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Abstract

Abstract

The Standard Model (SM) of particle physics describes with exceptional accuracy
almost everything we observe in the “visible” Universe. We know, however, that it is
not the end of the story. There are major experimental phenomena which cannot be
satisfactorily explained within the SM. Namely, dark matter (DM), dark energy, neu-
trino masses and the matter-antimatter asymmetry. These, together with the currently
open theoretical questions concerning several of its free parameters —the hierarchy prob-
lem, the flavor puzzle and the strong-CP problem—, hint at some underlying unknown
structure beyond the SM (BSM).

This thesis is devoted to the phenomenology of axion-like particles (ALPs), hypo-
thetical pseudo-Goldstone bosons (pGB) which are the telltale of hidden spontaneously
broken global symmetries. The fact that (p)GBs have already been observed in Nature,
in mesons and the longitudinal components of the electroweak gauge bosons, and the
ubiquity of ALPs in a plethora of BSM extensions with a rich phenomenology across en-
ergies suggest that ALPs are ideal candidates to extend the SM particle content. We use
the power of the model-independent effective field theory (EFT) framework throughout
this thesis. The results presented here fall into two domains.

On the one hand, this thesis explores the phenomenology of ALPs in high-energy
collider searches. Specifically, we propose a powerful novel search window that takes
advantage of the derivative nature of ALP interactions, to probe its couplings to the
EW gauge bosons independently of the coupling to gluons: vector boson scattering
processes at the LHC mediated by a very off-shell or nonresonant ALP.

On the other hand, the high-energy and high precision era of experimental particle
physics requires theoretical predictions to include radiative corrections. In this thesis, we
study the one-loop impact of ALP-neutrino effective interactions on the ALP couplings
to the EW gauge boson. Using these results, we impose novel constraints on the ALP-
neutrino parameter space recasting bounds from collider data. Moreover, if a new scalar
signal is detected at experiments, a compelling question to answer is whether this new
particle is an ALP or not. Here we also present the full renormalization group equations
(RGEs) of the SMEFT extended with a real scalar singlet up to dimension-five with
one-loop accuracy, including CP-violating and shift-breaking interactions, and keeping
track of mixing effects in the scalar sector. These results provide a useful tool for future
phenomenological analyses targeting new physics signals in the scalar sector, allowing to
pinpoint the differences between a generic scalar and a true ALP. The full set of RGEs
of the singlet EFT are implemented in a new Mathematica package.






Resumen

Resumen

El Modelo Estandar (ME) de la fisica de particulas describe con una precision
excepcional casi todo lo que observamos en el Universo “visible”. Sin embargo, sabe-
mos que tiene que haber algo mas. Hay fendmenos experimentales importantes que no
pueden explicarse satisfactoriamente dentro del ME. A saber, la materia oscura, la en-
ergia oscura, las masas de los neutrinos y la asimetria materia-antimateria. Estos, junto
con las preguntas tedricas relativas a varios de los parametros libres del ME que siguen
sin tener respuesta —el problema de jerarquia, el puzle del sabor y el problema de CP
fuerte—, sugieren alguna estructura subyacente desconocida mas alla del ME.

Esta tesis se centra en la fenomenologia de las particulas tipo axién (o ALPs
por sus siglas en inglés), pseudo-bosones de Goldstone (pBG) hipotéticos indicativos de
simetrias globales ocultas rotas espontaneamente. Que (p)BG ya hayan sido observados
en la naturaleza, en los mesones y las componentes longitudinales de los bosones gauge
electrodébiles, y la ubicuidad de los ALPs en cuantiosas extensiones mas alla del ME
con una rica fenomenologia, sugiere que los ALPs son candidatos ideales para extender
el ME. En esta tesis trabajamos en el marco de las teoria efectivas de campos (TEC),
que permite hacer estudios fenomenoldgicos de forma general sin especificar un modelo
de ALPs concreto. Los resultados presentados aqui se pueden diferenciar en dos lineas.

Por un lado, esta tesis explora la fenomenologia de los ALPs en btisquedas en col-
isionadores de alta energia. Proponemos una nueva ventana de biisqueda que aprovecha
la naturaleza derivativa de las interacciones de los ALPs para probar sus acoplos a los
bosones gauge electrodébiles independientemente del acoplo a gluones: procesos de scat-
tering de bosones vectoriales en el LHC mediados por un ALP no resonante, es decir,
mucho maés ligero que la energia de los pares de bosones gauge involucrados en el proceso.

Por otro lado, la era de alta energia y alta precision de la fisica experimental de
particulas requiere que las predicciones tedricas incluyan correcciones radiativas. En esta
tesis, estudiamos el impacto a un loop de las interacciones efectivas ALP-neutrino en los
acoplos de los ALPs a los bosones electrodébiles. Utilizando estos resultados, imponemos
nuevas restricciones en el espacio de parametros ALP-neutrino reinterpretando limites
derivados de los datos de colisionadores. Ademas, si se detecta una nueva senal escalar
en los experimentos, una pregunta importante es si esta nueva particula es un ALP o no.
Presentamos también el conjunto completo de ecuaciones del grupo de renormalizacién
(EGR) de la TEC del ME extendido con un singlete escalar real hasta dimensién cinco y
con precision a un loop, incluyendo interacciones que violan la simetria CP y la simetria
shift, y teniendo en cuenta los efectos de mezcla en el sector escalar. Estos resultados son
una herramienta 1til para futuros analisis fenomenoldgicos que busquen senales de nueva
fisica en el sector escalar, permitiendo distinguir entre una particula escalar genérica y
un verdadero ALP, y se han implementado en un nuevo paquete de Mathematica.
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Motivation and goals

The Standard Model of particle physics (SM) brings together quantum mechanics and
special relativity, describing nature on the most fundamental level as an interplay of field
excitations governed by three —out of the four— fundamental forces: the strong, weak
and electromagnetic interactions. The SM can explain almost everything we observe in
the “visible” Universe and has proved an unprecedented accuracy in its predictions of
many of the experimental results obtained within the particle physics community.

Notwithstanding its success, we know that it is not the end of the story, since there
are several open problems both at the experimental and theoretical level. Experiments
point towards the need of physics beyond the SM (BSM), since four major experimental
observations cannot be satisfactorily explained:

o Dark matter: Cosmological observations indicate that only 5% of the energy
density of the universe corresponds to visible matter —described by the SM—,
while 26% is attributed to an elusive new type of matter, cold dark matter (DM).
The nature and composition of DM remains a mistery since its existence has only
been inferred through its gravitational effects on visible matter.

o Dark energy: The remaining 69% of this energy density is responsible for the
observed accelerated expansion of the universe and is known as dark energy. Dark
energy is described within general relativity in terms of a cosmological constant
term in Einsteins’s equations. However, attempts to explain this in terms of the
vaccuum energy of the SM fields have failed to match satisfactorily cosmological
observations.

o Neutrino masses: SM neutrinos are massless particles. However, the measure-
ment of their oscillations at experiments requires, at least, two massive neutrinos.
Both the mechanism behind the non-vanishing small neutrinos masses and their
nature —Dirac or Majorana— remain unknown and point to new physics.

o Matter-antimatter asymmetry: The universe is mostly made of matter while
only a small amount corresponds to antimatter. Although the SM predicts certain
amount of asymmetry between the matter and antimatter abundances, it has been
proven that the amount of CP-violation in the SM cannot explain the observed
amount of asymmetry. Furthermore, the Higgs mass is too heavy for this purpose.

Additionaly, an increasing number of experimental discrepancies between experi-
mental observations and the SM predictions hint to the existence of new physics. These
anomalies span over a broad energy range and include, for example, the anomalous mag-
netic moment of the muon, measurements of neutrino appearance and disappearance and
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others'. Nevertheless, their statistical significance is still insufficient to confirm them
as evidences of new physics. The data of the third Run of the Large Hadron collider
(LHC), as well as other ongoing and future precision experiments, are crucial for the
future clarification/confirmation of these anomalies.

On the other hand, despite its elegance and beauty, there are other less elegant
aspects of the theory that seem to hint at some underlying structure beyond the SM.
There are 19 free parameters within the SM —26, if neutrino masses and lepton flavor
mixing are included—, which cannot be predicted from first principles. Furthermore,
some of them —the Higgs mass and # parameter— must be fine tuned to really specific
values without any sort of theoretical justification. The major theoretical issues in the
SM are:

o Electroweak hierarchy problem: This problem presumes the existence of other
energy scales. The mass of the Higgs boson is unexpectedly light since it is not
protected from radiative corrections by any sort of symmetry. In order to acco-
modate the SM Higgs mass to observations, its bare mass must be fine tuned to
partially cancel one-loop quadratic sensitivity to hypothetical higher energy scales.

« Flavor puzzle: There are three generations of fermions in the SM with identical
quantum numbers but different masses. While quark and charged leptons present
a large hierarchy in mass, spanning over five and three orders of magnitude, respec-
tively, neutrinos masses are many orders of magnitude away. Furthermore, mixing
is small in the quark sector while large in the leptonic one. Although technically
no fine-tuning is required, this problem suggests the existence of an underlying
structure beyond the SM.

e Strong-CP problem: Since CP is not a fundamental symmetry of the SM, the
so called f-term, which characterizes the QCD vacuum and parametrizes the only
source of CP-violation in Quantum chromodynamics (QCD), is a priori allowed.
However, experimental attempts have failed so far to measure the neutron electric
dipole moment requiring 8 to be fine tuned to an extremely small value § < 10719,
Although still consistent with the SM, there is no explanation for this apparent
restoration of CP symmetry in QCD.

e Gravity is the fourth fundamental interaction and it is not included in the SM.
It governs the dynamics of the universe at large distances and is described at the
classical level by Eintein’s theory of general relativity. However, the quantization
of gravity has not yet been achieved, aside from the string hipothesis.

The topic of my research is partially inspired and motivated by the strong-CP
problem. Among the several models which have been proposed to address it, one of
the most elegant and simple is the so called QCD axion, based on the Peccei-Quinn
(PQ) mechanism. Axion models are built around a new global abelian symmetry, the
PQ symmetry, which is exact at the classical level but broken by anomalous quantum
effects. Due to its pGB nature, axion interactions with the SM particles are of two
kinds: shift-invariant —when the derivative of the axion couples to an axial fermionic
current—, and anomalous. My research deals more in general with pGBs which are
the telltale signs of hidden global symmetries. A generic neutral pseudoscalar pGB of
a new spontaneously broken global symmetry is typically called an azion-like particle
(ALP). Due to its pGB nature, their is a separation in energy between the ALP mass

1See Ref. [5] for an extended up-to-date review.
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and the “new physics scale”. This allows ALP interactions to be parametrized by means
of an effective field theory (EFT) consistent with the SM gauge symmetry. The ALP
EFT offers a model-independent approach, where the ALP mass as well as the new
physics scale and the anomalous and derivative couplings are free parameters. Thus,
the motivation for ALP searches extends way beyond QCD axions and the strong-CP
problem. However, although ALPs a priori do not intend to solve the strong-CP problem
—as the relation between their mass and scale does not need to be that of the QCD
axion—, it is not excluded that heavy or very light ALPs can address that problem.

In fact, (p)GBs —originated from a spontaneous breaking of an (almost) exact
symmetry of the theory— have already been observed in nature and predicted by the
SM. For instance, the longitudinal modes of the Z and W* gauge bosons correspond
to the would-be Goldstone bosons that arise after the electroweak symmetry breaking,
“eaten” by the EW gauge bosons in order to acquire a mass. Similarly, SM mesons
originate at lower energies as composite pGBs after the breaking of the chiral symmetry
of QCD. If there is an underlying UV BSM theory of particle physics with pGBs, we
might be able to find them at the energies that are being probed at current experiments.

ALPs are predicted in a plethora of BSM extensions. Some paradigmatic scenarios
include: (i) the Majoron, which is the pGB born of the spontaneous breaking of the
lepton number symmetry in models that attempt to explain the small neutrino masses;
(7i) azxiflavons, in dynamical flavor theories which attempt to solve both the strong-CP
problem and the flavor puzzle; (iii) the relaxion, in theories that adress the strong-
CP and hierarchy problems; (i) familons, arising from the breaking of global family
symmetries; (v) string theory; (vi) theories involving extra dimensions; or (vii) scenarios
where the Higgs boson is a pGB, such as composite-Higgs models. Axions and ALPs
are also compelling dark matter (DM) candidates, which enhances their interest.

The main goal of this thesis is to deepen the understanding of ALP phenomenology,
in order to enable the discovery of ALP signals at experiments. My contributions have
pushed the state-of-the-art knowledge in two directions:

o« ALPs at colliders. In this thesis I propose a new search window for ALPs at
colliders: nonresonant ALPs in vector boson scattering proccesses at the LHC.
Furthermore, the impact of ALP-electroweak couplings and their collider probes
on the ALP-neutrino parameter space is presented for the first time.

o ALP effective field theory. The precision era of experimental particle physics
requires of theoretical predictions that go beyond the renormalizable level and in-
clude running effects. In this thesis I present the full renormalization group equa-
tions (RGEs) of the SMEFT extended with a real scalar singlet up to dimension-
five with one-loop accuracy, including CP-violating and shift-breaking interactions,
and taking into account mixing effects in the scalar sector. We compare our results
with the ALP EFT. These results are implemented in a new Mathematica package
that allows to solve the RGEs for a given UV scenario.

This thesis is divided in two main parts. The first part extends from Chapter 1 to
3 and presents a review of the SM, the strong-CP problem and ALPs. The second part
extends from Chapter 4 to 6 and contains the original contribution of this thesis.
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El Modelo Estandar de la fisica de particulas (ME) retine la mecénica cuéntica y la rela-
tividad especial, describiendo la naturaleza al nivel mas fundamental como una interac-
cién de excitaciones de campo gobernadas por tres de las cuatro fuerzas fundamentales:
las interacciones fuerte, débil y electromagnética. El ME puede explicar casi todo lo
que observamos en el Universo “visible” y ha demostrado una precision sin precedentes
en sus predicciones de muchos de los resultados experimentales obtenidos dentro de la
comunidad de la fisica de particulas.

A pesar de su éxito, sabemos que no tiene que haber algo mas, ya que existen
varios problemas abiertos tanto a nivel experimental como tedrico. Los experimentos
apuntan hacia la necesidad de una fisica mas alla del ME, ya que cuatro observaciones
experimentales importantes no pueden ser explicadas satisfactoriamente:

o Materia oscura: Las observaciones cosmolédgicas indican que sélo el 5% de la
densidad de energia del universo corresponde a la materia visible —descrita por
el ME—, mientras que el 26% se atribuye a un nuevo tipo de materia esquiva, la
materia oscura fria (MO). La naturaleza y composicion de la MO sigue siendo un
misterio, ya que su existencia solo se ha inferido a través de sus efectos gravita-
cionales sobre la materia visible.

o Energia oscura: El 69% restante de esta densidad de energia es responsable de la
expansion acelerada del universo que observamos y se conoce como energia 0Scura.
La energia oscura se describe dentro de la relatividad general en términos de un
término de constante cosmoldgica en las ecuaciones de Einstein. Sin embargo, los
intentos de explicar esto en términos de la energia del vacio de los campos del ME
no han logrado coincidir satisfactoriamente con las observaciones cosmologicas.

e« Masas de los neutrinos: Los neutrinos del ME son particulas sin masa. Sin
embargo, la medicién de sus oscilaciones en los experimentos requiere de, al menos,
dos neutrinos masivos. Tanto el mecanismo detras de las masas tan pequenas y
no nulas de los neutrinos como su naturaleza —Dirac o Majorana— siguen siendo
desconocidos y apuntan a nueva fisica.

« Asimetria materia-antimateria: El universo estd compuesto mayoritariamente
de materia mientras que solo una pequena cantidad corresponde a la antimateria.
Aunque el ME predice cierta cantidad de asimetria entre las abundancias de ma-
teria y antimateria, se ha demostrado que la cantidad de violaciéon de CP en el
ME no puede explicar la cantidad observada de asimetria. Ademas, la masa del
Higgs es demasiado pesada para este propésito.

Ademas, un nimero creciente de discrepancias experimentales entre las observa-
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ciones y las predicciones del ME apuntan a la existencia de nueva fisica. Estas anomalias
abarcan un amplio rango de energias e incluyen, por ejemplo, el momento magnético
anémalo del muén, mediciones de apariciéon y desaparicién de neutrinos y otros?. No ob-
stante, su significancia estadistica aun es insuficiente para confirmarlas como evidencias
de nueva fisica. Los datos del Run 3 del Gran Colisionador de Hadrones (o LHC' por
sus siglas en inglés), asi como otros experimentos de precision —en curso y futuros—,
son cruciales para la futura clarificacién/confirmacién de estas anomalias.

Por otro lado, a pesar de su elegancia y belleza, hay otros aspectos menos elegantes
de la teoria que parecen apuntar a alguna estructura subyacente mas alla del ME. Hay
19 pardametros libres dentro del ME —26, si se incluyen las masas de los neutrinos y la
mezcla de sabores de los leptones—, que no pueden predecirse desde primeros principios.
Ademés, algunos de ellos —la masa del Higgs y el pardmetro §— deben ser ajustados
a valores muy especificos sin ninguna justificacion teérica. Los principales problemas
teodricos en el ME son:

« Problema de la jerarquia electrodébil: Este problema supone la existencia
de otras escalas de energia. La masa del bosén de Higgs es inesperadamente ligera
ya que no esta protegida de correcciones radiativas por ningun tipo de simetria.
Para acomodar la masa del Higgs del ME a las observaciones, su masa desnuda
debe ajustarse finamente para cancelar parcialmente la sensibilidad cuadratica a
una hipotética escala de energia mas alta.

o El puzle del sabor: Hay tres generaciones de fermiones en el ME con ntimeros
cuanticos idénticos pero masas diferentes. Mientras que los quarks y los leptones
cargados presentan una gran jerarquia en masa, abarcando mas de cinco y tres
ordenes de magnitud, respectivamente, las masas de los neutrinos estan muchos
ordenes de magnitud por debajo. Ademads, la mezcla es pequena en el sector de
los quarks mientras que es grande en el lepténico. Aunque técnicamente no se
requiere de un ajuste fino, este problema sugiere la existencia de una estructura
subyacente mas alla del ME.

e Problema del CP fuerte: Dado que CP no es una simetria fundamental del
ME, el llamado término @, que caracteriza el vacio de las interacciones fuertes
y parametriza la Unica fuente de violacién de CP en cromodinamica cudntica
(QCD por sus siglas en inglés), esta permitido a priori. Sin embargo, los inten-
tos experimentales han fallado hasta ahora en medir el momento dipolar eléctrico
del neutrén, requiriendo que @ sea ajustado a un valor extremadamente pequefio
f < 1071°. Aunque ain es consistente con el ME, no hay explicacién para esta
aparente restauracién de la simetria CP en QCD.

e Gravedad: es la cuarta interaccién fundamental y no estd incluida en el ME.
Gobierna la dinamica del universo a grandes distancias y se describe a nivel clasico
por la teoria de la relatividad general de Einstein. Sin embargo, la cuantizacion
de la gravedad atin no se ha logrado, més alla de la hipdtesis de cuerdas.

El tema de mi investigacién esta parcialmente inspirado y motivado por el prob-
lema de CP fuerte. Entre los varios modelos que se han propuesto para abordarlo, uno
de los mas elegantes y simples es el llamado azion de QCD, basado en el mecanismo
de Peccei-Quinn (PQ). Los modelos de axiones se construyen alrededor de una nueva
simetria abeliana global, la simetria PQ, que es exacta a nivel clasico pero que esté rota

2Ver Ref. [5] para una revisién extensa y actualizada.
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por efectos cuanticos anémalos. Debido a su naturaleza pBG, las interacciones de los
axiones con las particulas del ME son de dos tipos: invariante bajo desplazamientos o
shifts del campo del axiéon —es decir, cuando la derivada del axién se acopla a una cor-
riente fermiénica axial— y anémalas. Mi investigacién trata mas en general con pBG,
que evidencian la existencia de simetrias globales ocultas. Un pBG neutro genérico de
una nueva simetria global rota espontaneamente se llama tipicamente una particula tipo
azion (o ALP por sus siglas en inglés). Debido a su naturaleza pBG, hay una separacion
en energia entre la masa de la ALP y la “escala de nueva fisica”. Esto permite que las
interacciones del ALP se puedan parametrizar por medio de una teoria de efectiva de
campos (TEC) consistente con la simetria gauge del ME. La TEC del ALP ofrece un
enfoque independiente del modelo, donde la masa del ALP asi como la escala de nueva
fisica y los acoplos anémalos y derivativos son parametros libres. Asi, la motivacién para
la busqueda de ALPs va mas alla de los axiones de QCD y el problema de CP fuerte.
Sin embargo, aunque las ALPs a priori no intentan resolver el problema de CP fuerte
—va que la relacién entre su masa y escala no necesita ser la del axiéon de QCD—, no
se excluye que ALPs pesados o muy ligeros puedan abordar este problema.

De hecho, los (p)BG —originados de una ruptura espontanea de una simetria (casi)
exacta de la teoria— ya se han observado en la naturaleza y predicho por el ME. Por
ejemplo, los modos longitudinales de los bosones gauge Z y W* corresponden a los que
serian bosones de Goldstone que surgen después de la ruptura de la simetria electrodébil,
y que son “absorbidos” por los bosones gauge electrodébiles para adquirir una masa no
nula. De manera similar, los mesones del ME se originan a energias mas bajas como
pBG compuestos después de la ruptura de la simetria quiral de QCD. Si hay una teoria
en el “ultravioleta” (UV) subyacente mas alld del ME de la fisica de particulas con
pBG, podriamos ser capaces de encontrarlos a las energias que estan siendo empleadas
en los experimentos actuales. Las ALPs aparecen como predicciones de una gran
variedad de extensiones més alla del ME. Algunos escenarios paradigmaticos incluyen:
(i) el Majoron, que es el pBG nacido de la ruptura esponténea de la simetria de ntimero
lepténico en modelos que intentan explicar las pequenas masas de los neutrinos; (%)
axiflavons, en teorias de sabor dindmico que intentan resolver tanto el problema de CP
fuerte como el puzle del sabor; (i) el relaxion, en teorias que abordan los problemas de
CP fuerte y de jerarquia; (iv) familons, que surgen de la ruptura de simetrias globales
de familia; (v) teoria de cuerdas; (vi) teorias que involucran dimensiones extra; o (vii)
escenarios donde el bosén de Higgs es un pBG, como los modelos de Higgs compuesto.
Los axiones y las ALPs también son candidatos a explicar la composicion de la materia
oscura, lo que aumenta su interés.

El objetivo principal de esta tesis es profundizar en la comprension de la fenomenologia
de las ALPs, para permitir el descubrimiento de senales de ALP en los experimentos.
Mis contribuciones han avanzado el conocimiento actual en dos direcciones:

e ALPs en colisionadores. En esta tesis propongo una nueva ventana de buisqueda
para ALPs en colisionadores: ALPs no resonantes en procesos de scattering de
bosones vectoriales en el LHC ( VBS por sus siglas en inglés). Ademés, se presenta
por primera vez el impacto de los acoplos electrodébiles del ALP y sus limites
experimentales derivados de datos de colisionadores en el espacio de parametros
ALP-neutrino.

o Teoria efectiva de campos del ALP. La era de precision de la fisica de particu-
las experimental requiere de predicciones tedricas que vayan mas alla del nivel
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renormalizable e incluyan efectos de running. En esta tesis presento las ecuaciones
completas del grupo de renormalizacién (EGR) de la TEC del ME —o SMEFT por
sus siglas en inglés— extendido con un singlete escalar real hasta dimension cinco
y a una precision de un loop, incluyendo interacciones que violan CP y la simetria
shift, y teniendo en cuenta los efectos de mezcla en el sector escalar. Comparamos
nuestros resultados con la TEC del ALP. Estos resultados se implementan en un

nuevo paquete de Mathematica que permite resolver los EGR para un escenario
UV dado.

Esta tesis estda dividida en dos partes principales. La primera parte se extiende
desde el Capitulo 1 hasta el 3 y presenta una revision del ME, el problema de CP fuerte
y los ALPs. La segunda parte se extiende desde el Capitulo 4 hasta el 6 y contiene la
contribucion original de esta tesis.









Part 1

Foundations
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Chapter 1

The Standard Model of Particle
Physics

The SM is built as a quantum field theory (QFT) consistent with the principles of locality,
causality and Lorentz symmetry, inherited from special relativity. Two ingredients hold
the secrets to describe our universe: gauge symmetries and fields. Gauge symmetries
determine the nature and properties of the distinct fundamental interactions, while
particles arise as excitations of the fundamental fields, which correspond to different
representations of the Lorentz symmetry group: scalars (spin-0), fermions (spin-1) and
gauge bosons (spin-1).

All the SM predictive power can be boiled down to an astonishingly beautiful and
compact Lagrangian

gSM = ggauge + gDirac + gYukawa + gHiggs =+ -=% ) (101)
where
1 o' v, 1 ) vyt 1 "z
Lo = = G G — SW, W = 2B, B

Loirac = 1Q PQr + iUrIPUg + iDrIPDg + iL DLy, + tERIPER,
Lrawa = —Q1LYuPUr — Q@ Y4®Dp — LY PEg +hec., (1.0.2)
Lhiiges = (D, @) D' + 2010 — A (21)”
ag ~
Ly = 0=-2G G
o m M

In the following sections I will review the fundamental aspects of the SM, the role
and properties of each of the fields involved in its Lagrangian, as well as the state of the
art experimental measurements of its parameters.

1.1 The gauge sector

Gauge symmetries in the Standard Model are tightly connected to the three fundamental
interactions in nature (other than gravity): the strong nuclear force, the weak nuclear
force and electromagnetism. Each of these forces is related to a particular Lie group,
and the product of all of them leads to the SM gauge group:

GSM = SU(3)C X SU(Q)L X U(l)y. (1.1.1)
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Here SU(3)¢ is the color group and is associated to strong interactions or quantum
chromodynamics (QCD). SU(2)w is associated to weak interactions and U(1)y, to the
hypercharge force, and the product of the two SU(2), x U(1)y is refered as the elec-
troweak (EW) sector. The electromagnetic force is connected to a U(1)gas group, which
lies “hidden” in the electroweak group

Each fundamental interaction is mediated by as many gauge bosons as infinitesimal
generators the corresponding gauge group has. Which means that in the SM, 8 massless
gluons G="® mediate strong interactions, and four gauge bosons W/ ="*? and B,
mediate the electroweak interactions.

SU(?))Ci Gz, a:1,...,8
SU2)p : Wi, i=1,23 (1.1.3)
U(l)yl BM‘

The kinetic terms of these gauge fields contribute to the SM Lagrangian as

1 « v, 1 % V1 1 v
Coge = =GR G = WL, WH = 1B B (1.14)
where G, Wliy and By, are the gauge field strength tensors

Gﬁu = aHGS - &zGﬁ + gSfaB”/GﬁGZ )
W, =0W, — oW, + g€z‘jkWﬂWf, (1.1.5)
B,, =0,B, - 90,B,,

fapy and e;;;, are the structure constants associated to the non-abelian Lie groups, SU(3)
and SU(2), respectively, and gg and g are the strong and weak coupling constants.

Eq. (1.1.4) describes the propagation and self-interactions of 12 massless gauge
bosons. However, this picture is not complete, since experimental evidence indicate that
only 9 physical gauge bosons (8 gluons and 1 photon) are massless, whereas other 3,
the EW gauge bosons W¥ and Z, are massive. Moreover, adding an explicit mass term
to Eq. (1.1.4) would violate gauge invariance, and therefore, a dynamical mechanism is
needed to provide a mass to the physical gauge bosons. Namely, the Brout-Englert-Higgs
(BEH) mechanism [6-8], more commonly known as “Higgs” mechanism.

1.2 The scalar sector

The Higgs mechanism adresses this problem by introducing a complex scalar doublet,
® charged under SU(2)r. The beauty of this mechanism lies in the fact that while the
most general renormalizable Lagrangian involving the Higgs doublet,

Lhtiges = (D, @) D'® + 12010 — A (310)” (1.2.1)

preserves the EW gauge symmetry SU(2);, x U(1)y, the vacuum of the theory v, i.e.
the vacuum expectation value or vev of the scalar field,

= (1.2.2)
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does not exhibit this symmetry for x2, A > 0. This is refered to as EW “spontaneous”
symmetry breaking, which manifests at the Lagrangian level once we choose a specific
vev satisfying Eq. (1.2.2), leaving a residual electromagnetic gauge symmetry U(1)gs:

(®) = - <O> , SU©2), x ULy SBU(1) (1.2.3)

The Goldstone theorem [9, 10] states that whenever a continuous symmetry of the
Lagrangian is spontaneously broken, spin-0 massless particles arise known as Goldstone
bosons, with one of them per each broken generator. If the broken symmetry is gauge,
these massless d.o.f. do not explicitly appear in the Lagrangian but get “eaten” by the
originally massless gauge bosons in order to acquire a mass. Let us take a closer look to
the Higgs the covariant derivative —required by gauge invariance—

o g
D, = <8u + ngW# + @2BH> D, (1.2.4)
where ¢ is the hypercharge U(1)y coupling constant and ¢® are the Pauli matrices, plays
a key role to provide gauge bosons with a physical mass in a gauge invariante way. After
EW symmetry breaking, one out of the original four degrees of freedom (d.o.f.) of the
Higgs doublet remains explicitly as the physical Higgs field h which corresponds to the
excitations of a scalar field around the minimum of the potential

d = (f;) 558 \}5 (U R h) . (1.2.5)

This mechanism, therefore, predicts the existence of the Higgs boson, discovered in 2012
at CERN [11, 12]. The other three “missing” degrees of freedom correspond to the
goldstone bosons of the spontaneously broken symmetry, which have been “eaten” by
the EW gauge bosons:

(v+h)?
4

The physical gauge bosons, Wui, Z, and A, originate from the mixing of the massless
Wli and B, gauge fields after the EW symmetry breaking:

1 h)?
(D,®)" D*o 28 5 Ouhd"h + FPWIW (HS) (¢ +9°) Zu2". (1.26)

1
Wt = W2 T 2
T \/5( ptt u) )
Z, = cos QWWS —sinfw B, , (1.2.7)

A, =sin QWWi’ + cosOw B, ,
where Oy is the so-called weak mixing angle, defined at tree level as

tan Oy = = (1.2.8)

2

and whose value is determined experimentally with extraordinary precision [13]: sin? fy, =
0.22339(10).

The let and Z, fields correspond to the massive physical gauge bosons, while the
photon field A, remains massless. This is a consequence of the residual electromagnetic
gauge symmetry U(1)gy that survives the EW spontaneous symmetry breaking:

SU@2)p x Uy ZBU) e = gsinfy = ¢ cosby , (1.2.9)
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where e is the electromagnetic coupling constant. From Eq. (1.2.6), we obtain the masses
for the physical gauge bosons:

s\ 1/2
vig -ty
My =2 My = ( ) : (1.2.10)
2 2
whose most recent world average values are [13]
My =80.377 £ 0.012 GeV, My =91.1876 + 0.0021 GeV . (1.2.11)

As for the Higgs self-interactions, after EW symmetry breaking we obtain

2 A A
Lhrigge C 12010 — A (@10)” BB iy Sgs Sn

5 T i ht, (1.2.12)

where mj; = /2u is the Higgs mass, and Ays and Ay are the triple and quartic gauge
couplings, respectively:

2 2
s = 300 A = 320 (1.2.13)
v v

which satisfy at tree level the relation A\y3 = vApa. The world average experimental
values for the Higgs mass and vev [13] are

my = 125.25 £ 0.17 GeV v = 246.2196402393(15) GeV . (1.2.14)

1.3 The fermion sector

While gauge fields are a consequence of the fundamental symmetries of the SM and the
Higgs field answers the need for a dynamical mechanism to provide mass in a gauge
invariant way, the fermion fields are not derived from any first principle in the theory
but through observations.

They constitute the building blocks of matter and are categorized into quarks
and leptons, which can be classified according to their EW gauge charge. There are 3
quark fields: one left-handed (LH) SU(2), doublet -Q;—, and two right-handed (RH)
singlets —Ur and Dpg; and 2 lepton fields, a LH doublet —L;— and one RH singlet Eg.
Observations show that each of these fermion fields appears in 3 families, generations or
flavors with identical quantum numbers but different masses and mixings, and can be
written in a compact way as:

o (o) =4 () (o)) o Sty e

= () ={(4) () ()} B =t

Notice that there is no RH counterpart for neutrinos in the SM, at least disregard-
ing neutrino masses. Only LH neutrinos and RH anti-neutrinos have been “observed”
at experiments, and therefore a LH Weyl fermion v7*" suffices.

The transformation properties of the fundamental fermions are determined exclu-
sively by observation of particle interactions and gauge anomaly cancellation (necessary
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| SUB)e SU2), Uy T3 Y | Q
G.| 8 1 0 U, [ 12 1/6 | 2/3
w,| 1 3 0 Dy |-1/2 1/6 | -1/3
B,| 1 1 1 Ul 0 2/3|2/3
o 1 2 172 Di| 0 -1/3]|-1/3
0. 3 2 1/6 v | 12 /2] 0
Up | 3 1 2/3 B |-1/2 -1/2]| -1
Dnl 3 1 1/3 Ep| 0 -1 | -1
I, | 1 2 /2
En| 1 1 1

Table 1.1: Transformation properties of the SM fundamental fields under its gauge group
GSM = SU(B)C X SU(2)L X U(l)y

to ensure the quantum consistency of the SM gauge symmetry). Experimental evi-
dence shows that EW interactions do not preserve parity and consequently, LH and RH
fermions transform differently under SU(2)., i.e. EW interactions are chiral. In the
SM, LH fermions transform as doublets under SU(2);, while RH fermions are singlets.
Similarly, LH and RH fermion field transform differently under U(1)y, as shown by
their hypercharges in Tab. 1.1. After EW symmetry breaking, the EM charge ) of the
fermion fields is obtained from their third component of weak isospin 73 = %* and their
weak hypercharge Y:

RQ=T:+Y, (1.3.2)

which turns out to be identical for LH and RH fermions, i.e., electromagnetism is a
vectorial interaction and therefore preserves parity. The same happens for QCD, where
quarks "live" in the fundamental representation of SU(3)c while leptons are singlets,
this is, they do not carry color charge.

The kinetic and interaction terms of the SM fermion are contained in
Loirac = 1Q DQr, + iUrPUg +iDrIPDg +iL DLy, + iERPER, (1.3.3)

where ) = D,~* is the fermionic covariant derivative —required to preserve gauge sym-
metry in the fermion sector— and +* are the Dirac matrices:

A\ /
D,.QL :<3 tigs— Ga+29 W’+@gf )QL»
AT . .2g’
DMUR: 8M+2g5?Gu+z3B UR,
oA g
DMDR = 8# + ng;Gu — Z§B# UR, (134)
i /
D,L; = <8u +1ig 5 W, — Z2B“> Ly,

where A\* denote the Gell-Mann matrices. Notice that the theory is defined from its
gauge symmetries and matter content, while the number of gauge bosons, their self-
interactions and their interactions with all the fermions in the theory are predicted from
the gauge principle once a gauge group is chosen.
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Eq.(1.3.3) describes the propagation and interactions of massless fermions, and
in fact gauge invariance leaves no room for fermion mass terms. These, however, are
encoded in a gauge invariant way in their interactions with the Higgs doublet

Lkawa = —Q 1 Y ®Up — Q,Y4®Dp — LY. DER + hc., (1.3.5)

where Y, 4. are, in all generality, 3x 3 non-diagonal complex matrices in flavor space and
® = i0?®d*. Once the Higgs develops a non-vanishing (vev), leading to EW symmetry
breaking (Eq. (1.2.5)), the SM fermions acquire a mass:

gYukawa ﬁ) - ULM’U,UR - EL]-\/Idl)R - ELMEER

77 Yu - YD - Ye
—hU,—=Ur — hD,—=Dr— hE;,—=FEr + h.c., 1.3.6
L\/§ R L\/ﬁ R L\/§ R C ( )
where v
M, = L (1.3.7)

V2

are the Dirac mass matrices of the fermions. As a consequence of this mechanism, the
interactions between the SM fermions and the physical Higgs h are now proportional to
the fermion masses.

Similarly, after EW symmetry breaking, the covariant derivatives in Eq. (1.3.4)
for LH and RH fermions become

SSB . g _ . g .92 .
Dqu — [au + Zﬁ <0'+WJ + U,WM ) + ’Lm (T3 - QSIH 9W> Z,u + ZeQAu] fL7

Dfr 38 [au —i—L_Qsin20yZ, + z’e@Au] fr,
cos Oy

where o = 7"1\%"2

The fermion mass matrices can be made diagonal and real via fermion field redef-
initions
U, — ViU, D, — ViD; E, — VSEp,
Ur — ViUg Dr — V4Dg Er — V4ER, (1.3.8)

where V£ p are unitary matrices V{TRVQ r = 1. These act as bilinear transformations
on the mass matrices:
M = VM, VY = diag (m., me, my)
MG = VM, VY = diag (mg, m,, my) (1.3.9)
Mdiee — VELTMSVE = diag (me, my, m,) ,
where my are the physical fermion masses, whose most recent experimental world average
values according to the Particle Data Group collaboration [13] read
m, = 2.167052 MeV , mg = 4.677015 MeV,  m. = 510.99895000(15) keV ,
me = 1.27 4+ 0.02 MeV ms = 934755 MeV,  m, = 105.6583755(23) MeV,

my = 172.69 £ 0.30 GeV, my = 4.187003 GeV, m, = 1776.86 4 0.12 MeV .
(1.3.10)
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These fermion field redefinitions however are not a symmetry of the theory. For
instance, while fermion interactions with neutral gauge bosons, G,,, Z,, and A, remain
unchanged, those with the Wf do not, leading to flavor-changing charged current inter-
actions in the quark sector!

9

V2

where Ve = V4V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [14, 15]

Lirae D == (ULy" W, VaxuDy, + hee.) | (1.3.11)

‘/ud ‘/us Vub
Vekm = [ Vea Ve Ve | (1.3.12)
Via Vis Vi

which describes the mixing in flavor between LH up- and down-type quarks. This matrix
is physical and measureable, and its unitarity —predicted within the SM— has actually
been tested experimentally with astonishing agreement so far.

1.3.1 Quark sector

Let us now identify the physical degrees of freedom in the quark sector. The Yukawa
couplings Y, and Y, are general complex matrices, defined by 2n3 real parameters
(where n, is the number of fermion generations). There is a global flavor symmetry
9;’cuark in the quark sector explicitly broken by the Yukawas, leaving a residual U(1)p
baryon number symmetry:

9<}uark = U(3)Q xU@)pxU3)p — U(1)p, (1.3.13)

where U(3)g x U(3)p x U(3)p are unitary rotations in flavor space of the @1, Ugr and
Dy quark fields, respectively?. These rotations, excluding the residual U(1)z symmetry,
can be used to reabsorb unphysical parameters in the Yukawas, which means that within
the quark sector there are

d.of(Y,) +dof(Ya) = dof(U(ng)?) + dof (U(1)p) = 2n + 2n7 = 3n2 + 1 =n2 + 1

(1.3.14)
degrees of freedom, which for ny, = 3 correspond the 6 quark masses and to the 4 physical
parameters of the CKM matrix.

With this in mind the CKM can be parametrized in terms of three mixing angles,
012, 013 and 053, and a CP-violating phase ¢:

1 0 0 ci3 O 813671.6 c12 S12 0
VCKM =10 Co3 S923 0 1 0 —S12 C12 0 (1315)
0 —S8923 (o3 —S13 0 C13 0 0 1
C12C13 $12€13 size”
= | —S12€23 — 012$13=5’2:)>€i(S C12C23 — 312513323€i6 S23C13 | (1.3-16)
512523 — C12813023€i5 —C12523 — 512813023€i(S C23C13

!The lepton sector is not affected by flavor mixing because neutrinos are massless, within the SM.

2 Actually, a particular combination U(1)4 of these rotations is anomalous, i.e. it is a symmetry at
the classical level but not at the quantum level. This is known as the axial anomaly, and when taken
into account it leads to an additional physical d.o.f. in eq. (1.3.18), related to the 6gcp parameter.
This will be further discussed in Chap. 2.
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where ¢;; = cos6;; and s;; = sin6;;, and 6,; € [0, 7/2]. These is the most recent global fit
result by the Particle Data Group collaboration [13] for the modulus of CKM components

0.97435 £ 0.00016 0.22500 £ 0.00067 0.00369 =+ 0.00011
[Vernm| = [ 0.22486 & 0.00067 0.97349 £ 0.00016  0.04182F0- 5005, (1.3.17)
0.00857% 000020 0.04110%¢:500%  0.9991185 ooz

and its complex phase § = 1.144 4+ 0.02.

1.3.2 Lepton sector

If we now consider the lepton sector disregarding neutrino masses, we observe a global
flavor symmetry 91fep * only broken by the Yukawa coupling Y., which only preserves

the three lepton family lepton number symmetries:

I =UB)gx UB)p x UB)p — U(L)e x U(1), x U(1),. (1.3.18)
In this scenario, there are

d.of(Y.) = dot(U(ng)?) +dof(U(1)*) =2n2 - 2n2 +3 =3 (1.3.19)
degrees of freedom, corresponding to the 3 charged lepton masses.

Although astonishingly successful, we know that the SM cannot have the last word.
As discussed in the previous section, no flavor mixing is predicted in the lepton sector.
Nevertheless, we have solid experimental evidence of “neutrino oscillations”, one of the
strongest proofs of physics beyond the SM (BSM). These require at least two massive
neutrinos and mixing in the lepton sector. This is described in terms of a mixing matrix
—equivalent to the CKM in the quark sector— known as the Pontercorvo-Maki-Nakagawa-
Sakata (PMNS) matrix Uppns [16, 17],

BSM — 9 (o up+
Lhirac O /2 (VL'Y W, UpmnsEr + h-C-) : (1.3.20)
with three independent mixing angles and one CP-violating complex phase. The most
recent global fit using data from the NuF'it collaboration has set the following 3o limits
for the modulus of the PMNS matrix elements [18]

0.801 — 0.845 0.513 — 0.579 0.143 — 0.155
|Upmns| = [ 0.234 — 0.500 0.471 — 0.689 0.637 — 0.776 | , (1.3.21)
0.271 — 0.525 0.477 — 0.694 0.613 — 0.756

and measured the PMNS CP-violating phase to be § = 19575} and § = 286725 for normal
ordering (NO) and inverted ordering (I10), respectively. Normal ordering corresponds to
the scenario in which the neutrino mass eigenstates {1y, v, v3} are mainly composed
of the EW eigenstates {v., v,, v,}, respectively, with ascending order in masses, this
is m; < mg < mgs. Inverted ordering describes the alternative scenario in which ms <
my < my. Similarly, the best fit values for the mass squared differences dm;; = m?, —mﬁj
between the three generations [18] are

+0.026 -3 L2
_{ +(2.517%0.938) x 107 eV NO (1.3.22)

omy, = (7.42703, x 107° eV), omg, =4§ (2.408005) 5 103 62 10

where 62, = 62, > 0 for NO, and 43, = §3, < 0 for IO.
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Ly L L L Ly L

Figure 1.1: The three basic seesaw models: type-I, mediated by a fermionic singlet Ng,
type-1I mediated by a scalar SU(2), triplet Ay, and type-I1I, mediated by a fermionic
SU(2)r, triplet 3.

The origin of neutrino masses, however, remains uncertain. One of the simplest
options is introducing three RH neutrinos N%, singlets under the SM gauge group, also
known as sterile neutrinos, which allow for a Dirac mass term:

£, D> —LY,®Ni +hec.. (1.3.23)

where Y, is the complex 3 x 3 Yukawa matrix. If neutrinos are Dirac fermions, then
(Y,)" < 10712 with « = 1,2,3. However, neutrinos can also be Majorana particles,
i.e. fermions which are their own antiparticles, since gauge invariance allows Majorana
mass terms. In the effective field theory (EFT) approach, these arise from the (only)
dimension d = 5 operator, i.e. the Weinberg operator [19]:

L, o0 L,
A Y

where A is the new physics scale. After EWSB, a Majorana mass term for the LH

neutrinos is originated from the Weinberg operator, proportional to v?/A, which provides

an explanation for the smallness of neutrino masses under the assumption that A > v.
This is known as the seesaw mechanism [20].

Ly = (1.3.24)

Since EFTs are a model independent approach, the Weinberg operator can be
generated at lower energies from distinct UV scenarios, once heavy d.o.f. are integrated
out. For instance, when a Majorana mass term for the sterile neutrinos N} is included
in Eq. (1.3.23), we have the type-I seesaw [20-23]:

. 1

L, =—L,Y,®ONp — iNRM%NR +h.c., (1.3.25)

where Nj;, = CNE, with the charge conjugation matrix C' = iyyy; and MY is the
symmetric 3 x 3 Majorana mass matrix. After EWSB, masses are generated

1—0 Yll
2,58 5 MP N, — §NRM%NR — hv — hv,—%Ngh.c. (1.3.26)

V2

where M2 = Y,v/y/2 is the Dirac neutrino mass. This can be expressed in terms of a
neutrino mass matrix

1 _ —=C 0 Ml? 149
-3 (7 Ny ((ME)T M@ (NR> . (1.3.27)

After block diagonalization, we obtain

M, ~ —(M)" (MY) "M, My ~ MY, (1.3.28)
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where the LH neutrino mass is suppressed by the RH Majorana mass M% , which is
a free parameter of the theory and can be arbitrarily large since it is not protected
by any symmetry. Similarly, as depicted in Fig. 1.1, the type-IT [24-28] and type-I1T
seesaws [29-35] lead to the Weinberg operator after integrating out the exotic scalar
and fermion SU(2),, triplets, respectively.

We will disregard neutrino masses in the actual computations of this thesis, unless
otherwise stated, as they have negligible impact.

1.4 SM equations of motion

In this section we present the SM equations of motion (EOM) for the fermion and Higgs
fields, which will be relevant for our discussion in Sec. 3.1. For chiral fermions, the EOM
are the following:

iPQ = DY D+ Y, Ur, iPUr=o'YIQ,, iPDr=0"YQ,, (141
iPpL;, = Y . Ep, iPEr = 'YL, ,

where the sum over flavor indices is implicit. Similarly, for the Higgs field we have
2
0%, = — [DaYH(Qu)i + (Quio®) Y Ur + ErY!(Ly)i| + %cbi —2A(DTD)D,, (1.4.3)

where i denotes the SU(2), index.

At the classical level, the use of fermion EOM is equivalent to chiral rotations
of fermion fields. However, when considering loop effects, contributions from the SM
anomalous global currents must be taken into account [36]:

9, (@17Q1) o 9% B, B" + 33292 W 4+ 1252@ Gomw | (1.4.4)
Oy (ThyU%) o - é/:B B — Sgi _Ge, G (1.4.5)
9, (D" D) o - 4%1223 B — Bgi _Go, G (1.4.6)
0, (L1 L) 3% B, B"™ + 3;2 W W (1.4.7)
0, (Epy"Ef) o —1% B, B, (1.4.8)

where we are not summing over the flavor index f.
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Chapter 2

The Strong-CP Problem and the
Axion Solution

2.1 Instantons and the QCD vacuum
After EWSB, the QCD Lagrangian, Z5cp reads

1 « ~ — .
—EG;GW@+ﬂ§§G;GW“+%XMD—thQ+th (2.1.1)
where Q = Qr + @ for @ = U, D, and M, 4 are the complex mass matrices defined in

eq. (1.3.7). This Lagrangian contains all the possible sources of CP violation in the SM:
the quark mass matrices' and the #-parameter.

DE/ﬂQCD =

If we now define the Chern-Simons current
— vpo e o gS vpo (0% (0% gS
Jo = gemea o (ap(;p N 3famgggg> _ oo (GW _ SfQMGgGZ) L (21.2)
it becomes clear that the GZ‘VCNJW’O‘ is equivalent to its total derivative?
vpo Yo « gs a Apv,a
@W:@FMG%Qfgﬁm@@ﬂzﬁﬁw, (2.1.3)

suggesting that the f-term can be integrated out from the action S = [ d*z.%, as it is a
boundary term.

However this is only true if the gluon fields G}, decay sufficiently fast with dis-
tance — in the limit r — oo — as Gj; ~ rl%’ with € > 0, which does not hold for
QCD. There are gauge-field configurations in the QCD vacuum that do not satisfy this
condition, leading to finite boundary terms, and therefore contributing to the action.
These configurations generate a non-trivial QCD vacuum structure and are called in-
stantons [37-39]. Instantons are classical finite-action solutions of the gluon equation of
motion (EOM) in Euclidian spacetime, which is obtained when replacing the Minkowski
time t by 7 = it, which turns the metric Euclidian (+, +, 4+, 4+). The contribution of
the Yang-Mills Zyauge QCD term to the Euclidean action Sg reads

1
S D —§/d4xTr G,G"] (2.1.4)

L After diagonalization into the physical mass matrix, its CP-violation is boiled down to the complex
phase ¢ of the CKM.
2This is known as Bardeen’s identity.
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where G, = G, \*/2, from which the usual gauge field EOM is derived

D,G" =0. (2.1.5)
For a given a field G, = G} A% /2, its gauge transformed field GLQ) reads

Q@:Q@WJ2%0+;QQMQ1@% (2.1.6)

where Q(z) is a map from space into elements of the QCD gauge group:

o A%

Qz) = “" 7 . (2.1.7)

The trivial solution to Eq. (2.1.5) is G, = 0 which corresponds to the so called pure
gauge configurations, i.e., the null gluon field GG, = 0 and any of its gauge transforma-
tions:

i
G = g—SQ(as)(‘?MQ_l(x) : (2.1.8)

However, we are interested in the non-trivial solutions. For the action in Eq. (2.1.4)
to be finite when integrating in the Euclidean R* space, its integrand must decrease faster
than

GG ~ 11 = G, ~ 1/r*tc, (2.1.9)

for large distances r — oo and € > 0, where r is the radial coordinate in a S® sphere. We
might conclude from this that gluon fields need to go as G,, ~ 1/r'*¢ at large distances,
but this is not complete, as we must take into account any of the gauge transformations
of such expression:

1 1 _

G~ 0 (r1+> + g—SQ(x)a,,Q Yz), (2.1.10)
which tend to pure gauge configurations at infinity. Consequently, these solutions are
determined by the element of the QCD gauge group (x) evaluated at r — oo, i.e., by
functions of the 3-sphere at infinity —S2 — to the gauge group: Q(z): S — SU(3)c.

Not all of these field configurations can be gauge transformed into the trivial one
G, = 0. The different Q(x) maps, at infinity, fall into disjoint homotopy classes, i.e.,
not all of them can be connected via a continuous transformation. It can be shown that
for any non-abelian SU(N) gauge group these different classes are characterized by an
integer called Pontryagin index or winding number [37-39],

1
2472 Jss,

() dS,e" Tr (20,07100,07100,07") (2.1.11)
which is a topological quantity depending only on the boundary conditions —at infinity—
of the field configurations. The maps in a same class are homotopic to the so called stan-
dard map:

O (z) = (TH”> : (2.1.12)

r

from which it becomes clear that trivial solutions, homotopic to G, = 0, correspond to
the class with v = 0.
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Therefore, only v # 0 configurations will give finite contributions to the action
Sg. Starting from Eq.(2.1.3), the integral of the #-term can be expressed as the surface
integral at infinity of the Chern-Simons current via the Gauss theorem:

/ deGe, Gre = / d*2d, K" | (2.1.13)
_ 1
= [, ds,xr. (2.1.14)
= [, e (G;;U - famc;f;c;g) , (2.1.15)

where dS,, is the surface differential on the surface of a 3-sphere with infinite radius
S3 . For a non-trivial field configuration (2.1.10), only the pure gauge term survives at
r — 00:

A 1

/ diaGe, G — _%S /S A8, s, {o <r3+6) + Ggagag] , (2.1.16)
4

= 139s /53 S, Tr [GLG,Gol (2.1.17)
4

= 57 Jy 45T (20,97'00,07'00,07") . (2.1.18)

Therefore, applying Eq. (2.1.11), it follows that the winding number arises from the
anomalous f-term,

Qg ~
=— [ G% G"“ 2.1.19
T % / w ’ ( )

which gives a non-zero contribution to the action Sg D fv, proportional to the winding
number.

To sum up, although the 6-term is a total derivative, we have found non-trivial
field configurations called instantons, which lead to a non-vanishing contribution to the
action. This turns out to be proportional to a topological charge, the winding number,
justifying the need for CP-violating anomalous gluon interactions in the SM Lagrangian.

2.2 Missing meson problem

The QCD Lagrangian after EWSB reads:

1 ~
L =—-G*,G"* + egGﬁyG“”"" +iq, Par + iqpPar — (@ Myqr + h.c.) ,  (2.2.1)

4 -

mass matrix.

Let us consider now the scenario with only two light quark flavors, for simplicity.
Our theory includes gluons G, and the two lightest quarks ¢; r = (ur g, dLyR)T, with

mass given by
m, O
M, = ( 0 md) . (2.2.2)

This theory has a SU(3)c gauge group and a global symmetry SU(2)y x SU(2)4 X
U(1)g x U(1) 4, also known as chiral symmetry, which is only broken by the light quark
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| SUB)e | SU@v SU@)s U)s UL

G, 8 1 1 0 0
ar 3 2 2 1 1
qr 3 2 2 1 1
M, 1 2x2 2x2 0 2

Table 2.1: Transformation properties of the 2-flavor scheme QCD.

masses m,, ¢ < Aqcp. These can be neglected to a good approximation. The quark
phase transformations read

U(l)p x SU(2)y : g — ellentarot) (2.2.3)
U(1)a xSU(2)4 : g — e lhtedot) g (2.2.4)
consistently with the transformation properties of gluons and quarks as well as the

spurion mass described in Tab. 2.1. The Noether currents of these global symmetries
correspond to the (vectorial R + L) baryon number and isospin currents

O.’L

is =a1"q, it =" 54 (2.2.5)
and the axial (R — L) currents
i =" 54 = "5 (2.2.6)

Nonetheless, after QCD confinement at low energies, the theory becomes strongly
coupled, and the global symmetry is spontaneously broken by the quark condensate
{gq) # 0:

SUQ2)y x SUR2)a xU(l)pxU(1)y — SU2)y xU(1)p. (2.2.7)
Therefore, according to the Goldstone theorem [9, 10], we should expect at low energies
4 massless Goldstone bosons: 3 pions 7%, 7° corresponding to the broken generators
of SU(2) 4, and the 1’ that arises from the breaking of U(1),4. Since the spontaneously
broken symmetry is not exact but approximate (due to the quark masses), the Goldstone
bosons acquire small masses and are usually called pseudo-Goldstone bosons (pGBs).
These can be computed promoting the axial transformation parameters, o’ and oy, to
pGBs fields, I1° and II?, respectively:

TIO( o+ T (2*
o, 6 ().
2fx 2fx

where f; is an energy scale related to Aqcp, which are introduced into our theory via

o'y —

(2.2.8)

q— 67(%)61 (2.2.9)

After this field redefinition, the quark mass term originates a potential for the pGBs,
once we replace the quark pair gq by its condensate (gq):

Z D —q Myqr +h.c. = — (my, + ma){qq) + <2qj?2>(mu +mg)m i

r 30w D) (o) () (2210)
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Figure 2.1: One-loop diagram contributing to the ABJ anomaly of the axial current
Jia = 07" 54

where
T + 172 I — 172 0 + 113 0 — 113
7T+E;, = ——, WOE;, n=——=—, (2211)
V2 V2 V2 V2
correspond to the mass eigenstates mesons, whose masses satisfy
2m2, =m2o +mj, . (2.2.12)

Experimental masses, however, m,+ ~ myo ~ 140 MeV and m,, ~ 960 MeV, do not
obey this sum rule.

The theory predicts a neutral meson 7’ with mass similar to that of the pions,
which is not found in nature. This is known as the Weinberg’s U(1)4 missing meson
problem [40]. Its solution was found by 't Hooft [38, 41, 42], who realized that U(1)4
is actually not a good symmetry of the theory, not even in the massless quark limit.
In other words, it is broken at the quantum level by the Adler-Bell-Jackiw (ABJ) or
azial anomaly [43, 44], which contributes through the triangle diagram in Fig. 2.1 to the
divergence of the U(1)4 current:

o ~
—=Ga G, (2.2.13)

Ouiht = —2m,Tivsu — 2madiysd + 43
T

where the factor in front of the anomalous contribution is a consequence of the two-flavor
scenario considered here.

If follows that we should expect only 3 pGBs arising from the spontaneous sym-
metry breaking of SU(2)y x SU(2)4 x U(1)p, while ' cannot be considered as such, as
the breaking scale of the U(1)4 symmetry is A ~ Agep, explaining why its mass is of
the order of the rest of the QCD bound states [45, 46]:

_ (49) s AA _
0 = Tﬁ<mu +my), my ~ 4N+ 0 ((gg)ymy) - (2.2.14)

2.3 The strong-CP problem

To improve our understanding of the ABJ anomaly and its connection to the #-term,
let us consider an axial field rotation with phase % < 1 and the corresponding mass

2
matrix redefinition:

i iy M, — e F M, e~ 3% 2.3.1
q e q, g€ € (2.3.1)

The Noether current associated to this transformation is the axial current j% = gv*vsq.
At the classical level, U(1) 4 is broken by the quark masses, however there is an additional
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contribution arising from the anomalous #-term:
Ng i Ng . ] ) aS B
0.L = Zﬁia#jﬁ’ = Zﬁl (_Zmi9275ql + &rGgqua) )
TLq N
= — Z Biim;q'v5q" + arg det (M) %GZZ,G“V’Q : (2.3.2)
] 7

where n, is the number of quark flavors in our theory and m, are the physical quark
masses. This can be obtained via the so-called Fujikawa method® [47], or by computing
the triangle diagram in Fig. 2.1.

From Egs. (2.2.1) and (2.3.2), it becomes clear that the only quantity that remains
invariant under these axial field redefinitions is

0 =0+ argdet (M,) , (2.3.3)

which corresponds to the only physical CP-violating phase in the strong sector, the so
called 6 parameter.

The 6-term,
—Qg ~
Ly =0—=G" G'"* 2.34
0 87T uv ? ( )

together with the complex phase 0 in the CKM constitutes the only sources of CP
violation in the SM. For instance, G7;,G** can be expressed in the classical limit in

terms of chromoelectric and chromomagnetic fields, EQCD and Boep:
Gﬁué‘w’a ~ _4EQCD : EQCD, (2.3.5)

which is odd under parity P and time-reversal T transformations. From the CPT the-
orem [48], which states that the combined action of the charge conjugation C transfor-

mation, P and T, is a fundamental symmetry of nature, we conclude that the f-term is
indeed odd under CP.

A non-zero 0 parameter would lead to additional contributions to hadron masses,
couplings and would even affect the rate of synthesis of heavy elements in the early
universe. Due to its CP-odd nature, CP violating observables are sensitive to 8, being
the neutron electric dipole moment (nEDM) the most sensitive probe. The leading order
contribution to d,, within the SM EW sector, occurs at the three-loop level [49-51], and
is expected to be of order [52, 53]:

A"V ~ 107 e - cm. (2.3.6)

So far, experimental attempts to measure the nEDM d,, have set stringent upper bounds.
The current world average bound according to the Particle Data Group (2022) [13] is

doP <1.8x107*° e cm, (2.3.7)

with 90% C.L. This, consistently with current estimations of the @ contributions to
d,, [54-60], ~
d ~ (0.8 —2)x 105 fe-cm, (2.3.8)

3This is the method to compute the transformation of the integral measure under this fermion
redefinition.
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Figure 2.2: Summary of current EDM bounds (empty circles) as well as short and mid-
term planned sensitivities (full circles) for protons and neutrons, strange and charm
quarks, electrons, muons and taus [61].

translates into an upper limit on the amount of CP violation in the strong sector of the
SM:

<1071, (2.3.9)

Given that 6 is expected to take an arbitrary O(1) value between 0 and 27, there is
no explanation within the SM for this extreme O(1071°) suppression. This unexplained
adjustment is known as the strong-CP problem, which is in fact a puzzle rather than a
problem.

Future nEDM prospects (see Fig. 2.2) are expected to improve current limits by
3 orders of magnitude whereas there are several proposals to measure the EDM of
the proton using storage rings aiming at sensitivities of order 1072 e-cm [61]. In the
following decades experiments will be able to probe the SM electroweak contribution to
the nEDM, which will shed light on one of the of the most intriguing open problems in
the SM.

In the next sections, I will review the most popular attempts to explain the strong-
CP problem.

2.4 Solutions to the strong-CP problem

The two main approaches to solve the strong-CP problem are dynamical relaxation and
symmetry. The most elegant and popular solution is the Peccei-Quinn mechanism (see
Sec. 2.4.4), which is of the former kind. However, there are alternative solutions based
on the assumption that Parity or CP are fundamental symmetries of nature, as in such
cases the f-term must be zero.

2.4.1 Massless u quark

The simplest solution to the strong-CP problem is having a massless u quark, which
would render unphysical the f-parameter. In the previous section we discussed its con-



46 of 185 Chapter 2. The Strong-CP Problem and the Axion Solution

nection to the ABJ anomaly. From Eq. (2.3.2), it becomes clear that an axial rotation
on the hypothetically massless u quark with phase —6/2

7,
u—>e "2y, (2.4.1)
allows us to rotate away the 0.

However, the possibility of having a massless quark within the SM has been ruled
out by current lattice results [62-64].

Alternatively, one could think of beyond the SM (BSM) scenarios with additional
exotic massless quarks. There have been attempts to enlarge the strong sector with
new quarks and additional confining gauge groups, where the new physics scale Aggy is
much larger than Agcp, which makes new exotic "hadrons" too heavy to be observed at
experiments [65-68].

2.4.2 Parity-based solutions

Parity-based solutions [69-74] usually extend the SM gauge group with SU(2)g, and
introduce a RH Higgs doublet ®x as well as RH neutrinos to make the EW sector parity
invariant:

P:SU@2), < SU2)r: QreQL, LpeLh, &, (242

where @, refers to the usual SM Higgs doublet, Qg = (ug, dR)T and Lr = (vg, eR)T.

If parity P were a good symmetry of nature, the neutron EDM would then be
zero, as the f-term —both P and CP odd— is now forbidden. Therefore a non-zero
can only be generated from complex phases in the quark mass terms § = arg det (M,,).
Fermion masses arise from interactions of the form

YuQrPrQrPr n vaQr Pl Qrd}

Z D A A,

+he., (2.4.3)

where the SM Yukawa couplings Y, 4 are now hermitian matrices —so that parity is
preserved— and can be obtained after the RH Higgs acquires its vev vg

Yu,dUr

Yu,d = A
u,d

(2.4.4)

The hermiticity of the Yukawa couplings ensures that argdet (M,) = 0, and therefore
that = 0 at tree level.

Parity can be soflty broken if the RH Higgs mass is larger than that of its LH
partner. This would explain the observed parity violation in the weak sector while
preserving the interesting properties of parity-based solutions. Although these provide
a simple mechanism to adress the strong-CP problem, the fact that tree-level phases
—such as 0 in the CKM— are allowed can lead to 1-loop contributions to # that need
to be addressed.

2.4.3 Nelson-Barr mechanism

One possible symmetry-based solution to the strong-CP problem is setting CP as a
fundamental symmetry of nature, via the so called Nelson-Barr mechanism [75, 76]. In
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these scenarios both the CP-violating phase § in the CKM and 6 vanish in the UV.
The observed CP violation in the weak sector is generated through an additional scalar
singlet that spontaneously breaks CP acquiring a complex vev. However, these models
must be carefully built so that the breaking induces O(1) CKM complex phase while
preserving a vanishing 6 at tree level.

One of the simplest realizations of this mechanism is the Bento-Branco-Parada
(BBP) model [77, 78], which introduces an exotic down-type vector-like quark ¢ =
(¢r, qr)" as well as new neutral complex scalar fields 7; with i = 1,...,n,. The down
sector terms read

LD —qdr9r — T]ADRQL - QLYd(I)DR, (245)

where A is a n, x 3 real matrix, and p, and Y, are real. As we go down in energy the
exotic scalars will acquire a vev (n;) breaking CP invariance and eventually EWSB will
take place, inducing the following 4 x 4 quark mass matrix:

M:Cﬁ“&f), (2.4.6)

where My is the down quark Dirac mass as defined in Eq. (1.3.7).

As the only complex phases in Eq. (2.4.6) are contained in (1), it follows automat-
ically that argdet(M) = 0 —ensuring § = 0 at tree level— while the generated CKM
phase is non-zero and large as long as u; S ({n) - A); with f=1,2,3.

Nevertheless, CP-based solutions tend to be very “fragile”, as the wvevs of the
different exotic scalars need to be tuned in order to reproduce a large CKM phase,
causing a new hierarchy problem. Furthermore, the Lagrangian in Eq. (2.4.5) is not
completely general, as allowed couplings such as g, qr and ®Q;qr must be forbidden
to prevent @ to appear at tree level.

2.4.4 Peccei-Quinn mechanism

The Peccei-Quinn (PQ) mechanism [79, 80] is an elegant and yet simple solution to the
strong-CP problem. The cornerstone of this approach is a new global abelian symmetry;,
the Peccei-Quinn symmetry U(1)pq, which is exact at the classical level but is affected
by the ABJ anomaly

. S ~o Fuva
Ouit = S2GaGe, (2.4.7)

breaking the symmetry at the quantum level. Furthermore, the —anomalous— PQ
symmetry is spontaneously broken at a scale f,, originating a new light pseudo-Goldstone
boson: the QCD azion®, with a low energy effective coupling to gluons given by

Lo J?;iagyé“”ﬂ. (2.4.8)

where .7, refers to those terms in the Lagrangian that depend on the axion field.

Thus, a transformation of the fields charged under U(1)pq or, equivalently, a
redefinition of the axion
a—a—0f,, (2.4.9)

4This was pointed out by Weinberg [81] and Wilczek [82] after the original proposal of Peccei and
Quinn.
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allows to rotate the @ parameter away. Furthermore, the axion suffers a potential due
to non-perturbative QCD effects which has a minimum at

a

Ja

Therefore, the PQ mechanism not only renders § unphysical via an axion field redefini-
tion, but it dinaymically settles it to a CP-preserving minimum, i.e., 8. = 0, solving
the strong-CP problem.

O =0+ (—

) =0. (2.4.10)

QCD axion mass

One of the most robust predictions of “QCD axion” models is the dependence of the
axion mass on f,. The axion mass originates from aGG after QCD confinement, when
instanton field configurations generate a non-perturbative potential.

Below the QCD confinement scale, the axion and the 7’ meson mix due to their cou-
pling to GG. While the mass eigenstate corresponding to the physical 7/ acquires a mass
~ Aqcp, the physical QCD axion remains much lighter. The explicit expressions for the
pseudoscalar masses can be obtained from chiral perturbation theory —which describes
the interactions of mesons below the QCD confinement scale—, following Refs. [83-86].

Considering the psedoscalar degrees of freedom of the chiral theory at leading order
in the chiral expansion we have:

i i, V20 i V2
DgXPTDQUf’( [mucos< —i—\/ﬁfw—f—\/_fn)%—mdco (ﬁr_\/ﬂﬁr_\/g;n>

. 2 \/_?7')1 <\/_77 a)
+ scos( \/_fﬂ+\/§fn + K cos A +fa , (2.4.11)

where {7y, 7,7',a} are the neutral pion, n, ' and axion fields before mixing, respec-
tively®, the term K cos(...) is the instanton-induced potential, which can be computed
by the dilute gas approximation [87], and vi = (gq) is the QCD chiral condensate. Here,
f= and f, correspond to the pion and 1 decay constants while K denotes the QCD
anomaly contribution to the 7' and a fields, which arises from the instanton configura-
tions.

The 4 x 4 pseudoscalar mass matrix is obtained by expanding the Lagrangian in
Eq. (2.4.11):

21} 21} 4v
2f2 (M + ma) N1 (M —ma) . Vilafy (my, — mq) 0
MZ @ (my, — mq) 3f2 (mu +mg + 4m) 3ffﬁ (mu +mg—2m,) 0
orag, (M = Ma) 3\/§fﬂfn (m +mq —2my) T +3 57 b (m o+ ma - m,) \J‘{;ETK
0 0 V6K
Infa f2
(2.4.12)
which after diagonalization lead to the the mass of the physical QCD axion a:
1 K
2 (2.4.13)

ma = -5 — )
f21+ %TI(MQI)

5Corrections from heavier pseudoscalar degrees of freedom are disregarded here.
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with M = diag(my,, mq, ms). In the limit m, 4 < fr, fy, K, v, < f,, this results in

mifz  mum
m? ~ o +njd)2‘ (2.4.14)

which is a robust prediction of typical QCD axion models where QCD instantons are the
only source of breaking of the PQ symmetry®. Here, the physical QCD axion corresponds
to

a~a-+ Qaﬂ—ﬁ'o + Ganﬁ -+ eanof], s (2415)
where
fﬂ' Mg — My, f7T _fn
Ope * —— ——, Our =~ — , Opy ~ — , 2.4.16
2fa My + My ! 2\/§fa ! \/Efa ( )
denote to the pseudoscalar mixing angles.
QCD axion coupling to photons
Axion interactions below the EWSB scale can be parametrized as
dua TN Qs a agpy @ ~
oY YY) + N——Ga Gy p—2 R FR (2.4.17)
2f Q %: v f 8 pr K

where the sum runs over ¢ = {u, ¢, t,d, s, b, e, 1, 7}, ¢, denotes the couplings to fermions,
and N and E are the model-dependent anomalous couplings to gluons and photons,
respectively. The “axion energy scale”, f,, is typically defined as

_ frq
fa= 75 (2.4.18)

such that the axion coupling to gluons remains model-independent while the axion-
photon coupling depends on the ratio £/N:

%, 595 L gn Gua y 200

—F,, F™ . 2.4.19
87 fa N 81 f. " ( )

Below the QCD confinement scale, we must take into account the implications
of the axion-meson mixing. For instance, an effective contribution to the axion-photon
coupling is added to that in Eq. (2.4.19), leading to

1 ~
<, D —ZgawaFWF’“’, (2.4.20)

with
Garyy = ggw + OarGrry + Oannyy + Oamy Gy » (2.4.21)
where the first term denotes the ~ E/N term in Eq. (2.4.19), while the others correspond

to the photon couplings of the pseudoscalar mesons. After replacing the mixing angles
in Eq. (2.4.16), we finally obtain the physical axion-photon coupling

QAEM <E Zmu—|—4md)

9 = Tonfa \N 3 my +mag

(2.4.22)

61f corrections from the strange quark mass are included, the expression reads:

2 £2
mafz dmymgms

T f2 (my 4 ma)(dmymg + dmamg + 13m,ma)
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at leading order of the chiral expansion. A more accurate expression can be derived if
NLO corrections in chiral perturbation theory are taken into account [88]:

Jary = —;f}” (ﬁ - 1.92(4)) : (2.4.23)

As a final remark, tipically for QCD axions, the physical coupling to photons
receives two contributions: a model-dependent ~ E/N contribution —already present
in the UV Lagrangian—, and a model-independent contribution arising from axion-
meson mixing, which is common to all QCD axion models. Similar computations can
be performed to derive model-independent components of axion couplings to leptons,
nucleons or EW gauge bosons [89, 90].

2.5 QCD axion models

In the last decades a plethora of axion models have been proposed: The original Peccei-
Quinn-Weinberg-Wilczek (PQWW) axion [79, 80] —ruled out by rare meson decay ex-
periments soon after its proposal—, the “mainstream” axion models known as canonical
QCD azions or invisible axions [91-94], the Kim-Choi composite axion [65, 66], as well
as more recent attempts to build an axion heavier or lighter than the invisible one [95—
97]. In other words, the enlarged ALP parameter space can account for the strong-
CP problem in these models. Furthermore, the interest on axions extends beyond the
strong-CP problem, since in an important sub-eV range of masses, axions are among the
main candidates to explain dark matter. In this section I will review the most relevant
and paradigmatic axion models proposed in the last decades.

2.5.1 The Peccei-Quinn-Weinberg-Wilczek axion

In order to implement the PQ mechanism we need a classically exact abelian symmetry
in our theory, only broken by the ABJ anomaly, and this cannot be achieved with the SM
particle content. Peccei and Quinn proposed in 1977 [79, 80] a two Higgs doublet model
(2HDM) extension, where the two Higgs fields ¢, = (1, 2, 1/2) and ¢4 = (1, 2, 1/2)
live in the same representation under the SM gauge group as the standard Higgs.

Yukawa interactions can be written as follows:
D%Yukawa = _@LYU&)UUR — @Lqu)dDR — ZLYe(I)u,dER —+ h.C. 3 (251)

where leptons can either couple to ®; (type II 2HDM [98, 99]) or to &, (flipped
2HDM [100]). On the other hand, the Higgs sector is now described by a two-dimensional
scalar potential V(®,, ®,), which induces both PQ and EW symmetry breaking after
the two Higgs doublets gain non-vanishing vevs v, and vg4:

1 . P+ 1 . ot
(I)u N 7627711,/1)71, u ’ o, = 76“701/1” d , 2.5.2
/2 (vu + ¢2> TR (vd + ¢3> 252

where the EW scale is given by v = (/v2 4 v3.

Other than the standard baryon number U(1) g, lepton number U(1); and hyper-
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charge U(1)y symmetries, we now have a new abelian U(1)pq symmetry:

U(l)PQ : QL — e_iXQaQL7 Ur — 6_Z'X“O‘UR7 Dp — €_iXdaDR,
Ly ™oL, Epo ey, 259
q)u — e*i(Xu*XQ)aq)UJ (I)d N e*i(fo)(d)aq)d,

where x with f = Q,u,d, L, e are the PQ charges of the corresponding SM fermions and
« is a generic transformation parameter. Depending on which realization of the 2HDM
we are considering, Y. must satisfy one of the following relation in order to preserve
(classically) the PQ symmetry:

Type 11 2HDM: Xe = XL — X0 + X, (2.5.4)
Flipped 2HDM: Xe = XL+ XQ — Xu - (2.5.5)

Notice however that the definition of the PQ transformation is not unique at
this point, since there are four independent parameters {xq, Xu, Xd, Xz}. A common
choice, since the axion coupling to fermions depend on the axial combination of the PQ
charges (Xyn — Xu, ), is setting the LH PQ charges to 0 via lepton and baryon number
transformations: xo = xz = 0. This will leave the physical couplings of the axions
—both to fermions and gauge bosons— unaffected.

An additional condition can be imposed on the two remaining PQ charges {xu, x4}
if we take into account that 7, and 7y contain the physical d.o.f. corresponding to the
PQWW azion —pGB of U(1)pq [81, 82]— and the would-be GB of U(1)y, later “eaten”
by the longitudinal mode of the physical Z boson upon acquisition of its mass. Under
these symmetries, the n’s transform via shifts:

U(l)PQ : Nu = Nu — AUy Xu Nd — Nd + QVdXd
« «
U1y : T = T = 5V Ma = Ma = 50 (2.5.6)

with a the transformation parameter. Thus, we want the combinations of 7, and ny
corresponding to the axion a and the would-be GB Gz to remain invariant under U(1)y
and U(1)pq, respectively. Defining

_ VuTu + Vg4

g = 240~ Yulld Gy =l T dld (2.5.7)
v v
if follows that
Ul)pq : a—a—afpg, Gy — Gy,
U(l)y : a—a, GZ%GZ—%U, (2.5.8)
if we impose the condition y,,/xq = v3/v? = 22, where
VU
fra=— % (Xu + Xa) (2.5.9)

is the so-called Peccei-Quinn scale. A conventional choice to fix the remaining free
parameter Y, is

1
Xu =T, Xd = — (2510)

8
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which equals the PQ energy scale to the EW scale” fpq = v. Thus, for the PQWW axion,
m, is expected to be of order O(100) keV, which is incompatible with observations [91].

Alternative axion models where f, is order ~ 10 — 10'? GeV, originate a much
lighter axion mass m, ~ 107> — 1072 ¢V, with couplings to SM particles that elude ex-
perimental bounds. Among the most paradigmatic models we find the so-called invisible
axions, which will be reviewed in the next section.

PQWW axion couplings

After EWSB, fermion masses and interactions with the axion are induced from the
Yukawa terms:

EWSB
gYukawa o - me¢L€ o (XwR_XwL)/fPQ¢R+ h.c. (2511)

e N GG B g P

where the sum runs over ¢ = {u,c,t,d,s,b,e,pu, 7} and ¢y, = (Xy, — X, ). The three
interaction terms have been obtained after Taylor expanding up to order O (1/f,) and
applying the fermion EOM taking into account the effect of the ABJ triangle anomaly.

The anomalous couplings N and F can be computed from the PQ and EM
charges —xy, , and gy, respectively— and the QCD representation indices T'(R,) of
the fermions® running in the triangle loop (Fig. 2.1):

N =2 ¢,T(Ry), E=2) ¢ (2.5.12)
Y ¥
For our choice of PQ charges xo = xz = 0 and x, = Xgl = x we have

B 1 B 1 8/3, Type II 2HDM

where n, is the number of fermion generations.

2.5.2 Invisible axion models

Although the original PQWW axion is already ruled out experimentally —due to the
strong constraints which come with an axion scale f, ~ v—, alternative models achieve
much larger f, scales by enlarging the exotic matter content. In this case, consistently
with Eq. 2.4.14, the axion becomes very light, with strongly suppressed couplings that
evade experimental bounds. These are known as invisible axion models. In most cases,
a new singlet scalar is added such that the PQ is broken by its vev much above the
EW scale. Among the most paradigmatic models following this strategy we find the
DFSZ [93, 94] and KSVZ [91, 92] axions, which will be reviewd here.

"For different PQ charge assignments fpq remains of order ~ v.
8Given a representation R, of a non abelian group with generators Ty, its Dynkin index T(Ry) is
defined as Tr (T*T7) = T(Ry)das
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DFSZ axion

In addition to the second Higgs doublet required by the original PQWW axion, the
model proposed by Zhitnitsky [93] and Dine, Fischler and Srednicki [94] —the DFSZ
axion— enlarges the particle content with a new complex scalar S, singlet under the
SM gauge group and charged under U(1)pqg. The scalar potential in the original DFSZ
model reads:

V (D, B4, ) = )\25|S]4+51 (@10, ) [S2+8y (@fD4) |SP+05 (®]24) S* + J5 (0], ) 572,

(2.5.14)

where Ag and 0123 are dimensionless parameters. Consistently with the PQ charge

assignment in Eq. (2.5.3) and the choice xo = 0 the exotic scalar must transform under
U(1)pq as

Ul)pq : S — e ™53, (2.5.15)

with xs = (Xu + Xa)/2.
The potential in (2.5.14) induces a non-zero vacuum expectation value for .S, spon-

taneously breaking the P(Q) symmetry:

1 .
S = ﬁ(vs + pg)es/vs (2.5.16)

where
v
(S) :752 > v =/vl+0v2. (2.5.17)

The DFSZ axion a results from the combination of the new pseudoscalar field ng and
the CP-odd components of the Higgs doublets in Eq. (2.5.2), imposing that a is only
shifted under U(1)pq, while it remains invariant under the orthogonal transformations:

1 Vg >S>U
azﬁgkmmm+mwm+mw%%——%%v (2.5.18)
where
vg>U
fra = /X202 + 303 + x3vE —— xsvs. (2:5.19)

Thus, if the singlet gets a vev at a scale much higher than the EW scale (vg > v),
then the PQ) energy scale is of that same order fpq ~ vg while the DFSZ axion can be
identified with its axial component: a ~ ng.

Finally, the DFSZ axion couplings to SM particles correspond to those in the
PQWW model, now suppressed by a the larger PQ scale, which is equivalent to rescal-
ing the PQWW couplings by a factor ~ v/vg. Since vg is a free parameter of the
DFSZ model, the axion couplings can be arbitrarily suppressed to elude experimental
constraints. Furthermore, the properties derived in the previous section, such as the
relation between m, and f, in Eq. (2.4.14), hold. Consequently, the DFSZ axion is
expected to be a factor ~ v/vg lighter than the original axion.

KSVZ axion

The model proposed by Kim [91] and Shifman, Vainshtein and Zakharov [92] simply
enlarges the SM matter content with a vectorial QCD-colored fermion 1 and a complex
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scalar singlet S, which plays a similar to that in the DFSZ model. The terms that extend
the SM Lagrangian in the KSVZ model read

G%KSVZ = Zalpﬂ) + @LS*a“S — (y@bS@L@bR + hC) + M%|S|2—/\5|S|4—)\q>g (CI)TCI)) |S|2,
(2.5.20)
where y,, is a Yukawa-like coupling for the exotic fermion and pg, Ag and Agg are free
parameters of the scalar potential.

This Lagrangian presents two U(1) symmetries: an exact vectorial rotation of the
exotic quark v and an axial symmetry under which both ¢ and S transform, which
corresponds to the PQ symmetry. Without loss of generality, we choose the P(Q charges:
Xon = —Xu, = 1/2 and xs = —1, so that

U(Lpq : P — e”18 2 S —ePs. (2.5.21)

Notice that this symmetry is QCD-anomalous since 1 is charged under SU(3)¢, which
allows the strong-CP problem to be solved.

On the other hand, the minimum of the scalar potential induces a non-zero
vev {S) = vg/\/2 for the scalar singlet, which spontaneously breaks the PQ symme-
try. As usual, the axion can be identified with the axial component in the following

parametrizaiton of S
1 )
S = —(vg+ pg)e'@s/vs 2.5.22
\/5( s+ ps) ( )
where the PQ scale corresponds in this scenario to fpq = vs. Both the radial compo-
nent of S and the exotic fermion gain large masses, m,, ~ fpq and my = yy frq/ V2
respectively, decoupling from the low-energy theory.

Unlike the PQWW and DFSZ QCD axions, the KSVZ axion does not couple
at tree-level to SM fermions. The usual “model independent” anomalous couplings to
gluons and photons can be obtained from Eq. (2.5.12), replacing the PQ charges defined
in Eq. (2.5.21), which lead to:

Ngsvz =1, Exsvz = 645, (2.5.23)

where ¢, denotes the EM charge of the exotic fermion. The low-energy relations for the
axion mass and photon coupling in Egs. (2.4.14) and (2.4.23) remain unchanged.

Composite axions

It is also possible to follow a completely different approach in order to build an invis-
ible axion model. This is the case of the, sometimes overlooked, Kim-Choi composite
axion [65, 66]. Inheriting the main ideas from the massless quark solution, these models
introduce new exotic massless quarks, rendering @ unphysical, which can now be rotated
away. In order to “hide” such quarks at low-energies, these must be charged under a new
non-abelian gauge group SU(N),, also known as azicolor interaction, which becomes
confining at a scale A, > Aqcp. Consequently, new exotic hadrons arise, among which
we find the axion, which is now a light exotic pseudoscalar meson.

A complete review can be found in the original proposal by Kim [65], as well as in

Ref. [65, 88].
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2.5.3 Heavier and lighter axion models

While invisible axion models predict a very light pGB with extremely feeble couplings to
SM particles, more recent models —known as heavy azion models [67, 68, 101-115]—
explore scenarios with new sources of PQQ breaking. These extend the strong interactions
sector of the SM, leading at low-energy to additional terms to the axion pontential which
contribute to the make the axion mass heavier. For instance, if a new strong-interacting
group is introduced, with confining scale A’ > Agcp, the axion mass will receive a
contribution from the new confining source:

my,myg

e A 2.5.24
(mu+md)2+ ; (2.5.24)

2 12 2 £2
M fo = M f7

Extra CP-violating interactions, similar to the f-term, might be allowed after
enlarging the strong interactions sector. Some proposals address these issues imposing
new discrete symmetries which force the SM and exotic 6 parameters to be equal, so that
they can be rotated away by a common PQ transformation [102, 104, 108, 109]. Other
works follow an alternative approach in which QCD is originated from the spontaneous
breaking of a larger “strong” group. Instantons at the scale of such spontaneous breaking
constitute new sources of PQ violation which raise the axion mass [68, 110].

Following a completely different approach, in Ref. [97] it is shown that a heavier
true QCD axion —i.e., a heavier axion solving the strong-CP problem,— is possible,
with QCD being the only source of PQ breaking. They consider the case in which the
QCD axion field is not the only (exotic) singlet scalar but it mixes with others, which
leads to precise sum rules linking the masses of the axion eigenstates.

On the other hand, there are alternative proposals in which the axion is much
ligther than the canonical QCD axion, like the one in Refs. [95, 96], where N mirror and
degenerate worlds linked by the axion field are considered.
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Chapter 3

Axion-like Particles

In the previous chapter we have reviewed the strong-CP problem, the Peccei-Quinn
mechanism as well as the most paradigmatic QCD axion models. In these SM exten-
sions, the axion typically arises as the neutral pGB of the spontaneous breaking of a
global U(1) symmetry: the PQ symmetry. Due to its pGB nature, the axion shares a
lot of properties with generic neutral pseudoscalar pGBs of any hidden spontaneously
broken global symmetry, which are then referred as azion-like particles. As argued in
the motivation, the reasons to study and explore the phenomenology of ALPs extend
way beyond axions and the strong-CP problem.

ALPs are predicted in a plethora of BSM extensions. Some paradigmatic scenarios
include:

(i) The Majoron, which is the pGB arising from the spontaneous breaking of the U(1),
lepton number symmetry in models that attempt to explain the small neutrino
masses [116-118].

(ii) Aziflavons, in dynamical flavor theories which attempt to solve both the strong-CP
problem and the flavor puzzle [119-121].

(iii) The relazion, in theories that adress the strong-CP and hierarchy problems [122].

(iv) Familons, pGBs arising from the breaking of global family symmetries [119, 123,
124].

(v) String theory, where we find ALPs in the form of Kaluza-Klein zero modes —known
as closed string axions [125—127]— as well as pGBs arising from the breaking of
accidental U(1) symmetries [128-131].

(vi) Theories involving extra dimensions.

(vit) Scenarios where the Higgs boson itself is a pGB, such as Composite-Higgs mod-
els [132].

In this Chapter I will review the theory and experimental status of ALPs. In
Sec. 3.1 I will present the ALP EFT, a fundamental tool to explore the phenomenology
of ALPs at experiments, while Sec. 3.2 will be devoted to discuss current experimental
limits on the ALP parameter space.
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3.1 ALP linear EFT

3.1.1 ALP EFT above the EWSB scale

The ALP effective field theory can be traced back to the work by Georgi, Kaplan and
Randall in Ref. [84] —where the most general dimension-five effective Lagrangian for the
axion was proposed—, followed by the work by Choi, Kang and Kim [83]. The rich phe-
nomenology of ALPs together with their ubiquity in BSM extensions has motivated an
increasing number of theoretical [2, 36, 133-135] and phenomenological advancements [1,
133, 136-149], and brought them into the spotlight of current and future experimental
searches across a wide range of energies and using diversified techniques [150, 151].

ALPs —denoted by a— are broadly defined as neutral pseudoscalar singlets, pGBs
of any hidden spontaneously broken global symmetry, only restored at energies much
above the EW scale. They are studied most conveniently in the EFT framework, since
ALPs —as pGBs— are much lighter than the energy scale f, of the BSM sector they
originate from. At next-to-leading order (NLO) in the linear expansion on the ALP
characteristic scale f,, the mass-dimension five Lagrangian can be written as [36]

= YLsv+ Zarp, (3.1.1)

where Z41p encodes the ALP sector:

1 2 ~
Lasp = 50,00 - %cﬁ TR L7 (3.1.2)

and m, < f, is the ALP mass !. Consistently with the effective axion Lagrangian in
Ref. [84], ALP interactions are either invariant under shifts a(x) — a(z) + ¢,

oua
fa

Lip = (QL’YMCQQL + Ury"€.Ur + Dpy"€Dr + Lry"er Ly + ER’Y“CeER) ,
(3.1.3)

consistently with their pGB nature, or anomalous, i.e. induced by the chiral anomaly,

a v,a i Vi a DUy
gALP — CGEG,U‘VGH - WfaW W'u - ’B’faBMVBN . (314)
Here, {Qr,Ug, Dg, L1, Er} are the chiral fermion fields with flavor indices —defined
in Eq. (1.3.1)—, &y are ny, X n, hermitian matrices in flavor space and cg, ¢ and cg

are real Wilson coefficients 2. Notice that ALP interactions are consistent with the SM
AT

gauge group, whereas CP is preserved if couplings to fermions are real, ¢y = Cy,.

Finally, although the ALP operator basis in Eqgs. (3.1.2)—(3.1.4) is complete, there
are redundant parameters which can be removed making use of baryon and lepton num-
ber conservation, integration by parts and the SM EOM (see Sec. 1.4):

a CL a a UWMU_FE’YMD n a i Txruvd D uY

fo? ; ( 3 ) = _32;27 (Wi, W — ¢*B,,B"™) ,  (3.15)
oua ., oua Z . _

fLJLf A (Efquf) ST, ( 2y Wi B B ) | (3.1.6)

INotice that the ALP mass is a free parameter of the EFT and is therefore not affected by the
characteristic dependence on f, predicted in QCD axion models (see Eq. (2.4.14)), as discussed in
Sec. 2.5.1 [67, 68, 81, 82, 95, 96, 101-115, 152]).

2 Alternative deﬁmtlons can be found in the literature with an additional prefactor .
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where jg} ;, are the baryon and lepton number currents, respectively, f = 1,2, 3 denotes

the flavor index, and ¥ = (\IJL \IIR)T for W = U, D, E. Thus, among {&¢, €,, ¢4, €1, Cx},
4 parameters can be removed: either 4 fermion diagonal components —1 in the quark
sector and 3 in the leptonic sector—, or 3 fermion diagonal elements plus one of the two
gauge couplings.

Chirality-flipping operators and shift-symmetry breaking
ALP-fermion interactions are sometimes parametrized in terms of the chirality-flipping
(c.f.) operators:

2R 5 (QLY ®UR + Q,Ya®Dr + LY. Er) + h.c. (3.1.7)

fa

where ?f —with f = wu,d,e— are generic ny, X n, complex matrices. Obviously,

< fL(fo cannot be equivalent to the ALP Lagrangian above — %}, p—, as the generic
Yf matrices have many more parameters, 6n§ = 54, than the ¢y hermitian matrices,
5n§ — (ny + 1) = 41. Indeed, chirality-flipping operators do not neccesarily preserve
a priori shift-symmetry. If we integrate by parts derivative interactions in Eq. (3.1.3)
and make use of the SM EOM in Eq. (1.4.1) supplemented with contributions from the

anomalous currents in Eq. (1.4.4), we find that

oa — . La = ~ —
; (QL’y“cQQL) = [Zf (QLCQYU(I)UR + QLCQYd<bDR> + h.c.]
Tr(cq) a 2
— BB 2
T T ( +3°WW + 2g2GG
0,0 /— . Tr(¢,) a (8¢7  ~ ~
]’; (UR'Y'MCuUR) = l 7. —Q.Y, cuCIJUR+hc] 32(712)f < g BB+g§GG> ;
0,a a— . . Tr(¢y) a (297  ~ ~
}‘ (Dry"eaDr) = - lzfQLchdCDDR + h.c.] + 32(7r;l)f ( g BB+ ggc;G) ,
8ua + ua a4 = Tr(CL) 2
; (Liv"erls) = zf—LLcLYe(IDER+h.c. - T (9BB+gWW)
8 . 2
;a (Erye.Er) = lz“ LY., DB + h.c.] (&) 1*2 =7 BB, (3.1.8)

where BB = BWE””, WW = W;VW’“’J and GG = Ggyé“”’a. It is straightforward
from these equalities to derive the conditions to preserve shift-symmetry in the chirality-
flipping basis:

Y, = (€0Yu—Yut), Yi=(eoYa—Yaels), Y= (e/Ye—Ye), (3.1.9)

although it is not possible in general to map the couplings back to the chirality-preserving
in Eq. (3.1.3), unless specific assumptions, such as Minimal flavor Violation, are made [36,
134, 135].

However, the chirality-flipping basis can still be used to study ALPs/shift-symmetric
scenarios without having to refer implicitly to the chirality-preserving couplings ¢y [36,
134, 135]. A useful complete set of flavor invariants associated to the shift symmetry of
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a generic scalar singlet is constructed in Ref. [153]:
(1 _ v vi (2) _ v v (3) _ 2y it
Y = m {Tr (Yfoﬂ o 1® —m {Tr (XfoYfﬂ , ¥ =Tm {Tr (XfoYf)] ,
1Y — 1 [Ty (X Y, Yl X ?delﬂ ,
1(2)

@ _ Im r (X2Y, Y+ (X, X4} Y, YT)]

1% — 1w [T (X, X, XY, Y +X XX, Ydeﬂ , (3.1.10)

- (v - v

where X, = YfY} with f = u,d,e. When the 14 invariants vanish, shift symmetry is
preserved.

1%),=1m Tr (XﬁY Y! + {X4, X, }YdYTﬂ

Purely bosonic basis

In some cases it might be convenient to focus only on the purely bosonic interactions of
an ALP. The most general bosonic EFT at NLO in the linear expansion on f, contains
the three anomalous couplings plus an additional derivative ALP-Higgs interaction:

L

oson « v,a 7 v,i 8 a <
fhoson — (. éﬁGWG“ —cwﬁw SV s faBWB + Car - (oD @)
(3.1.11)

=
where ¢, is a real and constant coupling and ®' D' ,® = &' (D,®) — (DHQDT) P.

After EWSB, the ALP-Higgs operator induces mixing between the ALP and the
would-be GB associated to the longitudinal mode of the Z boson. Such mixing can be re-
moved performing a Higgs field redefinition in terms of the ALP field ® — de'cae®/fe [36,
84, 133, 154], which is tantamount to the application of the Higgs EOM. This leads to

. oua
“@fa fa

From Eq. (3.1.9), it becomes clear that these can be expressed in terms of flavor-universal
chirality-preserving couplings ¢; = ¢1,

(210D, ®) —» icsr (@, Y. Ur — @, Ya®Dg — LY PEg) + hic.. (3.1.12)

0 0 — — —
Cad }La (qﬂiﬁ;@) — }‘a (éQQL’Y“QL + U RrY'Ur + ¢4D " DR

+ éLfLy“LL + éeER’Y‘MER) s (3113)
as long as the following conditions are satisfied:

éu—éQ = —Cu4® , éd—éQ = Cuq® » ée—éL = Cq® - (3114)

In addition, in order to ensure that the fermion current in Eq. (3.1.12) is anomaly free,
as corresponds to a bosonic operator, we need to impose

3¢+ ¢, =0. (3.1.15)

as we will see in the following subsection.
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Basis reduction

In order to reduce the operator basis in Eqs. (3.1.2)—(3.1.4), or to find the relation
between chirality-preserving and chirality-flipping operators we made use of integration
by parts together with the SM EOM in Eq. (1.4.1). When considering loop effects,
these need to supplemented with contributions from the anomalous global currents in
Eq. (1.4.4).

An alternative approach is using ALP-dependent field redefinitions. Although
the Lagrangian is affected by field redefinitions, physical observables remain unchaged,
consistently with the EFT equivalenece theorem [155, 156]. However, EOM only pro-
vide correct equivalence relations at order O(1/f,), while relations derived from field
redefinitions hold at all orders in the 1/f, expansion.

A general field redefinition can be parametrized as follows:

U — exp (in;;) v, ® — exp (zxq;f ) (3.1.16)

where ¥ = {Q,Ug, Dg, L1, Er}, xg are hermitian matrices in flavor space and z¢ is
a real parameter. Once applied to the Lagrangian in Eq. (3.1.1), and after expand-
ing up to order O(1/f,), we obtain a shift in the Lagrangian in terms of the rotation
parameters® [36]:

AL _7 [ZQL (XQY YuXu + l‘@Y ) (I)UR + Z@L (XQYd - YdXd - ZE@Yd) (I)DR

+ ZZL (XLYe — YeXe — l’q;Ye) (I)ER + hC‘|

12

g~ a ~ 1 8 2
— WEBHVB‘M Tr <3XQ — gxu - ng + X7 — 2Xe>
2 2
g 7 Vi « v,o
327T2.]TW JWHETE (3% 4 x1) — 39 Qf—G GM o Tr (2% — Xy — Xq)
ota oua —
— 2o 2 (oD @ Uytxg W) . 3.1.17
v )~ 2 (T (3.117)

For instance, the relations between chirality-preserving and chirality-flipping fermionic
operators in Eq. (3.1.9) can be obtained choosing xy = €4, while the choice

Xy = —Xqg = —X, = Cgal, xg =%, =0 T = Cas , (3.1.18)

leads to Eq. (3.1.13).

3.1.2 ALP EFT below the EWSB scale

ALP couplings to gauge bosons

After EWSB, the ALP couples to the physical gauge bosons: photons, W’s and Z’s and
gluons. These interactions are typically expressed as follows

1 ~ 1 ~ 1 _
"g ALP D 4ga'y'yan,vFuV - ZgavZaFm/ZuV - EgaZZaZ;lew
1 —~ 1
- igaWWaWLWuV’— 4gaggaGa ija (3119)

3Bear in mind that, up to order O(1/f,), only the SM Lagrangian contributes to such shift.
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where Z,, and Wjj are the field strengths of the Z and the W= bosons. The physi-
cal couplings {gayvs 9avz, 9azz: Gaww, Jagg} are in turn related to the three high-energy
anomalous couplings {c, ¢z, c5} as a consequence of gauge invariance in the ALP EFT:

4 8
Jayy = 7 ( EUCE + S?ucﬁ/) ) Gavyz = Tcwsw (Cﬁ/ - CE) )
4y s _ B
Yaz7 = ﬁ (chB + chw) ) GaWww = ﬁcwv
4
Gagg = Ecé’ (3.1.20)

where ¢,(s,) is the cosine (sine) of the weak mixing angle. Notice that the four ALP-
EW interactions depend only on two couplings, ¢ and ¢, which can be used to recast
bounds from a subset of the four EW physical couplings to the others.

ALP couplings to fermions

Fermion rotations in Eq. (1.3.9), required to diagonalize the fermion mass matrices after
EWSB, must also be applied to the ALP-fermion operators. Since up and down sectors
undergo different rotations, the ALP now couples differently to LH up and down quarks
below the EWSB scale:

Lyrp = iﬁf (UL’YMCUUL + Diy*cpDy + Ury*c,Ur + Dry*csDg
+Ly'erLy + ER’V“CeER> ;
= 63:: [U’y” (cuPp + ¢, Pr)U + Dy (cpPr, + c4Pr) D
+Ey" (e, Py + ¢.Pp) E + 717" (e P v (3.1.21)

where P r denotes the LH and RH projectors, respectively, and the phenomenological
ALP-fermion couplings cy read

cy = VgV, cp = ViegVe c, =Vie Ve,

(= Vgéu ), Ci = V?JédVdR, Ce = VgéeV%. (3.1.22)

On the other hand, Eq. (3.1.21) can be expressed as explained above, in terms of
chirality-flipping operators, after integration by parts and application of the SM EOM:

.a
Lip =i 3>

a v gl

(mgr — my) (?i) TR+ (mgr + mag) (?5) \Ifk”yg’\lfl} ,
ki ki

(3.1.23)
where k and [ are flavor indices, ¥ = U, D, E and my labels the mass of its k-th flavor

~S —~P
component. The n, x n, matrices, Y and Y , denote the ALP couplings to the scalar
and pseudoscalar fermion currents, respectively, and are defined as

—~S,P —~S,P 1 —~S,P
Y, =-(cutcy), Yp E§(Cd:i:CD), Y, =

(cetcp) . (3.1.24)

DO | —

1
2
It is noteworthy that only pseudoscalar couplings contribute to flavor-diagonal interac-

tions in Eq. (3.1.23). Furthermore, tree-level ALP-fermion interactions are proportional
to the fermion masses, which is not a priori expected from the chirality-preserving
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Figure 3.1: Current bounds on ALP coupling to photons g, as a function of the axion
mass m,. Figure adapted from Ref. [157].

basis in Eq. (3.1.21). Thus, ALP couplings to light fermions are expected to be mass-
suppressed and therefore subdominant with respect to couplings to heavier fermions.
The caveat is that in passing from the derivative basis to the chirality-flipping one,
anomalous terms appear, not suppressed by fermion masses, a fact that we will profit
from in Chap. 5.

3.2 Experimental constraints on the ALP parameter
space

We present the most recent experimental bounds on ALP couplings to SM particles in
the ALP EFT framework. We include plots for the coupling to photons, illustrating the
excluded regions in the {mg, go1~} Parameter space, and for the coupling to top quarks,
which is particularly relevant for ALP searches at colliders. We also discuss the numerical
limits for couplings to the other gauge bosons, electrons and nucleons. Additional plots
for ALP coupling to gauge bosons and ALP couplings to charged leptons and neutrinos
can be found in Chap. 4 and 6, respectively.

3.2.1 ALP coupling to EW gauge bosons

As discussed in Sec. 3.1.2, the ALP couplings to EW gauge bosons {gas 9ay2, 9az2, Gaww }
depend on the two EW anomalous couplings {cg;,c5} in Eq. (3.1.11), as a consequence
of gauge invariance in the ALP EFT. Although classical searches used to focus on the
ALP coupling to photons, which is significantly constrained by a plethora of experimen-
tal searches across a wide range of masses, such as astrophysical observations, haloscopes
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or diphoton production at the LHC, more recently interest has extended to the ALP
couplings to the massive EW gauge bosons, which are, in turn, harder to access.

At present, these couplings can only be probed indirectly, via loop effects in low-
energy procceses [36, 90, 139, 140, 144, 149, 158-162], or directly at colliders. For
instance, at the LHC, depending on the ALP mass and decay width, ALP-EW interac-
tions can be probed via the associated production of a gauge boson —, Z or W*— and
an ALP, where the ALP can either escape detection [133, 137] or decay resonantly [141,
163, 164]; or in nonresonant processes, where the ALP enters as a very off-shell media-
tor [146], which are further discussed in Sec. 3.3.

ALP coupling to photons

The ALP coupling to photons g4, —through cg and cz— is a free parameter of the
ALP EFT, and therefore independent of the ALP mass. In turn, the QCD axion coupling
to photons (see Eq. (2.4.23)) does depend on the axion mass, via the m, dependence on
fain Eq. (2.4.14).

Current experimental constraints on {mg, sy} are represented in Fig. 3.1. Since
the QCD axion mass receives two contributions, a model-dependent ~ E /N term, and
a model-independent term, QCD axion models are characterized by a “dilute” band in
this parameter space, depicted in yellow in Fig. 3.1.

Bounds in orange correspond mainly to searches based on the ALP-photon conver-
sion in the presence of an external magnetic field, also known as Primakoff effect [165,
166]. These include: helioscope searches for solar axions, such as CAST [167, 168];
haloscopes, aiming to detect axions and ALP candidates to DM either via resonant
cavities, such as ADMX [169-172], ADMX SLIC [173], CAPP [174-179], RBF [180],
HAYSTAC [181-183], QUAX [184-186] and ORGAN [187, 188], or using strong toroidal
magnetic fields like ABRACADABRA [189, 190] and SHAFT [191]; “light shining through
a wall” experiments, like CROWS [192], ALPS-I [193] or OSQAR [194]; and others.

Stellar bounds are shown in green. We include constraints derived from: searches
for spectral irregularities due to ALP-photon oscillations with the Fermi telescope [195];
ALP production in pulsar magnetospheres [196], in metastable hypermassive neutron
stars [197] (GW170817), and its effects on stellar evolution at globular clusters [198,
199]; helioseismology and solar neutrino observations [200]; supernovae (SNe) [201], and
in particular, those derived from the possible contribution of ALPs to the cooling [201]
and explosion energy [202] of SN1987A; the gas temperature of the Leo T galaxy [203];
and telescopes searches targeting photon-pair production from the decay of DM ALPs,
such as JWST [204], WINERED [205], MUSE [206], VIMOS [207], HST [208, 209],
XMM-Newton [210], NuSTAR [211-213] and INTEGRAL [214].

Bounds from cosmological observables —which typically assume that DM is mainly
made of ALPs who participate in the cosmological evolution of the universe— are de-
picted in blue. We include limits derived from searches targeting distortions on the
CMB [215, 216]; from the contribution of ALP decays into the X-ray background as
well as the extragalactic background light (EBL) spectrum [217]; constraints derived
from the impact of ALPs on the abundance of light elements produced during Big Bang
Nucleosynthesis, taking into account additional effects on Neg [218]; and bounds from
the contribution of an irreducible freeze-in to the relic density of axions [219].
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Bounds in red correspond to high-energy collider searches. We find: constraints
from beam-dump experiments [220-224]; light-by-light scattering in Pb-Pb nuclei colli-
sions at CMS [225] and ATLAS [226]; proton-proton (pp) collisions at the LHC [227];
new physics searches in eTe™ — 2v, 3y at LEP [138]; searches targeting charged lepton
flavor fiolation of mesons at BaBar [222]; among others [138, 227-230]. We also include
the bound derived from our study of vector boson scattering procceses mediated by a
very off-shell —or nonresonant— ALP at the LHC [1], which will be discussed in detail
in Chap. 4.

Finally, in different shades of purple, we find constraints from neutrino experi-
ments, such as NOMAD [231] and MiniBooNE [232], as well as bounds obtained at the
European X-ray Free Electron Laser facility (EuXFEL) [233].

ALP coupling to vZ

The most constraining bounds on g,,7 are derived from searches targeting Z-boson
observables at LEP. In particular, for ALPs lighter than the Z boson, the non-observation
of exotic Z — v + invisible decays allows to set stringent constraints [90, 141]

|9aryz| S 6 % 107° GeV! for mg < 400 MeV ; (3.2.1)

whereas if the assumption of a stable ALP is relaxed, we find a more conservative bound
from the measurement of the total Z-decay width [133, 141]:

Garz| S 2 x 1073 GeV™! for mg < My . (3.2.2)

~Y

For higher ALP masses, the {m,, goyz} parameter space is dominated by LHC
searches, such as the nonresonant ALP-mediated VBS bounds obtained in our work in
Ref. [1] (see Chap. 4):

~J

|Garz| S 5 x 1073 GeV™! for m, < 100 GeV (3.2.3)

derived from a reinterpretation of four CMS VBS analyses [234-237]; or limits from
resonant triboson searches [141]:

19ay 2| S5 x 1072 GeV ! for 100 GeV < m, < 500 GeV . (3.2.4)

Y

ALP coupling to ZZ

The ALP coupling to the Z boson, ¢,zz, is harder to access experimentally since it
cannot be probed via Z-boson decays. The most stringent constraints stem from LHC
searches for exotic mono-Z channels

|9azz|S 8 x 1074 GeV ™, for m, < 400 MeV , (3.2.5)

~

and from nonresonant ALP-mediated VBS searches at CMS [1]:

19azz|< 3 x 1072 GeV 1, for m, < 100 GeV . (3.2.6)

~
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ALP coupling to WW

For sub-GeV ALP masses, g,ww is constrained via its loop contribution to rare meson
decays [149]:

|gaww|< 3 x 107% GeV! for me < 400 MeéV . (3.2.7)

~

For larger masses, we find again out limits from nonresonant VBS processes [1]
|gaww | <3 x 1072 GeV !, for m, <100 GeV (3.2.8)
and constraints from resonant triboson searches at CMS [238]:

|gaww|< 2 x 1072 GeV™! for 200 GeV < m, < 600 GeV . (3.2.9)

~Y

3.2.2 ALP coupling to gluons

ALP interactions with gluons aGG depend on one parameter in Eq. (3.1.19), gagg o< cg,
which is a free parameter of the ALP EFT, and therefore independent of the ALP mass.
On the other hand, a non-zero coupling to gluons is required in QCD axion models in
order to solve the Strong CP problem. In particular, photophobic QCD axion models,
i.e. models where E/N = 1.92, so that the coupling to photons in Eq. (2.4.23) is
approximately zero, the constraints in Fig. 3.1 might be eluded. In such scenarios, the
alternative parameter space is that of the axion coupling to gluons {mq, gage}-

For masses m, < 100 MeV, the most constraining bounds [149] are derived from
experimental tests of the branching ratio for the rare kaon decay to missing energy,
K+t — nt +invisible [239]. While in the SM, this is dominated by the decay to neutrinos,
K* — 7o, if there is a light ALP, stable at collider distances, the process K™ — 7ta,
where a escapes the NA62 detector [239], will contribute as well, which allows to set an
upper limit on ggg,:

|Gaggl < 3 x 1076 GV, for me < 100 MeV . (3.2.10)

~Y

The ALP coupling to gluons can also be tested at colliders. For instance: in mono-
jet searches [240, 241] at the LHC, where ALP production in association with a gluon
allows to set limits on g,g, [137]:

|GagglS 6 % 107° GeV!, for m, <1 GeV; (3.2.11)
and in dijet production in association with an ALP [242]:

|gagg|§ 1.8 x 1076 GeV_l R for Mg < 1 MeV . (3212)

~Y

3.2.3 ALP coupling to tops

Since ALP coupling to fermions are proportional to the fermion mass, there is a strong
motivation to target the ALP couplings to the top quark at colliders. We review here
the strongest experimental limits on the {m,, ¢y} parameter space, where ¢y is defined
4
as
c _
Larp D %aﬂa (tv“yg’t) ) (3.2.13)

4As discussed in Sec. 3.1.2, only ALP couplings to pseudoscalar fermionic currents contribute to
flavor-diagonal interactions.
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Figure 3.2: Current bounds on ALP coupling to top quarks ¢;; as a function of the axion
mass m,. Figure adapted from Refs. [157, 243].

The limits in the top left corner of Fig. 3.2 have been recasted in Ref. [243] from
the one-loop impact of the ALP coupling to top quarks on the couplings to gauge bosons.
Regions in dark and light red, orange and yellow correspond to the nonresonant ALP-
mediated bounds on g,gg - gavyv: —where g,y denotes the ALP-EW couplings— in
Ref. [146], while the dashed red line corresponds to that of the most recent nonresonant
limit on g,zz in Ref. [244].

In blue we show bounds obtained from the reinterpretation of two ATLAS anal-
yses [243]: direct constraints from the associated production of an ALP and a top pair
pp — tt + a [245]; and ALP-mediated ¢ production [246, 247].

Finally, bounds in green [243] are obtained from Kaon and B-meson decays to
invisibles, K — 7 + invisible [239] and B — K + invisible [248].

3.2.4 ALP coupling to electrons

In Chap. 5 we review in detail constraints on pseudoscalar ALP couplings to charged
leptons and neutrinos, illustrated in Figs. 2, 3 and 4. We provide here a concise overview
of the strongest experimental limits on the ALP coupling to electrons c,.,

Larp D %@a (67“756) , (3.2.14)

since they are relevant in a wide range of masses and experiments, from astrophysical
observations to colliders.

For sub-GeV ALP masses, the {m,, c..} parameter space is dominated by astro-
physical and cosmological bounds. In particular, we find constraints derived from the



3.3. Nonresonant ALP searches 67 of 185

luminosity evolution of low-energy supernovae as well as SN1987A [197, 201, 202], which
are recasted from those in Fig. 3.1, via the loop-induced ALP-photon coupling due to
ALP-electron interactions [249],

|Cee/ fol S 1078 GeV 1, for 1 MeV < m, < 200 MeV . (3.2.15)

Others bounds populate the parameter space for smaller masses, such as those derived
from the contribution of an irreducible freeze-in to the relic density of axions [219],
from the DM experiments XENONI1T [250-252] and XENONnT [253], and from the
measurement of the brightness of red giants in the globular cluster w Centauri [254].

On the other hand, for larger masses we find constraints from rare B meson de-
cays [149]

|Cee/ fu| S 1072 GeV T, for 200 MeV < m, < 3 GeV, (3.2.16)

and from collider searches such as light-by-light scattering procceses in Pb-Pb colli-
sions [225, 255], diphoton production at the LHC [256] and resonant triboson searches [141,
238]

[Cee/ fal S 1071 GeVTH, for 3 GeV < m, < 100 GeV
oo/ fal ST GeVT, for 100 GeV <m, <1 TeV. (3.2.17)

~

3.2.5 ALP coupling to nucleons

In order to describe ALP interactions with mesons and nucleons below the QCD con-
finement scale, it is appropriate to match the Lagrangian in Eq. (3.1.19) to a chiral
effective theory [84, 89, 140, 148, 257-259]. In particular, ALP coupling to nucleons can
be expressed in terms of the following operator:

CaN = 5
LD TJCaaﬂa (T Ty) | (3.2.18)

where C,y is a real coupling and N = {p,n} denotes the nucleon —proton or neutron,
respectively— with field U y.

The strongest constraints on ALP couplings to neutrons are derived from isolated
neutron star cooling due to ALP emission [260], while those on couplings to protons come
from the non-observation of extra events inside the Kamiokande-II [261, 262] neutrino
detector at the time of SN1987a [263]:

1Coan/fal $1.4 x107% GeV 1, for m, < 16 meV ,
ap/ Ja|S 8.9 X 10 eV or my, ev. 2.
Cop/ [2] <89 x 1071 GeV? f < 100 MeV 3.2.19

~

3.3 Nonresonant ALP searches

Nonresonant ALP searches were originally proposed in Ref. [146] in the context of ALP-
mediated gluon-initiated 2 — 2 processes with EW bosons, gluons and ¢¢ final states.
Since the ALP is too light to be produced resonantly, the signals and limits of such
processes do not depend on the ALP mass and decay width up to the resonant threshold.
In this sense, nonresonant searches are more model-independent than resonant analyses,
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Figure 3.3: 95% CL constraints on the ALP-EW parameter space (cﬁ,,c'é) from

Ref. [154] (ZZ and vv) and from Ref. [266] (Zy and WW), for g,ey = 1 TeV™'. Figure
extracted from Ref. [266].

for which the dependence on other ALP couplings may appear through the partial decay
widths.

The key observation is that, these novel searches take advantage of the derivative
nature of ALP interactions, which enhances the cross sections for center-of-mass energies
§ > m? with respect to usual SM-mediated channels. For instance, the cross section for
the ALP-mediated gluon-initiated diboson production gg — a* — V1 V5 scales as

A A

g X gagggalezﬁ ~ F )
a a

(3.3.1)

where v/5 = my,y, is the invariant diboson mass, while the usual SM s-channel process
scales as ~ 1/3.

The power of this novel type of search is illustrated by deriving new limits on the
product of the ALP-coupling to the EW gauge bosons and the ALP coupling to gluons
from gluon-initiated diboson production scattering processes, using public data from
LHC Run 2 CMS searches [264, 265] (see Fig. 3.3). These results [146] led to a dedicated
ALP search at CMS, targeting ZZ and Zh gluon-initiated diboson production [244].

In Chap. 4, we discuss this novel technique in the context of ALP-mediated VBS
processes at the LHC, where we obtain new bounds on ALP couplings to EW gauge
bosons independently of the coupling to gluons. Nonresonant ALP constraints on the
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ALP-EW couplings (see Fig. 6 in Chap. 4) either probe previously unexplored regions
of the ALP parameter space or overlap with other limits, with the advantage of being
model-independent.

Finally, it is noteworthy that the dark and light red, orange and yellow bounds
on the ALP-top coupling in Fig. 3.2 [243] were also derived from nonresonant ALP
constraints [146, 244, 246].
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Chapter 4

Nonresonant Searches for
Axion-Like Particles in Vector
Boson Scattering Processes at the

LHC

This chapter contains the publication in Ref. [1]. In this work a new experimental
search window for ALPs at colliders is proposed: nonresonant ALP-mediated vector
boson scattering (VBS).

Nonresonant ALP searches were originally proposed in the context of ALP-mediated
diboson production [146]. The point is that, in the same way that, e.g., off-shell pho-
tons or Z bosons at LEP were key to explore new parameter space, ALPs can also
be exchanged off-shell contrary to previous assumptions in the literature. These novel
searches take advantage of the derivative nature of ALP interactions, which originate
a harder scaling with energy than usual SM-mediated channels. Since the ALP is too
light to be produced resonantly, the signals of such processes are independent of the
ALP mass and decay width up to ALP masses m, < 100 GeV. In addition, VBS pro-
cesses provide access to the ALP couplings to the EW gauge bosons independently of
the coupling to gluons —i.e., nonresonant ALP-mediated VBS signals depend only on
the two ALP-EW parameters (cg;/ fa, ¢5/fa)—, while the derivative character of ALP
interactions is expected to originate a deviation in the tail of the diboson invariant and
transverse mass distributions.

Five CMS VBS analyses with lepton and photon final states are reinterpreted
here. These searches target the EW production of ZZ, Z~, Wy, W*Z and same-sign
WEW pairs with large diboson invariant mass in association with two forward jets in
VBS processes [234-237]. We simulate the ALP signal and its interference with the SM
EW contribution, which can be parametrized polynomically in terms of the ALP-EW
effective couplings. Since no excess is found, current limits, using CMS Run 2 data, are
obtained on the UV effective couplings

¢/ fa < 0.75 TeV™!, cg/fa < 159 TV,

and consequently —via gauge invariance— on the phenomenological couplings to the
EW gauge bosons, ¢ayvy, Gavzs Jazz and geww, for masses m, S 100 GeV. Similarly, we

~
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obtain projected limits for Run 3,
i/ fa <0.71TeV™!, cg/fa < 112 TV,
and the High-Luminosity LHC (HL-LHC),

Cip/ fa < 0.55 TeV™!, c5/fa < 0.79 TeV ™.

The constraints inferred on the ALP-EW couplings are independent of the ALP
mass and decay width up to masses m, < 100 GeV, and —unlike previous resonant
searches [146, 244, 266]— of the coupling to gluons. The bounds obtained in this work
are either very competitive with other limits or probe previously unexplored regions of
the ALP parameter space, demonstrating the power of future dedicated nonresonant

searches at ATLAS and CMS.

This chapter is structured as follows. In Sec. 3 of the present chapter, ALP-
mediated VBS processes are reviewed. We discuss their characteristic observables and
the relevant regions so as to distinguish the ALP signal from the SM background, the
contributing topologies, and the functional dependence of the pure ALP signal and its
interference with the SM in the ALP parameter space. We also comment on the validity
of the ALP EFT approach for our proposal. The details concerning the simulation and
analysis of the ALP signal are discussed in Sec. 4. Selection cuts, data and backgrounds
are taken from the original CMS analyses. Results are presented in Sec. 5 and are
obtained from a maximum likelihood fit of signal and background to the invariant and
transverse diboson masses. The log-likelihood is constructed based on a Poisson dis-
tribution. Systematic uncertainties of the ALP signal are taken to be fully correlated
across all channels and bins, with a a total size of 20% obtained adding in quadrature
the contributions from different sources of uncertainty. Finally, we compare our results
to existing experimental bounds in Sec. 6. We have used MADGRAPHS AMCQ@QNLO
2.8.2 [267] in combination with the ALP_linear UFO model in Ref. [133, 268] for the
simulation of the ALP signal and its interference with the SM EW channel, as well as
PyTHIA 8 [269] for the simulation of parton showering, hadronization and decays, and
DELPHES 3 [270] for the CMS detector simulation. The latter is calibrated comparing
the expected yields in the SM EW channel obtained by the CMS simulation with ours,
which results in a scale factor that is later applied to the ALP signal.
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ABSTRACT: We propose a new search for Axion-Like Particles (ALPs), targeting Vector
Boson Scattering (VBS) processes at the LHC. We consider nonresonant ALP-mediated
VBS, where the ALP participates as an off-shell mediator. This process occurs whenever
the ALP is too light to be produced resonantly, and it takes advantage of the derivative
nature of ALP interactions with the electroweak Standard Model bosons. We study the
production of ZZ, Z~v, Wt~y, W+Z and WEWT pairs with large diboson invariant masses
in association with two jets. Working in a gauge-invariant framework, upper limits on
ALP couplings to electroweak bosons are obtained from a reinterpretation of Run 2 public
CMS VBS analyses. The constraints inferred on ALP couplings to ZZ, Z~ and WW=
pairs are very competitive for ALP masses up to 100 GeV. They have the advantage of
being independent of the ALP coupling to gluons and of the ALP decay width. Simple
projections for LHC Run 3 and HL-LHC are also calculated, demonstrating the power of
future dedicated analyses at ATLAS and CMS.
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1 Introduction

Axion-Like Particles (ALPs) constitute a particularly attractive class of hypothetical par-
ticles, that are predicted in a variety of Standard Model (SM) extensions, ranging from
invisible axion models [1-8] to string theory [9]. They are defined as the pseudo-Goldstone
bosons of a generic, spontaneously broken global symmetry, that is restored only at energy
scales much higher compared to the electroweak (EW) one. Besides the Peccei-Quinn sym-
metry, typical examples are the lepton number [10-12] or flavor symmetries [13-15]. Being
pseudo-Goldstone bosons, ALPs are pseudo-scalar particles, singlets under the SM gauge
groups, and naturally much lighter than the beyond-SM (BSM) sector they originate from.
As a consequence, they are most conveniently studied in an Effective Field Theory (EFT)
framework, constructed as an expansion in inverse powers of the ALP characteristic scale f,.

At the leading order, the ALP EFT only includes very few parameters (up to flavor
indices). Nevertheless, the ranges allowed a priori for both the ALP mass m, and scale f,
are extremely vast, spanning several orders of magnitude. As a result, the phenomenology
of ALPs is one of the richest in particle and astroparticle physics. This peculiarity, together
with their ubiquity in BSM models, has recently brought this class of particles into the
spotlight, stimulating enormous theoretical and experimental advancements. A plethora
of experiments searching for ALPs in different regimes and exploiting very diversified



techniques are either already taking data or scheduled to do so in the next decade, see
e.g. [16, 17] for recent reports.

Most of these experiments are sensitive to ALPs coupling to photons, electrons or
gluons. ALP interactions with the massive gauge bosons, on the other hand, are harder to
access: at present, they can only be probed indirectly via loop corrections to low-energy
processes [18-28] or directly at colliders. At the LHC, depending on the ALP mass and
decay width, ALP-gauge interactions can be probed in V+ALP associated production
processes, with V = v, Z, W* and the ALP either escaping detection [29, 30] or decaying
resonantly [31-33], in resonant ALP decays into diboson pairs [31], or in nonresonant
processes where the ALP enters as an off-shell mediator. The latter were first studied
in the context of inclusive diboson production at the LHC, where the ALP appears in
s-channel, being produced via gluon fusion [34]. These channels are sensitive to the product
of the ALP coupling to gluons with the relevant coupling to dibosons and probe previously
unexplored areas of the ALP parameter space. Moreover, the nonresonant cross sections
and kinematical distributions are found to be independent of the ALP mass from arbitrarily
light masses up to masses of the order of 100 GeV [34]. The experimental strategy is to
look for deviations with respect to SM expectations in the tails of the bosons transverse
momenta or diboson mass distributions. ALP coupling limits derived from reinterpretations
of CMS and ATLAS Run 2 measurements were presented in refs. [34, 35], while the CMS
Collaboration has recently published a dedicated search for nonresonant ALP-mediated ZZ
production in semileptonic final states at the LHC [36].

In this paper we study for the first time nonresonant ALP signals in EW Vector Boson
Scattering (VBS) processes at the LHC (see [37] for a review). We focus on channels
containing massive EW bosons: ALP EW VBS processes with the ALP going to a photon
pair were studied in ref. [38] for the LHC, in ref. [39] for CLIC and in ref. [40] for the EIC.
Figure 1 depicts the leading order Feynman diagrams for ALP-mediated EW production
of g2 — q1ghV1Ve. The two jets in the final state, ¢j and ¢4, are required to have a
large invariant mass and to be well separated in rapidity. These processes are particularly
convenient for a number of reasons: first, they allow us to access the couplings of the ALP
to EW bosons independently of the coupling to gluons. At the same time, the richness of
VBS in terms of different final states helps constraining the parameter space from multiple
complementary directions.

Searching for signals beyond the SM in VBS final states is a major goal for the ATLAS
and CMS experiments and both collaborations have recently reported Run 2 measurements
of these processes [41-56]. These analyses allow us to perform a first comparison of the
ALP VBS predictions to the data, a calibration of the available simulation tools and a
calculation of educated predictions for higher LHC luminosities. Moreover, nonresonant
searches are generally expected to become more and more competitive during the upcoming
LHC runs. They will benefit, on the one hand, from the large increase in the accumulated
statistics and, on the other, from the technological developments currently driven by
studies of the Standard Model EFT (SMEFT) formalism, that are encouraging a global,
comprehensive approach to new physics searches. Interestingly, while SMEFT analyses rely
on the assumption of new particles being too heavy to be produced on-shell, nonresonant



q1

q2

Figure 1. Feynman diagrams for ALP contributions to a generic process ¢1g2 — ¢;¢5V1Va. Fermion
lines represent both quarks and antiquarks. In the last diagram, the final state quarks can be
emitted from any of the outgoing bosons.

ALP searches target the opposite limit, i.e. where the ALP is too light to decay resonantly.
In this way, they provide access to parameter space regions complementary to those probed
in other LHC searches. In particular, compared to resonant or large-missing-momentum
processes, they require only very minimal assumptions on the ALP decay width.

The manuscript is organized as follows: the theoretical framework adopted is defined
in section 2. In section 3 we discuss the general characteristics of nonresonant ALP EW
VBS production. The details of the ALP VBS simulation and analysis are explained in
section 4. We first extract current constraints on ALP-gauge interactions from measurements
of differential VBS observables published by the CMS Collaboration, and subsequently
estimate projected limits for the LHC Run 3 and for the High Luminosity (HL-LHC) phase.
The results are presented in section 5. In section 6 we compare them to other existing
constraints. In section 7 we conclude.

2 The ALP effective Lagrangian

We define the ALP « as a pseudo-scalar state whose interactions are either manifestly
invariant under shifts a(z) — a(x) + ¢ (as befits its Goldstone origin) or generated via the
chiral anomaly. Adopting an EFT approach, all ALP interactions are weighted down by
inverse powers of the characteristic scale f, > m,, that is unknown and naturally close
to the mass scale of the heavy sector the ALP originates from. We implicitly assume
fa > v ~ 246 GeV and require all ALP interactions to be invariant under the full SM gauge
group. We neglect CP violating terms and ALP-fermion interactions. The latter only give
highly suppressed contributions at tree-level, as their physical impact is always proportional
to the mass of the fermion itself and only light fermions appear in LO VBS diagrams.
The SM is then extended by the Lagrangian [57, 58]

1 m?2 a ~ a a

i poy _ a2 W ~

Larp = 4(%(18 a 5 a chaBWB cha 7,
that contains a complete and non-redundant set of dimension-5 bosonic operators.! Here
B,, W/i, G;‘ denote the bosons associated to the U(1), SU(2) and SU(3) gauge symmetries

R ¥ 9% A AAuv
Wi — e LA G (2.1)

!One more bosonic dimension 5 operator could be written down, namely O,e = 8“@(@%35@), where ®
the Higgs doublet. However, this operator can be fully traded for ALP-fermion terms via the Higgs equations
of motion [57]. Therefore, its impact on VBS processes is negligible.



of the SM, respectively. The associated coupling constants will be denoted by ¢, g, gs.
Unless otherwise specified, we will use i,j,k and A, B,C to denote isospin and color
indices. Covariant derivatives are defined with a minus sign convention, such that Wéy =
W — &,W/i + ged ngW,f“' and analogously for gluons. Dual field strengths are defined as
XIW = %%VWXPU

In the analysis presented below, we only consider EW ALP contributions to the VBS
processes, while we neglect those containing ALP-gluon interactions, which is tantamount
to setting ¢ = 0. This is a very good approximation for the W*~, W*Z and same-sign
WEW= channels where the ALP QCD contribution is absent at tree level. For the ZZ
and Z~ channels, an ALP QCD contribution is present in principle. However, the ALP
QCD component is reduced by requiring consistency with the limits obtained in [34-36],
the rejection of the VBS selection cuts and the large diboson invariant masses involved.
In particular, for values of the EW couplings > 1TeV ™!, the theoretical prediction is
dominated by the pure EW ALP signal, with a smaller contribution from the pure QCD
ALP signal. Here, both the EW and QCD ALP signal components are positive and their
interference is subdominant. This rules out the possibility of cancellations between the
ALP EW and QCD components, and implies that the final bounds for ¢ /fa and e /fa
for Co = 0 are conservative.

It is then safe to restrict the parameter space to the four ALP couplings to the

electroweak gauge bosons. In unitary gauge, they are usually parameterized as

9az7

ZALP EW = _%%CLFWFW - gazTWZaZ“”FW — aZ‘“’ZW — gaVQVW aW T W=

e (2.2)

with Fy, Z,,, Wﬁf, are the field strengths of the photon, Z and W bosons respectively,

Jayy = —(sgcﬁ/ + c%cE) ) Javz = *Sze(cw — CE) ) (2.3)
Ja fa
_ 4, 2 4
9azz = 7 (Chcy, + s5cg) JaWWw = 7 Cir s (2.4)
Ja fa

and sg, ¢y the sine and cosine of the weak mixing angle. For later convenience, we also define
4

Jagg = f—cé. (2.5)
a

3 General characteristics of ALP-mediated EW VBS production

We consider the production of ZZ, Z~, Wt~, W*Z and same-sign W*W* pairs in
association with two forward jets. These five VBS channels are those for which differential
measurements of the diboson invariant mass (or transverse mass) have been reported by
the CMS Collaboration, using data collected at the LHC Run 2. At parton level we treat
them, for simplicity, as 2 — 4 scatterings, with either photons or weak bosons in the final
state. As described in section 4, the weak bosons are decayed to leptons at a later stage.
ALPs give EW contributions to these processes via the diagram topologies shown
in figure 1. All of them necessarily present two insertions of ALP operators, leading to



Process c% 0‘27[/ CHCH c% c%/ c%civ c%cﬁ, CHCH
pp — jiZZ v v v v v v v v
pp — jjZvy v v v v v v v v
pp — jiWEy v v v v v
pp — jjW*EZ v v v v v
pp — jIWEW* v v

Table 1. List of VBS processes considered in this work. For each, we indicate which terms in the

polynomial dependence on ¢y, ¢ (eq. (3.1)) are present in the parameterization of the ALP signal.

amplitudes that scale as f, 2, and cross sections of order f, 4. A generic VBS cross section,
including both SM and EW ALP contributions, has the structure

1
OALP = OSM + ﬁ Ointerf. 1 F Osignal »
a a

2 2
Tintert, = € OB2 + Co OW2 + CECR OBW (3.1)

o] = Ch 4 22 3o~ ~c3
Osignal = €5 0B4 + Cip OWa + CHCH OBaw2 + C5C; OB3W + CRCL OBWS

where all the o; quantities can be evaluated numerically from the simulations. This structure
holds after selection cuts. Not all processes receive contributions from all terms in this
polynomial expansion: the dependence is summarized in table 1. The pattern observed
can be easily explained: all processes with a W boson in final state require an insertion of
Jaww ~ Cpyr / fa. Pure cx contributions are then absent, which means that these channels

B
cannot constrain the ALP parameter space along the ¢~ axis. Same-sign W*W# production

represents an extreme case where cy does not enter gt all. Explicit expressions of ointerf.,
Osignal are given in appendix A for the integrated cross-section of each channel, calculated
after the selection cuts, see section 4.

Among the diagrams shown in figure 1, the first, where the ALP is exchanged in s-
channel, only contributes to VBS with ZZ and Z+ final states.? The second, with the ALP in
t-channel, is relevant for all VBS processes, and it is the only one contributing to W*~, W*Z
and WEW=. Finally, the third topology is triboson-like: although these diagrams were
included for consistency in our calculation, we have verified that their contribution is
efficiently suppressed with a cut on the dijet invariant mass Mqi q, > 120 GeV.

We take the ALP to be too light for any of the V115 pairs to be produced resonantly.
As a consequence, the ALP is always off-shell and its propagator acts as a suppression
of the scattering amplitudes. However, this effect is overcompensated by the momentum
enhancement induced by the ALP interaction vertices. The net result is that the ALP-
mediated cross section falls more slowly with the diboson invariant mass of the boson pair
My, v, than the SM backgrounds. Figure 2 shows a parton-level comparison of the dijet
invariant mass Mqiqé’ jet pseudo-rapidity separation Anquqé and diboson invariant mass

2The s-channel diagram contributes also to VBS with opposite-sign WW or diphoton final states. However,
these channels are not considered here.
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Figure 2. Normalized parton level distributions of the dijet invariant mass My gy, jet pseudo-
rapidity separation Ang g and diboson invariant mass Mz, for ALP EW VBS (green) and SM
EW VBS (red) Zv production. The ALP curves include the pure signal and ALP-SM interference
contributions, computed for m, = 1 MeV and cw/fa = Cg/fa =1Tev—1

M., distributions for ALP EW VBS and SM EW VBS Zv production. The ALP curves
include the pure signal and ALP-SM interference contributions, computed for m, = 1 MeV
and ¢, /fa= Cx /fo = 1TeV~L. The dijet distributions are qualitatively similar, and dijet
selection criteria designed to measure the SM EW VBS component should work efficiently
for the ALP case as well. On the other hand, the very different tails of the diboson invariant
mass distributions allow discrimination of the two processes for Mz, 2 500 GeV. This
general behavior holds for all ALP EW VBS final states, independently of the presence or
absence of s-channel ALP Feynman diagrams.

3.1 Comments on the EFT power counting

Before discussing the details of the numerical analysis, a few comments on the validity of
the EFT approach are in order. In particular, concerns might be raised about the fact that
an ALP signal of O(f; %) is extracted from a Lagrangian defined at O(f;1). First of all, it
should be noted that, because two insertions of ALP operators are always required in order
to generate corrections to SM processes, the dimension-5 Lagrangian does provide complete
VBS predictions up to O(f;2). However, it is indeed possible for d > 6 ALP operators to
induce further contributions at O(f; 3, f-*) that are neglected in this work. Specifically, at
tree-level, these missing terms can be exclusively corrections to gintert. from ALP diagrams



containing d = 6 or d = 7 operator insertions, while the expression for ogigna is already
complete to O(f,*). Note, in addition, that the parameterization in eq. (3.1) is complete
to quartic order in the parameter space (CE/ fas CVT// fa), i.e. it accounts for all contributions
up to O(f;4) generated by the d = 5 Lagrangian.® These considerations, together with
the fact that the analysis presented in the next sections is numerically dominated by ogignal
(see e.g. table 6), suggest that the final results of this work would not change significantly if
the missing O(f;*) terms were restored.*

For these reasons, we deem the Lagrangian in eq. (2.1) adequate for the scope of
this work and we believe that the resulting constraints on (Cg/ fas e / fa) are quite solid.
We stress that these conclusions are based on considerations made a posterior:, having
evaluated the sensitivity of LHC and HL-LHC VBS searches to d = 5 ALP couplings. They
do not necessarily apply to processes different from VBS or in scenarios with very different
sensitivity. A systematic and more quantitative assessment of the impact of higher-order
ALP operators is left for future work. Note that this would require, among other things,
the definition of a complete and non-redundant ALP operator basis beyond dimension-5,
which has not been constructed to date.

4 ALP-mediated EW VBS simulation and analysis

In order to understand the potential of the LHC experiments, we perform a reinterpretation
of the analyses recently published by the CMS Collaboration studying the production of
ZZ [51], Zv [54], Wy [52], W*Z [50] and same-sign WEW= [50] bosons in association
with two jets. All channels use leptonic (electron and muon) decays of the W and Z bosons
in the final state.

The nonresonant ALP-mediated EW VBS diboson signal is simulated with the software
MADGRAPH5 AMC@NLO 2.8.2 [59]. Employing the ALP_linear UFO model from [30, 60],
we generate q1q2 — V1Vaq¢) ¢ events at leading order in the ALP and EW couplings and
at zeroth order in the QCD coupling, using a 4-flavor-scheme. The parton distribution
functions (PDFs) of the colliding protons are given by the NNPDF 3.0 PDF set [61] for all

simulated samples. Kinematical cuts requiring

pr(dis) >20GeV, n(q10) <6,  AR(qig5) > 0.1, Mgg >120GeV,

(4.1)
pr(y) > 10GeV,  n(y) <25, AR(yq,) > 04,

are imposed at generation level for all VBS processes, except for the ZZ channel where
the M/, cut is removed. The angular separation is defined as AR = \/An? + A¢?2, with
71 the parton’s pseudorapidity and ¢ its azimuthal angle. The ALP EW VBS signals are
generated fixing my, = 1MeV, f, = 1TeV and I'; = 0. The specific values of the ALP

3This is at variance e.g. with the SMEFT case, where the square of the d = 6 amplitude does not contain
all O(c2/ A4) contributions, because certain d = 6 operators can induce extra higher-order corrections, e.g.
via redefinitions of SM fields or parameters, or via double insertions in a given diagram.

4The results could change significantly only if d > 6 ALP operators introduced very large kinematic
enhancements to ginterf., sufficient to make it competitive with ogignar within the region of sensitivity. Very
preliminary considerations about the possible structure of such operators suggest that this is unlikely.



mass and decay width do not have significant consequences in the nonresonant regime, see
section 5.3. We generate separated samples for pure ALP-mediated production and the
interference between the ALP and the SM EW VBS production. As discussed in section 3,
the ALP EW VBS cross sections have a polynomial dependence on the parameters ¢ and
¢, whose coefficients need to be determined individually. This requires to evaluate the
ALP-SM interference at a minimum of three linearly independent points in the (Cﬁ/, CE)
plane, and the pure ALP signal at a minimum of five points. This is achieved by exploiting
the interaction orders syntax in MADGRAPHS__AMCQNLO, used both in independent
event generations and with the MADGRAPH5 reweighting tool [62]. For cross-checking

purposes, we consider a redundant set of points, namely

bo = (17 1)7 b1 = (072)7 b2 = (170)1

(4.2)

p3 = (1, —1), P4 = (1, —0.305), D5 = (1, —3.279),
where pg lies on the ¢z = Cir line, where gqyz = 0; ps is on the photophobic ¢z = —tgcﬁ/
line, where g4, = 0; and p5 is on the cp = —Cﬁ//tg line, where g,z7 = 0. Here tg is the

tangent of the Weinberg angle. We use five of these points to determine the polynomials and
verify that the results extrapolated to the sixth point match those from direct simulation.
This operation has been repeated on all possible subsets to verify the robustness of the
predictions. The resulting polynomial expressions for the total cross sections, obtained
after the full simulation and analysis procedure, are reported in appendix A. These can be
employed to estimate the overall normalizations of the ALP signal for all distributions used
in the final fits to the data. The production cross sections at /s = 13 TeV for benchmark
points pg and ps are summarized in table 2. They have additionally a 11% systematic
uncertainty related to the renormalization and factorization scales and a 4% systematic
uncertainty related to the PDFs.

SM EW VBS diboson background events are generated with MADGRAPH5 at leading
order in the EW couplings and zeroth order in the QCD coupling. This is an irreducible
source of background for the analysis. Cross sections at y/s = 13 TeV are presented in table 2.

For all the simulated samples in the analysis, parton showering, hadronization and
decays are described by interfacing the event generators with PYTHIA 8 [63]. Massive EW
bosons V; and V; are forced to decay leptonically (electrons and muons). No additional
pileup pp interactions were added. All samples were processed through a simulation of
the CMS detector and reconstruction of the experimental objects using DELPHES 3 [64],
including FastJet [65] for the clustering of anti-krp jets with a distance parameter of 0.4 (AK4
jets). The CMS DELPHES card was modified to improve the lepton isolation requirements
and to reduce the lepton detection transverse momentum threshold to 5 GeV.

For the detector-level analysis, we apply the set of requirements designed to constrain
anomalous quartic gauge couplings in the CMS publications. The most important cuts are
those imposed on the dijet system, and on the photon transverse momentum if relevant,
indicated in table 3. Differences between our generation and simulation procedure and
the ones used by the CMS experiment are taken into account by comparing the predicted
numbers of events after selection cuts for the SM EW VBS processes. In this context,
the expected sources of discrepancy are calibration, efficiency or resolution effects in the



Process osum [fb] | Point | oigerf. [fb]  Osignal [fb]
pp — jiZZ 98+ 1 po | —13.5+0.1 424+0.2
P4 —9.34+0.1 185+0.1
pp — jiZny 393+1 Do 0.3+0.1 11.1+0.1
P4 —9.140.1 20.9+0.1
pp — jiWty 99443 Do 4340.1 28.7+0.1
P4 1.740.1  5440.1
pp — JjWEZ | 386%1 Do 1.740.1 18440.1
P4 0.14£0.1 239+0.1
pp — jiWEWE | 256 £1 | po, ps | —4.0£0.1 16.0£0.1

Table 2. EW VBS SM background and ALP signal partonic cross sections for /s = 13 TeV, before
decaying the vector bosons and applying only the selection cuts in eq. (4.1). The ALP signal cross
sections are presented for two benchmark points pg and ps defined in eq. (4.2). For same-sign
WEW=, both points give the same results. The reported errors are the statistical errors of the
MADGRAPH5 AMC@NLO calculation.

Channel Obs. Lum. [fb~!] | Selection Criteria p
77 Mgy 137 | Mj; > 100 GeV 0.8 0.1
Zy My, 137 | Mj; > 500 GeV, An;; > 2.5, pl > 120 GeV | 1.4 0.2

WEy My, 35.9 | Mj; > 800GeV, An;; > 2.5, pl > 100GeV | 3.1+ 0.5
w*z ML, 137 M;; > 500 GeV, Anjj > 2.5 1.54+0.4
WEW= ML, 137 M;; > 500 GeV, Anjj > 2.5 1.34+0.2

Table 3. Summary of the CMS VBS analyses: the diboson mass observable, the integrated
luminosity, the most important selection criteria and the normalization scale factor p.

reconstruction of the experimental observables. We observe that all these affect primarily
the normalization and therefore we define a scale factor p as the ratio of the number of
expected events delivered by our generation and simulation procedure and the number of
CMS expected events. We have verified that, after applying this rescaling, our simulation
reproduces correctly the relevant kinematic distributions by CMS within the uncertainties.
The same scale factors are then applied to the predictions for pure ALP-mediated EW VBS
and ALP-SM interference simulated samples. For each channel, we assign an uncertainty to
p, that stems from the uncertainty on the expected event yield for SM EW VBS production,
reported in the CMS publications. A systematic uncertainty of 16% on the simulated ALP
event yields is assigned, fully correlated across all channels. This is estimated as the average
relative error on the scale factors p. A summary of the CMS VBS analyses is presented in
table 3: the diboson mass observable, the integrated luminosity, the selection criteria and
the normalization scale factor p.



As anticipated in section 3, the discrimination between signal and background is based
on the diboson mass distributions shown in appendix A. These include the fully reconstructed

diboson invariant masses Mzz and Mz,; the diboson invariant mass My +., where the

’Y?
longitudinal momentum of the neutrino is constrained by the condition My, = my [52];
and the diboson transverse masses MVTViWi and M{;FVi 4, defined as

1/2

() ()|

where the index ¢ runs over all the leptons in the final state, and assuming that the neutrinos

r
My, v, =

longitudinal momenta are zero [50].

In order to provide a handle on possible issues concerning the validity of the ALP EFT
expansion [66] and to estimate the impact of the highest-energy bins, we introduce an upper
cut on My,y,, that is applied on the signal simulation only. We consider two benchmark
selections: My,y, < 2TeV and My,y, < 4TeV. These cuts are satisfied, respectively, by
85% and > 99% of the events in the ALP generated samples and mainly impact the signal
predictions in the last bin of each distribution, as shown in figures 7-11.

The log-likelihood is constructed based on a Poisson distribution. For each VBS channel,
it has the form:

log L(Cg, Cﬁ/) = Z [— (Bk; + Sk(CE, Cﬁ/)) + Dy log (Bk + Sk(CE, Cﬁ/)) ] (4.4)
k

where the index k runs over the bins of the relevant distribution. The number of events
for the data (Dy) and for the SM background predictions (By) are taken from the CMS
experimental publications. The expected number of signal events (S;) accounts for both
the pure ALP EW VBS signal and the ALP-SM interference contributions, that are
parameterised as fourth- and second-degree polynomials in (cg;/fa, ¢/ fa) respectively, as
explained in section 3. The combined log-likelihood is simply constructed as the sum of
log L for the individual channels.

Systematic uncertainties affecting the SM background distributions are considered fully
correlated among bins of a distribution, but uncorrelated among different VBS channels.
They are described by one nuisance parameter for each VBS channel, that multiplies both
background and ALP signal yields, and is taken to be Gaussian-distributed. The systematic
uncertainty on the signal prediction is implemented analogously and applied to Sy only. It
is taken to be fully correlated across all channels and bins and we assign it a total size of
20%, obtained adding in quadrature the 16% uncertainty on the signal normalization, the
11% uncertainty on the renormalization and factorization scales choice and the 4% error
related to the PDFs.

5 Results

5.1 Results from LHC Run 2 measurements

Table 4 shows the branching fractions and selection efficiencies for each VBS channel. The
latter are relative to the simulated events in which the bosons are decayed to electrons and
muons. The products of efficiencies and branching fractions range from 0.2% to 0.9%.

~10 -



Analysis Z27 Zy  WHty Wtz wEWwE
Branching fraction | 0.45% 6.7%  22% 1.5% 4.8%
Efficiency 35.7% 14.0% 1.6% 11.3% 17.0%

Table 4. Summary of branching fractions and selection efficiencies for each VBS channel. The
efficiencies are relative to the simulated events in which the W and Z bosons decay to electrons

Oor muons.
:I T | L I\l T LI LI T T | LI T I:
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Figure 3. Observed 95% CL exclusion limits in the (c¢j/fa, ¢/fa) plane using the data of the
Run 2 CMS publications and signal events with My, v, < 4TeV. The limits have been calculated
individually for the five different experimental channels considered and for their combination. The
thin dotted, dashed and dot-dashed lines indicate the directions of vanishing couplings to neutral
gauge bosons.

Results are extracted from a maximum likelihood fit of signal and background to
the diboson invariant mass (ZZ, Zy and W*~) or transverse mass (W*Z and WHW¥)
distributions, individually and simultaneously in all the experimental channels used in the
analysis. The likelihood is defined as described in the previous section and the background-
only hypothesis is tested against the combined background and signal hypothesis.

No significant excess was observed by CMS with respect to the SM expectations. ALP
couplings ¢z, /fa and ¢/ fo are considered excluded at 95% confidence level (CL) when the
negative log likelihood (NLL) (—log L) of the combined signal and background hypothesis
exceeds 3.84/2 units the NLL of the background-only hypothesis.

Figure 3 shows the observed 95% CL exclusion limits in the (cj,/ fa, 5/ fa) plane using
the data of the Run 2 CMS publications and signal events with My,y, < 4TeV. The limits
have been calculated individually for the five different experimental channels considered and
for their combination. Table 5 reports the upper bounds obtained projecting the combined
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Coupling | Run 2 Observed (Expected) 300 bt 3000 fb~1
[TeV™1] | My, <4TeV <2TeV | <4TeV <2TeV | <4TeV < 2TeV
e/ fal 0.75 (0.83)  0.86 (0.94) | 0.71 0.80 0.55 0.62
le5/ fal 1.59 (1.35)  1.73 (1.47) | 1.12 1.23 0.79 0.87
|9ary| 4.99 (4.24)  5.45 (4.63) | 3.50 3.84 2.43 2.68
|Garz] 554 (4.74) 615 (5.25) | 3.98 4.42 2.94 3.30
\Gaz 2] 2.84 (3.02)  3.19 (3.38) | 2.53 2.81 1.94 2.16
|Gaw ] 2.98 (3.33) 343 (3.74) | 2.84 3.18 2.21 2.49

Table 5. 95% CL upper limits on the absolute value of the Wilson coefficients ¢,/ fo and ¢/ fo and
projected onto the ALP couplings to physical bosons, eq. (2.2). The various columns report current
bounds extracted from CMS Run 2 measurements and projected sensitivities for /s = 14 TeV and
LHC higher luminosities, for signal events with My, v, below 4TeV or 2 TeV.

95% CL allowed region onto different directions in the (cg;/fa, ¢/ fa) plane, namely the
two axes and the combinations corresponding to the ALP couplings to physical bosons
defined in eq. (2.2), which are orthogonal to the dotted, dashed and dot-dashed lines in
figure 3. Table 5 also presents the 95% CL limits obtained with the more conservative cut
My,v, < 2TeV, which are about 10-15% weaker than the ones in figure 3. The modest
impact of this additional cut indicates that the ALP VBS cross section does not grow
indefinitely with energy (see also figure 2). Instead, only a small number of signal events
populate the very high My, v, region.

In most of the parameter space, the limits are dominated by the Z+ measurement,
that is the most stringent along the ¢ direction. The only other measurement capable of
bounding this parameter is ZZ, which however pays the price of the small Br(Z — ¢¢) and
the current loose selection cuts on the dijet system. The sensitivity of the W+~ channel is
reduced by the smaller integrated luminosity of the published CMS analysis. A measurement
of the vy VBS final state at large diphoton invariant masses, that has not been performed
by ATLAS or CMS to date, would bring additional sensitivity to ¢, with a great potential
for improving the current bounds [38].

5.2 Prospects for LHC Run 3 and HL-LHC

In this section we investigate the sensitivity of the nonresonant ALP VBS searches at
the LHC Run 3 and HL-LHC. For simplicity, we apply the same selection criteria as the
CMS Run 2 analyses, and rescale the integrated luminosities to 300fb~! and 3000 b1,
respectively. An additional scaling factor k is applied to account for an increase in the
proton collision center-of-mass energy from 13 to 14TeV. In our approximation, s is
taken to be constant over all distribution bins and identical for all VBS channels. Using
MADGRAPH5__AMC@NLO and the cuts in eq. (4.1), we obtain s-factors of 1.14, 1.26 and
1.20 for the SM background, the ALP EW VBS signal and their interference, respectively.

Figure 4 shows the projected 95% CL upper limits in the (Cﬁ//fa, ¢/ fa) plane for
Vs = 14TeV, My,y, < 4TeV and integrated luminosities 300fb~! and 3000fb~!. For
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Figure 4. Projected 95% CL upper limits on the couplings (cﬁ//fa,cbg/fa) for \/s = 14TeV,
My, v, < 4TeV and integrated luminosities of 300 (green) and 3000 fb~! (orange), obtained combining
all VBS channels. The blue and light blue lines show, for comparison, the observed and expected
limits with Run 2 luminosities. The dashed orange line marks the 5o-discovery limit for the HL-LHC.

comparison, the observed and expected Run 2 limits have been included as well. The
interplay between the individual channels is not shown in figure 4 as it remains qualitatively
unchanged compared to figure 3. As expected, the largest individual improvement is found
for the W+~ channel. However, the combined limits are still dominated by the Z~ channel
and with a significant contribution of W*W= for the highest values of ¢/ fa- We find that
the bounds on ¢ can improve by roughly a factor 2 at the HL-LHC compared to current
constraints, while those on ¢;3; by a factor ~ 1.4.

Figure 4 also shows, for reference, the curve corresponding to the expected discovery
limit for /s = 14 TeV, My,y, < 4TeV and an integrated luminosity of 3000 fb~!, defined as
the set of (cj3,/ fa, ¢/ fa) values for which the SM point is excluded by 5 standard deviations,
assuming that the measurement matches the predicted ALP EW VBS signal. The fact that
it is fully contained inside the projected exclusion limits for current and Run 3 luminosities
indicates that null results at previous LHC Runs will not exclude a priori the possibility of

a discovery at the HL-LHC.

5.3 Dependence on the ALP mass and decay width

Our results were derived assuming that the ALP gives only off-shell contributions to all VBS
processes considered. Specifically, in the simulations we fixed the ALP mass and decay width
to mg = 1 MeV, I’y = 0, which satisfy /|p2] > myg, T4, being p, the momentum flowing
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Figure 5. Total cross sections at /s = 13 TeV for the ALP contributions to the different VBS
channels as a function of the ALP mass. All lines are evaluated at i /o= c§/ fa =1TeV~!, that
corresponds to the benchmark point pg in eq. (4.2). The exception is the “Z~ photophobic” case,
that is evaluated at p4 instead. At each point in the plot, the ALP decay width was re-computed as
a function of m,, i and =2

through the ALP propagator. As long as this kinematic condition is verified, the bounds are
essentially independent of the specific m, and I';, assumed. This is an important difference
with respect to resonant searches, that only apply for limited mass and width windows.

Figure 5 provides a basic check of the validity of the off-shell approximation, showing the
cross section for the ALP signal at /s = 13 TeV with the cuts in eq. (4.1), as a function of
mgq for fixed values of ¢;;, ¢5 and f,. The width I', was implicitly computed at every point
as a function of m, and of the ALP couplings, and it scales as I', oc m3(c;/f.)?. The lines in
figure 5 extend indefinitely to the left, confirming that the simulations apply to arbitrarily
small m,. In the direction of larger m, the cross sections for W*Z, W*~, WEW= start
falling once the t-channel propagator becomes kinematically dominated by the ALP mass.
For the Z~ and ZZ channels, the resonant behavior is visible for (Cﬁ/, C’é) benchmark points
that allow the ALP exchange in s-channel. As g,z = 0 is enforced at pg, we evaluate the
Z~ channel also at the “photophobic” point p4 in order to test the resonant case.

Based on these indications, our results can be safely taken to hold up to m, < 100 GeV.
At this mass, the ZZ and W*V cross sections have deviated by about 10% from their
asymptotic values for m, — 0. At the same time, the Z+ resonance is present but not
visible in the CMS measurement, that requires Mz, > 160 GeV [54].

6 Comparison to existing bounds

Figure 6 shows the observed bounds obtained in this work as a function of the EW g,y v
couplings defined in eq. (2.2), and of m,, compared to previously derived bounds. The
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Figure 6. Summary of current constraints on ALP couplings to EW gauge bosons defined in
eq. (2.2), as a function of the ALP mass m,. Limits derived in this work are labeled “Nonresonant
VBS” and shown in red. Previous constraints are shown with a color coding that indicates different
underlying theory assumptions. Orange indicates a Br(a — 77) = 1 assumption, dark blue
indicates an assumed gluon dominance gogq >> gav;v,, While bounds in light blue scale with 1/g444
and are given for gggy = 1 TeV~!. Grey indicates more complex assumptions on the ALP EW
couplings. Genuine bounds, that hold without further assumptions, are in green. See the main text
for more details.
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numerical results of our study are also reported in table 5 for observed, expected and
projected limits.

Most of the constraints shown in the figure are taken from the compilation in ref. [20]
and updated to include more recent results. For ALP masses in the MeV-GeV window
and within the range shown, the ALP coupling to photons is constrained by beam-dump
experiments [67-70], by new physics searches in ete™ — 2v,3y at LEP [29, 71] and
by explosion energy arguments in supernovae [72, 73] (labeled “SN”). At higher ALP
masses, all constraints on g,y are due to searches at colliders, where the ALP decays
resonantly either to hadrons or to photon pairs. In the first case, the relevant processes are
T — v + hadrons at BaBar [74] and e"e™ — 7 + hadrons at L3 [75], that also constrains
Jayz- In the second case, the leading bounds stem from photon pair production at the
LHC, both in proton-proton collisions [76, 77] (labeled “LHC” for those from ATLAS and
CMS measurements and “LHCb” for those from LHCD searches [78]) and in light-by-light
scattering vy — a — 7y measured in Pb-Pb collisions [79, 80] (labeled “Light-by-light
(LHC)”). Most constraints on the couplings of the ALP to massive gauge bosons assume
a stable ALP and cover the sub-GeV mass region. In this case, limits are inferred from
mono-W and mono-Z [30] at the LHC and, for g4z, from the non-observation of exotic
Z — 7y + invisible decays at LEP [31] and at the LHC [81] (labeled “Z — ~ + inv. (LHC)”).
If the assumption of a stable ALP is relaxed, the latter constraint can be replaced by the
more conservative bound due to the measurement of the total Z decay width at LEP, that
extends up to m, < myz [30, 31]. In the region where the ALP can decay to hadrons, the
same process leads to Z — v + hadrons [75]. The ALP coupling to W bosons is the only
one contributing to rare meson decays at 1-loop, which allow to set very stringent limits
for light ALPs [18, 82]. For ALP masses above 100 GeV, the dominant bounds stem from
resonant triboson searches [31]. Finally, nonresonant searches in diboson production via
gluon fusion at the LHC (labeled “Nonresonant ggF”) allow to constrain all four ALP
interactions. Each nonresonant bound is extracted from a single process gg — a* — V4 Va:
the constraint on gq, was derived in ref. [34], those on g,ww, gayz in ref. [35], and the
constraint on g,zz in ref. [36].

An important aspect to consider is that, in general, any given measurement can
depend on several ALP couplings. In order to represent the corresponding bound in the 2D
(mg, gavv) plane, it is then necessary to define a projection rationale or introduce theoretical
assumptions, which can vary significantly from constraint to constraint. These differences
should be taken into account for a proper comparison. In figure 6, the bounds derived in
this work (red dashed) are those corresponding to the 95% C.L. limits in table 5. As they
are derived from the allowed region in the (¢ /fa, ¢/ fa) pPlane, they automatically take
into account gauge invariance relations. Because of the arguments laid down in section 2,
they also have limited sensitivity to the coupling to gluons. The remaining bounds are
derived with alternative strategies, that we highlight with color coding in figure 6. Bounds
that apply without extra assumptions, are reported in green. The bounds drawn in light
~—0

G
are lifted completely. In the figure, they are normalized to ggqqq = 1 TeV~!. Bounds drawn

blue, that include nonresonant gg — a* — V1 V5 processes, scale with 1/g,44 and for ¢

in dark blue assume gluon-dominance, i.e. gug99 > gav, s, and in this limit they are largely
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independent of ¢, see ref. [20]. Among these, bounds on g, labeled as “LHC” additionally
assume negligible branching fractions to fermions and heavy EW bosons in the mass region
where they are kinematically allowed. The limit from light-by-light scattering, shown in
orange, assumes Br(a — ) = 1, which corresponds to vanishing couplings to gluons and
light fermions. Bounds that make more elaborate assumptions about the ALP parameter
space or assumptions on the EW sector itself are shown in grey. Among these, triboson
constraints on geww and gz assume a photophobic ALP scenario [31]. All searches for a
stable ALP (mono-W, mono-Z, Z — v+ inv.) implicitly assume a small enough ALP decay
width, which, in the relevant mass range, translates into assumptions on the coupling to
photons, electrons and muons. The LEP constraints assume negligible branching fractions
to leptons. Note also that this bound is truncated to m, < 3m, =~ 0.5GeV because,
beyond this threshold, hadronic ALP decay channels are kinematically open. This would
introduce a further dependence on ca whose modeling would require a dedicated analysis [20].
Constraints derived with assumptions that explicitly violate the gauge invariance relations,
e.g. by explicitly requiring only one non-zero EW coupling, are omitted.

Overall, we find that the main value of nonresonant searches in VBS is that they probe
the ALP interactions with EW bosons directly (at tree level) and independently of the
coupling to gluons. In particular, nonresonant VBS constraints are stronger than those
from nonresonant diboson production whenever g,¢4 is smaller than a certain threshold,
that roughly ranges between 0.01 TeV~! and 0.2 TeV~! depending on the EW coupling of
interest. For cases where the ALP-gluon coupling is very suppressed, such as Majorons,’
VBS bounds are the most stringent in the 0.5-100 GeV mass region for g,ww, gazz, and in
the 0.5-4 GeV region for gqy,. In the case of g4z, the current best bounds for m, < mz

come from the total Z width measurement at LEP.

7 Conclusions

We have investigated the possibility of constraining EW ALP interactions via the measure-
ment of EW VBS processes at the LHC, where the ALP can induce nonresonant signals if
it is too light to be produced resonantly. We have studied the production of ZZ, Z~, W+,
W*Z and same-sign WEW¥ pairs with large diboson invariant masses in association with
two jets. New upper limits on ALP couplings to EW bosons have been derived from a
reinterpretation of Run 2 public CMS VBS analyses. Among the channels considered, the
most constraining ones are currently Zv and WEW=.

The limits have been calculated both in the plane of the gauge-invariant ALP EW
couplings (CVT/ /fa, CE/ fa) and projected onto the 4 mass-eigenstate couplings defined in
eq. (2.2), to facilitate the comparison with other results. The constraints inferred on ALP
couplings to ZZ, WEW* and Zv pairs are very competitive with other LHC and LEP
limits for ALP masses up to 100 GeV. They probe previously unexplored regions of the
parameter space and have the advantage of being independent of the ALP coupling to

5A priori, the ALP-gluon interaction is not protected by any symmetry. Therefore, technically, it cannot
be assumed to be exactly vanishing, even starting from a ey = 0 condition. In the Majoron case it is
generated at 2-loops [83] and therefore remains very suppressed.
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gluons and of the ALP decay width. This is important in view of a global analysis of
ALP couplings, where VBS can help disentangling EW from gluon interactions. All the
constraints extracted in this work can be further improved in the future, for instance, by
adopting a finer binning for the kinematic distributions, or by incorporating into the fit
measurements by the ATLAS Collaboration or measurements of other VBS channels (e.g.
opposite-sign W*W# or semileptonic Z V).

Simple projections for integrated luminosities up to 3000 fb~! have been calculated,
demonstrating the power of future dedicated analyses. Searches for nonresonant new physics
signals in VBS production at the LHC Run 3 and HL-LHC performed by the ATLAS and
CMS Collaborations will be able to probe the existence of ALPs for relevant values of their
couplings to EW bosons.
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A Expected ALP EW VBS diboson mass distributions

Table 6 reports the expected ALP EW VBS pure signal and interference cross sections
at /s = 13TeV as a function of the Wilson coefficients ¢ and ¢ for fo = 1TeV, after
selection cuts and My,y, < 4TeV.

The diboson invariant mass or transverse mass distributions after selection cuts for the
five VBS channels studied are shown in figures 7-11. The data points and the total SM
background (orange line) are taken from the CMS publications. The dashed and solid green
lines represent the total ALP EW VBS signal contributions for c§/ Ja = CVT// fa=1Tev~!
with a cut of My,y, < 2TeV and 4 TeV, respectively. As discussed in section 4, the total
systematic uncertainty on the signal normalization is 20% (green band). The background
systematics errors are taken bin-by-bin from the CMS publications (orange band).
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Table 6. Expected ALP EW VBS interference and pure signal cross sections at /s = 13 TeV as
a function of the Wilson coefficients ¢ and ¢ for f, = 1TeV after selection cuts and requiring
My, v, < 4TeV. These expressions can be used to estimate the overall normalizations of the ALP

signal for all distributions used in the final fits to the data.
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Figure 7. My, distribution for the pp — jjZZ — jj€T¢=¢*T¢~ channel. The data points and the
total SM background (orange) are taken from the measurement in ref. [51]. The last bin contains
the overflow events. The dashed and solid green lines show the total ALP EW VBS signal for
cg/fa=cy/fa=1 TeV~! with a cut of My, < 2TeV and 4 TeV, respectively.
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Figure 8. Mz, distribution for the pp — jjZv — jj¢*¢~ v channel. The data points and the
total SM background (orange) are taken from the measurement in ref. [54]. The last bin contains
the overflow events. The dashed and solid green lines show the total ALP EW VBS signal for
c5/fa= cw/fa =1TeV~! with a cut of Mz, < 2TeV and 4 TeV, respectively.
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Figure 9. My, distribution for the pp — jjW*y — j jy¢*v channel. The data points and the
total SM background (orange) are taken from the measurement in ref. [52]. The last bin contains
the overflow events. The dashed and solid green lines show the total ALP EW VBS signal for
cg/fa=cy/fa=1 TeV~! with a cut of My, < 2TeV and 4 TeV, respectively.
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Figure 10. M, distribution for the pp — jiW*Z — jjt~¢'*v channel. The data points and
the total SM background (orange) are taken from the measurement in ref. [50]. The last bin contains
the overflow events. The dashed and solid green lines show the total ALP EW VBS signal for
cg/fa=cy/fa=1 TeV~! with a cut of My z < 2TeV and 4 TeV, respectively.
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Figure 11. MZ,,, distribution for the pp — jjW*W=* — jjl*¢(*vv channel. The data points
and the total SM background (orange) are taken from the measurement in ref. [50]. The last bin
contains the overflow events. The dashed and solid green lines show the total ALP EW VBS signal
for c§/fa = CVNV/f“ = 1TeV~! with a cut of My < 2TeV and 4 TeV, respectively.
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Chapter 5

Limits on ALP-Neutrino Couplings
from Loop-level Processes

This chapter contains the publication in Ref. [3]. In this work we present novel bounds on
ALP-neutrino interactions from their loop-level impact on the ALP effective couplings
to the EW gauge bosons.

The dark sector of the Universe deserves utmost attention since it heralds new
laws of physics beyond the Standard Model. Neutrinos arguably constitute excellent
portals to dark and weakly coupled sectors, as their interactions are not obscured by
strong or electromagnetic forces. We address in this work the effective interactions
between ALPs and neutrinos using the ALP EFT model-independent approach. In fact,
gauge invariance forces us to consider both the couplings to charged leptons c.. and the
couplings to neutrinos c,,. These induce at one-loop ALP anomalous interactions to
the EW gauge bosons, with two types of contributions according to their dependence
on the lepton masses: mass-independent corrections — i.e., stemming from the chiral
anomaly— and mass-dependent corrections, which are negligible for ALP couplings to
at least one massive gauge boson.

We perform the first ever two-couplings-at-a-time analysis recasting bounds from
the ALP-EW parameter space onto the {c,,, ce.} couplings to neutrinos and charged
leptons. We consider three particular scenarios: (i) assuming no ALP coupling to elec-
trons, Tr(c..) = 0; (77) assuming no ALP coupling to RH electrons, Tr(c..) = Tr(c,,);
(7i) considering three benchmark values of the ALP mass while constraining the en-
tire two-dimensional {c,,, c..} parameter space. Bounds on ALP-electron couplings in
the scenario with vanishing ALP-neutrino couplings, Tr(c,,) = 0, are also presented
for reference. Constraints extracted from collider data are presented here for the first
time. In particular, for heavy ALP masses m, 2 O(10) GeV, bounds derived from
high-energy searches at the LHC —mnonresonant ALP searches in VBS, light-by-light
scattering in Pb-Pb colllisions, diphoton production and ALP-mediated resonant tri-

boson searches— populate novel territory of the ALP-neutrino parameter space for
Tr(c,,)/fa < 0.3 GeV™! in scenario (i), and Tr(c,,)/f. < 0.02 GeV ™', in scenario

(i), - -

Previous works in the literature set constraints on ALP-lepton interactions based
on one-coupling-at-a-time analyses and furthermore focus on ALP-charged lepton cou-
plings, using data from rare meson decays, beam dump experiments as well as astrophys-
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ical observations and cosmology. These can be found in Ref. [149], where new bounds
on the ALP couplings to the LH lepton doublet and the RH charged lepton singlet are
obtained at the one-loop and two-loop levels; and Ref. [249, 271], where they set new
bounds on ALP-muon and ALP-electron interactions, respectively, from their one-loop
contribution to the ALP-photon coupling, while disregarding the ALP-neutrino coupling.

In this chapter we consider the ALP gauge invariant couplings to the SM LH lepton
doublets and their RH counterparts. The leptonic EOM —including one-loop anoma-
lous corrections— are discussed since they directly suggest limits on the flavor-diagonal
components of ALP-neutrino couplings. In Sec. 3, we present the complete one-loop
contributions stemming from ALP-lepton interactions to the effective ALP-EW cou-
plings {Gayys Gawws 9azz, Gavz }- These were computed with the help of the Mathematica
packages FeynCalc [272] and Package-X [273]. Finally, the bounds on the ALP-neutrino
parameter space are presented in Sec. 4. Our results evidence the need for accelerator
experimental efforts targeting the heavy ALP parameter space region.
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‘We obtain new bounds on effective axionlike particle (ALP)-neutrino interactions from their loop-level
impact on the ALP couplings to electroweak gauge bosons yZ, ZZ and W W~. Both types of interactions
are connected via the chiral anomaly, which allows to overcome the fermion mass suppression of tree-level
analyses. ALP couplings to charged leptons are considered simultaneously with ALP-neutrino ones,
as required by gauge invariance. Complete one-loop computations are presented together with relevant
kinematic limits. We leverage data obtained from rare meson decay measurements alongside observations
from collider experiments, among others. The novel constraints are particularly competitive for ALP
masses 2100 MeV, evidencing the powerful potential of future ALP searches at colliders which target its

couplings to electroweak gauge bosons.
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I. INTRODUCTION

The quest for axions that solve the strong CP-problem,
and more generally axionlike particles (ALPs), is ongoing
with increasing intensity. Their interest stems from their
nature as pseudo-Goldstone bosons (pGBs) which are
singlets of the Standard Model of particle physics (SM),
and are thus the generic tell-tale of yet undiscovered
symmetries in Nature, classically almost exact but hidden
(aka spontaneously broken). Beyond axions, many exten-
sions of the SM predict pGBs which are SM singlets, such
as for instance the Majoron associated to a dynamical nature
of neutrino masses [1-5], pGBs from flavor symmetries
known as flavons [6-9], or within composite Higgs models
[10], extradimensional theories [11,12], and phenomeno-
logical string models with their plethora of spontaneously
broken U(1) global symmetries, as well as pGBs in many
inflationary theories [13].

Because ALPs are pGBs, their new physics scale f, is
much larger than their mass m, < f,. They are thus
conveniently studied within the model-independent frame-
work of effective field theory (EFT), i.e., in terms of a tower
of operators weighted down by inverse powers of f,. The
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leading operators have mass dimension five: purely deriva-
tive couplings as pertains GBs, plus shift-breaking anoma-
lous couplings and a mass term for the ALP. In analyses of
generic ALPs—to be considered below—the parameters
{my,, f,} are treated as free and independent (unlike in true-
axion theories which solve the strong CP problem, for
which their product is dynamically fixed).

For ALPs, the range of possible values of f, and m, is
wide, leading to an incredibly rich phenomenological arena
for particle and astroparticle physics. To compound their
intrinsic interest, both axions and ALPs can be excellent
candidates to explain the nature of dark matter (DM). An
intense theoretical exploration is ongoing on ALP EFTs and
their predictions for laboratory experiments, astrophysics
and cosmology, together with the construction of ultraviolet
(UV) complete theories. In synergy with it, a plethora of
experiments, which look for ALPs in different regimes and
with diversified techniques, are either already taking data or
scheduled to do so in the next decade [14].

We address in this work the effective interactions
between ALPs and neutrinos. At leading order in the
ALP EFT these appear as combinations of ALP derivative
insertions @,a and fermionic currents, that is, in the form of
chirality-conserving fermion bilinears with arbitrary coef-
ficients. Their tree-level impact on observables turns out
to be proportional to the fermion masses, as it can be
straightly inferred from the classical equations of motion
(EOM): they show that—at the classical level—the ALP-
fermionic operators are tradable by chirality-flipping ones
proportional to the fermion masses [15—18]. Given the tiny
masses of neutrinos, their tree-level contribution is thus
extremely suppressed and negligible. In contrast, this mass

Published by the American Physical Society
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suppression is overcome when the system is contemplated
including one-loop effects [19]. This is obvious noting that
the use of EOMs is tantamount to a chiral rotation which
necessarily induces at one-loop anomalous ALP couplings,
and in consequence mass-independent components. The
present experimental constraints on ALP couplings to yZ,
ZZ, and WTW~ will be shown to be strong enough to
suggest relevant bounds on ALP-neutrino interactions, in
spite of the O(a/x) weight of one-loop effects. The loop-
induced impact of ALP-neutrino interactions on the cou-
pling of ALPs to electroweak (EW) bosons will be shown to
probe regions of the parameter space for ALP-lepton
couplings that are otherwise unexplored.

The ALP EFT theory is constructed for scales f, >
v ~ 246 GeV where v is the SM electroweak (EW) scale. A
proper EFT formulation must then be explicitly SU(3) x
SU(2) x U(1) gauge invariant above the electroweak scale.
This brings into the game the couplings of ALPs to charged
leptons, as the left-handed components of the latter unavoid-
ably accompany left-handed neutrinos. Bounds on charged
ALP-lepton couplings have been previously explored
[20-24] and these will be taken into account in our analysis.
Furthermore, recent works [25-27] propose to study the
impact of DM ALPs on neutrino propagation and oscil-
lations, and cosmology, but they explore a much lighter
range of ALP masses than that considered in this paper.

We present the complete one-loop corrections to the
couplings of ALPs to on-shell EW gauge boson pairs, yy,
yZ, ZZ, and WW, induced by ALP couplings to neutrinos
and charged leptons. Our work expands and completes
previous corrections involving ALP fermionic currents
[15-17,23,28]. Neutrino masses will be disregarded, unless
otherwise stated in which case the role of Pontecorvo—Maki—
Nakagawa—Sakata (PMNS) mixing will be discussed.
Various kinematics regions and limits are contemplated:
the best—and novel—bounds on ALP-neutrino interactions
will turn out to be those for relatively heavy ALPs, m, =
100 MeV up to 1 TeV, correlated with the fact that the
strongest constraints on ALP couplings to heavy EW bosons
stem from collider searches and from rare meson decay
searches.

An additional comment is pertinent in the framework of
the most general ALP EFT. The latter may include from the
start dimension five anomalous ALP couplings to gauge
bosons, with arbitrary coefficients. In consequence, the
contribution stemming from the chiral rotation described
above will confront experiment mixed with that from the
putative anomalous gauge couplings of ALPs in the initial
Lagrangian. In spite of this, bounds on the coefficients of
ALP-neutrino flavor-diagonal couplings can be extracted
from experiment, barring fine-tuned cancellations among
the contributions from both sources.

The structure of this manuscript can be inferred from the
Table of Contents.

II. THE ALP EFFECTIVE LAGRANGIAN

The ALP EFT Lagrangian, up to operators with mass
dimension five, reads [17,18,29,30]

1 1 '
Larp =~ 0,a0"a — ~mia® + L5 + Llermion,

4 H 2 (2.1)

where L5 stands for the anomalous ALP-gauge boson

effective couplings, which at energies above EW symmetry
breaking can be written as

a Duv
7 B, B",

Egauge _ _CG%GZVGWJI _ CW; WLUW”y’i —-cp

(2.2)
with Gy, W,’;,, and B, denoting the field strength of the
strong and EW gauge bosons respectively (i = 1, 2, 3 and
a=1,...,8), while £g‘;nni°“ stands for the gauge-invariant
ALP-fermion derivative interactions,

. d,a—
Efermlon — LTY”C\{J‘P,
da ZP: fa

(2.3)

where the sum runs over the chiral fermionic fields of
the SM: W ={Q;,L;,ug,dg,eg}, each ¥ being a
3-component vector in flavor space and ¢y 3 x 3 being
Hermitian matrices in that space.1 Note that no coupling to
putative right-handed neutrinos is considered, as neutrino
masses will be neglected below. In all generality, those
chiral fields in the W set are not the left and right com-
ponents of fermion mass eigenstates. Nevertheless, the
rotation of the ¢y matrices to the mass basis [15—18] is not
relevant for the main results of this paper, which focuses on
purely leptonic couplings neglecting neutrino masses (i.e.,
all ¢y matrices will be disregarded except for ¢z and ¢;).
L% simplifies then to

. d,a — d,a
Llemion — 2T, yte Ly +——egy cpeg,
a a
o,a _ oua _
= vpytepvp + eyt (cgPr +c Py e,
fa fa
d,a _ d,a _
= (1—py)epvy + ey ((ep + ¢p)
2fq 2fq

+(eg—c)r)e. (2.4)

where Py ; stands for the chirality projectors, and in the last
two lines the left-handed EW lepton fields have been

'Note that there exists in addition a shift-invariant, bosonic
operator involving the Higgs doublet, O,q = 0,a(®'iD,®)/f .
which has not been included in Eq. (2.1), as it would be redundant
given the choice made to consider all possible fermionic
couplings in £ [17].
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decomposed on their electrically charged and neutral
components L; = (e;,v; ), with e = eg + e;. This illus-
trates that the ALP-neutrino couplings are defined only in
terms of ¢;, while their analysis unavoidably requires to
contemplate as well the couplings of charged leptons
to ALPs.

It is worth to remind that in flavor-diagonal scenarios
and at tree-level, the “phenomenological” couplings to the
physical leptons only depend on the axial component of the
operators in Eq. (2.4) (see Refs. [17,18]),

d,a d,a —
Lmion 5 Z(Cw)ffﬁﬂ”}’s’/f +-4 Z(cee)fffyﬂ}’sfv
fa fa %7
(2.5)
where ¢,, and ¢, are defined as
Coe = (CE - CL) Co = (_CL) (26)

Indeed, the orthogonal combination, i.e., the vectorial
coupling, vanishes due to the conservatlon of vectorial
currents (lepton number) at classical level.” At the quantum
level, though, lepton number currents are broken due to
chiral anomalies and the vector components do contribute
even in the flavor-diagonal case: they will induce inter-
actions between the ALP and heavy gauge bosons, which
will be taken into account. In any case, because in all
generality there are only two independent set of couplings,
{¢g, ¢}, we choose to show our results below in terms of
the two phenomenological combinations defined in

|

o,a

a

a

Ja

where M and M, denote here the generic mass matrices
for charged leptons and neutrinos, respectively, and where
the anomalous contributions have been left expressed here
in terms of the hypercharge and SU(2), field strengths, B,,,
and W, respectively, for notation compactness. Given the
tiny values of neutrinos masses, Eq. (2.9) already shows
that experimental bounds on ALP couplings to massive EW

This does not hold for flavor nondiagonal couplings, which
can be relevant in practice when considering ALP decays to
charged leptons (e.g., ALP — ep); these will not be considered in
this work.

eL]/ﬂcLe <l—eLMEcL€R+HC) Tr[cL]f |:

o,a a
UL]/MCLI/L l_l/LM CLl/R + H C. TI‘[CL]f
a

Eq. (2.6), as they are more transparent to confront exper-
imental data.

At energies below EW symmetry breaking, the bosonic
Lagrangian £5"*° in Eq. (2.2) can be rewritten in terms of
the EW gauge boson mass eigenstates,

. 1 Fava _ 1 F
[ouze _ _ ZgagyaGZD G _ 1 gawaFWFﬂv

1 ~ 1 -
- ZgayZaF/u/Z”b - ZgaZZaZ;wZﬂb
1
- EgaWWaW+ WMU_ (27)
with
4 4
Yagg = EC57 Yayy = E (C%VCB + S\%VCW)’
4 4
aww = f_CW’ Gazz = 7 (svep + cnew),
a a
8
Yayz = f_cwsw(CW - CE)’ (28)

where c,,(s,,) is the cosine (sine) of the weak mixing angle.

A. Leptonic EOM

The low-energy equations of motion (EOM) for the
lepton fields, taking into account one-loop anomalous
corrections, can be written as

/2

a a ~
eryicper = (.f e, Mgcpep +H.c.> + Trleg] — ‘(é >B,,B".

Jal
g’ T W oww
a2 B gz W |

2 2
g

9
a2 B (2.9)

Bk e

I
gauge bosons directly suggest limits on the flavor-diagonal
components of ALP-neutrino couplings, barring fine-tuned
cancellations with tree-level gauge couplings or underlying
symmetries in the UV complete theory. A well-known
example is the DFSZ axion [31,32], in which an extra
Peccei-Quinn symmetry leads to an exact cancellation. This
is then a true QCD axion, not a generic ALP.

III. ONE-LOOP INDUCED COUPLINGS

In this section we present the complete one-loop con-
tribution of ALP-lepton couplings in Eq. (2.4) to the strength
of the ALP-EW gauge bosons {9, Juww: Jazz: Jayz}
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v

a———

Vl

FIG. 1. One-loop diagram contributing to the ALP-gauge
effective couplings originated from the ALP-fermion coupling.

defined in Eq. (2.8). These corrections correspond to the
triangle diagram in Fig. 1,* and include all combinations of
axial and vectorial insertions which stem from the SM
electroweak gauge couplings. For completeness, both the
anomalous and mass-dependent [35,36] one-loop correc-
tions will be developed. For the computation of the latter, the
ALP field a and the SM bosons will be taken to be on-shell,
and thus the amplitudes will be written in terms of the gauge
boson masses My, and M, the charged lepton masses m,
and the ALP mass m,. Nevertheless, the amplitude for any
coupling with the ALP off-shell can be immediately
obtained from the expressions below by simply replacing
m2 — p2, where p, is the ALP four-momentum. All
computations have been performed with the help of the
Mathematica packages FeynCale and PACKAGE-X [37,38].

|

Although neutrino masses are to be disregarded in the
main text because they induce negligible corrections, their
impact is nevertheless made explicit for the no flavor-
mixing case in the Appendix. In turn, lepton-flavor mixing
effects would be a priori present for final state W bosons,
but the amplitudes would remain in practice equivalent to
those for the no flavor-mixing scenario due to the unitarity
of the PMNS matrix: we have verified that the GIM-
suppressed flavor corrections are of order O(m2m?%/M+,)
and thus totally negligible.

Without further ado, we present next the results for the
amplitudes computed from the triangle diagram in Fig. 1, in
the limit m, — O for all neutrino flavors.

A. Contributions to g,,,

Previous computations of the ALP-photon interaction
induced at one-loop by ALP-charged lepton couplings can
be found in Refs. [16,17,28], whose results we verified.
They stem from the diagram in Fig. | with charged leptons
running in the loop. Being electrically neutral, neutrinos do
not play a role in this two-photon channel, and the induced
coupling reads

! Xem
ga(;’(;’p == |:Tr(cee) + 2Z(cee)ffm§co (07 07 m%u me, My, mt’)
3

T a

aem
== af, |:Tr(cee)

4

- Z<cee>mf<rf>2} ,

(3.1)

where £ = e, u, 7 here and all through the paper, 7, = 4m2/m2, and Cy is the scalar 3-point Passarino-Veltman function

(see Ref. [39]),

dy

1 x
Co(QZ,qz,Pz,mpmz,mQE/ dx/ ’
he 0 0o (x=y)ygt—(x=y)(x=1)g3 —y(x=1)p> —ym? — (x —y)m3 + (x — 1)m3

and
arcsin% fort>1,
fle) = . (3.3)
S dlogiVI=r forr < 1.

This shows that the size of the effective ALP-photon
coupling in Eq. (3.1) only depends on the ratio m?%/m?
(assuming that the ALP and both photons are on-shell
particles). In particular, in the heavy ALP limit, m, > m,,

*Notice that the one-loop amplitudes computed here cannot
be obtained from the mixing of ALP-EFT operators via running,
as the anomalous operators are only renormalized by them-
selves [33,34].

(3.2)

[

the second term in Eq. (3.1), which is mass-dependent,
becomes negligible, and then only the first term remains:

loop Qem
ayy ~
7fa

Tr(e,,) for my < m,. (3.4)

This first term is the anomalous term of the triangle
diagram, which is mass-independent. Basically this term
corresponds to the chiral anomaly from the fermion current
to which the ALP is coupled in Eq. (2.4). On the other
hand, in the light ALP limit m, < m,, both terms—the
anomalous and the mass-dependent one—partially cancel
each other and the net coupling is suppressed as
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for my, > m,. (3.5)

2
loop _, Qem my
Gayy = 1271’fa Xf:(cee»fm_%
This is a well-known property of the triangle diagram for
vector-like gauge interactions and massless gauge bosons
such as QED [40]. This behavior will not hold in the

presence of massive gauge bosons, i.e., the Z and W
bosons, see below.

B. Contributions to g,,,

Even though neutrinos—being electrically neutral—
cannot run in the loop that induces g,,, this ALP-gauge
bosons coupling can still be used to measure the physical
couplings between ALPs and neutrinos as shown by its
dependence on ¢,,. Indeed, the one-loop-induced ALP-yZ
coupling reads:

Q,
g];;,ozp = Tsjjffa [Tr(cw) —252Tr(e,,) + (1 —4s2, Z: ee)eem2Co(0, M%, m%, my, mg, mf)}
Xem 2 2 (cee ”mf 2 72
= onr, | Trew) = 25T 2(1 - 4s7) - , 3.6
CWSWﬂfa |: I'( w) S I‘( s M% —M2 f) f(Tf) ):| ( )

where 7Z = 4m? /M2 (previous computations can be found
in Refs. [16,17]). The dependence on ¢,, is a consequence
of the chiral anomaly since the Z boson couples with
different weak charges to right-handed and left-handed
leptons, and thus the equation exhibits the ¢; contribution
which is shared with charged leptons, see Eq. (2.6).

Once again two distinct types of contributions appear:
the first two terms in Eq. (3.6) are anomalous ones and thus
mass-independent, while the mass-dependent term is pro-
portional to m? times the contribution from f(z) functions.
The latter is induced exclusively by the axial combination
of couplings. Given that the Z boson is much heavier than
any SM lepton, the following approximation for the f(z%)
function in Eq. (3.6) is pertinent:

Fely [H llog<M:>r.

It follows that the mass-dependent term in Eq. (3.6) is
always suppressed, at least, by a factor m%/m%, in contrast
with the case for g,,, in Eq. (3.1). This means that the
anomalous term in g, will not be canceled in any
kinematic region of m,. In other words, the anomalous
term will always dominates g,,, while the mass-dependent

(3.7)

.|;

term provides at most a correction of order O(m?%/M?%),

%ﬂ (33)

This property will also hold for all ALP couplings to heavy
EW bosons considered below.

Simplified formulas of interest for different regimes of
ALP mass versus m, and M, read:

Tr(c,,) - 2sﬁ,Tr(cee)—|—(’)<

CM/S ”fﬂ

(1) For m, < my, < My:

Xeom
gL";’z" m {Tr( v) = 253 Tr(e,,) — (1 —4s3,)
M2 2
Cee ff [ . Z
XZ M3 [ﬂ—l—llog(m—%)] } (3.9)
(i) For m, < m, < My:

Xem

CwSwifa

(cee)ffmf mZ %
—(1-452))" I Qi
—~ M, my

(i) o).

(iii) For my, < M, < m,:

loop ~
ayZ ~

{rrten) -2

(3.10)

1 a,
gaoyozp ﬁ {TI‘(CW) - 253’Tf(cee)

C. Contributions to g,

The complete correction to the on-shell @ — ZZ coupling
induced at one-loop by ALP-neutrino and ALP-electron
couplings reads
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loop Pem 1 —252)T ) 4T (cee) f’mf 2 — B(M2
Yazz = \%ngvﬂ'fa {( s ) I‘( W) + 25, r ee Zf: mtzl 4M2 (mw me, mf) ( 7, My, mf)
1014373 + 2530 = 252 mRICa (. M M g m)| . (3.12)

where B is the function DiscB in PACKAGE-X (see Ref. [17]), which can be written as

ﬂ(pz’m%’m%)log<m%+m2 P~ VAP ml’m2> (3.13)

B 27 s =
(%, m1.ms) > S

in which 2 is the Killén triangle function: A(a,b.c)=  Cy(m2, M%, M%, ms, my,m,) = Co(m2, M%, M2%,0,0,0).
a® + b?> + ¢* —2ab — 2bc — 2ca. As in the previous case, (3.15)
given that m, <« M for all SM leptons, the B functions in ’
Eq. (3.12) can be approximated as

5 In the assumption that all particles are on-shell, the
BOM, my, my) ~ iz + log <m2> (3.14) oply physical process stemming from the a — ZZ Yertex in
M Fig. 1 corresponds to the decay of a heavy ALP into two
Z bosons, for which the relevant kinematic regime is
and my, < mg, and thus

|
loop ~ aem ) 2 T o) 4T (cee>ffm§ 1 M%
Yazz ® ( sw) r(cuu) =+ Sy r(cee) - Z’/ng_— 0og m2

235w fa 7 AM7 :
(1= 42202 + 252 (1 = 252 )mi2)Co (2, M3 M2, 0,0, 0)] } (3.16)
This expression can be simplified for ALPs much heavier than the Z boson,
o~ = { (1~ 2T+ 28, ) — 23 (S0 1 ()
CuSwitfa my,

bin 4 s2(1 - 252 )(%2+10g <Z§Z>2>H (3.17)

Note that this expression is also valid in the regime m, < M, < m, for off-shell ALPs upon the replacement m2 — p2 and
as long as M2 < p2.

D. Contributions to g,ww

Finally, the correction to the a-WW on-shell coupling induced at one-loop by the insertion of ALP-neutrino and
ALP-electron couplings reads

gloop _ __ %m Tr(e )_Z (cee)ffmé B(m2, my,m )
aWw 2S‘%}ﬂfa w - mg_4M%V as e, te
2 M2
+ <1 ;5) (m—i— log (—— 1) %,Co(mﬁ,M%V,M%V,mf,mf,O))} }, (3.18)
my

where the second (mass-dependent) term corresponds to the diagram in which the two fermionic legs attached to the ALP in
Fig. 1 are electrons and the vertically exchanged lepton is a neutrino, and viceversa for the anomalous term. Note that all
contributions are flavor diagonal at the leading order in which we work.*

*As an illustration of the (in)dependence with respects to the PMNS mixing matrix UPMNS it is easy to see that, if leptonic mixing is
considered, the (¢, )., coupling in the second term in Eq. (3.18) would be simply replaced by 3=, Uy (€,0) 2o (UPNN)" = (€co) pprdrers
recovering the original equation for the scenario with no lepton mixing.
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Taking again the limit m, <« m,, My, the expression
above simplifies to

loop Qem
Jaww ® ~ 53 {Tr
25u7f,

(cee)fzf’m§ M%V
(cUU) Z mg _ 4M%}V log m2

I a

+ M3, Co(m, My, M, 0,0, 0)] } (3.19)

which can be further approximated for an ALP much
heavier than the W boson,

e - 5 5 ()]

7 a a

loop Aem
Jaww X —
aWWw 2S3vﬂfa

(3.20)

IV. BOUNDS ON ALP-NEUTRINO
EFFECTIVE INTERACTIONS

We present next the bounds on ALP-neutrino coup-
ling which follow from the experimental bounds on
{9ayy+ 9aww 9azz- 9ayz} couplings (barring fine-tuned can-
cellations with hypothetical tree-level anomalous couplings
in Eq. (2.2), as explained earlier). We include bounds on the
ALP-electron coupling as they impose further constraints on
the ALP-neutrino sector, due to gauge invariance correla-
tions between c¢,, and c,, that arise from the coupling to
left-handed leptons ¢;, see Eq. (2.6).

In the previous section it was shown that the anomalous
terms in the couplings of ALPs to massive gauge bosons
suffice for the numerical analysis, given today’s experi-
mental precision,

1 Qa,

gaOyOZp = ﬁ (ZSEVTI'(Cee) - Tr(cw))9 (4'1)
1 a,

Gopy & —ﬁ (25t Tr(c,e) + (1=252)Tr(c,,)), (4.2)
1 [07

Q;V(;IPW ~ - zsze;:f TI'(CW). (4'3)

This is in contrast with the ALP-photon channel in the
regime of light ALPs, m, < m,, in which case the mass-
dependent term in Eq. (3.1) cancels the anomalous con-

tribution, so that gL‘;‘;P ~ 0 is a reasonable approximation in
that kinematical regime, see Eq. (3.5).

It follows from Eq. (3.1) and Egs. (4.1)—(4.3) that the
experimental bounds on the ALP-photon coupling g,,, lead
to bounds on Tr(c,,) only, while the experimental bounds
on the ALP-WW coupling g,yw can be directly translated
into bounds on Tr(c,, ). In contrast, the data on the two ALP
couplings involving the Z boson—Egs. (4.1) and (4.2)—
constrain two (different) combinations of both traces, which
define flat directions of the EFT. In order to avoid such

10?

10!

107° Cp =Cp,
Tr(cee) =0

1 1 il 1
1074 1073 1072 107! 10° 10! 10? 10°
mg (GeV)

FIG. 2. Direct and loop induced bounds on [Tr(c,,)/f.|
derived from several experimental searches assuming no ALP-
electron couplings: ¢,, = 0.

cancellations altogether, simultaneous bounds on at least
two different phenomenological ALP couplings among the
three in Eqgs. (4.1)—(4.3) have to be considered.

The bounds on Tr(c,,) and Tr(e,,) relevant for the
kinematical region under discussion are illustrated in
Figs. 2-5. They depict the constraints derived from colliders
(green and red), rare meson decays (blue and yellow), beam
dump experiments (gray) and astrophysics/cosmology (pur-
ple). Figures 2 and 3 summarize the bounds obtained on
Tr(c,,)/f . as a function of m,, for two distinct values of the
ALP coupling to charged leptons ¢,,. For reference, Fig. 4
depicts instead the constraints on Tr(e,,)/f, assuming
¢,, = 0. Finally, Fig. 5 sheds a different perspective: it
depicts our results in the {c,,, ¢, } trace parameter space,

pp =Y

1
T
= —
107! g
o 2=
<0 g5
= By — ppt
S 107 -
=
10 n
10- 0
Tr(c,) = Tr(ce)
10—6 1 I I
104 10% 10?2 107! 10° 10! 10? 10
m, (GeV)
FIG. 3. Direct and loop induced bounds on [Tr(c,,)/fq]|

derived from several experimental searches assuming no ALP
coupling to right-handed electrons (¢; = 0)so¢,, =¢,, = —¢;.
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10?

10

1

107!

1072

1073

Tr(cee)/ fol (GeVT)

1074

107°

10-6
1074 107! 1 10 10? 103

mg (GeV)

1072

1073

FIG. 4. Direct and loop induced bounds on |Tr(c..)/fq]
derived from several experimental searches assuming no ALP-
neutrino couplings: ¢,, = 0.

for different values of m,. Details on all those figures

follow:

(i) The photophobic ALP is depicted in Fig. 2. It assumes
(€.e);; =0, ie., no tree-level flavor-diagonal ALP-
charged lepton interactions. This holds for ¢z = ¢;,
that is, if the coupling matrices for left-handed and

(i)

right-handed leptons coincide. This forbids ALP de-
cays into same-flavor charged leptons (at tree-level)
and into photons (at one-loop-level), from which the
popular denomination as “photophobic” follows [41].
Such a benchmark is particularly relevant for invisible
searches, in which the ALP is measured as MET.
Indeed, for ALPs lighter than the massive EW gauge
bosons, the only possible decay is then a — pv, which
is naturally suppressed by neutrino masses. It follows
that the ALP can be in practice considered stable at
collider distances for masses up to m, < M.

Fig. 3 illustrates another interesting—and complemen-
tary—case: an ALP which couples to charged leptons
and to neutrinos with the same strength, i.e., ¢, =
¢,, = —c¢;. In other words, it only interacts with left-
handed lepton doublets, i.e., ¢; # 0, ¢z = 0. The limits
in the photophobic case—Fig. 2—are approximately
maintained, but for a reduction in the LEP and mono-Z
sectors and the strengthening of the constraints from
Zyy searches, to be discussed below. More importantly,
Fig. 3 exhibits strong additional constraints from rare
meson decays into charged leptons and photons (in
yellow), beam dump experiments (in gray) and from
astrophysics and cosmology (in purple) given that the
ALP-electron channel—and therefore the ALP-photon
channel—is now open.

10 107% 107! 10 10 1077

[Te(cee)l/ fu (GeVTH)

1077

107°

FIG. 5.

107°
ITe(cee)l/ fo (GeVTT)

1073

107> 107° 107! 10
[Tr(cee)l/ fa (Gevil)

1077

1071 10 1077

Direct and loop induced bounds on the {|Tr(c,.)/fq4l|, Tr(¢c,,)/f.} parameter space for different ALP masses. Rare meson

decay bounds in yellow and astrophysical bounds in purple have been obtained assuming universal ¢,, couplings.
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FIG. 6. Tree-level diagrams contributing to the ALP-mediated triboson process pp — Zyy. Additional topologies (i.e., vector boson
scattering) are suppressed by the kinematic cuts imposed on the original analysis.

(iii) The bounds obtained on Tr(c,,) are presented in
Fig. 4. These are relevant to our discussion as they
further constrain the ALP-neutrino coupling in those
scenarios where both ¢,, and ¢,, are nonzero (as
in Fig. 3).

(iv) The parameter space in the {Tr(¢c,,), Tr(c,.)} plane is
depicted in Fig. 5 for representative values of m,. The
white areas in this figure signal the hunting arena
available for ALP-neutrino interactions.

Previous works in the literature which derived constraints

on flavor-diagonal ALP-lepton couplings based on their

loop-impact on ALP couplings to EW gauge bosons
include:

(i) Reference [22], where new bounds on ¢z and ¢; were
derived from rare meson decays data, at the one-loop
and two-loop levels, restraining the analysis to one-
coupling-at-a-time among the two ALP-lepton cou-
plings, ¢ or ¢;.

(i1) References [21,23] again only consider one of the two
couplings. There, new bounds on the physical ALP
coupling to muons and electrons, respectively, are
derived from their one-loop contribution to the
ALP-photon coupling, gioof, while the ALP-neutrino
coupling is disregarded.

In our work we extend the analysis beyond the one-at-a-
time paradigm, exploring the bidimensional ALP-lepton
parameter space, and furthermore novel bounds are
extracted from data sensitive to anomalous ALP couplings
to Z and W bosons. Additionally, constraints represented
in Figs. 2-5 as dashed contours signal limits which require
extra elaboration or assumptions beyond the direct appli-
cation of the original references, to be detailed below.

A. Collider searches

For heavy ALPs with masses m, 2 O(10) GeV, the
experimental bounds on their coupling to neutrinos are
dominated by the high-energy collider searches for beyond
the Standard Model (BSM) physics, here depicted in red
and green. These include bounds from Z observables at
LEP, LHC searches on mono-Z events [42], searches for
nonresonant ALPs in vector boson scattering (VBS) proc-
esses [43], light-by-light (yy — yy) scattering measured in
Pb-Pb collisions [44,45], diphoton production at LHC [46]

and resonant triboson searches for either WWW events [47]
or Zyy events [41] mediated by heavy ALPs. Note that for
the nonresonant ALP searches the theoretical expressions
in the previous sections apply simply replacing m2 by p2,
where p, is the ALP momentum. Additional collider
bounds derived in scenarios where lepton couplings are
set to zero (e.g. Refs. [48,49]) are not included here, as they
do not apply to our analysis.

A remarkable fact will be shown: in the heavy ALP
parameter space region, sizable ALP EW interactions are
still allowed at present, which evidences the need for
experimental efforts targeting such couplings.

1. Triboson bounds

For the triboson data, a — W W~ is the dominant ALP
decay mode when this channel is kinematically open, in

both Figs. 2 and 3; this is consistent with the requirement

assumed in data analysis [47]. Since at leading order g%,

is independent of the ALP-charged lepton coupling ¢,,—
see Eq. (4.3)—the small differences in the WWW triboson
bound between both figures are only due to mild changes in
the branching ratios for ALP decay into W bosons.

The analysis of the neutral triboson channel Zyy is more
subtle. The figures show that the Zyy triboson bound
becomes stronger for ¢,, = ¢,, than in the photophobic
case (c¢,, =0) in Ref. [41], where it was originally
computed. The point is that the five diagrams in Fig. 6
contribute in the general case with both types of couplings
active, while for ¢,, =0 the ALP coupling to photons
vanishes and only diagram 1 can contribute. The dashed
Zyy bounds in Figs. 3 and 4 are qualitative estimations
obtained from the photophobic limit depicted in Fig. 2 viaa
scale factor computed from the MadGraph5_aMC@NLO
[50,51] cross sections of the ALP-mediated process.5
Opverall, the bounds from triboson searches are shown to
be superseded by those from nonresonant searches except
for a narrow window in ALP masses.

’As the ALP-mediated pp — Zyy cross section presents a
quadratic dependence on the ALP-couplings in the resonant
scenario (see Fig. 6), we scaled the photophobic bound by a
factor (o,,/0)'/%, where o, denotes the cross section in the
photophobic case, and ¢ that in the alternative scenario.

055023-9



BONILLA, GAVELA, and MACHADO-RODRIGUEZ

PHYS. REV. D 109, 055023 (2024)

2. LEP and mono- Z bbounds

The bounds from Z observables at LEP are very relevant,
in particular those from the Z partial decay width to y+ inv.
[41,52] and from its total decay width® [41,42], here
illustrated in green. They stem from experimental bounds
on g, and g,zz, which are recasted via the one-loop
analysis as limits on combinations of Tr(¢,, ) and Tr(c¢,,)—
Egs. (4.1)-(4.2)—and thus the extraction of limits on
Tr(c,,) depends explicitly on Tr(c,,).

The original mono-Z constraint is derived in Ref. [42]
for a photophobic ALP, which is shown here in Fig. 2.
Thus, in order to relate the former with the bound in Fig. 3,
we apply a scale factor on the pp — Za cross section
using again MadGraph5_aMC@NLO [50,51] as discussed
above.” Furthermore, our bounds from Z — y + inv.
and mono-Z data in Fig. 2 extend to ALP masses
m, > 3m,, as the hadronization of the ALP is 2-loop
suppressed in this photophobic scenario. Finally, to ensure
that the ALP remains invisible within the ¢,, # 0 scenario
(see Fig. 3) we impose a decay distance larger than 1 m
and 10 m [41,42] for the mono-Z and Z — y + inv.
bounds, respectively.

B. Rare meson decays

Rare K and B decays provide limits in certain regions
of parameter space, here represented in blue and yellow.
The ALP will either escape detection as missing trans-
verse energy (MET) (in blue), or—in the nonphotophobic
case—decay next into lighter particles such as charged
leptons or photons (in yellow). All these rare processes
involve flavor-changing neutral currents (FCNC), which

in the SM only happen at loop level and are mediated by

W bosons. Thus, they typically set strong bounds on g%,

which can be directly translated into a bound on
Tr(e,,)/f. via Eq. (4.3). Additionally, in the ¢,, =0
scenario such bounds can be recasted into (weaker)
bounds on Tr(c,,.)/f, based on its loop-impact on cj
from Eq. (2.8) (through the anomalous contribution to
the yy, yZ and ZZ couplings). The bounds analyzed in
this subsection can be inferred from the constraints
on ¢; and ¢ from Figs. 26 and 27 of Ref. [22]. It follows
that:

(i) For light ALPs, the best bounds stem from the search
for K™ — n"pv decays at the NA62 experiment [53],
i.e., the search for K — n™ + invisible; this MET
analysis can be directly reinterpreted in terms of ALPs
which are stable within the detector. We have adapted

SThese are superseded in Fig. 3 by those stemming from
nonresonant VBS limits.

"Since the ALP-mediated pp — Za cross sections depend
quadratically on the ALP couplings, such scale factor is now
obtained as (o, pn /0)"/2.

those limits [22,53] assuming that the effect of ¢, will
be subleading with respect to that arising from ¢t

(i) For intermediate ALP masses and the general case
¢.. # 0, Figs. 3-5 depict in yellow the limits for ALPs
unstable within collider distances. These include
several searches which are sensitive to: (i) the decay
rate of kaons into pions plus an ALP that later decays
into a e™e™ or a yy pair (labeled as K — nyy, we”et)
[54-57]; (ii)) LHCb searches for resonant ALPs in
B = KWyu~ut decays [58,59]; (iii) the measurement
of the partial decay width of B into muons [60];
(iv) several decay processes which can be mediated by
a—1 1t (B— Kr7" and T — ya(zr) [61]), repre-
sented here generically under the label X — Y777
and (v) LHCb measurements of the B — K*e~e™
branching ratio [62]. Notice that all these searches
require the ALP to decay into visible particles within
collider distances, and in consequence they do not
apply in the scenario ¢,, = 0. For instance, a maxi-
mum decay length of 60 cm (see Ref. [59]) is imposed
in Fig. 5 for bounds stemming from B — K®pupt
searches at LHCb. For illustrative purposes, the
bounds shown assume universality, this is, equal
diagonal matrix elements (c,,);-

The channels with final state charged leptons
require the tree-level insertion of ALP-charged lepton
couplings ¢, in addition to their one-loop insertion,
unlike all other data considered here.

It is worth mentioning that, in some of the rare meson
processes analyzed, the ALP and/or some gauge boson(s) V

are off-shell, while our expressions above for gl;‘(,)'\’,, were
computed for on-shell external particles. Nevertheless, on

one side the generalization to off-shell ALPs is straightfor-

ward as explained, and, on the other, the gz’v%, dependence

on momenta is only present in mass-dependent terms which
are subleading with respect to the anomalous—and thus
momentum-independent—contributions, as discussed ear-
lier as well, and thus the bounds depicted are solid in this
respect.

C. Bounds on ALP-photon and electron couplings

Some of the bounds included in Fig. 3 arise from
observables involving the ALP coupling to charged lep-

tons, ¢,,, either at tree-level or at one-loop level from its

impact on giof—see Eq. (3.1)—independently of the value

of the physical ALP-neutrino coupling. However, those
bounds still impose limits on ¢,, due to its relation with ¢,,
via gauge invariance [Eq. (2.6)]. These include:

This is justified as the bounds obtained in Fig. 27 Ref. [22] in
the ¢z # 0 scenario are two orders of magnitude weaker than
those for the ¢; # O scenario.
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(i) Astrophysics and cosmology bounds. For a general
nonphotophobic ALP, its putative decay into diphoton
pairs, Primakoff emission, and ALP production via
photon coalescence in a hot and dense environment
would contribute as an additional cooling channel for
SN1987a [23,63]—potentially shortening its neutrino
burst and producing observable gamma-rays after the
explosion—and would affect the luminosity evolution
of low-energy supernovae [64] (labeled as SNe).’
Similarly, it would leave a clear signature in the
CMB and BBN observations through the impact on
the effective number of early universe species for light
enough ALPs [65,60].

(ii) Beam dump searches for ALP-photon and ALP-
electron' couplings [67-72].

(iii) High-energy collider searches for ALP-mediated di-
photon production at the LHC [46], and light-by-light
(yy — yy) scattering in Pb-Pb collisions [44,45].

The remaining constraints on ¢,, in Fig. 4 are derived

assuming Tr(c,,) =0 (i.e., ¢, = 0).

V. CONCLUSIONS

The dark sector of the Universe deserves utmost
attention as it heralds new laws of physics beyond the
Standard Model of particle physics. Neutrinos arguably
constitute excellent portals in this search, as their inter-
actions are not obscured by strong or electromagnetic
forces. We explored here the possible effective interactions
of neutrinos to axionlike particles. In addition to theoreti-
cal developments, we have derived new bounds on
ALP-neutrino interactions.

The model-independent tool of the ALP EFT has been
used in order to formulate the problem. Its inherent gauge
invariant nature ties necessarily together the exploration of
ALP couplings to neutrinos with those to charged leptons.
Our analysis has thus encompassed both types of cou-
plings, i.e., the set of {¢,,, ¢,, } matrices, exploring how the
limits on ALP-neutrino interactions may vary depending on
the assumptions about ALP interactions with charged
leptons. This is in contrast with previous literature, where
typically just about half of that parameter space was
tackled.

Neglecting neutrino masses, the trace of ALP-neutrino
couplings can be entirely traded by anomalous ALP
couplings to the set of EW gauge bosons {g,ww,gazz
Jayz} as they are connected via the chiral anomaly. We

“The narrow gap in the SNe bound, corresponding to an ALP
mass m, = 2m,,, can be understood from Eq. (3.1) as a partial
cancelation between the electron and muon contribution to gl
at 1-loop.

"®We assume the universality of ¢,,, i.e., diagonal and equally
coupled to all generations, in order to extend these bounds
to Tr(c,,).

have explored theoretically the one-loop impact of the
former on the latter (in addition to the well known impact
of ALP-charged lepton couplings on them and on g,,,).
The complete one-loop computations were presented for
ALPs and EW gauge bosons on-shell.

We have next recasted existing bounds on anomalous
couplings of EW bosons to ALPs in terms of the {c,,, ¢,,
parameter space, confronting data from different type
of experiments. These bounds hold barring underlying
symmetries in the UV or fine-tuned cancellations between
the contributions explored here and other sources of ALP-
EW gauge boson anomalous couplings. While similar
constraints have been set previously from rare meson
decays [22], the limits on ALP-neutrino interactions
extracted from collider data are presented here for the
first time. These span extensive novel territory in param-
eter space for a wide range of ALP masses, ranging from
ultralight ALPs to ~103 GeV ALP masses, and they
sweep over several orders of magnitude in strength; data
from heavy ALP searches at colliders have a particularly
strong impact, see Figs. 2-5, which demonstrate the
potential of high energy probes as a tool to explore
ALP EW interactions and thus, indirectly, ALP-neutrino
couplings.

ALP-neutrino interactions are being increasingly con-
sidered in the arena of neutrino physics, because of their
intrinsic interest and for their putative impact on the
cosmological history and on astrophysics issues.
Hopefully this work will help to clarify the formulation
of the problem and to delimitate the frontiers of this quest.
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APPENDIX: COMPLETE EXPRESSIONS FOR ONE-LOOP COUPLINGS

1. Contributions from axial and vectorial insertions

We present the nonvanishing contributions to the one-loop induced couplings in Eqgs. (3.6), (3.12) and (3.18), stemming

from all combinations of axial and vectorial insertions in Fig. 1.

Contributions to g,,,: Equation (3.1) is directly obtained from the Axial-Vector-Vector contribution, i.e., the combination

of the axial coupling of the ALP to charged leptons and the (vectorial) couplings of the photons.
Contributions 10 g,,7:
(i) Axial-vector-vector:

a
gaA;/\%V =5——(1- 4sv2v)2(cee)ff(1 +2m3)Co(0, M7, m, mp,mp, my).
2¢,,8,7f 4 7
(i1) Vector-vector-axial:
A = 5 [2Tr(e,,) = Tr(ce):
a zcwswﬂfa v “

Contributions to g,z77:
(1) Axial-axial-axial:

gap =~ O [l ) (e, - S el (502 1 m,y)
“ 2c2s2nf, |8 — mg, — 4M3,

m;
- B(M%. ms,my) + TCO(mgu M5 M7, my, my, mf):| }

(i) Axial-vector-vector:

aem

1
A = = g M) + (1= 43P, )

2 (Cee)pem?(1 = 45%)2Co(m3, M. M2 mp, my, mf)}-
4

(iii) Vector-axial-vector and vector-vector-axial:

a
gZ}ZA = ﬁ {(_3 + 8S3V)TT(CW) + (] - 45%})Tr(cee)}'
Contributions to g,ww:
(i) Axial-axial-axial:
= -2 Ln(e,) + (e 4382 (5002 iy, m,
“ 16s27f, ’ — m2 — AM3,

my . Mj, 2 2 a2 a2
+ I_M—Z lﬂ'+10g —2—1 —Q—MWCO(ma,MW,MW,m,f,mf,O) .

w ny
(i1) Axial-vector-vector:

gAY — gAAA
aww = Jaww-
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(iii) Vector-axial-vector and vector-vector-axial:

Qem
QX%IVAV = Ssg‘;”fa [Tr(cee) - 3TI'(CW)}. (Ag)

2. Nonvanishing neutrino masses

We present the results for the one-loop amplitudes associated to the triangle diagram in Fig. 1 for nonvanishing
neutrino masses n1,,. Only the g,z and g,yw anomalous couplings receive additional contributions from m,,, while g,,,

and g,,,—Eqs. (3.1) and (3.6), respectively—remain unchanged. The expressions for glyh and gy read

2

1 a, c m

38 = = (1= 250 Tr(e) + 258e) = S0 S5 50 = 083 )
wEw a f

(1= 452)2M3 + 253 (1 = 253)m2)Co (2, M3, M3 my.my.m,)

ffm
_Zmuu—él-ﬂlbzf (mg’mw’mw)_B(M%’ml/f’ml/f)+M%CO(mﬁvM%7M2’mw,mumm )]} (A9)
joop ___Yem_ Jpy ¢ )_Zw B2, mymy) — BOEy mom, )
aWw 2S»2vﬂfa 172 m§—4M%V as Mty Ity W Me, My,

4
m> my

- (1375 (e () - it i b e )|
w Ve

(€) pemy
_Zmzw 4MD2/ (m37myf’mvf)_B(M%Wmfvmvf)
4 a

m;, 2 A2 As2
+ e log| — - + M3,Co(m2, M My omy, my,, my)
w Vg

mfm,, my
+ ZMZ ZLMZ ) |:(cee - cuv)ff ]0g (m—>

¢ W vy

— (Cod) s MCo 2 Moy Moy g mpm,,) — <cw>ﬁM%Vco<mz,M%v,M%v,myf,my,,,mt»)} } (AL0)

Note that these expression are also valid in the regime for off-shell ALPs upon the replacement m2 — p2.
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Chapter 6

Running beyond ALPs:
Shift-breaking and CP-violating
Effects

This chapter contains the publication in Ref. [2]. In this work we present the full
renormalization group equations (RGEs) of the SMEFT extended with a real scalar
singlet up to dimension-five with one-loop accuracy. We include CP-odd as well as
shift-breaking interactions and keep track of all mixing effects across energies.

If a new scalar particle is ever discovered at experiments, there are two fundamental
questions to address: (i) Does it interact with the Higgs, the only scalar in the SM? (77)
How close is it to an axion-like particle? In order to answer these questions, effective field
theories offer a model-independent approach to describe the low-energy effects —beyond
the renormalizable level— of an hypothetical UV complete theory. Previous studies allow
us to connect the complete SM+-scalar singlet EFT —*“singlet EFT” from now on— to
that of the "shift-symmetric limit” [36, 134, 135], i.e. the ALP EFT. We also make use
of the flavor invariants built in Ref. [153], which quantify the amount of shift symmetry
breaking. In addition, there is a growing interest on ALP CP-odd interactions [274-279],
since CP is at the heart of the flavor problem and constitutes an excellent window to new
physics (e.g. the neutron EDM). Since RGEs characterize the evolution with energy of
the fundamental parameters of a theory, which can affect the stability of these answers,
an in-depth study of the RGEs of the complete singlet EFT is key in the quest for BSM
signals in the precision era of particle physics.

The RGEs of the singlet EFT were previously obtained in the literature in two
particular scenarios: ignoring CP violating new physics [134]; or under the assumption
that the singlet is an ALP, i.e., including only shift-preserving and anomalous interac-
tions [36, 135]. Our work is therefore the most complete study on the singlet EFT so far.
We obtain the running of the Wilson coefficients both in the high-energy and the low-
energy EFTs —resulting from integrating the top quark, the Higgs, the Z and the W—,
and perform the matching between them at tree level. These results are implemented
in our new Mathematica package —ALPRunner [280]— which can be used to study in
detail the phenomenology of the singlet EFT. Among its main functionalities, it can be
used to solve the RGEs for a given UV scenario or to translate low-energy experimental
bounds into constraints on the high-energy parameters of the theory.
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This chapter is structured as follows. The complete singlet EFT, including CP-
violating and shift-breaking interactions up to dimension-five, is first reviewed. We work
in the basis of independent Green’s functions in Ref. [134]. The connection to the ALP
EFT, which is an important case limit of our study, is also discussed. Next, the RGEs
of the high-energy EFT are presented, followed by the discussion of the matching to the
low-energy EFT. We also review in detail the causes and interesting implications of mix-
ing in the scalar sector —often disregarded in the literature—, such as new correlations
among the triple and quartic Higgs couplings. Analytical expressions for the mixing
angle between the Higgs and the singlet are provided. The RGEs of the low-energy
EFT are presented as well. Finally, we illustrate the non-trivial impact of running in
the phenomenology of the scalar singlet by computing the strongest EDM constraints
on particular high-energy EFT scenarios with only two non-vanishing BSM couplings:
(i) We first consider two gauge scenarios with either couplings to the hypercharge gauge
bosons B or gluons, setting boounds on the singlet couplings to the anomalous and
kinetic terms, X, X* and X, X", respectively; (%) Finally, we consider the 3 x 3 sin-
glet coupling to the down quark sector and the Higgs, with only two real non-vanishing
components. These results have been obtained making use of dedicated routines im-
plemented in the ALPRunner package. All its features and some basic guidelines are
presented in this section.

The results presented in this work improve significantly our understanding of the
phenomenology of scalar extensions of the SM and the impact of running and mixing
in the most general singlet EFT studied so far in the literature. The full set of RGEs,
implemented in our package ALPRunner —with functions to solve them numerically and
perform the matching—, will contribute to future phenomenological analyses looking for
BSM physics signals in the scalar sector.

The computations are based on dedicated routines that rely on FeynRules [281],
FeynArts [282] and FormCalc [283], and have been cross-checked with matchmakereft [284].
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1 Introduction

Singlet scalars are one of the most promising candidates of beyond the Standard Model
(BSM) physics. Not only can they provide solutions to long-standing puzzles of the SM, but
their elusive nature can also explain their challenging detection, in spite of the increasing
experimental efforts which span a wide range of energies and sophisticated techniques [1].

If a new scalar particle is ever discovered, compelling questions will be addressed which
could impact significantly our knowledge of Nature. One of these questions is how much
the exotic scalar can interact with the only other we know, the Higgs boson. If the Higgs is
afterall a composite particle, a plausible solution to the electroweak (EW) hierarchy prob-
lem [2, 3], it should be accompanied by several other scalar “siblings”, most predicted to
transform as singlets under the SM gauge group [4-8]. The size of the scalar interactions,
being UV dependent, could therefore provide valuable information about the underlying
dynamics responsible for EW symmetry breaking (EWSB) [4]. Moreover, the Higgs-singlet
portal is one of the simplest avenues to generate the dark matter relic density we ob-
serve [9-11], or even a first order phase transition, in turn connected with the possibility



of explaining baryogenesis [12-15]. The amount of CP violation the singlet carries would
be then a key property to determine the viability of this scenario.

Another prominent question to face will be how much the new singlet looks like an
axion-like particle (ALP). The existence of ALPs is a common prediction of more fundamen-
tal constructions, like string theory [16, 17]. They are furthermore motivated by another
fine-tuning problem in the SM, the strong CP problem, which is the fine adjustment one
is required to make (of more than ten orders of magnitude) to explain the absence of CP-
violation in the QCD vacuum. To successfully solve this problem, the singlet interactions
would have to preserve a shift-symmetry of very high quality [18-21].

At the renormalizable level, the answers to these questions lie on measuring the
strength of only a few singlet interactions with the SM particles. For instance, in the
absence of mixing, the communication between a scalar singlet and the SM is entirely
dictated by triplet and quartic interactions which are in turn related by the Higgs vac-
uum expectation value (VEV). Instead, if the two scalars mix, the singlet can also develop
universal couplings to the SM fermions which are Yukawa suppressed, and moreover in-
compatible with a shift-symmetry.

Effective corrections can however change the answer to these questions, while renormal-
ization group (RG) running can affect their stability. Therefore, in this work, we present
the one-loop renormalization group equations (RGEs) characterizing the evolution across
energy scales of all singlet interactions with the SM, up to mass dimension five. The RGEs
of the singlet effective field theory (EFT) were previously obtained in two particular limits:
ignoring CP-odd couplings (under the assumption that the singlet is a pseudoscalar) [22]; or
including only shift-preserving interactions, that is assuming the singlet is an ALP [23, 24].
Our work is therefore the most complete study of the singlet EFT presented in the literature
so far, not only at the level of RGEs, but also in what concerns all effective contributions
to the scalar mass mixing. We obtain the running of the Wilson coefficients both in the
high-energy (HE) and in the low-energy (LE) EFTs, the latter resulting from integrating
out the heavy top quark, the Higgs and the Z and W gauge bosons. The matching between
the two theories is also obtained at tree level, including the effects which arise from scalar
mixing. The shift-symmetric limit of our results is commented throughout the work.

As an application, we obtain the electric dipole moment (EDM) constraints on partic-
ular UV scenarios taking the full running of couplings into account. In particular, we set
constraints on the CP violation arising from a CP-even BSM scenario, due to the mixing
with the Yukawa couplings of the SM. We also exemplify how the experimental constraints
of a generic singlet can be directly compared with those of an ALP. This comparison is
based on the analysis presented in ref. [25], where the shift-symmetry flavour invariants
induced by the singlet-fermionic couplings were constructed.

All the results obtained in this work are provided in a new Mathematica package,
ALPRunner [26], that can be used to study in detail the phenomenology of the singlet EFT.
The main functionalities are described in appendix A. Using this tool, it is straightforward
for the user to find the whole set of EFT parameters generated at an IR scale given the
inputs defined in the UV. A procedure is also implemented such that, given low-energy
bounds, constraints can be placed on the UV parameters of the theory.

The structure of this work can be easily understood from the table of contents.



2 The complete singlet EFT

The renormalisable Lagrangian of the SM extended with a real scalar singlet (s) reads [27—
29]:

1 1 K As As
Lsnts = 5((%3)(8“3) — 57”332 — 533 — 134 — KegSGTp — 7¢s2¢T¢

1 A ~Auv 1 v 1 v 92 A NAuv

- ZG'U‘VG w_ ZW:VWGN - EBHVB“ +0QCD32;2GuyG K

+ > iy - (ygﬁﬁaéu% + ygﬁqiatbd% + yfwﬁa@% + h.c.)
P=q,l,u,d,e

+ (D) (D 9) + 2o — Ao 9)?, (2.1)

where we have used eg, ur and dr to denote the right-handed (RH) leptons and quarks;
while I, and ¢r, are the left-handed (LH) counterparts. In turn, y*, y?, and 3¢ are the
SM Yukawa matrices. We represent the Higgs doublet by ¢ = (¢, ¢°)7 and its charge
conjugate by gz~5 =i09¢". Gﬁy, Wi,
groups SU(3)¢ , SU(2) 1, and U(1)y, respectively. The corresponding gauge couplings are
denoted by g;, with ¢ = 1,2,3. The dual strength tensor of the gluon field is defined

as G4 = %GWWGA”)U and similarly for the other gauge fields. We use the minus sign

and B,,, are the field strength tensors of the SM gauge

convention for the covariant derivative.
At dimension-five and assuming lepton number conservation, a minimal basis for the
SM+s EFT is given by the following operators [22]:

gﬁf/m = LsMys + S iqT;asququbuR +iqrasigPdr + iEase¢¢eR +h.c.| + as585
+agssS(p1) + ass(dTp)? + asastyéA“” + a g sW, W

+ asgsté"” + CLSGstL1 G 4 aswsW, W + aspsB,, B", (2.2)
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where a4 are complex matrices in flavour space to account for both CP-conserving and
CP-violating interactions. In our notation, all a; = af/A are dimension-full couplings,
with A denoting the cutoff scale up until which the EFT is a valid expansion. In what
follows, we assume s is a pseudoscalar. The previous EFT and the results to obtain next
are however valid beyond this assumption.

To order v/A, the dimension-five Wilson coefficients are only renormalized by other

dimension-five couplings:

da;
16720 d(; = fyi(;)aj. (2.3)

The anomalous dimensions (! were computed in ref. [22] for the CP-even sector in isola-
tion. We generalize eq. (2.3) by including the contributions from CP-odd couplings. In this
more general scenario, dimension-five terms renormalize lower dimensional interactions as
well, due to the presence of light mass scales in the theory. This effect is absent assuming
only CP-even interactions as, in this case, there is a Z9 symmetry acting on s — —s, under
which the (non-) renormalizable sector of the EFT is (odd) even.



Considering renormalizable couplings, we therefore expect, schematically, the following

structure:
16720 =02 4 D ma, 2.4
Tr,ud = Kj T mia; (2.4)
dX; 4
1672 ” = DN+ ksa. (2.5)

where m = mg, u. The RGEs of the CP-odd couplings in eq. (2.4) are presented for the
first time in this work, as well as the contributions stemming from ~(®).

2.1 A comparison with the ALP basis

In order to account for the most generic interactions, we did not impose shift-symmetry
in the EFT defined in eq. (2.2), as commonly done in studies of axions and ALPs, which
arise as the Goldstone bosons of a spontaneously broken global symmetry. In particular,
the axion is a prediction of the Peccei-Quinn mechanism [18-21] to solve the strong CP
problem, which requires an exact shift symmetry in the axion Lagrangian, broken at the
quantum level by the anomalous interaction with gluons. Upon QCD confinement, such
interaction generates a periodic potential for the axion, V(s) = V(s + 2nfs), with fs
denoting the field decay constant. Such potential also predicts a strict relation between
the mass and decay constant for the axion field, that ALPs are not required to abide.

Up to a bare mass term, the minimal set of ALP interactions can be described by the
following EFT [30]:

1 S
Lavp = 5(0us) +Z Ous ¢c¢7“w+ZcX I%XQ X X1 (2.6)

where v runs over qr,lr,ur,dR,er, ¢, are hermitian matrices in flavour space and X =
G,W,B. When the gauge boson sector of this theory is considered in isolation, the 27w
periodicity imposes that cx € Z [31]. While the shift s — s+ 27 f; modifies the interaction
Lagrangian, the action is left invariant whenever this quantization condition is fulfilled.
It is well known that a chiral rotation produces, however, additional interactions which
modify this condition [32]. In other words, the requirement cx € Z follows from the ALP
periodicity only in the basis of eq. (2.6).

Consequently, in this basis, the running of cx couplings is expected to vanish,' as
found in previous works [22-24] (up to two-loop accuracy in the gauge couplings). On the
other hand, there is no constraint on the running of the derivative couplings.

In the interaction basis considered in this work (eq. (2.2)), the singlet periodicity is
explicitly broken. Therefore, no quantization constraint applies.? The previous discussion
still connects to our work in two main ways:

1This argument is valid up to the inclusion of a potential, whose truncation can break explicitly the
ALP periodicity.
2There can be other reasons preventing the one-loop running of the couplings of a general scalar singlet.



e The more restrictive running in the SM+s EFT invariant under discrete ALP shifts
constitutes an important case limit of our study, which should be recovered from the
complete RGEs to be derived next.

e Using the freedom to write the derivative interactions between the ALP and fermions
in terms of chirality-flipping operators, it is straightforward to find the conditions to
preserve shift-symmetry in the basis of eq. (2.2). Hence, the ALP phenomenology
can be studied using the EFT basis of this work, even though it is not possible in
general to map the couplings back to the chirality-preserving basis in eq. (2.6).

Indeed, by integrating by parts the second term in eq. (2.6) and using the SM equations
of motion (EOMs), we obtain the fermionic operators in eq. (2.2) with the following coef-
ficients [22]:

Qsup = i (yucu - quu) y  OQsdp = i (ydcd - qud> y  Osep = i (yece - Clye) . (27)

fS fS fS

These three conditions are sufficient to preserve a continuous shift-symmetry at the per-
turbative level in our EFT, up to terms in the scalar potential. However these conditions
are implicit and do not, in general, allow to identify the c-matrices given a set of agyg
couplings.

Only under specific assumptions, such as Minimal Flavour Violation or in the presence
of just one fermion generation coupled to the ALP, it is possible to trade completely ¢;, ¢, by
their RH counterparts and find one-to-one correspondence between the chirality-preserving
and chirality-flipping couplings [22-24]. In those cases, to match the results derived using
the basis in eq. (2.6) and ours, shifts on the anomalous couplings also need to be taken
into account, that arise from the axial anomaly equation [33]:

2 -
93 1
Ao = 6227, _cG — §Tr (cy +cq — 2cq)] , (2.8)
2 -
92 1
5 = =Tr (3 2.9
= o o + 3 TrBeg+ )| (29
2 -
7 411 1
a,p = 6027, _cB —Tr (3cu + gcd — gcq + Co — 50; . (2.10)

Assuming this set of boundary conditions (egs. (2.7)-(2.10)), the results obtained with
any of the two bases must agree within an accuracy of O(«/A). Finally, we remark that
the general basis adopted in this work can be used to study the fate of shift-symmetric
scenarios under running, without having to refer implicitly to the matrices c¢,. This has
become possible with the work presented in ref. [25], where the complete set of flavour
invariants associated to the singlet shift-symmetry was constructed, and shown to form a
closed set under RG evolution.

3 High-energy anomalous dimensions

We renormalize the SM+s EFT by computing the divergences in the basis of independent
Green’s functions of ref. [22]; see appendix B. We use the background field method (BFM)



and work in the Feynman gauge with d = 4 — 2¢ spacetime dimensions. The computa-

tions are based on dedicated routines that rely on FeynRules [34], FeynArts [35], and

FormCalc [36]. All of our results have been cross-checked with matchmakereft [37], from

which we have obtained the u? contributions.

The one-loop divergences of the renormalizable couplings read:

1
m/? = ~ 355 <)\Sm§ + K2+ 4n§¢ - 4)\5¢u2> ,
1 1
12 _ L (5.2 2., 4 ( 2 2 _ 2
W = oo (262 + Aom? + 5 (97 4303 — 120) 12%)
3 /1 1
KL = Py (855/\5 + §ms¢)\s¢ — 5a85m§+a53,u2) ,
1 1
I{,;¢ =~ 357 (/fsAs¢ — 5fise {g% + 395 — 8(3\ + >\5¢)} — 6a53m§+12asu2> ,
1 3 3
)\; = —m <8)\§ —'I— 5/\§¢ — 12 (Ks¢a53 + 5/{’8(1’85)) 5
1 1 1
r_ 2 2
s — —% {)\sqﬁ |:>\5¢ + 1)\3 + 3\ — é <91 + 392):|

— {3,%3(183 + 6 (as + as3)/€3¢] } ,

2
v - _W{z (91 + 304 +2078) — (2 + 303) A+ 242 4 228
— 8o — 2Tr |3 (ylyuylvu + vhvaviva) + vlvevly. } :
v = 16;26 :ydyflyu + % (2597 + 2795 + 1923 ) yu + mswm} :
Vi = ﬁ :yuylyd + % (97 + 2793 + 19263 ) ya + i“s¢asd¢] :
v = ﬁ :(39% +93) e + ngaseqﬁ] :

(3.7)

(3.8)

(3.9)

(3.10)

As we work in BFM approach, the divergences of the gauge couplings are automatically

fixed by the wave function renormalization (WFR) factors of the gauge bosons [38]. The

latter are not modified by the presence of CP-odd terms and can therefore be read from

ref. [22].

We obtain the following divergences for the effective couplings:?

1
alss = —m (5)\sas5 + )‘s¢>as3) , (3-11)
, 1 gi 393
ags = —m 12X + 3)Xg + 12)\3:15 — ? — 7 ag + 6)\s¢a5 + 20)\s¢a55 , (3.12)

3In several of the following terms, the unit matrix in flavour space is left implicit.
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1 g 3¢5 16¢7
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+ yuaiwyd +i (zg%asB - 169%%0) yd} ; (3.15)
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32m=e 3 s s s

ra = 32;26 (asesvt — 3t 5 — 9g3a ) . (3.18)
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The = —ﬁ (alesve — 69t z) | (3.21)
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where the r-couplings are associated to redundant operators which will be redefined away;
see appendix B. All other counterterms vanish up to the EFT and loop order we are
interested in.

The divergences obtained above can be projected onto the minimal basis of eq. (2.2)
using suitable field redefinitions, which can be implemented via the EFT EOMs within
O(1/A) accuracy. In this procedure, we neglect O(a/4m) corrections that arise from the
anomaly equations which relate chirality-preserving operators with the chirality-flipping
ones in our basis; see eqs. (2.8)—(2.10). This would lead to O(a/4w)? corrections which
are beyond the scope of our analysis. The on-shell results are obtained after the following
replacements:*

/ / 2./
K — Kg+06msr

3 |1 1
=~ e |5t gsodss —Bagmitilas | (3.23)

4These replacements differ from those in ref. [22], where only the CP-even components of the flavour
couplings were considered.
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+3As0 (g%asB + Sg%asw) +2XgpIm | Tr [3 (ydaidqj — aswyl) + yealeqbﬂ } , (3.32)

CL/S — als + 4)\1111 (T;¢D) — /\S(z)ré)su

1
=0 { (48A+8Xsg — 97 — 303 ) as +6Xssa,s — 3 (g1 + 9703 — 40g} ) asp

-3 (393 + g%gg - 12)‘93) asw +8Im | Tr [3 (y;rlydy;rlaschb + yq]:yuylasuqb)

+ ylyeylasedu +A (Sydaidd, - Sylasuqb + yeaied,) ” } . (3.33)

We can now obtain the anomalous dimensions of all couplings in the singlet EFT.
Taking the CP-even limit of our results, we find exact agreement with those presented in
ref. [22].

The complete expressions for the RGEs are provided in the ALPRunner package [26]
published along this work. Instead, a more graphic picture is presented in tables 1 and 2,
where we show the structure of the anomalous dimension matrices, resulting from one-
loop insertions of the SM and new physics (NP) couplings up to O (1/A). Each Wilson
coefficient in the rows is renormalized by the non-zero coefficients in the columns. We have
highlighted in blue the contributions which deviate from naive dimensional analysis [39]
by at least one order of magnitude, and which are therefore expected to play an important
role in the singlet phenomenology.

Most of the zeros in these tables are trivial. For example, it is not possible to insert
an s° operator in a one-loop diagram without leaving at least 3 external singlet legs, which
explains the non-renormalization results in the first column of table 1. On the other hand,
operators with n singlet fields can renormalize others with m > n singlet fields via the
insertion of renormalizable NP interactions. Interestingly, both sX X and sX X operators
renormalize the fermionic interactions of the singlet, while sXX renormalizes also the
mixed interactions in the scalar sector.



s° 3T s(6'9)?  sUrgr sXX sXX
s As Aso 0 0 0 0
SOl | Aag As+Ap + A+ 97 Aso Aot Aspg3 0
s(¢fg)? | 0 Aso oo T A+UF Ui+ Ay Mg 0
sULovr | 0 0 0 Xeo T YPGBy 93y
sXX 0 0 0 0 g3 0
sXX 0 0 0 0 0 g3

Table 1. Structure of the dimension-five anomalous dimension matrix. Only BSM and the leading

SM contributions are kept. For instance, y, (the top-quark Yukawa coupling) and go 3 are the
largest contributions in their respective sub-classes. Terms in blue show the contributions that
deviate significantly from naive dimensional analysis; see the text for details.

s (01)  s(019)° sUrepr sXX sXX
53 m? 2 0 0 0 0
s(¢f¢) | 0 m] w? y®  gip® 0
st Ks Ksé 0 0 0 0
s2(@Te) | 0 ke Ks¢ Kse Ythisp  G3Kse 0
(6fe)2 | 0 0 oo 0 0 0

Table 2. Structure of the renormalizable anomalous dimension matrix induced by effective inter-
actions. Terms in blue show the contributions that deviate significantly from naive dimensional

analysis; see the text for details.

At one-loop, in the most generic basis, we find that the pseudoscalar interactions with

gauge bosons run proportionally to the gauge coupling,

B

a ~
sB,sB

a ~
sW,sW

a ~
sG,sG

In fact, if we redefine a_, ¢

2 -
X, sx — IXxCx x»

41

= 3 9iaz(asn), (3.34)
19

— 5 90 (asw), (3.35)

—14g§a5(~;(agg). (3.36)

we find that the ¢, & couplings do not run at

X
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Figure 1. One-loop diagrams that contribute to the s — V'V divergent amplitude, V' denoting any
SM vector, at order O (1/A).

all [22-24]. This follows from a non-trivial cancellation of the diagrams shown in figure 1
and agrees with the considerations presented in the previous section. Indeed, considering
the gauge sector in isolation, the CP-even couplings ¢y cannot be multiplicatively renor-
malized since they are multiplied by an effective angle that is 27 periodic. The additional
pseudoscalar interactions in the EFT could in principle break the scale invariance of these
couplings, as they explicitly break this periodicity. However, no one-loop diagram can be
constructed with a single insertion of s¢1)¢ (or other) terms. On the other hand, the
CP-odd couplings cx are not renormalized because X? is the trace of the conserved energy
momentum tensor [40].

Regarding the singlet-fermion interactions, our results show that they produce at low
energies interactions between the pseudoscalar and the Higgs, both at the renormalizable
and non-renormalizable levels. These effects are absent in shift-symmetric scenarios, that
is for an ALP, as in this case the fermionic interactions grow with momentum and hence
can only renormalize themselves [23]. Furthermore, the presence of the SM Yukawas in
the RGEs of the singlet fermionic couplings implies that CP-even UV setups are not, in
general, stable upon running.

4 Matching at the electroweak scale

After the Higgs field develops a VEV, at energies v ~ 246 GeV, the SM particles develop
masses. Given the large hierarchy between the masses of the EW bosons and the top quark,
in comparison to that of the remaining particles in the SM, the former can be integrated
out rendering a simpler low-energy EFT (LEFT). While this theory can be fully general
and matched to different models above the EW scale, we present in section 4.2 the tree-level
matching results assuming that the singlet s is the only BSM d.o.f. in the UV. With this
aim, we start by diagonalizing the mass matrix of the scalar sector.

4.1 Scalar mixing

The scalar mass matrix induced by the interactions in our EFT reads

Mgﬁ‘ == Mg + M% ) (41)
where N
M2 — mz + %4’1;2 + s (ms + %vs) v (Ksp + Aspvs) (4.2)
0~ 7 '
U (Ksgp + AspUs) —p? + 3M\® + Kspus + Aid’ vy

- 11 -



and

) (4.3)

MZ — —3asv?vs — 20a,503 —v (asv? + 3agzv?)
! —v (asv® 4+ 3agv?) —vs (3asv? + aso?) '

In the expressions above, v is the observed Higgs VEV, determined from muon decay
measurements, while vs denotes the singlet VEV which solves the tadpole equations

1
p? = x? + Vs (2Ks¢ + AspUs) — asvvg — assvg , (4.4)
A
2m2vs + Kegv® = —Agv?vs — KsVZ — ?Svg + %U4 + 3a0v?v2 + 10a 07 . (4.5)

Moreover, (v, vs) is guaranteed to be a minimum of the scalar potential if it satisfies the
following conditions:
Det(M?%;) >0 and Tr(MZ%) > 0. (4.6)

The mass matrix in eq. (4.2) can be diagonalized by the rotation
s cos@ —sinf §
= < (4.7)
h sinf cos6 h

—2a,03 4+ 40as vt fv — Fvs/v (6m? + 3ksv5 + Asv2)
(4das — 6ag) v20s — 40a,503 + 2m2 4+ (—4X + Agp) V2 + V5 (265 + Asvs)

with

tan 20 =

(4.8)

To obtain this expression, we have used eqs. (4.4) and (4.5) to rewrite (u?, ksp) in terms
of the remaining parameters in the EFT. In the absence of CP-odd interactions, vy = 0
is a solution of the tadpole equations consistent with the SM assignment of the Higgs
parameters, i.e. p?> = Av?. In this limit, the weak and the physical bases of the scalar
sector automatically coincide. From the expression above, it is also clear that at the
renormalizable level, if the UV parameters are chosen so that vs vanishes, no mixing with
the Higgs boson can arise. Neglecting the effective interactions, our expressions agree
exactly with the results obtained in previous works [12, 15, 41]. Nonetheless and in spite of
the popularity of the singlet framework, there are several studies in the literature exploring
the consequences of scalar mixing that neglect the implications of vy # 0.

The correlation between the singlet VEV and the scalar mixing is broken by the
dimension-five interactions. Indeed, if the coupling as is generated by the UV model,
h — s mixing can arise even for vs; = 0. This scenario is very particular as it implies an
alignment between renormalizable and effective interactions, rgg ~ asv?, leading to

2a,0°
(AN + Agg) 02 —m2

Therefore, in full generality, we keep track of the v, dependence in the physical cou-

tan 20 —

(4.9)

plings arising from this framework:

1 1 ; : - .
Lop D —gigs® = Simph? — % 3 Hs;hsgh N Hs;z sh? %hg
- %54 - L;jh s°h — %SQh2 - %sh3 - %h‘l (4.10)

+ &5585 + ds4h54h + d83h253h2 + &52h382h3 + &Sh48h4 + &h5h5 ,
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where for instance the quartic couplings read as

An = 6 (\ — asvs + 40vay) | (4.11)
Ne=\s — 24 (Qvags + Svsags) (4.12)

in the small mixing limit. They are related to the physical scalar masses via the relations:

2 A 4

m% = 2% — 2a0%v, + 6= 2m§vs + nsvg + Esvg’ + as% — 10assv§} , (4.13)
v

A2 2 A 2 >‘s¢ 2, As o 2 2 5,2

ms =ms — my + 2 \0° + —0v° + —0v5 + Ksvs — Vs |2a50° + 3asv° + 20a,vs | . (4.14)

2 2

It is also interesting to point out the relation between the triple and quartic Higgs

couplings in the presence of the singlet, taking into account all effective contributions up
to O(1/A):

N 33 :
Sv = fn = 0| So%a, + 302—;%5 - % (6m2 + 3k0, + A0?) ] : (4.15)

or, in terms of physical parameters,

1« 313
S — = —5% + 240a 4102 . (4.16)

From this expression, it follows that the SM relation between the two physical Higgs cou-
plings can only be broken by non-renormalizable singlet interactions.

A similar effect occurs in the singlet-Higgs portal couplings. To give an example, in
the particular case of vy — 0, we find that:

5‘32h2 — Ry, =0 [Iﬁ;s + v? (9ag — 7(15)] , (4.17)

where 6 is now determined from eq. (4.9). The parameters on the right-hand-side of this
equation can be further traded by the physical ones, using the results in appendix C:

jxszhﬂ) — Rg2p, =0 [/%s + 40? (6agsp2 — 7&5,14)} . (4.18)

The gauge sector receives also corrections from a non-vanishing vs. After redefining
the gauge couplings,

gi = i (1 — 2vsasy;) , with dgy = (asp, asw, asq) , (4.19)

as well as the gauge bosons
Vi = Vi (14 2vsasv,) , (4.20)

such that the product g;V; remains invariant, the physical vector masses read the same as
in the SM.°

®Loop effects can however modify these relations; see for example ref. [42].
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Furthermore, the singlet develops renormalizable interactions with the EW gauge
bosons due to the mixing with the Higgs particle:

Loy D Y. |(coz+ cp2z®) PZ* + (cow + cary®) PW?| (4.21)
d=s,h
where
R ~9 ~9
_ 92 A _ 9 _ 9
Chz = EmZ7 Chww = g2mw , Ch2z = %7 Cr2w = 0 (4-22)
G2 .
Csz = %HmZ7 CsW = gQGmW y Cs27 = 07 Ce2yy = 0. (423)
w

In turn, by mixing with the singlet, the Higgs particle can also couple to all gauge bosons
at the non-renormalizable level:

ﬁ«p’v D) Z

d=s,h

&@AA@AMVA“V + CAL@ZZ(I)Z,“,Z/W + &@AZ(I)AIWZ/W + &@WW(I)W/jg,quy

+ a0ca @G, G + g 4 1AW A" + Gy, 9L I + (g ;P A ZH

+ gy i WL W 4 G0 @G, GYY + (4.24)
where the ellipsis represent additional 4-body interactions, with at least 2 heavy fields,
which will not be important in the discussion that follows. The CP-even couplings above
are given by:

R 2 2 R 2 2
(sAA = CyyQsB T S5y, AsW U577 = S4,0sB + CopyQsWV (4.25)
QsAz = 25wcw(a5W - asB) 5 Asww = 2agW ,

UsGq = asq apyy = —0asyv ,

while the CP-odd ones are obtained upon the replacement V — V and are in agreement
with the expressions in the literature [43]. Note that, in the limit asi = asp, the singlet
coupling to a mixed state of gauge bosons vanishes.

The QCD vacuum also receives contributions from the singlet VEV, as expected from

the axion mechanism,
2

5 T
fqcp = fqep + 32?%@@5 . (4.26)
3

Turning to the fermionic sector, we perform the usual unitary rotations into the mass
basis [44]:

¢L — Vl/JLwL )

(4.27)
wR - VwaRa
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with ¢ = wu,d,e and VJLVdL = Vokwm, Voxkum denoting the CKM matrix. The physical
Yukawa couplings are then

Ju = VJL (Yu — 1 AsugVs) Vug (4.28)
Ja =V} (ya—iasapvs) Vg , (4.29)
ge = VeTL (ye - iaseqﬁvs) V:zR 5 (4-30)

with the usual relation to the fermion masses:

v
By = —=1)u . 4.31
v= 5o (4.31)

The corresponding Lagrangian, including the interactions with the scalar sector, reads:

Loy D Y {?/)i Dy~ {QZJLT?LMJR + hLenyor — i %LesypR (4.32)

Y=u,d,e

— $*Yag2y R — i SR LashpthR — W2 ULap2 bR + h.c.] } ,

where
. 1 ,
bsy = ﬁVJL [Z O0yy + asye (v + 0vs) 1 Vir s (4.33)
. 1 .
Chyp = ﬁVJL [yw — L Qgpe (Vs — OV) ] Vg » (4.34)
. i0ag
g2y =V, ﬂw Vi » (4.35)
ath = —G,S2w y 4 36)
N [P
oy = V), f; Vir (4.37)

4.2 The low-energy singlet EFT

We can now integrate out the heavy d.o.f. to obtain the LEFT description of the inter-
actions among light particles (including the singlet). To dimension-five, the most general
and minimal LEFT Lagrangian can be written as

1 1 5 A 1 1 _ ~
Lrprr = 5 (0us)(9"s) — gmis® — ops” — st — S GL G — 2 Ay A" + fqep G, G
b X [P Gringtn + i TLepn + TG + b+ s”
Y=u,d,e

+ asas A A" + GgqsGi, G+ a 15 A A" + a qsGl, G

+ > [maw AT PR AL + Yrayeo" TarGh, + hie.| (4.38)

w:u7d7e

where the non-renormalizable couplings are dimensionfull, @ = a°/v.
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The parameters in this tilde basis can be fully fixed at the scale 4 = v by requiring
that both theories, before and after EWSB, describe the same physics. While the RGEs
we will derive next include all the couplings in eq. (4.38), below we present the matching
equations assuming that the UV model is well described by the SM+s EFT, presented in
section 2. At tree level, we obtain:

fqcp = bacp (4.39)
Fs = Fs, My = Mg, (4.40)
Y N /%SQh 2
De = As — 3 =2 , (4.41)
mp
My = T Cp = Cop (4.42)
Roop ¢
iy = Gy + ;’;2’“/’ : (4.43)
h

(4.44)

ZLSV = &Sv, and ZLS(/ = &3‘7 s (4.45)

with all other Wilson coeflicients vanishing. Special care needs to be taken with respect to
contributions of O(&,z2y,/m3). While naively they seem to be of the same order as that of
operators we are neglecting in the LEFT, in fact &g2p/m? ~ O(1/v) in the small mixing
limit. On the contrary, since épy ~ O(1y/v), the second term in eq. (4.43) should be
neglected in our study. Large mixing angles can however spoil this power counting; see
eq. (4.13) and appendix C.

Finally, we remark that with the results of the previous section, where we have obtained
the full matching to the physical basis including operators with more than one heavy
particle, the accuracy of the previous relations could be easily improved beyond tree level.

5 Low-energy anomalous dimensions

The steps to perform renormalization in the LEFT are the same as described in the HE
regime. An important difference is however the set of redundant operators that can be
induced, at one loop level, by those in eq. (4.38); see appendix B. We have fixed the
one-loop divergences of operators in the Green’s basis using matchmakereft [37]. The
subsequent projection onto the minimal basis was performed analytically using the LEFT
EOMs [22]. Up to CP-odd terms, the RGEs resulting from this procedure agree exactly
with those presented in ref. [22], which were obtained with distinct methods. The full set of
equations is written in the ALPRunner package published along this work. Here, we discuss
only some contributions that we find particularly interesting.

Contrarily to the results in the HE EFT, in the LEFT the singlet-gauge boson couplings
can run; for instance:

46

Ba - = (—3~3 +2Tr G + 3cacy’ + 3@@;*}) a5

— 9g3Tr [adGédT T GucCal + h.c.} , (5.1)
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and similarly for 85, upon the replacement a,c — iayg. The first contribution in eq. (5.1)
stems entirely from the running of the gauge coupling, such that if all other contributions
vanish, ¢z = a_z /§% remains scale invariant. This occurs if the UV physics above EWSB
can be described by the SM+s EFT with # < 1, as in this case ¢ couplings are O(1/A).
We might still wonder about the additive contributions to this RGE due to the presence
of dipole operators, in view of the arguments presented in section 2.1, as these operators
could be generated by additional field content in the UV without spoiling shift-symmetry.
Nonetheless, if this symmetry is assumed, that is in the ALP scenario, a,qCy terms are at
most O(A™2).

Therefore, up to the EFT expansion order considered in this work, the running of as

couplings is consistent with the expectations discussed in section 2.1. To test their robust-
ness at one-loop level, the inclusion of dimension-six operators in the ALP EFT is required.

Moreover, we find that no contributions to the mass are generated by the LEFT
running assuming the singlet is an ALP. For a generic pseudoscalar however, apart from
multiplicative contributions, the mass can be renormalized by the trilinear coupling %2 as
well as by Thfpéi and 'rhf’pcw terms.

In turn, the singlet mass renormalizes the mass of fermions in the LEFT. This contri-
bution is again absent once matching this theory to the ALP EFT in the UV, up to the
expansion order we are considering.

Regarding the running of fermionic couplings, we obtain:

Be, = —68%C — 2487 5 — 24ie Meiign + 2Tr [cotl + 3 (Gutl, + 4t | o (5.2)
+ 8201E0 + 2T [Meela. — 2aomic, + acclme — 26mla.]

— ifgd, — 1282 (m;*aeA — GeA} e + GeaBie — Eomn TaeA) :

simplifying into the first three terms upon the use of eqs. (4.39)—(4.45) in the absence of
scalar mixing. Similarly to this case, Gy ¢y are the only new terms in the RGEs of both
ay and auy couplings relatively to the CP-even scenario explored in ref. [22].

The RGE of the singlet self-coupling is also modified in the presence of CP-odd inter-
actions:

B5, D —480R iy + 60i &y Tr |alce + 3 (aléu + alda) + hel (5.3)

where the large deviations from naive dimensional analysis are apparent.
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Besides, the running of the pure CP-odd couplings in the theory is given by:

Br, = BFsXs + 67, Tr [6ech + 3 (Guch, + Gach ) | + 240 Tr [mléeélée +3mle,éte,
+ 31 Egdhia + h.c} — 120/m2as + 60i m>2Tr {@al +3 (mL + édég) + h.c.]
+ 240 Tr {memgaeel + Ml + meélaem! + 3 (mumgauég + muégmuag)

.I.

+ 3 (1l auml, + mam) f

Gqh + 1PaClmadl, + machaan)) + h.c} ; (5.4)
i~
Bas = 10T [Goct + 3 (Guch, + cach )| + s AT [acct + 3 (@uch, + aac)) + hic)

+ 10Asdgs + 4 Tr |@lGeclee + 3 (a}6ucleu + alfathéa) + hec] . (5.5)
6 ALPRunner usage: phenomenological application

In this section, we show the non-trivial impact of running in phenomenological studies of
the singlet by computing the strongest EDM constraints on particular UV scenarios (where
only two BSM couplings are assumed non-zero). We use the EDM expressions obtained in
ref. [45].5 To include all the running effects computed in this work, namely contributions
from scalar mixing, we take into account the energy evolution of the couplings involved in
such expressions.”

Before presenting the results, we illustrate below the main features of the new
ALPRunner package. Our EDM analyses are based on dedicated routines which can be
generalized to scan the HE parameter space and impose bounds on more general UV sce-
narios than those considered in this section. The functions available are enumerated in
table 3.

Users can download the package from the link in ref. [26] and initialize it in the following

way:

In[1]:= Needs["ALPRunner’"]

Out[1]=

ALPAUNNER 2023

SDB, JMR, MR.
arXiv:2306.08036

SWe found a mismatch by a factor of 4 in the expression for the fermionic contribution to the GGG
Weinberg operator, with respect to the results in ref. [46], the latter leading to stronger bounds.

"To avoid double counting, the log? contributions obtained in [45], that arise from the (partial) renor-
malization of the singlet couplings, are not considered.
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The complete RGE of a given Wilson coefficient can be obtained via the function
‘rge$variable_name’ (e.g. rge$asB). Additional functions have been included to solve
numerically the running equations for user-given boundary conditions (BCs). In the code
line below, the SM BCs (defined at the scale A’ = 172 GeV) are stored in the list ‘smLOWBC’.
The following function finds then the values of the SM couplings at a user-set UV scale
(A = 103 GeV in the example below), which are compatible with the given low-scale BCs.

In[2:= rgeSMtoAreset [smLOWBC, 10%,172];

The BSM BCs are stored in a different list, ‘bsmBC’, defined at the A scale. The
nomenclature used for the Wilson coefficients in the package is the same as in eq. (2.2).
Moreover, we have included a function ‘basisChange’ to translate operators from the
derivative basis in eq. (2.6) to the EFT basis used in this work. After defining the BCs, the
function ‘rgePSEFTparamsolvereset’ solves the HE RGEs parametrically.® For instance,
in the example below, two UV parameters remain free, a,; = asBt and asp = asB:

In[3]:= rgePSEFTparamsolvereset [bsmBC, 103 ,172,
{{asBt,asBtparam},{asB,asBparam}}];

In the next step, we show how to match automatically the HE and the LE EFT
couplings, as described in section 4. In this procedure, the UV values of the Higgs coupling
and scale, ;¢ and )\, are fixed in order to comply with the experimental constraints? v =
246 GeV and 7y (v) = 125GeV [47]. The singlet VEV is then directly obtained from
egs. (4.4) and (4.5), as well as the mixing angle defined in eq. (4.8). Points (v, vs) which
are not minima of the scalar potential are discarded.

Under these conditions and with fixed vs, the LE BCs are set by the function ‘bcLE’,
as written below.

In[4]:= boundaryConditionLE = bcLE[PSLEFTmatching[172],
rgePSEFTparamsolve, {2% 107%,3%107%}1;

The first argument in this function requires the matching conditions (defined internally),
which are defined in terms of the UV couplings that result from solving parametrically the
HE RGEs, given in the second argument. The latter have been evaluated for specific values
of (a5, asp) = (2 x107°, 3 x 1079).

Given the LE BCs, the following function solves numerically the LE RGEs, outputing
the EFT parameters at a given IR scale (chosen below to be 5 GeV):

In[5]:= rgeLEreset[boundaryConditionLE,172,5];

8If the user wishes to fix numerically the BCs for all BSM parameters, the function
‘rgePSEFTreset [bsmBC,1000,172] should be called instead.
9This module is discussed in detail in the notebook file ‘ALPRunner_Guide.nb’ [26].
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Figure 2. EDM constraints on the UV gauge scenarios discussed in the text for A = 1 TeV
and m,; = 5GeV. The red points are allowed in the scenarios with vanishing x4, but are further
constrained to the blue region for k54 = —0.1. The running of all couplings in the EFT is considered,
from the scale A down to u = 5 GeV. The leading observable setting the bounds is identified in the
plot legend.

After these steps, any LE Wilson coefficients can be determined at a scale < v, e.g.

In[6]:= WCOsAt[5.2]/.rgelE
Out[6]= 1.47055%1076

If the user is interested in generating several UV points, to understand namely which
of those are bounded by IR constraints, the following scan function can be used:

In[100]:= scanHEspace[bsmBC,1000,172,5,
{{asBt,asBtparam}, {asB,asBparam}},
{10000, {-5%107°,+5%107°} ,{-5%107% ,+5x107®}},
Observable, "File.m"];

where the first argument is the list of HE BCs; the second, third and fourth arguments are,
respectively, the UV, matching and IR scales; the fifth is the list of UV parameters that
the user chooses to let free (and which are not defined in bsmBC); whereas the sixth entry
corresponds to the number and interval of random points to be generated. Finally, the
two last arguments encode the expression — defined by the user — that will be evaluated
at the IR scale, for each point that was generated, and the file where the information will
be stored. In the analyses presented below, ‘Observable’ is a list of expressions of the
different contributions to EDMs induced by the singlet interactions — defined in eq. 9 of
ref. [45] — that we have subsequently compared with the relevant experimental bounds, in
order to constrain a given UV scenario. Some results are shown in figures 2 and 3.

UV gauge scenarios. Assuming that only (asg, asp) are generated by the UV, the
constraints presented in the left panel of figure 2 imply that

la_zasp| S 6x 107! GeV ™2, (6.1)
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Figure 3. EDM constraints on the fermionic UV scenario discussed in the text for A = 1TeV and
ms = 5 GeV. The leading observable setting the bounds is identified in the plot legend. The colour
bar identifies the size (in log scale) of the shift-breaking invariants; see eq. (6.3).

for mg = 5GeV. This bound is set by measurements of the electron EDM using the
molecule ThO [48] and agrees with the results reported in ref. [45]. The results are largely
insensitive to ms. Tree level mixing effects can have a non-negligible contribution to the
fermion coupling and therefore modify the bound obtained above. For instance, assuming
ks ~ —0.1, which leads to 6 ~ O(1073), we find a stronger constraint on the gauge
couplings as represented by the blue points in figure 2, which turns out to be largely
independent of asp. This is because, for a (red) point in the positive quadrant that was
allowed by the previous analysis, the 6 contribution in eq. (4.33) dominates over the
others induced by running. As such, the EDM contribution, which essentially goes as
Re[¢c]asp + Im[éc]a_z becomes a function of a_z only. However, the width of the new
allowed region is not exactly constant and more points are allowed in the asp < 0 area.
This is due to a possible cancellation between the imaginary terms in eq. (4.33), that is,
those induced by running vs. those induced by scalar mixing.

In the right panel of figure 2, we have explored another UV scenario where only the
singlet-gluon couplings are assumed non-zero. The leading observable setting the bounds
in this case is the neutron EDM of the 1%Hg atom [49], which requires

a5 asc| S 1.3x1071 GeV 2, (6.2)

for mgs = 5 GeV. This bound is within the same order of magnitude than the one obtained
in ref. [45]'° and is insensitive to the value of rg.

UV fermionic scenarios. In figure 3, we instead explored a UV fermionic scenario
where the only non-vanishing couplings are (asqs)11 and (asqe)13, assumed to take real

1We however do not consider the running of the EDM Lagrangian, eq. (9) in ref. [45], from 5 GeV down
to 1 GeV.
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values.!! This setup aims to illustrate an important point: strong EDM bounds can be
applied to some CP-even BSM scenarios. The CP violation induced in this case stems
from the mixing of the CP-even physics with the SM Yukawa couplings,'? induced by the
fermion mass diagonalization and the RGEs (see table 1). As in the previous case, the
leading observable setting the bounds is the neutron EDM.

In figure 3, we have also represented the size of the shift-breaking invariants,'3 i.e.

I = 2 + (7 + (1), (63)

for each point represented in the plot. We see that the most shift-symmetric points lie
close to the horizontal axis. In particular, ALPs lie exactly in the blind direction of the
plot, since the UV texture

x 0 X

asdg(A)=1000 (6.4)
000

is not compatible with an exact shift-symmetry. Using ALPRunner, it is straightforward to
generalize this flavour matrix and obtain meaningful bounds in the ALP parameter space.

7 Conclusions

In this work, we have computed the energy evolution of all couplings in the most general
EFT obtained by extending the SM with a real (pseudo) scalar singlet. Our results are valid
up to one-loop accuracy and order 1/A in the EFT expansion. The renormalization group
equations have been furthermore included in a new Mathematica package — ALPRunner —
with functions to solve the running numerically, as well as to match directly the high-energy
with the low-energy EFT couplings, assuming that the singlet is the only BSM d.o.f. at
energies above the EW scale.

We have found that CP-odd couplings in the singlet EFT are, in general, renormalized
by CP-even ones due to the mixing with the Yukawa couplings of the SM. Namely, CP-even
fermiophilic scenarios can generate, at low energies, CP-odd couplings between the singlet
and the Higgs boson, both at the renormalizable and effective levels. This is possible due
to the RGE mixing of operators of different mass dimensions, which is a common feature
of both the high-energy and low-energy EFTs. Moreover, BSM operators can renormalize
pure SM ones, such as the Higgs quartic coupling. At the matching level, we have computed
all effective contributions to scalar mixing, which modify important relations among the
physical couplings. In particular, we found that via this mixing and only at dimension-
five, the SM relation between the triplet and quartic Higgs couplings can be distorted.
Furthermore, it is possible for the singlet to have a vanishing VEV and still mix with the
Higgs boson, an effect that is absent in the renormalizable framework, and which could

H1We work in a UV basis where Vi, = Vekm and V,,;, = 1.

12 A general study on the generation of this “opportunistic” CP violation was presented in ref. [50], in the
framework of the SM EFT.

13These invariants are defined in eq. (5) of ref. [25].
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be of phenomenological relevance. (While mixing effects are expected to be small from
experimental searches [51], the current interpretations assume correlations that do not
necessarily hold at the effective level. A re-interpretation of the experimental analyses is
therefore necessary to quantify the actual size of these effects.'?)

Throughout this work, we have also discussed the shift-symmetric limit of our results
and showed that they are in perfect agreement with the quantization rules imposed by
the ALP periodicity. Conversely, for a generic singlet, the couplings to gauge bosons can
in general run and the interpretation of the experimental bounds must take this running
effect into account.

Finally, as an application of our results, we obtained EDM bounds on particular UV
scenarios. We have shown that the constraints on the singlet couplings to the abelian gauge
boson can be significantly impacted by the presence of scalar mixing. Generic constraints
on the singlet parameter space can be obtained for more general UV setups using the pack-
age presented along this work, as we have explained in section 6. The diagonalization of the
scalar and fermion systems has been implemented in the package, as well as the full depen-
dence of the EFT coefficients on the scalar VEVs. An algorithm was included to make sure
the UV inputs comply with EW constraints. Finally, the shift-breaking invariants [25] of the
singlet EF'T have also been defined in the package, such that the phenomenology of a more
shift-symmetric singlet, or that of an ALP, can be studied in full detail with ALPRunner.
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A ALPRunner toolbox

Function Detalils

rg$variablename Prints the RGE of variablename.

Names["rg$*"] returns the list of all RGE variables.

rgePSEFTreset Solves numerically the RGEs in the unbroken-phase.

The output is saved in rgePSEFT.

rgePSEFTparamsolvereset Solves parametrically the RGEs in the unbroken-phase.

The output is saved in rgePSEFTparamsolve.

PSLEFTmatching Matches the unbroken and broken phase EFT couplings.
bcLE Creates the boundary conditions for the rgeLEreset function.
rgelLEreset Solves numerically the RGEs in the broken-phase.

The output is saved in rgeLE.

scanHEspace Scans a multi-dimensional parameter space and accepts/

rejects the points given (user-defined) observables.

basisChange Translates couplings defined in the derivate basis to the

one used in this work.

Tul Evaluates the shift invariant structure ‘7!’ All 14 invariants

are defined, and are called by ‘Iul’, ‘Id1’, ‘Iel’, ‘Iudl’, etc.

Table 3. Main functions provided by ALPRunner. For more details, see ‘ALPRunner_Guide.nb’
in [26].
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B Green’s bases

O.p = B, BH
OSW = SI/V/U/WIW
Osa = G, GH

Scalar Yukawa Gauge Derivative
Oy =5 Osug = iSqLOUR OSE = SBWB‘“’ Rsgo = is¢T D2
O = 5%(¢'9) | Outp = isqrddr | O = sWuWH | Ry = 5207
Os = 5(¢1¢)? | Osep =isliper | O 5=5GuG" | Ry = ¢l¢d%s

qu = isquZQL
R =islp Pl

Ry = isuplPupr

Rsa = isdrlPdg

Rse = is@weR

Table 4. Green’s basis of the SM+s EFT at dimension-five [22]. The operators labelled with R
are redundant when evaluating an amplitude on-shell.

Scalar Yukawa Gauge Dipole Derivative
(7)85 =5 | O, = s*ugur @sﬁ = SAWE“ Oysa = uroturA,L Rso = s20%s
@d = SQQdR @Sa; = SGMVG” @dA = EJ“VdRAW, ﬁ,ug = @DZUR

O. = s’erer Oca =eroerAu Ran = dr,D*dg

Osc = sGuG" | Oug = ugo" TaurGl, | Reo =epD?er

Ouc = Ea““TAdRGﬁU Rou, = isurlPur,
Oc = 10" TaerGs, | Roa, = isdppdy,
Ree, = iserer
Roup, = isugPur
Rsdy = isdrlDdr

RseR = is@meR

Table 5. Green’s basis of the SM+s LEFT at dimension-five [22]. The operators labeled with R
are redundant when evaluating an amplitude on-shell.
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C Scalar couplings in the physical basis

The scalar interactions defined in the physical basis of eq. (4.10) read as follows, in the

small mixing angle limit:

Rs = Ks + Vs As + 3059 — 3[1} (v + 60vs) ag + 201}?@35] , (C.1)
Reap = —O0ks + 20k5p — Qv g + (v + 2005) Ay
+ 3{ [9 (v2 — 21}3) — 21)51)} ags — 20v%a, + 2001}3%5} , (C.2)
Repz = Ksg + 600N + (vs — 2600) Mgy — 3[@ (20vs + v) as + vs (vs — 40v) ag] , (C.3)
Rp = 3{22})\ — Oksp — vy + [v (30v — 2v5) as + 39036133] } , (C.4)
s = As — 24 (Bvags + Svgags) | (C.5)
Nan = —0As + 30N + 6[ — (30vs +v) ag + 2091)5%5} , (C.6)
A2z = Asgp — 6[291}@5 + (vs — 20v) a53} , (C.7)
3\5h3 = 3{29)\ — 9)\s¢ + 2[ — (91)5 +v)as+ 391}Sa83} } , (CS)
A= 6[A = a, (v, — 40v) ], (C.9)
i = ag, (C.10)
dgap, =0 (ags — Hags) (C.11)
Qg3p2 = aQﬁ, (C.12)
Gg2p3 =0 (as - zass) , (C.13)
N Qs
Agp4 = Z, (C14)
0
s = ~a. (C.15)
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Conclusions

This thesis is devoted to explore and expand our current knowledge of the phe-
nomenology of axion-like particles, which are the telltale signs of hidden global symme-
tries. ALPs are neutral pseudoscalar pseudo-Goldstone bosons arising from any BSM
spontaneously broken global symmetry. Therefore, their motivation extends beyond
axions and the strong-CP problem. Due to their pGB nature, ALPs are more conve-
niently studied in the (model-idependent) EFT framework. We use the linear ALP EFT
throughout this work, plus computational tools, including new ones developed within.

ALPs at colliders

In Chapter 4 [1] we have proposed a new search window for ALPs at colliders: EW vector
boson scattering proccesses at the LHC, mediated by a very off-shell or nonresonant
ALP, i.e. too light to be produced resonantly. We have reinterpreted four Run 2 public
CMS VBS analyses targetting the production of ZZ, Zv, W*y, W*Z and same-sign
WEW= pairs in association with two jets [234-237].

Nonresonant ALP searches were proposed for the first time in Ref. [146] in the
context of ALP-mediated diboson production. The authors illustrate the power of this
kind of searches by deriving new limits on the product of the ALP coupling to gluons and
the ALP couplings to the EW gauge bosons, from gluon-initiated diboson production
data [264, 265]. In our work we have studied for the first time nonresonant ALP signals
in EW VBS processes at the LHC, making use of the first Run 2 measurements of
VBS processes reported by the CMS Collaboration [234-237]. The main advantages of
combining nonresonant ALP searches and VBS are three:

o Signals and limits are independent of the ALP mass and decay width for masses
up to 100 GeV.

o The derivative nature of ALP interactions cause a harder scaling with energy than
usual SM-mediated channels, causing deviations in the tails of the invariant/trans-
verse mass spectra.

« VBS provides access to the ALP couplings to the EW gauge bosons independently
of the coupling to gluons.

New upper limits in the gauge-invariant ALP-EW parameter space (cg,/ fa, c5/ fa)
have been obtained and projected onto the phenomenological ALP couplings to EW
gauge bosons {gayys Jayz, Gazz, Gaww } to facilitate the comparison with other results.
Among the five VBS channels considered, the most constraining bounds are currently
set by Zv and WEW=. Our results are very competitive with other collider limits, and
also probe previously unexplored regions of the ALP parameter space for masses up to

100 GeV.
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We have obtained conservative projected limits for higher integrated luminosities
up to 3000 fb~1. The key observation is that —using this novel technique— a discovery
window for ALPs is still open at the LHC when operating at its full luminosity. Already
at Run 3, limits can be improved with respect to those derived from the four Run 2 CMS
analyses [234-237], and even more so if dedicated experimental searches at ATLAS and
CMS with optimized strategies for nonresonant ALP-mediated VBS processes take place.
Furthermore, promising preliminary results of ongoing research indicate that our limits
can be further improved at Run 3 if the resonant region is included in the analysis.

In Chapter 5 [3], we have explored the one-loop impact of ALP-neutrino couplings
on ALP interactions with EW gauge bosons. We have explicitly respected the gauge
invariance of the ALP EFT, which implies to consider simultaneously ALP couplings to
neutrinos and charged leptons. Thus, in contrast with previous literature, our analysis
goes beyond the one-coupling-at-a-time paradigm, exploring how the limits on ALP-
neutrino interactions change dependending on ALP interactions with charged leptons.

Up to the negligible effect of neutrino masses, the trace of ALP-neutrino cou-
plings can be traded fully by ALP interactions with EW gauge bosons with couplings
{9ayys Yavz, 9azz, Gaww }, via the chiral anomaly. This allows to recast constraints on
ALP-EW anomalous couplings into bounds on ALP-neutrino couplings. We have re-
casted bounds from different type of experiments, which hold barring underlying sym-
metries in the UV or fine-tuned cancellations between the loop-induced effects studied
here and other contributions.

While related loop-induced bounds have been previously obtained from low-energy
data in one-coupling-at-a-time analyses of data from rare meson decays as well as astro-
physical /cosmological observations [149, 249, 271], limits extracted from collider data
are presented here for the first time. These probe novel territory in the ALP-neutrino pa-
rameter space, and span over a wide range of ALP masses up to ~ 103 GeV. Particularly,
constraints from heavy ALP searches at colliders have a strong impact. Sizable ALP-
EW interactions are still allowed at present. This work evidences the potential of future
high-energy searches targeting ALP-EW couplings to indirectly probe the ALP-neutrino
parameter space.

ALP effective field theory

We have presented the full renormalization group equations of the SMEFT extended
with a real scalar singlet up to dimension-five with one-loop accuracy and compared it
with the RGEs for the ALP. All CP-violating and shift-breaking interactions, as well as
mixing effects in the scalar sector, are taken into account. The ALP EFT corresponds to
the “shift-symmetric limit” of the singlet EFT. In fact, the general basis adopted in our
work can be used to study ALP phenomenology, making use of the complete set of flavor
invariants built in Ref. [153], which quantify the amount of shift-symmetry breaking in
the EFT.

We have found that CP-odd interactions in the singlet EFT are in general renor-
malized by CP-even ones due to the mixing with the Yukawa couplings of the SM. For
instance, a CP-even fermiophilic singlet scenario in the UV can lead to CP-violating
portal interactions with the Higgs boson at low energies, both at the renormalizable and
effective level. Moreover, new physics couplings can renormalize SM operators, such as
the Higgs quartic coupling. Concerning mixing effects in the scalar sector we find: (%)
a mixing-induced distortion of the SM relation between the triple and quartic Higgs
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couplings; (i) that a vanishing singlet vev and a non-zero mixing with the Higgs are
compatible. This mixing phenomenology arises only at dimension five and goes beyond
correlations commonly assumed in the literature.

The singlet EFT RGEs are furthermore included in our new Mathematica pack-
age —ALPRunner [280]—, which provides functions that solve the running numerically
and match the high-energy couplings with those in the low-energy EFT. Additional
functionalities include:

o Algorithm to ensure EW constraints given a set of UV parameters.
» Diagonalization of the scalar and fermion masses.

e Tool to translate low-energy bounds into constraints on a multi-dimensional UV
parameter space.

« Evaluation of the shift-breaking flavor invariants [153], which allows to study in
detail the phenomenology of a “true” ALP.

Finally, as an application of our study, we have obtained bounds on ALP pa-
rameters from EDM constraints for three particular cases: (i) ALP couplings to the
anomalous and kinetic terms of the weak hypercharge gauge boson B; (i) analogous
couplings to gluons; and (iii) CP-even ALP couplings to quarks'. We have proved that
constraints on ALP-gauge couplings are notably affected by ALP-Higgs mixing in the
first scenario, while unchanged in the second. Finally, the third case illustrates that
strong EDM bounds can be applied to CP-even BSM scenarios.

This last work is the most complete study of the singlet EFT presented in the
literature so far. It improves significantly our understanding of the phenomenology of
scalar extensions of the SM, the impact of running and mixing, as well as that of CP-
violating and shift-breaking interactions. The full set of RGEs as well as the ALPRunner
package consitute useful tools for future phenomenological analyses looking for BSM
physics signals in the scalar sector.

n this scenario the only source of CP violation is the SM CKM matrix.
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Conclusiones

Esta tesis estd dedicada a explorar y expandir nuestro conocimiento actual de la
fenomenologia de particulas tipo axion (o ALPs por sus siglas en inglés), que son senales
distintivas de simetrias globales ocultas. Las ALPs son particulas pseudoscalares neutras,
pseudo-bosones de Goldstone (pBG), que surgen de cualquier nueva simetria global —es
decir, mas alla del modelo estandar,— rota espontaneamente. Por lo tanto, su motivacion
va méas alla de los axiones y del problema de CP fuerte. Debido a su naturaleza de
pBG, los ALPs se estudian de manera mas conveniente, independientemente del modelo
de ALPs, en el marco de las teorias efectivas de campos (TEC). Utilizamos la TEC
lineal del ALP a lo largo en este trabajo, ademas de herramientas computacionales de
simulacion y calculo especializadas, incluidas algunas nuevas desarrolladas a lo largo de
esta tésis..

ALPs en colisionadores

En el Capitulo 4 [1] hemos propuesto una nueva ventana de busqueda para ALPs en
colisionadores: procesos de scattering de bosones vectoriales electrodébiles (o VBS por
sus siglas en inglés) en el LHC, mediados por un ALP no resonante, es decir, demasiado
ligero para ser producido resonantemente. Hemos reinterpretado cuatro andlisis ptiblicos
de VBS del Run 2 de CMS que apuntan a la produccién de pares ZZ, Zvy, Wy, W*Z
y WEW= en asociacién con dos jets [234-237].

Las busquedas de ALP no resonantes fueron propuestas por primera vez en la
Ref. [146] en el contexto de la produccién de dibosones mediada por ALPs. Los autores
ilustran el poder de este tipo de bisquedas obteniendo nuevos limites sobre el producto
del acoplo del ALP a gluones y los acoplos del ALP a los bosones electrodébiles, a partir
de medidas de produccién de dibosones iniciada por gluones [264, 265]. En nuestro
trabajo, hemos estudiado por primera vez sefiales de ALP no resonantes en procesos
VBS en el LHC utilizando las primeras medidas del Run 2 de procesos VBS reportadas
por la Colaboracién CMS [234-237]. Las principales ventajas de combinar busquedas de
ALP no resonantes y VBS son tres:

o Las seniales y los limites son independientes de la masa y la anchur de desinte-
gracion del ALP para masas de hasta 100 GeV.

« La naturaleza derivativa de las interacciones del ALP causa un aumento mas pro-
nunciado con la energia que en los canales habituales mediados por el SM, provo-
cando desviaciones en las colas de los espectros de masa invariante/transversa.

o Los procesos de VBS permiten acceder a los acoplos del ALP con los bosones de
electrodébiles, independientemente del acoplo a gluones.

Se han obtenido nuevos limites superiores en el espacio de parametros de los



162 of 185

acoplos electrodébiles del ALP (cg;/fa,c5/fa) ¥ se han proyectado sobre los acoplos
fenomenolégicos del ALP a los bosones de gauge electrodébiles {gayys Gayz, Gazz: Gaww }
para facilitar la comparacion con otros resultados. Entre los cinco canales de VBS consid-
erados, los limites m4s restrictivos proceden de los canales Z~ y WEW=*. Los resultados
obtenidos son muy competitivos con otros limites de colisionadores, y también exploran
regiones nuevas del espacio de parametros del ALP para masas de hasta 100 GeV.

Hemos obtenido limites conservadores proyectados a luminosidades integradas mas
altas de hasta 3000 fb~!. La clave es que —usando esta nueva técnica— hay una ven-
tana de descubrimiento de ALPs abierta en el LHC, cuando éste opere a su maxima
luminosidad. Ya en el Run 3, los limites pueden mejorarse con respecto a los derivados
de los cuatro andlisis publicos del Run 2 de CMS [234-237], y alin més si se llevan a
cabo busquedas experimentales dedicadas en ATLAS y CMS con estrategias optimizadas
para procesos de VBS mediados por ALPs no resonantes. Ademas, resultados prelim-
inares prometedores de una investigacion en curso indican que nuestros limites pueden
mejorarse aun mas en el Run 3 si se incluye la region resonante en el andlisis.

En el Capitulo 5 [3], hemos explorado el impacto a un loop de los acoplos ALP-
neutrino en las interacciones de ALP con bosones gauge electrodébiles. Hemos respetado
explicitamente la gauge de la TEC del ALP, lo que implica considerar simultaneamente
los acoplos del ALP a neutrinos y leptones cargados. Por lo tanto, a diferencia de la
literatura anterior, nuestro analisis va mas alla del paradigma de un acoplo a la vez,
explorando como los limites sobre las interacciones ALP-neutrino cambian dependiendo
de las interacciones del ALP con leptones cargados.

Ignorando efectos despreciables debidos a las masas de los neutrinos, la traza de
los acoplos ALP-neutrino puede intercambiarse por completo por interacciones del ALP
con los bosones gauge electrodébiles, con acoplos {gayys Garz, Yazz, Gaww }, a través de la
anomalia quiral. Esto permite “traducir” los limites que afectan al espacio de parametros
de los acoplos anémalos ALP-EW en limites sobre los acoplos ALP-neutrino. Hemos
reformulado los limites de diferentes tipos de experimentos, que se mantienen a menos
que haya simetrias subyacentes en el UV o cancelaciones finas entre los efectos a unloop
estudiados aqui y otras contribuciones.

Aunque en la literatura hay limites similares inducidos a un loop considerando un
acoplo a la vez en andlisis de datos de experimentos a baja energia, como decaimientos
raros de mesones, u observaciones astrofisicas/cosmolégicas [149, 249, 271], los limites
obtenidos a partir de datos de colisionadores se presentan aqui por primera vez. Exploran
un territorio novedoso en el espacio de parametros ALP-neutrino y abarcan un amplio
rango de masas de ALPs de hasta ~ 10 GeV. Concretamente, los limites derivados de
busquedas de ALPs pesados en colisionadores tienen un notorio impacto. Las interac-
ciones del ALP con los bosones gauge electrodébiles siguen estando considerablemente
permitidas en la actualidad. Este trabajo evidencia el potencial de futuras busquedas de
alta energia enfocadas en las interacciones ALP-bosones electrodébiles y, por lo tanto,
indirectamente, en los acoplos ALP-neutrino.

Teoria efectiva de campos de ALP

Hemos presentado las ecuaciones completas del grupo de renormalizacién de la TEC del
Modelo Estandar (ME) —conocida como SMEFT, por sus siglas en inglés— extendida
con un singlete escalar real hasta dimension cinco y con precision de un loop, y las hemos
comparado con las ecuaciones del grupo de renormalizaciéon (EGR) del ALP. Todas las
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interacciones que violan la simetria CP y shift, asi como los efectos de mezcla en el
sector escalar, se han tenido en cuenta. La TEC del ALP corresponde al limite en que se
preserva la simetria shift en la TEC del singlete escalar. De hecho, la base de operadores
adoptada en nuestro trabajo puede emplearse para estudiar la fenomenologia del ALP,
haciendo uso del conjunto completo de invariantes de sabor construidos en la Ref. [153],
que cuantifican la cantidad de ruptura de simetria shift en la TEC.

Hemos concluido que las interacciones antisimétricas bajo CP en la TEC del sin-
glete escalar son renormalizadas en general por las interacciones que preservan CP debido
a la mezcla con los acoplos Yukawa del ME. Por ejemplo, un escenario con un singlete
escalar “fermiofilico” que preserve la simetria CP en la TEC a altas energias puede orig-
inar interacciones “portal” entre el Higgs y el singlete que violen CP a bajas energias,
tanto a nivel renormalizable como efectivo. Ademas, los acoplos de nueva fisica pueden
renormalizar los operadores del ME, como el acoplo cuartico del Higgs. En cuanto a los
efectos de mezcla en el sector escalar, encontramos: (7) una distorsion respecto al ME
de la relacién entre los acoplos triples y cuarticos del Higgs; (i) que un valor esperado
del vacio o vev nulo para el singlete escalar es compatible con efectos de mezcla con el
Higgs. Esta fenomenologia de mezcla surge solo a dimension cinco y va mas alla de las
correlaciones cominmente asumidas en la literatura.

Las EGR de la TEC del singlete escalar estan ademas incluidas en nuestro nuevo
paquete de Mathematica —ALPRunner [280]—, que proporciona funciones que resuelven
el running numéricamente y realizan el matching de los acoplos de alta energia con los
de la TEC a baja energia. Las funcionalidades adicionales incluyen:

« Algoritmo para asegurar las restricciones electrodébiles dado un conjunto de paramet-
ros en el UV.

« Diagonalizacién de las masas escalares y fermiénicas.

o Herramienta para traducir limites de baja energia en restricciones sobre un espacio
multidimensional de parametros de la TEC a altas energias.

o Evaluacién de los invariantes de sabor que rompen la simetria shift [153], que
permite estudiar en detalle la fenomenologia de un “verdadero” ALP.

Finalmente, como una aplicacién de nuestro estudio, hemos obtenido limites sobre
los pardmetros del ALP a partir de restricciones al momento dipolar eléctrico (MDE)
para tres casos particulares: (7) acoplos del ALP a los términos anémalos y cinéticos del
bosén de hypercarga débil B; (ii) acoplos andlogos al caso anterior, pero a gluones; y (%ii)
acoplos del ALP a quarks simétricos bajo transformaciones de CP?. Hemos demostrado
que los limites sobre los acoplos ALP-gauge se ven notablemente afectados por los efectos
de mezcla ALP-Higgs en el primer escenario, mientras que permanecen inalterados en
el segundo. Finalmente, el tercer caso ilustra que fuertes limites derivados del MDE
pueden aplicarse a escenarios mas alla del ME que son simétricos bajo CP.

Este ultimo trabajo es el estudio mas completo de la TEC de un singlete escalar
real presentado en la literatura hasta la fecha. Mejora significativamente nuestra com-
prension de la fenomenologia de las extensiones escalares del ME, el impacto del running
y la mezcla ALP-Higgs, asi como de las interacciones que violan CP y rompen la simetria
shift. El conjunto completo de EGR, asi como el paquete ALPRunner, constituyen her-

2En este escenario, la tinica fuente de violacién de CP es la matriz CKM del ME.
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ramientas utiles para futuros analisis fenomenologicos que busquen senales de fisica mas
alla del ME en el sector escalar.
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