations of Wilson coefficients of higher dimensional
operators through Feynman diagrams where the ALP appears as a virtual particle in
the loop. Again, the counterterms for these UV-divergences are of dimension six or
higher, but now the operators are those of the LEFT and there is one additional,
crucial difference: While in the absence of new physics, all Wilson coefficients of the
SMEFT are zero, the pure SM matching at u,, already generates higher-dimensional
LEFT operators.

Before moving on to the calculation of the ALP induced inhomogeneous source terms
for the LEFT Wilson coeflicients, it is instructive to consider this effective theory in
a bit more detail. The minimal basis of operators up to mass-dimension six compat-
ible with the remaining SU(3). x U(1)gm symmetry and the corresponding minimal
basis was first found in [143]. Assuming three generations of fermions and including
those with non-zero AL and AB, the SM operators of dimension-four below ,, are
extended by 12 dimension-three, 76 dimension-five, and 5995 dimension-six operators.
Certainly, the ALP does not generate all Wilson coefficients of these operators, but
this basis captures, in a systematic way, all possible effects of heavy new physics that
has been integrated out above p,,, up to mass-dimension six. Since it might corre-
spond to a scale A > p,, the LEFT in general is an expansion in two (or more)
scales, 1/v and 1/A, and matching conditions from the SMEFT to the LEFT have
been obtained in [143].

Moving now on to the concrete light (meaning m, < p,) ALP case, another effect
takes place, as already described for the SMEFT: Removing the 1/e poles from the
amplitudes of one-loop Feynman diagrams with virtual ALP exchange generates in-
homogeneous source terms S; that enter the RG evolution equations of the LEFT
Wilson coefficients via

d S.
Iy CLEFT _ %Lz‘EFT CjLEFT - (47r})2 (for p < i), (3.6)
where y*PFT is the one-loop anomalous dimension matrix for the LEFT Wilson co-

efficients that has been computed in [144]. The correct effective field theory is thus
given by
Ler = LLEFT + L£aLP + LSM4ALP - (3.7)
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3.2. Green’s Functions requiring LEFT Counterterms

With these ingredients at hand, it is now possible to move on to the calculation of the
ALP-induced inhomogeneous source terms generating the LEFT Wilson coefficients.
To this end, it is convenient to work in a Green’s basis, i.e. a redundant basis that
is complete before applying the equations of motions, since it allows to restrict the
analysis to one-particle irreducible diagrams. In principle, there are three different
types of such operators at dimension-six, pure gauge boson operators, single and four
fermion-current operators, that can each be subdivided into different classes by the
number of covariant derivatives, fermion and gauge boson fields as shown in Table 3.1.

Operator Type ’ Operator Class ‘
pure gauge boson X3, X2D? X?
single fermion-current | ¥2X D, ¢?X, ¢2D3, ?D?, 4D, )?
four-fermion P

Table 3.1.: LEFT operator classes up to dimension-six that need to be considered for the
ALP-LEFT interference. X denotes a normal or dual field strength tensor, ¢ is a SM fermion.

In the following sections, all Feynman diagrams with virtual ALP exchange contribut-
ing to these classes are computed in the Green’s basis and subsequently transformed
to the minimal LEFT basis. To this end, the sum of diagrams are written as

ap . GA
;Di = (i 2 (3.8)

throughout and the matrix element of an operator @ is expressed as (Q).

3.3. Pure Gauge-Boson Operators

Figure 3.2.: Representative one-loop Feynman diagrams with virtual ALP exchange (red
dashed line) requiring pure gauge-boson operators as counterterms. The second and third
graph, which involve the three gauge-boson vertices, are both absent for photons.

The Feynman diagrams with one-loop virtual ALP exchange that contribute to the
purely bosonic (PB) LEFT counterterms are depicted in Figure 3.2. Defining the
auxiliary, redundant operators

Qa2 = (DG (DG, (3.9)
@%2 = (0P Fpu) (0L, F1)
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the amplitudes can be written as

2
Algala)) = - Ce [495<QG> LB - 2m? <G;3VGW>} + finite,

02

(3.10)
Al = =2 [11Q,.2) ~ 20 (B, )| + e,

€

with Q¢ as defined below (1.58). From the first term in the amplitude A(gg(g)), the
contribution to the inhomogeneous source term of the LEFT Wilson coefficient Cg
can directly be read off as Sg 3 8¢5 C’éG. The remaining terms require a more careful
examination. Starting with the redundant operators QGQ and Q%g, one first needs to
apply the equations of motion for the gluon and the photon,

(DpGp,u)a = 30s Z Q’YutaCIa apru =€ Z Qf f’Yufv (3'11)
q#t f#t

where the sum over the quarks ¢ and leptons [ include all light fermion mass eigen-
states, in order to project them onto the minimal LEFT basis. This yields for the
auxiliary gluon operator in the notation of [143]

Qo= | ([QUE )y + (@Y oy + [QU ]y + Q1)) (312

~ o (@4 + [QUAM, .y + [QU1), + [QUFM,,.)
+2 ([QUF] s + 101,00
2 ([QU ] + [1QU™ 5., + QL] + [QU2]) |
and for the auxiliary photon operator
@2 | G ([QU],., + (U, + 2 (0547, (313
+ Q3 (@ s + QU™ e + 2 (@0 1)
+ Q2 ([QUEH,0, + [QUFR] . +2[QUEF] )
+2QuQu ([Qur™ o + [ ™ o + (AU o+ [0 1,00)
+2QuQu ([QUF] s + [QUF™ 0, + [QUET) 00 + [QUFF],,)

+2QuQu ([0 e, + [QU s+ [0,y + [Q15),00.) |-

In the same way as before, it is now straightforward to read off the contributions to
the inhomogeneous source terms of the Wilson coefficients of the respective operators
appearing in (3.12) and (3.13). Since other diagrams yield further terms, the full
expressions for the S; are collected at the end of this chapter.

Next, there remain terms multiplied by the ALP mass term in the amplitudes (3.10).
Since the m?2 multiplies two field strength tensors, these terms yield modifications of
the wave-function renormalizations and thus affect the running of the gauge couplings
as(p) and a(p). A detailed derivation follows in Section 3.6.
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3.4. Single Fermion-Current Operators

Moving on to the single fermion-current operators, only the operator classes ¢/2 D, 1>
as well as the dipole operators 12 X are generated, while 12 X D, )2 D3 and v? D? are
not sourced by the ALP at one-loop order when working with the second form of the
Lagrangian in (3.2). Certainly, the final results are independent of the choice of the
Lagrangian.

Dipole Operators

Figure 3.3.: One-loop Feynman diagrams with virtual ALP exchange (red dashed line) re-
quiring dipole operators as counterterms. The fermion line represents a quark or a charged
lepton.

The Feynman diagrams describing a chirality changing dipole interaction with a one-
loop ALP exchange are depicted in Figure 3.3. While the third diagram is UV-finite,
the sum of the first and the second one yields, for the example of (L R) X where the
fermion line represents a quark, the expression

_ 29
A(QL,pQR,’rg) = - 68

(MQ)p’r‘ Cac [(Qqaﬂpr + finite, (3.14)
while for the case where the fermion line is a charged lepton one obtains

A(frpfre) = —2Q€f€ (Mf)pr Cyy [(Qhﬂpr + finite, (f =u,d,e).  (3.15)

Notably, these amplitudes correspond to those of the dipole operators found in the
SMEFT case in [35], however with the external Higgs field replaced by its vacuum
expectation value. In both expressions, (3.14) and (3.15), no summation is implied
for the indices p and r for a given diagram with external fermion generations p, r.

Fermion Two-Point Functions

Figure 3.4.: One-loop Feynman diagrams with virtual ALP exchange (red dashed line) con-
tributing to the fermion self-energies. The fermion line represents a quark or a charged lepton.
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In the SMEFT case, the non-derivative basis ALLP—fermion interaction always involves
a Higgs field. The absence of this heavy boson below the electroweak symmetry
breaking scale leads to the interesting phenomenon that fermion two-point functions
are generated, allowing the ALP to influence fermion masses. Systematically, the two
self-energy diagrams shown in Figure 3.4 can be decomposed as

»Dp) =P+ s L w0 5B (f=ude). (3.16)

The different contributions to X() read

n_ 11 i
Xy = (a2 - <> Py, MfM + finite,
11
Eg}%— | == PRMTMf—i—ﬁnlte
(4 f)? €
» - . (3.17)
SUh= G (Mf my M + 7“Mf> + finite,
11
st = e (Mt} my ] + 2“ M) + finite.

To obtain the full self-energies, these terms have to be added to the SM expression
and brought into canonical, diagonal form through appropriate field redefinitions.

3.5. Four-Fermion Operators

Figure 3.5.: One-loop Feynman diagrams with virtual ALP exchange (red dashed line) con-
tributing to the four-fermion amplitudes. The fermion line represents a quark or a charged
lepton. The diagrams are UV-finite.

Finally, the virtual ALP exchange could generate inhomogeneous source terms for four-
fermion operators with corresponding diagrams shown in Figure 3.5. When working
in the second basis (3.2), it is evident that all diagrams are UV-finite. Clearly, the
generation of the source terms must be basis independent. When employing the first
basis in (3.1) instead, the ALP-fermion vertices have an additional momentum. In
this case, still the sum of the four diagrams is UV-finite.
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ALP-SMEFT ALP-LEFT

Figure 3.6.: Representative one-loop Feynman diagrams with virtual ALP exchange (red
dashed line) requiring four-fermion operators as counterterms in the ALP-SMEFT case (left)
and in the ALP-LEFT (right). The fermion line represents a quark or a charged lepton, the
black curly line a W or Z boson and the symbol ® denotes an effective dimension-six four-
fermion vertex in the LEFT obtained from integrating out the heavy gauge boson. Similar
diagrams also exist for virtual Higgs exchange, generating four-fermion vertices of dimension-
eight order in the LEFT (not shown).

One could, however, ask the question, why four-fermion operators were generated
at dimension-six order in the ALP-SMEFT interference case in [35], while this does
not happen at low energies. The reason is the following: Considering the derivative
basis above ,,, diagrams of the form as shown on the left-hand side of Figure 3.6 are
responsible for these terms. When integrating out the heavy boson, the propagator
shrinks to a point and generates the diagram shown on the right-hand side of the figure.
The effective four-fermion vertex required in the right-hand side diagram is therefore of
order six (~ 1/v?) or eight (mgmy /v*). The counterterms of such diagrams are thus
given by dimension-eight operators for a four-fermion vertex generated by integrating
out the W or Z bosons and the Wilson coefficients scale as 1/(A?v?), or by dimension-
ten when it was induced by a Higgs with corresponding Wilson coefficient scaling as
1/(A%v%). A concrete example of source terms for dimension-eight operators in the
LEFT is shown in Appendix 3.10.A.

3.6. Derivation of the Source Terms

The derivation of the inhomogeneous LEFT source terms from the UV-divergent terms
of the one-loop amplitudes follows the exact same logic as explained in Section 1.7.
To summarize, if a Green’s function contains a term of the form
& 1
—— —{Qy), 3.18
(47Tf)2 € <QZ> ( )
then the source term entering the RG equation of the renormalized Wilson coefficient
contains (—2) times the coefficient of the 1/e-term multiplying the corresponding
matrix element, i.e.
d 2&; S;
i) 3~ =
dlnp (@)~ (@nf)?

The thus obtained results together with the corresponding operator definitions as
given in [143] are shown in Table 3.2.

(3.19)
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H Operator ) ‘ Definition Source Term S
& Qc febe G G G 895 Ce
‘ [Quclij ari o t"up;GY, 495Cai [ My);j
8‘ (Qaclij dri ot tdp; Gl 49:sCoa [ My)ij
é [Qurlij g 0" uR;Fyu SeC.y [M,];;
) [Qar i drio drjFuw —%eCW [Md]ij
- [Qeryli eriot erjFuy —4deCyy [Me]ij
[ ZéLL]ijkl (eLivter;)(€Lxyuer) §€20$75ij5kl
[ XéRR}kal (eriv"er;j)(€RkYueRI) 3 202 6115“
Q¥ ijn (eLiv*er;)(Urkyuur:) 32 202 03 O
= | ei i (€riv"er;) (UrkYuuR) —%62 C'%% Okl
S RL ik (eriv*er;)(drrvudi) 5 e C3 81 0u
E::; [Q;‘;szhgm (eriv*er;)(drryudr) B e*C2 6550
o [Qui " Nijki (@riv*ur;)(reyuurr) 5362C2 00w + 593 Cle ( S djk — 5u5kl>
2| Qi (@riv"ur;)(UREYuURI) 826202 550w + 292C2; ( S0k — 3-0ij 5kl>
S QY i (C_sz“dLg)@ LkYudLr) S e2C2 6,0 + 392 C2 ( S0k — ozjékz)
5 [ g&RR}wkl (driv*dr;)(drrYudrr) 32 C2 6160 + 592 Céq ( S djn — 51]5k1>
S [Qu  iw (ariv*ur;)(drkvudr) —3262C2 640
Q™ ijw | (@R uny) (drevudr) —3262C2 6ij0n
[Qu ™ i | (A"t ury)(doeyt®dry) 2 92C3 0156k
QU i | (@riv"tuny) (driyt® dr) 292 CE i 0m
Q" i (eLiv*er;)(€rkYpert) 2e*C2 0550k
QU ijm (eriv*er;)(UrkYuuRL) —32e2C2 6i5 611
QY i (eriv*er;)(drevudrr) B e*C2 6550
[Qv R im (@riv"urj)(€rkYuert) 32 202 -~ 0ij Okl
= QY iim (drivdr;)(ErkYuer) 5 202 03 Ok
& [Qua Mij (@riv*ury)(UrkYuur) % 62 02 03 O
S [ %é? ’ii]ijkl (apy "t ur;) (@ L REVut®UR) 2 92C3 0156
= [Qua” ijw (@riv*ur;)(dreyudr) —3262C2 6ij0n
Qus Mgt | (@riy*tury) (dpryut® dr) 5 92 Ci 01 O
QY i (dpiv*drj)(Urkyuur) —32e2C2 65 0m
[QYP i | (driny™t@dry) (@ryut® urs) B 92026561
Q4 i (driv*dr;)(driyudri) 39€2C2 050
(Qua™Might | (dpiy*t*dry) (driyut®dm) 8 62C2 04 0m

Table 3.2.: LEFT operators and their definitions (second and third column) and the one-loop
ALP-generated inhomogeneous source terms entering the RG evolution equations of the LEFT

Wilson coefficients (last column).
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Wave-function, coupling and mass renormalization

Apart from the inhomogeneous source terms that enter the RG evolution equations,
ALPs also contribute to amplitudes that require dimension-four SM operators as coun-
terterms. This occurs for the purely gauge-boson amplitudes in (3.10), as well as for
the fermion self-energies in (3.17). In the first case, this results in a modification of
the wave-function renormalization constants of the gluon- and the photon-field of the
form

8m2 Cgq sm2 C2,

From o, = > Lo, s, Where Z,, = Zq2quq Z_ , and the fact that ;g is scale
independent follows that

1 dO[s 1 dZa . SM
- = 2e— — Sf0 ith 7, = 75M
asdInp ¢ Za,dInp W e s

8m(21 C%G
(4nf)2 e

such that the S-function of QCD, defined as do/dInpu = —2a,8qcp, gets modified
to

(3.21)

8m 2
Bacp = Boln + s Cla 3.22
Similarly, for the S-function of Quantum Electrodynamics (QED),
8m 2
2. (3.23)

BQED = /BQED+ (dr f)

Finally, the contributions in (3.17) modify the fermion wave-functions and mass renor-
malizations. Assuming flavor-diagonal ALP-fermion couplings in the mass basis, the
additional terms for a fermion f read

P T e M o=y (it ) o (324

The presence of the 1/¢ pole in the fermion mass term yields a modification to the
RG evolution equation dmy/dIn y = v, my of the form

2m?% +m?2
_ ASM f a 2
Ymys = Ymy T+ “anf)e e (3.25)

3.7. ALP-LEFT Contributions to the Muon Anomalous
Magnetic Moment

The anomalous magnetic dipole moment (MDM) of the electron and the muon are
two important precision observables in particle physics that are highly sensitive to
physics beyond the SM. In general terms, the MDM [ quantifies the interaction of
the spin of a given fermion f with an external magnetic field and is given by

S q al
fi=g; ﬁ g, (3.26)
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where gy and mj denote the fermion’s electric charge and mass and S its spin. The
Landé-factor g¢ can be decomposed as [36]

g5 = 2[F1(0) + 2 F5(0)] = 2+ 2 F»(0) . (3.27)

Classically, the Fy term is absent, such that gy = 2. In quantum field theory, however,
loop corrections yield a deviation from this result that is typically parametrized as
-2

af = (92)f , (3.28)
and called the anomalous magnetic dipole moment. In the SM, there are three types of
diagrams that contribute beyond the leading order: QED, electroweak and hadronic
corrections, such that a?M = a?ED-Fa?W—Fa}}ad. Representative lowest-order Feynman
graphs for each of these contributions in the SM are shown in Figure 3.7. Certainly,
at low energies, graphs containing explicit Z and W bosons are absent.

Figure 3.7.: Representative Feynman diagrams contributing to the magnetic dipole moment
of the fermions. The first graph from the left shows the one-loop QED correction, which yields
the Schwinger term a/(27) to F5(0). The second and third graph are the lowest order weak
corrections, while the graph on the right represents hadronic contributions to ay.

There has been an anomaly in the anomalous magnetic moment of the electron and
the muon for a long time, and enormous effort has been made to improve both theory
prediction and experimental measurement. In a recent white paper, WP25, of the
Muon g —2 Theory Initiative [145], the improved lattice QCD average for the hadronic
vacuum polarization has led to a substantial upward adjustment of the predicted value
of a,, which removed the tension between experiment and theory in this quantity.
Yet, contributions from ALPs can significantly affect its value and it is therefore
still of enormous interest when searching for hints of new physics. In the following
section, it will be examined in detail how ALP contributions to a, arise from the
ALP-LEFT interference discussed in the previous section. In the LEFT without
ALP, contributions have been discussed in detail in [146]. Including the ALP, the
one-loop order result at py ~ my, reads?

alpo)  4my, o 15
GHZY—T%G[CQW([LO)]22 1—E 51nm—z+2
+ aﬁe(uo) + aiwq(uo) + CLQLP(MO)
= [a,]®M + [a, AP, (3.29)

where aﬁ‘LP(,uo) denotes direct ALP contributions, while [a,|*F contains all ALP-
generated contributions, including indirect ones. The individual terms are represented
by the graphs depicted in Figure 3.8. The terms that appear in (3.29) are the following

2The SM prediction for a, is known to much higher accuracy than the one-loop result included here,
see [147].
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N
A

Figure 3.8.: Representative Feynman diagrams contributing to the anomalous magnetic mo-
ment of the muon at one- and partial two-loop order when the SM is extended by an ALP.
LEFT operators are indicated by the ® symbol, while the red dashed line shown the ALP.

ones:

e The SM Schwinger term, a(po)/(2m), results from the one-loop QED correction
(first diagram in Figure 3.8).

e The second term in the first line of (3.29) results from the one-loop matrix
element of the electromagnetic dipole operator in the LEFT (second and third
diagrams in the first row of Figure 3.8). The Wilson coefficient of the LEFT
dipole operator contains the pure SM contribution

[Cory(pt0)] 5y = SEZ% (—3 — 852 + 1651).

e Penguin diagrams involving four-lepton operators in the LEFT generate the
fourth diagram in the first row of Figure 3.8, which arise from the exchange of
W= and Z bosons. In detail, the contribution reads

4 =My Z 471'2[ MO Re [CSRR( )]wz_%e [CX&LR(MO)}QM
l=e,p,m

(3.30)
Again, besides ALP effects on the coefficient, cLlR already contains the pure
SM term [CXéLR(MO)E?Zz - % (1 — 25121]) 5121; Oop. Cfe does not get sourced
by the ALP and thus does not play a role in the following discussion.

e The term aiwq arises from penguin diagrams involving a quark loop (fifth di-

agram in the first row). It is given in (3.4) and (3.5) of [146] and involves the
coefficients CZ;" and Cg;i’RR, which are not sourced by one-loop ALP exchange.

e Finally, there are the direct ALP contributions, shown at one- and partial two-
loop order in the second row of Figure 3.8.

The final goal is to obtain an expression for a, in terms of the ALP couplings at the
UV-scale A. This can be done in three steps, and thus the next sections are structured
as follows: First, the direct ALP contributions to the muon anomalous magnetic dipole
moment are summarized. Subsequently, the relevant coefficients are scale evolved up
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to the electroweak scale, where matching corrections need to be taken into account.
Finally, the RG evolution above p,, is applied up to the ALP-scale A.

3.7.1. Direct ALP Contributions to a,,

The direct ALP contributions to a,, i.e. those in the second row of Figure 3.8, have
been computed in [28, 34] and read

2 2
aﬁLP(,uo) = (47:}1)2 (‘ 8cuu(ko) Cyy(10) [ln ;% +to2+3 - hz(x”)}

o 1
- 2000 o) Y N @G egpi) [ (a1 = 2
J#t °
a(po)

+ Z:Z; Re ([ke)2s[kr]33) hs(zr)

+ C2 (10) ArbL (o, ma, my) — ¢y, (p0) ha ()

= % (ITkeli2l? + |[ke]i2l?) h4(%)> )

(3.31)
where 2§ = m?2/ m?c + 40, and the loop functions h;(z) are given by
hi(x) =142z +2(1 —z)Inz — 22(3 — x) f arccos\éi,
2
2
ho(x) =1— ST e x(4— 1) arccos—x,
) .
1—-3z 2z
hs(x) = - Inz,

(1-2)? (1-2z)

h4(:p):1+2x—2$2lnxi1,

. Flys) = [h2<x> o (“”;)] , (3.33)

which is a loop function arising at two-loop order from Barr-Zee diagrams [148] (third
diagram in the second row of Figure 3.8), calculated in [34, 149]. The constant d2 in
the first line of (3.31) is a scheme dependent quantity related to the treatment of /8
in dimensional regularization: when treated as four-dimensional, do = 0, while for a d-
dimensional object, Jo = —3 [28]. The scale pg, where the expression aﬁLP is evaluated,
depends on the mass hierarchy between the ALP and the muon. When one of the
two particles is much heavier than the other, one needs to set po ~ max(my, mq).
In addition, the quantity Arpp, in (3.31) accounts for the last two diagrams in the
second line of Figure 3.8 that show the contributions from light-by-light scattering
and ALP vacuum polarization. While this quantity has not yet been fully computed,
it was analyzed at leading logarithmic approximation for > m, 4 in [150]. Finally,
the flavor off-diagonal contribution to the muon anomalous magnetic dipole moment,
the last term in (3.31), stems from the first diagram in the second line of Figure 3.8
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when the fermion in the loop is an electron or a tau and the mass ratios m,/m, and
me/m,, are neglected. Since the flavor off-diagonal ALP-fermion couplings are scale
independent up to O(a?), there is no argument o in these terms.

3.7.2. Renormalization Group Evolution to the Electroweak Scale

For the goal of expressing the muon anomalous magnetic dipole moment in terms
of ALP couplings at the electroweak scale, it is necessary to solve the relevant RG
evolution equations, which in the following is performed at lowest non-trivial order in
the ALP couplings. In more detail, this requires the solutions to the ALP couplings
cup and C,, the additional contribution to the scale evolution of a, as well as to the
LEFT Wilson coefficients [Cey]22 and [C’Xe’LR]%m.

For ¢, and C,, the relevant RG evolution equations have been found in [60]. Omit-
ting quadratic and higher order terms of «, as well as its scale dependence, one can
deduce the following approximate solutions:

dey, 6o 3o w2,

—__C = cup(po) = cup(pw) — — Cyy(pw) In =5,
dinpg ~ x e o m & (3.34)
dcC QED & QD a(fw) | Hap .
ﬁ — B o Cyy = Cyy(mo) = |1+ 5, T;U 111/7(2) Cryy (pw) -

For the gauge coupling of QED, the ALP induced RG contribution in (3.23) yields,
up to linear order in «,

2
a

2
[a(0)] " ~ alp) [1 - C2 (jt) "W] . (3.35)

&m
(Ar )2 7 ,U(2)

Lastly, the inhomogeneous source terms for the relevant LEFT Wilson coeflicients are
those summarized in Table 3.2. Since [CeVe’LR]gggg arises only at one-loop order in af;e,
it suffices to integrate Sy:IR - The situation is only slightly different for the dipole
coefficient [Cey]22: Even though the coefficient mixes under a scale evolution with
itself, with CL;7*%, Cg;iRR, o (not ALP sourced), as well as with Ce, Cyy and
Cg, times the mass of a light SM fermion [144], these mixing effects do not give rise
to contributions at the relevant order. Therefore, when neglecting higher order effects
in «, only the scale evolution of ¢, needs to be taken into account when integrating
the inhomogeneous source term of [Cefy]gg. In total, this yields

ALP ALP
[Ce'v(“())}m ~ [Cev(f‘w)}ﬂ
2em 2 3a U2,
+ (47rf§tz Coy () | Cpupn () IH/T(% - %va(ﬂw) In? 17(2) )
V,LR ALP V,LR ALP 1 R2ra o M%u
’ ~ ? w _— e w 6 ]. T -
[Coc™ (1) 300y = [Cec™ (10) ] 00 (4rf)2 " 3 Oy (ftw) O In 12

(3.36)
Inserting these results into the direct ALP contributions in (3.31), as well as the
Schwinger term in (3.29), and neglecting higher-order loop results of the ALP cou-
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plings, the final result in terms of the couplings at p,, is given by

Am JALP ALP
@™ = = e (O ()] 0T e 3 T e (O )
l=e,p,T
m2
" (4%?)2 { i) Infe)

2
= 8Guui) ) |10 25 4 8243~ oo,

I
. 20(piw)
m

1
Cuu(#w)ZNgQ?Cff(Mw)/ dZF(Z(l_Z)xfawu)
f#t 0
g 12000) o 3 (26, 159 oy, + %2 ) 1n b
T 0%’ Hw 2 9 2\ Ty 3 2 /L(Q)
2 M 2 Mo 1
+1H 7112] —1In + ALbL(MOamaamu)]

my, 12

+ — Re ([keloz [kulss) ha(zr) — % (erhz! + [[kghal?) ha(z,)

(3.37)
From this equation and the necessity of the low-energy scale to cancel out of the

expression, one can deduce that the term proportional to Cg,y,

1 i 56 x u2
—In2 £0 _ = _ ZE ) 1n 20 .
D ApvL (0, ma, my) — In m;% <252 + 5 2ho(z,) + 3 ) n m;% , (3.38)

must be independent of .

3.7.3. Electroweak Matching Contributions

As a next step, matching corrections at the electroweak scale need to be taken into
account and a rewriting in terms of the appropriate couplings is necessary, since the
degrees of freedom change at j,,. Concretely, this affects the couplings C,, ¢y, as
well as the LEFT dipole coefficient [Ce,]9F.

Starting with the ALP coefficients, the matching relations have been obtained in [60].
Defining by p, and pu,, the scale infinitesimally above or below ji,,, they read

O (i) = O (i) — S N 92 i)

4
(i)
3T

(3.39)

= ¢ Cpp(uh) + 2 Cww (ph) — ce(ph)
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Figure 3.9.: Representative Feynman diagrams contributing to the ALP-induced matching
corrections to the LEFT dipole coefficient Ce., at the electroweak scale. The open red circle
in the last diagram accounts for the matching contribution obtained from the fact that the
ALP-photon coupling C,, differs in the effective theories above and below the electroweak
scale.

for the case of the photon coupling with short-hand notations c2 = cos? 6, = m%,/m?%
and s2, = sin?6,,, and

() = Cup(piay) + Y cu(pay) In m?
o (fhw) | (1D 4 Hay 1 2 2
_MCBB(M)KQ—Q% 1anZ +o1+5 )6y (1—4s;)
_ o) (95 e 1
= CWW(Nw)|:<2 125, ) ( In 2 +6 + 5

—3Inc? + 652 (1—45121,)] )

(3.40)
with my = my(my). For the LEFT dipole coefficient relevant Feynman diagrams for
the matching include those depicted in Figure 3.9. The three Z-boson graphs in
the first row are proportional to (¢§ + g%) = (—4 + 2s%) ~ —0.04. While the first
diagram has been obtained in [28], the last two graphs in the first line of the figure
haven not been calculated in the literature before. The second diagram vanishes up
to O(mfc /m%), while the third one gives a contribution proportional to ¢, ¢y, which
is independent of the scale y,, but depends on the ratio m?/ mZZ It is a reasonable
approximation to neglect this unknown contribution, because it is much smaller than
other terms involving the same ALP couplings in the result (3.41) below. Shrinking the
heavy-particle propagators to a point and assuming that at least one of the remaining
loop momenta is soft leads to the low-energy subgraphs shown in Figure 3.10, where
effective vertices in the ALP-LEFT theory are shown as the red ® symbols, that scale
as 1/(fv?) (first graph) and 1/(f?v?) (third graph). The operator symbolized by ®
scales as 1/v%. In all three cases, the result is proportional to ~ mfw /v? and can
therefore be neglected in the matching.
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Figure 3.10.: Low-energy subgraphs for the three diagrams in the first row of Figure 3.9.
The effective vertex marked by a red ® symbol in the first subgraph from the left corresponds
to the dimension-7 operator (0,a) iy, F'* 11, the black ® symbolizes the dimension-six four-
lepton LEFT operator and the red ® symbol in the third subgraph is a dimension-8 four-lepton
operator. The diagrams are power suppressed and therefore do not contribute to the matching.

The three diagrams shown in the second row of Figure 3.9 correspond to the Barr—Zee
contribution of the top quark (first graph) as well as a matching contribution arising
from the fact that the ALP-photon coupling C, in the effective theories just above
and below the electroweak scale differs by a contribution involving the top quark.
Both diagrams contain a non-zero low-energy contribution sensitive to the masses of
the ALP and the muon, but in their sum this contribution cancels out. Combining
[28, 34, 143, 149], this yields for the matching of the dipole coefficient at fi,,

[Ce'y(u;)]gLP = L (Cw [CeB(:Uﬁ—Z)] ﬁgLP — Sw [CGW(M;;)}QAQLP>

V2
em
s (1 —4s3) cuplp)) x

- 2(4nf)?

2
[CrB (1) — Cww (1)) (hl P g6yt 2) (3.41)
Z
emy  20(pw)
(Anf)?2  3m

[@q%+@—;)+u—%av»y

Cup(tiah) et (p1:) X

where the dots refer to the unknown contribution from the third diagram in Figure 3.9.
For the coefficient CX;LR, one-loop matching corrections arise from diagrams of the
form

that have not yet been calculated. The relation is therefore written as [143]

_\1ALP ALP .
[(fl,ye’]“]:i(,%))]2M2 = [Cle(d)) ] 5ppy + 100D corrections. (3.42)

3.7.4. RG Evolution above the Electroweak Scale

Having obtained an expression for the anomalous magnetic dipole moment of the
muon in terms of couplings above the electroweak scale, it is now possible to RG
evolve these coefficients up to A. To this end it is necessary to collect and derive the
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required solutions to the RG equations. Starting once more with the ALP coefficients
cup and ¢y, the leading-order RG-improved result was obtained in [60]. Neglecting
the scale dependence of the electroweak gauge couplings a; and as as well as of the
ALP-boson couplings C'pp and Cyw, it reads

. 1501 9y 2
o 05) 2 ) + s ) () = | 522 Cin () + 52 Covne ()|
cr(tiy) ~ [1 - 2ft(uw,1\)] cit(A) — 76 [ - 1] Cac(A)
- [1274(;1 Cpp(A) + % Cww (A )]
(3.43)
with
j Bau(p) cu(p) _ Bow(m) [, [ as(B) \7
ot A w b 2T ctt(A) B s (i) [1 <O‘S(Mw)> (3.44)

It is crucial to note that RG evolution effects generate the appearance of the ALP-top
quark coupling in the expression for ¢, (x;;) in (3.43). Even in the absence of a direct
coupling to muons at A, this term generates a shift in a,,.

Finally, only the solution to the scale evolution of the SMEFT coefficients C.p and
Cew that enter in the expression (3.41) are missing. Taking into account one-loop
mixing effects, also the solutions for the ALP-sourced coefficients Cyp, Cyw and
Cuwp are needed. Additionally, they also mix with C 5, €35 and Cpp 5, which,
however, are not generated by the ALP. It is therefore sufficient to obtain the solutions
for Cyp, Crw and Chw g, which, at leading logarithmic order, are given by

47ra1 2

[Cun()] ™™ ~ [Cap(n)] ™" + Gy Chm() In s
Ao A?
[Crw (W] ~ [Crw ()] + gy Chow (V) In 5 (3.45)
/o 2
[CHWB(N)]ALP ~ [CHWB(A)]ALP + 8(47Tfl)22 Ca(A) Cww (A) In 22 .

Using the above relations, it is straightforward to integrate the RG equations for the
dipole coefficients in the leading logarithmic approximation, which results in

[Con(ud)] " ~ [Cop(M)] 2"
o [29 [Cma) ™ = 22 (Conws )] | 2y
i % Cp(d) {; Cun(A) In 2; (3.46)
+ | fo culh) = o Con() - 2 Cone ()] n? ;} |
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and

[Cew ()] §2LP ~ [Cow (A)] §2LP
[ om0 = 28 o)
b 2 () { - Je(d) s (3.47)
(-3 ) + 2 ) + 102 ] 2L

Finally, for the SMEFT coefficient Cj. entering in (3.42), only the inhomogeneous
ALP source term needs to be integrated, leading to

ALP ALP 1 167y A2
[Cle(,u$)} 2009 ~ [Ole(A)]QEKQ - W T C%B(A) 62( In 7%” . (348)

3.7.5. ALP-models with Loop-Suppressed Boson Couplings

Many ALP-models predict loop-suppressed couplings to the SM gauge bosons, which
is indicated by the explicit factors of a;/(4m) for i = 1, 2, s in the Lagrangian (3.1).
In this case, the ALP-fermion couplings are much larger than Cpp and Cyw and
terms containing these coefficients can be neglected. In particular, in this scenario,
also the source term for the Wilson coefficient Cos vanishes, and the expression for
[aM]ALP gets simplified to

4 2
[au]ALP = _% Re [Cev(lu'z_u)] 2A2LP - (47:;)2 Cuu(ﬂw) X
2
{w(u;) i)+ o) [1n 25 4843 — D) (3.49)
m

4 2ol > N Qfers(n) /1sz(z(1 -2y, 1‘#)} '
T A "

In this equation, the flavor-changing ALP-fermion couplings have also been omitted,
as they are experimentally tightly constrained [34]. In this much simpler expression
for the muon anomalous magnetic dipole moment, it is now straightforward to insert
the relations for the expressions at the scale A obtained in the last sections. This leads
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f=100GeV, A = 1.26 TeV f=300GeV, A =3.77TeV
ALP couplings mg =0 0.3GeV 1 GeV mg =0 03GeV 1GeV

2,(A) ~668.1 —166.8 325 | -742 185  —3.6

¢un(A) Cp(A)/ar(A) || —781.63 —653.45 —557.95 | —96.76 —82.94 —72.88
cun(A) Coyw (M) Jaa(A) || —799.22 —671.04 —575.54 || —100.53 —86.71 —75.40

cup(A) e (A) 31.7 66.9 64.7 —0.66 6.3 7.0
(M) caa(N) 15.0 9.0 5.9 1.7 1.0 0.65
cit(A) Cpp(A)/ar(A) || —47.75  —40.21  —33.93 || —867  —741 —6.41
cit(N) Cyww (A)/az(A) || —49.01  —41.47 —35.19 || —892  —7.67 —6.79
cZ(A) 4.5 4.7 4.1 0.53 0.71 0.65
ct(A) caa(A) 0.92 0.55 0.36 0.15 0.089  0.058

Table 3.3.: Numerical contributions to [aM]ALP in units of 10~ proportional to different

combinations of ALP couplings at A = 47 f assuming flavor-universal ALP-fermion couplings.

[aM]ALP = _Amy v Re (Cw [CeB(A)]ALP — Sw [CeW(A)]ALP)

e V2 22 22
m2 ) 9
_ (471_;)2 { |:CM,U(A) + It(mt, A) Ctt(A)] hl(ajﬂ)

+ 27a [Cw(/\) + Li(mi, A) C“(A)}

<37TCBB(A) N WCWw(A)> < A? 3>

In— +d2+ =
a2 g2, m? 2

X

47 47 m2Z 3
+ (oTl Ca(A) + P CWW(A)> [hl ms, +tg - h2($u)]

1
+ Z NJQ} Cff(A)/ dz F(z(1 - z):cf,x#)] } .
7 0

(3.50)
Having used that for the top quark

1 m2
/ dz F(2(1 = z)ay, ) = fln—;thg(xu) -
0 mu

, (3.51)

N~

up to power corrections of O(mia /m?), the sum in the last line now extends over
all quark flavors. The coupling «, as well as ¢, and s, needs to be evaluated at
Hw ~ Mz

Certainly, exact values of a,, in the presence of an ALP can only be given in the context
of a UV-model. Omitting the model-dependent terms in the first line of (3.50) that
would result from concrete matching computations at A, the contributions from the
different terms for representative values of m, and A = 4x f are shown in Table 3.3.
The values correspond to the assumption of a flavor-universal ALP, i.e. cee = crr =
Cupy Cuu = Cec = Cyt, and cgs = cpp = c4q- As an example, choosing m, = 300MeV,
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[ =100GeV, ¢, (A) = Tand Cpp(A) = —Tay(A)/(4m) produces an ALP contribution
to a, of about 200 x 10—, while the ALP parameter set m, = 300MeV, f = 100GeV,
cup(A) =1, ¢y(A) = 1 and Cpp(A) = —3a1(A)/(4m) produces a positive contribution
of about 100 x 10711,

Overall, ALPs contribute directly to the theoretical prediction of (g — 2),, yielding a
shift in its expected value.

3.8. Summary and Conclusions

In this chapter, indirect ALP effects below the scale of electroweak symmetry breaking
were examined. Concretely, it was shown that UV-divergences of Green’s functions
with virtual one-loop ALP exchange and only SM external states require countert-
erms of operators starting at dimension-three and higher. Similar to the analogous
effect in the SMEFT, new operators are thus generated by the presence of the ALP
below p,,. The effective field theory whose minimal basis systematically parametrizes
effects of unknown particles below p,, is called the Low-Energy Effective Field Theory
(LEFT). The crucial difference between the SMEFT and the LEFT is that integrating
out the top quark, the W+ and the Z, as well as the Higgs boson at the electroweak
scale already generates a subset of the operators, while the observation of a non-
zero SMEFT Wilson coefficient would necessarily imply the existence of new physics.
The mechanism by which the ALP generates new terms to the RG evolution equa-
tions of the operators, however, remains unchanged with respect to the high-energy
regime. The first part of this chapter was dedicated to the derivation of the full set
of these inhomogeneous ALP-induced source terms. In the second part, the impor-
tant phenomenological effects of these indirect ALP imprints on physical observables
were investigated. While direct ALP searches often rely strongly on the underlying
assumption of the ALP properties, such as its lifetime or branching ratios for decays
into Standard Model particles, the source terms derived here are model-independent
and hold as long as m, < py. To highlight the predictive power of this ALP-LEFT
interference framework, the contributions to the anomalous magnetic moment of the
muon were investigated. In this state-of-the-art calculation, all relevant two-loop ef-
fects were included. The relevant couplings were scale evolved from the experimental
scale up to the electroweak scale, and matching corrections were taken into account.
After applying the UV scale evolution up to the scale A where the ALP is generated,
the expression for the anomalous magnetic dipole moment of the muon was also pre-
sented in terms of these high-scale ALP couplings and SMEFT Wilson coefficients.
Finally, assuming flavor-universal ALP-fermion couplings, numerical results for the
various ALP-induced effects were presented. All in all, this chapter paved the way
towards fully model-independent indirect ALP searches for small ALP masses at low
energies.
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3.10. Appendix

3.10.A. Dimension-8 Source Term Examples

As pointed out in Section 3.5, dimension-six four-fermion operators in the LEFT are
not sourced at one-loop order by the ALP, as integrating out the heavy propagators
at u, already generates effective vertices of higher-dimensional order. The inhomo-
geneous source terms that are one-loop ALP generated when the Feynman diagram
contains such an effective four-fermion LEFT vertex therefore correspond to source
terms of dimension-eight or higher. For the case of a LEFT operator with flavor struc-
ture (wu)(€e), obtained when integrating out the Z boson as shown in Figure 3.6, the
source terms have the following structure:

4 o
[SVLR]prst = (165st IRIR [MeMeT] — Oprr 9191 [ MT st)
[SVLR}p,,St =2 (165stngL MTM] — Opr 9R9R | (M, M]] st)
V,LL 4 (A1)
[5 ]prst = 02 (1 st IR | M M} — Opr 9L9r | M M st>
4
[SVRR]pTSt =2 (1653t9L9R M M} — Opr 997 | MT st)
and 9
[SfuRL] prst = 07 [Me]pr [MJ]St ’
2 - -
[Sg;lRR] prst 2 (9% +91) 9k + 91) [Me]pr [Muy]st (A.2)
2 3
(S5 = 2 VLI [Pt
where ¢§ = (—1 +s2), g% = 52, and g% = (3 — 252), g% = —2 52 denote the relevant

Z-boson couplings. For the hermltlan conjugate operators of those in (A.2) one needs
to exchange My < M}L
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K* — 7n* a at Next-to-Leading

— Chapter 4:
Order in Chiral Perturbation

Theory

The Flavor-Changing Neutral Current (FCNC) decays K* — 7Fvp are predicted
by the SM to be exceedingly rare processes, making them are extremely sensitive
to contributions from physics beyond the SM. With a value of B(K* — nTvi) =
(13.0f§:3) x 107!, this branching ratio is currently the smallest that has ever been
measured at a 5o significance level, but agrees with the SM prediction only within
1.70 [151]. Since the two neutrinos are only detected through missing energy and
momentum, the decay of the charged kaon to a pion and an ALP, K* — n%a, could
potentially significantly enhance the measured branching ratios. This is especially true
for large ALP couplings and hence the decay poses an important probe of ALP-SM
interactions.

Considering the kaon decay in its rest frame, a crucial modification of the fundamental
degrees of freedom with respect to the previous chapters needs to be taken into account
for the accurate description of this low-energy process. Given that N. = 3 and n, the
number of active quark flavors, the S-function of QCD describing the scale evolution
of the strong coupling ay, at leading order given by [152, 153]

das(p) a? (11 2
=S [=N,—=% 4.1
dIn or \ 3 e3> (4.1)

is always negative. Thus, when approaching lower and lower energy scales, as becomes
larger, until a perturbative expansion in this coupling is no longer possible. Instead,
the appropriate fundamental degrees of freedom below pu, ~ 1.6 GeV are the pseu-
doscalar mesons which are color-neutral bound states of quark-antiquark pairs. To
analyze ALP interactions with mesons, this particle thus first needs to be incorporated
consistently into the appropriate effective field theory for parametrizing interactions
below iy, the so-called Chiral Perturbation Theory (xPT). Before delving into the
embedding of ALPs into this framework, a brief introduction to yPT is given based
on [154]. Afterwards, this effective theory is extended to allow for the presence of
ALPs, followed by a detailed analysis of the process K* — m%a at next-to-leading
order (NLO).

This chapter is based on

[155] K* — w*a at Next-to-Leading Order in Chiral Perturbation Theory
and Updated Bounds on ALP Couplings
C. Cornella, A. M. Galda, M. Neubert and D. Wyler
JHEP 06 (2024), 29, [arXiv:2308.16903].
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4. K* — 7% a at Next-to-Leading Order in Chiral Perturbation Theory

4.1. Chiral Perturbation Theory
In the limit of zero quark masses, the global, chiral symmetry group of QCD is
QX X U(l)A = SU(nq)L X SU(nq)R X U(l)v X U(I)A, (4.2)

with ng = 3 below 1. While the U(1)y vector symmetry ensures baryon number con-
servation, the U(1)4 axial symmetry is explicitly broken at the quantum level, giving
rise to the heavy 1’ meson. For the description of the low-energy interactions, the rel-
evant generators are therefore those of SU(3)r, x SU(3)g, which can be rearranged to
form the axial and vectorial combinations Qf, = Q%+ Q% and Qf, = Q% — Q%. While
it can be shown that the low-energy spectrum is still invariant under the subgroup
SU(3)y [156], Coleman’s theorem [157] requires that degenerate states of opposite
parity would need to exist for the ()% to annihilate the ground state. Since this con-
tradicts experimental observations, it follows that below p,, the chiral symmetry is
broken down to

SU(?))L X SU(3)R X U(l)v X U(l)A — SU(?))V X U(l)v = HX X U(l)v . (43)

Physically, the reason for this spontaneous chiral symmetry breaking is that the large
value of ag leads to a non-vanishing chiral quark condensate, that is

(0lgq|0) # 0. (4.4)

From Goldstone’s theorem [158, 159] it is known that for each generator of a broken
global symmetry, there exists a massless Nambu-Goldstone boson. Taking into account
that quantum effects break the U(1)4 symmetry already above p, which generates
the 7/, one expects to find dim(G, ) — dim(H,) = 8 pseudo Nambu-Goldstone bosons'.
Indeed, the neutral and charged pions and kaons and the octet component of the 7-
field, that is 70, 7%, K° K9 K%, ng, are parity odd pseudoscalar mesons that form

the octet as expected.

4.2. Construction of the Effective Lagrangian

Although the exact Lagrangian of QCD at high energies is known, the low-energy ef-
fective theory in terms of the pseudoscalar mesons cannot be derived straightforwardly
by a matching computation due to the non-perturbatvity of the strong coupling below
t- Thus, xPT needs to be constructed in a bottom-up procedure, relying solely on
symmetry arguments. For the construction of the effective Lagrangian it is therefore
necessary to first determine the transformation properties of the pseudoscalar meson
octet under G,. To this end, one defines a vector space V' spanned by the eight-
component vectors built out of the pseudo Nambu—Goldstone fields that are described
by continuous scalar functions ¢* from the four-dimensional Minkowski space to R.
It can then be shown [154] that V is connected to the left coset or quotient group
Gy/Hy ={9Hy|g € Gy} by an isomorphic mapping ¢ : G, x V — V that transforms
any vector according to the group action, d_; — d?’ = cp(g,q?). In order to obtain a

'Since the chiral symmetry is only approximate due to the finite quark masses, the resulting bosons
are also not exactly massless.
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transformed state qg’ from d_; = o(gh, 0), it needs to be mapped with the appropriate
/
g,

¢ =g, ¢) = ¢(g'gh, 0). (4.5)

Concretely for the chiral symmetry of G,, ¢ = (g1, gr), where g, € SU(3);, and
equivalently for gg. The left coset, gH, = {(g.V, grV)|V € H,}, can be rearranged to

gH, = (1, gRgz) H,, and thus transforms according to g’g?—[x = (1, gr (gRgTL) gTL) Hy-
Hence, if one defines an SU(3) matrix? Zg = gRgTL = ¢, it transforms under G, as

55— (30 = grZf gl (4.6)
and equivalently,
S0 = =g S0 gk - (4.7)

In the canonical form, ¥g is written as

Yo(z) = exp : (4.8)

where F' is the meson decay constant, which can experimentally be extracted from the
charged pion decay 7+ — putv (F = F, with (0|gy"ysq|n(p)) = iv2Ep"), yielding
F ~130.2MeV [160]. Finally, the eight pseudo Nambu-Goldstone fields are collected
in the matrix ®(z) as

Ry £/ mt K+
O(x) = N7 x) = T —% 7r07+ % ns  K° , (4.9)
K= K —% 8

where the A are the Gell-Mann matrices, i.e. the generators of the broken SU(3) 4.

4.3. Power Counting in xPT

The non-perturbative nature of QCD within the validity range of xPT is manifest
due to the infinite number of possible interaction terms for the pseudoscalar mesons.
This raises questions about the predictability of the theory. Although a counting
scheme in terms of g is not possible, one can however still define an alternative
power expansion that offers a systematic framework for perturbative predictions of
the interactions. Given that the momenta and masses of the mesons are small at the
given energy scale, a meaningful ansatz is to define the scaling [154]

O ~pt —tph and M? — 2 M?, (4.10)

2This definition is different from the convention in [154], where U = Eg is chosen. The meson octet
then transforms as U — U’ = ggr ng, while in this work, Yo — X{ = g1 Yo g};. The index ”0”
is chosen to distinguish this quantity from the analogous one in the presence of the ALP that is
introduced later.
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where M denotes a pseudoscalar meson mass and p* the four-momentum. The full
effective Lagrangian of xPT can then be decomposed as

> 2n
Lpr(0) = > L% (%), (4.11)
n=1

where the index (2n) denotes the chiral dimension D of the operators at the given

2
order. For instance, the terms in cgfp)T may contain operators with two derivatives or

one mass term. Since the operators need to respect Lorentz-invariance, only an even
number of derivatives is allowed, hence the factor of two?. Even before constructing the
concrete operator basis at this order, it is now possible to assign a scaling dimension
to an amplitude obtained from a given diagram in xPT by [154]

M(tpi ,t* mg) = t” M(p; ,my), (4.12)

where m, denotes a quark mass and p; the external momenta. The chiral dimension
D can be obtained from the number of loops in the diagram, Ny, and the number of

2n) .
(PTa N2n7 via

vertices from EX

D=2+ 2(n—1)Nay+2Ny. (4.13)

n=1

This becomes clear when taking into account that each loop comes with an integral

of the form
d*k 4 d*k
/(%)4 —t /(%)4, (4.14)

and each propagator contributes a factor

i i L i
k2 — M2 +4ie = t2k2 —t2M? + e k2 — M2 4 i€ ( )

2
Denoting by B a vertex stemming from an arbitrary operator in L'(pP)T, the two dia-

X
grams

thus both have D = 4 in the chiral power counting scheme®. From this also immedi-
ately follows that the term that renormalizes the divergence resulting from the loop

3While this limits the number of possible operators at each dimension, the fact that the meson octet
appears as the exponent in Yo still gives rise to an infinite tower of interaction vertices at each
order.

4Two-point vertices indeed appear in YPT and are discussed in more detail in Section 4.8.1.
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4
integral in these graphs must necessarily come from the operators in the ﬁ;pP)T—basis.

Denoting the corresponding vertex by [J, the Feynman graph is of the form

4.4. Spurion Analysis and Lowest Order Strong Chiral
Lagrangian

While in the symmetry considerations above, the lightest quark flavors, u, d, and s,
were assumed to be massless, taking into account their mass terms leads to a different
breaking pattern. In detail, assuming m, = myg # ms, the low-energy symmetry
is SU2)y x U(1l)s x U(1)y, where SU(2)y is called isospin symmetry and U(1)s
accounts for the conservation of strangeness in the process. If instead no equal masses
are assumed, i.e. m,, # my # ms, then the resulting low-energy symmetry is U(1)y X
U(1)g x U(1)s, which includes electromagnetic charge conservation via U(1)g.

The systematic procedure to incorporate effects of small breaking terms of a given
symmetry such as the finite quark masses is called spurion analysis. Here, symmetry
breaking terms are treated as external sources and assigned transformation properties
under SU(3)y, x SU(3) g such that the symmetry is preserved. In detail, the full QCD

Lagrangian is then written as a massless term Eg)éD and general source terms,

0 _ _ .
Lqocp = ﬁgéD +qy" (UEM + s aﬁM) q—q(s—1ivp)q. (4.16)

At low energies, where the dynamical degrees of freedom are the mesons, photons and
gluons, the terms in (4.16) are, by comparison with the full QCD Lagrangian, given
by

s = diag(my, mg, ms), p=20,

UEMZCQA#, aEM:O, (4.17)

with Q = % diag(2, —1,—1). The necessary spurious transformation properties of these
terms are thus

X = 2Bo(s +ip) = 91 X gk ,

ZEM = ’UEM — aiM — gr ZEM g}; + igLﬁugz )

1

rSM = UEM + aiM — gRr ’I”EM 9p + igRaugE , (4.18)

0

where the terms containing the partial derivative in the second and third line of (4.18)
ensure local invariance. The constant By appearing in the equation for x is an a priori
undetermined parameters of mass dimension one.

In order to retain invariant Lagrangian terms, this automatically implies that the
covariant derivative acting on the object ¥ defined in (4.8) must read [161]

DY = 9,50 — i MY 4+ B ri™ = 9,50 — i eA,[Q, So)
D2l = 9,28 —iriMel +ix] M = 9,5 —ieA,[Q,3])]. (4.19)
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The leading order strong chiral Lagrangian that includes the meson mass terms can
then be written in terms of these ingredients. Since E;SZO = 1, it necessarily needs to
contain at least two covariant derivatives or one insertion of x in combination with
Yo and is thus of order p? in the chiral power counting. Denoting the trace in flavor
space by (...), it reads [161]

2 F?
gchéD - s <(D#E$)(D“Eo) + XZ(T) + 20XT>
F2
i (LouLy + So) » (4.20)

where in the second line the chiral representation of the left-handed current, Lf =
iZoD“Zg, is used together with the identity

Du(%0S)) =0 & SoDuS) = (D) 5, (4.21)

and Sp = XEZ) + Zoxt.

4.5. Lowest Order Non-Leptonic Weak Chiral Lagrangian

For |AS| = 1 strangeness changing processes below 1, the strong chiral Lagrangian
derived above is not sufficient. Instead, the effective weak interactions as obtained
after integrating out the W*-bosons as well as the top-, bottom- and charm-quarks
also need to be represented in terms of the pseudoscalar mesons. Neglecting the
electroweak penguin operators, the relevant transformation properties under SU(3) [, X
SU(3)r of the operators in the effective weak Hamiltonian at the partonic level are
(81, 1g) and (271, 1g) [162]. Thus, the effective weak chiral Lagrangian at order O(p?)
can be constructed by collecting all possible operators obeying these transformation
rules. To describe the s — d transitions, it is convenient to define

1
=5 Qe +idn), (4.22)

where A\g and A7 are Gell-Mann matrices. An insertion of this matrix then ensures

the selection of |AS| = 1 processes. With this, one finds that ﬁ;pjgak can be written
as [163, 164]

Xweak

?) Ft 1/2 ~1/2 3/2 n3/2

where
Og = (A4 LouLyy)
0347 = [Louls2(L8]11 + [Lopls [L4)12 + 2 [Lous2[LY]22 — 3 [Lops2(Lb]ss
0342 = [Lop)s2[L{]11 + [Louls1[LE]12 — [Lopls2[ L2, (4.24)

and Lf as defined below (4.20). The 27-plet operators (’);42 and (’);’42 describe isospin
changing interactions with Al = % and Al = %, respectively. The coefficients G; can
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be decomposed as

Gr ., VAV

Gi = —7; " Vs <gi - Vidvts gf) . (4.25)
ud ¥Yus

Vi Vs

Since the ratio of the CKM matrix elements is small, v ™ O(1073), the second

term in the bracket above is neglected in the following and with it the imaginary
contributions to the Gj;, that hence become real quantities. The numerical values of
the g; including isospin-breaking corrections are [165, 166]

gs =3.61+£0.28, gor=9g0> =0297+0.028, g¢ol® =5gL%, (4.26)
which yields®
ga? 2 0.033£0.003, gol? ~ 0.165 £ 0.016. (4.27)

In the equation above, the values for the g4, are deduced assuming an exact SU(3)
symmetry, implying

1/2 A1/2 3/2 n3/2 1/2 2 1
Gy O3 + Gf” 037 = 9 ([Loﬂ]sz[Lmu + 5 LoJa L2 — 5 [Loudse <Le‘>).

3
(4.28)

In the SM, (L{j) = 0. This is no longer true when adding the ALP as is discussed
in Section 4.8.2. In principle, it is possible to add another octet operator to (4.23),
the so-called weak mass term Gg(A;S). It is, however, redundant in the SM and can
therefore be dropped from the Lagrangian. This does no longer hold true when adding
the ALP to the theory and it is therefore imperative to fully understand the reasoning,
that has first been described in [167]. The weak mass term itself contributes non-zero
tadpole vertices, which are a sign of an expansion around the wrong vacuum. Indeed,
3o = 1 is not the correct ground state in this case. Crewther found that a chiral
transformation of the form

Yo — g1 X0 g;r% =L T e IR (4.29)
with
o :Gng (ms—i-md ms—md> .
mg —Mmg Mg+ Mg

(4.30)

! 12 ms+md ms — Mgy
CMR:GSF ( - 7

mg —Mgq Mg+ Mgq

removes the weak mass term explicitly. This is the case as under the redefinition,
Yo — Yo + 0%, where

020 = tap, X — 120 g + O(G%) R (4.31)
the kinetic term remains invariant, while

xP = (1+2F2Gi x6) x = x + O(GE). (4.32)

5The hierarchy between the go7 and gs is also referred to as the Al = % selection rule.
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The fact that the weak mass term is redundant reflects itself in the fact that when
summing up all amplitudes to a given SM process, the contributions from this term
cancel. For instance, the tree-level terms for the process Kg — 770 corresponding

to the Feynman graphs

where the black dot ® denotes an insertion of the weak mass term operator and the
black square m an insertion of a term from the strong chiral Lagrangian of order O(p?),
is zero.

4.6. The Strong Chiral Lagrangian at O(p*)

‘ SM Object ‘ Definition ‘
So XZE + E()XJr
Py i(x2) — Zox?)
Ly Yo i(D*¥0)!
Wi 2 (D*LY + DVLY)
A Do FE B — FL
Vi Do FE )+ FL,

Table 4.1.: Building blocks as needed for the construction of the O(p*) chiral effective La-
grangian.

In addition to the objects Sy and L{ defined above, several additional building blocks
are needed for the construction of the O(p*) strong chiral effective Lagrangian. They
are summarized in Table 4.1. The left- and right-handed field strength tensors are
defined in terms of the external sources,

Fiot =0,Fbt —0,Ft —i [P0, FIR), (4.33)
where
S
FR=uMta™M, Fl=uM-dM. (4.34)

With this, the basis of the 12 non-redundant operators for SM processes at O(p*) has
first been derived in [161]. It is conventionally written as

10 12
4
Egch%D = Z L;0; + Z H;O;, (435)
=1 =11
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with the concrete operators as given in Table 4.3. A coefficient L; or H; is called a
low-energy constant (LEC), and the bare quantity is related to the scale dependent
one via

Li = L (1) + AT;. (4.36)
The values of the anomalous dimensions I'; have been obtained in [161] and are shown
in the third and last column of Table 4.3. Finally,
d—4
o 2
A=——|(-——-1n4 -1 4.
f— <d_4 ndr + s ) (437)

with d the number of spacetime dimensions. The scale evolutions of the LECs are
governed by the evolution equations

d I

4.38
dlnp ( )

For the numerical values of these coefficients, there exist phenomenological estimates
that also assign an uncertainty at the scale y = m, ~ 775 MeV. In this work, two
different data sets are used: On one hand, the values obtained from a p?* fit given in
[168], and on the other hand the results from a lattice computation of the HPQCD
collaboration [169]. While the last one does not provide a value for Lz, it is in good
agreement with the large- N, results in [170], such that the missing fit for this coefficient
is taken from these results, together with a conservative estimate of the uncertainty®,
i.e. Ly = (—0.175 4 0.2) x 1072, The values of the LECs that are relevant for this
work are summarized in Table 4.2 and the corresponding scale dependence is depicted
in Figure 4.1.

| 10°Li, | Ref. [168] | Ref. [169] |

103 Ly (p) | 0.0£0.3 | 0.09 +0.34

103 Ls»(p) | 1.240.1 | 1.19+£0.25
103 Ly —0.3£0.2 —~

103 Lg»(p) | 0.5+£0.2 | 0.55+£0.15

Table 4.2.: Phenomenological values of the relevant renormalized QCD low-energy constants,
evaluated at the scale = m,. L7 is scale independent.

The Chiral Power Expansion

Before moving on the the weak analogous of (4.35), it is instructive to consider again
the chiral expansion: Writing down the full strong Lagrangian, one obtains a sum of

SWhile this justifies the replacement of L7, there are two problems with the results obtained in the
large- N, limit. First, there is no scale associated to the LECs and second, the value of gs obtained
in this limit is off by more than a factor of two [166]. Therefore, only the data sets in [168, 169]
are used in this analysis.
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Figure 4.1.: Scale dependence of the relevant QCD LECs L; ,(u1). The colored bands show
the corresponding uncertainties and the dots show to the values as obtained in [169].

B O; [T [| 4| 0; | o
1 (L3)? 5 |7 —(Po)? 0
2 | (LPL") (LopLov) | 25 || 8 1Sz -PY) 2
3 (Ld) 09| &VwlLh Lgh | %
4 (L§) (So) Lol10 | L (Vv — A, Am) | -1
5 (L%So) S| 5 (VW V™ + Ay Ay | =2
6 (S0)? % || 12 1(S3+ P3) 7

Table 4.3.: Operators in the O(p*) strong chiral effective Lagrangian (4.35). In the expres-
sions in the table, L3 = Lo, L{. The coefficients I'; are taken from [161].

the form
F? 2 4 4 1 6 6
Lraen = 5 3 o) + > L of + o > L o)+ (4.39)

In a “classical” EFT, the Wilson coefficients are of O(1). Taking into account that a
chiral effective operator of p®" scales as m%? or m2", one would naively expect that

the series shown above does not converge, as it produces matrix elements of the form

4 1 6
Moc F2mie .+ L )mb . + = Ll 4. (4.40)
Considering the values in Table 4.2 or the plot in Figure 4.1, it is clear that the
phenomenological values of the LECs are, in fact, strongly suppressed. Rescaling

these coefficients according to

. 7 (%)
L = 8(?)2"_2’ (4.41)
T
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does lead to an explicit convergence. The Lagrangian now reads

F? 2 1 A (ph 4 1 (6 6
Lygen = = |O¥) + Y AURNOXRE YL o) v,
xeer g (4rF)> &= 0 (4rFyt o=t

(4.42)

where the effective scale of the chiral expansion, p, ~ 4r F, is now explicit in the
sum. Even though the rescaling factor is large, e.g. 8 (47)? ~ 1263 for the case of the
p* LECs, the new coefficients are now indeed of O(1) as shown in Table 4.4.

| Liy | Ref [168] | Ref.[169] |
Lyr(p) | 0.0+£0.38 | 0.11+0.43
Ls,(p) | 1.52+0.13 | 1.50 & 0.32
Ly | —0.3840.25 -
Lg,(p) | 0.63+£0.25 | 0.69+0.19

~ 4
Table 4.4.: Rescaled low-energy constants Lgp ) of the strong chiral effective Lagrangian at
=M.

4.7. The Weak Chiral Lagrangian at O(p*)

When computing one-loop processes involving the weak effective chiral Lagrangian at
O(p?), clearly also the Lagrangian £§§fjak is needed to remove the arising divergences
from the expressions. As the contributions from the octet operators are strongly
enhanced in comparison to the 27-plet operators, a fact commonly referred to as the
Al = 1/2 selection rule, the NLO computation of the kaon decays K + 5 7% a and
Ks 1 — 7% is limited to the octet operators, besides the contributions from the
strong chiral ones. It is therefore sufficient to restrict the following discussion on p?
weak chiral operators to those transforming as (87, 1z). The complete, non-redundant
basis was first derived in [171]. It consists of 37 operators but, as in the previous cases,
is only valid in the pure SM framework and is therefore extended in Section 4.8. The
Lagrangian is normalized as

G8F2 37 Gsg F* 1 3T
vt — N: W = N; W8 4.43
Xweak 2 ; v ? 4 (47TF)2 ; v v ( )
where in the second step the N; are, similarly to (4.41), rescaled as
N
N; = —, (4.44)
2 (4m)

in order to make the convergence of the chiral expansion manifest. Out of these 37
operators, the ones that are relevant for the kaon decays to an ALP and a pion are
shown in Table 4.5. In particular, all operators containing four times the object Lf
cannot contribute, since the presence of four covariant derivatives acting on a Y
selects processes with at least four particles. Equivalently to (4.36), the renormalized
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i v [z lZ]] 7 |z 7]
6 | (\oLow) (SLEY | =L [ 0 [ 12 — (APR) | B
T eSo)(LE) | -2 | 5 |18 — (AeFb) (Fb) 00
8 | (M6Lg)(So) | =5 | 0 || 20| § el {Low W™} | § | O
9 | i(AslPo, L) | 2 | =3 | 20| — (N[l [So, LY g |0
10 (AS2) 205 8| -, L) | & |0
11 (X6So)(So) | -8 | 1w [[24] =il L) (R) | 0 |0

4
Table 4.5.: Operators of the £§pwe)ak weak effective chiral Lagrangian as found in [171] that
are important for the processes K* — 7% a. The Z; denote the corresponding anomalous

dimensions. The anomalous dimension coefficients Z! become important when adding the
ALP.

weak LECs are defined as

Ni = Niy(p) + X Z;, (4.45)
with evolution equation
d 1
—— N (p) = ——= Z;. 4.4
dlnp (1) 1672 (4.46)

In contrast to the strong LECs, these coefficients have not been consistently estimated
in the literature so far”. For the phenomenological analysis, these values therefore need
to be estimated, which is explained in detail in Section 4.10.

"From the K — 3w data, three combinations of the coefficients have been constrained in [172-174].
They are, however, not relevant for the decay K+ — nta, as most operators associated with the
coefficients in this combination do not contribute to the charged kaon decay to a pion and an
ALP. In addition, the uncertainties are of order O(1) to O(10), and hence these findings are not
included in the following.
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4.8. ALP Chiral Perturbation Theory

For the extension of YPT to ALP Chiral Perturbation Theory (x,PT), the ALP-SM
interaction terms need to be mapped onto operators containing the pseudo-Goldstone
boson fields. Since the heavy gauge fields and the top-, bottom- and charm-quarks are
not present at and below j,, and omitting ALP-lepton terms, the effective Lagrangian
has the form

Qs a a a

ESM—i—ALP EXdele: E ? GZVGG,MV + Cyy E f Fny’“’
Out o Gk A
o (aLkeY"qr + GrkY"qr) , (4.47)
with ¢ = (u d s)T. The matrices kg and k, thus contain only five possible non-zero
entries,

(kv 0 0 kulii 0 0

k=1 0 [kplu [kphe], ke=1| 0 [kaux [kal12 | . (4.48)
0  [kplar [kp]22 0 [kalor [kal22

The ALP-gluon coupling in (4.47), however, poses a problem: the explicit appearance
of ag parametrizes a non-perturbative interaction and prohibits meaningful predictions
for physical processes at energy scales where oy is large. Therefore, it is crucial to
remove this term by a suitable field redefinition. In detail, this can be achieved by
means of a chiral rotation on the quark fields,

: a(x) _

i(0) > 0 [, +mycoe B0 o) = U@ ae), (449
with ¢, and x4 being arbitrary hermitian 3 x 3 matrices in flavor space. Following
[175], the reason why (4.49) eliminates the ALP coupling to gluons is as follows: Since
UU # 1, the quark measures transform non-trivially,

/ DqDG — / DqDq (det(UU))) L, (4.50)

where (x|U|y) = 6@ (z—y) U(z). Inserting 1 = [ d*z |x) (x| and using that exp(({log(U)))) =
det(U) with det(UU))~! = det(exp(—2i k475 caa %))_1, one finds

(det(UUd)) ™! = exp {Qi/d%‘ SH(0) (kg s) ng% : (4.51)

To regulate the divergence, a function f( (z]ﬁ/M )2) with a cut-off M is inserted.
Based on the technical derivation in [175], that essentially Taylor expands this function
for small momenta and writes explicitly the gauge field strength tensors, one finally

arrives at
A -1 = —1 4 a s ~a  Apv,a
(det(UU))™" = exp [ z/d T caa 7 <<mq> = G, G
+ *407[T(2Nc) (kqQ%) Fru F’“’ﬂ L (4.52)
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The additional term in (4.52) obtained by the chiral rotation cancels the ALP-gluon
term in (4.47) when imposing the condition

(Kg) = Ky + Kg+ ks =1. (4.53)
In addition, the ALP-photon coupling gets shifted to
byy = Cyy + 2Ne (kg Q%) cai - (4.54)

It is essential to note that the parameters of the chiral rotation in (4.49) are unphysical,
which means that in any physical quantity they must necessarily cancel.

4.8.1. Strong Chiral Lagrangian at O(p?) including the ALP

With the ALP-gluon term removed from the Lagrangian (4.47), it is now possible to
find its equivalent form in terms of the pseudoscalar mesons instead of the explicit
quark fields. To accomplish this, three steps must be completed: Firstly, the ALP
needs to be included in the external sources, similar to (4.16). Secondly, the chiral
rotation in (4.49) has to be consistently translated onto the chiral building blocks.
Finally, the presence of the ALP necessitates the introduction of new operators that
extend the basis and must be identified.

Starting with the first point and following the literature convention for the naming of
external sources [161], the ALP is parametrized in a 6(z) source as

Lacp 2 4" (v +150,) ¢ =4 (s —i5p) g = gf; 0(x) Gy () GH9, (4.55)

such that

a(x)
rak

The external sources v, () and a,(z), defined equivalently to (4.18), can then be

identified as

0(z) = —2cqa (4.56)

(4.57)

with vector and axial couplings ¢’ = ky + kg and c¢* = k; — kg, respectively, while s
and p remain unchanged with respect to the pure SM case. Neglecting electroweak
interactions, which is a reasonable approximation for processes like K+ — 7% a, the
SM contributions to v,(x) and a,(x) are absent and only the ALP terms in (4.57)
remain. Next, the chiral rotation performed on the quark fields needs to be translated
to xoPT. This can be achieved by promoting

S(z) = e~ 30@) K 3 (1) ¢~ 30@) o (4.58)
The determinant of this object is no longer zero. Instead,

det ¥(z) = exp(—i60(x)), (4.59)
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which reflects the fact that the symmetry group in the presence of a non-zero 6 is
changed to Gy o = U(3)r x U(3)r. Under this symmetry, the ALP transforms as

0(x) — 0(x) + ilog(det(grgl,)) (4.60)

and the covariant derivative can be defined as

- oua
D0 =0,0 —2(a,) = —2¢cc(ky) % : (4.61)
where ¢gg denotes the effective coupling at the chiral scale u,,
a a Qa
ta = cag + 2wt CaaT G (4.62)

2

The strong chiral Lagrangian at order O(p?) with external ALP fields is the equiv-
alent to the Lagrangian given in (4.20), but with the corresponding building blocks
substituted by those accounting for the external source and one additional operator,
ie.

2 F2 F2
Ll = 5 (DuSN(D"D) +x=" + 5xT) + — Ho (D,0)(D"0)
F? F?
= 5 (LuLl!" +8) + = Ho (D) ((D"0), (4.63)

where Hj is an undetermined constant. Since it multiplies a term containing two ALP
fields, it is not relevant to the subsequent analysis of the decay of kaons to a pion and
an ALP at order O(1/f), but it is included here for completeness. Omitting again
electroweak interaction terms, the covariant derivative is given by

)
Dﬂzzauz—u#zw;zm:aﬂz—i%“

DYt =9,5" —ir, 2t +ixt, =9,5" —i

(k@ % =X kq),

O (S~ S ko). (4.64)

Diagonalization of the strong chiral Lagrangian

Since the chiral effective theory including the ALP comprises three electrically neutral
states, that is the ALP, 7° and ng, the general Lagrangian contains terms that describe
kinetic and mass mixing of these fields. It is therefore convenient to diagonalize L
in order to remove the two-particle vertices from the theory. The diagonalization
has already been performed in [60] at order O(p?) for the 7°-a mixing, while in the
following also the 7g is included. Collecting these particles as ¢! = (79, ng, a), the
kinetic and mass terms can be written as

(0u0)" Z () — Lorazy. (4.65)

ALP
£X D 5

N =
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By comparison, the matrices Z and M read

F Cu—Chy
1 0 Io2v2
— E éZu+égd72égs
Z = 0 1 F e ,
Eow—a  Eowlar e 1+ I (<é“é“) + Ho ({c*) + QCGG)2>
(4.66)
and
B (m +m ) M \/iBOCGGFgK(muv_md7O)
0 u d V3 7
M2 _ Bo(my—mg) Bo(dms+my+my) \/ichBoFg,i(mu,md,mes)
V3 3 V3f
V2caaBoF gr(mu,—mgq,0) \/ichBoFg\f-c/(g?mmdﬁ?ms) mgjo + 20%;6}12901”'2 <mqmg>
and the short-hand notation
¢ =c* + 2cqq Ky ,
GG (4.67)

gu(a,b,c) = aky +brg+ ks,

was introduced. In order to remove the mixing, three redefinitions of ¢ need to be
performed:

e First, the redefinition ¢ — Uy ¢, with an orthogonal matrix Uy, diagonalizes
the kinetic term such that U% Z Uz = Zgiag-

e Then, to normalize this term, another rescaling of the form ¢ — Z(;;f

to be performed.

 needs

e Finally, to diagonalize the mass term as well, a rotation matrix is needed that
vields UJ; Zyhl> U M? Uy Z5/> Uyy = M2, which means that the neutral
states are once more rescaled, ¢ — Uy .

In total, the Lagrangian states are connected to the physical fields via a total rotation
R as

¢ = Ropnys, with R=UzZg\ Uy, (4.68)

that can be written as

1 0 6O, 2
R=1 0 1 Opa | +O <f2> . (4.69)
Ogno Oang 1

As stated above, the rewriting in terms of these physical fields removes the two-point
interactions from the strong chiral Lagrangian in the presence of the ALP. Since the
analysis is performed at O(p?), two-point vertices, however, reappear in any higher
order as well as in the lowest order weak chiral effective Lagrangian as shown later.
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In the isospin limit, where m, = my, the explicit expressions for the mizing angles 6
in (4.69) between the neutral states are, up to order O(F/f),

0. — F (G — €3a) m?2 o — 2caa (Ku — Kq) M2
m0a f 2\/5(7717%0 — m?t,()) )

00 = E (éZU + éled - 26?5) m¢21,0 —2cqa mzo + 6caa ks 773,7278 ’
" / 2v/6 (mgs - mZ,o)

4] _ F (Cgm - C?ld) m20

am? — — f2f(m0— ao)a

F ( Cyu, T cdd - Css + 6cca '%s) m%g —2cca mio
Oans = 7 — 5 . (4.70)
2\/6 (mng - ma,O)

The tilde on the meson masses and the index on m, in the relations above indicates
bare Lagrangian parameters that receive corrections that are discussed at the end of
this section. There is no mixing between the neutral mesons for m, = mg as can
be seen in (4.66), since the corresponding entries in M? vanish in this limit. Before
moving on to the physical masses, there are two features in the mixing angles that
need to be discussed in more detail: First, there are divergences that arise when the
ALP mass is exactly equal to the mass of one of the neutral mesons. On one hand,
this is an artefact of the linearization in F'/f and the expressions are only valid in
a regime where |7 —m2 o| > mZ x F/f for i € {x°, ng}. On the other hand, the
exact degeneracy scenarios are even experimentally excluded, as they would alter the
behavior of the neutral mesons, for instance in the decay 7% — y7. The second detail
that requires some discussion is the explicit appearance of the chiral rotation param-
eters kq. As such, they are unphysical and need to cancel in physical expressions.
This implies that the mixing angles themselves are not physical quantities, and the
kq parameters need to vanish when writing down the full decay amplitudes.
Finally, from the considerations above, the physical masses of the neutral states are
obtained by computing the eigenvalues of the mass matrix M? after the transforma-
tions, which is given by

N = Z ) PUL MP UL Z3) (4.71)
This leads to
F? m2
2 ~ 2 0 2
mﬂ.o = mﬂ_o 1 + 8f2 —~5 5 2 _ﬂ—mg’o (C?Lu — ng) ] N
F? m2 ms —m 2
2 ~ 2 778 S a a a
Mpg = My |1+ 2412 1y 7]8 _ mg,O ( gele Oms + 1 + Cyu + Cdd Css> )
F? m2
2 2 2 a a a \2
= 1-— A+ H, 2 S —
My = Mg { 4f2 + Ho (( > + CGG) + 9 (mio — mg’o) (Cuu Cdd) ] }
- ~ 2
12 F? m721'0 F? ((CZu + Cgg — 2¢55) m a 0 T 2¢caa (mio - ’m?ro))
GG - = 5
2f2 24 f2 ma, — mi,o
(4.72)
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with
A =2cqq (caa + oy + €hg) + () . (4.73)

The masses of the kaons do not receive corrections in F/f,

mi(, = By (my, + my),

) (4.74)

Mo = Bo (ma +ms) .
Using that (k,) = 1, the relations between the zeroth order physical mass parameters
in F2/f? in (4.72) and the quark masses are given by

m2o = 1m2_ = By (my +my), (4.75)
B
m2, = ?0 (M 4 mg + 4my) . (4.76)
Finally, in the isospin limit where m%, = m> %o, the mass of the g reads

2
o 4mK,fm,

e (4.77)

4.8.2. Weak Chiral Lagrangian at O(p?) including the ALP

Similar to the strong chiral effective Lagrangian, the transition from the pure SM
case to the ALP scenario primarily has the effect of dropping the index “0” from
the building blocks of the Lagrangian. However, as pointed out in Section 4.5, the
transformation that removes the weak mass term in the pure SM case does no longer
eliminate this operator, and the full Lagrangian becomes

Xweak

2 F4
£8), = |Gs0s + Gs (Ay.8) + GE (Dyb) (A4 LF)
+ G OMP LGP OB h.c.} , (4.78)

where Og, (’)1/2 nd (’)342 as defined in (4.24), but with the replacement L{j — LM.
The presence of the ALP also implies that

(LMY = —DH . (4.79)

The reason why the weak mass term (A1S) is now necessarily present in (4.78) is the
following: Consider again the chiral transformation in (4.29), but this time applied to
the matrix ¥ instead of ¥y. In contrast to the SM situation, the kinetic term is no
longer invariant, as the covariant derivative becomes

DY — DS +i(apD,Y — DY ag) — [ag, L] S+ 3 ag, 7] . (4.80)

The main difference is the appearance of the commutator terms, that are zero as long
as the sources [, and 7, contain only the photon field, since [@, A\7] = 0. For general
ALP couplings, the commutators evaluate to

8a

[ir7, 1) = [([’f@]m — [kQl22) A6 + Re [kqlas (V3 As — )\3)} ;

[iA7,7] = [([kq]gg — [kgl22) A6 + Re[kglas (V3 As — Ag)} : (4.81)

\‘t &h
S
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All in all, this demonstrates that the weak mass term is not a redundant operator
when the ALP with general, non flavor-universal couplings is present. Instead of
employing the original form of this operator as given in (4.78), in what follows, the
rotated version after the transformation is used. In total, this amounts to using a
weak chiral Lagrangian of the form

e = [Gsog +GY(Du) (ALLM) + GO + G303 + ]

Xweak
F2
+ Z <[iaL7 lu]Lu + [iaR7 TM]RH> ) (482)

where the right-handed object R, is defined as
R,=-%'1,2=%"iD,>. (4.83)

Certainly, this still removes the tadpole diagrams at order O(p?), however, they reap-
pear at higher orders. In addition to the modifications at order p?, the transformation
(4.29) needs to be applied in higher order operators as well, generating additional
terms. Since the transformations already contain one factor of the Fermi constant
and the following analysis is performed at first order in G, it is sufficient to addition-
ally apply (4.29) only in the strong chiral effective Lagrangian at O(p*). This amounts
to shifting the building blocks of the corresponding operators by some additional term
as discussed in the following section.

4.8.3. Strong Chiral Lagrangian at O(p*) including the ALP

As in the previous sections, the construction of E;p;()m including the ALP first requires
to drop the index “0” from all the building blocks in the p* operators in Table 4.3.
In the case where electroweak interactions are neglected, the external sources only
contain the ALP term, such that the field strength tensors defined in (4.33) vanish,

since
a a d,a 0,a
Fibt =keq <aﬂ 0y f> — kg0 <ay A f) — ke [*} 7 ] =0. (4.84)

Thus, Og 10,11 = 0. In addition, operator O12 does not have any field dependence and
therefore does not contribute to amplitudes. On the other hand, the basis needs to be
extended by operators linear in the ALP field, i.e. one insertion of the object D, 0. A
basis with corresponding external sources was derived in [176]. Here, working to first
order in 1/f, it suffices to include the three operators shown in Table 4.6.

| o ||
—(0"D,0) (P) | 0
~(Du0) (L1S) | 1
(D) (L1 | 0

Table 4.6.: Operators extending the basis of LXQCD in the presence of the ALP. The coeffi-
cients T'Y were derived in [176].
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4.8.3.1. Additional Operators from the Weak Mass Term

If the tadpoles stemming from the weak mass term had not been rotated away by the
transformation in (4.29), the list of QCD p* operators above would be exhaustive for
the decay of a kaon to a pion and an ALP. Instead, in this case, additional operators
are generated due to effective shifts of the building blocks,
L, — g0 Lugh +6L,,
S —g.Sgl +48, (4.85)
P — g, Pgl +6P.

The expressions for 4.5 and ¢ P have already been derived in [177],

88 = —GLF? ({26, S} — i [Xe, P)) ,

5P = —G4F*({X¢, P} +1i[Xs,5]) . (4.86)
Additionally,
SL, = liap, ] — X [iag,r,) ST (4.87)
Effectively, this can be translated to a shift of the operators
0" - 0P + 507 (4.88)

Inserting (4.86) and (4.87) into the definition of the O;, one obtains the explicit ex-
pressions of the additional §O; terms,

601 = 4 ([iar, 1) L* + [iag, r, ) R*) (L?),
009 =4 (liag, 1)L, + [iag, ] Ry) (LML),
603 = 2 ([iar, LJ{L*, L*} + [iag, r ) { R*, R*}),
604 = —2G5F? (X\gS) (L)
+2([iar, L) LM + [iag, ) R*) (S),

605 = —GF? (X6 ({S,L*} — i [P, L%)) (4.89)
+ (o, LJ{L*, S} + [iar, ru]{R", Skr}) |
606 = —4G5F% (X\6S) (S),
607 = 4GRF* (\¢P) (P),
605 = —2G4F% (\(S? — P?)),
and
60Y = 2G5 F% (8" D,.0) (A6 P),
505 = GgF? (D,0) (As ({L¥, S} + i [L¥, P]))
— (Dy9) (i, 1,)S + [iag, 7] SR) , (4.90)

50 = (D,b) {liawr LIL* + liaur, v, | R?)
(D) (liar LH{LF, L} + liam. r){R*, R"Y)
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where S, Pr and R* are right-handed objects transforming as Sp — gr Sr g% and
equivalently for Pr and R¥. These additional objects, that are not relevant when
working purely in a SM context, are defined in Table 4.7. Here, also their transforma-
tion properties, along with those of the left-handed counterparts defined earlier, are
presented.

SM Object |  Definition || P | C | cp |
S 2+ Syt S — Sk S — (Sg)T S — ST
P i(x2t — 2xh) P — Pg P— —(Pp)T P— —pT
L, Yi(D,E)f L,— R* L,— —(R)T L, — —(LmT
W/W 2 (D“L” + DVL/L) I/V/W — WRMV W/W — _(VVA{E)T VI/HV — _(W/W)T
ALP Object | Definition | p C | CP |
D,0 90 — 2 (a,,) D, — —DF D, — D, D6 — —DH
Sk XIE 4+ =ty Sp— S Sp— ST Sr — (Sp)T
Pg ix's —2y) Pr— P Pr — —PT Pr — —(Pg)"
R, »tiD,% R, — LV R, — —(L)T R, — —(rRM)T
Wk 2(DyR, +D,R,) | WE —»wm | WE — —(W,)T | WE — —(whm)T

Table 4.7.: Building blocks and corresponding transformation properties under parity P,
charge conjugation C' and C'P of the chiral effective Lagrangians. While all building blocks
implicitly contain an ALP field after the substitution g — X, the first block shows objects
that are needed to describe kaon decays in the pure SM case and were defined in [161, 177].
The “ALP Object” part of the table refers to objects needed when adding a pseudoscalar
singlet such as axions or axion-like particles as external sources.

In (4.89), all terms that do not contain an insertion of [,, or 7, are of a structure of the
building blocks that already appeared in the SM construction of the weak NLO chiral
Lagrangian, see Table 4.5. Effectively, the weak mass term transformation therefore
modifies the weak LECs according to

N; — N/, (4.91)
with
G} G
Ng:N5—2G—§L5, N{1:N11—8G—2L6,
G} G
N§:N7—4G—ZL4, N{Q:N12—4G—:L8,
Iel ' (4.92)
N52N9+2G—8L5, N{3:N13—8G—8L7,
8 8

!

G
Njg= Ny —4-2

L
GB 8

and the remaining N; are unchanged. Since in the SM the weak mass term does not
contribute to UV divergences from one-loop diagrams, the additional poles provided
by the bare L; must cancel in the N;. This uniquely fixes the values of the Z] in
Table 4.5. For instance,

G/
)\ =8
Gs

(7, -8T6) 20 = 2, =

11
18"

(4.93)
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While expressions containing a combination of D,0 and r,, or [, are of order O(1/f?)
and are henceforth neglected, terms in (4.90) that do contain one explicit insertion of
the ALP field via D0 instead parametrize operators that have not been discussed so
far. Similarly to the weak SM LECs, also the Wilson coefficients of these operators
then need to be shifted. In detail,

/
NV =Ny 298 g

Gs
U
Ny =N§+2 2818, (4.94)
Gs
G/
N"’:Ng+4G—ZL§),

Finally, there remain terms in (4.89) that have exactly one insertion of 7, or [,,, but no
D,0. While they cannot be cast into a structure containing only the building blocks
of Table 4.7, it is nonetheless necessary to take them into account. In particular, they
are crucial for the cancellation of the poles arising from one-loop diagrams.

4.8.4. Weak Chiral Lagrangian at O(p*) including the ALP

As before, the first step to extend the weak chiral basis at O(p?) to account for the
ALP is to perform the substitution By — B for all building blocks By € {Sy, Lg, Py}
in Table 4.5. Since an exhaustive list of operators containing the ALP does not exist in
the literature at this order, the next step is to write down all allowed combinations of
D,,0 with the building blocks that generate a p* operator. This results in the following
12 combinations:

1) (9"Du0) (AP), 7) (ODu0) (AL"),

2) (0,Duh) (AsWH), 8) (Dub) (Ae{L",L?}),

3) (Duf) (Ne{L",S}), 9) (Dub) (AsLy, LML), (4.95)
4) i(Dyb) (X[LH, P)) 10) (Dpf) (AsL¥) (L?),

5) i(Dub) (N6 Ly, WH), 11) (D) (AeLy) (LFLY),

6) (D.0) (X\6LH")(S), 12) zeWp(,(Dﬂe) (ALY LPL?).

Two relationships significantly limit the number of terms in (4.95): First, any covariant
derivative that acts on a B € {S, P, W, } can be moved to the §-term via integration
by parts, so that these terms do not need to be written down. Second, contracted
indices on W/’ do not appear, since the equation [161]

2 4
Wi +2P — 3 (P)1 + 3 oMD,01 =0O(GF) (4.96)
implies that these terms can be eliminated. Still, the list above contains redundant
operators that need to be reduced. Integrating by parts and recalling the definition

W} =2(D, Ly, + D, L), operator seven in (4.95) can be rewritten as
1 2
(ODu0) (N6 LH) = 5 (0" Du0) (A6 P) + (’)(f2> (4.97)
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This also automatically implies that in the second operator, the covariant derivative
inside the WH** can be moved to the 6 part, such that

(9, D,u0) AWH) = —4(QD,0) (A\L") = —2 (9" D,0) (A6 P) . (4.98)

This already reduces the list from 12 to 10 additional operators. An additional one,
operator nine, can be removed by the Cayley-Hamilton theorem, that implies [177]

(D) MLy LML) = —(D,0) (As{L¥, L)) + (D,0) (AsLy) (LFL)
a2 (4.99)

7)

While this yields the final, non-redundant list of nine operators containing D, ), in

principle a “weak mass term”-like operator including an insertion of mao is possible.

Since this term certainly needs to vanish in the SM limit, it must contain (D,#), such

that the only possible form is m? ; (D,.0)(AsL*). However, rewriting the mass in terms
of derivatives yields

+ %(DMG) (N LM) (L?) + (9<

20 (D) (M6L¥) = ~(0D,0) aL¥) = —1 (D) (Mo (4.100)

such that it clearly is redundant.
After these considerations, the full weak chiral Lagrangian at O(p*) can be written as

e 8" (St e

Mo
G8 G (ZN W8+ZN9W98> (4.101)

and in the second line again the rescaling of the weak LECs as defined in (4.44) is
performed. The bare weak LECs are now related to the scale dependent ones via

o (4.102)
NY = N2 () + X1 (20 + —BZ{" + -8 7%
’ Gg Gs

The full list of additional weak chiral ALP operators is shown in Table 4.8 together
with the corresponding anomalous dimensions. The values of the Z/ and Z/% were
determined from the considerations described in Section 4.8.3.1. Requiring the can-
cellation of the pole terms from the one-loop integrals yields relations between the
remaining coefficients, but does not fix all free parameters. In particular, for the Zf
it yields

1 1 1 1
0 0 0 % 0
N=gtgss, A=y r2hta0, (4.103)
and for the Z%
00 3 1 00 00 00 1 ZGG

In the relations above, G§ and Gg are defined in analogy to (4.25), but with so far
undetermined values for g4 and g§.
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i w8 | z¢ | zP| z¥ | i w8 | 28| z¢ | 2]
1| (Du9) (N{LM,S}) | (4.103) | 5 | (4.104) | 6 (D) (\6{L*, L?}) -] 0 -

2 | i(Du0) (N[L*, P]) | (4.103) | 5 | (4.104) | 7 (D,.0) (\eL*) (L?) 0

3| i(Dud) Ne[Lu, WH)) | Z8§ 0 740 8 | (Dub) (N¢Ly) (LML) -] o0 -

4| (Duh) (AeLM) (S) -3 0 1 9 | d€uppo(DHO) (NLVLPLO) | — | O -

5|  (0"Dyb) NsP) z5 |0 5

Table 4.8.: Additional operators extending the O(p*) weak octet chiral Lagrangian when the
SM is extended by an ALP. The values of the anomalous dimensions Z?, Z! and Z% are
derived by requiring that the poles in the amplitudes K* — 7%*a cancel. If no value is given,
the coefficient does not get constrained by this computation.

4.9. Calculation of the Decays K* — 7 a at NLO

’ Contribution H Gs ‘ Gy ‘ G4 ‘ G§72 ‘ G§72 ‘ o) ‘
LO vV I v Y v v v
NLO vV I vV Y X X X

Table 4.9.: Contributions to the LO and NLO amplitude as computed for the decay K~ —
T a.

With all the necessary building blocks in place to compute the decays K+ — 7% a in
X<PT, it is now possible to move on to determining the amplitude up to next-to-leading
order. More concretely, this section presents detailed expressions for K~ — 7~ a at
first order in 1/f and G. The corresponding decay of a positively charged kaon can be
obtained by taking the complex conjugate of the results. In the following discussion,
products of flavor-changing ALP couplings and G are consistently neglected. On
the other hand, isospin-breaking corrections at first order in (m, — mgy) are included

at leading order (LO). In addition, due to the fact that gg is much larger than 9542

/

and 9372, contributions from the 27-plet operators are only considered at LO in what
follows. A full summary of the computed contributions to the LO and the NLO is
shown in Table 4.9.

The structure of the amplitude can be decomposed into a piece in which the flavor-
violating s — d transition is mediated by a flavor off-diagonal ALP coupling [kp]i2
or [kg4]12, in the following denoted by A"V, and a piece where the flavor change stems
from the SM flavor violation in the weak sector, which is referred to as AFC. Therefore,
the full amplitude can schematically be written as

A=AV 4 AFC (4.105)

where the explicit ALP couplings in these partial amplitudes are

AFV — _(mi(7 _ mzri) [kd szD]IQ AFV,
4.106
AFC _ Z GFT?_ mg{_ CALP AG’ CALPD 7 ( )
caLp, G 2f
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with®
G € {Gs, G4, Gy, Go .G’}

) (4.107)
CALP € {CGGa Cos (Cda T €55), (cGa — €55) (cga — Cgs)} :

As the flavor-change in AFC is solely mediated by the weak interactions, the amplitude
is also referred to as weak amplitude, while A¥V is called QCD or strong amplitude.
Certainly both, A¥® and ATV, have leading order, i.e. O(p?), and NLO, i.e. O(p*),
contributions, that are discussed in detail the following section.

4.9.1. Leading Order Amplitude

@) ()

O O

B S

Figure 4.2.: Tree level graphs contributing to the decay K~ — 7w~ a at leading order in
the chiral expansion. The ALP is shown as a dashed line. Insertions from the strong chiral
Lagrangian at O(p?) are indicated as the square B, while vertices from the weak O(p?) chiral
Lagrangian are shown as a dot ®. The fact that the diagonalization of the strong chiral
Lagrangian is performed in the isospin conserving limit reflects itself in the reappearance of
the two-particle vertices 7° —ng, 7° —a and ng —a in diagrams Ts and Ty, where isospin breaking
terms are taken into account.

At leading order in the chiral expansion, the Feynman diagrams that contribute to
the decay amplitude of the process K~ — 7~ a are tree level graphs with an arbitrary
number of vertices from the QCD effective chiral Lagrangian, zero or one insertion of
the weak effective chiral Lagrangian and exactly one ALP interaction that is either

2

flavor violating (if the graph has an insertion of a term from ng; e)ak), or flavor con-
2

serving (no insertion of [Zg(pwe)ak). This yields the six distinct topologies that are shown

in Figure 4.2.

8 As the vector currents fy* f are conserved, only the difference of the ALP-SM couplings (¢4 — %)
is observable, while the sum (cyy + cis) remains unobservable when considering flavor-changing
neutral-current processes.
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Leading Order QCD Amplitude

At leading order, there is only the tree level diagram 73 that contributes to the pure
QCD piece of the amplitude. Factoring out [kp|,, and [kq];, according to (4.106), it
is simply given by

iAFY =1. (4.108)

Leading Order Weak Amplitude

In diagrams 75 to T§, the flavor change is mediated by an insertion of a CKM matrix

2
element stemming from E;pwe)ak. At this order, also isospin breaking terms are taken

into account that are suppressed by

c@ T 028, g =

ms — M 2

My 1 Md ) (4.109)

These terms lead to the diagrams in the second row of Figure 4.2, where the two-point
vertices are present because the strong chiral effective Lagrangian is only diagonalized
in the isospin conserving limit in Section 4.8.1. Defining the mass ratios of the ALP
and pion to the kaon mass as

. y=—=r, (4.110)

the full, weak leading order contribution to the decay can be expressed as

4—y—-3z 4—y—-3z
AGS s _ y(1 —y) L@ (1-y) 8y —z (44 Ty) +32?)
+o 4—y—3z yly—z)(4—y—32) ’
aGs (citet) _ (1—y)(d+y—62)
LO 2(4—y—3x)

X [1_5(2) (1-y) (16y — z (20 +17y) + 212?)
(y—2z)4+y—6x)(4—y—3x)
i AGS (Chacss) _ z(1+2y—3x)
v 2(4—y—3x)
X [1_5(2) 1-y) (4+13y+92_3l‘(7+5y)+18m2)]
(y—2)1+2y—-32)(4—-y—3x) ;

] : (4.111)

(cy—ct) l—z+y

. G87
iAo 5 ,

as well as

9 ~
PATSCEC = 9 (1 —y). (4.112)
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Furthermore,

. Gh, (8 —cly
Ay ) = (12 [1-e@ (1)) )

Z'Afg (caqa—¢ss) = _ [1 + @ (1-— y)} )

and all G§ contributions from the remaining coefficients vanish. The two 27-plet
tree-level contributions read

Gyeoe _ 4(1—y)(4 -3y — =) [1_@) (1-y)(d—-5y+a) }
( :

4—y—3z 4—y—3z)(4—-3y—x)
2
A _ =y [ ) (1-y) (y(4=5y) +a@—y) —67) |
4—y—3x 2y(y—x)(d—y—3x)
ACH Ctet) _ (L—y)(12 Ty —312)
LO N 4—y—3z
<1 @ (1-y) (2y(4—5y) — (20 — 19y) + 3z?)
(y—z)(d—y—3z)(12- Ty —3x) ’
iAG%{(Cﬁd—C?S):; 20_25y+5y2+x+2xy_3x2
Lo 2(4—y—3x)
_8(2)633(1—31) (4+3y—4y2—x(11—5y)+3$2)}
(y—z)(4—y—3z) ’
LGP (e —c¥ 1
PAGy ) = D1 gy,
(4.114)
and

0% ece _ 41— 2)(1 —y)
Lo T 4_y_3z

@) (1-1y) (12—13y+9xy—1a:+:l72+2y2)
1-2)(y—=z)(4-y—3az) ’
Gyen, _ 2y(1—y)B—y—2x)

X [1+¢€

A 27 »Cuu
o (y—2)(d—y—32)
) 2(4 = Ta + 327
N et N P
x[ € y(3—y—22) Y x T 7

G (el (1—-y) 2
A 27 »\~dd ss) B B
e (y—z)(4—y—3x) y(6—y)—z(3+5y)+3z

]__
“(2)4—3/7—2/395 (24—26y—|—4y2—3:(16—173/)—31:2)] :
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- 27 —
1AL S =

PALY =

G’ (ca—css) 1
2y —x)(4—y—3x)

X |y(4—5y+ y2)+x(2—8y+3y2)+x2(1+5y)—3x3

@ 62(l—y) (2-6y+y*+a(2+4y) —327)
— &
4—y—3x '

3/2
G2, (chy—cby)

(I1—x+y).

| =

(4.115)

The isospin limits of the Gs and Ga7 terms have already been computed in [56] and
[34], respectively. Several features of these amplitudes need to be highlighted:

86

e The k, parameters cancel in the amplitudes. This is an important cross-check

of the results, as the rotation (4.49) is unphysical.

While the isospin breaking effects are suppressed by (mg — m,,)/ms for terms

proportional to Gg and G;éz (as also found in [56]), this suppression does not

apply to the G%z terms, which are proportional to (mgq — my,)/m.

Some amplitudes in (4.111), (4.113) and (4.115) diverge in the limit m, — 7m0
(or & — y). Although maximal 7°-ALP mixing is experimentally excluded, it
is insightful to better understand this diagonalization remnant up to first order
in F'/f of the leading order strong chiral Lagrangian. For terms proportional to
Gg and G;éQ, it happens only in the isospin breaking corrections proportional
to €2, while in some terms proportional to Ggéz this already appears in the
isospin conserving limit. It is illuminating to examine it in the unrotated basis,
where the neutral mesons again mix via explicit two-particle vertices. Here, the
following diagrams are responsible for the divergences:

8 7V
(2) (2)
m 70 ‘ UE ‘
3/2 3/2 1/2 3/2
024 024 024 ’ 024
Og

Focusing on the first diagram from the left, the pole that creates the divergence in

the unrotated basis stems from the pion propagator and is of the form 1/ (’fnfro —

m2) (or the corresponding factor in the mixing angle 6,0, in the rotated basis).

This requires the transition K~ — 7~ 70, which cannot be mediated on-shell
1/2

by the operators Og and O,;", as they only describe isospin changes of Al =
1/2. These two operator types instead generate vertices proportional to (Thio —

p?ro) that cancel the pole. The operator (9342, in contrast, does provide the
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necessary isospin transition for this process. Hence, there is no cancellation of
the divergence, even in the isospin conserving limit. The middle diagram shows
the same situation, but with an additional isospin violating vertex that mixes the
neutral pion and the ng-meson. The last diagram above requires the transition
K~ — 7~ ng that is allowed for all operator types Os, (9;42 and (’)3/2. To
generate a divergence, the ng needs to mix into the neutral pion, Wthh, again,
is of O(e(?)). Thus, this behavior only appears in the isospin violating limit for
Og and (91/ 2,

Due to klnematic constraints, there is no corresponding pole for m, — My, as
only my < mg — my is allowed.

4.9.2. Next-to-Leading Order Amplitude

At NLO in the chiral expansion, one must compute one-loop diagrams generated by
O(p?) operators, as well as tree-level diagrams with insertions of O(p*) operators.
Furthermore, the meson masses and the pion decay constant get a correction, and
external leg corrections yield wave-function renormalizations that multiply the leading
order. The sum of the LO and NLO amplitudes can thus schematically be written as

4
(ALo + AnLo)INLO = V ZrZK AL + AA N Al loop T Al (4.116)

where the Z; and Zx denote the wave-function renormalizations of the pion and the
kaon, respectively. In the expression above,

Avo(m?, F) = Avo(m?yio, Fr) + AD) 2 AR, = o+ AT sap - (4117)

Both amplitudes on the right-hand side of (4. 117) are computed from the tree-level

diagrams in Figure 4.2, but in the second term, AP NLO corrections for the

Am 2 JAFL?
meson masses and the decay constant F' are inserted. Therefore, only Af  is formally

of order O(p?) (and thus gets multiplied by the wave- function renormalization factors

Z; such that the product is a NLO term), while Al is already of order O(p*).

Am 2 ,AF
The term .A1 loop Tepresents all one-particle irreducible one-loop diagrams with O(p?)
vertices, while the last term in (4.116) denotes tree-level graphs built out of O(p*)
vertices. Details on the calculation of all NLO contributions are given in the next
sections.

Given that 9542 /gs ~ 0.01 and 9342 /gs =~ 0.05, the 27-plet contributions are neglected
in the NLO amplitude. In addition, also isospin corrections are not taken into account
at this order. In contrast, since no estimates of g§ and gg exist, they are included for
completeness. As the analytic expression for the NLO amplitude is rather elaborate,
the following text focusses on the conceptual aspects, while the full result is presented
in the appendix of this chapter.
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4.9.2.1. Wave-Function Renormalization and Mass Correction

L

Figure 4.3.: Feynman graphs contributing to the mesons self-energy at NLO in the chiral ex-
pansion. The black square W denotes the insertion of a vertex from the O(p?) QCD Lagrangian
in (4.63), while the empty square [J refers to a vertex from the O(p*) QCD Lagrangian in
(4.35).

Both the external leg and mass correction are derived from the self-energy” ¥, that is
computed from the Feynman diagrams shown in Figure 4.3. It is important to note
again that neither the ALP mass nor its external legs receive corrections, since every
ALP interaction is already suppressed by its decay constant and additional corrections
should not be taken into account when working consistently at O(1/f). External leg
and mass corrections hence only need to be computed for the pion and the kaon. The
expressions for the wave-function renormalization factors Z; are obtained from the
self-energies 3; via

(2
Z7t=1- dL(f) : (4.118)
dp p2:m?

Concretely, this yields

1 _ 1 _ 1 _ 2

2 2
2 H 21, M
+5mK1nm7%(+mﬂlnm—72r
o+ 2m (2L () + Lo (1)) + 2m2 i4,r(u)] : (4.119)
1 4 8 2
Lp=1-— —mE2 4+ —md?) ([ —— —In4 -1
(47TF>2[<3mK +3m7r 71— ndr +vg
2 2
+2m§<1n'u—2—|—4m3rlnu—2
my. m2

i L, 0+ 202 (Las ) + L, )|

The Lagrangian masses get shifted via Am? = %;(m?) to the NLO masses as

minpo = mp + Amg, (4.120)

9Although the matrix containing the exponential of the meson fields is also denoted by X, the
standard convention for the self-energy is maintained here, as the context makes it clear which
quantity is being referred to.
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where, in agreement with [161],

2 2 2 2
Am?_ = m”2 —m?rln'u——l- ms 1 H
T (4nF) mZ 3 Mie

+ (4mi + 2m2) (2Lo, (1) = Las () + 2m2 (2L, (1) = Lo (1)) } ,

2 2
m 2
A§¢:1¥[—2 nt

mZ In ——
(arF)? |37 g,

(e + 2002) (2L ) = Las ) + 2 (2L 10 = Lar ) |
(4.121)

The expression for the NLO pion decay constant was derived in [161]. Taking into
account the different normalization and rewriting the LECs according to (4.41), the
correction reads

F.=F + AF,, (4.122)
with
F M2 MQ R
AFE, = T 2In S +2m2In = +2m% L
T (47TF)2 [mK nm%( + my nm?r + mg 4,r(:u)
#m (Laglo) + L) | (1.123)

4.9.2.2. One-Loop Amplitude

In the next step, all one-particle irreducible one-loop Feynman diagrams are added to

the NLO amplitude as parametrized by the term Agz_i))op in (4.116). As in the tree-
level graphs, the flavor-changing interaction needed for the decay K~ — 7~ a can be
provided by a flavor off-diagonal ALP coupling or by the insertion of a corresponding

weak interaction, and both contributions are considered separately in what follows.

One-Loop QCD Amplitude

Q. QO

Figure 4.4.: Feynman graphs with a flavor-violating ALP coupling, contributing to the K~ —

7~ a decay amplitude at NLO in the chiral expansion. The black and red squares denote the
insertion of a vertex from the O(p?) QCD Lagrangian in (4.63).

There are only two one-loop topologies for K~ — 7~ a that do not require an insertion
of a weak O(p?) operator, which are shown in Figure 4.4. In topology D1, five different
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internal states in the loop (K, 7, ng, 7%, K/ K°) contribute to the amplitude, while
in Dy, the combinations K%ng, K%-7% and K*-7* are possible.

One-Loop Weak Amplitude

ONE
N o QO

e o e

Q. .0

Figure 4.5.: One-loop Feynman graphs with ALP flavor-conserving ALP interactions con-
tributing to the K~ — 7~ a decay amplitude at NLO in the chiral expansion. The flavor
change results from an insertion of a vertex from the O(p?) weak chiral Lagrangian in (4.78)
(black and red dots ®). The black and red squares refer to a vertex from the O(p*) QCD
chiral Lagrangian in (4.63).

All one-loop topologies with exactly one insertion of a weak O(p?) vertex are de-
picted in Figure 4.5. Since the diagonalization of the Lagrangian is only performed
in the LO strong chiral Lagrangian in (4.63), the mixing is still present in the weak
O(p?) Lagrangian and in particular also reappears at NLO, which can be seen in D1;.
In the sum of the diagrams, the unphysical rotation parameters x, cancel as they
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should. While in principle one would expect absorptive parts from diagrams where
the internal state pions can go on-shell (i.e. in Dy, Dg, D9, Dog, Do1), this feature is
entirely absent in the amplitude. The reason is that the necessary isospin transitions
(e.g. K~ — 7wV for the case of Dg) are not allowed by Og. If isospin-violating
corrections were considered at NLO as well, imaginary contributions would indeed
appear in the amplitude.

4.9.2.3. NLO Tree-Level Amplitude

At NLO in the chiral expansion, also O(p*) tree-level graphs contribute to the process,
which are discussed below.

NLO QCD Tree-Level Amplitude

@)

Figure 4.6.: The Feynman tree-level graph that contributes to the K~ — 7~ a decay ampli-
tude at NLO in the chiral expansion involving only flavor-violating ALP interactions and one
insertion of the O(p*) QCD Lagrangian in (4.35) (empty square [J).

The single O(p*) QCD tree-level Feynman diagram describing the decay K~ — 7~ a
is shown in Figure 4.6, contributing ALP flavor-changing couplings to the amplitude.
This diagram possesses a finite and a UV-divergent piece, and the latter needs to
cancel the divergence stemming from the one-loop diagrams discussed above. Indeed,
when adding up D, D2 and C, this divergence vanishes.

NLO Weak Tree-Level Amplitude

The O(p*) weak tree-level Feynman diagrams that describe the decay K~ — 7~ a are
shown in Figures 4.7, contributing ALP flavor conserving couplings to the amplitude.
As for the flavor-violating part, the divergence from the one-loop weak Feynman dia-
grams needs to be canceled by the NLO weak tree level contributions. The situation,
however, is more subtle than in the pure QCD case: In the limit where § = 0 and
(a,) = 0, the anomalous dimension coefficients Z;, I'; and T'¢, shown in Tables 4.3, 4.5
and 4.6, ensure the necessary cancellation. With non-zero ALP source, the additional
anomalous coefficients, Z, Z{e, Zf and Ziee, as introduced in (4.102), need to be fixed
such that the full UV-pole cancels. While the values of the Z! have already been ob-
tained in Section 4.8.3 (for the explicit results, see Table 4.5), this requirement can be

used to deduce values for the coefficients Z§ = —3/4 and Zz(e) = 1/2. The remaining

Zf © are only constrained up to the consistency relations (4.103) and (4.104), or not
fixed at all by the charged kaon decay to a pion and an ALP.
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©) ©)

Figure 4.7.: Feynman graphs contributing to the K~ — 7~ a decay amplitude at NLO in
the chiral expansion involving only flavor-conserving ALP interactions and one insertion of
the O(p*) QCD Lagrangian in (4.35) (empty square ) or O(p*) weak Lagrangian in (4.35)
(empty dot O). The black and red squares W (circle ®) refer to an insertion from the O(p?)
QCD (weak) chiral Lagrangian.

In the thus obtained finite NLO expression for the decay amplitude, also the u-
dependence from the loops is removed by the scale dependence of the low-energy
constants. The final result then still contains the unknown LECs Ni(f,)
nomenological analysis of the decay process requires assigning reasonable values to
these parameters, an estimate and the corresponding reasoning is presented in the
next section.

. Since a phe-
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4.10. Phenomenological Implications

‘ Quantity ‘ Value ‘ Reference ‘
M- 493.7MeV [40]
My 139.6 MeV [40]

[y 5.31 x 10714 MeV [40]
F, - (130.2£0.8) MeV |  [160]

Table 4.10.: Numerical input values for the meson masses, the kaon decay width and the
pion decay constant.

This section examines the phenomenological consequences of the NLO K~ — 77 a
decay amplitude. Concretely, the numerical sizes of the LO and NLO contributions
from the various couplings are analyzed as a function of the ALP mass. The numeri-
cal results are then translated to bounds on the effective scales AT = f/|c;|. Finally,
implications for bounds to neutrons and protons are deduced.

The numerical input values of myg—-, m,—, I'i- and F,- as required for the phe-
nomenological analysis of the NLO contributions are collected in Table 4.10. The
relevant renormalized strong low-energy constants L;, from fits to low-energy data
and lattice QCD are presented in Table 4.2 along with the corresponding uncertain-

. . . . .. 0)r
ties. However, no numerical analysis exists for the remaining weak LECs Ni(r) ,

nor
for the L?r. In order to estimate these coefficients, it is instructive to reconsider the
scale evolution of the strong LECs in Figure 4.1. While the numerical values have
been obtained at p = m,, it is evident that around p = 1.4 GeV, all coefficients are
roughly compatible with zero. The reason behind this behavior is that around the
scale of chiral symmetry breaking, these effective Wilson coefficients are naturally free
of large logarithms. It is thus reasonable to assume that the unknown coefficients ex-
hibit similar patterns, and setting all Ni(/,,g) (1o = 1.4 GeV) = 0 appears to be a sensible
choice. To assign an uncertainty to thisvconsideration, a variation of this default scale
o by a factor of v/2 is taken into account and added in quadrature to the remaining

LEC uncertainties in the following analysis.
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4.10.1. ALP Flavor-Violating Contributions to the Amplitude
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Figure 4.8.: LO + NLO contribution of the ALP flavor-violating couplings to the decay
amplitude of the process K~ — 7w~ a. The dashed lines show the results for the central value
of the QCD low-energy constant Ls , from the first (second) column of Table 4.2 in gray (blue),
the colored bands correspond to the 1o uncertainties presented in the same table. The gray
vertical line at m, =~ m o indicates that this region is experimentally excluded.

Starting with the flavor-violating ALP couplings and employing again the parametri-
zation in (4.106), the dimensionless decay amplitude equals the K~ — 7~ form factor
FE27 at ¢ = m2 [34]. At LO, this quantity is momentum-independent and equals
1. The sum of the LO and NLO is shown in Figure 4.8 as a function of the ALP
mass m,. There is only one strong LEC that enters the amplitude, Ls,, and clearly
no weak LEC. Taking into account the uncertainty of Ls,, the NLO amounts to a
correction of less than 10% over the entire kinematically allowed ALP mass range. It
decreases the amplitude for m, < 170 MeV and increases it for larger ALP masses.
In particular, for the case of a vanishing ALP mass, the flavor-violating contribution
reads

. kq + k
AT Lo = —(mk —m2) [dsz]m (1o — 0.023N10) . (4.124)

Since in the limit m, = 0 the analytical expression is independent of Ls ., the uncer-
tainty on the values in (4.124) is negligible.
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4.10.2. ALP Flavor-Conserving Contributions to the Amplitude
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Figure 4.9.: LO (solid line) and NLO (dashed line) contributions of the Gg ALP flavor-
conserving couplings to the decay amplitude of the process K~ — m~a. The colored bands
comprise the uncertainties from the QCD LECs, as well as from the variation of the scale py,
where all unknown weak LECs are set to zero.

The contributions from flavor-conserving ALP couplings proportional to Gg are de-
picted in Figure 4.9, individually for the LO (solid line) and NLO (dashed line). Here,
the uncertainties from the QCD low-energy constants and the scale variation around
the default choice of g = 1.4 GeV (the scale where the 18 weak LECs entering the
analytical expressions are set to zero) are combined in quadrature to generate the
colored uncertainty bands around the central dashed lines in the plots. In total, this
results in corrections ranging from a few percent up to approximately 60% for most
couplings. An exception is given by iA%® €= since it is mostly zero at LO over
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the allowed ALP mass range. The corresponding expressions for m, = 0 are given by

G F2 2
iAGy = I8 Q’Tme [ (1.88 —0.88 5(2>) o — (0.02 —0.44 5(2)) e
- (0.48 0.4 5(2>) (% + ) + 0.54 (cYy — cgs)} ,
G F2 2
iAG, = = 2”me [(~0.25+0.43 4 0.61) éoo

+(5.21 £ 1.03 £ 6.52) x 1073 ¢,
+(0.06 + 0.11 £ 0.16) (c%, + css)
—(0.27 £0.10 £ 0) (c%y — ¢%,)

+(0.24 4 0.23 £ 0.18) (¢4 — %) |, (4.125)

where the first uncertainty represents the variation of o and the second one stems
from the QCD LECs as given in Table 4.2. Again the combination cjj;+cY, is absent in
the expressions, as only the difference, cjj; — cyy, becomes observable when considering
flavor-changing neutral currents. As mentioned before, the divergence that can be
seen at LO for some couplings in Figure 4.9 is an artifact of the linearization in F'/f
that would vanish in an all-order diagonalization. Nonetheless, the different limits
for mq — mjr'o and m, — m_, are physical: in the scenario of maximal mixing, the
neutral pion and the ALP become indistinguishable. Thus, it is necessary to also
include the amplitude of the orthogonal state in order to obtain the physical result.
Only the sum of the two expressions is continuous over the entire ALP mass range.
As experiments exclude this scenario, this computation is not presented here.

Finally, the new octet operators proportional to Gg and Gg yield the amplitudes
depicted in Figure 4.10, and the numerical evaluation for vanishing ALP mass reads

, G! F2 2
iALE = 8#”% [(085 - 0.78)) (cly — i) — (1+0.926@) (e — et)]
, el F2 2
iAo = %mff [(—0.20 % 0.14) (¢ — ¢2,) + (0.35 £ 0.16) (cy — %)) -

(4.126)
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Figure 4.10.: LO (solid line) and NLO (dashed line) contributions of the G§ and G§ ALP
flavor-conserving couplings to the decay amplitude of the process K~ — w~a. The colored
bands comprise the uncertainties from the QCD LECs, as well as from the variation of the
scale pg, where all unknown weak LECs are set to zero.

For completeness, the LO contributions from the 27-plets for m, = 0 are

vz G222
A0 WTH”K (353 -0.796@) o + (008 +0.406@)) ¢

- (2.7 - 0.45@)) (e, + )+ 2.31 (% — %)

+0.54 (chy — )|

o s (4.127)
e Go7 Frmi, 2)) = B )\ .a

ALy = T [(0.9 +30.2¢ ) Gac + (1.4 15.1¢ )cw

- (1.4 +15.1 g@)) (3, + ¢%) — 0.46 (¢ — 1)

+0.54 (cYy — cgs)] .

4.10.3. Bounds on ALP couplings from K~ — 7~ a

The most stringent bounds on rare kaon decays such as K* — 7= X are currently
provided by the NA62 experiment at CERN. In the SM, such a process is given by
the FCNC decay with X = pv, while the process K* — 7% a represents a beyond
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AT [TeV]
ci(pey) mg =0 | mg=200MeV
[kp + kal12 | 2.9 x 10® 6.5 x 108

éaa™ 43 84
Cou 1.5 4.3
Chq T C5s 15 19
=i 8 8
el — by (%) 23 47

Table 4.11.: Lower bounds on the effective scales AST = f/|¢;| at p, with 90% CL for one
non-zero ALP coupling at a time as obtained from the upper limit on the branching ratio as
given by NA62 in [178]. In these results, g§ = g4 = 0 was used. The *) highlights that the
result for the coupling depends on the value of g§, while (+*) refers to a dependence on J%-

the Standard Model (BSM) example. In order to access information on the branching
ratios, a proton beam from the Super Proton Synchrotron (SPS) is used that hits
a fixed beryllium target. Among the cascade of secondary particles, approximately
6% are positively charged kaons. They get extracted by a series of dipole magnets
and collimation systems, and their subsequent decay is studied. For X being a light
pseudoscalar particle, this yields the bounds!® B(K*+ — 7t X) < (3-6) x 107! at
90% CL for mx € [0,110)MeV, and B(K* — 77X) < 1 x 1071 (90% CL) for
mx € [160,260] [178].

Using the decay width of the kaon in Table 4.10, along with these upper bounds on the
branching ratios, lower limits on the effective scales AST = f/|¢;| can be obtained for
one non-zero ALP coupling at a time. When working with the amplitudes obtained
in Section 4.9, where implicitly ¢; = ¢;(uy), the thus obtained results refer to the
couplings at this scale . Setting the unknown coefficients g5 and gg to zero, the
corresponding results for mg, = 0 and m, = 200 GeV are listed in Table 4.11. Clearly,
g5 = gg = 0 is a choice that impacts the concrete values of the bounds. For instance,
ALt >10 TeV for g§ = 1 and m, = 0.

cGg ~~

4.10.4. Decay amplitudes in terms of UV couplings

In addition to constraints on the couplings at y,, RG evolution equations obtained in
[60, 61] can be used to express the amplitudes in terms of the couplings at the scale
A of global U(1)pq symmetry breaking. As flavor-violating couplings are strongly
constrained by experiment (see e.g. [34]), it is a reasonable choice to consider an
ALP that has only flavor-conserving, universal couplings at A. Working in the basis
in which the shift-symmetry is manifest via the derivative interactions to fermions,
i.e. the Lagrangian in 1.34, this assumption then translates to

cr(A)=¢rp(A)1 for F=u,d, Q,e, L. (4.128)

0T hese limits correspond to the most recent bounds at the time when this analysis was performed,
while the measured branching ratio in [151] and the analysis in [179] were published afterwards.
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AT [TeV]
ci(A) mg =0 | mg=200MeV
éaa(N) 49 97
eww (A) 2.6 6
épp(A) 0.02 0.04
éu(A) | 1.9 x10? 4.2 x 103
q(A) 51 78

Table 4.12.: 90% CL lower bounds on the effective scales AT = f/|c;| of the ALP couplings c;
at the high scale A in the flavor-universal ALP model for the cases m, = 0 and m, = 200 MeV.
The bounds are derived by setting A = 47 f with f = 1TeV, and using the 90% CL upper
bound on the Kt — 77X branching ratio provided by NA62 [178]. The bounds shown here
are obtained by setting gg =0.

Although this ensures flavor symmetry at A, flavor off-diagonal entries are nonetheless
generated via RG flow, but they remain CKM suppressed, in detail, for the s — d
transition, via an insertion of V;5Vis ~ —(3.04 1.34) x 10~ [40]. In particular, for the
choice f = 1TeV, this yields at the top-quark scale [34]
[kp(me) i ~ 107° ViV [ — 6.1¢aa(A) — 2.8Gww (A)
—0.02épp(A) + 1.9 x 10° &,(A)] (4.129)

[kd(mt)]?j“iv =0.

Furthermore, since kp is approximately scale invariant below my, [kp(m¢)]i; = [k (1t )]ij-
The remaining relations, that have also been obtained in [34], are given by
[ ()] ™Y 220.90 &, (A) 4 0.008 &4(A) — 0.042 ég(A)
— 107" [2.1éww (A) + 0.34Epp(A)]
(€5, (n)]"™ 2 0.13 &, (A) 4 1.00 &4(A) — 0.042 Za(A)
—107* [2.3éww (A) +0.10E55(A)] .
=[cos ()] (4.130)

[caa (k)]
The last relation above removes the vector couplings from the amplitude, since they
appear only in the combination (cf,; — c¥), which in particular also removes the de-
pendences on gg. The full, numerical expression of the NLO amplitude for f = 1TeV
in the limit where gg = 0 then becomes

1TeV

PAMY = —1071 GeV [ ] [(2.4 4+ 1.0+ 0.14) éag(A)
+(9.37 £ 0.02 + 3.974) x 10~ 2 ey (A)
4 (0.57 £ 0.02 + 0.26 i) x 1073 ézp(A)

— (68 +£1+284%) ¢y (A) — (2.5 £1.0) ¢4(A)] .
(4.131)
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The errors in the expression again combine the uncertainties from the scale variation
of po and the uncertainties on the strong LECs. As before, this amplitude in terms of
the UV scale coefficients can now be used to obtain lower bounds on the effective scales
Aﬁff = f/|ci| of the ALP couplings. The results for turning on one such coupling at a
time are shown in Table 4.12 for f = 1 TeV. The flavor-universal and flavor-conserving
partial amplitudes thereby contribute as follows:

e The bounds on the effective scales of the couplings é,(A), éww (A) and égp(A)
are dominated by their contributions to the flavor-violating coupling kp(u,) via
RG evolution (see (4.129)). The fact that ¢, (A) appears with an additional factor
of 103 reflects itself in a bound that is of three orders of magnitude stronger than
the one on the effective scale of ¢y (A) and five orders of magnitude stronger
than the one on the effective scale of ¢gp(A), which only appears at a two-loop
order in (4.129).

e The bounds on the effective scales of the couplings ¢ga(A) and ¢4(A) are in-
stead dominated by the flavor-conserving part of the decay amplitude. Due to
the large uncertainties provided by the strong and weak LECs, the bounds ob-
tained from the NLO amplitude are weaker than the ones obtained at LO. For
instance, the LO amplitude, where no weak LECs enter, would, for m, = 0,
result in AZOYC > 73TeV and AZVC > 76 TeV instead of AL > 49 TeV

and AZPNYO > 51 Tev.

Clearly, the concrete choice of the ALP decay constant influences the bounds. For f
between 1TeV and 1PeV, these dependences are shown in Figure 4.11 for mg, = 0
and m, = 200MeV. While most bounds on the effective scales only vary weakly
when increasing the scale of global U(1)pq symmetry breaking, they generally become
stronger for larger values of f. This is a result of the longer scale evolution down to
Iy, Which yields large logarithms and therefore strengthens the bounds on the A‘f.

All in all, the bounds obtained from K* — 7ta pose the strongest constraints
on the ALP-SM couplings for m, smaller or approximately equal to 350 MeV. In
particular, the effective scale of flavor off-diagonal couplings mediating a s — d quark
transition needs to exceed 10° GeV, yielding a lower value for the decay constant of
f = 10" GeV, which contradicts (model-dependent) cosmological bounds [180].
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Figure 4.11.: Lower bounds on the effective scales AT = f/|¢;| as a function of the ALP
decay constant f for g§ = 0 in a flavor-universal scenario. The solid (dashed) line corresponds
to mg =0 (mg = 200 MeV).

4.10.5. Bounds on ALP-Nucleon Couplings
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Figure 4.12.: Excluded regions of the ALP-neutron (left) and ALP-proton (right) couplings
from various experiments (adapted from [181]). The red solid lines correspond to the bounds
obtained from the analysis of the decay K* — n%a.

The red dashed lines indicate a potential exclusion limit, assuming that both the theoretical
uncertainty and the experimental bound can be improved by a factor of 3.

By comparison with the effective Lagrangian describing the interaction of ALPs with
protons and neutrons, the bounds obtained in the previous section can also be trans-
lated to bounds on the ALP-nucleon couplings. Denoting the neutron and the proton
by 1, and v, with masses m,, and m,,, respectively, the Lagrangian can be written as
[181]

Yan - Ga _
Lan = 5 (0u@) Yuy" 500 + 2—77;; (0ua) Ypy 5ty - (4.132)
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It is possible to decompose the ALP-nucleon couplings in terms of the ALP-fermion
and ALP-gluon couplings as [34]

2 2
- My, + mz _ . my T maL _
Gan = 9 <90 Cc —gAa m72r — mg & ) ) gap - 9 (gO c' + gA mzr — mg c > )

(4.133)

where

a a a a
et = [CWjLCdeFQCGG} and C—:[Cuucdd+26GGmu_md]’ 4.134
;TR PR T e ma) s @B

with dimensionless constants gg = 0.440(44) and g4 = 1.2754(13) [182]. When em-
ploying the limits on the couplings cgg (instead of ¢gg) and cgq obtained from the
analysis of the charged kaon decay'! and avoiding assumptions on the underlying
structure of the couplings at u,, however, no competitive limits on g4, and g,, can be
found. The situation changes when assuming the scenario of flavor-universal couplings
at A = 4n'TeV, although the bound on Agg is relaxed from 51 TeV to 22 TeV when
working with cgg instead of ¢ag, while Agf does not change significantly. The NLO
bounds on the ALP-nucleon couplings are then approximately

m _ m _
Jan < 2/\—”& lgo + g4 = 3.7x107°, g4 < mipff lgo — ga| = 1.8 x 107°.  (4.135)
Cdq Cd

Figure 4.12 compares these limits with the exclusion regions from various experiments
for illustration. Additionally, hypothetical results are shown for the scenario where
both the theoretical uncertainty and the experimental bound are improved by a factor
of 3. Importantly, the bounds obtained from the charged kaon decay represent the
sole particle-physics probes of the ALP-nucleon couplings in the mass range shown
in the figure. While for ALP masses smaller than 10710 ¢eV, a variety of experiments
pose stronger bounds on gq, and ggp, the results from the analysis of K * & 7fa can
compete with most bounds above this scale. SN 1987A supernova and neutron star
cooling bounds are several orders of magnitude stronger than the limits in (4.135),
but they have the disadvantage of being highly model dependent. More specifically,
several assumptions, including those regarding the core composition, are incorporated
into the derivations, but have yet to be validated.

"M As ége and Ccqq are not independent parameters, these bounds do not correspond to those presented
in Table 4.11.
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4.11. Summary and Conclusions

In this chapter, ALP effects at and below p, ~ 1.6 GeV were investigated. At this
scale, quarks are confined to color-neutral bound states, such that the fundamental
degrees of freedom are the pseudoscalar mesons. To analyze ALP interactions in
this regime, a consistent incorporation of the ALP into chiral perturbation theory
was presented, up to order O(p?) in the chiral expansion. This extended effective field
theory framework allowed for the study of the rare kaon decays K+ — 7ta at next-to-
leading order. These flavor-changing processes are especially powerful for constraining
ALP-SM couplings due to the extremely suppressed branching ratio B(K* — 7+ X).
As a result, the analysis of these decays provide the strongest particle-physics bounds
on ALP couplings for ALP masses m, < 350 MeV.

More specifically, the analysis presented here expanded on the existing leading-order
calculation in several key aspects:

e Operator basis extension at O(p?): The presence of the ALP necessitated an
enlargement of the chiral operator basis already at leading order. Notably, the
so-called weak mass term, which is redundant in the pure SM case, had to be
accounted for, which is an observation that had not been made in the literature
before. Additionally, an operator explicitly involving an ALP source emerged in
the O(p?) weak chiral basis.

e Operator basis extension at O(p*): At O(p*), the situation became even more
intricate: the strong chiral Lagrangian at NLO had to be extended by three
operators, while nine new operators needed to be added to the weak chiral
Lagrangian when the ALP is present. This yielded a complete basis as required
for the computation of the full NLO amplitude for K~ — 7~ a.

e Tree-level and loop contributions: The full NLO amplitude for the decay K~ —
7~ a was presented in this chapter. At O(p?), the literature result was extended
by isospin breaking corrections of first order in (mg — m,,), while at NLO, the
analysis included the 89 possible one-loop Feynman diagrams and the 11 NLO
tree-level graphs.

e Numerical results and uncertainties: It was shown that the NLO correction pro-
portional to ALP flavor-violating couplings ranges between roughly —3% and
+8%, depending on the value of m,, and the only source of uncertainty is the
low-energy constant Ls,. The contributions from the part of the NLO ampli-
tude in which the flavor change results from the SM weak interaction involved
the two unknown couplings g4 and gg, as well as 15 independent combinations
of weak low-energy constants, which provide a significant source of uncertainty.
In order to estimate the size of the weak NLO corrections, the unknown LECs
were set to zero at the scale po ~ p, and an uncertainty to these values was
assigned by varying po and employing the corresponding RG equations. With
this setup, it was shown that the contributions of the amplitude proportional to
gs and the two unknown couplings g5 and gg ranges between a few percent up
to +£60%, with an exception given by iAC#: (€ia—c%s) for which the LO is almost
zero for the entire allowed ALP mass range.
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e Bounds on effective scales and ALP-nucleon interactions: The derived results
were used to deduce bounds on the effective scales of the ALP—-SM couplings,
Aiff = f/lci], for mq = 0 and m, = 200 MeV, both at the scale j,, and, by
applying the ALP RG equations, also at the symmetry breaking scale A. While
it was shown that the concrete choice of A has little impact on the bounds,
the fact that the two coefficients g and gg are unknown significantly limits the
conclusiveness of the results. While the NLO results slightly weaken the bounds
compared to the LLO one, they nevertheless remain the strongest limits on ALP
couplings in the kinematically allowed mass range. Finally, by comparison with
the effective Lagrangian parametrizing the ALP-nucleon interactions, bounds on
the respective couplings were obtained. Remarkably, these results represent not
only the sole particle-physics probes of these parameters, but are even compet-
itive with non-accelerator and astrophysical limits.

To conclude, this chapter presented the first rigorous chiral effective field theory frame-
work for studying ALP-meson interactions, which was applied to the flavor-violating
decays K* — 7m*a. While this allowed for constraining ALP-meson interactions with
a yet unprecedented precision, it remains to be stressed that a better determination of
the QCD low-energy constants, as well as of the many completely unknown additional
low-energy constants is of great importance for obtaining robust results.
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4.13. Appendix

4.13.A. AFC at NLO

In the following, the contributions AALP entering the AFC term in (4.106) at NLO
are collected. The low-energy constants Lj ., Lzr, N, and Ng; appearing in this
appendix are understood to be evaluated at the scale p.

4.13.A.1. G§g contribution
For the Gg contribution proportional to ¢gg, one finds
7

2

. Gs,é My — H G Gs,é Gs,é

IANLS™ = 557 { In = 9o () + 5700 () + D silw, y) £ (2, y)
™ 1=1

41 —y)(d—2) [ 2 2
—————" L5, (4 -4y —x — -
A=y —32) 5, ( + 9y —4y® — x — bxy 3:1:)
6y(4 — y?) — 4z (2 + 11y — 4y>) + 62%(2 + y)

1—=z
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~ 1-—
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where the functions g@$:¢e¢ (z,y) and fg fEG7G (x,y) are given by

: 4(1-y)
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The contribution proportional to c%, are

7
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The contribution proportional to (c5,; + c%,) is given by
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The contribution proportional to (cj; — c%,) reads
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Finally, the contribution proportional to (cf,; — c5) is given by
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4.13.A.2. Gg contribution
By construction, the G’g contribution is proportional to the single ALP coupling éq¢.
It is given by
2
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4.13.A.3. G% contribution

The contribution proportional to G§ is non-zero only for two combinations of ALP
couplings, (c%; — c&) and (c%; — ¢%). The corresponding NLO contributions to AFC
are given by
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4.13.B. A*V at NLO

Finally, the contribution proportional to flavor-violating ALP couplings between strange
and down quarks is
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Saving or Destroying the Universe

_ Chapter 5:
with Axion-Like Particles

The experimental confirmation of the Higgs boson at the LHC by the ATLAS and
CMS collaborations in 2012 [1, 2] was a landmark achievement that validated the
mechanism of electroweak symmetry breaking, which endows elementary particles
with mass. This discovery not only marked a major milestone in particle physics but
also showcased the remarkable synergy between theoretical predictions and experimen-
tal verification. Yet, while the completion of the SM was a triumph, a closer analysis
of the results has led to new, unexpected questions, revealing that our understanding
of fundamental nature is far from complete. As already indicated in Section 1.4, one
of the most intriguing questions emerging from this discovery is the so-called Higgs
instability: Precise measurements of the Higgs mass of 125.254+0.17 GeV [40] suggest
that the electroweak vacuum does not correspond to the absolute minimum of the
Higgs potential. Instead, it resides in a long-lived yet ultimately temporary state,
which, in principle, could undergo a global phase transition at any given time. For
humanity, this would be a rather unpleasant event, as it would mean the destruction
of the Universe as we know it! Fortunately, since the SM is unlikely to be the ultimate
theory of fundamental physics, there may be a mechanism beyond it that prevents us
from this terrifying scenario. In particular, the question arises of how the presence of
the ALP would change this situation.

In order to reveal whether ALPs drive the Universe’s fate rather towards a stable
or unstable future, in this chapter, the ALP-SMEFT contributions to the S-function
of the Higgs quartic coupling is examined. Depending on the magnitude of the ad-
ditional dimension-five couplings, the ALP could either exacerbate or alleviate the
stability problem of the Universe. By requiring that the Universe remains at least in
a metastable state, these effects can be used to derive constraints on the ALP-SM
couplings.

Finally, at the end of this chapter, it is also shown that through modifications of the
B-function of the three gauge couplings, ALPs can lead to a unification around the
Planck scale, even in non-supersymmetric models.

This chapter is based on

[183] Saving or Destroying the Universe with Axion-Like Particles
A. M. Galda and M. Neubert
[arXiv:2506.06426].
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5. Saving or Destroying the Universe with Axion-Like Particles

5.1. Instability of the Electroweak Vacuum in the Standard
Model and Beyond

In the SM, the Higgs potential is given by

A
V=3 (H'H)Y? —m% H'H, (5.1)

where the physical mass mj, of the Higgs particle is related to the mass parameter
of the quadratic term via mj, = v2mpy = 125.25 GeV. For large values of the Higgs
field where its mass can be neglected and the field value is approximated by the RG
scale i, the quartic term dominates and it therefore suffices to analyze the behavior of
this quantity when determining the stability of the electroweak vacuum: In a scenario
where the quartic coupling X is larger than zero for all RG scales, the electroweak
vacuum would be absolutely stable. On the other hand, when A becomes negative
at an instability scale Ay, the electroweak vacuum does not correspond to the true
ground state and a non-zero tunneling probability from this false vacuum to the true
ground state arises. Without additional new physics, solving the one-loop order (-
function of the quartic coupling yields an instability scale around 10'' GeV, as shown
in Figure 5.1. The exact value of the instability scale is highly sensitive to the input

pure SM running

0.2

| | | | | | | |
10* 10° 107 10° 10' 10" 10' 107 10"
RGE Scale 1 [GeV]

Figure 5.1.: Scale dependence of the Higgs quartic coupling A in the SM. Around 10! GeV,
A becomes negative.

parameters. A smaller Higgs mass would lower the instability scale, whereas a larger
value of my could stabilize the Universe (see e.g. [7-11] for more detailed studies).
In other words, any kind of physics beyond the SM that has a direct or indirect
influence on the RG evolution of A can potentially relax or worsen the instability of
the electroweak vacuum.

The presence of the ALP modifies the RG evolution equations of the quartic coupling
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R ‘a’ R O‘ . |
N N A v
O LA EN .

e A L7 ~. o N o Ly

Figure 5.2.: Feynman diagrams contributing to the RG evolution of the coefficient Cygy
multiplying the dimension-6 operator that contains two ALP and two Higgs fields as defined
in (1.34). A red dotted line represents the ALP, while the Higgs fields are shown as black
dashed lines with the arrow pointing in the direction of the SU(2)y charge flow.

by two-fold: First, a direct contribution proportional to the dimension-five coupling
Cww enters the equation for \ as [35]

dx _ 1692 m3
= 2
dlnp ° 73 (4mf)2 W (52)

where also the Higgs mass receives a contribution from the dimension-6 operator in
(1.34) that reads [67]

dm?, 5 2ma
dlnp = (4nf

5 CHm (5.3)

To fully solve the set of coupled differential equations, in principle the RG evolution
equation of Cprpr is also required. The Feynman diagrams that contribute are those
depicted in Figure 5.2, yielding, for N, = 3, the S-function

dCuy 1 9 2 0 o - o
ding  (4n)? <369L Chw +12¢% Chp — 6 TX[YY, + Y, Y, +

3
— 5 Cun (307 + 9% —4A —4TYaY] + V.Y + gyeyg])) _
(5.4)

In the RG equation of A, the explicit Higgs mass my enters only via dimension-six
SMEFT coefficients [71], or via the term in (5.2). Thus, effects of Cypy are at least
two-loop power suppressed and do not have a significant effect on the scale evolution of
the Higgs quartic coupling. In the following discussion, it will therefore be dropped.
The second mechanism by which the ALP modifies A is the generation of SMEFT
coefficients of dimension-six order, via the ALP-SMEFT interference, that enter the
RG equation. Thus, it does not suffice to consider the pure SM running only, but
the full SMEFT running, which has been obtained in [70-72], needs to be taken into
account when evaluating ALP effects on the stability of the electroweak vacuum.

In detail, these ALP effects can be obtained in the following way: For a given scale
of global symmetry breaking A = 47 f, ALP mass m, and ALP-SM couplings at A,
the SMEFT and ALP couplings at Mz need to be obtained by solving the full set
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of SMEFT RG evolution equations. Depending on the ALP mass, this either means
running the full dimension-six system including the ALP coefficients down to the scale
where A is measured (for m, < My), or integrating out the ALP in an intermediate
step (which is preformed at tree level) and continue with the pure SMEFT running
without ALP modifications. The thus obtained initial conditions of the dimension-five
ALP and dimension-six SMEFT parameters are then used as inputs at the appropriate
scale (i.e. ALP couplings only contribute for p > my,).

The concrete effect of the ALP generated SMEFT contributions is non-trivial and
depends on the configuration of ALP—-SM couplings at the scale of global symmetry
breaking A. This is the case, as the RG flow generates different sets of SMEFT
and ALP couplings at low scales, and modifications to the SM couplings can thus be
generated even without the direct contribution of Cyw in (5.2). While one would
maybe expect that this direct ALP contribution dominates the evolution of A in the
presence of the ALP and that one-loop suppressed ALP contributions play a minor
role in the evolution of A\, terms that are proportional to mg can get strongly enhanced
for large ALP masses as will be shown later.

This setup therefore allows to constrain the ALP-SM couplings, which are assumed
to be flavor-universal in the UV, from the requirement that the electroweak vacuum is
supposed to remain (at least) in a meta-stable state also in the presence of the ALP,
i.e. the resulting lifetime is larger than the age of the Universe.

5.2. Effects of the ALP on the Quartic Higgs Coupling

In the pure SM scenario without additional new physics, the instability scale of the
electroweak vacuum is approximately given by A; = 10! GeV. The objective is to an-
alyze how different ALP couplings influence this scale. To this end, the two benchmark
cases mg = 0 and m, = 100GeV are considered, with one non-zero dimension-five
coupling at a time at the scale of global U(1)pq symmetry breaking A. Employing the
RG evolution equations for the ALP coefficients [60] and SMEFT Wilson coefficients
[71, 72] within a modified version of the DsixTools framework, and using the input
values provided in [184, 185], the numerical values of all relevant coefficients governing
the scale evolution of A\ at the electroweak scale are obtained, keeping A\(Myz) =~ 0.28
fixed. The magnitude of the ALP-induced SMEFT Wilson coefficients at the elec-
troweak scale depends on their evolution from A down to u. Specifically, when sym-
metry breaking occurs at a very high scale, the ratio A/u generates large logarithms
that enhance the effects of the SMEFT and ALP coefficients.

For illustration, the parameter f is set to 1TeV, and the resulting modifications to
the instability scale for various ALP couplings are shown in Figure 5.3. As expected,
the direct contribution of Cyw to the RG evolution of X in (5.2) shifts the insta-
bility scale A; towards higher values, thereby making the electroweak vacuum more
stable. While this effect is relatively straightforward to understand, disentangling the
influence of other parameters is more nuanced:

e Cca: Any nonzero value of Cgi generally shifts the instability scale to higher
values. Although this coupling does not directly enter the RG equation of A, it
induces nonzero SMEFT Wilson coefficients and modifies the g-function of the
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Figure 5.3.: Instability scale of the electroweak vacuum in the presence of nonzero ALP-SM
couplings. The solid lines show the result for m, = 100 GeV, while the dashed lines assume
a vanishing ALP mass.

strong coupling through an ALP-mass-dependent term:

d 2
dlisu 516 as% C2p . (5.5)

Since the dominant contribution of the strong coupling to the RG evolution of
A is given by d\/dInp D —a,[Y,]33, the signs cancel, resulting in a positive
contribution to the evolution of A and shifting the instability scale upward.
When m, = 0, the generation of SMEFT Wilson coefficients, particularly ng,
still raises Ay, but the effect is much smaller than for m, = 100 GeV, as can be

seen in Figure 5.3.

e Cyww: Similar to the ALP-gluon coupling, nonzero ALP couplings to W-bosons
have a stabilizing effect on the electroweak vacuum. This occurs because the
square of this Wilson coefficient directly contributes to the RG evolution of A
with a positive sign, as shown in Eq. (5.2).

e C,: The coupling of ALPs to up-type quarks, parameterized by Y, =iC,Y,
and Y, = C2Y,, in the flavor-universal scenario, has the strongest destabilizing
effect among all ALP coefficients for m, = 100 GeV. However, it has almost no
impact when m, = 0, as illustrated in Figure 5.3. This behavior arises because
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C, enters the RG equation of y; via the term

d 2
Yt S5 _ my
dlnp 2A2

leading to a destabilizing effect in the flavor-universal scenario.

e Cpp: Similarly to the ALP-gluon case, the coupling Cgp enters the scale evo-
lution of A mainly via the SM gauge coupling a; with

d 2
a1 D —16 Ma

iy 5 C%y. (5.7)

The effect is, however, small in comparison to Cgg.

e C., Cg4,: These ALP couplings have no significant impact on the scale evolution
of .

5.3. Bounds on the ALP Couplings from the Higgs Instability

After analyzing the effects of individual nonzero dimension-five ALP—SM couplings on
the instability scale Ay, this section presents two-dimensional results for the stability
of the electroweak vacuum, both for varying ALP mass and one non-zero ALP-SM
coupling, as well as two nonzero ALP-SM couplings and fixed ALP mass.

5.3.1. Estimating the Lifetime of the Electroweak Vacuum

To estimate the lifetime of the electroweak vacuum, Tgw, the approach outlined in
[11] is followed. Below, their key findings are summarized.

Approximating the Universe as a sphere with radius ¢ Tt7, where the age of the Universe
Ty and the Hubble constant Hy are related by Ty &~ 0.96 Hy, the probability of vacuum
decay to the true ground state is given by

A4 S(A
po = 0.15 ﬁg e SAB) (5.8)

where the action S is related to the quartic Higgs coupling by

1672
S(Ag) = G (5.9)

In this expression, Ap corresponds to the scale at which A(Ap) reaches its minimum.
In a vacuum-energy-dominated Universe, the electroweak vacuum lifetime is given by

3H3eSMB) 0.02Ty

R~ 5.10
47TA% Po ( )

TEW =

Thus, the tunneling probability to the true electroweak vacuum depends on both the
scale at which X is minimized and the magnitude of A\ at this point.
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Figure 5.4.: Scale evolution of A for the case Cyw/f = 5TeV™!, mg = 90GeV. The gray
solid line shows the ALP 4+ SM running until A = 47 TeV. Above this scale, the dashed gray
line is obtained by taking only SM effects into account, while the dotted line employs ALP
effects on the running up to the Planck scale. The orange line shows the pure SM case (no
ALP) for comparison.

5.3.2. Scanning ALP-SM Couplings and Electroweak Vacuum Stability

The following section presents a scan of the ALP-SM couplings C;/f in the range
0 —12TeV~! for A = 47 TeV, identifying those couplings that lower the lifetime of
the false electroweak vacuum to values below the age of the Universe. In general,
effects from additional model-dependent degrees of freedom arising from heavy new
physics can further modify the behavior of A above A, meaning that precise conclu-
sions can only be drawn up to this scale. To consider the most conservative scenario,
the ALP-SM RG evolution is applied up to the scale of U(1)pq symmetry breaking,
with ALP effects neglected above A. A direct comparison of this scenario with the
case where ALP effects are included up to the Planck scale is depicted in Figure 5.4.
As shown in the plot, the extended ALP running imposes even tighter constraints on
the couplings, as the instability becomes more severe.

In Figure 5.5, results are shown for one nonzero coupling at the UV scale A and an
ALP mass m, varied between 0 and 200 GeV. Each plot also includes the quartic
Higgs coupling A as a function of the RG scale i, comparing a parameter point in the
meta-stable and (un)stable regions with the pure SM running as a reference. While
the coupling C), exhibit a destabilizing effect on the Higgs quartic coupling, as previ-
ously observed in Section 5.2, large values of Cyy and Cgg at A can result in a stable
Universe. In Figure 5.6, the ALP mass is fixed to either 0 or 100 GeV, and the regions
of stability, meta-stability, and instability are shown for two nonzero coefficients at
A = 47 TeV. Certainly, larger values of ALP couplings have stronger stabilizing or
destabilizing effects on the electroweak vacuum. Consequently, the strongest effects
are tightly constrained by experimental bounds. While for low ALP masses, direct
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collider, flavor, and astrophysical constraints provide the most stringent limits, the
indirect bounds obtained in [67] dominate for m, ~ O(GeV). As a result, the coef-
ficients required for the (de)stabilizing effects are experimentally excluded by several
orders of magnitude for m, = 0. However, for m, = 100 GeV, bounds on Cgg/f,
Cww/f, and C,/f in TeV~! are of O(1). While the precise non-metastable regions
identified in this study lie within excluded parameter spaces, it is important to stress
that already small modifications from a UV completion of the ALP model can be
sufficient to evade these bounds.
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Figure 5.5.: Left: Unstable (red), stable (blue), and meta-stable (gray) regions for various
ALP masses between 0 GeV and 200 GeV with one coupling turned on at the UV-scale at
A = 47 TeV. Right: Exemplary RG evolution of A. The kink at 47 TeV arises from the
generation of the ALP at this scale, which modifies the set of beta functions. The solid line
represents the evolution below 47 TeV, where ALP effects influence the running.
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Figure 5.6.: Unstable (red), meta-stable (gray), and stable (blue) regions for various pairs
of ALP couplings turned on at the scale A = 47w TeV for a massless ALP and m, = 100 GeV.
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5.4. ALP unifying Gauge Forces?

In addition to the Higgs quartic coupling A, ALP-SM interactions also modify the
B-functions of the three gauge couplings. Defining de,/dIn p = —2a ) ({a;}) and
equivalently for a1 and ao, ALP interactions modify the SM contributions directly
via [35]

40 m?2

2
?F C1BBv

BO{a}) = Bl {aa)) +

59 (i) = A (o)) + 2% Ciyny
m2
59 ({ai}) = B (foi}) + "ot G (5.11)

where in the first line the SU(5) GUT normalization, g1 = /5/3 gy, was used [11].
Any ALP with nonzero mass will thus necessarily have an impact on the RG evolution
of the gauge couplings. An example for a specific ALP-SM configuration at the scale
of global symmetry breaking A = 47 TeV that results in a unification of oy, s and ag
at around 10" GeV is shown in Figure 5.7. Here, m, = 120 GeV, as well as the ALP-
boson couplings at A as Cag = 5.2TeV™L, Cyyw = 5.0TeV~!, Cgp = 1.0TeV~! are
chosen.
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Figure 5.7.: RG evolution of oy, as and a; in the presence of an ALP with m, = 120 GeV,
A =471 TeV and Cgg = 52TeVL, Cyyw = 5.0TeV—!, Cgp = 1.0TeV~!. The solid line
shows the evolution below 47 TeV, where ALP effects modify the running, while the dashed
lines above A would in principle be subject to additional new physics in concrete ALP models.
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5.5. Summary and Conclusion

In this chapter, ALP effects on the electroweak instability were investigated. While
a direct contribution to the g-function of the Higgs quartic coupling proportional to
the ALP-W-boson coupling Cyyw generated by the ALP-SMEFT interference relaxes
the Higgs instability problem and can, depending on its magnitude and the ALP
mass, even stabilize the Universe, also indirect, higher-loop contributions impact the
electroweak vacuum. In particular, also the ALP-gluon coupling Cgg relaxes the
instability scenario, while the coupling C,, on the other hand, tends to drive the
Higgs quartic coupling to values lower than in the SM. The coefficients Cgp, C¢ and
C4 have only minor effects on the scale evolution. Assuming flavor-universal ALP-
fermion couplings in the UV, this setup therefore enabled a systematic analysis to
exclude couplings that would drive the Universe from a metastable to an unstable
state. After briefly reviewing the estimate of the Universe’s lifetime based on the
tunneling probability to the true ground state, this analysis was performed for various
combinations of ALP masses and couplings, identifying regions of total stability, meta-
and instability. Although the concrete values found to generate the (un)stable regions
are already excluded by experiment, it needs to be stressed that the analysis was
performed in a minimal, model-independent framework. While applying the setup to
concrete ALP models would require the derivation of the respective S-functions of the
UV-couplings, these contributions could, together with possible threshold corrections,
modify the scenario and tighten of relaxing the scenario.

In addition to the effects on the electroweak vacuum, this chapter also investigated
the ALP contributions to the SM gauge couplings. Specifically, it examined whether
these modifications could enable a unification at a high scale, which was found to occur
near p ~ 10" GeV. As before, UV-complete models would modify the conservative
approach presented here.

In summary, this chapter showed that ALPs may contribute to resolving two fur-
ther key challenges of the SM: the electroweak vacuum meta-stability and the non-
unification of gauge couplings. Through their impact on the Higgs potential and the
SM gauge couplings, via modifications to the RG evolution equations, ALPs once again
prove to be well-motivated extensions, with meaningful implications for high-energy
physics, including the UV regime.
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The ALPine Path Traversed and

— Epilogue:
Journeys Ahead

In this thesis, we explored the theoretical and phenomenological landscape of ALPs,
unveiling new trails in the ongoing pursuit of physics beyond the Standard Model.
Traversing a wide range of energy scales, we advanced the search for these elusive
particles by constructing consistent effective field theories, mapping their phenomeno-
logical imprints, and translating these insights into stringent bounds on the ALP-SM
couplings.

We started our journey at the scale of global U(1)pq symmetry breaking A, where
the ALP is generated. At this scale, we encountered a well-known phenomenon, the
so-called ALP-SMEFT interference, which describes the generation of dimension-six
operators of the SMEFT from virtual ALPs in one-loop diagrams. Building on this
framework, we found that the non-trivial renormalization group flow of ALP couplings
into SMEFT Wilson coefficients at lower energies enables a new, systematic global
analysis that has not been performed so far: Running the ALP-induced SMEFT Wil-
son coefficients down until the experimental scale yields expressions that relate these
coefficients to the dimension-five ALP couplings at the high scale A, enhanced by
the corresponding logarithmic scale ratio obtained from the scale evolution. By em-
ploying existing SMEFT bounds derived from Higgs, top, and low-energy data, this
procedure enabled us to constrain the ALP couplings in a model-independent and
indirect approach. Notably, for ALPs with masses in the GeV to TeV range, these
indirect bounds turned out to be competitive with, or even stronger than, many direct
constraints, which often rely on specific model assumptions such as the ALP lifetime
or branching ratios.

Subsequently, our path took us to even lower energies: As we crossed the scale of
electroweak symmetry breaking, the heavy fields of the SM were removed from the
theory, and also the effective SM—ALP Lagrangian was modified accordingly. To ex-
tend the model-independent predictive power of the ALP-SMEFT interference also to
this energy regime, the source terms induced by virtual ALP exchange were deduced
for the appropriate effective field theory, the LEFT. Following a systematic derivation
of these inhomogeneous terms, we highlighted the phenomenological impact of this
formalism by applying it to an important observable: Including all relevant two-loop
effects, we derived the expression of the anomalous magnetic dipole moment of the
muon in terms of ALP couplings and SMEFT Wilson coefficients, both at the scale A
and the electroweak scale, and found numerical contributions for the case of a flavor-
universal ALP.

We then continued our journey below the scale of chiral symmetry breaking, where the
effective degrees of freedom changed once more. Here, our goal was to investigate the
processes KT — mFa at next-to-leading order. Due to the tiny branching fraction of
these decays, they impose the strongest constraints on ALP-gluon and ALP-fermion
couplings for m, < 300 MeV and are therefore of extreme phenomenological impor-
tance. These processes were recently revisited in [56] at LO, where it was found that
the decay rates are approximately 37 times larger than those obtained using the effec-
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tive chiral Lagrangian derived in [59], due to an omission in the representation of the
weak-interaction quark currents in the effective theory. Yet, we found that already at
this order, two additional operators must be included, which had not been considered
before. First, the so-called “weak-mass term” becomes non-redundant in the presence
of the ALP and second, the operator involving the explicit ALP source term 6 with
coupling Gg had also been omitted in the literature so far. At NLO, we encountered an
even more intricate situation, as further non-trivial extensions of the QCD and weak
Lagrangian operator bases were required. After deriving the consistent bases also at
NLO, we turned towards the computation of the one-loop amplitudes for K+ — na.
One of the main purposes of deriving these NLO expressions is to assign a theoret-
ical uncertainty to the amplitudes and branching ratios. While we found that the
part of the amplitude proportional to the low-energy flavor-violating ALP couplings
depends only on one QCD low-energy constant with minor uncertainty, the part of
the amplitudes proportional to the flavor-conserving ALP couplings involves not only
known QCD low-energy constants but also 17 additional, independent, and currently
unknown parameters, resulting in a significant theoretical uncertainty. Estimating
these coefficients by setting them to zero at the scale po ~ p, we found corrections to
the LO amplitudes between a few and £60 percent. Another core result of this chapter
was the translation of the amplitude to the NLO lower bounds on the effective scales of
the ALP coupling AT = f/|c;| for two ALP mass values, mq = 0 and m, = 200 GeV.
This was done both at the scale u,, and, employing the solutions of the RG evolution
equations for the ALP couplings, also at the high scale A. Once more, the result
depends on the choice of the new, so far unconstrained parameters, gg and gg. This
showcases the extreme importance to determine the values of these constants in order
to make meaningful statements about the bounds. Lastly, we translated our results
onto bounds on the ALP couplings to nucleons. This result is particularly significant
as it provides the first particle-physics probe of the effective ALP-nucleon interaction
in this mass range.

In the last section of this thesis, we climbed the energy scales back up and even fur-
ther, until the Planck scale at O(10'? GeV). From this highest summit, we reviewed
the metastability of the electroweak vacuum, which, while having a lifetime larger
than the age of the Universe, resides in a long-lived yet temporary state, such that
in principle, a global phase transition is possible at any given time. We found that
the ALP plays a significant role in this setup, as its couplings to the SM particles
modify the S-function of the quartic Higgs coupling A in two distinct ways: First, a
direct contribution from the ALP-W-boson coupling Cyw and second, higher loop
contributions, mostly from modifications of the S-functions of the top-quark Yukawa
coupling and the SM gauge couplings. All in all, we found that the couplings Cg and
Cww have a stabilizing effect on the electroweak vacuum by shifting the instability
scale towards higher energies, while C,, has a (mostly) destabilizing effect. Cpp, Ce
and Cy do not have a significant effect on the scale evolution of \. We then pro-
ceeded by scanning over various combinations of ALP—SM couplings and ALP masses
in order to deduce stable or unstable regions. We also saw that the modifications of
the SM pB-functions by the presence of the ALP in principle allow for a unification
around 10" GeV. In the approach chosen in this thesis, a focus was given on model
agnostic ALPs. Therefore, in concrete models, threshold corrections and additional
modifications to the scale evolution of A can arise, which would yield additional mod-
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ifications of the scale evolution of A\. However, even in this conservative scenario, we
saw that significant changes in the Higgs vacuum stability and the gauge couplings
can be obtained.

To conclude, this thesis advanced the search for ALPs in several direction by com-
bining complementary approaches and effective field theories across different energy
scales. We have seen that these elusive particles could play a key role in resolving
several of the most pressing and unresolved questions in the SM. To push the search
forward, this work laid the foundation for several important further steps, such as a
combined, global fit from both direct and indirect bounds for improved constraints in
the ALP—SM couplings or the application of the framework established for the ALP
in the chiral perturbation context to scenarios such as K — 7’a or 7~ — e Tea. In
this context, determining the currently unknown LECs is of critical importance for
achieving reliable and predictive theoretical results. Moreover, rigorously assessing
the electroweak vacuum instability in the context of specific ALP models could yield
valuable insights and presents a promising avenue for future investigation.

All in all, while this thesis has taken us along several remarkable and previously un-
explored ALP trails, much remains to be discovered along the ALPine path that lies
ahead.
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Acronyms

XaPT ALP Chiral Perturbation Theory
ALP axion-like particle

BSM beyond the Standard Model

CMB cosmic microwave background
XPT Chiral Perturbation Theory

CKM Cabibbo-Kobayashi—Maskawa,
CMS Compact Muon Solenoid

DFSZ Dine-Fischler-Srednicki-Zhitnitsky
EDM electric dipole moment

EFT effective field theory

FCNC Flavor-Changing Neutral Current
GUT Grand Unified Theory

KSVZ Kim-Shifman-Vainshtein-Zakharov
LEFT Low-Energy Effective Field Theory
LEC low-energy constant

LHC Large Hadron Collider

LL leading-logarithmic

LO leading order

MDM magnetic dipole moment

NLO next-to-leading order

PB purely bosonic

PMNS Pontecorvo-Maki-Nakagawa—Sakata
QCD Quantum Chromodynamics

QED Quantum Electrodynamics

RG renormalization group

SM Standard Model of Particle Physics
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SMEFT Standard Model Effective Field Theory
SPS Super Proton Synchrotron
UV ultra-violet

vev vacuum expectation value
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