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Resumen

Esta tesis investiga como el origen de la masa de los neutrinos puede guiar la basqueda
de nuevas particulas débilmente acopladas mas alld del Modelo Estandar (SM), cen-
trandose en los leptones neutros pesados (HNLs), también conocidos como neutrinos
estériles. Los HNLs aparecen de manera natural en varios mecanismos de generacion
de masa de los neutrinos con acoplamientos débiles, por lo que suelen presentar vidas
medias largas. Ello los convierte en candidatos ideales para btusquedas de particulas
de larga vida (LLPs) en colisionadores. Para estudiarlos de manera independiente, sin
referencia a modelo especifico, esta tesis emplea la Teoria de Campos Efectiva (EFT)
del SM extendida con neutrinos estériles (NgSMEFT), un marco teérico que captura
posibles efectos de nueva fisica mediante una expansion sistematica de operadores de
dimensién superior. Al combinar este enfoque EFT con las bisquedas de LLPs en el
LHC, este trabajo propone una estrategia prometedora para descubrir nuevas particu-
las relacionadas con la fisica de neutrinos.

La tesis se estructura en tres partes. La Parte I proporciona la motivacién tedrica y
experimental. Tras una breve revision de las implicaciones tedricas de las masas y
mezclas de neutrinos, se discuten modelos populares de masa de neutrinos que in-
volucran neutrinos estériles. A continuacién, se motiva la existencia de nueva fisica
débilmente acoplada y se presentan las sefiales caracteristicas de LLPs, asi como el
programa experimental de busquedas de LLPs y detectores especializados en el LHC.
Esta seccién concluye con un resumen de las restricciones experimentales actuales so-
bre el modelo méds minimalista de HNLs, en el que los neutrinos estériles interacttian
Unicamente a través de la mezcla con los neutrinos del SM.

La Parte II presenta el marco tedrico empleado en esta tesis: NrRSMEFT y la version
a baja energia, NrkLEFT. Ambos marcos describen nuevas interacciones de neutrinos
estériles a escala electrodébil mediante operadores de dimensién superior. Se clasi-
fican los operadores relevantes hasta dimensién seis en NgRLEFT y hasta dimensién
siete en NRSMEFT. Esta seccion también presenta un trabajo original: una descom-
posicién completa a nivel drbol de los operadores de NpkSMEFT de dimension seis y
siete. Dicha clasificacién identifica el conjunto completo de extensiones del SM con
una o dos particulas nuevas que generan los operadores EFT a nivel drbol, proporcio-
nando un diccionario EFT-UV exhaustivo. Ademads, se analiza el papel de la violacién
del ntiimero lepténico en NrgSMEFT y su conexién con masas de tipo Majorana para
los neutrinos del SM.



Finalmente, la Parte III estudia la fenomenologia en colisionadores de HNLs a escala
electrodébil utilizando los marcos EFT presentados en la Parte II, haciendo énfasis
en las posibles sefiales de LLPs que pueden originar en el LHC. Se presentan cuatro
estudios originales, cada uno en un capitulo especifico. El primer estudio se centra
en operadores de cuatro fermiones en NrLEFT que involucran dos HNLs o un HNL
y un neutrino, junto con dos quarks ligeros. Estos operadores inducen desintegra-
ciones raras de mesones en HNLs, los cuales pueden decaer posteriormente con un
desplazamiento medible, generando sefiales de LLPs en detectores lejanos del LHC.
El segundo estudio analiza operadores de NpSMEFT y NrLEFT que generan momen-
tos magnéticos de los neutrinos estériles. Estos conducen a sefiales exéticas en los
detectores principales, como fotones que no apuntan al vértice de colisién, a causa
de la via media larga de los HNLs con masas del orden del GeV. El tercer trabajo es-
tudia operadores de cuatro fermiones en NrRSMEFT que involucran un tnico HNL y
quarks de primera o segunda generacion, los cuales pueden gobernar tanto la produc-
cién como la desintegracion de HNLs, incluso cuando se desprecia la mezcla con los
neutrinos activos. Estas interacciones pueden ser exploradas en el LHC, ya que pro-
ducen vértices desplazados en detectores como ATLAS. El dltimo estudio considera
operadores similares, pero involucrando quarks de tercera generaciéon (quarks top),
lo que da lugar a mecanismos novedosos de produccién y sefiales distintivas de la
desintegracion de los HNLs.

Los andlisis fenomenolégicos realizados combinan célculos analiticos de anchuras de
desintegracion de HNLs en los marcos de EFT con simulaciones Monte Carlo sigu-
iendo una cadena basada en Feynrules, MadGraph5, MadSpin y Pythia8, junto con
cédigo personalizado que implementa las estrategias de buiisqueda de LLPs. Cada es-
tudio presenta estimaciones de sensibilidad para btisquedas de LLPs en ATLAS o en
detectores lejanos propuestos en el LHC, como MATHUSLA y ANUBIS, mostrando
cémo estos pueden explorar regiones del espacio de pardmetros atin inexploradas y
probar escenarios fuera del alcance de biisquedas tradicionales.

En resumen, esta tesis demuestra cémo las EFTs y las bisquedas de LLPs pueden, en
conjunto, ofrecer estrategias potentes e independientes del modelo existente a altas
energias para explorar nueva fisica motivada por el sector de neutrinos. Los leptones
neutros pesados emergen como un objetivo bien motivado y accesible experimental-
mente. Al conectar modelos en el ultravioleta, marcos de EFT y fenomenologia en
colisionadores, este trabajo contribuye a ampliar el conjunto de herramientas para de-

scubrir particulas super-débilmente acopladas en experimentos actuales y futuros.



Resum

Aquesta tesi investiga com l'origen de la massa dels neutrins pot orientar la recerca de
noves particules feblement acoblades més enlla del Model Estandard (SM), centrant-
se en els leptons neutres pesats (HNLs), també coneguts com a neutrins esterils. Els
HNLs apareixen de manera natural en diversos mecanismes de generacié de massa
de neutrins amb acoblaments febles, per la qual cosa sovint presenten vides mitjanes
llargues. Aix0 els converteix en candidats ideals per a la recerca de particules de llarga
vida (LLPs) en col-lisionadors. Per estudiar-los de manera independent, sense referen-
cia a un model especific, aquesta tesi empra la Teoria de Camps Efectiva (EFT) del SM
estesa amb neutrins esterils (NgSMEFT), un marc tedric que recull possibles efectes de
nova fisica mitjangant una expansio sistematica d’operadors de dimensi6 superior. En
combinar aquest enfocament de la EFT amb la recerca de LLPs al LHC, aquest treball
proposa una estratégia prometedora per descobrir noves particules relacionades amb
la fisica dels neutrins.

La tesi s’estructura en tres parts. La Part I proporciona la motivaci6 teorica i exper-
imental. Després d’una breu revisi6é de les implicacions teoriques de les masses i
mescles de neutrins, es discuteixen models populars de generacié de massa de neu-
trins que involucren neutrins esterils. A continuaci6, es motiva l'existencia de nova
tisica feblement acoblada i es presenten els senyals caracteristics de LLPs, aixi com el
programa experimental de recerca de LLPs i detectors especialitzats al LHC. Aque-
sta seccié conclou amb un resum de les restriccions experimentals actuals sobre el
model més minimalista d'"HNLs, en qué els neutrins esterils interactuen tinicament
mitjangant la mescla amb els neutrins del SM.

La Part II presenta el marc teoric emprat en aquesta tesi: NRSMEFT i la seva versi6
a baixa energia, NrRLEFT. Tots dos marcs descriuen noves interaccions dels neutrins
esterils a escala electrodebil mitjancant operadors de dimensi6é superior. Es classi-
fiquen els operadors rellevants fins a dimensi6 sis en NRLEFT i fins a dimensi6 set
en NrSMEFT. Aquesta seccié també presenta un treball original: una descomposicié
completa a nivell arbre dels operadors de NgSMEFT de dimensi6 sis i set. Aque-
sta classificaci6 identifica el conjunt complet d’extensions del SM amb una o dues
particules noves que generen els operadors EFT a nivell arbre, proporcionant un dic-
cionari EFT-UV exhaustiu. A més, s’analitza el paper de la violacié del nombre lep-
tonic en NRSMEFT i la seva connexié amb masses de tipus Majorana per als neutrins
del SM.



Finalment, la Part III estudia la fenomenologia en col-lisionadors dels HNLs a escala
electrodébil utilitzant els marcs EFT presentats a la Part II, amb emfasi en els possi-
bles senyals de LLPs que poden apareixer al LHC. Es presenten quatre estudis orig-
inals, cadascun en un capitol especific. El primer estudi se centra en operadors de
quatre fermions en NgpLEFT que involucren dos HNLs o un HNL i un neutri, junta-
ment amb dos quarks lleugers. Aquests operadors indueixen desintegracions rares
de mesons en HNLs, els quals poden desintegrar-se posteriorment amb un desplaga-
ment mesurable, generant senyals de LLPs en detectors allunyats del punt de collisi6
al LHC. El segon estudi analitza operadors en NRSMEFT i NrkLEFT que generen mo-
ments magnetics dels neutrins esterils. Aquests donen lloc a senyals exotiques en els
detectors principals, com fotons que no apunten al vertex de col-lisi6, a causa de la
llarga vida mitjana dels HNLs amb masses de 1’ordre del GeV. El tercer treball estudia
operadors de quatre fermions en NrgSMEFT que involucren un tinic HNL i quarks de
primera o segona generacio, els quals poden controlar tant la produccié com la desin-
tegracio dels HNLs, fins i tot en absencia de mescla amb els neutrins actius. Aquestes
interaccions poden ser explorades al LHC, ja que donen lloc a vértexs desplagats en
detectors com ATLAS. L'tltim estudi considera operadors similars, perd que involu-
cren quarks de tercera generaci6 (quarks top), cosa que dona lloc a mecanismes nous
de producci6 i senyals distintives en la desintegracié dels HNLs.

Les analisis fenomenologiques realitzades combinen calculs analitics de les amplades
de desintegracié dels HNLs en els marcs EFT amb simulacions de Monte Carlo util-
itzant una cadena basada en Feynrules, MadGraph5, MadSpin i Pythia8, juntament
amb codi personalitzat que implementa les estrategies de recerca de LLPs. Cada es-
tudi presenta estimacions de sensibilitat per a la recerca de LLPs a ATLAS o en de-
tectors allunyats proposats per al LHC, com MATHUSLA i ANUBIS, mostrant com
poden explorar regions encara inaccessibles de 1’espai de parametres i posar a prova

escenaris fora de ’abast de les recerques tradicionals.

En resum, aquesta tesi demostra com les EFTs i la recerca de LLPs poden, conjun-
tament, oferir estrategies potents i independents del model per explorar nova fisica
motivada pel sector dels neutrins. Els leptons neutres pesats emergeixen com un ob-
jectiu ben motivat i accessible experimentalment. En connectar models ultraviolats,
marcs d’EFT i fenomenologia de col-lisionadors, aquest treball contribueix a ampliar
les eines per descobrir particules super-feblement acoblades en els experiments actu-
als i futurs.



Abstract

This thesis investigates how the origin of neutrino mass can guide the search for new,
weakly interacting particles beyond the Standard Model (SM), focusing on heavy neu-
tral leptons (HNLs), also known as sterile neutrinos. HNLs naturally arise in many
neutrino mass mechanisms with weak couplings and, thus, often exhibit long life-
times. This makes them ideal candidates for long-lived particle (LLP) searches at
colliders. To study them in a model-agnostic way, the thesis employs the Effective
Field Theory (EFT) of the SM extended with sterile neutrinos (NgSMEFT), a frame-
work that captures possible new physics effects through a systematic expansion of
higher-dimensional operators. By combining this EFT approach with LLP searches at
the LHC, this work provides a promising strategy to uncover new particles connected
to neutrino physics.

The thesis is structured in three parts. Part I provides the theoretical and experimental
motivation for this work. After a brief review of the theoretical implications of neu-
trino masses and mixing, it discusses popular neutrino mass models involving sterile
neutrinos. Then, it motivates weakly coupled new physics and discusses LLP signa-
tures and the growing experimental program of LLP searches and dedicated detectors
at the LHC. There is a final summary of current experimental constraints on mini-
mal HNL models, where sterile neutrinos interact only through their mixing with SM
neutrinos.

Part II discusses the theoretical framework used in the thesis: NgSMEFT and its low-
energy limit, NpkLEFT. Both frameworks encode new interactions of electroweak-scale
sterile neutrinos in higher-dimensional operators. The relevant operators are classi-
fied up to dimension six in NRLEFT and dimension seven in NpSMEFT. This part
also presents original work: a complete tree level decomposition of NgSMEFT oper-
ators at dimension six and seven. This classification identifies the full set of one- and
two-particle SM extensions that generate the EFT operators at tree level, providing a
comprehensive EFT-UV dictionary. The analysis also explores the role of lepton num-
ber violation in NgSMEFT and its connection to Majorana masses of SM neutrinos.

Finally, Part III investigates the collider phenomenology of electroweak scale HNLs
using the EFT frameworks described in Part II, with a focus on LLP signatures at the
LHC. It presents four original studies, each in a dedicated chapter. The first study
focuses on four-fermion operators in NrLEFT involving two HNLs or an HNL and
a neutrino, and two light quarks. These operators trigger rare meson decays into
HNLs, which can subsequently decay with a measurable displacement, yielding LLP



signatures in far detector experiments at the LHC. The next study turns to magnetic
moment operators in NeRSMEFT and NzrLEFT. These lead to exotic signals at the main
detectors such as non-pointing photons arising from GeV-scale HNL displaced decays.
The third work analyzes four-fermion operators in NpSMEFT involving a single HNL
and first- and second-generation quarks, which can govern production and decay of
HNLSs, even in the absence of neutrino mixing. These interactions can be probed at the
LHC as they lead to displaced vertices in the main detectors such as ATLAS. The last
study considers similar operators, but involving third-generation quarks (top quarks)

leading to novel production mechanisms and decay signatures of HNLs.

The phenomenological analyses performed in these studies combine analytical com-
putations of HNL decay widths in the EFT frameworks with Monte Carlo simulations
using a pipeline based on Feynrules, MadGraph5, MadSpin, and Pythia8, along with
custom code implementing the LLP search strategies. Each study provides sensitivity
estimates for LLP searches at ATLAS or proposed far detectors at the LHC, such as
MATHUSLA and ANUBIS, showing how these setups can probe unexplored regions
of parameter space and test scenarios that remain inaccessible in traditional searches.

In summary, this thesis demonstrates how EFTs and LLP searches can together pro-
vide powerful, model-independent strategies to explore new physics motivated by
the neutrino sector. Heavy neutral leptons emerge as a well-motivated and exper-
imentally accessible target. By bridging UV models, EFT frameworks, and collider
phenomenology, this work contributes to expanding the toolkit for discovering super-

weakly coupled particles at current and future experiments.
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Introduction

The Standard Model (SM) of particle physics, though remarkably successful, is incom-
plete. It provides no mechanism for neutrino masses, does not account for the nature
of dark matter, and lacks an explanation for the observed baryon asymmetry of the
universe. These puzzles strongly motivate the search for physics beyond the SM.

Over the last few decades, both theoretical and experimental efforts have aimed to
uncover new physics. The Large Hadron Collider (LHC), as the most energetic collider
to date, has led the experimetal search in the energy frontier. Yet, despite more than
a decade of operation, no direct sign of new particles, interactions or symmetries has
emerged. This persistent null result has prompted two main hypotheses: perhaps new
physics lies at energy scales too high to be directly probed, or perhaps it is already
within reach but so weakly coupled to the SM that it has evaded detection so far.

The first possibility is well captured by Effective Field Theories (EFTs), which allow
us to describe the low-energy effects of heavy new particles without specifying their
ultraviolet (UV) origin. The second scenario, involving super-weakly coupled particles,
leads naturally to long-lived particle (LLP) signatures, exotic signals that cannot be
mimicked by the SM particle content. The challenge of detecting such signatures has
driven the development of novel experimental strategies and inspired the proposal of
dedicated LLP detectors.

Among the best-motivated candidates for this type of new physics are sterile neu-
trinos, also referred to as heavy neutral leptons (HNLs). These appear in a variety
of neutrino mass models and interact with the SM primarily through small mixings
with active neutrinos, which make them prime examples of weakly coupled particles.
Therefore, their potential for having long lifetimes and exotic decay signatures places
them at the forefront of LLP search programs. This interplay between neutrino mass

generation, weak couplings, and LLP signatures makes sterile neutrinos an especially



compelling subject of study and exploring their properties, interactions, and experi-
mental manifestations offers a powerful window into physics beyond the SM.

This thesis is framed along this line. It presents a comprehensive study of sterile neu-
trinos, focusing on their theoretical motivations, their connection to neutrino mass
mechanisms and their collider phenomenology. It compiles the research I have con-
ducted over the past four years and is structured in three parts, the latter two contain-
ing results from five original works.

Part I motivates neutrino physics as a gateway to weakly coupled particles: Chapter 1
reviews key theoretical implications of nonzero neutrino masses, including lepton
number violation and neutrino electromagnetic properties; Chapter 2 discusses sev-
eral well-established neutrino mass models that introduce sterile neutrinos as weakly
coupled new states; and Chapter 3 motivates the study of long-lived particles, dis-
cussing the experimental signatures and the current landscape of LLP searches at the
LHC and future experiments.

Part II explores sterile neutrinos in broader theoretical frameworks, both at low and
high energies: Chapter 4 introduces two EFT frameworks to describe generalized
sterile neutrino interactions at experimentally accessible energies, namely NgSMEFT,
the EFT of the SM extended with sterile neutrinos, and its low-energy counterpart,
NRLEFT; while Chapter 5 investigates possible UV completions of these EFTs and
provides the first comprehensive tree level UV-EFT dictionary for NpSMEFT.

Part Il investigates the collider phenomenology of HNLs within these effective frame-
works, with a focus on distinctive LLP signatures and detection prospects at the LHC.
It presents four original studies, each in a dedicated chapter: Chapter 6 analyzes sub-
GeV HNLs produced in meson decays; Chapter 7 considers GeV-scale sterile neutrinos
with sizable magnetic dipole moments; Chapter 8 studies HNLs with GeV masses pro-
duced through interactions with first- and second-generation quarks; and Chapter 9
explores electroweak-scale HNLs interacting preferentially with top quarks. All four
studies evaluate the potential of LLP searches at the LHC to probe long-lived HNLs
across different mass ranges and with different interaction types.

The thesis concludes with some reflections on the broader implications of this research
for neutrino physics and the search for hidden new physics at colliders.



Part 1

NEUTRINOS AS A WINDOW INTO
WEAKLY COUPLED NEW PHYSICS






Chapter 1

Neutrino physics: observations and
theoretical implications

The discovery of neutrino oscillations over 25 years ago provided the first direct ev-
idence that neutrinos have nonzero masses, marking a major breakthrough in our
understanding of particle physics. This discovery challenged the SM, which origi-
nally assumed neutrinos to be massless, necessitating the introduction of new physics

beyond its framework.

The confirmation that neutrinos have mass raises several fundamental theoretical ques-
tions. What is the mechanism responsible for their masses? Are neutrinos Dirac or
Majorana particles? What is the absolute mass scale of neutrinos, and how are their
masses ordered? Addressing these open questions is critical for constructing a more

complete theory of fundamental interactions.

This chapter provides an overview of key aspects of neutrino physics that are central
to these discussions. We begin in Section 1.1 with a summary of the neutrino oscil-
lation paradigm, which established the need for nonzero neutrino masses. We then
explore in Section 1.2 different theoretical perspectives on the origin of neutrino mass,
including Dirac and Majorana possibilities, before discussing in Section 1.3 the connec-
tion between Majorana neutrinos and lepton number violation. Finally, we examine
additional properties of massive neutrinos, such as neutrino magnetic moments and

its connection to charged lepton flavor violation.

Throughout this discussion, we motivate sterile neutrinos, which naturally arise in
neutrino mass mechanisms, and highlight how they fit into various aspects of neutrino
physics, setting the stage for the more detailed theoretical treatment in Chapter 2.
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1.1 Neutrino mixing and oscillations

Neutrinos are produced and detected via weak interactions as flavor eigenstates, de-
noted as v, (o = e, u, 7), but they propagate as mass eigenstates, v; (i = 1,2, 3). This
mismatch between the flavor and mass bases leads to the phenomenon of neutrino os-
cillations, where a neutrino produced in one flavor state can be detected as a different
flavor after propagation. The relation between these two bases is given by [1]

3
Vo = Z Ui v, (11)
=1

where U is the lepton mixing matrix. As a consequence, the SM electroweak currents
mediated by the W and Z gauge bosons can be rewritten in terms of the neutrino mass

eigenstates as [1]

lepton g

fee =+ ﬂUai (£a" PLyy) Wy, + hec,, (1.2)
lepton g * (5

ENE™ = = oty Uil U7 P Zy, 43

where we implicitly sum over the mass (i, j) and flavor («) indices. Here, g is the
SU(2) gauge coupling, 6y is the Weinberg angle, Py, is the left-handed chirality pro-
jector and ¢, denotes a charged lepton of flavor o = e, p, 7. The matrix U in Eq. (1.2)
corresponds to the PMNS matrix (named after Pontecorvo-Maki-Nakagawa-Sakata),
which is conventionally expressed as [2]

C12€13 512€13 s13e”"°cr
_ i 6
UpMNs = | —s12¢23 — €12513523€™°CF  c12C23 — S12513523€"°CF C13523 , (1.4)

idcp idcp

512523 — C12513C23€ —C12523 — S12513C23€ C13C23

where we define ¢;; = cos6;;, s;j = sinb;; and dcp € [0,27]. The phase dcp governs
Charge-Parity (CP) violation in neutrino oscillations, affecting the asymmetry between
neutrino and antineutrino conversion probabilities. The mixing angles 612, 613 and 623
are known as the solar, reactor and atmospheric mixing angles, respectively, named

after the sources producing the neutrinos used to measure them.

If neutrinos are Majorana particles (see discussions in Sections 1.2 and 1.3), the PMNS
matrix contains two additional CP-violating phases, 71,72 € [0,2n], leading to the
extended form ‘
em 0 0
Upmns = U(012,013,023,6cp) | 0 €™ 0, (1.5)
0 0 1
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FIGURE 1.1: Two possible orderings for the neutrino mass eigenstates according to the sign of
AmZ,: normal (NO) and inverted (IO). Image from [3].

where U is the same unitary matrix as in Eq. (1.4). Unlike dcp, the Majorana phases
n and 72 do not affect neutrino oscillations and can only be probed through lepton

number violating processes, such as neutrinoless double beta decay.

Besides the mixing angles, neutrino oscillations are also characterized by two inde-
pendent mass-squared differences, denoted as Am3, and Am%,, known as the solar
and atmospheric mass splittings, respectively. The sign of the latter remains unde-
termined, though, leading to the two possible neutrino mass orderings depicted in
Fig. 1.1. We refer to normal ordering (NO) when Am3, > 0, i.e., the lightest neutrino
is the one with the largest electron component. In contrast, the inverted ordering (IO)
corresponds to Am3; < 0, where the lightest neutrino has the least amount of electron
component. Although there is a mild preference for NO [4], the statistical significance
remains limited to the 20 level, leaving the issue unresolved. Future experiments,
such as JUNO and Hyper-Kamiokande, aim to answer this question [5, 6]. The best
fit values (68.4% C.L.) for the mass-squared differences derived from a global fit to
observations of neutrino oscillations are [4]

Am3y = (7.51032) x 107° eV?, (1.6)
(2.5570:02) x 1073 eV2 (NO),

A, | = +0.02 3 y2
(2.457)05) x 1073 eV? (10).

(1.7)

For a state-of-the-art global fit of all the neutrino oscillation parameters, we refer the
reader to Ref. [4] (see also Ref. [7]).

The observation of two distinct mass-squared differences establishes that at least two
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neutrinos must have nonzero mass, but the absolute neutrino mass scale remains un-
known. Oscillation experiments, by their nature, are only sensitive to mass differ-
ences and cannot determine the absolute mass of any individual neutrino. To address
this limitation, direct kinematic measurements from beta decay experiments provide a
complementary approach. By analyzing the kinematics of electron emission in tritium
decay, the KATRIN experiment has set an upper bound of m, < 0.45 eV at 90% C.L.
on the effective electron neutrino mass [8]. However, a direct measurement of the
neutrino mass is still lacking. Cosmological observations provide additional, albeit
model-dependent, constraints at the sub-eV level [9].

While the discovery of neutrino oscillations provided clear evidence of neutrino mass,
it brought several puzzles that remain unresolved, strongly motivating the study of
new physics scenarios addressing these open questions, such as the origin of neutrino
mass or the nature of neutrinos. In the following sections we discuss these and other
aspects of massive neutrinos.

1.2 Origin of neutrino mass

In its minimal formulation, the SM does not accommodate neutrino masses. Contrary
to charged fermions, neutrinos lack right-handed counterparts, preventing a Yukawa
interaction with the Higgs field. Additionally, a Majorana mass term involving only
left-handed neutrinos cannot be written explicitly as it is not gauge invariant [10].
Consequently, the existence of neutrino masses necessarily implies the presence of
BSM physics. When discussing neutrino mass generation mechanisms, one can clas-
sify them depending on the resulting Dirac or Majorana nature of neutrinos. In this
section, we outline the primary approaches to both possibilites.

Dirac neutrino masses

A straightforward way to generate neutrino masses is to introduce right-handed neu-
trino fields, vz, which are singlets under the SM gauge group Gsy = SU(3)¢ X
SU(2)r, x U(1)y. This allows the construction of a Yukawa interaction analogous to
that of the other SM fermions,

Lyax = —LHY,vp + h.c., (1.8)

where L and H are the SM lepton and Higgs doublets and H = iooH*. Here, Y,
denotes the neutrino Yukawa matrix. After electroweak symmetry breaking (EWSB),
the Higgs acquires a vacuum expectation value (VEV), (H) = v/+/2, leading to a Dirac
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mass fOI‘ neutrinos,
v
mb =vy,—. (1.9)

Since experimental constraints require neutrino masses to be at most O(eV), this sce-
nario would necessitate Yukawa couplings O(10~!1). This extreme suppression stands
in contrast with the scale of other fermion Yukawa couplings,' raising the question of
whether an additional mechanism is responsible for the smallness of Y.

While this minimal setup suffices to generate Dirac neutrino masses, other possibilities
exist that avoid the need for unnaturally small Yukawa couplings. One such possibil-
ity involves extending the Higgs sector. For example, introducing additional Higgs
doublets or singlets can modify the neutrino mass structure [11, 12]. Another class
of scenarios postulates new symmetries, such as discrete lepton number symmetries,
which forbid neutrino masses at tree level but allow them to arise through symmetry
breaking [13, 14]. These constructions provide a compelling alternative to the mini-
mal Dirac mass scenario and can be embedded in larger frameworks that also address

dark matter or other open questions in particle physics.

Majorana neutrinos and the Weinberg operator

A fundamental difference between neutrinos and other SM fermions is their lack of
electric charge, allowing them to be Majorana particles, that is, identical to their own
antiparticles. This opens an alternative route to generating neutrino masses. The min-
imal extension of the SM accounting for Majorana neutrino masses is the dimension 5

(d = 5) operator known as the Weinberg operator [15],
OWeinberg = (fgﬁ[*) (EITL,B), (1.10)

where L¢ = CLT, with C being the charge conjugation matrix. Being a dimension 5
operator, in the Lagrangian it appears with a prefactor c,5/A,> where A denotes a new
physics energy scale and ¢, is a Wilson coefficient in flavor space. After EWSB, this
operator induces a Majorana mass term proportional to m ~ v2/A.

v

Since the observed neutrino masses are below the eV scale, this implies that A should
be significantly larger than the electroweak scale, around 10'* GeV assuming O(1)
Wilson coefficients. This suggests the presence of new physics at or near the scale of
grand unification, which lies far beyond the sensitivity of any terrestrial experiment.

'The Yukawa couplings for the charged fermions range from O(10~9), as for the electron, to O(1) , as
for the top quark.

2This higher-dimensional operator approach lies within the framework of effective field theories,
which are discussed in detail in Chapter 4.
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1
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FIGURE 1.2: Tree level openings of the Weinberg operator corresponding to the three seesaw
mechanisms. Each mechanism adds a new field to the SM particle content: a singlet fermion
(type-]), a triplet scalar (type-II) or a triplet fermion (type-III).

However, the scale at which this operator is generated might be much lower if the Wil-
son coefficients are suppressed, giving rise to observable phenomena at experiments.
We discuss this issue affecting neutrino mass mechanisms in Chapter 2.

Crucially, this operator explicitly violates lepton number by two units, providing a di-
rect link between neutrino masses and Lepton Number Violation (LNV). This connec-
tion has profound phenomenological implications, which we discuss in the following

section.

The Weinberg operator represents an effective description of neutrino masses at low
energies but does not specify the underlying high-energy completion responsible for
its generation. At tree level, the Weinberg operator can be generated in exactly three
distinct ways by introducing new heavy particles, as illustrated in Fig. 1.2. They intro-
duce either a singlet fermion N ~ (1,1,0), triplet scalar A ~ (1, 3, 1) or triplet fermion
¥ ~ (1, 3,0), corresponding to the Type-1[16, 17], Type-II [18, 19, 20], and Type-III [21]

seesaw mechanisms, respectively.

Among these mechanisms, the Type-I seesaw is the simplest and most widely stud-
ied as it extends the SM only by incorporating singlet fermions or sterile neutrinos.
Beyond this minimal realization, sterile neutrinos also appear in a variety of neutrino
mass models and broader extensions of the SM, such as Left-Right Symmetric models
[22, 23]. For this reason, we separately discuss the role of sterile neutrinos in neutrino

mass models in Chapter 2.
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Beyond tree level and the Weinberg Operator

While the Weinberg operator and its tree level realizations provide the simplest exten-
sions of the SM to accommodate neutrino masses,® other mechanisms may be at play.
For instance, radiative neutrino mass models. Instead of being generated at tree level,
neutrino masses can arise at loop level, leading to additional suppression factors that
naturally explain their smallness. Well-known examples include the Zee model [24],
which introduces charged scalars in one-loop diagrams, and the Scotogenic model
[25], where neutrino masses are generated via a dark sector. Such scenarios are partic-
ularly attractive because they can relate neutrino mass generation to dark matter.

Another possibility is that Majorana neutrino masses originate from LNV higher-
dimensional operators beyond the Weinberg term. Although the Weinberg operator
is the leading contribution in an effective field theory expansion, it may be absent in
certain UV completions, making higher-dimensional terms (d = 7 or higher) domi-
nant. These operators introduce novel LNV interactions and have been systematically
classified within the Standard Model Effective Field Theory (SMEFT) framework up
tod = 11 [26].

Such alternative pathways to neutrino mass generation are actively explored in the
literature, and recent efforts have focused on classifying all possible tree level and
loop level realizations of the LNV higher-dimensional operators [27, 28, 29, 30, 31,
32]. These approaches not only provide insights into the structure of neutrino masses
but also establish connections with other BSM phenomena, including lepton flavor
violation and dark matter.

1.3 Lepton number violation and Majorana neutrinos

LNV is deeply linked to the Majorana nature of neutrinos. A Majorana mass term
inherently violates lepton number by two units (AL = 2), opening the door to BSM
processes such as neutrinoless double beta decay (0v33). This hypothetical process,
in which a nucleus undergoes double beta decay without emitting neutrinos, is the
most sensitive experimental probe of Majorana neutrinos. The observation of 0v3/
would provide unambiguous evidence that at least one neutrino mass eigenstate has
a Majorana component, independent of the specific underlying mechanism. This re-
sult follows from the so-called black box theorem [33], which states that if 0v33 is

3If neutrinos were Dirac fermions, analogous seesaw realizations to generate neutrino masses can also
be invoked.
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o

Ovs3ps

\ e
d

d

FIGURE 1.3: Black box theorem of 0v3/ decay graphically: whatever is the underlying mecha-
nism generating a nonzero neutrinoless double beta decay amplitude (left diagram), will also
generate a Majorana mass term for at least one of the SM neutrinos (right diagram).

observed, a Majorana mass term for neutrinos is necessarily generated at some or-
der in perturbation theory. This is illustrated in Fig. 1.3. The diagram on the left is
a schematic representation of 0v33, where the box includes all possible mechanisms
contributing to the process. Only the external lines of the quarks and the two final
electrons are visible. The diagram on the right shows how the same external lines can
be joined via SM weak interactions to neutrino lines in order to generate a Majorana

mass entry.

Note that, while Ov3( establishes the existence of Majorana mass terms, the induced
contribution to the observed neutrino masses is expected to be orders of magnitude
smaller than the mass splittings measured in neutrino oscillations [34], implying that

Ov3 alone is not the dominant mechanism for neutrino mass generation.

The opposite statement is also true: the main contribution to the Ov33 decay does
not necessarily come from the exchange of Majorana massive neutrinos, but the mass
mechanism is guaranteed to give a contribution. Assuming that the primary contri-
bution to Ov33 comes from the exchange of light Majorana neutrinos, corresponding
to the diagram in Fig. 1.4, and no other new physics is involved, the amplitude of the
process is proportional to the effective Majorana mass parameter defined as

, (1.11)

3
2
mpg = | > Ugmi
i=1
where U,; are the first-row elements of the Majorana PMNS mixing matrix, cf. Eq. (1.5),
and m; are the neutrino mass eigenvalues. Note that this process is sensitive to the
Majorana phases of the lepton mixing matrix. In addition, depending on the neu-

trino mass ordering, the value of mgg differs significantly. For IO, the contribution
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FIGURE 1.4: Contribution from light Majorana neutrino exchange to Ov53 decay.

is typically large, leading to Ov3(3 rates that should be within experimental reach if
neutrinos are Majorana. In contrast, for NO a strong suppression is possible due to
destructive interference between terms in the sum. In extreme cases, this could render
0v3p effectively unobservable, even if neutrinos are Majorana particles [35].

Current experimental efforts, such as GERDA, KamLAND-Zen, LEGEND-200 and
CUORE, are searching for Ov3/3 and setting stringent limits on mgg, with sensitivities
reaching the range of 60 — 300 meV [36, 37, 38]. Future projects like nEXO, DARWIN
and LEGEND-1000 aim to push these limits further, potentially probing 1O [39, 40, 41].

While light neutrino exchange provides the minimal interpretation, new physics can
contribute to Ov3 via mechanisms that do not rely on the standard seesaw Majorana
masses. For instance, supersymmetric models with R-parity violation [42, 43], scalar
leptoquarks [44, 45] or Left-Right Symmetric models [46]. In general, the contributions
to the Ov33 can be divided into a long-range [47] and short-range [48] part. The former
refers to the cases where a light virtual neutrino is exchanged between two nucleons,
while the latter includes all possible heavy particle exchanges, usually encoded by an

effective high-dimensional operator.

We finally comment that, beyond neutrinoless double beta decay, LNV could also
manifest in other processes, such as rare meson decays, providing complementary
experimental tests of Majorana neutrinos. These processes are particularly interesting
in scenarios where Majorana sterile neutrinos exist at the GeV scale. The potential re-
lation between sterile neutrinos and LNV will be further discussed in Part Il and LNV
rare meson decays involving sterile neutrinos will be revisited in Part IIL
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v vy

(a) (b)

FIGURE 1.5: a) Effective interaction vertex describing neutrino magnetic moments. b) One-
loop diagrams in the SM contributing to the magnetic moment.

1.4 Neutrino magnetic moments

Massive neutrinos present further properties beyond oscillations and mixing. For in-
stance, they show effective electromagnetic interactions with photons as depicted in
Fig. 1.5a. In this section, we focus on neutrino magnetic moment interactions, which

at low energies can be described by the effective lagrangian

[

Lo X % (o™ v;) Fu (1.12)

where F),, is the photon field strength tensor, o#* = % [v*,~4"], and py; is the neutrino
magnetic moment. If neutrinos are Dirac particles, both diagonal () and transition
(pgi, with f # i) magnetic moments exist. However, if neutrinos are Majorana, only
transition moments are present, as the diagonal terms vanish exactly due to symmetry

arguments.

In the SM, extended to include nonzero neutrino masses, neutrinos acquire a magnetic
moment through one-loop diagrams as those shown in Fig. 1.5b. In the Dirac case, the
complete calculation leads to the result [49]

* me
i = W(mf +my) <5fi -y Uanaim%/> : (1.13)

where G is the Fermi constant and e is the electron charge. The result depends on
the neutrino mass eigenvalues m;, the W boson mass and the mass of the charged
lepton (o = e, pt, 7) running in the loop (see Fig. 1.5b). Since the mass ratio is small,
m2/m¥, < m?/m¥, ~5x 107*, the previous expression can be expanded in a Taylor
series of m2 / th/V' The diagonal magnetic moments (f = 7) can be then approximated

at leading order to
D 3€GF

iz = 3 \/§7r2

mi =3 x 10~ 95 (Ziv) : (1.14)
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where g = 2e/m,. is the Bohr magneton. Assuming neutrino masses below the eV
scale, this numerical estimation is well below the sensitivity of current experiments.
The Dirac transition magnetic moments (f # ) are further suppressed relative to the
diagonal moment 12 by an additional factor of m?2/m2;,, leading to values of order
10~23 15 or smaller.

For Majorana neutrinos, only transition moments are present, and in the limit of small
m? /m3,, the leading contribution is
3ieG m?
M F * o
ph o~ = (my+mi) Y Im (U Uui) —5- . (1.15)
8\/§7T2 a=¢e,,T mW
This result cannot be directly compared to the Dirac one as the mixing matrices are
different in the two cases. Nevertheless, the Majorana transition dipole moments are

also suppressed by m?2 /m#, and so they are expected to be no larger than 10~23 .

Experimental searches for neutrino magnetic moments at reactor experiments, such as
GEMMA, have set upper bounds of approximately y,, < 2.9x 107! up at 90% C.L. [50].
Astrophysical limits, derived from stellar cooling processes, are even more stringent,
placing constraints at the level of u, < 107245 [51]. Future experiments probing
coherent neutrino-nucleus scattering aim to further improve these bounds [52, 53].

Many BSM models predict enhanced neutrino magnetic moments through additional
loop corrections involving new particles charged under the SM. Such new physics con-
tributions can significantly modify the active neutrino magnetic moments, potentially
bringing them within experimental reach. More interestingly, scenarios with sterile
neutrinos introduce the possibility of new transition magnetic moments between ac-
tive and sterile states, as well as purely sterile-sterile magnetic moments. These inter-
actions are also experimentally testable and have been explored in laboratory searches
[54, 55, 56] and astrophysical observations [57, 58]. In Chapter 7, we will come back
to this topic and analyze a scenario where such active-sterile and sterile-sterile dipole

moments arise and discuss their phenomenological implications.

1.5 Charged Lepton Flavor Violation

In the SM extended with only left-handed neutrino masses, charged Lepton Flavor
Violation (cLFV) is mediated by neutrino mixing although it is highly suppressed due
to the tiny neutrino masses. For instance, the decay 1+ — e can proceed via the one-
loop process shown in Fig. 1.6, as a consequence of the flavor changing interactions
in Eq. (1.2). The decay rate of this process can be computed in the R¢ gauge, taking
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U/T? Vi Uei
FIGURE 1.6: Contribution from light neutrino mixing to the cLFV decay p — e7y.

into account additional diagrams. Finally, dividing by the dominant lepton flavor
conserving rate I'(; — evw), the resulting branching ratio yields [59]

2

B(p— ey) = —< ’ Z , (1.16)

m2
l

m2

myy
where «a. is the fine structure constant and the sum runs over the light neutrino mass
eigenstates. Substituting the best-fit numerical values of the oscillation parameters
leads to an estimated branching ratio of B(u — ey) ~ 107°* — 107%5. This is vastly

below the current and foreseeable experimental sensitivity, making the detection of
this decay impossible.

In the presence of new physics, cLFV rates can be significantly enhanced, making these
processes powerful probes of BSM physics. Many well-motivated scenarios, including
supersymmetry or two-Higgs doublet models, predict sizable contributions to cLFV
observables [60, 61, 62]. Importantly, a direct connection exists between neutrino mass
models and cLFV phenomenology [63, 64]. Of special relevance for us are those mass
mechanisms featuring heavy sterile neutrinos. If sterile neutrinos mix significantly
with the active neutrino sector, they can mediate the processes ¢, — {3y and ¢, —
lglsl at observable rates [65]. The strength of these effects depends on the sterile
neutrino mass scale and their couplings to SM leptons, providing a complementary
probe of the mechanism behind neutrino mass generation.

The experimental search for cLFV rare processes is an essential part of the broader
effort to uncover new physics. Dedicated experiments have set increasingly stringent
limits on these decays, especially in muon and tau decays. Table 1.1 summarizes the
current experimental bounds on some cLFV observables and the future sensitivity of
upcoming experiments to these processes. A positive signal in any of these channels
would be a clear indication of BSM physics, offering valuable insights into the fla-
vor structure of new interactions and potentially shedding light on the mechanism
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cLFV observable Current bound Future sensitivity
B(u— ey) 4.2 x 10713 (MEG [66]) 6 x 10~ (MEGII [67])
B(T — ey) 3.3 x 1078 (BaBar [68]) 3 x 107 (Belle I1 [69])
B (1 — uy) 4.2 x 1078 (Belle [70]) 10~ (Belle 11 [69])
B (1 — 3e) 1.0 x 10~'2 (SINDRUM [71]) | 10~ 15(=16) (Mu3e [72])
B (T — 3e) 2.7 x 1078 (Belle [73]) 5 x 10719 (Belle I1 [69])
B (T — 3u) 1.9 x 1078 (Belle II [74]) 5 x 10719 (Belle II [69])

TABLE 1.1: Current bounds and future sensitvity to cLFV observables. Quoted limits corre-
spond to 90% C.L.

responsible for neutrino mass generation.

Interestingly, cLFV processes and neutrino magnetic properties are often related in
BSM scenarios, as they both arise from new sources of lepton flavor violation. How-
ever, this connection is model-dependent. In some frameworks, new physics contribu-
tions to neutrino magnetic moments may be enhanced without significantly affecting
cLFV rates, while in others, both effects stem from the same underlying interactions.
In Chapter 7, we will explore a specific BSM model where a common UV origin gives
rise to both sizable neutrino magnetic moments and enhanced cLFV rates, offering a
testable link between these two observables.

To conclude this chapter, we have shown how the existence of nonzero neutrino masses
points unambiguously to physics beyond the SM. We briefly reviewed some of the
most relevant consequences, including lepton number violation, neutrino electromag-
netic properties, and charged lepton flavor violation, and discussed their connection
to new physics scenarios. While the exact mechanism responsible for neutrino mass
generation remains unknown, all viable models require extending the SM with new
ingredients. Among the most compelling possibilities is the introduction of sterile
neutrinos. In the following chapter, we explore a range of neutrino mass models fea-
turing sterile neutrinos and highlight their potential for experimental discovery.
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Chapter 2

Neutrino mass models and sterile

neutrinos

Since the 1980s, a wide variety of theoretical models has been proposed to explain the
small but nonzero masses of neutrinos. While these models can be classified from dif-
ferent perspectives — by the loop order at which neutrino masses arise or by whether
neutrinos are Dirac or Majorana particles — they all share the common feature of ex-
tending the SM with new fields, interactions, or symmetries. Identifying experimental
signatures of these extensions could provide crucial insights into the underlying neu-

trino mass mechanism.

In Chapter 1, we briefly reviewed the current experimental status and theoretical im-
plications of massive neutrinos, emphasizing the need for new physics. One partic-
ularly well-motivated scenario involves the introduction of sterile neutrinos: gauge-
singlet fermions that do not couple directly to the SM gauge interactions. In this chap-
ter, we focus on neutrino mass models in which sterile neutrinos play a central role.
These frameworks not only explain the smallness of active neutrino masses but also
predict heavy Majorana or pseudo-Dirac states that may be within reach of current or
future high-energy experiments. This connection between the neutrino mass mecha-
nism and testable signhatures provides strong motivation for their study.

To illustrate these ideas, Section 2.1 introduces the Type-I seesaw mechanism, the sim-
plest and most widely studied framework involving sterile neutrinos. Section 2.2 ex-
plores two low-scale seesaw variations: the inverse seesaw and the linear seesaw. Fi-
nally, Section 2.3 presents the Scotogenic model, in which sterile neutrinos generate

neutrino masses radiatively at one loop.
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2.1 Type-I Seesaw mechanism

The Type-I seesaw [16, 17] constitutes the minimal extension of the SM that allows
for neutrino mass generation. It introduces n generations of right-handed neutrinos,’
denoted as Npg, which are singlets under the SM gauge group and therefore often

referred to as sterile neutrinos. The general Type-I seesaw Lagrangian is given by
_ . 1—
‘Ctype-l = iNR(%NR — <LHY1,NR + §N§MRNR + hC> (2.1)

where Nj = CNiRT, with C being the charge conjugation matrix, Y, is the 3 x n neu-
trino Yukawa coupling matrix and Mg is a symmetric n x n Majorana mass matrix for
the sterile neutrinos. If we assign lepton number L(Ng) = 1, then all terms in the La-
grangian conserve lepton number except for the Majorana mass term, which explicitly
violates lepton number by two units (AL = 2). The sterile neutrinos interact with the
SM exclusively through their Yukawa interactions.

After Electroweak Symmetry Breaking (EWSB), the Higgs acquires a Vacuum Expec-
tation Value (VEV), (H) = v/v/2, leading to the following mass terms in the neutral
lepton sector [1]

1 L e 0 vYy,
g,lgses_l D) —5 (ﬁ NE) M, (N;) +hec; M,= (’U\}//ZT ]ﬁ) . (2.2)
2

To move to the mass basis, we perform a unitary transformation to block-diagonalize
M,. Assuming the Majorana mass scale is much larger than the electroweak scale,
|Mg| > v, an expansion in vM " leads to the well-known seesaw expressions for the
light and heavy neutrino masses [1]

2
v -
m, ~ —E(YVMRlYVT) . My~ Mg, (2.3)

where the heavy scale Mp, is expected to highly suppress m,,. The resulting Majorana
mass eigenstates consist of three light neutrinos, v; (i = 1,2,3), which are predomi-
nantly SM-like, and n heavy neutrinos, N; (j = 1, ..., n), which are mostly sterile.?

! At least two sterile neutrinos are needed to reproduce the neutrino oscillation data.
*The diagonalization procedure further requires an additional rotation to express the mass eigenstates
in terms of the flavor basis. In particular, the light neutrino mass is given by

My =Um,U,

where U is the PMINS matrix for Majorana neutrinos introduced in Chapter 1. Without loss of generality,
Mg can be chosen to be diagonal.
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As a byproduct of the diagonalization process, there is an induced mixing between
the active SM neutrinos and the sterile neutrinos, which, at first order in the seesaw
expansion, is given by

v
Von. &~ — (Y, M7!
Nz \/i( R )

where a denotes a flavor index and i refers to the sterile neutrino generation index.

(2.4)

ai’

As a consequence, the heavy (nearly) sterile states inherit the electroweak interactions
of SM neutrinos, although suppressed by this mixing parameter. The charged and
neutral current interactions for the sterile states read [1]

ﬁsctgrile = _iVaNi (E’VNPLNz) WM + h.C., (25)
V2
ril 9 * N * N
LS = —50, b {Uak’VaNi (Niv¥ PLug) + Van, Vo, (Niv" PLN;) }Zuv (2.6)

where we implicitly sum over the flavor (o) and generation (7, j, k) indices. Impor-
tantly, these interactions can lead to observable effects as the N can be produced and
decay to different final states in collider experiments. However, the observability ulti-
mately depends on the interaction strength governed by the mixing parameter.

To reproduce the observed light neutrino masses via Eq. (2.3), one can assume Dirac
Yukawa couplings Y, ~ 1, requiring a Majorana mass scale Mg ~ 10!* GeV. In this
limit of such high scales, one can integrate out the heavy sterile neutrinos from the
Lagrangian, effectively generating the Weinberg operator in Eq. (1.10). Alternatively, if
the Dirac Yukawas are highly suppressed, say Y;, ~ 107° (as for the electron Yukawa),
then a much lower Majorana mass, Mpr ~ 100 GeV, is necessary to obtain the correct
neutrino masses. This latter possibility is preferred from the phenomenology point of
view since such a heavy sterile neutrino could be probed at terrestrial experiments.
Nevertheless, the active-sterile neutrino mixing is extremely small, even for not so
heavy sterile neutrino masses: a naive estimation using Eq. (2.4) and assuming there
are no cancellations among the different terms contributing to m,, leads to V ~ 10713
for Mp ~ 10" GeVand V ~ 107 for Mp ~ 100 GeV.

In summary, although it is a very elegant solution to the neutrino mass problem, the
Type-1 seesaw is challenging to probe. If the Majorana mass scale is too high, the
heavy neutrinos lie outside experimental reach. On the other hand, even if My is
within experimental reach, the active-sterile mixing is typically too small to be ob-
served in current or near-future experiments. This motivates exploring alternative

seesaw realizations with enhanced experimental signatures, which we discuss next.
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2.2 Inverse and linear seesaw mechanisms

The inverse [75, 76, 77] and linear [78, 79, 80] seesaw variants extend the SM particle
content by introducing n and m generations of two types of sterile neutrinos, denoted
as Nr and S, respectively. The most general Lagrangian governing their interactions
is then given by [1, 81]

—LD ZﬁYVNR+?LMNsNR

- 1 — 1 —
+ LHEYSSE + E/U’NN]%NR + i,ussLSE + h.c., (2.7)

where Y, and €Ys are 3 x n and 3 x m Dirac Yukawa matrices coupling the sterile
neutrinos to the Higgs, while Myg is a n X m mass matrix connecting N and Sr.
The parameters ;1 and pg are Majorana mass matrices for the sterile neutrinos. If we
make the lepton number assignment L(Ng) = L(Sr) = L(L), then the terms in the
tirst row conserve lepton number, whereas those in the second one violate it. The three
quantities in the interaction terms of the second row, €Ys, pny and g, are therefore
expected to be small in the 't Hooft sense [82], as lepton number symmetry is restored
in the limit €, un 5 — 0.

After EWSB, the mass matrix of the neutral fermions, in the (v§ , Ng, SE)T basis, takes

the form
0 myn €Mys

My, =|mly unv Mys|, (2.8)
ﬁst Mﬁs Hs

where we have defined the Dirac mass terms as (m,n, m,s) = (vY,/v/2,vYs/v/2). De-
pending on the underlying symmetries, some LNV parameters may be absent. Here,
we study two possible textures of the mass matrix, corresponding to two seesaw real-
izations: the inverse seesaw, obtained in the limit e = puy = 0 with ug < Myg; and
the linear seesaw, which arises when puy = ps = 0 and em, s < Mys.

In both cases, diagonalizing the mass matrix leads to a light neutrino sector and a
heavy sterile neutrino sector. Analogously to the Type-I seesaw, one can perform an
expansion in the small quantities ;15/Mys and em, s/Mpysg, leading to the light neu-
trino mass matrix
1 1 7 1 7 I 7
My >~ —MyN US> My,ny — €| Mps——m,ny + MuyN—=M . 2.9
v vN M}\;S Hns MNS vN < vS MNS vN vN Mﬁs vS ( )

The expression for the inverse (linear) seesaw can be then obtained by taking e — 0
(us — 0). Notice that, to lowest order, the Majorana mass py does not contribute
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FIGURE 2.1: Tree level contributions to neutrino mass in the gauge basis in the inverse (top)
and linear (bottom) seesaw models.

to m,. However, it contributes to finite 1-loop corrections of m,, which can even
be sizable for non-negligible values of pn [83]. We illustrate the light neutrino mass

generation mechanism for the two seesaw variants in Fig. 2.1.

Unlike in the Type-I seesaw, where neutrino masses are suppressed by an inverse
power of a large Majorana mass, the expression in Eq. (2.9) reveals that light neutrino
masses are further suppressed by either ;15 (in the inverse seesaw) or by e (in the linear
seesaw). This means the scale My g (the analogue to My in the Type-I) does not need to
be as large as in the canonical seesaw. A rough numerical estimate assuming m, n ~
O(GeV) and ps ~ O(keV) in the inverse seesaw limit (or em,s ~ O(10eV) in the
linear seesaw limit) suggests that neutrino masses can be correctly reproduced with
Mpys ~ O(TeV). This manifests the low-energy character of these seesaw variants.

As regards the heavy sterile eigenstates, in both seesaw variants they present similar
phenomenology. Therefore, for illustrative purposes, let us discuss only the inverse
seesaw scenario (¢ = pny = 0 and ps # 0). In this case, the heavy neutrinos, with
masses at the Myg scale, form quasi-degenerate pairs (usually referred to as quasi-
Dirac states [84, 85]) with a mass splitting proportional to pg. In the exact ps — 0
limit, they become degenerate forming a Dirac pair. As a consequence, LNV pro-
cesses involving the heavy neutrinos are absent in this limit, in contrast to the Type-I
seesaw. Although this limiting case is not completely realistic, since light neutrino
masses would vanish exactly, it provides a natural way to suppress LNV observables.
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Field Irrep Spin Multiplicity = Z»

n (1,2,3) 0 1 —
3 —

N[ =

TABLE 2.1: New particle content of the Scotogenic model and their corresponding quantum
numbers under the SM gauge symmetry. Both fields are odd under the discrete Z; symmetry.

Another key feature of the inverse seesaw is the enhanced active-sterile mixing com-
pared to the Type-I seesaw. The mixing parameter scalesas V' ~ m,n/Mns ~ /M, /15
Since js is pressumably small, this allows for sizable active-sterile mixing without
requiring extremely suppressed Yukawa couplings. This makes the inverse seesaw
(and low-energy seesaw variants in general) particularly appealing for experimental
searches, as the heavy neutrinos could be within collider energy reach and simultane-
ously have large enough mixings to be produced and detected at experiments, while
still satisfying light neutrino mass constraints.

2.3 Scotogenic model

So far, we have discussed tree level contributions to neutrino mass. However, these
might be absent, due to an underlying symmetry, or be simply subdominant com-
pared to higher-order corrections in perturbation theory. In this case, radiative neu-
trino mass models become relevant. The loop corrections naturally suppress their con-
tributions, making them an appealing framework to explain the smallness of neutrino
masses. Among these models, the Scotogenic model [86, 25] (also known as radiative
seesaw model) stands out as one of the most minimal and well-motivated. It not only
accounts for neutrino masses but also introduces a viable dark matter (DM) candidate,

making it a compelling extension of the SM.

The Scotogenic model extends the SM particle content by introducing a second scalar
doublet, n = (n,7°)T, and three singlet fermions, N; (i = 1,2,3). A key feature of
this model is the presence of an exact Z; symmetry under which the new fields are
odd while the SM fields remain even. The new particles and their transformation

properties under the SM gauge symmetry and Z; are summarized in Table 2.1.

The presence of Z; prevents the usual Yukawa interaction between the Higgs doublet
and the new singlet neutrinos, as seen in the transformation

LANg, —%2  _THNp. (2.10)
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As a result, neutrino masses do not receive tree level contributions. Instead, they are

generated radiatively via a one-loop mechanism, with the relevant interactions given
by
1— —
LDV + 5NCMNN +nNYyNL +he. (2.11)

Here, My is a Majorana mass term for the fermion singlets, Y}, is a 3x 3 Yukawa matrix
between the new scalar and fermion, and V represents the scalar potential, given by

1 1
V =—m}HH+m2n'n+ 5AH(HTH)? + 5An(nw)?
1
+ () ) + () (0 ) + 25 [+ (12| 212)
After EWSB, Majorana masses for the light neutrinos arise at the one-loop level, me-

diated by the exchange of the new scalar 1 and the singlet fermions /V;, as depicted in
Fig. 2.2. The resulting neutrino mass matrix is given by [25, 87]

YR ki[Y ]k mE m# mi m?
My = S ENRLENIR] 1 - 1 ,
Ml =2y M | tos | g | e o8 | g

where the masses of the scalar and pseudoscalar components of 7° = (ng + in7)/v/2
are given by
1
mp =m; + 5(Ag + Ay £ A5)0?. (2.14)

A simplified expression can be obtained in the almost degenerate limit mr ~ mr = my

(i.e., \s < 1) and for mg ~ vak In this case, the mass matrix simplifies to

(2.15)

A50? o [YalwilYalks
[MV]Z] ~ 5 .
167 - My,

This expression highlights the radiative suppression of neutrino masses: compared
to the Type-I seesaw, the effective scale for My is reduced by a factor of \5/(1672),
allowing for the sterile neutrinos to reside at lower scales. For neutrino masses to be
nonzero, the simultaneous presence of X5, Y}, and My is required, as Eq. (2.15) shows.

If any of these vanish, the radiative mechanism fails.

A remarkable feature of the Scotogenic model is that it also provides a natural dark
matter candidate. Due to the unbroken Z, symmetry, the lightest odd particle is stable.
This could be either: 1) the lightest singlet fermion, /N;, which behaves as a sterile
neutrino DM candidate if it has the right relic abundance; 2) the lightest neutral scalar,
either Re(n") or Im(n"), which could act as a scalar DM candidate. Both scenarios
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FIGURE 2.2: One-loop contribution to neutrino mass in the gauge basis in the Scotogenic
model. The simultaneous presence of A5, My and Y} is required to draw the diagram.

lead to distinct experimental signatures, including potential signals in indirect and
direct detection, and even collider searches. Additionally, due to the loop-suppressed
neutrino mass generation, the Yukawa couplings Y}, can remain sizable, potentially
leading to observable effects in lepton flavor violating processes [64].

The Scotogenic model reveals a neutrino mass mechanism where sterile neutrinos do
not directly mix with SM neutrinos but present additional interactions involving other
BSM fields. This exemplifies a broader theme explored in Part II: sterile neutrinos
interacting with hidden sectors or other BSM fields at high energies. In Chapter 4 we
will adopt an effective field theory framework to study these general sterile neutrino
interactions at collider energies, offering a model-agnostic approach to describe the
associated phenomenology. Then, in Chapter 5, we will explore which BSM heavy
tields could give rise to these effective operators.

More generally, the new particles introduced in neutrino mass models are naturally
weakly coupled to the SM. As we have seen, sterile neutrinos in seesaw-type scenar-
ios often interact only via small mixing angles, which can result in macroscopic decay
lengths. This makes them promising candidates for long-lived particles, which are
the focus of the next chapter. While sterile neutrinos provide a motivated benchmark,
they are just one example within a wider class of weakly interacting new particles.
The next chapter explores this broader landscape, highlighting the theoretical motiva-
tion and experimental strategies for long-lived particle searches across a range of BSM

scenarios.
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Introduction to weakly coupled
particles

Weakly coupled new physics is naturally associated with long-lived particles (LLPs),
since weakly interacting particles often present macroscopic lifetimes. Beyond their
strong theoretical motivation in various extensions of the SM, LLPs have attracted
growing experimental attention over the past decade, particularly at the LHC. This
interest has led to the development of dedicated search strategies at general-purpose
detectors and inspired proposals for far detectors designed to enhance the sensitivity
to LLPs.

Beyond the LHC, LLP searches have also been embraced by intensity-frontier ex-
periments and future collider proposals, recognizing their potential to uncover new
physics that may evade prompt searches. In light of the persistent absence of signals
in traditional searches, LLPs offer a compelling avenue to explore previously inacces-

sible regions of parameter space.

This chapter provides an overview of the theoretical motivation and experimental sig-
natures of LLPs, with a particular focus on heavy neutral leptons (HNLs) — singlet
fermions that can be identified with sterile neutrinos appearing in neutrino mass mod-
els. The HNLs are prime LLP candidates and constitute the central focus of this thesis.

The chapter is structured as follows. Section 3.1 outlines the theoretical motivation for
LLPs, while Section 3.2 describes their distinctive experimental signatures. Section 3.3
reviews the current status of LLP searches at the LHC. Finally, Section 3.4 summarizes
experimental constraints on minimal HNLs from both collider and intensity-frontier

experiments.
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3.1 Theoretical motivation

The SM provides a remarkably successful framework for describing fundamental in-
teractions, yet it leaves several key questions unanswered. The origin of neutrino
masses, the nature of dark matter, and the matter-antimatter asymmetry all point to-
ward the existence of BSM physics. Many theoretical extensions introduce new parti-
cles, but their non-observation in collider experiments suggests that either these states
are too heavy to be produced at current energies, or they interact too feebly with SM
particles that have been missed by standard searches. Here, we focus on the latter
possibility.

The proper lifetime, 7, (or proper decay length, c7) of a particle is related to the de-
cay width, I, via 7 o I'~!. Thus, in order to be long-lived, a particle must have a
suppressed decay rate. This suppression can arise due to limited phase space, or re-
sult from a small matrix element governing the decay. The latter situation can occur
when an approximate symmetry forbids certain decay modes, or when the particle
interacts too weakly, with effectively small couplings. We broadly distinguish two
types of such couplings: 1) small dimensionless constants, and 2) small dimension-
ful couplings that are inversely proportional to a high energy scale, as it occurs with
higher-dimensional operators.! Many theoretical models naturally predict LLPs due
to one or both of these mechanisms and, for illustrative purposes, we outline a few
examples below involving LLPs:

* Right-handed neutrino theories: As discussed in the previous chapter, the see-
saw mechanisms predict heavy sterile neutrinos with small couplings to active
neutrinos. If these states have masses in the GeV-TeV range, they can have
long lifetimes and are natural LLP candidates. Their collider phenomenology
is rich, as they can be produced through different mechanisms and lead to dis-
placed vertex signatures or other LLP signals. UV-complete models that feature
right-handed (sterile) neutrinos include the vMSM [88] and Left-Right Symmet-
ric Models [22, 23].

¢ Supersymmetry (SUSY): In SUSY scenarios with R-parity violation (RPV) [89],
long-lived neutralinos may arise due to suppressed RPV couplings. Alterna-
tively, in gauge-mediated SUSY breaking models, the next-to-lightest supersym-
metric particle (LSP), often a neutralino, can be metastable, decaying with a
macroscopic lifetime.

'We discuss higher-dimensional operators within EFTs in Chapter 4.
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* Higgs and gauge portals: Neutral BSM states can couple to the SM via renor-
malizable “portal” interactions. The Higgs portal allows for feebly interacting
scalars that mix with the SM Higgs boson, potentially leading to LLPs from
exotic Higgs decays. Similarly, in dark photon models, where a hidden-sector
gauge boson kinetically mixes with the SM photon, displaced decay signatures
can naturally arise [90].

¢ Dark matter and hidden sector models: A variety of dark matter scenarios pre-
dict LLP signatures. In freeze-in mechanisms [91], the dark matter production
is governed by extremely weak interactions, often implying that the mediators
involved are long-lived. In strongly coupled dark sectors, dark glueballs or dark
mesons can be long-lived due to limited decay channels.

These examples highlight that LLPs are a common and generic feature across many
well-motivated extensions of the SM. However, their detection requires dedicated ex-
perimental strategies targetting the distinctive LLP signatures, as we discuss in the

following section.

3.2 Long-lived particles and experimental signatures

LLPs represent both a challenge and an opportunity for new physics searches at col-
liders. Unlike heavy, promptly decaying particles, which can be reconstructed close
to the primary interaction point, LLPs travel a measurable distance before decaying,
leading to distinctive experimental signatures that often fall outside the scope of con-
ventional search strategies. The features of these signatures depend on the nature of
the LLP (its quantum numbers, such as charge and color) as well as that of its decaying

products.

While LLPs are often associated with BSM physics, the SM itself contains several
long-lived states. Examples include muons, kaons, and B-mesons, which have de-
cay lengths of O(um) or larger. Their signatures are well understood and incorpo-
rated into the SM background models. In contrast, BSM LLPs may exhibit unexpected
behaviors that deviate substantially from standard expectations. Based on their prop-
erties, LLPs can be broadly classified into three categories:

¢ Electrically neutral LLPs: These states are invisible as they traverse the detector
but may decay into visible particles within the detector volume. Such decays
produce displaced vertices featuring charged leptons, jets, or non-pointing pho-
tons. Examples of neutral LLPs are sterile neutrinos or dark photons.
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FIGURE 3.1: Schematic representation of neutral and charged LLP exotic signatures at the
LHC. The image shows a transverse cut of a general-purpose LHC detector. Image from Izaak
Neutelings code of TikZ [92].

¢ Electrically charged LLPs: Long-lived charged particles, such as exotic leptons
or long-lived charginos, ionize the detector material along their path, leaving
anomalously slow-moving charged tracks. If they are sufficiently long-lived to
escape the detector without decaying, they appear as Heavy Stable Charged Par-
ticles (HSCPs).

¢ Color-charged LLPs: In SUSY models, gluinos or squarks can hadronize into
exotic bound states, known as R-hadrons, which can be long-lived. These par-
ticles may scatter within the detector or be stopped in calorimeters, sometimes
leading to disappearing tracks or delayed decays.

Fig. 3.1 illustrates the typical signatures associated with the different types of LLPs
mentioned above. In this thesis, we focus primarily on neutral LLPs, specifically,
on long-lived sterile neutrinos. Their hallmark signature in collider detectors is a
displaced vertex (DV): a set of charged tracks originating from a common spatial
point that is significantly separated from the primary interaction vertex. Because such
events can only be mimicked by SM neutral B-mesons or kaons (whose masses are
known and thus can be vetoed), DVs constitute a particularly clean and powerful
probe of new physics. This exotic signature forms the core of our phenomenological
analyses in Chapters 6, 8 and 9. Additionally, we investigate non-pointing photons
(photons that do not point back directly to the primary vertex) arising from radiative
decays of long-lived sterile neutrinos in Chapter 7.
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Nonetheless, detecting LLPs presents significant experimental challenges, as most
searches and detector designs have been optimized for prompt decays. Several key
obstacles include: 1) reconstruction, as standard event reconstruction techniques are
geared toward prompt decays, requiring dedicated displaced object reconstruction al-
gorithms; 2) misidentification risks for cosmic-ray muons and detector noise, which
can mimic LLP signatures; and 3) limited geometrical acceptance, since LLPs with
longer lifetimes can decay outside the detector, there are blind spots in the coverage
of main LHC detectors where LLPs might escape detection.

Despite these challenges, LLP searches benefit from an important advantage: they
typically have low SM background contamination, meaning that any observed excess

in displaced or anomalous signatures could point directly to new physics.

3.3 Experimental searches and dedicated detectors

As discussed in the previous section, LLPs present unique experimental challenges
requiring search strategies that go beyond conventional prompt decays. At the LHC,
two complementary approaches are pursued: searches within the main detectors and
searches at dedicated far detector experiments, designed explicitly to extend the sen-
sitivity reach to LLPs with very long lifetimes.

3.3.1 LLP searches at general-purpose LHC detectors

The main LHC experiments (ATLAS, CMS and LHCb) have actively developed dedi-
cated LLP searches, adapting their detector capabilities to target displaced decays and

other non-standard signatures.

ATLAS and CMS have exploited their facilities to achieve sensitive to a variety of LLP
signatures. Fig. 3.2 displays the ATLAS detector layout, highlighting its key compo-
nents that can be used in LLP searches: the inner detectors, the calorimeters and the
muon spectrometers. Displaced charged-particle tracks and secondary vertices can
be reconstructed in the inner tracking systems [94]. The electromagnetic (ECAL) and
hadronic (HCAL) calorimeters enable sensitivity to LLPs decaying into photons or
jets [95], while the muon systems extend coverage to LLPs that decay outside the in-
ner detector [96]. Recent advances in trigger strategies [97, 98] have further improved
sensitivity to displaced signatures, a crucial step toward maximizing the discovery
potential in Run 3 and the High-Luminosity LHC (HL-LHC).

LHCb, originally designed for heavy flavor physics, offers high-precision tracking and
vertexing, making it particularly sensitive to LLPs produced in heavy hadron decays
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FIGURE 3.2: Schematic illustration of the ATLAS detector highlighting components relevant
to LLP searches: inner detector, calorimeters, and muon spectrometers. Image from [93].

[99]. Its unique geometry, optimized for detecting particles traveling at small angles
relative to the beamline, makes it well suited for low-mass LLPs arising from meson

decays.

The importance of LLP searches has been increasingly recognized within the LHC
community. The formation of the LHC LLP Working Group and its white paper [100]
established a roadmap for Run 2 analyses and laid the foundation for future efforts.
As a result, ATLAS, CMS, and LHCb have incorporated simplified LLP benchmark
models into their analyses, ensuring broad theoretical coverage and enhanced reinter-

pretability.

3.3.2 Far detectors at the LHC

Despite the progress made in LLP searches at ATLAS, CMS, and LHCDb, intrinsic lim-
itations restrict their sensitivity to LLPs: the overwhelming background from QCD
processes makes the detection of neutral LLPs particularly challenging and the trig-
ger systems, designed primarily for prompt events, can miss displaced signals. To
address these challenges, several proposals have been put forward for far detectors,
placed tens to hundreds of meters away from the LHC interaction points. These de-
tectors benefit from low-background environments and significantly extend the LHC

reach to LLPs with longer lifetimes.

Proposed far detectors can be broadly categorized by their orientation with respect to
the beamline. Detectors such as MATHUSLA [102, 103, 104], ANUBIS [105], MoEDAL-
MAPP [106, 107], and CODEX-b [108] would be located transversely to the interac-

tion point, being more sensitive to LLPs with large transverse momenta. In contrast,
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FIGURE 3.3: Map showing the main LHC detector locations and proposed sites for far detec-
tors. Image reproduced from [101].

FASER [109, 110] and FACET [111] are situated downstream along the beamline, tar-
geting highly boosted LLPs produced in forward processes. Their proposed sites at
CERN are illustrated in Fig. 3.3.

Among the far detectors, MATHUSLA stands out as one of the most ambitious pro-
posals. Planned to be installed on the surface above the CMS interaction point, it
consists of a large-volume tracker designed to identify LLP decays in a background-
free environment.> ANUBIS was originally conceived to exploit an existing service
shaft above ATLAS to host a vertical detector. A revised geometry featuring tracking
layers in the ceiling of the ATLAS cavern is currently under study [112].

CODEX-b is a more compact proposal near LHCb, optimized for detecting LLPs from
exotic hadron decays, whereas MOEDAL-MAPP aims to probe milli-charged particles
using dedicated detectors placed in underground galleries close to the LHCb interac-

tion point.

FASER, installed 480 meters downstream of ATLAS, targets light, highly boosted LLPs.
It has been approved and is currently taking data. An upgraded version, FASER2, has
been proposed as part of the Forward Physics Facility (FPF) [113], which would sig-
nificantly extend its physics reach. FACET, positioned closer to CMS, is designed to
probe LLPs with intermediate lifetimes and energies, complementing both FASER and

the main detectors.

While FASER is operational, most far detector proposals, such as MATHUSLA and
ANUBIS, remain under feasibility studies for potential implementation during the

2The new conceptual design report [104] has been released during the writing of this thesis.
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FIGURE 3.4: Schematic illustration of the sensitivity ranges of various experiments to LLP
lifetimes, as a function of the partonic center-of-mass energy /5.

HL-LHC era. If realized, they would fill crucial gaps in existing coverage and dramat-
ically enhance the discovery prospects for weakly coupled particles. In Part III of this
thesis, we present sensitivity studies for several of these far detectors to BSM scenarios
with sterile neutrinos, revealing they can probe new model parameter space comple-
mentary to that explored with general-purpose detectors. This complementarity is
schematically illustrated in Fig. 3.4.

3.3.3 Beyond the LHC: future and complementary searches

While the LHC covers the highest-energy frontier, complementary experiments at dif-
ferent energy and intensity scales provide essential sensitivity to other regions of LLP
parameter space. Two particularly promising programs in this regard are SHiP at the
SPS and DUNE at Fermilab.

The SHiP experiment [114, 115, 116], approved in spring 2024, is designed to explore
weakly coupled new physics using the high-intensity 400 GeV proton beam at the SPS.
SHiP will operate as a beam-dump experiment: proton beams are dumped on a fixed
target, aiming to produce large numbers of hidden-sector particles, including LLP
candidates, which may decay in a downstream, shielded decay volume. This setup
will enable SHiP to probe a broad class of LLP models, especially in the MeV-GeV

mass range.

In parallel, neutrino experiments are emerging as powerful tools for LLP detection.
The Deep Underground Neutrino Experiment (DUNE) [117, 118, 119], currently under
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construction at Fermilab, is primarily focused on neutrino oscillation physics. How-
ever, its near detector complex (DUNE-ND) [120], located close to the beam source,
will be exposed to an intense flux of particles from meson decays and other processes.
Thanks to its precise tracking and calorimetry capabilities, DUNE-ND will be able to
detect LLP decays with displaced signatures, offering complementary sensitivity to
both beam-dump and collider experiments.

Together, SHiP and DUNE highlight the importance of multi-experiment approaches
in the hunt for LLPs, covering parameter regions that would otherwise remain unex-
plored at the LHC. Their results will be crucial for guiding future searches.

3.4 Experimental constraints on minimal HNLs

Among the many candidates for weakly coupled new physics, HNLs stand out due
to their close connection to the origin of neutrino masses and their potential as LLPs.
Before exploring more general frameworks in Part II of this thesis, it is instructive to
consider the so-called minimal HNL scenario.

Generally, the term heavy neutral lepton refers to a BSM electrically neutral (singlet)
fermion, called heavy in contrast to the light SM neutrinos. However, there is no fixed
prediction for its mass, which could lie anywhere from a few keV to several hundred
TeV, nor for its nature, which could be Dirac or Majorana. A priori, HNLs do not
explain light neutrino masses, but one can make a connection with neutrino mass
models by identifying the sterile neutrino mass eigenstates appearing in these models
as HNLs. In the seesaw-type models introduced in Chapter 2, we discussed how the
heavy (nearly) sterile neutrinos interact with SM particles via a small mixing with the
active neutrinos. We refer to such states, which couple to the SM solely through this

mixing, as minimal HNLs.

Different neutrino mass models predict distinct values for the active-sterile mixing,
which ultimately depends on the HNL mass or other model-specific parameters, as
seen in Chapter 2 with the type-I and low-scale seesaw variants. However, in phe-
nomenological studies and experimental analyses, it is common to treat the HNL
mass and its mixing with each SM flavor neutrino as free, independent parameters.
This opens up new parts of parameter space. Within this framework, the HNL decay
width has been computed in the literature as a function of its mass and mixing, see
e.g. [121, 122], which has allowed to identify the regimes where the HNLs become
long-lived.
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Minimal HNLs have been adopted as benchmark targets in several LLP searches at
the LHC and other fixed-target experiments. The absence of a positive signal has al-
lowed them to place constraints on the parameter space of the minimal HNL scenario.
In Fig. 3.5, we summarize the current experimental bounds in the plane of squared
mixing angle versus HNL mass, based on the compilation in [123]. The three pan-
els correspond to the three scenarios in which the HNL predominantly mixes with a
single active flavor: electron, muon or tau. In general, constraints for the tau-mixing
case (bottom panel) are significantly weaker than those for the electron (top) or muon

(middle) cases, largely due to the lower reconstruction efficiency of tau leptons.

Searches at the LHC are particularly sensitive to HNLs in the GeV mass range and
currently set the most stringent bounds in this region [124, 125]. At lower masses,
experiments such as CHARM and BEBC provide leading constraints down to a few
hundred MeV [126, 127]. Below the kaon mass, the most stringent limits come from
kaon decay experiments like T2K [128] and NA62 [129]. Constraints from cosmology
[130] also apply at low HNL masses, but since they rely on assumptions about the
early universe and its thermal history, they are often treated separately from labora-
tory bounds. At the opposite end of the spectrum, for masses above the electroweak
scale, indirect constraints arise from precision electroweak observables, most notably
from deviations in the unitarity of the PMNS matrix [131].

It is worth noting that this minimal scenario where the HNL couples to only one fla-
vor is a simplification adopted for clarity and ease of interpretation. In more realistic
settings, HNLs may mix with multiple active flavors with comparable strength, which
can significantly modify the exclusion limits [132]. Furthermore, the presence of more
than one kinematically accessible HNL can also alter the production and decay pat-
terns, with important implications for phenomenology and experimental reach.

From a theoretical perspective, the minimal HNL scenario is only a starting point. The
possibility that HNLs participate in additional BSM interactions beyond the minimal
mixing paradigm opens a broader and less constrained landscape. Exploring these
non-minimal interactions, how they arise in theory, and how they manifest in experi-

ments, is the core focus of this thesis.

This concludes Part I, where we have motivated sterile neutrinos as natural candidates
for weakly coupled new physics. In Part II, we discuss EFT frameworks that extend
the SM with sterile neutrinos, providing a generalized way to describe their BSM in-
teractions. In Part III, we explore the phenomenology of these interactions, focusing
on their signatures at the LHC and the role of LLP searches in probing otherwise inac-
cessible regions of parameter space.
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FIGURE 3.5: Present exclusion limits (90% C.L.) of HNL mixing with active neutrinos as a
function of HNL mass. Plots from [123]. The HNL is assumed to be Majorana. The three pan-
els correspond to the three flavor-dominance scenarios: electron-mixing (top), muon-mixing
(middle) and tau-mixing (bottom).
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Chapter 4

Sterile neutrinos in Effective Field
Theories

In Part I, we saw that sterile neutrinos represent one of the most minimal and well-
motivated extensions of the SM, offering a natural explanation for neutrino masses
and potentially contributing to the dark matter puzzle. These right-handed or sterile
neutrinos, denoted by Nr, may also act as a portal to hidden sectors beyond the SM.
If the sterile neutrinos have masses at or near the electroweak scale, while other new
physics resides at much higher energies, their low-energy interactions can be system-
atically described within an effective field theory (EFT) framework. In this approach,
the SM is extended to include Ny, as an explicit dynamical degree of freedom, leading
to the so-called NrSMEFT, the EFT of the SM extended with right-handed neutrinos.
This model-agnostic framework encodes new interactions involving sterile neutrinos

at energies accessible to current and future experiments.

This chapter lays out the theoretical foundations of EFTs involving sterile neutrinos
and it is structured as follows. Section 4.1 begins with a brief overview of the gen-
eral EFT formalism, introducing the SMEFT and its low-energy counterpart, LEFT. In
Section 4.2, we introduce the NRSMEFT, present its operator basis up to dimension
d = 7 and discuss the phenomenological relevance of the leading interactions. Finally,
Section 4.3 covers the low-energy limit of this theory, the NgrkLEFT, which is particu-
larly relevant for low-energy observables such as meson decays and for experiments
targeting GeV-scale sterile neutrinos.



40 Chapter 4. Sterile neutrinos in Effective Field Theories

4.1 EFTs in a nutshell

EFTs provide a systematic framework for describing physics at different energy scales.
When the fundamental theory of nature operates at energies far beyond experimental
reach, EFTs allow us to parametrize its low-energy effects, without requiring knowl-
edge of the ultraviolet (UV) completion. By retaining only the relevant degrees of
freedom and organizing interactions in an expansion in inverse powers of a new
physics energy scale, denoted by A, EFTs encode the imprint of UV physics via higher-
dimensional operators. The effective Lagrangian at low energies takes the general
form [133]

1
Lgpr = £® + Z Ad—1 Z ng)ogd) , (4.1)
d>5 )

where £*) contains all renormalizable terms up to mass dimension 4, while the ef-
(d)

fective operators O, have mass dimension d > 5. Each operator contains only light
degrees of freedom of the theory, and is accompanied by a Wilson coefficient cgd) that
encapsulates the effects of the heavy particles at the UV scale. The suppression by
1/ A% ensures that the higher the dimension of the operator, the less relevant it be-

comes at low energies, justifying a truncation of the expansion at a given order.

A prime example of this approach is the EFT of the SM, called SMEFT, in which the SM
is regarded as the low-energy limit of a more fundamental theory [134]. The SMEFT
extends the SM Lagrangian by including all possible higher-dimensional operators,
constructed from the SM fields in Table 4.1 and their derivatives, which are Lorentz-
and gauge-invariant under SU(3)c x SU(2)r, x U(1)y. These effective operators can
break, however, the accidental global symmetries of the SM, such as lepton number
(L) and baryon number (B).!

The construction of complete and non-redundant operator bases in the SMEFT has
been the subject of sustained theoretical effort since the early formulations of effective
operators at d = 5 [15] and d = 6 [135]. A central challenge in this task is that many
operator structures that appear independent a priori can, in fact, be related through
field redefinitions, equations of motion, integration by parts, or Fierz identities. These
relations must be carefully taken into account to eliminate redundancies and isolate
a minimal set of independent operators. The first d = 6 operator basis, proposed in
[136], was later shown to be overcomplete. It took more than two decades to construct
a fully non-redundant basis at this dimension, now known as the “Warsaw basis”
[137]. This work was followed by the classification of all d = 7 operators in [138].

I These violations are tightly constrained by experiment, especially in the case of B violation, but are
generically expected in many UV completions.
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Field Irrep Spin  Multiplicity
Q= (ug, d)”  (3,2,1/6)  1/2 3
UR (3,1,2/3) 1/2 3
dr (3,1,-1/3) 1/2 3
L= (vp,e)t (1,2,-1/2) 1/2 3
eRr (1,1,-1) 1/2 3
G, (8,1,0) 1 1
Wy (1,3,0) 1 1
B, (1,1,0) 1 1
H (1,2,1/2) 0 1

TABLE 4.1: SMEFT field content. All operators are built from these fields, their conjugates and
their derivatives. The last column gives the number of generations (flavors) of each field.

Since the number of independent operators grows rapidly with the mass dimension,
algebraic tools such as Hilbert series techniques [139, 140] have been developed to
automate the identification of redundancies. These methods have enabled the con-
struction of operator bases in SMEFT up to d = 15 [141].

A key strength of the EFT framework lies in its applicability across a wide range of
energy scales, provided that the relevant degrees of freedom and symmetries are cor-
rectly accounted for at each stage. At energies well below the scale of new physics
A, the SMEFT offers a valid description under the assumption that only SM fields are
present.? At even lower energies, specifically, below the electroweak scale, heavy SM
tields such as the top quark, Higgs boson, and the W and Z bosons are no longer
active degrees of freedom and should be integrated out. The resulting low-energy de-
scription is provided by the so-called LEFT, the low-energy EFT of the SM, which is
constructed from the light SM fields and is invariant under the unbroken gauge group
SU3)e x U(1)em-

Two additional concepts are central to the EFT approach: matching and running. Match-
ing ensures that physical observables remain unchanged when moving between effec-
tive descriptions at different energy scales. This includes matching a UV theory onto
an EFT at the scale A, or matching two EFTs at intermediate thresholds, for instance,
matching SMEFT onto LEFT at the electroweak scale. In particular, the SMEFT Wilson

2A more general framework, known as Higgs EFT (HEFT), allows for non-linear realizations of elec-
troweak symmetry breaking and may be more appropriate in scenarios where the SMEFT expansion
breaks down.
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FIGURE 4.1: Different EFT descriptions at three energy scales: new physics scale A, elec-
troweak scale (Higgs vev) and low-energy experiments scale.

coefficients can be related by matching to a more fundamental theory at high energies,
thereby encoding the imprint of heavy new physics. This matching procedure allows
EFTs to remain predictive even in the absence of full knowledge of the UV comple-
tion. Running refers to the scale dependence of the Wilson coefficients cz(.d), which
arises from quantum corrections. Their evolution with energy is governed by renor-
malization group equations (RGEs), which describe how the EFT parameters “run”

between different scales.

Fig. 4.1 schematically illustrates the energy regimes in which various EFTs are valid,
namely SMEFT and LEFT, or their extensions with sterile neutrinos, NrRSMEFT and
NRLEFT. It also indicates where matching and running procedures become relevant.
These concepts will play an important role in later chapters, particularly when con-
necting NrSMEFT to its low-energy counterpart (NzLEFT), or when exploring tree
level UV completions of NrRSMEFT in Chapter 5.

In practical applications, constructing operator bases and automating matching and
running is further aided by specialized computational tools. Software packages such
as Sym2Int [142, 143] automate the classification of operators, accounting for redun-
dancies and symmetry constraints, while Mat chMakerEFT [144] and Matchete [145]
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can perform the matching between UV theories and EFTs. We also mention the Python
packages Wilson [146] and Flavio [147], useful for running, matching, and translating
Wilson coefficients beyond the SM above and below the electroweak scale. Through-
out this thesis, several of these tools have been relevant for analyzing the structure of
EFT operators and performing the EFT matching to UV theories.

We close this section stating that while SMEFT provides a powerful framework for
probing new physics, it relies on the assumption that no new particles are present at or
below the electroweak scale, hence excluding light new physics in this energy regime.
Given their role in neutrino mass generation and their potential connection to hidden
sectors, electroweak scale sterile neutrinos motivate an extension of this framework.

4.2 NRSMEFT: formalism and relevant operators

If sterile neutrinos exist with masses below or around the electroweak scale, their in-
teractions with SM fields, and with potential heavy new physics, can be described
within an EFT that explicitly includes right-handed neutrinos, Ng, as dynamical fields.
This leads to the so-called NgSMEFT. In this section, we write down the NgSMEFT La-
grangian up to dimension d = 7, highlighting the operators that play a leading role in
phenomenology.

The general form of the NgSMEFT Lagrangian follows Eq. (4.1). The renormalizable
part contains, in addition to the SM Lagrangian, the kinetic and mass terms for Ng, as
well as a Yukawa coupling to the SM Higgs doublet,

— 11— o~
Lihswerr = Lsm + NridNp — | ;NgMeNg + LHY, Np + he.| . (42)

Here, we have assumed the sterile neutrino to be Majorana. This minimal setup hence
leads to active neutrino masses via the type-I seesaw mechanism (see Section 2.1).
However, one could assume a Dirac sterile neutrino, motivated by other seesaw real-
izations, such as the inverse seesaw, cf. Section 2.2, introduce a second Weyl fermion,
Sr, and replace Mg with a Dirac mass term M NsNgSL. We distinguish between the
left- and right-handed components of this particle because in the following we will
consider only higher-dimensional operators involving Ng. In this sense, the Dirac

scenario resembles more closely the Majorana case.

As regards the d > 5 terms, the list of SMEFT operators must be extended to include
those containing SM fields and Ng. The full set of operators containing Np was de-
rived up to dimension d = 7 for the first time in Ref. [148], and extended to d = 9 more
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G2 H? (+h.c) W W (+he)
Ornws (LNR)H(H'H) Onn (NrY*NR)(NruNR) | OqunL (Qur)(NRL)
Y2 H?D (+h.c.) O.n (erv"er)(NrY.NR) OLNLe (LNR)e(Leg)
Oxip | N Ne)HUD,H) | Oy | @rv*ur) NayNe) | Ouvos | (ENR)(@dr)
Onenzp | (Ngy*er)(HYiD,H) Oan (dry*dR)(NrvuNr) | Orign (Ldr)e(@NR)
¢Y?H?X (+h.c) Odune (+h.c) | (dpy"ur)(Nryuer) | Onnnn | (NENg)(NGNR)
OnpH (Lo Ng)HB,, Oy (L L)(NrvuNR) | Ogoan | €ij (Q5Q;) (d5NR)
Onwn | (Lo"™Ng)r!HW], Ogn (@v"Q)(NrvuNR) Oudan (udr) (d%NR)

TABLE 4.2: NpSMEFT operator structures at d = 6 classified according to the field content.
In the last column, the operators marked in red violate B and L in one unit, while Oynynyn
violates L in four units.

recently in [149]. In what follows, we focus on the most phenomenologically relevant
operators at dimensions d = 5, 6, and 7.

Dimension-5 operators. In addition to the well-known Weinberg operator [15] al-
ready present in SMEFT, NrgSMEFT introduces two lepton number violating (LNV)
operators involving Ng, which are [150, 151]

Onng = (H'H)NGNg, (4.3)
Onng = (NjouwNg) B* . (4.4)

The first operator contributes to the Majorana mass of sterile neutrinos while the sec-
ond operator induces a sterile neutrino magnetic moment at low energies. Notably,
Onn B is antisymmetric in generation space, and thus vanishes identically for a single
Ng generation. The phenomenology of the latter operator will be discussed in more
detail in Chapter 7.

Dimension-6 operators. In addition to the SMEFT operators in the “Warsaw basis”
[137], there exist 19 independent d = 6 operators3 involving at least one Ny [148].
We list them in Table 4.2. These operators can be classified, based on their field con-
tent (namely fermions v, the Higgs field H, covariant derivatives D,* and gauge field
strength tensors X), into four classes: 12H?3, ?H?D, *H?X and ¢*. The first three
classes contain five operators in total. The four-fermion class, %, includes 14 opera-
tors: 11 that conserve baryon and lepton numbers, one that violates lepton number

*Here, we count distinct operator types without considering flavor indices or hermitian conjugates.
*In the operators, we employ the convention D,, = 9, + igr' W'* 4+ ig'Y B,,.
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by four units (OnynynN), and two that violate both baryon and lepton number (Oggan
and Ouq4qn). The LNV operator Oyynn is antisymmetric in flavor space and thus
vanishes for a single N generation. We note that all fermion fields in the operators
carry a flavor index and hence each operator structure must be expanded in flavor

space, with a corresponding Wilson coefficient for each flavor configuration.

These d = 6 operators lead to a variety of phenomenological consequences. For exam-
ple, O npy3s modifies the Yukawa coupling in Eq. (4.2), while O g2p2 and Onep2p
change the neutral and charged electroweak currents, respectively. Operators like
Onpn and Onw g generate active-sterile neutrino magnetic moments after electroweak
symmetry breaking and we will study them as well in Chapter 7. The four-fermion
operators can also have a profound impact on Nz phenomenology. Those containing
a pair of quarks (and one or two Ng), such as O,n, Ogyne 0r Ogun1, are of special
interest for the LHC and hadron colliders, while operators containing a pair of SM
leptons, such as O.n, Orn or Ornre, could be probed at lepton colliders. We will ex-
plore the phenomenology at the LHC of the four-fermion operators with quarks and
at least one Vi in Chapter 8 and Chapter 9.

Dimension-7 operators. While SMEFT contains 18 independent d = 7 operators [138,
152], the inclusion of right-handed neutrinos in NgSMEFT expands this set to 52
new structures [148]. These operators fall into eight distinct classes: six contain two
fermions plus a combination of Higgs fields, derivatives, or field strength tensors,
which are v2H?D?, ?H3D, v>?HDX, v*H?*X, ¥*>X? and ¢?H*; and the other two
classes are four-fermion operators that additionally include a Higgs boson (¢*H) or
a covariant derivative (¢*D). The majority of the operators belong to the two latter
classes: of the 52 operator structures, 21 correspond to 1*H and 12 to 1/*D. In total,
only 5 violate baryon number explicitly. The complete list of operators is shown in
Tables 4.3 and 4.4. All d = 7 operators involving sterile neutrinos violate lepton or
baryon number, and obey the general rule |AB — AL| = 2.

Although the effects of d = 7 operators are suppressed by an additional power of
A compared to d = 6 operators, they can still have a non-negligible impact on phe-
nomenology. For instance, AL = 2 operators can give a contribution to SM neutrino
masses beyond the leading seesaw terms, they can also mediate neutrinoless dou-
ble beta decay or induce LNV rare meson decays. An exhaustive study of the phe-
nomenology of d = 7 operators in NRSMEFT lies beyond the scope of this thesis.
Nevertheless, we will revisit some of them in Chapter 6, in particular, those contribut-

ing to LNV meson decays at low energies.
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¢2H3D w4H
Onimon | & (NiiyuLi?(iP“ HY) H 'H) | Ownem | € (77ML)( RN LY H
¢ij(Niyu L") HI (H'iD" H) €ij(QuQ) (Npy"L') HY
P HD? DN (@@ (N L)
OnNen2p? €ij (@EGR)(HiD“Hj) Oencr | €ij(€RYuer) (N LY HY
On s (]\G%ZNR)(H DhH ) Oanru | €j(dryudr)(Ngy*L') HY
(NNr)(D,H)'D*H Ounih | €j(@RYuR) (Ngy" L') H
V2H?X Oaunr | €j(dryuur)(Ngy LY) H
Onerrw | (€71)ij (Nt er)(H' H)W/L, | Ougnerr | €ij(drQ")(Ner)HY
Onn2p (Njo" Np)(HVH) By Oguner (Qur)(Nper)H
Onmew | (NRo* Ng)(H'T'H)W), (Qowur) (Nt er) H
p2H? OLNen (LNR)(Nger)H
Onps (NGNR)(HTH)? OcLn H'(egL)(N;Ng)
Vi H Oqnan (QNg)(Npdr)H
(AL,AB) = (1,-1) OQagnu H(drQ)(N;Nr)
OQNddH €ij(Q'NR)(drdf) HY OgNuH (@Ng)(Njur)H
OongH €i;(QiNR)(Q;Q°)H OuonH Y (urQ)(NgNr)
OQNudH (QNR)(urdR)H OLnNH (LNR)(NEN)H
ONLNH HT(NRL)(NEN)

TABLE 4.3: NgpSMEFT operator structures at d = 7. Here, we list those in the classes > H2D?,
V2H3D, v?H?X, ¢?H* and ¢*H. All operators are non-hermitian, (+h.c.) is implicitly as-
sumed. For the (AL, AB) = (1, —1) operators, the contraction of the SU(3) indices requires
the antisymmetric tensor €., .

The presence of such a rich operator landscape naturally raises the question of its ori-
gin. In this EFT context, each operator must arise from integrating out heavy degrees
of freedom in a more fundamental UV theory. Identifying viable UV completions is
essential for understanding the theory underlying NrRSMEFT and for guiding experi-
mental searches for new physics at current and future colliders. We will explore this
topic in Chapter 5.

To summarize, the NgSMEFT formalism captures sterile neutrino interactions above
the electroweak scale. However, many of the experimental probes of such particles,
especially meson decays or precision observables, occur at much lower energies. In
this regime, the appropriate framework becomes the NrLEFT, which we discuss next.
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Onei (NG,NR)GA, GAnv OLnD (Z%L)(NﬁgiWNR)
OnGz (NENR)G i, GA Ogwp | (@nQ)(Ngio¥ " Nr)
Y2HXD OeND (ervuer) (NG 8" NR)
ONLB1 €ij(Ngy#L') (D" H7) By, OunD (URYuU )(NIC# s NR)
ONLB2 €ij (TEV“Li)(D”Hj)B Oanp (drvudr) (Ngi o NR)
Onpwi | (er!)iy(Ngy"L')(D"H))W,, | Onnp | (NryuNg)(Ngi 9 Np)
Onrwe | (er! )U(NCVML’)(D”HJ) (AL,AB) =(1,-1)
OundD (URrYuNR) (%iﬁd%)
Ouangp | €ij(dryvuNr) (@iﬁQE)

TABLE 4.4: Continuation of Table 4.3. NrSMEFT operator structures at d = 7 belonging to
the classes 2 HDX, 1>X? and ¢*D. Again, (+h.c.) is implicitly assumed, and the operators
violating baryon number require the antisymmetric tensor €z, for the SU(3) contraction.

4.3 Going to lower energies: NyLEFT

At energies well below the electroweak scale, E' < Agw ~ v = 246 GeV, the heaviest
SM fields, namely the top quark, the Higgs and the W and Z bosons, are not dynam-
ical degrees of freedom. In this energy regime, sterile neutrino interactions must be
described by an EFT where these particles are integrated out. This leads to the Low-
Energy EFT of the SM extended with right-handed neutrinos, which we refer to as
NRLEFT. It respects the unbroken gauge symmetry SU(3)c X U(1)em, and includes as
active fields the gluons, the photon, the five light quark flavors (v, d, s, ¢, b), all SM

leptons and an arbitrary number n s of sterile neutrinos.

In addition to the operators built purely from SM fields, classified up to d = 6 in
[153], the NrLEFT introduces new terms involving Ng. The renormalizable part of

the Lagrangian reads

[ 1_ 1— _
EE&’]){LEFT = ,CQCD+QED + NRZJNR — §VLMZ/VJ€ + iN}c{MRNR + v, MpNg + h.C.:| ,
(*.5)
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where Lqcp+qep is the usual QCD and QED Lagrangian containing SM leptons and
light quarks (see e.g. Eq. (5.1) in [153]). The mass terms include a Majorana matrix M,
for active neutrinos, a Majorana mass Mg, for sterile neutrinos and a Dirac matrix Mp
connecting the active and sterile sectors. If lepton number is conserved, the Majorana
mass terms vanish.

The full NgpLEFT Lagrangian then takes the form

ENRLEFT = £(4) + Z Z ng)ogd) N (46)
d>5 1

where we have introduced dimensionful Wilson coefficients cl(.d), scaling as 1/A9~%.
One typically identifies A = Agw, and then assumes that NRLEFT originitates from
NrSMEFT, hence matching the two theories at Apw.> Analogously to our discussion

of NgSMEFT, we now list the relevant operators at lowest dimension.

Dimension-5 operators. There are two non-hermitian operators involving Np [154]

Onny = Nif%GMVNRFW, , 4.7)
OVN'y = ﬁUuVNRF/UJ > (4.8)

where F),, is the photon field strength tensor. The operator Oy, violates lepton
number and is antisymmetric in generation space, vanishing for ny = 1, whereas O, n~
is lepton number conserving. Both operators induce electromagnetic interactions for
active and sterile neutrinos. Their phenomenology is discussed in Chapter 7.

Dimension-6 operators. The NyLEFT contains 55 four-fermion interactions with Np:
23 conserve lepton number [155], 26 violate lepton number, and 6 violate both lepton
and baryon numbers [154]. The LNC operators are summarized in Table 4.5 and the
LNV and BNV operators, in Table 4.6. They have been grouped into vector, scalar
and tensor current operators and we have added the corresponding superscript (V,
S, T') to the operator name to differentiate operators with the same field content. In
addition, we specify the chiralities (R or L) of the two bilinears that make up each
four-fermion structure. As for Ng'SMEFT, we omit the fermion flavor indices in the op-
erators. Note, however, that the number of flavors for up-type quarks here is n,, = 2,
while for down-type quarks and SM leptons, we have n; = 3. In the third and sixth

°In this case, after performing the matching between the two EFTs, the dimensionful Wilson coeffi-
cients in NgrLEFT can have additional suppression factors in powers of (Agw/A), where A here denotes
the energy scale associated to new physics in the UV.
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(AL,AB) =(0,0)

Otne | [dryuur) Ner'er) i, | O | (dryude)(NRy*Ng) | n
O™ | @Ruer) (Ney"Ne) | O | (@un) (VR Ng) | ndn
ONN® | (NevuNr)(Ngy"Ng) | ind(ng +1)2

Ot | @) Nevver) | ming | O™ | (di2di) (Ney*Ne) | i
O | (@ver) (NayNg) n} OVER | @rrun)(Ney*Ng) | nin2
O™ | i) (Ney" Ng) n’

Opive | (@rur)(Nper) wing | OSER| (@rdp)wiNE) | nd
OREL | (drouwur)Nroter) | nin, | ORRR | (@po,,dr) (g0 Ny) | nt
OSN"| (ezen)(INR) nt OSER | (wug)(WENR) | nin2
OZ;J}EIR (eLouer) (VLo Ng) n? OZ;?VR (wrowur) (Lot Ng) n?ng
oo (VLNR)(VLNR) sn3(ng +1)

OuRe | (dpur)(Nger) win, | OSKR | (dpdy)(WENR) nl
OSRE| (erer)(VENR) n OSKE | (@mu)(7TNR) | n3n2

TABLE 4.5: Lepton number conserving d = 6 operators in NgrLEFT. All operator structures
are non-hermitian except those containing a pair of Np. Next to each operator structure we
indicate the independent number of parameters when flavor is taken into account.

columns of Tables 4.5 and 4.6 we have written explicitly the independent number of

parameters taking into account the fermion flavor structure, as provided in [154].

According to their field content, we can classify the four-fermion interactions into
two broad categories: purely leptonic operators and lepto-quark operators (containing
both leptons and quarks). The former can induce lepton flavor violating (LFV) pro-
cesses, while the latter can mediate rare meson decays involving sterile neutrinos. We
will discuss rare decays of B and D mesons induced by these lepto-quark operators
in Chapter 6.

A notable feature is that the LNV operators appearing at d = 6 in NgkLEFT cannot
originate from the minimal set of d = 6 operators in NrSMEFT, which contains only
one LNV structure, Onnnn, vanishing for a single Ni. Therefore, these low-energy
LNV operators must arise from d = 7 (or higher) operators in NxRSMEFT. This connec-
tion becomes manifest in the matching procedure between the two EFTs, which we
also discuss in Chapter 6.
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(AL,AB) = (2,0)
Oikte | (drrun) (Ngy'er) nin, OYRE | (Aryudr) Vi7" Nr) n
OuN" | (@wuer) (V57" Nr) n} OVRE | @Eyuur) (Vi Np) n3n?
ONiy | (NeyuNr)(Wgy"Ng) | ind(ng+1)
Opht | (dryuur) (Ngter) niny, ORKE | (@ryudn) (g7 NR) n}
Ous | (ever) Wiy Ng) n} O’ | (@ryuur) (5" Nr) nn,
OuiE | FTywn) Wiy Ng) | nd(ng +1)
O hR (drur)(Nger) nin,, Ok (drdr)(NGNR) nd(ns +1)
O;’ﬁf: (drowur)(Ngot er) n;nu (’)5]’\?1% (drouwdr)(NGo NR) %n? (ny—1)
O 1R (erer)(NENR) mimy+1) | O (urur)(NGNR) Inp(ng +1)n2
OZNRR (ﬁaﬂ,,eR)(Nil‘;'{a“”NR) %n:}(nf -1) OZ]‘\?R (uLUWuR)(N%UWNR) %nf(nf —1)n2
OS5 | (TLNR)(NgNrR) Ln3(n - 1)
ouit (drur)(Nger) niny ot (drdr)(NLNR) 3H(ng +1)
O | (Emer)(NNr) Wing+1) | O" (@rur)(NENR) | Sng(ng +1)n2
O (Nvw) (v5vr) In3(n3 - 1)

(AL,AB) = (4,0)
Ot | R (NENR) indng + )2 | OF™ | (NpNR)(NRNR) | fynf(n} - 1)

(AL,|AB|) = (1,1)
Oped | (dryuds) @Ry Nr) nin, O | (d5yudy) WGy NR) iy
Ol (drd};)(WLNR) I3y — D | O (d7dp)(upNR) 3} (ng — 1y
O (wLd})(dLNR) niny i (ukdr)(d7NR) niny

TABLE 4.6: Lepton and baryon number violating d = 6 operators in NRrLEFT. All operator
structures are non-hermitian.

This section closes Chapter 4, where we have discussed the theoretical foundation for
describing sterile neutrino interactions across a wide range of energies. From the UV
scale A down to the GeV range, the NgSMEFT and NgLEFT provide EFT frameworks

that encode the possible imprints of weakly coupled new physics.

In the next chapter, we will focus on the UV side of the story. We will examine how the
NRrRSMEFT operators discussed above can arise at tree level by integrating out heavy
mediators in UV complete theories. These completions not only provide theoretical
motivation for the operator structures, but also point to distinctive experimental sig-

natures that may shed light on the nature of the sterile neutrino sector.
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Chapter 5

A tree level dictionary for
NRSMEFT d = 6 and d = 7 operators

In recent years, several ultraviolet (UV) completions of NrgSMEFT operators at dimen-
sion d = 5 and d = 6 have been explored in the literature, however, a comprehensive
and systematic study is still lacking. In particular, what has been missing is an ex-
haustive decomposition of the full set of d = 6 and d = 7 operators, that is, a complete
classification of particle extensions of the SM capable of generating these operators at
tree level.

The primary goal of this chapter, based on the results presented in [156], is to provide
such a classification. We construct a “dictionary” of heavy fields that, when integrated
out, produce the NrkSMEFT operator basis up to d = 7. Of relevant importance for us
is Ref. [157], which catalogued all one-field extensions of the SM that generate SMEFT
operators at d = 6. We compare our findings to this earlier dictionary, highlighting
the key differences that arise when including right-handed neutrinos into the light
particle content.

The structure of the chapter is as follows: in Section 5.1, we outline the diagrammatic
method used to systematically decompose EFT operators into renormalizable interac-
tions. In Section 5.2, we present the full set of tree level decompositions for d = 6 and
d = 7 NrRSMEFT operators, with baryon number violating structures discussed sepa-
rately. In Section 5.3, we analyze lepton number violation in NgSMEFT, thouroughly

discussing its connection to neutrino mass generation. We close with a short summary.
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Name S S1 @ = =
Irrep (1,1,0)  (1,1,1) (1L,2,3) (1,3,0) (1,3,1)
d=6 o o o o o
Name w1 wo I1; 11, ¢
mep  (3.1.-3) (31.3) (3.23) (2§ (3.3-})
d=26 o o o

TABLE 5.1: New scalars contributing to d = 6 and d = 7 NgRSMEFT operators at tree level.
Only fields marked with a circle contribute to d = 6, the remaining ones appear in models for
d = 7 operators. Field names follow the conventions of [157].

Name N E Aq Az )y pN

Irrep (1,1,0) (1,1,-1) (1,2,-%) (1,2,-3) (1,3,0) (1,3,-1)

d=6 o 0 o o

Name U D Q1 Qs Q7 T T

ep  (31.3) (31-1) (28) (32-3) (.27 (3-}) (33
d=26

TABLE 5.2: New vector-like fermions contributing to d = 6, 7 NgkSMEFT operators at tree level.

Name B B 4% Wy Ly L3
Irrep (1,1,0)  (1,1,1) (1,3,00 (1,3,1) (1,2,3) (1,2,—3)
d=6 o o o

Name U Us Q1 Qs X

Irep  (3,1,—3) (313 (325 (32-3 (333

d==6 o o o

TABLE 5.3: New vector bosons contributing to d = 6,7 NgSMEFT operators at tree level. Two
fields, £1 and U}, are special cases, see text.
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5.1 Diagrammatic approach

The concept of decomposing effective operators refers to the process of expanding an
operator into a series of UV renormalizable interactions generating the initial operator.
This can be done using a diagrammatic method, which has been used previously for
studying the Weinberg operator at different loop orders in [27, 28, 30, 158] and for
1-loop openings of SMEFT four-fermion operators in [159, 160].

Here, we apply the diagrammatic method to NgSMEFT operators which include at
least one N at both d = 6 and d = 7. The decomposition procedure follows three
main steps. First, given an effective operator involving n light fields, one constructs
all possible topologies that can generate the operator at some loop order. Each topology
defines a graph made up of n external legs connected through internal lines using
only renormalizable interactions, i.e. 3- and 4-point interaction vertices. The number
of internal lines depends on the topology and on loop order. In our case, we consider
only tree level openings and all internal lines are identified with BSM heavy fields.

Next, light fields are assigned to the external legs, and Lorentz invariance is used to
determine the allowed spin for the internal lines: scalars, fermions or vectors. At this
stage, the output consists of a set of diagrams where every line has definite Lorentz
nature. Finally, we impose gauge invariance at each vertex — in our case under
SU(3)c x SU(2)r, x U(1)y . This uniquely determines (for tree level openings) the
quantum numbers of the heavy internal fields. The diagrams are then promoted to
model diagrams and the lists of particles that can be accommodated as internal lines

constitute our models.

In summary, the outcome of this procedure is, for each NrgSMEFT operator of a given
dimension d, a set of models consisting of heavy BSM particles, each of which gives a
tree level opening of the operator.

Several additional comments are in order. The entire procedure is implemented in a
custom Mathemat ica code. The input for this code is the list of fields and the number
of derivatives contained in the considered operator. Neither the Lorentz structure nor
the field contractions have to be specified. As a consequence, in cases where the basis
of operators allow more than one operator with the same field content the method
yields a list of model diagrams, each of which will contribute to at least one operator in
this set, but does not provide the information to which specific operator (or operators)
the model will be matched. The model lists found in this way are complete, once one

scans over all possible operators at a given level of d.
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The code does not fix the operator list to any particular on-shell basis. In consequence,
we do not consider diagrams with light bridges (internal propagators). Once the op-
erator list, to which any given model is matched, is reduced to the on-shell basis,
operators containing diagrams with light bridges will be automatically included. It
is important to note, however, that diagrams with light bridges do not present new
models, i.e. it is guaranteed that with the diagrammatic method, as discussed here, no
models are lost.

With that being said, we applied the diagrammatic method to the NpkSMEFT d = 6
and d = 7 operators. All the BSM fields appearing in the output model diagrams
are collected in Tables 5.1, 5.2 and 5.3, classified by spin (scalars, fermions and vector
bosons, respectively). Fields contributing to d = 6 operators are explicitly marked,
while the remaining ones appear only in d = 7 operator decompositions. We indicate
the quantum numbers under the SM gauge symmetry and adopt the naming conven-
tions of [157]. Most fields in our list of possible BSM particles have already appeared
in that reference in a different context. We note that the scalar triplet Z; is often de-
noted by A in the neutrino literature, and we use A to label a heavy fermion with
quantum numbers (1,1,0) to distinguish it from the light sterile neutrino Nz. Two
special cases deserve comment: the vectors £; and U/;. The latter does not appear in
pure SMEFT at d = 6 [157], but this field is listed in [161].

The case of £; is more subtle. If £; is a general vector field (not necessarily a gauge
boson) one can write down all renormalizable interactions allowed by Lorentz and
gauge symmetry. However, if £ is a gauge vector, certain interactions may be for-
bidden [162]. For example, in SMEFT the interaction ﬂ, ,D"H must be present to
generate d = 6 operators, but this term is not permitted if £, is a true gauge boson. In
NrSMEFT, by contrast, £; can still contribute to the matching even if it is forced to be

a gauge vector. !

All heavy fermions in our list are assumed to be vector-like under the SM gauge group,
even if only one chirality is needed to complete a given diagram. This is motivated by
experimental constraints: the observation of a SM-like Higgs boson at the LHC [166,
167] strongly disfavors the existence of a chiral fourth generation in the minimal SM.

In the next section, we present the specific decompositions obtained for each operator
atd = 6 and d = 7, with a separated discussion for those that violate baryon number.

'We do not give an explicit list of the gauge groups for the vector bosons, but £ appears, for instance,
in SU(3)c x SU(3)L x U(1)x (“331”) models [163, 164, 165].
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FIGURE 5.1: Operator classes at d = 6 and their respective tree openings at the diagram level.
Solid lines correspond to fermions, dashed lines to scalars and wavy lines to vectors. Red lines
are for heavy fields.

5.2 List of operator decompositions

5.2.1 Dictionary ford =6

The complete basis of operators at d = 6 (see Table 4.2) contains four operator classes:
Y2 H3, ?H?D, ¢* and 1> H X. However, not all of these can be generated at tree level
using renormalizable interactions. In particular, operators in the 12 H X class require
at least one loop to be realized [162] and thus fall outside the scope of the present

analysis.

Fig. 5.1 displays the full set of tree level diagrams that generate the remaining three
classes: ¥?H?, >H?D and ¢*. In these diagrams, solid, dashed, and wavy lines de-
note fermions (F'), scalars (5), and vector bosons (V'), respectively. Light SM fields
are shown in black, while red lines correspond to heavy BSM mediators. The W2H?
class admits two distinct topologies at tree level: one involving two heavy mediators
(which can be either SS, F'F or SF, see first row of Fig. 5.1) and one involving a single
scalar mediator with a 4-point vertex interaction. The former topology leads in most
cases to two-particle extensions of the SM, while the latter corresponds to one-particle
extensions only. The four-fermion operators, 1%, can only be generated at tree level
with a scalar or a vector heavy propagator, depending on the chirality of the exter-
nal fermions. Finally, for 12 H?D, there exist two diagrams involving a single heavy
mediator: in one, the derivative is part of the V.SS interaction vertex; in the other, it
arises from the fermion propagator. Altogether, we find that all d = 6 operators in
Table 4.2 can be generated at tree level using one-particle extensions, with two excep-
tions: Op s in the 12 H? class requires two mediators in some openings, as discussed
above, while the dipole operators in the Y2 H?X class (Onpr and Oy ) cannot be

opened at tree level.



56 Chapter 5. A tree level dictionary for NrkSMEFT d = 6 and d = 7 operators

Models Operators

S OnN, ONNNN

St OrNLes Oen

@ OQunL, OLNLe, Orngd, OLn, Opn s
w1 OLngds Oan, Odqune

wa Oun

Iy Orngd, Ogn

Ay Onu2p, Onen2p

B Onmz2p, ONN, Oen, Oun, Oan, OLn, Ogn
B Oner2ps Oen, Odune

Ly OLn

U Oan

Uy OqunL, Oun, Odgune

Q1 Ogunr, Ogn

TABLE 5.4: One-particle decompositions for d = 6 NrSMEFT operators. We separate them in
scalar, fermion and vector models. The first column gives the particle (model), the second the
corresponding operators generated at tree level.

Y2H?3 | Two-particle models

S8 (S,9), (1), (E )

Ornms | FF: (AL, N), (A1, %1), (A1, %)

FS: (N,S),(A1,S), (A1,21), (X1,E1), (A1, B), (X,8)

TABLE 5.5: Two-particle decompositions for the d = 6 operator Oy, 5. There are three types
of models according to the possible spins of the heavy fields.

Here, our approach differs from the philosophy followed in [157], since we insist on
using only renormalizable vertices, while the authors of [157], on the other hand,
consider only one-particle extensions of the SM. However, already at d = 6 in pure
SMEFT there are some operators which require two BSM fields. The list of decom-
positions given in [157] for pure SMEFT is nevertheless complete, since they add also

non-renormalizable operator interactions at d = 5 to their Lagrangian.

We present in Table 5.4 the list of one-particle models found at d = 6 along with
the operators they induce at tree level. The two-particle models generating O, s
are collected separately in Table 5.5, and are classified by the spin of the mediators.
Among the new fields appearing in these decompositions, the vector i/ contributes
only to a single operator, Ogn. The reason is that there is only one renormalizable term
involving 4 and light fields; in particular, such interaction is £ oc (Ng7y,dg) U



5.2. List of operator decompositions 57

We provide the full list of renormalizable interaction terms involving Ni and the
heavy mediators in Appendix A of this thesis, as well as the renormalizable interac-
tions for the new vector U;. For NgSMEFT, we find additional renormalizable interac-
tions of the vector £, which are also presented in the appendix. Recall that the vector
boson £; was also included in [157] but as a non-gauge vector. Specifically, we high-
light here the interaction term £ o< (N§7y,L) LY, which contributes to the matching of
the operator Or .

Given the complete UV Lagrangian, one could perform the tree level matching onto
the set of NpRSMEFT operators. While we do not explicitly perform the matching here,
this procedure can be automated using tools such as Mat chete [145] and we provided
a Mathemat ica notebook with some example models as supplementary material to
our paper [156].

5.2.2 Dictionary ford =7

We now turn to the UV completions of d = 7 NrgSMEFT operators. The complete op-
erator basis at this dimension (see Tables 4.3 and 4.4) spans eight classes, as discussed
in Chapter 4. However, not all of them can be generated at tree level using renormaliz-
able interactions. In particular, operators with two fermions and derivatives or gauge
field strength tensors have to contain, in addition, at least two scalar fields to be gen-
erated at tree level [162]. Similarly, four-fermion operators with a derivative cannot be
opened at tree level, since the diagrams with four external fermion legs do not have
derivatives in their interaction vertices, see Fig. 5.1.

Consequently, only five operator classes admit tree level decompositions: ¢?H3D,
V2H?D?, v?H?X, ¢y*H, and ?>H*. The remaining classes, namely ¢2?HDX, 9D,
and ¢2X?, can only be generated at loop level. The subset of operators that can be
generated at tree level is listed in Table 4.3, whereas the operators requiring loop level
completions are listed in Table 4.4 of Chapter 4.

Fig. 5.2 illustrates the full set of diagrams used to generate the operators in Table 4.3.
At d = 7, many of the resulting diagrams involve two or even three internal prop-
agators. A notable exception is the ¢? H2D? class, for which some operators can be
generated with just a single heavy mediator. Accordingly, we encounter models that
require one, two, or three heavy BSM particles. The allowed spin of the mediators vary
for each operator class: 12 H? X requires heavy fermions only; 12 H2?D? and 2 H* can
be opened with scalar and/or fermion mediators; and ¥? H®>D and * H admit mixed

combinations involving scalars, fermions and vectors.
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FIGURE 5.2: Diagrams generating different d = 7 operator classes at tree level. External light
fields appear as black lines and heavy propagators are marked in red.

As the number of internal lines increases in diagrams of higher dimensional operators,
so does the possible number of models. In total, we find 224 distinct UV decomposi-
tions for the d = 7 operators in Table 4.3. However, multiple operator decompositions
often share the same particle content. After accounting for repetitions, the number of
unique particle combinations is reduced to 112. We present the decomposition results
for each operator in Tables 5.6 and 5.7, classifying the models by the number of BSM
particles they contain (one, two or three) and by their spin.

Among these, only two operators can be generated via one-particle completions: one
involving the scalar S and another involving the fermion A;. Two-particle models
account for the vast majority of completions, with a total of 102 distinct configurations.
These include: 42 F'S models, 45 F'V models, 3 F'I' models, 9 SS models and 3 SV
models. Notably, we do not find any completions involving two vector mediators
(V'V), as can be seen in Fig. 5.2. Finally, we identify 8 three-particle completions, all of
which generate the operator O 4. It is worth emphasizing that subsets of the heavy

tields in these three-particle models can also give rise to other d = 7 operators.
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Y?H?D? | Models Y?H?X | Models
ONeH2D2 F Al ONeHQW F Al
) S ONHQB F Al
NHED® g Ay Onmwew | F @ A
Y*H | Models
SS + (S1,9) (v, Z1)
Ornca | FS : (E,S81) (31,E1) (A1, 81) (AL, E1) (V) (2, 9)
FV . (N,B) (E,W) (N, L1) (3, L1) (A1, B) (A1, W) (E, L1) (£1, L1)
S8+ (wi, 1) (I, ¢)
Ognen | FS @ (D,wr) (T, Q) (Ar,wi) (A1, ¢) (V1) (3,11) (U, 1) (T3, 1)
FV © (UUs) (T, x) (U, L1) (T, L1) (N, B) (X, W) (N, Q1) (X, Q1)
(A1,Us) (A1, x) (D, £4) (Th, £1) (A1, B) (A, W) (D, Q1) (T1, Q1)
SS : (S1,9)
OeNLH FS : (N, 51) (Al,(p) (Ag,Sl)
FV : (N,B) (N,B1) (As, L3) (As, L1) (A1, B) (A1, B1) (A1, L3) (A1, L)
SS : (w,IIy)
Oancu | FS : (Q1,101) (A1, TI) (@s5,w1) (N, w1)
FV : (N,B) (N,U) (@s,9Qs5) (Qs,L1) (A1, B) (Q1,Ur) (A1, Qs) (Q1, L)
SS ((./JQ, 7)
Ouncu | FS : (Q7,1I7) (A1, 1I7) (N, w2) (Q1,w2)
PV (Q1,9Q1) (Q1,£1) N, B) (N, Us) (A1, Q1) (Q7,£1) (A1, B) (Q7,Us)
SS + (we,Iy)
Ogunru | FS : (Q1,111) (A1, 1) (Q1,w2) (E,w2)
FV : (B, Bi) (BE,th) (Q1,21) (Q1,L1) (A1,B1) (Q1,Uh) (A1, Q1)
SS : (S1,9)
Ouagnen | FS : (A1) (@5,51) (U,81)
FV : (UlUs) (U ) (@Qs,9Qs) (@5, Q1) (A1,Uz) (Ar,U1) (A1, Q5) (A1, Q1)
0 SS + (S1,¢) (wi,1h) (we,II7)
QNN S (@ TTr) (A, ) (D, w1) (Arwn) (D,81) (@7, S1) (A1) (A1, Th)
(Q7,1I) (A1, w2) (D, w2)

TABLE 5.6: List of models generating at tree level d = 7 operators belonging to the operator
classes 2 H2D?, > H%2X and y*H.



60 Chapter 5. A tree level dictionary for NrkSMEFT d = 6 and d = 7 operators

V2> H3*D | Models
SV i (8,L1) (E,L1) (B1,L1)
Or e FS: (N,S)(%,E5) (£1,51) (A1,S) (A1, E) (A1, Er)
NLED | gy o (N, B) (S, W) (51, Wh) (A1, B) (A1, W) (Ay, By) (Ar, Wy)
FF : (N,Al)( 1,2) (Al,El)
Y2H* | Models
S: S
SS 0 (S,9) (S,E1) (S,E)
FS : (N,8) (3,2) (21,51) (A1,S) (A1,2) (A1,Z1) (A1, 0)
ONH4 FF . (N,Al) (Al,E) (Al,Zl)
SSS (S, 0,E1) (S, 0,E)
FFS : (Al,El,El) (N,Al,S) (Al,Z,E)
FSS : (A1,S,9) (A1, 9,E) (A1, 9,E51)
Y*H | Models
v | 531 (S0 (S19)
c FS : (E,S) (E,Sl) (Al,go) (Al,S) (Al,Sl)
SS (S, )
OcLNH FS : (A1,S) (A1) (E,S)
FV (E, 1) (Al,ﬁl) (A1,61>
%, SS (8,(,0) (wl,Hl)
OV RS (ALe) (D,w) (AL w) (QuTH) (AL TH) (Q1,8) (D, S)
SS (S, )
OagNH FS ' (A1,9) (Q1,S) (D,S)
FV (A U) (A1, Q) (DU (Q1, Q1)
OQN " SS (S, QO) (OJQ,Hl)
! FS @ (Q1,101), (A1, 10y), (U,wa), (A1,we), (U,S), (Q1,S)
SS (S, )
Ouwona FS: (Anp) (U,S) (Q1,S)
FV : (Q1,21) (U,Uz) (A1, Q1) (A1, Uz)
o SS (S, )
PRS s (VL8) (ALS) (Arw)
SS (S, )
ONLNH FS (N,S) (Al,S) (Al,go)
FV . (N,B) (Al,B) (Al,ﬁl)

TABLE 5.7: Continuation of table 5.6. NgRSMEFT d = 7 operators in v>H*D, 1>H*, »*H and
their tree level decompositions.



5.2. List of operator decompositions 61

Yt (d=6) | Models

S owp
OQqQan V. o
Ouddn S wi,we
Y*H (d=7) | Models
SS 0 (wa, 1Y)
OonNddr FS : (Uwz) (A1, we) (Q1,1I4)

(
(
FV : (Q1,Q1) (Q1,Ur) (A1, Q1) (U, Uh)
SS ¢ (wr,II1) (T4, Q)
Oqgnaon FS : (D,wr) (A1,wr) (T1,¢) (A1,)
(
(
(
(
(

D,11;) (T3, 11,)

wi, IIy)

D,wi) (Ar,wr) (Qs,111) (Q1,111)
Q1, Q1) (Q1,Uh) (@5, Qs) (Qs5,Us)
Ay, Q1) (D,Uy) (A1, Q5) (D, Us)

SS
FS :

OonNu
QNudH FV -

TABLE 5.8: Tree level decompositions for the baryon number violating operators of d = 6 and
d = 7in NgSMEFT. Models are classified in terms of the Lorentz nature of the fields.

5.2.3 Models for BNV operators

We now turn to the discussion of BNV operators in NrkSMEFT. These operators are
generally considered irrelevant for collider phenomenology due to the severe con-
straints from proton decay experiments, as we discuss below.

Table 5.8 lists the BNV operators at d = 6 and d = 7 that admit tree level UV comple-
tions, along with their decompositions classified by the spin of the heavy fields. At
d = 6, there are two four-fermion BNV operators that can be opened at tree level. At
d = 17, five BNV operators appear in the basis, but two of them belong to the 1*D
class and thus require loop level completions; hence we do not list them here. The
remaining three operators, all in the *H class, admit tree level completions via three

distinct diagrams, as shown in Fig. 5.2.

For the d = 6 operators, we find three possible one-particle UV completions: the
scalars wi, wg, and the vector boson Q;. The d = 7 BNV operators admit 22 two-
particle completions, consisting of 3 S5, 10 F'S, and 9 F'V combinations. Of these,
17 appear also in the decomposition of other d = 7 NgRSMEFT operators, while the
remaining five are specific to the BNV case. These are the F'S models (D, I1), (T3, 11;),
(Q5,111) and the F'V models (Qs5,Us), (D,Us).
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Experimental bounds on proton lifetime place extremely tight constraints on the pa-
rameters of models that permit BNV. To illustrate this, consider a simple UV comple-
tion of the d = 6 operator Oygan = (uGd R)(@N r) via the scalar wy. The relevant

terms in the UV Lagrangian are
£ ocyst (uher) wi + ity (dpNe) o] + vy (Q°L) w]
+ Yoy (uGdr) w1 + 5 (Q°Q) wi +hee 4 ... (5.1)
The contribution to the operator O,44n is given by the matching relation

w1 w1
Ynag ¥
CuddN = NX2 ud (5.2)

where we assumed m,,, = A. Here, cp denotes the dimensionful Wilson coefficient,
which is inversely proportional to the new physics scale A. In addition, we have sup-
pressed flavor indices.

This operator triggers the decay process p — 7N, assuming my < m, — m,+.>

Current experimental limits from Super-Kamiokande and other proton decay searches
[168] constrain the Wilson coefficient to

2
YN Yor S 10726 <TeAV> . (5.3)
Clearly, this constraint renders 0,44 unobservable for any foreseeable collider exper-
iment. However, this does not imply that the mediator w; is ruled out entirely. The
BNV arises from the presence of both ¢}, and 3"} couplings in the UV Lagrangian.
Since no baryon number assignment can make both terms in Eq. (5.1) simultaneously
B-conserving, the violation results from the combination of the two. If we instead
enforce baryon number conservation, only one of the two couplings must vanish, de-
pending on the baryon number assigned to w;. In such scenarios, w; may still con-
tribute to the decomposition of other NrSMEFT operators, potentially leading to ob-
servable effects at colliders.

This reasoning can be extended to d = 7 BNV operators, though the analysis becomes
more intricate due to the larger number of couplings entering the matching relations.
In general, decompositions at d = 7 involve three independent UV couplings. Typi-
cally, enforcing B conservation in the UV can be achieved by setting just one of these

2If my > mp — m,+, an off-shell Ng can contribute to decays such as p — 7T 7%, which still puts
limits on the Wilson coefficients, although these are much weaker.
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couplings to zero, thus preventing proton decay while allowing the mediator fields to
appear in other phenomenologically relevant operators.

Finally, we comment that the discussion above does not rely on the lepton number
assignment for Ng. If we adopt the conventional choice L(/Nr) = 1, we find that d = 6
BNV operators in NRSMEFT violate B + L while preserving B — L. By contrast, d = 7
operators violate B — L. This follows exactly the same pattern as found in SMEFT.

Just as BNV processes put tight experimental constraints on the operators, LNV in-
teractions in NpRSMEFT could also be subject to stringent bounds, particularly if they
induce observable processes or contribute to Majorana masses for the SM neutrinos.
However, unlike the BNV case, the connection between LNV effective operators and
neutrino masses is more subtle. The presence of LNV operators does not immediately
fix the scale of neutrino mass generation. In the next section, we explore this connec-
tion in detail and how LNV arises in NzpSMEFT.

5.3 LNV operators and connection to neutrino mass

In this section we will discuss lepton number violation in NgSMEFT and how it is
connected to observable LNV processes with charged leptons at the LHC and to the
Majorana masses of the SM neutrinos. Before we turn to NgRSMEFT operators, we
revisit the “black box theorem” of neutrinoless double beta decay (0v35 decay) [33].
Then, using very similar arguments, we will discuss how the observation of LNV at
the LHC in processes involving a Nz and Majorana neutrino masses are related at the
operator level. For NrkSMEFT at d = 7 we have given the possible decompositions
at tree level in the previous section. At the end of this section, we examine Majorana
neutrino masses in the renormalizable UV models found there.

Black box theorem

The observation of Ov3 decay will guarantee that at least one neutrino has a Majo-
rana mass term [33]. This is known as the “black box theorem”, since the mechanism
(or “model”) underlying the Ov3/3 decay amplitude needs not to be known for this
conclusion to hold. 0v3/3 decay is a low-energy process, thus the black box diagram
is usually drawn in the mass eigenstate basis, as it was done in Fig. 1.3, right. It is

instructive, however, to discuss the black box theorem in terms of SMEFT operators.

As discussed in Part I, the neutrino Majorana mass matrix can be generated from the
famous Weinberg operator, Oy, o< LLHH, while contributions to the 0v33 decay
amplitude start at the d = 9 level. AL = 2 operators (disregarding operators with
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FIGURE 5.3: Example diagram of the black box theorem of 0v33 decay [33] for the operator
09

9 = uZdg €% in the gauge basis.

derivatives or field strength tensors) have been listed up to d = 11 in [26]. Atd =9
there are six operators relevant for Ov33 decay.®> The simplest six-fermion SMEFT
operator for Ov/33 decay is O . o u2dg ¢%. The operator and its black box connection
is shown in Fig. 5.3. The SM Yukawa couplings LerH, QdrH and urQH are used to
close the loops. This example results in a 4-loop diagram, the same as the black box
diagram in the mass basis. The other five d = 9 operators will result either in 2-loop

or in 3-loop black box diagrams.

Note that black box diagrams are in general divergent. Thus, one expects that neutrino
masses are generated at a lower loop level than indicated by the respective black box
diagram. However, at the level of effective operators it is not possible to decide at
which level neutrino masses are indeed generated, for this one needs to know the
underlying UV model. We will come back to this question later.

A 4-loop diagram will give only a tiny contribution to the neutrino mass [34] and, thus,
the guaranteed, but minimal, contribution from the 0v3/ decay black box diagram to
the neutrino masses is numerically much smaller than what is required to explain
neutrino oscillation data. However, given the finite number of operators at d = 9,
one can open up the Ov33 decay operator(s) in all possible ways, say, at tree level
[169]. The list of possible UV “models” found in this exercise can then be examined
one by one and neutrino mass models from the tree to the 4-loop level emerge [170].
Whether any particular of these models can or can not be the main contribution to
the neutrino masses — as required for an explanation of oscillation data — is then
mainly a question of the loop level at which the neutrino masses are generated in the
respective model, but in all cases a nonzero Majorana mass for the SM neutrinos is

guaranteed.

*The mass mechanism of 0v33 decay corresponds actually to a d = 11 operator: (’)52 Q2L2H2"
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A black box for NySMEFT and Majorana neutrino masses

Before turning to NrSMEFT operators, let us briefly discuss the renormalizable La-
grangian for the simplest model that adds a Ny to the SM, i.e. the minimal type-I
seesaw, which contains a Yukawa term for Nr and a Majorana mass term

. 1
Liype-1 = ~LHY,Np — NgMpNp + h.c. (5.4)

Here, the Majorana nature of the mass term is specific to the type-I seesaw. As dis-
cussed in the previous chapter, the mass term for Ny could also be of Dirac type, as
in the inverse seesaw model. Then, one introduces a second Weyl fermion S;, and
replaces Mg with a Dirac mass term MysSy, Ng. Assigning lepton number L(Ng) = 1
(and L(Sy,) = 1), both the Yukawa interaction and M g preserve lepton number, while
Mp, violates lepton number by AL = 2. However, in the absence of Y,,, one could also
assign L(Ng) = 0, in which case M would be lepton number conserving. While this
may seem trivial, it illustrates an important point: LNV always stems from a mismatch
in the lepton number assignments between different terms in the Lagrangian. This is
true in any model, and NgSMEFT is no exception.

After EWSB, the simple model, defined by Eq. (5.4), introduces a nonzero coupling
of the (mostly) singlet state, IV 2 to the gauge bosons, gV, N, where V,,y is the mixing
angle between active and sterile states. At the LHC, W bosons are produced, which
can then decay to N + £ via this nonzero coupling.” N will decay itself via an off-shell
W to another lepton plus jets. For a Majorana neutrino, the probability to decay to
either lepton or anti-lepton is the same (at tree level), thus the final state for the whole
process will contain two leptons and two jets, leading to the ratio
#(same-sign dilepton)

Bee = # (opposite-sign dilepton) =1. (5.5)

Same-sign dilepton events are obviously AL = 2 processes, formally the same as a
Majorana neutrino mass. The diagram for this LHC process is shown in Fig. 5.4 on
the left. From this diagram, one can cut off the quarks and draw the 2-loop Majorana

neutrino mass diagram shown on the right of Fig. 5.4.

Clearly, if the diagram on the left is present in the model, the diagram on the right
must also exist. Thus, the observation of this LNV process at the LHC guarantees that
neutrinos are Majorana states for this particular model. Several comments are in order.

4 NRSMEFT operators put the chirality of Nr as right-handed. In the mass eigenstate basis /N has
both, left- and right-handed components, so we do not add the subscript R for mass eigenstates.
SAtthe LHC ¢ = e, i, 7, in 0033 decay only ¢ = e, of course. We will not discuss flavor in detail.
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FIGURE 5.4: Lepton number violation at the LHC in a minimally extended variant of the SM
(left) and a 2-loop neutrino mass diagram that will necessarily be generated at the same time.

First of all, the connection between the LHC process and Majorana neutrino masses in
this particular example can be trivially understood. The model as discussed is, after
all, a type-I seesaw and it of course generates Majorana neutrino masses. However,
Majorana neutrino masses in the seesaw are generated at tree level, thus the 2-loop
diagram in Fig. 5.4 just represents a “minimal link” between the LHC process and the
existence of a Majorana neutrino mass. Numerically, it is only a very minor correction
to the total neutrino mass in this model. This is very similar to the black box theorem

for Ov 33 decay discussed above.

However, different from the black box theorem for 0v33 decay, the discussion as pre-
sented so far is model-dependent, since we have assumed that the Lagrangian terms of
Eq. (5.4) exist. To make statements as model-independent as possible, we should not
a priori assume that N has a coupling to SM W bosons,® nor that the mass of the N is
of Majorana type, but instead consider EFT operators.

In the mass eigenstate basis, after EWSB, the simplest purely fermionic operator one
can write down for the production of a singlet fermion is either duNe or duN¢e. As-
signing lepton number to NV as L(N) = 1 (L(N) = —1), the former (latter) operator is
lepton number conserving, while the latter (former) represents a LNV object. If both
types of operators are present, LNV processes will be generated — independently of
the nature of the mass term of V. However, N needs to be a massive particle, its mass
term could be either Dirag, i.e. lepton number conserving (LNC), or Majorana (LNV),
as discussed above. Thus, overall, one can find AL = 2 processes with two different

combinations:
¢ Two LNC operators and a Majorana propagator (mass flip).
* One LNV and one LNC operator, along with a Dirac propagator (no mass flip).

For the discussion to be complete, we need to cover both options.

®We will come back to this point near the end of this subsection.
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FIGURE 5.5: Lepton number violation at the LHC and a 4-loop realization of the Weinberg
operator in the gauge basis, assuming the d = 6 operator Oy, . is nonzero. The origin of the
LNV is assigned to the Majorana mass M.

Fig. 5.5 shows an example based on the simplest d = 6 NgSMEFT operator, Og,ne =
(dryuur)(NrY" eR), combining two insertions of the LNC operator with a LNV Ma-
jorana mass insertion in the NV propagator. Here, the diagram gives actually a 4-loop
realization of the Weinberg operator, Owys o< LLHH, which will generate the neu-
trino mass matrix after EWSB.

Note that, simple power counting shows that this 4-loop diagram is divergent. Clearly,
a lower order diagram contributing to the neutrino mass should exist, in order to
provide a counter term for this infinity, and — apart from some very fine-tuned special
cases — that lower order diagram will give a larger contribution to the neutrino mass
than the 4-loop diagram. However, given only the effective operator and not the full
UV complete model, it is not possible to decide at which loop level Majorana masses

will appear.

The LHC LNV process pp — ¢7¢*jj is contained in the inside of the diagram, just
cutting the diagram at the thin lines. Thus, the two observables are always either both
present in the theory or none of them is, exactly as in the originally black box theorem
for Ov 33 decay.

In the above discussion it was assumed that the source of the LNV is the Majorana
propagator of the Ng. However, the same black box connection between LNV at
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FIGURE 5.6: Lepton number violation at the LHC and a 2-loop realization of the Weinberg
operator. Different from Fig. 5.5, in this diagram the origin of LNV is the d = 7 operator
OanrH-

the LHC and Majorana neutrino mass can be established in the case that the neces-
sary LNV is due to a LNV operator. We choose as the LNV d = 7 operator the ex-
ample of Ognru = e(dryudr)(Ngy*L)H. For the LNC d = 6 operator we choose
Orngd = (LNR)e(Qdgr). Fig. 5.6 shows the resulting 2-loop diagram for Owpg. As
before, cutting open the loops defines a LNV process for the LHC: one could, for ex-
ample, produce the N via Oy g4, while the final state is produced from the decay of
N via Ognrg. This decay could either contain two jets plus a Higgs (or Z %) boson
and missing momentum, or two jets plus a W and a charged lepton.7 The additional
bosons (relative to the “standard” ¢/jj signal) could actually be used to distinguish
the two possibilities (Majorana propagator versus d = 7 operator) experimentally, at

least in principle.

One can easily check that the chiralities in the diagram in Fig. 5.6 are such that the mo-
mentum ¢ is picked from the neutrino propagator (no mass flip). Again, the resulting
integral is divergent, indicating that a lower order contribution to the neutrino mass
should exist in any UV completion generating this diagram at low energies. However,
whether the neutrino mass comes at tree level or 1-loop can not be decided at the level
of effective operators only. While we have concentrated here on a specific combination
of operators, the same conclusions can easily be reached for all other possible combi-
nations: the observation of LNV at the LHC guarantees the existence of Majorana

neutrino masses for the SM neutrinos.

’Only final states without missing energy can be used to determine lepton number experimentally.
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Neutrino masses in models derived from LNV d = 7 operators

Here, we will briefly discuss neutrino mass generation at the renormalizable level.
The aim of this discussion is not to provide a detailed fit of neutrino masses and mix-
ing angles to experimental data,® but rather to demonstrate that all models generating
LNV operators with Ng also generate active neutrino masses.” Given this connection,
one might be tempted to think that d = 7 operators are not observable in accelera-
tor experiments, due to the smallness of the observed neutrino masses. However, as
we will discuss now, such a conclusion holds only for a very specific subset of UV

decompositions and not in general.

First of all, with Ny being a complete SM singlet, all models giving rise to single-Ng
d = 6 operators necessarily allow to write down also a neutrino yukawa coupling,
as discussed above. If, in addition, lepton number is violated, also a Majorana mass
for Np is allowed. In fact, the Majorana mass term is mandatory in this case. One
can easily show that in all Nz models with LNV, M), is generated radiatively via
diagrams with divergent integrals. Thus, for consistency, all these models require also
the presence of a tree level M), as a counter term. A seesaw type-I contribution to
the neutrino masses is therefore unavoidable in all models with a N and LNV. For
the discussion in this subsection, however, this contribution to the neutrino masses
is irrelevant, since it does not place any restrictions on the Wilson coefficients of the

d = 7 operators.

As we pointed out in Section 5.2, we found 112 different models for d = 7 operators.
We will not discuss all these models in detail, but instead focus on just four decom-
positions for the example operator Oy = e(Ly,L)(Ngy*L)H, see Fig. 5.7. These
four examples are sufficient to cover essentially all relevant aspects of neutrino mass
generation in the 112 models. The remaining models could be discussed in much the

same way, with adequate replacements for the corresponding model parameters.

In Fig. 5.7, we show in the top row two example decompositions for Oy containing
N and Z;. These will give a tree level seesaw contribution of type-I and type-II to the
neutrino masses (note that one can replace N by %, and obtain a decomposition with
a type-III seesaw too). We note in passing that out of the 112 models (14, 8, 8) contain
(N, E1, X), respectively. The decompositions in the bottom row, on the other hand,

will generate neutrino masses radiatively.

80nce a particular model is specified, neutrino fits can be easily done using the formulas in [171].
°To simplify the discussion below, we assume the d = 7 operators violate L.
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FIGURE 5.7: Four example decompositions for Ornrx. The two examples shown in the top
row will give tree level contributions to the active neutrino masses via a type-I (left) or type-II
seesaw (right). The decompositions in the bottom generate radiative neutrino masses at 1-loop
(left) and 2-loops (right). The quantum numbers for the new fields are given in Tables 5.1, 5.2.

Let us discuss the tree level cases first. Consider the example decomposition shown
in Fig. 5.7, top left. The Lagrangian contains the terms:

Loyl (NrRL) ¢ +yR NL) ¢ +yne (NL) H + %MN/\TN +he (5.6)

where A and ¢ are “heavy” copies of Np and H.!” The (dimensionful) Wilson coeffi-

cient generated from this diagram is matched via

1yNLYNLINE

7
4 Mym? (®7)

CLNLH = —

On the other hand, A/ must be a Majorana field, otherwise the diagram can not be

closed. Thus, N gives a contribution to the neutrino mass 4 la seesaw type-I:

U2

We can use this equation to put an upper limit on the coefficient c;n 1 x:
© P 1/2
—eYnLYNL (A my
< 1076 INLINL (22 < ) 5.9
CLNLH r~ A3 v 0.1eV/’ 5:9)

where we have assumed My ~ m, ~ A. This estimate shows that production of a

"Notice that we have omitted the explicit contraction of indices. To simplify the notation we omit
them in the rest of this chapter.
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FIGURE 5.8: One-loop (left) and two-loop (right) neutrino mass diagrams, based on the de-
composition of Oy x containing the BSM particles (S1, ¢) or (E, S1).

Nr via this operator in a lepton collider is completely negligible for this model. We
can also estimate the partial decay width of a Ng via O n g given this constraint. We
find the decay length is roughly

AN’/ my, \5(01eV\? ¢
(em) ~ (TeV) (10 GeV) ( my > 10%m, (5-10)

for y%, = vk, = 1. A decay length this large would render the Ny essentially stable

for collider experiments, unless it is much heavier than indicated in Eq. (5.10). Note
that similar arguments can be presented for all decompositions of d = 7 operators
containing either A or X.

For decompositions containing =1, the situation is slightly more complicated. If we
allow for LNV, the Lagrangian for a model with a =; field contains the terms:

L ocy?t (L°L) By + ke, HHE] + k=, 2l Ho + ... (5.11)

The simultaneous presence of both terms will lead to a seesaw type-II contribution to
the active neutrino mass matrix. We can use this to rewrite the Wilson coefficient for
the decomposition shown in Fig. 5.7, top right as:

my, 1
lenvenl S YL 13 (5.12)
=1
_10 my GeV 1
S 107% (g1 ey) <>A3 (5.13)

where we have assumed mz, = m, = kz,, = A. The SM p-parameter puts an upper
limit on the induced vacuum expectation value of the triplet, v=,, of roughly v=, < 2
GeV [168], which motivates the stringent constraint Eq. (5.13). Neutrino oscillation
data, however, allow v=, as small as v=, ~ 0.1 eV. Obviously, no numerically relevant

constraint on |cz nz | can be derived in this case.
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Let us turn now to decomposition #3 in Fig. 5.7, (S1, ¢). The same particle content ap-
pears also in decompositions of the operators Ocnr.1, Orner, Oagner and OQunen .- n
In neutrino physics this combination of BSM particles is known as the Zee model [24].
Neutrino masses are generated at 1-loop level, see Fig. 5.8 to the left. The Lagrangian

of the Zee model contains the terms:
L x yfl (FL) S1+ yf}e (NifzeR) S1 +y¥, (erL) ol + KSI@SIHQD +he.+... (b.14)

Disregarding flavor indices for simplicity, the neutrino mass in the Zee model can be
estimated as:

2
Zee S1 (% \/52)%&5130 mh;
My S e YL M log 5 : (5.15)
myy —myy my
2 1 1

Here, hy 2 are the two mass eigenstates formed by S; and the charged component in
¢. m; is the mass of the 7 lepton and we have neglected terms proportional to m, c,
which are not relevant for this discussion. Thus, neutrino masses will put a strin-
gent constraint on the product yfl yY (ks1p/A), where A ~ mg, ~ my,. Logically, this

combination could be small because one, two or all three parameters are suppressed.
The matching of Ornra, Ocnrr and Opneq, on the other hand, is proportional to

S K81
CLNLHOCyLly]g\)fL A

KS
CeNLH X yﬁl@y& Aw ; (5.16)

S KS1o
CLNeH X YNLYNL A

In case all three parameters entering the neutrino mass are small, i.e. y‘zl ~ Yyt~
(ks1p/N) ~ € all of the coefficients in Eq. (5.16) will be suppressed. However, in the
more optimistic case, where either yfl or y¥; are suppressed by €3, while the other two
parameters are order O(1), either ¢y nyri or cenrr and ¢ yem can be large. However,
given the constraint from neutrino masses, it is impossible that all three operators are
observable at the same time.

Consider now decomposition #4 in Fig. 5.7, (F, S1). This model allows to write the
following terms in the Lagrangian:

L o yy (L°L) Si+yy. (Njer) Si+yre (LE) H+yyp, (NgE) Si+mpEE+. .. (5.17)

Note that the vertex proportional to yf}e does not appear in Fig. 5.7, but it is contained

"See Table 4.3 for the operator definitions and Tables 5.6, 5.7 for the corresponding decompositions.
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in a decomposition for O ne.x With the same particle content. Also, yile is necessary
for the 2-loop diagram in Fig. 5.8. In this diagram, from the N propagator Pr(¢ +
Mn,,)Pr,, the momentum term survives. LNV stems from the simultaneous presence
of y}f}e and yf}EL. Similar to the discussion for the Zee model, either yf}e or yﬁlEL (or
both) must be small to fulfill the neutrino mass constraint. Thus, either Oy or
Ornen can have unsupressed Wilson coefficients, but not both at the same time.

We close this section summarizing: 1) Models for LNV in d = 7 NgSMEFT operators
will always also lead to active neutrino masses either at tree, 1- or 2-loop level. 2)
For decompositions leading to seesaw type-I or type-III contributions to the neutrino
mass, the Wilson coefficients will be severely suppressed, rendering the correspond-
ing operators phenomenologically irrelevant for accelerator experiments. 3) For de-
compositions leading to radiative neutrino masses, the Wilson coefficients for some of
the corresponding operators can be large, but the same UV decomposition contributes
typically to more than one operator and neutrino mass constraints exclude the possi-
bility that all corresponding operators are observable at the same time.

54 Summary

In this chapter, we discussed a systematic tree level decomposition of d = 6 and 7
NRSMEFT operators, using a diagrammatic method. The resulting lists of BSM par-
ticles provide a complete dictionary of models, which can be used for studying Ng
phenomenology. We have also briefly compared our lists of particles to the Granada
dictionary for tree level UV completions for SMEFT at d = 6 [157]. Our lists of BSM
particles are given in Tables 5.1 - 5.3. In Appendix A, we give all the Lagrangian terms
involving N for the resulting models. There are additional terms involving the BSM
fields necessary for the matching calculation of the UV models onto NgSMEFT, and we
provided them in supplementary material files accompanying our paper [156]. These
Lagrangians were calculated with Sym2Int [142, 143]. The matching can be done au-
tomatically with the help of Mat chete [145], and we added an example notebook for

a number of models in the supplementary material.

We also discussed lepton number violation, that unavoidably appears if d = 6 and
d = 7 operators are present in the theory at the same time. LNV is always linked to
Majorana neutrino masses and LNV in NgSMEFT is no exception, as we discussed in
detail. We also discussed possible constraints on d = 7 operators from the observed
neutrino masses. While some of the possible UV models for d = 7 operators must have
tiny Wilson coefficients, due the neutrino mass constraint, there exist many models for
which d = 7 NgSMEFT operators could be observable in future experiments.
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Chapter 6

Long-lived heavy neutral leptons
from mesons in EFT

Heavy neutral leptons (HNLs) with masses in the GeV range can be produced in the
decays of heavy mesons and, if long-lived, may yield striking displaced signatures
at the LHC. While most phenomenological studies have focused on the minimal HNL
scenario where HNLs couple to the SM only via active-sterile neutrino mixing, more
general interactions can be described within NrLEFT, the low-energy effective theory
that extends the SM with right-handed neutrinos Ng.

In this context, various studies have considered four-fermion NrLEFT operators with
one Np, a charged lepton, and a quark bilinear. Ref. [172] examined the sensitivity of
far detectors at the LHC to those operators, while Refs. [173, 174] derived projected
sensitivities for Belle II for the same set of operators. However, other classes of four-
fermion NrLEFT operators, such as those with two N, fields, or with one Ny and one
SM neutrino, have not yet been investigated in the context of meson decays.! The mo-
tivation for studying these operators is that they open up complementary discovery
channels for HNLs in the mass range ~ 0.1—5 GeV, which is particularly well-suited to
the capabilities of the far detectors, like MATHUSLA, ANUBIS or FASER2. This chap-
ter, based on Ref. [175], explores the potential of these additional operators to produce
long-lived HNLs in meson decays at the LHC and presents a sensitivity study of the

proposed far detectors to such scenarios.

IRef. [154] considers a similar set of operators and places bounds from CEvNS and invisible decays
of light mesons.
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The remainder of the chapter is structured as follows. In Section 6.1, we introduce the
relevant d = 6 operators in the NgLEFT and discuss their matchingtod =6and d =7
operators in the NgSMEFT. Section 6.2 details HNL production from meson decays
induced by the operators of interest. In Section 6.3, we present our simulation results

and sensitivity projections for the far detectors. We conclude in Section 6.4.

6.1 EFT approach

6.1.1 NypLEFT operators for meson decays

The appropriate framework to describe meson decays into HNLs with masses around
or below the GeV scale is NgLEFT. We introduced this framework in Section 4.3. For
convenience, we provide here the general form of the NRLEFT Lagrangian,

ENRLEFT = /:,(4) + Z Z ng)ogd) s (61)
a>5

where £*) is given by Eq. (4.5) and the dimensionful Wilson coefficients, cgd), of the

higher-dimensional operators O,Ed), scaleas 1/ A%;VA‘, see discussion below Eq. (4.6).

The contact operators triggering meson decays into HNLs are four-fermion interac-
tions at d = 6 involving a pair of quarks and a leptonic part, which in turn contains
either (i) a pair of Ng, or (ii) N and vy, or else (iii) Nr and a charged lepton. The last
possibility has been investigated in detail in Refs. [172, 173], in the context of long-
lived HNLs that could be produced in meson decays at the high-luminosity LHC and
Belle 1II, respectively. In this work, we focus on the operators with neutral leptons. In
Tables 6.1 and 6.2, we summarize the pair-/Np and single-Np operators of interest.

Though in our numerical analysis we will focus on the case of a single HNL generation
(ny = 1), in the tables we provide for completeness the numbers of independent real
parameters associated with each operator for ny = 1 and ny = 3. We have checked
these numbers using Sym2Int [142, 143]. In the group of pair-Ng operators, there
are four lepton number conserving (LNC) structures and six lepton number violat-
ing (LNV) ones (of which two vanish identically for ny = 1). Among the single-Np
operators, six structures conserve lepton number, whereas four violate it.

6.1.2 Matching to the N;SMEFT

We assume that the NgLEFT originates from the NrkSMEFT, and that there are no new
particles between the meson decay energy scale and the electroweak scale, character-
ized by the Higgs VEV, v. At the latter scale, the two EFTs must be matched.
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Name Structure ny=1|ny=3
O | (dryudr) (NrY*NR) 9 81
9| 0" | (@ywur) (Ner"Ne) | 4 36
= O (drvude) (Nry*Ng) 9 81
OV @ryuur) (Nry" Ng) 4 36
O (drdr) (NGNR) 18 108
ONFR (dpo,wdr) (NGo™ NR) 0 54
= O (wzur) (NG NR) 8 48
= o | @rouwur) (Ngo Ng) 0 24
OER (drdr) (NGNR) 18 108
05" | (wgur) (NfNR) s | 48

TABLE 6.1: NgpLEFT d = 6 operators involving two quarks and two HNLs. For each operator
structure, we give the number of independent real parameters for ny = 1 and ny = 3 gener-
ations of Nr. We recall that in the NpLEFT, nqy = 3 and n,, = 2. The LNV operator structures
require (+h.c.).

At tree level, the matching of the d = 6 LNC operators has been worked out in [155]
and that of the d = 6 LNV operators in [154].2 Below we summarize the results of this
matching relevant to the operators of interest. The NgSMEFT operators contributing
to the matching relations for the coefficients of the NgrLEFT operators from Tables 6.1
and 6.2 are given in Tables 6.3 and 6.4, respectively.

For the dimensionful Wilson coefficients of the NxRSMEFT operators, we use capital
Cl-(d). They scale as Ayp?, where Axp > v is the scale of new physics. For simplicity,
we assume only one generation of N, while considering a general structure of quark,
charged lepton and left-handed neutrino flavor indices. We denote the quark flavor
indices by 7, j and the lepton flavor index by a. Furthermore, we assume that in the
NRLEFT, quarks are in the mass basis, whereas the NrRSMEFT operators are written in
the weak interaction basis.

The matching conditions for the coefficients of the LNC pair-Np operators holding at
the electroweak scale read

2
V,RR ij 97 ij V,RR __ ~ij ij

CaN,ij =Cyn — m2 ZdRZN’ CuN,ij = Cun — Z N, (6.2)
Z

2For the NrLEFT operators with two quarks, a charged lepton and a neutrino, the tree level match-
ing has been performed also in [176, 172]. For the first-generation charged fermions, such operators
contribute, among other processes, to neutrinoless double beta decay [176, 177, 178, 179].
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Name Structure ny=1|ny=3
OuN (drdr) (VENR) 54 162
ONRE | (dowdr) (o Np) | 54 | 162
> Ot (uzur) (VLNR) 24 72
- OZ;]J%VR (wLowur) (VLo Ng) 24 72
O (drdr) (7zNR) 54 162
oL (urur) (VLNR) 24 72
Opn' | (dryudr) (Viy"Ngr) | 54 162
E OVII | (@ryuur) (ViV*NR) 24 72
= OpR | (dvuds) (Vi NR) | 54 | 162
O | @) (Vi Ne) 24 72

TABLE 6.2: NRLEFT d = 6 operators involving two quarks, one active neutrino and one HNL.
For each operator structure, we give the number of independent real parameters for ny = 1
and ny = 3 generations of Np. We recall that in the NgLEFT, n,, = ng = 3 and n,, = 2. All
operator structures require (+h.c.).

2

ulN,ij QN @Z;]LZN . (63)

R VeV Clin - 228z, =Y

Z
Here, V is the CKM matrix defined through d; = Vd|, (assuming the up-type quarks
are already in the diagonal basis), where d’ and d are flavor and mass eigenstates,

respectively. In addition,

2

e ij y B
Zw = (sz QzZJSI%V) 8, ZN = _?CHN7 (6.4)

9z = )
Swew
with ¢ denoting a SM fermion, and Tg and @ being its weak isospin and electric
charge, respectively. Further, sy = sinfw and cy = cos Oy, where 6y is the weak
mixing angle, and my is the mass of the Z boson. Note that in Z:Z we neglect the
contributions of d = 6 NrgSMEFT operators (cf. Eq. (2.18) in Ref. [154]), since when
multiplied by Zx these would lead to d = 8 effects.

For the LNC single-Np operators, we have

S.RR kj 1 ajk TR Lo v ~ajk
CauN djo T Vm <Cg]\;Qd - 2C%QN> ) CdvN,ija — —gvkiC%QN ) (6.5)
S,RR  _ T.RR

uv N, ’L]Oé - O’ Cu]/N’ijoé - O? (6'6)

S,LR _ S,.LR _ yjiack
Cdl/N Jgjoa T CuuN,ijoe - CQuNL : (67)
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Name Structure ny=1|ny=3
5 Oan (dryudr) (NrY*NR) 9 81
4| Ow | @myur) NeNg) | 9 81
T 0oy | @) ®rrNe) |9 | s
S opy (HTZHZH) (Nay"Ng) | 1 9
< | Oqnan (QNR) (Ngdr) H 18 162
4 | Qagnu | HY (@rQ) (NGNR) 18 | 108
U Oonarr | (@NR) (NGug) 18 162
A Owonr | HY (WrQ) (NENR) 18 108

TABLE 6.3: NRSMEFT d = 6 and d = 7 operators contributing to the tree level matching
relations for the Wilson coefficients of the d = 6 NrLEFT operators from Table 6.1. For each
operator structure, we give the number of independent real parameters forny = landny =3
generations of Nr. The LNV operator structures require (+h.c.).

Name Structure ny=1|ny=3
9| Orvea car (L°Np) (Qdr) 54 162
% OLaon ar (L) (QNR) 54 162
<~ | Ogunt (Qur) (NrL) 54 | 162
OanNLH €ab (drYudr) (NGY*L®) H® 54 162
< Ounch | €as (WrYur) (N L®) H 54 162
4| Ogvim | e (@nQ) (NpprLe) HY | 54 | 162
T OQNLH2 cab (@uQ”) (NGY'LY) H 54 162
S Owi | ew (NouLe) (iDPHY) (HTH) | 6 18
Oniz | can (NpyuL®) HY (HUDEH) | 6 18

TABLE 6.4: NgSMEFT d = 6 and d = 7 operators contributing to the tree level matching
relations for the Wilson coefficients of the d = 6 NrLEFT operators from Table 6.2. For each
operator structure, we give the number of independent real parameters forny = landny =3
generations of N. All operator structures require (+h.c.).
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We note that the Higgs exchange contributions (which a priori seem relevant) are para-
metrically of the same order as d = 8 terms, and thus, can be dropped when working
atd = 6 [153].

The d = 6 LNV operators in the NRLEFT are expected to get contributions from d = 7
LNV operators in the NgSMEFT.? A subset of the d = 7 operators relevant for the
matching we are interested in is collected in the bottom part of Tables 6.3 and 6.4.

For the LNV pair-Np operators, the matching conditions read

SRR _ SRR Vi

Canij = Ty \ka:zCQNdH ; CuNyij = ﬁCgNuH ) (6.83)
SLR _ S.LR ij

CiNij = \ka] CdQNHa CuN,ij ECZJQNH' (6.9)

Finally, for the LNV single-Ng operators, we have

C;/;?V]?ijoa = 7%03\?LH gZ ZdR UN 5 (6.10)
CZL]}ZVIEJ‘@ = _% ZJJS;LH Z i ZON (6.11)
s = 5 ViV (Céﬂ%m ~ Clfum ) — 4 SZiZe 61
Cuibviia = ~ 5 CNLm — 575,70 (6.13)
Here, the couplings Z,; are defined as
oN = 41];5 (Cir1+2CKL2) - (6.14)

6.1.3 Running of the Nz;LEFT operators

Between the energy scale at which meson decays take place and the weak scale, the
Wilson coefficients of the NrLEFT operators evolve according to renormalization group
equations (RGEs). These are analogous to the RGEs in the LEFT (without N) [180],
and some partial results for the operators with Ny can be found in Refs. [155, 172, 154].
Below we provide the one-loop RGEs for the pair-Ny and single-Ni operators sum-
marized in Tables 6.1 and 6.2. The operators given by the product of vector currents

*We recall that in the NrRSMEFT at d = 6, there is only one operator which violates lepton number,
but conserves baryon number, namely, Onnnvy = (NENg)(NgNg). However, it vanishes identically in
the case of one generation of Nr.
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are renormalized by QED corrections*

.V,RR _ .V,LR _ 4 o - V,RR |, VLR V,RR | V,LR
CgN,ij = CqNij — ge Qg Ncbij [Qu <CuN,l~ck + CuN,k;k) + Qd <CdN,kk + CdN,kk;)] )
(6.15)
.V,RR _ .V,LR _ 4 o - V,RR V,LR V,RR V,LR
CuN.ija = CquN.ija = 3° Qg Ncdij [Qu (CuVN,kka + CuuN,klm) + Qd (CduN,kka + CduN,kka)] .

(6.16)

Here, ¢ = 1672 ug—c, with p being the renormalization scale; ¢ = d or u; e is the QED
coupling constant, ), is the electric charge of the quark ¢; and N, = 3 is the number
of colors. The flavor index & runs over u and c¢ for the up-type quarks, and over d, s, b
for the down-type quarks. We see that only the coefficients with i = j run, whereas
those with i # j, which will be of interest to us in what follows, do not.

The operators of the scalar and tensor types are renormalized due to both QCD and

QED corrections

S 2 212\ .S S _ SRR S,LR S,RR S,LR

Cq = —6 (g Cr+e Qq) Cq > Cq = CqNyij o CqN,ij > CquN,ijor CquNjija (617)
T 2 212\ T T _ T,RR T,RR

Cqg =2 (g Cr+e Qq) Cq s Ca = CyNij > CopNija s (6.18)

where g is the strong coupling constant, and Cr = (N2 — 1)/(2N,) = 4/3.

Solving these RGEs to the leading-logarithm approximation, we find

0= |5 N k) : (), 61
A= [ - Eml R (620

where 11 < ;1 are two energy scales, and b, and b, are the coefficients of the one-loop
QCD and QED beta functions, respectively5

11 2
bg = ?NG — § (nu —+ nd) s (621)

4
be = —3 (Q%ne + QiNeng + Q2N.ny,) . (6.22)

*In these equations, we ignore the contributions from the four-fermion leptonic operators O;F* and

OV FR as well as from the double insertions of the d = 5 neutrino dipole operators.
SFor the beta functions, we use § = —b,g> and é = —b.e.
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Setting 1 = mp and p = v, we find

S (v) = 0.68¢ (my) 5 (v) = 0.69¢5 (my) (6.23)

U

cf'(w) = 1.14¢E (my) cl(v) =1.13¢k (my) . (6.24)

u

Thus, when running from m, to v, the scalar type operators get suppressed, whereas
the tensor type operator get enhanced, cf. Ref. [154]. Finally, we note that the contri-

bution to the running from QED corrections is practically negligible.

Concerning the running in the NRSMEFT, i.e. between the EW scale and the scale of
new physics, Axp, the one-loop RGEs for d = 6 operators with Nr have been derived
in [181, 182, 183], while partial results for some d = 7 operators with N (relevant for

neutrinoless double beta decay) have been obtained in [176].

6.1.4 Example UV completion for d = 7 NySMEFT

The operators including one or two Ny in the NRSMEFT can be generated in the UV
in a variety of ways, as discussed in Chapter 5. For example, leptoquark models can
generate d = 6 NgSMEFT operators, which have been discussed exhaustively in [161].
However, no complete classification of models for d = 7 operators in NrRSMEFT had
been studied, up to our work in Ref. [156].

Here, we will briefly discuss one concrete, but very typical UV model as an example.
This example model generates the operator Ognqm (cf. Table 6.3). For the other d =
7 operators containing one or two Ng, other UV models can be constructed in an

analogous manner.®

Our example model, (wq,II;), contains two scalar leptoquark states, with quantum
numbers w; ~ (3,1,—1/3) and II; ~ (3,2,1/6), under (SU(3)c, SU((2)r,U(1)y).
Apart from the mass and kinetic terms for the leptoquark states, the model allows
to write down the following interactions, in addition to the SM Lagrangian,

- Lo yg}v (QNR) ILi + 3, (N&dR) wl +p (Hlﬂwl) +he 4+, (6.25)

where, for simplicity, we have suppressed generation indices. Note that this La-
grangian violates lepton number, but lepton number is recovered in the limit o — 0

*We refer to Tables 5.6 and 5.7 in Chapter 5 for the complete list of tree level decompositions of the
d = 7 operators.
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[184]. Integrating out both leptoquarks will produce Ognqg with

IIT w1
HYQNYNd
Condn = 7m2Q 5 (6.26)

wlml'h

In the limit 4 = my, = mm, = Anp, this gives the correct Congn o A;I% dependence
for a d = 7 operator, as expected. Clearly, this model will also generate d = 6 operators
with Ng. For example, the term proportional to yg}v (yNy) times its hermitian conju-
gate will generate Ogn (Ogn). However, these are only examples, as actually more
d = 6 operators can be generated in this model; note the dots in Eq. (6.25).

6.2 HNL production in meson decays

We are interested in HNLs produced in meson decays. In the NrLEFT, such decays
are triggered by both active-sterile neutrino mixing and higher-dimensional operators.
The HNL production via mixing, i.e. in the minimal scenario, has been studied in
detail in the literature, see e.g. Refs. [122, 185, 186] for recent reappraisals. The HNL
production via effective interactions has been considered in [172] for the four-fermion
operators with two quarks, one charged lepton and Ng. In this section, we focus on
the meson decay modes triggered by the operators with two quarks and two neutral
leptons (either a pair of N, or Nr and v) discussed in Section 6.1.

Given their large production rates at the LHC, we focus on pseudoscalar mesons con-
taining either a c or b quark and a light quark, i.e. D- and B-mesons. Vector mesons
with the same quark content have much smaller lifetimes, and thus, their contribution
to the HNL production is subdominant [172]. Mesons containing s quarks, i.e. kaons,

require a dedicated study and we adressed them in a separated work [187].

In Fig. 6.1, we depict two- and three-body pseudoscalar meson decays triggered by
the effective operators of interest. The same NrLEFT operator induces a leptonic two-
body decay as well as contributes to a number of semi-leptonic three-body decays.
In the diagram corresponding to the three-body decay, g can be any quark but top,
since the latter does not form bound states and is not present in the spectrum of the
NRLEFT. For the transition ¢; — ¢; with i # j, both quarks have to be of either the
up- or down-type, since the operators considered involve quark bilinears with zero
electric charge. In addition, m,, > myg, for the decay to be kinematically allowed.”

"This condition is necessary, but not sufficient, since a meson mass is not a simple sum of the masses
of its constituent quarks.
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N,v

FIGURE 6.1: Two- and three-body pseudoscalar meson decays triggered by the effective op-
erators with a pair of HNLs, or one HNL and one SM neutrino. The blue blob denotes the
insertion of an effective operator. In the right diagram, the quark ¢ can be u, d, s, c or b,
whereas the quarks ¢; and g; are both of either the up- or down-type, with my, > mg,. P!
and V denote pseudoscalar and vector mesons, respectively.

These considerations lead to the following four possibilities: ¢ — u (for the up-quark
sector), and b — d, b — s and s — d (for the down-quark sector).

In Table 6.5, we list the mesons involved in the allowed two-body (P — NN, vN) and
three-body (P — P'(V)+ NN, vN) decays for each of the four possibilities, where P(")
(V) denotes a pseudoscalar (vector) meson. The leptonic part in the final state (which
we ommit in the table) contains either NN or v N, depending on the effective operator
under consideration. Each row under P — P’(V') corresponds to a different choice of
the spectator quark (¢ = u, d, s, ¢, b). In addition, only those processes marked in bold
will be considered in our study.

In what follows, we will not take into account the decays of 7., n, and B;. The 7. me-
son has a lifetime of O(10723) s [168], which is much smaller than that of other pseu-
doscalar mesons and comparable with the lifetimes of vector mesons. The same argu-
ment applies for 7,. Concerning B, its production rate at the LHC is much smaller
than that of D- and B-mesons, see e.g. Ref. [188]. We will not consider either the decay
modes involving s — d transitions. This is because for the listed D} and B? decays,
the available mass window is very small, and for the light mesons” decays (kaons and
1'), the numerical predictions from Pythia8 [189, 190], which we will use for numer-
ical simulation in this work, do not agree well with the LHCf experiment [191].

We have computed the corresponding partial decay widths assuming both N and v
are (i) Dirac and (ii) Majorana particles. In Appendix B, we provide the formulae
for the two-body decay widths and the three-body decay amplitudes in both cases.
To compute the three-body decay widths, we have used the procedure described in
Ref. [172], which is also summarized in Appendix B for completeness.
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g —q | P P— P(V) G —aq | P P — P(V)
D° — 7% n,n/(p,w) Bt — Kt (K*T)
Dt — mt(pt) B® — K°(K*°)
c—u | D°| Df— Kt(K*) b—s | B? B% — n,7n'(9)
ne — DO(D*) Bl — DI (DyY)
Bl — BT (B"") m, — BI(B:O)
Bt — ot (pt) Kt —nxt
B% - 7% 0,7 (p,w) KO — 70
b—d|B°| B?— KK*) s—d | K° n — KO(K*0)
B — DT(D*) D+ = Dt
m, — BY(B*0) B = BY(B*)

TABLE 6.5: Mesons involved in the two-body (P — NN,vN) and three-body (P — P'(V) +
NN, vN)decays depicted in Fig. 6.1 for different choices of the quark flavors. Four main flavor
transitions exist: ¢ = u, b — d, b — s and s — d. For each one, we distinguish different three-
body decays depending on the spectator quark ¢ = u, d, s, ¢, b, corresponding to the five rows
in each category. For further details, see text.

If the products of HNL decays are not detected, the modes we consider here contribute
to the P — inv. or P — P’/Vvw decays. The existing upper limits on the branching
ratios of such decays are listed in Table 6.6. In what follows, we will take these con-

straints into account.

In the three panels of Fig. 6.2, we show the branching ratios of D- and B-meson de-
cays induced by the LNC pair-Nr operators (’)L/J’\Ifg (top), (’)g]’\f :ﬁ (middle) and O;/]’f 3}?2
(bottom), assuming N is Majorana. We turn on one operator at a time, setting the cor-
responding Wilson coefficient to 10~3v~2. This choice allows us to avoid the bounds
from (semi-)invisible meson decays summarized in Table 6.6. We see that the two-
body decay dominates over the three-body ones for my 2 325 MeV in the case of

(’)X]’\?g, for my 2 1.2 GeV in the case of O(‘Z’fﬁ, and for my 2 1.05 GeV in the case

of (9;/]’\? ?g. For small my, the two-body decay is suppressed, since the corresponding
decay width is proportional to m3;, see Eq. (B.13) in Appendix B. Turning on the LR
operators (’)Z}&%, (’);/J’\],: ?1, and Ogj\f ?2 (one at a time) would lead to the same results as

can be seen from Egs. (B.13), (B.24) and (B.25).

In Fig. 6.3, we display the branching ratios of the same meson decays, but this time
triggered by the LNV pair-Ny operators (93}\12{22 (top), (95]’\1,?% (middle), and (95}552
(bottom). Again, we turn on one operator at a time and set the corresponding Wilson
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Decay Limiton B | Decay Limit on B ‘ Decay ‘ Limit on B

D? —inv. | 9.4 x 10~°® | BY — inv. 2.4 x 1075 | BY — ¢vw 5.4 x 1073
B —» 7%w | 9.0x107¢% | B - Kww 2.6 x 107
B = p%w | 40x107° | B = K*%p | 1.8 x107°
Bt watuw | 14x10° | Bt = Ktww | 1.6 x 1075
Bt - ptvr | 30x107° | Bt 5 K*tuw | 4.0x107°

TABLE 6.6: Upper limits on the branching ratios (53) of (semi-)invisible D- and B-meson decays
extracted from Ref. [168]. The limits highlighted in bold provide the most stringent constraints
on the corresponding Wilson coefficients, see Section 6.3.

coefficient to 1073v~28 Contrary to the LNC operators, now the leptonic two-body
decays dominate for all kinematically available values of m, since there is no helicity
suppression from my, cf. Eq. (B.13). Switching on the LR operators Of}\ﬁﬁ, (’)g]’égl,
and (’)5]’\?’?2 (one at a time) would lead to the same results as can be inferred from
Egs. (B.13), (B.24), and (B.25). The tensor operators (’)Z\,RR and Ogj’\],m vanish iden-
tically for one generation of Ng. For this reason, we do not consider them in what

follows.

Concerning single- N operators, we have also studied their contribution to two- and
three-body D- and B- meson decays, showing some results in Appendix B.2. In par-
ticular, we present in Fig. B.1 the branching ratios of B-meson decays induced by the
LNC operators (95,’/]]%\%1& and Og;%gla and the LNV operator (’)zl/l’ﬁ,%la. We observe
that our results are analogous to the ones obtained in Ref. [172], cf. Fig. 2 therein, for
single-Np operators including a charged lepton. Therefore, we expect the constraints
derived from the far detectors to be essentially the same for the neutral-current single-

Nr operators, and we hence do not include the latter in our numerical simulation.

Before closing the section, we mention that with only one Nr generation, pair-Ng
operators cannot make the HNL decay by themselves, in contrast to single-Ny oper-
ators. In Appendix B.3, we have computed the partial decay widths of HNLs into a
light meson and an active neutrino triggered by the neutral single- N operators. Since
we only simulate HNLs produced by pair-Npg operators and only turn on one NpkLEFT
operator at a time, we consider that the HNL decay is exclusively due to active-sterile
neutrino mixing. The partial decay widths of HNL via mixing are computed according
to the formulae given in Refs. [121, 122, 172].

i S,RR .
8In the case of non-hermitian operators, as e.g. O WN 4 = uor d, “one operator at a time” means

S,RR S,RR _ S,RR _ 1n—3 —2 . . ..

~i; 7 0, whereas ¢ 5; = 0. We note also that ¢ 3’5, = 107°v™~ violates slightly the limit on

B(BY — inv.) from Table 6.6. However, we opt for this value of the Wilson coefficient to be uniform
with the other plots.
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6.3 Sensitivity prospects for the far detectors

6.3.1 Details of simulation

In this work, we focus on the far detector experiments proposed (or even approved)
at the LHC. In particular, we consider ANUBIS [105], AL3X [192],” CODEX-b [108],
FACET [111], FASER and FASER?2 [109, 110], MAPP1 and MAPP2 [106, 107], and
MATHUSLA [193, 102].19 We refer to Section 3.3 in Chapter 3 for more details about
the experiments. We recall, that, since the far detectors are supposed to be operated
at different interaction points (IPs) and time scales of the LHC, the projected inte-
grated luminosities also vary, ranging from as low as 30 fb~! for MAPP1, up to the
full HL-LHC target, 3 ab~1 for ANUBIS, FACET, FASER2, and MATHUSLA. More-
over, typically these far detectors are located with a distance of O(1) — O(100) m to
their corresponding IP, allowing for sufficient amount of rock, lead, or other shielding
material to effectively remove the potential SM background events stemming from
the IP. As a result, vanishing background is usually assumed for phenomenological
studies on these experiments.

Here, we study HNLs pair-produced at the LHC with the center-of-mass energy /s =
14 TeV from D- and B-mesons rare decays mediated by a NgRLEFT operator. These
HNLSs then travel a certain distance before decaying via their mixing with the SM
active neutrino. If the boosted decay length of the HNLs falls into a suitable range,
they have a high probability of decaying inside some of the far detectors. Since the
HNLs mostly decay to channels that are not fully invisible (three active neutrinos),
the decay vertex can be reconstructed by these experiments.

While we analytically compute the production and decay rates of the HNLs, we rely
on a Monte Carlo simulation tool, Pythia8. 3 [190, 189], to estimate the decay prob-
abilities of the HNLs inside each of the far detectors. Depending on the flavor indices
of the EFT operator we choose to turn on, Pythia8 can generate either the pp — c¢
or pp — bb process inclusively for D- or B-meson production at the LHC, respectively.
These mesons then decay to different channels including at least two HNLs, with rel-
ative decay branching ratios implemented according to the analytical computation
detailed in Section 6.2. This allows for maximal usage of all the simulated data while
respecting the relative importance of each decay channel.

? AL3X is no longer considered for construction. Nevertheless we will show its sensitivity prospects
for comparison.

'0This work is prior to the appearance of the new geometry designs for MATHUSLA and ANUBIS,
hence we use here the geometries of the original proposals.
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D D* DF BY B BY
4.12 x 1016 | 2.16 x 1016 | 7.02 x 10® | 1.58 x 10'® | 1.58 x 1015 | 2.73 x 104

TABLE 6.7: Inclusive production numbers of D- and B-mesons for an integrated luminosity of
3 ab~!. The original numbers from Ref. [172] have been multiplied by correction factors to ac-
count for the increase in the meson producction cross section from /s = 13 TeV to 14 TeV [196].

Since Pythia8 provides the kinematics of each simulated HNL, we can compute its
decay probability in each detector according to the geometry and position with respect
to the IP. We then take the average of the decay probabilities of all the simulated HNLs,
to obtain the expected acceptance rate at each detector, (P[N decay]). This allows us
to compute the projected number of signal events, Ng, with the following equation

Ng =Y _2- Ny, - B(M; — NN + anything) - (P[N decay]) - B(N — vis.), (6.27)

where the factor 2 accounts for the fact that each meson decays into a pair of HNLs,
Ny, is the number of the mother mesons, and B(N — vis.) denotes the decay branch-
ing ratio of the HNLs into visible final states. For our study, we consider only the
decay channel into three active neutrinos to be invisible.

In Table 6.7, we show the inclusive production rates of the relevant heavy mesons
from Ref. [172], which were obtained therein combining both LHCb measurements
and extrapolation with the simulation tools FONLL [194, 195] and Pythia8. Note
that in Table 6.7 we have in addition multiplied the production rates of these heavy
mesons given in [172] by a factor of 1.08 (1.06) for the B- (D-) mesons in order to take
into account the fact that we consider /s = 14 TeV instead of 13 TeV [196].

In principle, the decay probability of each HNL can be computed with the simple
formula (assuming the flight path of the HNL traverses the detector)

P|N decay] = e F1/Brer _ g=La/Brer, (6.28)

where 3, v, and 7 are the speed, Lorentz boost factor, and the proper lifetime of the
HNL, c is the speed of light, and L; and L, label respectively the distance from the
IP (where we assume the heavy mesons decay into the HNLs instantly) to the incom-
ing and outgoing sides of the detector. This formula holds perfectly for a far detector
with a spherical-shell shape facing towards the IP. However, since the far detector ex-
periments mostly have a more complicated geometrical shape and relative orientation
with respect to the IP, more sophisticated formulae are required for more accurate es-
timate of the decay probability. Here, we strictly follow [172] for computing the decay
probabilities in each far detector.
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We also mention that since Pythia8 is not well validated for heavy meson production
in the very forward direction, we use FONLL to correct the differential production
cross section of mesons for various ranges of small transverse momentum and large
pseudorapidity, for three experiments: FACET, FASER, and FASER2.

6.3.2 Results of numerical analysis

We now present our numerical results, focusing on Majorana HNLs and the LNC and
LNV pair-Ng operators in the NgpLEFT that mediate meson decays as discussed in
Section 6.2. Specifically, we consider the LNC operators (’)X]’\fg, (’)g]’f ?ﬁ and (’)C‘l/]’f ?}E and
the LNV ones Of}\?g, (’)5]’\%%1 and (’)5]’\%%2.11 The former operator in each set triggers
D-meson decays (charm scenario), while the latter two operators in each set mediate
B-meson decays (bottom scenarios), see Table 6.5. In addition to the Wilson coefficients
of the operators, cp, the relevant parameters are the HNL mass, my, and the active-
sterile mixing, V), which together determine the decay length and hence whether the
HNL is long-lived. We consider HNLs mixing predominantly with e or p (7-mixing is

not considered due to lower expected sensitivities).

Figs. 6.4 and 6.5 show the sensitivity contours of the far detectors in the |V, |? vs. my
plane for the LNC and LNV scenarios, respectively. These isocurves are for three sig-
nal events, corresponding to 95% confidence level (C.L.) limits, given zero background
events. Each plot assumes one operator is switched on at a time, with co = 1073072
This corresponds to a NP scale Axp ~ 7.8 TeV forcp ~ 1/ A12\IP/ about 700 times smaller
than Gp. For this choice, bounds from D° and BY invisible decays as well as from

P — P'/Vvu are avoided (see Section 6.2).

In Fig. 6.4, the B-meson (bottom) scenarios, in the top-right and bottom-left plots,
show better reach in |Vjx|> compared to the D-meson (charm) case, in the top-left
plot, despite the higher production rates of D-mesons at the LHC (about one order of
magnitude larger than for B-mesons, cf. Table 6.7). This is mainly due to the signif-
icantly larger B-meson branching ratios into HNLs (cf. Fig. 6.2), assuming the same
value of the Wilson coefficients. The mass reach is also higher for HNLs coming from
B-mesons because they are heavier than D-mesons.

Among the far detectors, MATHUSLA provides the best reach, probing |V, |? as low
as 107! (1071%) in charm (bottom) scenarios. It is followed by ANUBIS and AL3X.
FASER shows the weakest sensitivity due to its smaller volume. Notably, MAPP1 with
only 30 fb~! can outperform FASER?2, thanks to its larger volume and proximity to the
interaction point. CODEX-b, MAPP2, and FACET exhibit comparable performance.

"The corresponding LR operators would yield the same results if switched on individually.
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FIGURE 6.4: Exclusion limits in the plane |V;x|? vs. my, for the three LNC pair-Np operators
we consider, with the corresponding Wilson coefficients fixed to 103v~2.

The LNV results in Fig. 6.5 are qualitatively similar, with slightly stronger limits in
|Vin|?, owing to the larger meson branching ratios into HNL pairs in the LNV case (see
Figs. 6.2, 6.3), again assuming the same value of the corresponding Wilson coefficients.

For comparison, current experimental bounds for minimal HNLs (where production
and decay proceed via mixing only) reach |Viy|? ~ 1079 — 1075, depending on my;,
see Fig. 3.5 in Chapter 3. These are not directly comparable to our results, where
production is enhanced by effective operators. A consistent reinterpretation would
require detailed analysis of each experiment and is beyond the scope of this work;
hence we do not overlay those bounds in Figs. 6.4 and 6.5.

Figs. 6.6 and 6.7 present sensitivity curves in the co vs. my plane for two fixed values
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FIGURE 6.5: The same plots as Fig. 6.4, but for the three LNV pair-Ny operators.

of mixing: |V |?> = 1077 and 10~ !°. To obtain these plots, for each case, we determine
the minimum cp (as a function of my) giving three signal events.!> We find the same
hierarchy in the experiment sensitivities as in the |V;y|? vs. mx plots, but the reach in
co depends strongly on the mixing. This is because, for fixed my, modifying |V |?
changes the proper HNL lifetime and hence the detector acceptance to these HNLs.
For instance, the acceptance difference between |V;y|? = 1071° and 1077 is about three
orders of magnitude, translating into a factor v/1000 ~ 32 difference in cp, since the
HNL production rate (and thus the number of signal events) scales as c%.

2This simple rescaling using Eq. (6.27) can be done because the HNL production and decay processes
are decoupled: co controls HNL production and Vix controls the decay.
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FIGURE 6.6: Exclusion limits in the plane co vs. my, for the three LNC pair-Ny operators we
consider, with |V;|? fixed at 10~7 or 107'°. The top panels correspond to the charm scenario
(D-meson decays), whereas the middle and bottom panels correspond to the bottom scenarios
(B-meson decays).
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FIGURE 6.7: The same plots as Fig. 6.6, but for the three LNV pair- Ny operators. Again, the top
panels correspond to the charm scenario (D-meson decays), whereas the middle and bottom
panels correspond to the bottom scenarios (B-meson decays).
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In the charm case and for |V,y|? = 1077 (top-left panel), the best experiments (MATH-
USLA and ANUBIS) reach co ~ 1074 TeV~2, while weaker ones (FASER) probe down
to ~ 1073 TeV~2. In the bottom case (middle and bottom panels), limits improve by
roughly an order of magnitude. For the LNC operators, co ~ 10~* (10~°) TeV~2 cor-
responds to Anp ~ 100 (316) TeV.

Finally, as in the |Vy|? plots, the LNV operators yield slightly stronger reaches than
the LNC ones. Interpreting those reaches in terms of the new physics scale is, how-
ever, more subtle: below the electroweak scale the d = 6 LNV operators are matched
to d = 7 operators in the NgSMEFT that contain a Higgs field. Using the relation cp ~
v/(2v2A3p), and neglecting QCD running, the benchmarks co ~ 1074(107°) TeV 2
translate to Axp ~ 10(21) TeV, roughly an order of magnitude lower than the equiva-
lent LNC scales.

The grey bands in Figs. 6.6, 6.7 show the most stringent existing limits from invisible
and semi-invisible D- and B-meson decays (Table 6.6).% In the charm scenario the
dominant bound comes from Dy — inv., whereas in the b — d case it is a combination

OfB() — 7V

vy at low my and By — inv. at larger masses. For b — s, the leading
constraint is Bt — K v, In all plots, these existing bounds lie well above the pro-
jected far detector sensitivities showcased here, leaving ample discovery space for the

operators under study:.

6.4 Summary

In this chapter, we have studied the phenomenology of d = 6 four-fermion operators
in the NgLEFT involving a pair of right-handed neutrinos Nz. We have considered
both lepton number conserving (LNC) and lepton number violating (LNV) operators,
which can induce rare meson decays into a pair of heavy neutral leptons (HNLs). In
particular, we considered three representative quark flavor combinations leading to
¢ —u,b— d,and b — s transitions, and examined the meson decay modes mediated
by (i) the LNC operators (’)Z}ffﬁ, O;/jfﬁ, and Ogj\fi, and (ii) the LNV operators (95}\?%,
(95 17\}/;,{?1,%1/ and 05]’\}252. These lead to either two-body or three-body decays of D- and B-

mesons into a pair of HNLs, depending on the available phase space.

Since these operators produce a pair of HNLs but do not mediate their decays, we
assume the HNLs decay via mixing with active neutrinos. For GeV-scale masses and
small mixings, the HNLs become naturally long-lived, making LLP searches at the

BAll these bounds have been derived by equating B(P — NN) [B(P — P'NN)] obtained using
Eq. (B.13) [Eq. (B.24)] to the corresponding upper limit on B(P — inv.) [B(P — P'vv)] from Table 6.6.
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LHC especially relevant. We consider the sensitivity of several proposed or ongo-
ing far detector experiments, namely AL3X, ANUBIS, CODEX-b, FACET, FASER and
FASER2, MAPP1 and MAPP2, and MATHUSLA, which are designed to operate at
distances of O(10 — 100) m from the interaction points and offer background-free en-
vironments. Using Monte Carlo simulations with Pythia8, we estimated the detector
acceptances and signal rates for HNLs pair-produced in meson decays and decaying

via mixing.

Our results are presented in two types of planes: |V;y|? vs. my in Figs. 6.4 and 6.5, and
co vs.my in Figs. 6.6 and 6.7. In the |V} |2 vs. my plots, we find these experiments can
probe |Viy|? as low as 10715-1076 for GeV-scale HNLs. Then, for two fixed benchmark
values of |Viy|? = 1077 and |Vjy|?> = 1071°, we obtain the sensitivity reach in the
Wilson coefficients co as functions of the HNL mass. We further convert co to the new-
physics (NP) scale Axp. We find for |V N)? = 1077, the considered experiments can
probe A <10 — 300 TeV, depending on the operator and flavor structure. For |V,y|? =
10719, the reach in Anp is reduced by slightly less than one order of magnitude, as a
result of the larger decay length and hence smaller acceptance.

Among all the studied far detectors, MATHUSLA and ANUBIS offer the best sen-
sitivities, while FASER and FASER2 tend to provide the weakest reach. In particular,
MAPP1 achieves similar performance to FASER2 with only a fraction of the integrated
luminosity, owing to its closer location and larger geometric acceptance. Finally, we
find that the LNV operators generally yield stronger sensitivity than the LNC ones,
as the associated meson decay rates are typically an order of magnitude larger for the

same Wilson coefficient, see Figs. 6.2 and 6.3.

In summary, these results demonstrate the capabilities of far detectors at the LHC to
explore new physics scenarios involving HNLs through rare meson decays, offering a
novel and complementary probe to other collider and intensity frontier searches.
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Chapter 7

Heavy neutrino magnetic moments
at the LHC

Electromagnetic properties of neutrinos, such as magnetic dipole moments, constitute
a promising avenue for probing new physics connected to the neutrino sector. The in-
clusion of right-handed (RH) or sterile neutrinos allows for the possibility of transition
magnetic moments, either between active and sterile neutrinos or between two sterile
states. The former, active-to-sterile transitions, have been extensively explored in the
literature [197, 57, 198, 199, 123], particularly due to their implications for oscillation

experiments and cosmology.

In contrast, sterile-to-sterile transition magnetic moments remain relatively uncon-
strained, particularly for sterile neutrinos with masses above the heavy meson mass
range. These transitions have gathered attention in the context of LLP searches at the
far detectors proposed for the LHC, e.g. MATHUSLA, ANUBIS, CODEX-b or FASER,
as well as in next-generation experiments like DUNE and SHiP [200, 201, 202]. How-
ever, for heavier sterile neutrinos beyond the kinematic reach of meson decays, LLP
searches at the LHC main detectors offer a unique opportunity to probe these mag-
netic moments. This possibility has only recently begun to be explored [203, 204, 205].

This chapter, based on Ref. [206], contributes to this direction by investigating the phe-
nomenology of heavy sterile neutrino transition magnetic moments at the LHC and
how they can be probed with novel LLP searches featuring non-pointing photons, a
particularly distinctive signature. We study both active-to-sterile and sterile-to-sterile
dipole transitions, which can be described using d = 5 operators in the NgpkLEFT frame-

work. In addition, we discuss a possible UV completion — a generalization of the
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model proposed in Ref. [207] — that generates these effective operators at one-loop
level, and we explore its associated low-energy phenomenology, including constraints
from charged lepton flavor violation (cLFV).

The structure of the chapter is as follows. Section 7.1 introduces the relevant effective
dipole operators, while Section 7.2 presents a simple UV model generating those op-
erators at low energies. We explicitly perform the one-loop matching between the UV
model and the EFT. Then, in Section 7.3, we review current phenomenological con-
straints on the model from collider data and cLFV searches. Section 7.4 discusses the
expected collider signatures, with an emphasis on non-pointing photon signals, and
outlines our implementation and simulation strategy for determining the sensitivity
of LLP searches to this scenario. Our numerical results, in both EFT and UV-model
parameter space, are presented in Section 7.5. We conclude in Section 7.6.

7.1 Sterile neutrino magnetic moments: EFT approach

In the presence of RH or sterile neutrinos Nz with masses below the electroweak (EW)

scale, transition magnetic moments are described by the effective Lagrangian
Lgierr O Ay, Oy, + dS, O%%, +hee., (7.1)
with the d = 5 operators!
Oy = (NfuouNej ) F* - 0% = (71600 Nri) F* (7.2)

where F),,, is the photon field strength. Here, we use a € {1, 2, 3} to denote the genera-
tion of SM leptonand i, j € {1,2,...} for the sterile neutrino generation. The operators
Ofvj ~- and C’)S‘f\',7 correspond to sterile-to-sterile and active-to-sterile neutrino transition
magnetic moments, respectively. The former is antisymmetric in the indices 7, j and
vanishes for a single sterile state. We note that these effective interactions in NrkLEFT
are only applicable well below the EW symmetry breaking, as discussed in Chapter 4.
We use a prime superscript to distinguish the NrLEFT Wilson coefficients from the
basis of operators obtained after rotating NRSMEFT operators at the EW symmetry
breaking scale, but not integrating out degrees of freedom such as W and Z, which
will be defined shortly.

In the literature, there is sometimes a factor of 1/2 in the definition of O x~ so that the normalization
is analogous to the Majorana and Dirac mass terms. We do not include it here so we can easily compare
our results to Ref. [207].
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Here, we assume the NRLEFT operators in Eq. (7.2) arise from operators above the
EW scale in the NrSMEFT, in particular, the operators (up to d = 6)

Lgsmerr O C3 00V + O 0@ + O 08 + hee., (7.3)

where we have introduced dimensionfull Wilson coefficients and?

OWN% = (N§y0, Nrj) B (7.4)
OO0 = (Lao Npi) HB" | O = (Lo, Npi) v HWH (7.5)

The operator (’)N ~- in Eq. (7.2) arises from the NRSMEFT operator at d = 5, (’)1(\, J)\, o
while the operator 0%, arises from those at d = 6, after expanding around the Higgs
VEV and transforming to the weak-rotated basis of gauge fields.

At the next lowest dimension in the (Nzr)SMEFT are the d = 7 operators [208]

c v T T 3 r7 c v
O = (LaH)ow (HU LGB, O50 = (LaH)o,u (H T LYW . (76)
O = (NfyouNr))(HH)BY 0 = (Nfy0,,Nrj)(HIT HYW™ | (7.7)

which generate active—to—active neutrino magnetic moments 0% = (v¢ o, vp5)F*

vvy

and further modify 0% ~~- However, we neglect the effect of these d = 7 operators.

In the context of high-energy collider processes, it is convenient to define a basis of
rotated NgRSMEFT operators at the EW symmetry breaking scale. In this basis, there
are two additional d = 5 operators that involve the Z boson field strength,

OijNZ = (NIC%iUMVNRj>ZMV7 O%fz = (DLaUuVNRi)Z/W : (7.8)

These operators are not present in the usual NrRLEFT because Z is integrated out [148,
154, 149]; however, they are convenient to use near the Z pole, where they describe the
production and subsequent decay of the sterile neutrinos via a dipole-like coupling to
the Z boson. We will denote the weak-rotated interactions near the Z pole as
Zvol g
Loprr D diny Oy + d24

vN~

O 4 diy, Oy +d, 0%, +he.  (79)

2We slightly change the notation with respect to Chapter 4: OEVSJ)\, 5 < OnnB, Oﬁvﬁé & Opnpy and

(’)5\%‘, < Onwa (this chapter < Chapter 4).
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Now, considering the NrSMEFT operators up to d = 6, the dipole moments in Eq. (7.9)
are related to the NRSMEFT Wilson coefficients in the unbroken phase as

Ay, = coCOY diy, = —s,CO)3 (7.10)
i v o Sw i i v ai Cw ai
Ak = 75 OV + JONT), dihy = o5 (W™ + FONT) L D)

where s,, = sin6,, and ¢,, = cos §,,, with 6,, the weak mixing angle, and v is the Higgs
vacuum expectation value. From Eq. (7.10), we observe the ratio dﬁVjNZ / dfﬂv‘NW = —tw
between the sterile-to-sterile couplings, with t,, = s,,/cy. In general, a UV-complete
model will also predict some relation between the Wilson coefficients C' 1(\? ;‘“' and C ](fsv)vm ;
if we take C’I(\,G‘,)Vai / C’](\gai =a(g/g’) = a/t,, where a is an arbitrary parameter and g and
g are the SU(2);, and U(1)y couplings, respectively, we obtain the following ratio
between the active-to-sterile couplings
do a—2t2

vNZ . 7.12
dos. . (2 + a)ty ( )

There are therefore two flat directions in the parameter space of couplings; %, = 0

fora = —2 and d*,, = 0 for a = 2t2, ~ 0.6.

In addition to the operators in Eq. (7.8), there is also the d = 5 charged current dipole
operator with the W boson field strength,

ﬁff}fﬁ%ﬂ D 2w (€La0uw Nr:) W +he.. (7.13)

The associated dipole moment is related to the NgSMEFT Wilson coefficient C](VG‘?V in
the unbroken phase as

ai U ~(6)ai % V2a
devw = 500w = & T Btase (7.14)

Clearly, we have d%,, = 0 for a = 0. This operator is important for the production of
a heavy N with a charged lepton or in the decay of N to a charged lepton plus jets.

We note that, from a phenomenological point of view, the free parameters of the model
can be taken to be {my, C0) oO)ai A(G)aiy {mn,d%x., d%,.,a}, with general fla-
vor structure. In any UV realization of these couplings, however, the flavor struc-
ture will be fixed. We take both approaches in this paper. First, we consider model-
independent constraints on the couplings from LLP searches at the LHC. We then
express dejNW and d%_ in terms of the parameters of a specific UV scenario, which
fixes both the flavor structure and the parameter a. We discuss this UV model next.
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Field(s) Irrep Couplings | Z, allowed | Op. at tree level | Op. at one-loop
Ng (1,1,0) Y, v - -
E (1,1,-1) Vi X o), o) Ocp, Ocw, - ..
) (1,1,-1) fr Aom X OL Ocp, Ocw, - ..
Nr, ¢ - f X OLNLes Ocn O}, 0%, ..
Np,E - - - - o), 0%, ...
Np, B é | - h, I V| "Oven, Owii | Ok -

TABLE 7.1: Fields in the UV model generating sterile neutrino magnetic moments. We indicate
the relevant renormalizable couplings that can be written when one, two or all of the fields are
present. In the fourth column, check marks indicate the allowed couplings when E and ¢ are
odd under Z,. We also show the lowest dimension (Ng)SMEFT operators generated at tree
and one-loop level after integrating out E and ¢, giving interesting observable effects at low
energies. The two operators marked with a star are d = 7 NgRSMEFT operators, which we do
not consider further.

7.2 A UV model for sterile neutrino magnetic moments

In this work, we consider a simple UV extension of the SM with RH gauge singlet
fermions Ng. To generate magnetic moments for these states, we add the same mini-
mal ingredients as Refs. [207, 155]; a single vector-like lepton E and a scalar ¢.2 Both
are singlets under SU (3). and SU(2), and have the hypercharges Y (E) = Y (¢) = —1.
However, we do not impose an additional Z; symmetry under which the new fields
transform as £ — —FE and ¢ — —¢ [207]. Without this extra discrete symmetry, the

following renormalizable terms can be written, which are not present in the SM,

LD E (i) —mpg) E + (Dud)* (D ¢) — m3|6]> — App||* — Ao || (HTH)
— [NRhELo* + Ngh' Eng’

+ LYpHER + Epmeper + LfLé + N&f'erd* + hec.|, (7.15)

where L = ioyL°. The RH neutrinos N can also have the Yukawa-type and Majorana
mass terms —LY, HNp — LN MpNp + h.c., which will be discussed later. Note that,

because of the removal of the Z; symmetry, we obtain four additional terms in the last
line of Eq. (7.15) with respect to [207].

We summarize the field content of the model in Table 7.1, showing the renormalizable
couplings that are present when one, two or all of the fields are considered. With check
marks (crosses), we indicate which couplings are allowed (forbidden) when the 7,

3 Comparing to our notation in Chapter 5, we identify ¢ < S7 [156].
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symmetry, under which E and ¢ are odd, is enforced. We also show the (Nr)SMEFT
operators which are generated after integrating out £ and ¢. Among these are the op-
erators OI(\?I)V By (’),(fj)g and (’)I(Vﬁ‘zv, which induce sterile-to-sterile and active-to-sterile neu-
trino magnetic moments, and also operators which are relevant for other low-energy

probes, such as cLFV processes. These are the d = 6 SMEFT operators

hag - _
0%} = (H'iD,H)(IA"L), Ocp = (Lo"er) HB,, (7.16)
0(3) _ HTHI T I p (T v I I
b= H'WD,H) (LT A"L), Oew = (Lo eR) T HW,,, (7.17)
Orr = (LyL)(LV*L), Oy = (H'H)LHep. (7.18)

Additionally, two d = 7 NrSMEFT operators are generated at tree level after inte-
grating out £ and ¢. Since we restrict ourselves to operators up to d = 6, we do not
consider them further.

After EW symmetry breaking, mixing is induced between the SM charged leptons and
the vector-like lepton E. In the broken phase, the Lagrangian contains the following

extended 4 x 4 mass matrix

vYe vYE
Lo — <éL EL) Me [ B) the: Mp=[( 2 V2], (7.19)
Er Mep ME

where the upper-left entry arises from the SM lepton Yukawa term —LY.Hep + h.c..
Without loss of generality, the weak eigenbasis RH fields e and Er, which have iden-
tical gauge interactions, can be chosen such that all of the entries of m.g, which is a
3 x 1 matrix, are zero [209]. This is equivalent to rotating away nonzero m.r via re-
definitions of Y, Yz and mg. Now, the mass matrix Mg can be diagonalized with the

following rotation of fields,

€La\ VaLﬁ VaLE e’ﬁ €Ra\ Va% VfE efB
I Vi Vi E Er Ve VE E

such that VEt MV = M%iag = diag(me, my, m;, mpgr). Here, efB and E' represent the
physical mass eigenstate fields, with the former ej; € {e, 1,7} and the latter being a
single heavy charged lepton. With abuse of notation, we relabel ¢/, — e, and £’ — E
in the following. In the limit Y, ~ Yp <« V2mpg /v, it becomes possible to block-
diagonalize M g with the approximate seesaw-like mixing

Y YR
Qm%

(07
L _ L VYp
VaE - _VEa

~ , , 7.21
o (7.21)
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where we see that the mixing between the RH fields is further suppressed by v/mpg
with respect to the mixing between LH fields. Given that the LH mixing is less sup-
pressed, we can also consider the following non-unitarity in the V.Z entry,

VYRY

(7.22)
éJtmfE

VaLﬂ = 50&5 -

Similarly, non-unitarity is seen in the V£, entry, but is irrelevant phenomenologically.

Expanding the covariant derivatives in the SM Lagrangian and Eq. (7.15), and trans-
forming to the weak-rotated gauge fields, the gauge interactions of vy, ey, /g, Er,/r and
¢ in the broken phase are found to be

_ <~
LD —eQ [é’yue + Ey,E +ig* 8H¢] AP — [jiéLfyﬂyLW“ + h.c.]

_ _ — _ _ €eR g
- Ci {QEVL"}/NVL +grervuer + 9k <EL7uEL + <€R ER) Y <E ) + Z¢*au¢>} z",
R

w

(7.23)

where, as usual, the electric charge is Q = 73 + Y and the LH and RH Z couplings are
gl = — Qs2 and g}, = —Qs2, respectively. Additionally, the charged lepton and
vector-like lepton fields must be rotated to the mass basis according to Eq. (7.20); then
Eq. (7.23) results in the photon and Z couplings to er and ERr being diagonal in the
mass basis, as insertions of the LH and RH mixing cancel due to unitarity. However,
the LH mixing V'’ remains in the charged current term and the neutral current terms

involving ey, and E,. In the seesaw limit, the Lagrangian becomes

2v v B*
g _ v YEYE
LD — {ea <5a5 — —== |7, PrvgW" + h.c.
V2 4m3, a

VYRY S

2 >7MPLGBZ“ . (7.24)
E

— %éa (gi(saﬁ +
The former induces lepton flavor universality (LFU) violating charged current pro-
cesses. The latter describes off-diagonal Z couplings or flavor changing neutral cur-
rents (FCNCs), which are subject to a plethora of stringent bounds from EW precision
observables and cLFV. We note that Eq. (7.24) is equivalent to integrating out £ at low
energies, which gives nonzero tree level matching conditions for the coefficients of the
SMEFT operators OS)L and (’)S’}J,

Yave”
4m?E

C? = oyt = , (7.25)

— YHL
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which has been used previously in the literature [210, 157, 211]. Constraints on the

Yukawa coupling Y from these probes are detailed in Section 7.3.

Next, the Lagrangian in Eq. (7.15) results in the Higgs interactions

1 _ ER
£o-—e (Ye YE) (ER) h+he.. (7.26)

This term can also be rotated to the mass basis, where the RH mixing V¥ is no longer

cancelled due to unitarity. The resulting couplings of the Higgs to charged leptons are

1 3YRY

LD ———é, <5a - EE> [Ye],sPresh + h.c., (7.27)
\/i Y 4m2E Y

which modify SM Higgs decays and induce cLFV Higgs decays via the off-diagonal

couplings. The second term corresponds to the tree level matching of the UV theory

onto the SMEFT operator O, g, with the Wilson coefficient

YiYp [Yelys

af
CEH - 2m2E

(7.28)

Moving now to the scalar sector of the UV theory, the term — L f L¢in Eq. (7.15) can be
written explicitly as — fogVLa€] 3¢, where f is antisymmetric in flavor space, i.e. fos =
— fga- This interaction also induces LFU violating and cLFV processes at tree level and
one-loop. If the scalar ¢ is heavy and integrated out at low energies, the previous term
generates the SMEFT operator Or, at tree level, with the Wilson coefficient [212, 213,
214],

N Jon 1,
b0 ;iﬁ‘ (7.29)

Including also the term NIC% ['er¢* from Eq. (7.15), integrating out ¢ generates the
NgSMEFT operators Opnre = (LNg)e(Leg) and Oy = (epvuer)(Nry"Ng) at tree
level, with [156]

Caiﬁ'y o 2fa5fi,’y Caﬁij o z/;kc ]/,B 730
LNLe — mQ ’ eN 2m2 . ( . )
¢ ®

This exhausts the tree level phenomenology of the UV model at low energies, which
would have been absent if the Z; symmetry had been imposed. At the one-loop level,
many more operators are induced in the (Ng)SMEFT, with partial matching results,
predominantly in the SMEFT, available in the literature [155, 215, 144, 145]. The focus
of the remainder of this section is the one-loop matching of the operators (’)1(\?1)\, By (’)1(\?%
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and (’)J(VGV)V, which can induce LLP signatures at the LHC. But first, we review the gen-
eration of neutrino masses when adding two sterile neutrinos to the particle content.

Neutrino masses

For sterile-to-sterile neutrino magnetic moments to be present, at least two RH neu-
trinos N are required in the model. As mentioned below Eq. (7.15), it is possible to
write the renormalizable terms — LY, HNp — %NI%LM rNR + h.c. in the Lagrangian. Be-
low the EW scale, these terms lead to mixing between the active neutrinos v, and the
sterile states, as discussed in previous chapters. The Lagrangian contains

1 B c 0 vYy,
o5 (m Ny) M () +hes My=(,0 V2] @3
2 Ng 5 Mg

where the extended neutrino mass matrix M, is symmetric. Without loss of generality,
Mp can be made to be diagonal via a rotation among the RH neutrinos, such that
Mpr = diag(mn,,mn,,...) and the resulting massive states are Majorana fermions,
with N; = Nf. However, we will keep My general in the following. The mass matrix
can be diagonalized with the following unitary rotation [18]

VC * . * V/
La _ " ~aNi PR z, , (732)
NE; Vii Ujn, N;

such that VI M,V = Mcuhag = diag(m1, mg, ms, myy, .. .). Here, v/ = v/ and N} = N/°
are the physical Majorana mass eigenstate fields in the broken phase, with the former
corresponding to the observed light neutrinos and the latter to heavy sterile neutrinos.
Similar to the charged leptons, we will relabel v/ — v; and N/ — N;. In the limit
Y, < V2Mp /v, M,, can be diagonalized with

Y, Mg") Vi~ ——=(MR'Y,"). . Us:

ja o

Vi, ~ (7.33)

v ~ v
v Uy,
\/5( aj " INi V2

to obtain the sub-blocks

2
v — T TR
[My)ap = Unillsimi & == (YuMg'V)') .50 [Mnlij = Uiy, Ufn,m; (MRl ,
(7.34)
where U and U diagonalize M, and My, respectively. Note that U;x, = d;; if we had
taken Mg to be diagonal. Combining Egs. (7.33) and (7.34), it is possible to find the
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well-known relation for the active-sterile neutrino mixing [216]

Van, = iUajRiji, /% : (7.35)

where R is an arbitrary orthogonal matrix, i.e. Rj;Ry; = 0.

In this work, we consider heavy sterile states /V; within the kinematic reach of the
LHC, i.e., my, from 1 GeV up to 1 TeV. For this range of masses, there are two possi-
ble ways to produce the observed light neutrino masses via the tree level relations in
Eq. (7.34). The first scenario is that the heavy states IV; are dominantly Majorana (or, in
other words, the masses my, are well separated). Then, the light neutrino masses are
given by [M, .3 = —% [Y,]ailY]gi/mn,, which is the standard Type-I seesaw relation.
For my ~ 100 GeV, neutrino masses m, ~ 0.1 eV then require Yukawa couplings of
size [Y,]ai ~ 1075, The active-sterile mixing is governed by Eq. (7.35) with |R ;| < 1,
or Viy ~ /my,/my. However, for heavy sterile states in the mass range relevant for
the LHC, this active-sterile mixing V;xy is too suppressed to give observable effects

unless some additional new physics is present.

The second scenario is when pairs of heavy sterile states /V; form pseudo-Dirac states
with small mass splittings. In this limit, cancellations in the matrix product Y,,MEIYVT
ensure small light neutrino masses instead of suppressed Yukawa couplings. Now
that Y, can in principle be large, so can the active-sterile mixing in Eq. (7.33); equiv-
alently, this corresponds to the limit |R ;| > 1 in Eq. (7.35). This interesting scenario
is minimally obtained, for instance, in the inverse or linear seesaw mechanisms. To
demonstrate this, we consider the simplified scenario where two heavy sterile states,
Ngr1 = Ngr and Ny = S¢, only interact with one generation of active neutrino. The
relevant mass terms can be written as

1 _ _ _
LD —myNvrLNg — m,,sI?LSE - 5 (,uNNszR + ,USSLSE) — MngSpNg + h.c., (7.36)

where (m,n,m,s) = (vY,/V/2,vYs/v/2). As such, the extended neutrino mass matrix
(assuming one generation of active neutrino) in the basis (v§, N, SE)T takes the form

0 myN mys
My =|muny pun Mys| (7.37)

mys Mys s

where m,g, iy, pus are expected to be small in the 't Hooft sense [82], as total lepton
number symmetry is restored in the limit m,g, un, s — 0. We note that the inverse
and linear seesaw can be obtained in the limits m,s = uy = 0 and uy = us = 0,
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respectively. The symmetric mass matrix M, can then be diagonalized as before; the
inclusion of Nz and S¢ leads to two Majorana eigenstates Ny and N, with a small
mass splitting compared to the Dirac mass Myg. The unitary rotation matrix V' can be
solved perturbatively by using the Hermitian combination M;,M,, (or M, M}),

VIiMM,Y = (VIM, V)T (VI M, V) = diag(m?,m3,,m%,), (7.38)

where the V diagonalizing M, M}, is the same as that in Eq. (7.38). One straightfor-
ward case is obtained in the limit where m,s = 0 and assuming uy, ps < myny <
Mp . In this limit, the mass eigenvalues can be solved perturbatively to obtain

Imun || s

my, =~ , 7.39

Y= Tmun + [MysP 7.39)

2 2 2 }MEMJQ\IS+MN (Imun|? + |MNS|2)’
miy, = [mun|” + [Mys|” - > : : (7.40)

VImun? + [Mys|
peMz g + un (Jmun|? + |Mys|?

mi, = [mun|? + [Mys|? + 5 Mivs Umo P+ | MysP)| (7.41)

VImun|? + [MysP?

Another interesting case occurs when pn ~ pg and m,n ~ m,gs. The mass matrix can
be exactly solved in this scenario, and assuming the parameters to be real, it leads to

the masses
2 2 1 2 szN
my, = 2m, N + i(MNS +us) |1 —4/1+ (Mys+us) | (7.42)
2 2 1 2 8m12/N
mi, = (Mns — ps)?. (7.44)

This case corresponds to the scenario where N, is decoupled, which can be protected
in the presence of an explicit symmetry, and only N; mixes with the active state. We
note that any new interactions involving N; and Ny, e.g., a transition magnetic dipole
moment, is in general not diagonal in this basis and may lead to corrections to the
mass matrix M,. However, to restrict ourselves to these two limiting cases, we will

assume any such correction to be small.

In the presence of the fields F and ¢ and their interactions in Eq. (7.15), it is possible
to draw the one-loop diagrams in Fig. 7.1 which renormalize the Yukawa coupling Y,,
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NRL Via

FIGURE 7.1: Diagrams at one-loop in the UV model which renormalize the RH neutrino mass
matrix Mg (left) and Yukawa coupling Y, (right). For the Yukawa coupling, there are two
other one-loop diagrams; one similar to that above with the replacements £, — €%, , hi — f;,

and Y* — [V.]% 5, and another with an internal Higgs line and an insertion of [V} ]q;.

and the RH neutrino mass Mg. The threshold corrections from these diagrams are

2

. rlo 2
Yo ]ai = Y\ V]a ‘—8[fa5YB I <1+ . °e” +log K >+fa5[ Lgpfzp< + log — o >

E ¢>
(0)2 2
L, a8 K
~ VBV Ol <1 -5 ) (1 + log n‘;)] , (7.45)
E E
(hih} + hihs)mp rlogr @2
[MRli; = [MY];y — (1 + +log ) , (7.46)
J L 1672 1—7r m2,

where r = mi /m% and pp is the usual parameter in the Higgs potential. While it is
always possible to absorb the finite corrections to Y, and Mp in their renormalized
values, these expressions are nevertheless useful to verify if fine-tuning between the
tree level and one-loop contributions is required to obtain the desired heavy masses

mpy, and transition magnetic moments, calculated in the following sections.

Sterile-to-sterile neutrino magnetic moments

In our model, the d = 5 NgSMEFT dipole operator O](VE’J)\, 5 is generated at one-loop,
as shown by the diagrams in Fig. 7.2, which then induces sterile-to-sterile transition
magnetic moments Oyy., and Oyy, in the broken phase. We perform the matching
of the UV model to the effective operator coefficient s using the diagrammatic
approach, which involves computing the one-light-particle-irreducible (1LPI) ampli-
tudes in the effective and UV theories and requiring that they coincide at the matching

scale.

The amplitude (NV;N; B) in the NrSMEFT via the operator (’)I(V ])V 5 1S
iMET = 4t(pn, ) o pls | CSVL PR — RV Poulpn, ) (pB),  (7.47)

where pp = pn; —pn;,. Here, the indices 7, j are fixed so there is an additional factor of 2
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Ngj Ng;  Nrgj Ng;  Ngj Ngi

FIGURE 7.2: Diagrams at one-loop in the UV model which generate the d = 5 dipole operator

(’)J(VS])VB. The black square indicates an insertion of the vector-like lepton mass mg. At low
energies, these induce electromagnetic sterile-to-sterile dipole moments Oyy,. Near the Z
pole, sterile-to-sterile dipole couplings to Z, Oy, are also induced.

in the amplitude to account for the contribution from the antisymmetric term —C’](\?])\?;,

which arises because of the Majorana nature of the sterile neutrinos. The amplitude
(N;N;B) in the UV model is instead given by

iMyY = g'Yu(pn,) | (W Pr + hiP)T (R Pr + b Pr)

— (hi Pr + i Pp)U,(h; PR + thL)]“(pNj)EM*(pB) ,  (748)

where Y (F) = Y(¢) = —1 and I', denotes the loop integral

T, = MQC/ (ddk [[k2 (¢N1 - k + mE)’Y,u(pNj —k+ mg)

27T)d 2

3] [(p, — B — w3 [(ow, — R)2 — 3]

_ (F +mEg)(py, + pN; — 2k)u
[k2 B mQE] [(pNi - k)2 - mi] [(pNj — k)? _ mé]] ’ (749)

where £ is the loop momentum. The first and second terms inside the square brackets
of Eq. (7.49) originate from the coupling of B, to F and ¢, respectively. Expanding the
loop integral in powers of the external momenta and, assuming my, < mg, mg, we

obtain the amplitude
. g/ — v * * * * *
ZM%V = mf(r)u(pm)%upfz (h;‘hj — h; h;)PR - (h; hj — hih;' )PL U(PNj)ﬁu (pB)
(7.50)
where we define the loop function
1 rlogr
Flr) = & (7.51)

1—r+(1—’r)2’

again with r = m? /m3%,. For mp = my, the limit of this function is f(r)|, _,, = 3.
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FIGURE 7.3: Diagrams at one-loop in the UV model which generate the d = 6 dipole opera-
tors (’)5\?)3 and (’)EVGV)V. At low energies, these induce the electromagnetic active-to-sterile dipole
moment O, ... Additionally, at energies near the EW scale, the dipole moments O,y and
O, are generated. Note that there are additional diagrams with Ef, — €% - h, — f! Y and
Yg R [Ye][’; p and others with an internal Higgs line and an insertion of [Y,],;, which also
contribute to Eq. (7.55).

The amplitudes in Egs. (7.47) and (7.50) can now be equated to find

iy _ o/ (il — hiht)
R s ((JF (7.52)

which is in agreement with the result of [207]. We see that the flavor structure is deter-

mined entirely by the combination hjh} — hih’, with the diagonal elements vanishing,

as expected. In the broken phase of the SM, but at energies where the Z boson is not

yet integrated out, C](V‘r’])V 5 results in the v and Z couplings (dx - and dyy ) according

to Eq. (7.10). For mg = myg, Egs. (7.52) and (7.10) give dipole couplings of size,

y hihs — hERN (1 TeV
Ay, = coCP)3 ~ 2.4 x 1078 GeV—1< = J) < mz > . (7.53)

Thus, even with values of the couplings at the perturbative limit, h, A’ < V4r, values
of the dipole coupling can only be obtained up to d% v, ~ 107% GeV ™! with mp and
my just above the current lower limits from collider searches, mg, my 2 200 GeV (see
Section 7.3 for further details).

Examining Eq. (7.46), we observe that the one-loop correction to [Mp];; depends on
the same couplings entering C’](f}z,ié in Eq. (7.52), but with an orthogonal combination
of the couplings. Therefore, it is possible to obtain large sterile-to-sterile neutrino
magnetic moments for sterile states in the GeV-TeV range without generating large

contributions to [Mg];;.

Active-to-sterile neutrino magnetic moments

The d = 6 operators (91(% and O](\,GV)V, which induce active-to-sterile neutrino transition

magnetic moments O, ., and O, , as well as the charged current dipole O.yy, are
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also generated in the UV model at one-loop, as depicted in Fig. 7.3. These diagrams
do not require mixing between the active and sterile neutrinos and thus avoid mixing
suppression. However, they do rely on the Yuwawa coupling Y% of the lepton doublet
L with vector-like lepton Er and Higgs doublet H. In the following, we use the same
procedure as the previous section to find the matching between C ](V()E),, and C 1(\,6‘,)[, and the
parameters of the UV model.

In the NpSMEFT, the amplitude (v, N; Bh) is given by
iMET = V2CTN U(py, ot Pru(pn,) e (i), (7.54)

where pp = pn, — pu,. In the UV model, the amplitude (v, N;Bh) is determined in
part by the three one-loop diagrams shown in Fig. 7.3. It is also possible to draw
one-loop diagrams analogous to those in Fig. 7.3, but with B, — €%, h; — f, and
Yb@ " — [Ye]j,, and another with an internal Higgs line proportional to Yng 1Y) 6i
Including all of these contributions, the UV amplitude (v,/N;Bh) can be calculated
and compared with the EFT amplitude, as enacted in the previous section. This gives
the matching condition,

5 2
7+3logu—2
2 mg

)

. /
CO = 3.5V f(r)
)

sV
64712m r

JERCAIOR

(7.55)

where the flavor indices /5 and p are summed over and the loop function f(r) is the
same as in Eq. (7.51), with 7 = m3 /m3,.

As seen in the diagram to the right of Fig. 7.3, the intermediate charged lepton can
also couple to W3, which generates the operator (’)I(VGV)V. The amplitude for (v, N;W3h)
from this operator is

. C(G)ai .
iMEET = = i(py, ) ol Pru(p; ) e (pw) | (7.56)

V2

for pw = pn, —pu, - The UV amplitude (v, N;W3h) can be calculated from the diagrams

entering (v, N;Bh) where it is possible to replace B — W3. The resulting matching

condition is

3 2
= -Hogu—2
Mg

at * f ,8[)/6]* z,
o = mmﬁhﬁ&»—°‘ﬁpp(2

= YEYE* Y, i
32m2my, r >+ £Yp [Vilsi

(7.57)
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From Egs. (7.55) and (7.57) we see that, in principle, there are multiple contributions
to these operators. To simplify this dependence on the UV model parameters, we note
that we are only interested in the scenario where the coefficient C J(\%é is sizable, requir-
ing large h'. Then, if we assume that the first terms in Egs. (7.55) and (7.57) dominate

over the others, we obtain the particularly simple relation between the coefficients

ai 2 ai at
cat 3T0§V6g ~ 12200 (7.58)
Thus, as discussed in Section 7.1, the UV model sets the parameter a = 2/3. Now,
using Egs. (7.10) and Eq. (7.57), we find the corresponding active-to-sterile dipole cou-
plings in the broken phase to be

By 2
; dvcy (6)ai _9 [ fapYp R\ (1 TeV
= ~17x1 AV} L . 7.
T 3 Cys 7x 1077 Ge 10-2 - (7.59)
Using Eq. (7.12) and a = 2/3, we also find the ratio
i 1— 2
duNZ _ ( 3tw) ~ 45 % 10—2 . (760)

The active-to-sterile dipole coupling with Z is therefore relatively suppressed with re-
spect to d%,., in this scenario. Finally, we note that the flavor structure of the couplings
d%, and d2% , exhibits an interesting dependence on the parameters of the UV model.
In the case of flavor universal couplings, at least one of the entries of d, ., and d%i _ for
a € {e, p, 7} must vanish, with the other two being equal and opposite in sign; for the
choice Y = Y} = Y[ and fey = fer = fur, We obtain d‘jfw = d"., = 0, for example.
In the scenario where only the p-7 couplings are nonzero, for example Y}, = Y/ and
and d",, = —d"¢ . Fi-

fur, we would instead have d%,_ = d% , = 0, d", = —d7; (S
nally, if only couplings involving 7 are present (e.g., Yz, fer = fur), we would obtain

vN~v vN~y

i, =d7i, = 0,d%. = d'%, and d%, = d",. These particular limits can be readily
translated to other flavor combinations.

Active-to-active neutrino magnetic moments

Here, we finally comment that active-to-active neutrino magnetic moments are natu-
rally suppressed in the UV model. With the fields and couplings available in Eq. (7.15)
and assuming my, < mg, my, the lowest-order 1LPI amplitudes that contribute to the
d = 7 SMEFT operators C’Qgﬁ and CQ‘VXVB are at two loops, as shown in Fig. 7.4.

However, in the broken phase, and at energies where the RH neutrinos may also be
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FIGURE 7.4: Diagrams at two loops in the UV model which contribute negligibly to the d = 7

dipole operators 0222 , and (’)ggw. The crossed circle in the left diagram refers to the sterile-
to-sterile one-loop diagrams in Fig. 7.2, while the circle in the other two diagrams correspond
to the active-to-sterile diagrams in Fig. 7.3.

integrated out, active-to-active neutrino magnetic moments are induced via the active-

sterile mixing Vv, i.e.,
A8 —v* VE Y + [ SO LA VP o0 }
vy — Y alN; ﬁNj NN~ aN; YvN~y BN;YvN~

1010 10-6 GeV~! 1075 )\ 10-11 GeV' /|’

(7.61)

(%]

ox, = 0. For active-sterile

where in the second line we have assumed that « # § and d
mixing of the size predicted by the Type-I seesaw mechanism, Vin ~ /m,/my ~
1075, this contribution is highly suppressed both by the mixing and the one-loop sup-
pressed d¥. and d*,.. Thus, even with the larger mixing Viy in the inverse see-
saw scenario, we can still expect the active-to-active neutrino magnetic moments to
safely satisfy the bounds from TEXONO [217], GEMMA [218], LSND [219] and Borex-

ino [220], d2# <2 x 1078 GeV ™.

7.3 Phenomenological constraints on the UV model

In this section, we review the constraints on the UV-complete extension of the SM
outlined in Section 7.2. We begin by examining the direct production of £ and ¢
in collider experiments. We then consider rare low-energy processes which are not
present or highly-suppressed in the SM, but could be enhanced by non-diagonal flavor
couplings after integrating out £ and ¢.

Constraints from direct collider searches

A recasting of direct searches for selectrons and smuons at the LHC provides useful
constraints on the singly-charged scalar ¢ in our UV scenario. The dominant limit
comes from the Drell-Yan pair production process pp — v/Z — ¢t¢~ followed by
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the decay ¢t — (Fu. In [221, 222, 223, 213], the most recent ATLAS search [224]
for oppositely-charged electron and muon pairs with 139 fb~! of collected data was
recast for the singly-charged scalar scenario. The ATLAS search places a lower bound
on the slepton masses of approximately 450 GeV for a 100% branching ratio of the
slepton in the specific channel. The major difference between this analysis and the
pair production of ¢¢~ is the cross section in the two scenarios. In [213], a simple
scaling factor was used to map the production cross section for pp — ¢ ¢~ obtained
with MadGraph5 at leading order onto the production cross section given by ATLAS
for the RH slepton pair. Allowing for further uncertainties, a conservative lower limit
of mg 2 200 GeV was found. In addition, monophoton searches for dark matter at
LEP [225, 226] can also be recast to obtain the limit my/|feu| 2 350 GeV [213].

In general, SU(2)y, singlet vector-like leptons E are subject to much weaker bounds
compared to their SU(2);, doublet counterparts, due to their relatively smaller pro-
duction cross sections. Initially, searches at LEP [227] were able to exclude the masses
mp < 101.2 GeV. More recently, the ATLAS collaboration has performed a search for
heavy charged leptons decaying to a Z boson and an electron or muon, excluding the
mass range 129-176 GeV (114-168 GeV) for mixing with only electrons (muons), ex-
cept for the interval 144-163 GeV (153-160 GeV) [228]. In [229], the prospects of prob-
ing singlet vector-like leptons with multi-lepton searches at the LHC were explored,
with some reach for exclusion at the HL-LHC. In our specific model, the pair-produced
vector-like leptons can also decay to a sterile neutrino and the singly-charged scalar,
E* — N;¢*. The subsequent decay ¢ — (*v therefore leads to the signature of two
oppositely charged leptons plus missing energy. This is a signature similar to that from

¢ ¢~ pair production and is expected to yield a similar constraint, mpg = 200 GeV.

Finally, EW precision data from LEP, complemented by the measurement of the Higgs
mass, have been used to perform a global fit for the SM plus heavy new physics ef-
fects, parameterized by d = 6 SMEFT operators [210, 230, 212]. From this fit, flavor-
dependent upper bounds can be placed on the mixing between the charged leptons
and E, which alternatively can be written as the lower limits mg/|Y5| > 8.3 TeV,
mpg/|Y5| > 5.8 TeV and mp/|Y| > 5.3 TeV (95% C.L.). The singly-charged scalar is
similarly constrained as mg/|feu| > 12.5 TeV (95% C.L.).

Constraints from charged lepton flavor violation

As mentioned in Section 7.2, charged lepton flavor violating (cLFV), lepton flavor uni-
versality (LFU) violating observables and precision tests of observables such as (9—2),
can be used to constrain the parameter space of the UV model [231, 232, 233, 213, 211,
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FIGURE 7.5: Diagrams at tree level in the UV extension which result in violations of LFU and
non-vanishing rates for the cLFV processes £, — {g¢f and 7 — ¢g X, where X is a light meson.

234,214, 235, 236]. In the presence of the Yukawa couplings Yz, mixing is induced be-
tween the SM charged leptons and the vector-like lepton E, modifying the SM charged
current, neutral current and Higgs interactions at low energies, as seen in Eqs. (7.24)
and (7.27).4

Equivalently, from the EFT perspective, the operators OS)L, OS)L and O,y are induced
at tree level after integrating out E. Likewise, the operator Oy, is generated after
integrating out ¢. SM processes such as ¢, — lgvv, 1 — lov, T — v and B —
D™ ¢, v are modified in the presence of these operators, while cLFV processes such
as by — Lg7y, o — Lgll, u — e conversion in nuclei, Z — ¢f¢; and h — @65 are
induced. The ¢, — /g7 process additionally receives contributions directly from the
dipole operators O.g and O., both of which are generated after integrating out £
and ¢ at one-loop. In the following, we assume that £ and ¢ are integrated out at
a scale well above the low energies of the considered processes. Thus, one should
consider the running of the operators from the high scale down to the EW scale, match
to SU(3). x U(1)y invariant operators, and then run down to the low scale. However,
we neglect the sub-leading effects of running as we only aim to obtain bounds on the
model for comparison with those from LLP searches in Section 7.4.

For the bounds from LFU violation, we consider here as an example only the purely
leptonic LFU ratios, which measure deviations from the SM predictions for £, — {gvv.
In the UV model, we obtain the ratio [211, 238]

F(@a — ng?)

o [IYR12+ Y | 2fasl
F(ﬂa — EﬁVI?

2 9

=140
2m2E my

)‘SM N

(7.62)

where we only take into account the interference between the SM and the NP con-
tributions. The first and second terms in the square brackets of Eq. (7.62) arise from
the exchange of W and ¢, respectively, as seen in the left- and right-most diagrams of
Fig. 7.5. The Z and h exchange diagrams do not contribute at this level, because there
are no FCNCs at tree level in the SM. This ratio can be used to determine the ratio of

*The Yukawa coupling Y;,, which induces the active-sterile mixing V2, also modifies the charged and
neutral current interactions and therefore contributes to cLFV processes [237]. For simplicity, we assume
that Y, < 1 for the purposes of deriving bounds on the UV model.
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couplings |g/gs|, obtained as

YEP — V5P | [l = 110 763
g st 7.69)
mg m¢

9o
9s

%14—1}2[

From Eq. (7.63), it is clear that LFU violation vanishes for flavor universal couplings,
e.g., the choice Y = Y}’j =Yg and f., = fer = fur- Current experimental val-
ues of these coupling ratios are |g,/g,| = 1.0009(14), |g-/ge| = 1.0027(14), |g./9e| =
1.0019(14) [239, 240]. From the first of these results, taking only Y, to be nonzero gives
mg/|Y5| > 4.1 TeV.

The tree level Z and Higgs exchange diagrams in Fig. 7.5 induce the cLFV processes
bo — 1 5617, which are subject to stringent constraints from SINDRUM [71] and Belle [73].
The branching ratio for this general process, neglecting final-state lepton masses, is [241,
242]

m Vv g

768m3 (14 0py)  m%

B(lo — Lplyls) = [(1+08)(95)* + (95)°] - (7.64)
We assume that the dominant contribution to Eq. (7.64) comes from the Z exchange
diagrams, or correspondingly the operators OS)L and OE{?L The contribution of the
Higgs exchange diagram, or the operator O. g, can be safely neglected as it is further
suppressed by the lepton masses, as seen in Egs. (7.26) and (7.27). In Eq. (7.64), we also
neglect the contributions from F and ¢ at one-loop via penguin and box diagrams, or
equivalently via the operators O.p, O and Op,r, [213]. The one-loop contribution of
¢ will only be relevant if the Yukawa couplings inducing ¢, — ¢3¢/ at tree level satisfy
Y5, Yg < fap- If we assume that the tree level contribution dominates, the branching
ratio in Eq. (7.64) and the corresponding experimental upper limits can be used to
place lower bounds on the combination mz/|Yg*Y5|!/? for o # 5. The SINDRUM
experiment provides the upper limit B(u™ — eTeTe™) < 1 x 10712 (90% C.L.), giving
mp/|YEVE[Y? > 120 TeV. Likewise, the upper limits B(7~ — e"e~et) < 2.7 x 1078
and B(1~ — p~p~pt) < 2.1 x 1078 from Belle translate to mp/|Y5* Y52 > 5.9 TeV
and mp/|YZ*Y5|Y/? > 6.3 TeV, respectively. The equivalent constraints from B(t~ —
e p pt) and B(r~ — p e et) are comparable. We note that the cLFV processes
lo — Lgqq, i.e., hadronic 7 decays 7 — (gX, where X is a light pseudoscalar, scalar
or vector meson, are also generated. Constraints on such decay modes from Belle and
BaBar are comparible to those on 7 — ¢3¢/ [243].

In the presence of the flavor-changing Z couplings at tree level, the exotic process
of muon conversion to electrons in nuclei can also occur. The rate for this process,
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divided by the total capture rate Ceapt, 18 [244, 245]

m (YEYER| ) or )y (e ) o |
= (g + 9R) VP + V) 4 (g7 4 gR) (VP 42V

CR(p —e) = T—
cap E

(7.65)

where V) and V(™ are nucleus-dependent overlap integrals over the proton and
neutron densities and the muon and electron wavefunctions [244]. In Eq. (7.65), we
again assume that the dominant contribution arises at tree level via the operators OS)L
and (91(5’3;, neglecting the contributions of E and ¢ at one-loop via penguin diagrams.
The SINDRUM experiment has placed an upper bound on the ;1 — e conversion rate
on ¥YAu of CR(u — €) < 7 x 10713 (90% C.L.) [246], which results in the constraint

me/|YEYEY? > 290 TeV.

Next, the radiative cLFV process ., — {gv is generated at one-loop, as depicted in
Fig. 7.6. The corresponding branching ratio is given by [242, 247, 248]

2 / 1%

iad i

2
12m¢

5
m) o«

512731, 2

yEa*yg( 8 > N o fos

Bl, — ¢ ~ 1+ =
(bo = 57) 4m2E t 390 3771(215

3

2
] . (7.66)

where the indices p and 7 are summed over. The term in Eq. (7.66) proportional to

Yg*YEB originates from the operators (’)23:, C’)S}J, O.p and O, generated after inte-

grating out £, while the terms proportional to f,,f,s and f;, f;5 arise from the con-
tributions of ¢ to O.p and O.w. Contributions of the operator O,y via two-loop
Barr-Zee type diagrams are neglected, as C.p is suppressed by the lepton masses.
If we assume only nonzero Yy values, the current upper limit from the MEG ex-
periment [66], B(u — ey) < 4.2 x 107 (90% C.L.), corresponds to the constraint
mp/|YEYE[Y/? > 75 TeV. For 7 decays, the BaBar experiment gives the upper lim-
its B(t — ev) < 3.3 x 1078 and B(t — wy) < 4.4 x 1078 (90% C.L.) [68], enforcing

mp/|YEYEY? > 2.9 TeV and mp/|Y5*YE|Y/? > 2.7 TeV, respectively.

Finally, limits can be placed from the cLFV decays Z — ¢[¢; and h — [ ¢;. With
nonzero values of Y, the branching ratios of these are [249, 250, 231, 236]

2 2|y a2 41y axy B2
_ mz m 2 2 v, vHY Y|
B(Z —tfty) = —Z [((gi) + (9%)" + 97 il >5a5+EE

~ 6nly 02 L om2, 16m3, |’
(7.67)
2 SUQ‘YQ|2 91}4‘Ya*y/3|2
h—serezy= 20 Moy 2V 1EEL Y o TV ITE TET 7.68
Blh = 6) 87l v2 2m% op + 16m% (7.68)
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l,/E L,/ E

FIGURE 7.6: Diagrams at one-loop in the UV model which induce the cLFV process ¢, — {37
and contribute to the anomalous magnetic moment of charged leptons, a,. From left to right,
the first three diagrams are the result of the modified W, Z and Higgs interactions in Eqgs. (7.23)
and (7.26), respectively, while the fourth diagram is induced by the —Lf L¢ and —N& f'lpo*
interactions. The first and last diagrams are further modified in the presence of the active-
sterile mixing V.

We note that B(Z — (3¢}) and B(h — Efﬂg) are found by adding the branching
ratios with a <+ 3 to those above. Upper bounds on these decays have been placed
by OPAL [251], ATLAS [252, 253] and CMS [254]. Taking the most stringent, B(Z —
et uF) < 4.2 x 1077 at 90% C.L. [252], gives mp/|Y5 YE[Y/2 > 4.1 TeV.

To conclude this section, we observe that ¢, — 65257 and p — e conversion in nuclei
provide the most stringent constraints on the UV model, with the latter probing values
of mg up to 290 TeV for O(1) Yukawa couplings Yg. The coupling Y5 enters the
active-to-sterile dipole couplings, as seen in Eq. (7.55) and (7.57), and therefore these
constraints must be taken into account when considering nonzero d2,_. However, we
note that these constraints can be easily evaded if the couplings of E and ¢ are not
flavor universal. For example, one can consider only nonzero couplings in the -7
(e-7) sector; for Y = 0 (Y£ = 0), the strong bounds from ;1 — 3e and ;1 — e conversion
are no longer applicable. The only bounds that then apply are the much weaker limits
from LFU violation, 7 — uvy (7 — ev), and 7 — 3u (7 — 3¢). One can also consider the
case where only one Yukawa coupling is nonzero, e.g. Y. Then the strongest bounds
come from the one-loop contributions of ¢ to  — e, © — 3e and p — e conversion.

7.4 Long-lived particle searches at the LHC using non-pointing
photons

In this section, we discuss the potential of searches for non-pointing photons at the
LHC to constrain sterile neutrino magnetic moments. To keep our analysis general, we
adopt the EFT approach introduced in Section 7.1 and consider the operators (’)1(\,5])\, B

O](f])g and (’)](\?V)V.
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FIGURE 7.7: Example cross sections at the LHC (/s = 14 TeV). The left plot shows the con-

tribution of C’J(V5,3,B to o(pp — N1N3) as a function of my, + my,. Dashed lines represent the

partial contributions from the Z and ~ channels. The right plot displays the production cross

section of the processes mediated by %) and C(%),. The cross section for the charged current
process given by the chosen values of these couplings is the same as the cross section for the
production of N» via the mixing |V.n,|? =~ 3 x 1075.

7.4.1 Sterile neutrino production and decay mechanisms

In what follows, we first discuss the sterile neutrino production and decay processes
triggered by the EFT Wilson coefficients CI(\,%; and C’](\?))(ai, where X = B, W. In-
fluenced by the UV model discussed in Section 7.2, here, we assume the relation
CJ(VGV)VM =2/ (Btw)CJ(VG;M (see Eq. (7.58)). We also comment on the contributions from
the active-sterile neutrino mixing, characterized by V.

(5)12 _

Hereafter we simplify notation by omitting flavor indices. First, we take Cyip =

C,(\,sz, g and since O,(VSJ)V 5 is an antisymmetric operator, we are implicitly assuming C’](V‘r’,)vz,j =

—C’]@,l,?. Second, we also omit the lepton flavor a in CJ(VG)ZM, (C’]@fi = C,(Vi)x), as pro-
cesses which involve active neutrinos do not reveal which neutrino flavor is partici-

pating. These simplifications will also apply to the coefficients in the broken phase.

The coupling C,(f’]z, 5 contributes to pair-production of the sterile neutrinos via pp —

~v/Z — NiNs, while CI(VG;)X leads to the production of a single N; through pp — v/Z —
N;v and pp — W* — Ni¢*. Fig. 7.7 shows some example cross sections for fixed
values of C’](VE’J)V 5 (left) and CI(VE)X (right). For my, +mpy, < mz, pair production through
C](\,sz, 5 is dominated by the Z exchange diagram, whereas for larger masses photon
exchange dominates. Single sterile neutrino production through CJ(\S_)X, on the other
hand, is dominated by the charged current. The neutral channel is subdominant com-
pared to the charged one in this case because of the suppression between d, ., and
d,n,7 discussed below Eq. (7.59). Note that sterile neutrino production at the LHC

through mixing (nonzero Vyy,) proceeds through charged current events with the
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same dependence on the mass my, as for C’I(Vﬁ;)x We therefore do not show produc-

tion via mixing separately in Fig. 7.7 (right).

For sterile neutrino decays, the interaction Cj(\,sz, 5 induces the two-body decay Ny —

Ny and, if N; is heavy enough, No» — N;Z. Note that the lightest N; can not decay
through C' ](\,5]3 5- The relevant partial decay widths of Ny, in terms of the broken phase
parameters (dy ., dynz), defined in Eq. (7.10), are given by

2| dy - |2 2\ 2dyn, 2
I(Ny — Niy) = ’]:TN‘m%[ (1 — mg“) = ‘ijN'm?V (2-0)%6%,  (7.69)

my,
d 2 m2 2

[(Ny — N1 Z) = [z m, fz (lemZ> )\1/2<1, ngQZ> (7.70)
T My, N, my, My,

withd =1 — % denoting the mass splitting between the two sterile states and
2

fz(w,y) = (1 —2)* —¢*) 20 +2)° +97) , (7.71)
MNz,y,2) = (z —y — 2)? — dyz. (7.72)

We recall that we use the notation d}?,, = dyy, in this section, and because of the
antisymmetric nature of the coupling, there is an additional factor of 4 in the decay
width of Ny — N;v compared to that of NV; — vy (see Egs. (7.69) and (7.73)).

The couplings C’I(V(i)B and C,(Vi)w generate the decays N; — vy, N; — vZ and N; —
(*WT. While the v final state is always kinematically allowed, final states with Z and
W are possible only if m , is larger than the gauge boson masses.” The relevant par-
tial decay widths, written in terms of the broken phase parameters (d, -, d.nz, denw),

defined in Egs. (7.11) and (7.14), are given by

dyn.-|?
O(N; = vy) = ’2N|m§v (7.73)
7T'
’dVN¢Z|2 2 2 m2Z
N;
D(N; » WT) = ’d"‘NiWPmN.(zm?v +m%V)A<1 0 m%V) (7.75)
167 i ! m?vz

where, for simplicity, we have neglected the charged lepton masses. In the compu-
tation of the total width of a Majorana 1V;, the latter two partial decay widths are
multiplied by 2 to account for the Majorana nature of NV and the charged conjugated

*For my, below the weak gauge boson masses, three-body decays through off-shell Z/W occur, but
we have checked that these are always subdominant in comparison to the y channel. Therefore, we safely
neglect their contributions in our numerical study.
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FIGURE 7.8: Partial decay widths of the decay modes induced by neutrino mixing, c{l, and

CJ(VGi)B (C ](fi)w =2/ (3tw)01(€_),3). We have chosen different benchmark values of the coefficients in
each plot, see the corresponding legend.

channel (T~ . Sterile neutrinos will also decay via mixing. These decays have been
thoroughly studied in the literature. For our numerical analysis, we use the decay
width formulas of [121, 122].

In Fig. 7.8 we show the previous partial decay widths as a function of the sterile
neutrino masses for various coefficient values. Here, C](\S)B and C](VGi)‘,V are fixed as
C¥), = 5x 1072 GeV2 and C), = 2/(3t,)CC) ~ 6.22 x 10712 GeV~2. These
control the decay channels to vy, vZ, e W™. For comparison, we also show the neu-
trino mixing partial decay width for two different values of |Vyy, |?. In the left (right)
plot, we fix [Vyy,|? = 1072 (10714), motivated by an inverse seesaw (or naive Type-I
seesaw) estimation. Additionally, we show the partial decay width of No — N7y and
Ny — N1 Z controlled by C}f)v 5 and d. In the left plot, these parameters have been fixed
to C®) . = 1076 GeV—! and § = 0.01, and in the right plot, to c®)  — 1078 GeV-!
and 6 = 0.5. These values are chosen to illustrate the regimes in which sterile neu-
trinos ranging from a few GeV to a few hundred GeV could have decay lengths
O(1072 — 1) m, which are interesting for LLP searches. Notice that only the right
plot shows a curve for Ny — N1 Z, as a large mass splitting is needed for this channel.

From Figs. 7.7 and 7.8 we can compare the relative sizes of CJ(VBI)VB, C’](Vi)x and Viy,,
determining the dominant sterile neutrino production and decay mechanisms. There
are nine distinct possibilities, which we define as shown in Fig. 7.9. The scenarios in

the same row have the same dominant production mechanism, whereas the scenarios
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FIGURE 7.9: Nine different process classes: This classification distinguishes scenarios, de-
pending on which couplings dominate N production and decay. The sterile-to-sterile (active-

to-sterile) magnetic moment is controlled by CJ(VS%B (CJ(V%, C,(V6V)V). The active-sterile neutrino
mixing is parameterized by V.

in the same column share the same dominant decay mode for the sterile neutrino. In
practice, not all combinations will lead to non-pointing photons and we present the

features of all these scenarios below.

Scenarios B1-B3 assume that production is controlled by C’I(fg, 5, thus Ny and N are

pair produced. Then:

e B1: N; will decay to Ny, whereas N; escapes undetected. The decay length
of Ny is controlled by CJ(\,E’])V 5 and the mass difference 6 = 1 — my, /mpy,. Na is
long-lived if 6 < 1. Too small §, however, leads to photons too soft to be tagged.
The signal consists of one non-pointing photon plus missing energy.

e B2: N; will decay to vy and for small enough CI(Vﬁl)X this decay is long-lived. No

will decay to Ny either promptly or, if § < 1, with a finite decay length. The
signature of this scenario contains up to three photons, either two or three of
which are non-pointing. There is also missing energy in the event, from v and

the potential undetected photons.

¢ B3: The mixing parameter V;y, controls the decay of N;. Again, N, will decay to
Niv promptly (or delayed if 6 < 1). The potential final state signal is a prompt
(or non-pointing) photon plus one or two displaced vertices (DV) with charged
tracks from the N7 decays. Unless two displaced vertices and the photon are all

found, the event again contains missing energy.

In scenarios B4-B6, production is controlled by Cz(\g)xi
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e B4: Comparing the production cross sections in Fig. 7.7 to the decay widths
in Egs. (7.69) and (7.73) it becomes quickly clear that this scenario can not be
realized, since C' J(V51)V 5 large enough to dominate the decay width over C 1(\,6;))( would

also dominate the cross section.

e B5: In this scenario C](\g)x is assumed to be also dominant in the decay of IV;.

Comparing the width (7.73) to the production cross section in Fig. 7.7 (right), it
is clear that the decays INV; — v~ are too fast to lead to non-pointing photons
since there is no kinematic suppression (§ ~ 1) if CJ(V?))( is large enough to give a
sizable cross section. The signal in this case is a prompt lepton accompanied by

a prompt photon.

* Bé6: V/y, is assumed to dominate the decay. Given the discussion above for (B5),
it is clear that decays will be prompt in this case. There are no photons in the
final state, thus no difference in signal to the minimal mixing case.

Finally, for B7-B9 we assume production is dominated by mixing, V;;.

* B7: The conditions defining this scenario can be fulfilled only in a narrow range
of parameters. The cross section from the dipole and the one from mixing are
roughly of the same order for some particular ratio of C’](fg, 5 to Vyn,. For this
ratio, the width from C’](\i)v 5 Will be smaller than the one from mixing for my, >
15 GeV, for § = 0.01. For a smaller ratio (and thus a more dominant production
via mixing), the partial width through the dipole can dominate only for smaller
values of my;,. In this narrow parameter range some events with a non-pointing
photon would be generated, however, always together with a certain number of

displaced vertex events.

¢ B8: The decay caused by CJ(V(?X can easily dominate over the decay via mixing for
mp, < mgz, without C,(\g)x dominating the cross section. Since a minimum size
of Vi, is needed to give a sizable cross section, however, decay lengths will be
shorter than in the pure mixing scenario. The signal is a prompt lepton plus a

photon (prompt or non-pointing, depending on C J(Vi)x).

* B9: This scenario is phenomenologically the same as the minimal mixing sce-
nario. It has been discussed extensively in the literature.

Given the discussion above, the most interesting scenarios are B1-B3. We therefore
choose these three scenarios for our numerical simulation, which we detail next.
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Model t
Scenario PdE” parameTers Simulated decay
Scan Fixed
Bl | mn, Cis 5 Nz — Ny
Nog — N 17
Bz le, C](\fﬁl)X mNQ/ CJ(\7512TB
Ny — vy
Ny — Nl’)/
B3 may, [Ven > | may, CSts .
N1 — ejj

TABLE 7.2: Parameters entering the numerical simulation in each benchmark. The scan pa-
rameters define the two-dimensional space to be surveyed, while the other model parameters
remain fixed. The last column indicates the decay channel studied in the simulation.

7.4.2 Simulation Details

In order to determine the sensitivity reach of ATLAS for probing sterile neutrino mag-
netic moments, we performed a numerical study of the representative chosen bench-
marks, using Monte Carlo simulations. We first implemented our model described
by Eq. (7.3) (only up to d = 6) plus the interactions induced by active-sterile neu-
trino mixing in FeynRules [255, 256]. The generated UFO files [257] were embed-
ded in MadGraphb5 [258], where we generated the collision process pp — N1 N» at
Vs = 14 TeV, induced by C’I(\,E)I)V 5 in the selected benchmarks. We generated 10° events
at each point of the grid covering the parameter plane (mLLp, Cdecay), Where the LLP
is the sterile neutrino providing the displaced signature at the detector and cgecay de-
notes the interaction dominating the LLP decay width. These two parameters define
the two-dimensional space we scan over in our simulation for each benchmark sce-
nario, as shown in the second column of Table 7.2. In the third column, we display
the remaining parameters of the model, which are fixed to some numerical value. In
scenario B1, we keep the mass splitting § fixed such that my, varies in the scan along
with my,. Whereas in scenarios B2 and B3 we fix my, and CS’}V 5, since they do not
affect the long-lived nature of V;.

The sterile neutrino decays are treated separately in MadSpin [259]. To ensure numer-
ical stability for small decay widths, the N; was forced to decay into the final state of
interest (shown in the last column of Tab. 7.2) in all simulated events. The decay LHE
event files, given as an output by MadSpin, were then processed by Pythia8 [189]
to estimate the ATLAS efficiency in detecting the characteristic LLP signature of each
benchmark: non-pointing photons in B1 and B2, and displaced vertices in B3. Specific

details of each search strategy are outlined below.

Non-pointing photons are emitted in the decay of the long-lived sterile neutrinos.
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These decays occur at a secondary vertex, displaced from the collision point or pri-
mary vertex (PV), causing the photon direction to point away from the PV. The ATLAS
(and CMS) Electromagnetic Calorimeter (ECAL) can detect energetic photons and re-
construct their trajectories precisely. The photon displacement is quantified using the
impact parameter (IP), defined as the minimum distance of the photon trajectory to
the PV. The IP can be decomposed into its transverse and longitudinal components,
dxy and d, which can be obtained with

dxy = xLLppfY - yLLPp7X7 (7-76)

Pr Pr

ZLLP — (F-ﬁ)pz/\ﬂQ
L=p2/IpP>

where 7 = {x;.p,Yrrp, 22rp} is the LLP decay position and p' = {px,py,pz} is the

dy = (7.77)

photon momentum.

In our simulation, we have access to the true decay positions of the sterile neutrinos
as well as to the kinematic properties of the outgoing particles. Therefore, we can use
the previous equations to compute dyy or d, for each photon emitted in the decay of
N;. In practice, measuring d, requires knowing the exact location of the PV along the
beamline (z-axis). However, this can be challenging in the high-luminosity conditions
at the LHC, where multiple collisions occur per bunch crossing, leading to the produc-
tion of several PVs. Moreover, in our specific case (scenarios B1-B3), sterile neutrinos
are produced at the collision point without any accompanying charged particle. This
limitation extends, in general, to scenarios where only neutral particles are produced
at the origin and they decay far from the PV. Therefore, we can only use the variable
dxy, which can be measured with respect to the beamline.

It is worth mentioning that recent works have been performed in this direction. AT-
LAS, for instance, presented results from a search using non-pointing and delayed
photons in [260], and in Refs. [205, 261], the authors have recast it for constraining
Higgs decays into sterile neutrinos in the context of dimension-5 operators. However,
the search relies on dz and the time delay ¢,, which also requires knowing the PV loca-
tion. We cannot apply this search to our selected benchmarks and accordingly propose
an alternative search strategy. Our approach is inspired by an old CMS search [262],
which looked for non-pointing photons using instead a trigger on dx .

In Table 7.3, we summarize the cuts for the non-pointing photon search that we apply
in scenarios B1 and B2. The event selection starts by triggering photons satisfying
Ipy| > 10 GeV and 17| < 2.47. Subsequently, we demand the LLP to decay before
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it reaches the outer layer of the ECAL. This requirement imposes the following cuts
on the transverse plane and longitudinal axis: rpy < 1450 mm and |zpy| < 3450 mm,
respectively. Finally, the energetic photons passing the initial selection criteria and
originating from one of the DVs are required to have |d},| > 6 mm. This last cut
is expected to reduce SM background significantly [262]. In Figure 3 of this paper,
the CMS data indicates that backgrounds decrease exponentially with the transverse
impact parameter, with less than one background event remaining after a cut of 6 — 7
mm. However, since the CMS search used only 2.2 fb—! of statistics, a larger cut will
be necessary for the high-luminosity LHC. This adjustment will affect our sensitivity
results (see next section), in particular, the upper parts of the sensitivity curves (in
the plane coupling vs. mass), as the upper limit is determined by the LLP being too
short-lived to leave a measurably displaced photon. Strengthening the cut on |d} | to
larger minimum values would reduce the sensitivity curves from the top. Predicting
the exact value of this cut is challenging due to the predominantly instrumental nature

of the background, thus we will restrict ourselves to the original 6 mm cut.

On the other hand, in scenario B3, the LLP candidate decays via the active-sterile neu-
trino mixing. The dominant decay modes contain charged particles that leave tracks
stemming from a displaced vertex (DV). ATLAS and CMS have looked for long-lived
sterile neutrinos (in the minimal scenario) using a DV search strategy and have placed
bounds on the neutrino mixing parameter [124, 263]. Here, we follow Ref. [264] and
use their DV search strategy, which targets a heavy N decaying into ejj. We summa-
rize the main selection cuts of this search in the lower part of Table 7.3. The event se-
lection starts by identifying electrons with |p%| > 120 GeV, |°| < 2.47. Then, we select
events with a DV lying inside the ATLAS inner tracker detector, which imposes a cut
in the transverse and longitudinal positions: 4 mm < rpy < 300 mm, |zpy| < 300 mm.
To reconstruct the DV, at least four displaced charged particle tracks are needed. We
require them to have a transverse impact parameter of |do| > 2 mm.® Additionally,
one of the displaced tracks must correspond to the energetic electrons passing the ini-
tial trigger. A final cut on the invariant mass of the DV (mpy > 5 GeV) is applied to
remove SM background from B-mesons. Further details can be found in Section III of
Ref. [264].

The total number of signal events for the three selected benchmarks is obtained with:

NB = 6. L -B(Ny — Nyy) - & (7.78)

sig. sel

®The approximate transverse impact parameter in this case is defined as dg = r - A¢, where r is the
transverse distance of the track from the interaction point, and A¢ is the azimuthal angle between the
track and the direciton of N;.
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Scenario Signature Selection cuts
B1 Non-pointing lpr| >10GeV, 7| < 2.47
B Non-pointing v (x2) rpv < 1450 mm , |zpy| < 3450 mm
(+ prompt ) |d%y | > 6 mm

IpS| > 120 GeV, |n°| < 2.47

B3 Displaced Vertex (x2) | 4 mm < rpy < 300 mm, |zpy| < 300 mm

(+ prompt ) 4 tracks with |dy| > 2 mm

mpy > 5 GeV

TABLE 7.3: Summary of selection cuts for a non-pointing photon search (B1 and B2) and a
displaced vertex search (B3) at the ATLAS detector.

NE2 =6-L-B(Na— Niy)-2-B(Ni — vy) - €3 (7.79)

sig. sel

NB =6 .L-B(Ny — Nivy)-2-B(N; — ejj) - e (7.80)

sig. sel

where ¢ in all three formulas is the cross section of the process pp — N; N, that de-
pends on the sterile neutrino masses and the interaction C](\,SI)V 5, and L corresponds to
the total integrated luminosity during the high-luminosity phase, 3 ab—!. The branch-
ing ratios B into the corresponding final states are also a function of the masses and the
coupling responsible for the decay in each scenario (see second column in Table 7.2).
The factor € denotes the efficiency of event selection in ATLAS after applying the
cuts in Table 7.3. Notice that there is an additional factor of two in the formula for B2
and B3 since we only require one displaced photon/vertex and there are two N; in
each event.

We derive the 95% confidence level (C.L.) sensitivity prospects of ATLAS, under the
assumption of zero background, by requiring 3 signal events.” Exclusion limits can be
placed in the corresponding parameter space if no signal events are found at the end
of the experiment. However, in case of a discovery, a larger number of events would
be necessary to identify the scenario. For instance, looking for a second photon in the
non-pointing photon search could distinguish a potential signal event from B1 and B2.
In scenario B3, on top of the displaced vertex search, an additional trigger on a prompt
photon associated with the event containing the DV would distinguish this scenario
from other models, such as the minimal scenario.

7As discussed previously, the zero background assumption might be too optimistic for the cut of
|d%y | > 6 mm at the high-luminosity LHC. For this reason, we will also show lines for 10 or 30 events in
the sensitivity plots, corresponding to roughly 25 and 225 background events for 95% C.L. sensitivities.



132 Chapter 7. Heavy neutrino magnetic moments at the LHC

7.5 Results and discussion

Following the methodology described in the previous section, we estimate the ex-
perimental sensitivity of ATLAS for probing sterile neutrinos interacting via dipole
interactions. We work at the level of NxRSMEFT operators in the unbroken phase and
then make the conversion to the broken phase parameters using Eqgs. (7.10) and (7.11).
Besides, we consider the active-sterile neutrino mixing as an independent parameter
and, for simplicity, focus on the mixing of the light sterile neutrino with the electron
sector only, i.e. Vyn, = Ven,. The scenarios under study are B1-B3 in Fig. 7.9. In these
scenarios, sterile neutrinos are pair-produced in proton-proton collisions through the
operator (’)1(\,5])\, 5- The difference lies in the interaction dominating the long-lived sterile
neutrino decays: CI(\,E’]?] B/ Cj(\,ﬁl)x (X =B,W)or Vp,.

Fig. 7.10 shows the sensitivity reach of the non-pointing photon search applied to sce-
nario Bl (pp — N1Ny — N1(N1y)MF), in which N is the LLP decaying within the
detector. Contours corresponding to 3 (30) signal events are shown as solid (dashed)
lines in the dy ., vs mp, plane, for four mass splittings between the sterile neutrinos:
b = 01,0 = 0.050 = 0.01 and 6 = 0.005. The sensitivity in mass goes beyond
mpy, ~ 3 GeV, my, ~ 5 GeV, my, ~ 14 GeV and my, ~ 16 GeV, respectively. Dipole
couplings as small as dy ., >~ 3 1077 (8 x 1077) GeV~! can be probed if 6 = 0.1 (0.01),
improving the current limits from LEP [197] (shown as the grey area) by more than
one order of magnitude in the corresponding mass ranges. For § = 0.005, the sensitiv-
ity reaches dyy, >~ 2 X 1076 GeV~!. The shape of the curve can be understood in the
following way. The lower part of the curve is the long-lived limit, for a given mass and
9, a smaller coupling results in N, being too long-lived, escaping the detector without
decaying. The upper part represents the opposite situation. A larger coupling value
would make the N> decay too promptly and the emitted photon would point back to
the primary vertex, losing the LLP signature. Moreover, since the production cross
section is proportional to |dyy,|?, we quickly lose events as the dipole coefficient be-
comes smaller. However, we determined that the results are highly sensitive to the pJ.
cut in this scenario. The smaller the mass splitting, the less energetic the final photons
are and for 6 < 0.005 they become too soft to be detected in the ECAL.

LLP

We display the results for scenario B2 (pp — NiNa(— Niy) — (vy + vy)-"7y) in

Fig.7.11in the d, ,. vs. my, plane. In this case, production and decay of the LLP can-
didate, IV;, are decoupled since they depend on different interactions. We fix C' ](\,SJ)V 5=
107° GeV~H, corresponding to dy ., >~ 8.8 X 1079 GeV~1, to ensure it dominates ster-
ile neutrino production. Two mass values of N, are considered: my, = 700 GeV

and mpy, = 80 GeV. We recall that the scan parameters are my, and C’](Vi)B, which
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FIGURE 7.10: Sensitivity prospects of the non-pointing photon search at ATLAS (/s = 14 TeV,
3 ab™') for scenario Bl (pp — N1 N — Ni(N1y)"F). The 3 (30) signal event contours are
shown as solid (dashed) lines in the plane d . vs. my, for four values of the mass splitting
d =1 —mp, /mn,. The grey area shows the current constraint from LEP [197].

then we convert onto d, y,, using Eq. (7.11).8 The solid (dashed) lines again corre-
spond to 3 (30) signal events. Equivalently, the dashed lines correspond to 3 events
for C°) . ~ 3 x 1076 GeV—!. The shape of the curves is similar to that of Fig. 7.10,
but the probed parameter space is much larger, precisely because the production and
decay mechanisms of N; are decoupled. The sensitivity reach in mass is limited by the
kinematic threshold my, < my,, resulting in these vertical lines at my, = 700 GeV
and my, = 80 GeV. As concerns active-to-sterile magnetic moments, values as small as
dynyy = 5x 10713 (2x 10712) GeV~! can be probed for my, = 700 (80) GeV. In contrast
to the previous scenario, the non-pointing photons are considerably more energetic
since they arise in the decay N; — vv. Consequently, almost all simulated photons
pass the corresponding cuts of the non-pointing photon search, giving a large event
selection efficiency. Even with a stronger pJ. cut, the area enclosed by the sensitivity
curves comprises unexplored parameter space. Indeed, current exclusion bounds are
much weaker and do not appear in the plot.

For scenario B3 (pp — N1Na(— N1v) — (ejj + ejj)HF), the results of the displaced

vertex search are shown in Fig. 7.12. We display the 3 (solid) and 10 (dashed) sig-

nal event contours in the |V.n,|? vs. my, plane. Analogously to B2, production and

8The contribution of d, x, z and d.~, w to the total decay width of N; are also taken into account, since
we are considering the EFT operators in the unbroken phase.
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FIGURE 7.11: Sensitivity prospects of the non-pointing photon search at ATLAS (/s = 14 TeV,

3 ab~!) for scenario B2: pp — NyNa(— Ni1y) — (vy + vy)"P4. Solid (dashed) lines cor-
responding to 3 (30) signal events are shown in the d,y, vs. my, plane for fixed values of

my, and CJ(\,‘E’])VB. The vertical lines in the upper mass reach come from the kinematic threshold
(mn, < mp,). Current exclusion bounds are weaker and are not shown.

decay of N; are decoupled. We fix the production coupling (C](V?, s = 107° GeV ™))
and choose two values for my,. For my, = 600 GeV, the sensitivity extends across 10
orders of magnitude in |V, |, reaching down to 10~!7, and saturates the kinematic
threshold of my, ~ 600 GeV. The slope of the curve changes around my, ~ mw be-
cause the N7 can decay to on-shell weak bosons via the two-body decays N; — W*eT
and N; — Zv. This increase in the decay width is compensated by smaller values of
the mixing parameter. For the chosen parameter values, 30 events are not reached and

10 events are reached only within two isolated regions of the parameter space.

Conversely, for my, = 80 GeV, 30 signal events can be obtained although we do not
show the corresponding curve in the plot. The probed region, in this case, is one or-
der of magnitude larger in |V, |? than for my, = 600 GeV, reaching values as small
as |Ven,| =~ 10713 at my, =~ 80 GeV. Present exclusion bounds on the mixing param-
eter |V.|? are weaker in this sterile neutrino mass range and hence are not shown.
However, we display the sensitivity prospects of displaced vertex searches by ATLAS
and CMS [265, 266, 267], represented with the grey and black lines. Their results are
derived in the context of the minimal scenario (only neutrino mixing) and, to be pre-
cise, these searches cannot be directly recast into our parameter space as they require
prompt leptons at the origin. Nevertheless, we show them for illustrative purposes,
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FIGURE 7.12: Sensitivity prospects of the displaced vertex search at ATLAS (/s = 14 TeV,
3 ab™!) for scenario B3: pp — NyNao(— Nivy) — (ejj + ejj) . Solid (dashed) lines corre-
sponding to 3 (10) events are shown in the |V.n|? vs. my, plane for fixed values of my, and

C ](\,512,3. The kinematic threshold (my, < my,) cuts the upper reach in mass with the vertical
lines. The black and grey solid lines represent the CMS and ATLAS sensitivity prospects of a
DV + prompt lepton search [265, 266, 267].

revealing that much smaller squared mixing values can be explored in the presence of
sizable sterile neutrino dipole moments, even accessing the type-I seesaw band.’

Finally, we can map the values of the dipole couplings to which experiments are
sensitive onto the parameters of the UV-complete model, namely the masses of the
singly-charged scalar and vector-like lepton (m4, mg) and the Yukawa-type couplings
in Eq. (7.15) (f, f’,Yg, h,}'). The sterile-to-sterile and active-to-sterile dipoles are re-

lated to these parameters via

1] € /7 % *7/
; ev B 11
P —— N e 7.82
N 32\/§7r2m2Ef B E ( )

where we have assumed mg = mg, hence replacing f(r)| = 1. Since there are

r—1
products of two or even three couplings entering these equations, we find it conve-
nient to plot the generated magnetic moments as functions of the specific coupling

combinations and the vector-like lepton mass.

9The type-I seesaw target region in the plot is obtained using the naive type-I seesaw relation and
active neutrino masses of 0.05 and 0.001 eV.
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FIGURE 7.13: Top left panel: Sterile-to-sterile neutrino magnetic moment as a function of the
relevant parameters of the UV model. The colored areas correspond to the probed regions
in Fig. 7.10: 6 = 0.005 in yellow, § = 0.01 in orange, 6 = 0.05 in red, 6 = 0.1 in purple.
The grey shaded area is excluded by direct collider searches. Bottom panels: Active-to-sterile
neutrino magnetic moment as a function of the relevant parameters of the UV model. The pink
(mn, = 80 GeV) and blue (my, = 700 GeV) areas cover the probed dipole values in Fig. 7.11
for C{, = 3 x 1075 GeV~!. The parameter space excluded by collider searches and cLFV
processes is shown in grey for two flavor scenarios. The legend with the different constraints
is displayed in the top right panel.

In the top panel of Fig. 7.13, we show fixed values of dy ., (d}%,.) ranging from 10~° to
107 GeV~! in the plane (h}h% — hih}) vs. mp. Additionally, the colored areas corre-
spond to the probed regions in Fig. 7.10, marginalizing the dependence on m ,. Direct
collider searches exclude the low mass region of mg (see discussion in Section 7.3).

The bottom panels of Fig. 7.13 show active-to-sterile magnetic moments ranging from
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FIGURE 7.14: Top panel: Sensitivity projections from Fig. 7.10 in the plane mp vs. my, for
fixed coupling values. Direct collider searches exclude the lower grey band. Bottom panels:

Sensitivity projections from Fig. 7.1 for C{), = 3 x 10-% GeV~! in the plane mz vs. my, .
The left (right) plot assumes p—7 (only 7) couplings of the vector-like lepton. Above the grey

dashed line we enter the non-perturbative regime of h,h’ > /4w, given the value of C’J(V5,3, B
The lower grey regions are excluded by different cLFV processes and EWPD, which depend
on the flavor scenario.

107 to 10713 GeV~! in the plane (f,3Y5h}) vs. my for two flavor configurations.
The left plot assumes u-7 couplings for the vector-like lepton (Y5 = YZ > Y5 ~ 0
and f,- # 0), while the right plot assumes couplings only to 7 (Y7 > Y." ~ 0 and
fer = fur # 0). In both plots, the pink and blue areas cover the probed regions illus-
trated in Fig. 7.11 within the 30 event contours assuming C 1(V5]2] 5 = 107° GeV~! (equiv-
alent to 3 event contours assuming C &512, 5 = 3 x 107% GeV™!), again marginalizing the

dependence on my,. In addition to the collider constraints, we show bounds from
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cLFV processes (see discussion in Section 7.3) for the two flavor scenarios considered.
Furthermore, as we have fixed CJ(V?] 5, there is an upper limit on mg above which the
couplings of the sterile-to-sterile magnetic moment enter the non-perturbative regime.
Masses above the grey dashed line lead to h, h' > /4.

Finally, in Fig. 7.14, we display in three different panels the sensitivity projections
from Figs. 7.10 and 7.11. These are shown in the planes mg vs. my;, for Bl (top panel)
and mpg vs. my, for B2 (bottom panels). We overlay current constraints from direct
collider searches and cLFV processes as before. In the bottom panels, we also show
the non-perturbative regime h,h’ > \/4w. Additionally, the region corresponding to
mp < mpy, = 700 GeV compromises the EFT validity. As can be seen from the top plot
of Fig. 7.14, for scenario B1 (where the decay of sterile neutrinos is dominated by the
sterile-to-sterile transition magnetic moment) LLP searches can be sensitive to vector-
like lepton masses as high as several TeV (depending on the assumed value for the
couplings) for sterile neutrino masses less than 10 GeV. However, the cLFV processes
do not place additional constraints on this scenario because the couplings entering the
cLFV rates are independent of the sterile-to-sterile transition magnetic moment.

In contrast, for scenario B2 (where the decay of sterile neutrinos is dominated by
the active-to-sterile transition magnetic moment), the complementarity between LLP
searches at the LHC and the constraints from cLFV becomes evident, as can be seen
from the bottom two plots of Figs. 7.13 and 7.14. In this scenario, for a lepton fla-
vor universal coupling of the vector-like lepton (YS = Y} = Y}), the stringent con-
straints from the current measurements of cLFV processes involving the first two gen-
erations of the charged leptons (combined with the perturbativity of Yukawa cou-
plings) exclude the whole model parameter space. On the other hand, for the lep-
ton flavor non-universal case, we have viable parameter space to be explored by LLP
searches with non-pointing photons. If the vector-like lepton couples mainly to ;. and
7 with similar strength (with negligible coupling to the first-generation charged lep-
ton, Y, = YI ~ fur > Y5 ~ 0) then the viable parameter space of the model in
vector-like lepton mass spans between (0.30 — 2.3) TeV, with the lower limit coming
from the current constraint from the 7 — py and the current measurement of LFU
from tau decays. The upper limit corresponds to the perturbativity of the Yukawa
couplings. If the vector-like lepton couples only to 7 (with negligible coupling to the
first two generations of charged lepton, Y7 ~ for = fur > Y2! ~ 0) then the viable
parameter space of the model in vector-like lepton mass spans between (0.8 — 2.3)
TeV, with the lower limit coming from the current constraints from the cLFV process
i — ey and the upper limit from the perturbativity of the Yukawa couplings.
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7.6 Summary

In this chapter, we explored LLP searches at the LHC involving non-pointing photons
as a novel probe of sterile neutrino transition magnetic moments. We focused on sce-
narios with two Majorana sterile states with masses in the range of a few GeV up to
several hundred GeV, which interact via sizable sterile-to-sterile and active-to-sterile

transition magnetic moments, in addition to the usual active-sterile neutrino mixing.

We first identified the relevant operators in the NrgSMEFT and its low-energy coun-
terpart NrLEFT that can induce neutrino magnetic moments, namely (’)](VE’])V B/ (’)gvﬁ; and
(’)](\?V)V. As a concrete realization, we then introduced a simplified UV-complete model
in which sterile neutrino transition dipole moments are generated radiatively at one-
loop. The model, which leads to rich phenomenology, can be constrained by direct

collider searches and charged lepton flavor violating processes.

For our phenomenological analysis of sterile neutrino magnetic moments at the LHC,
we used the EFT approach, taking into account as well the active-sterile neutrino mix-
ing. We identified nine possible scenarios based on the dominant production and de-
cay modes of the sterile neutrinos, and explored the three physically realizable cases
in detail. In these, sterile neutrino production is dominated by the sterile-to-sterile
magnetic moment, while decays proceed either through magnetic moments or via
active-sterile mixing. Importantly, since there are no associated charged tracks from
the primary vertex for the scenarios of interest, we have put forward a search strategy
employing the transverse impact parameter of non-pointing photons, which does not

rely on the location of the primary vertex.

For these scenarios, we presented sensitivity results from numerical simulations of
LLP searches at the high-luminosity LHC. We found that non-pointing photon searches
could probe regions of parameter space well beyond current LEP bounds. In partic-
ular, sterile-to-sterile magnetic moments down to O (10~7) GeV~! could be probed
for sub-10 GeV sterile neutrino masses, while active-to-sterile neutrino magnetic mo-
ments could be probed to much lower values for sterile neutrino masses O(100) GeV.

Finally, we applied the EFT results to our simplified model and examined the interplay
with cLFV constraints. For sterile-to-sterile transitions, LLP searches are sensitive to
vector-like lepton masses of several TeV, while cLFV bounds can be avoided for suit-
able choices of flavor couplings. In contrast, active-to-sterile transitions are tightly
constrained by cLFV searches, especially under flavor-universal assumptions. The
complementarity between LHC LLP signatures and low-energy probes thus offers a

powerful way to test the flavor structure of such BSM scenarios.
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Chapter 8

Long-lived HNLs from
four-fermion single- N operators

This chapter, based on Ref. [267], studies the phenomenology of HNLs with masses
above the GeV scale, which can be directly produced in proton-proton collisions at
the LHC. Continuing with the EFT approach of previous chapters, we focus on a sub-
set of dimension-six operators in the NrSMEFT, specifically, four-fermion operators
involving at least one right-handed neutrino. These operators can be classified into
two categories: (i) operators with two Np fields and (ii) operators with a single Ng.
The phenomenology of long-lived HNLs arising from pair-Ny operators has been an-

alyzed in Ref. [264]. Here, we turn our attention to the second class.

The motivation for studying single- Ny operators is twofold. First, single- N operators
typically dominate the HNL decay width in regions of parameter space where they are
also responsible for production. In contrast, pair- Ny operators cannot, by themselves,
mediate the decay of the lightest HNL, relying on some additional interaction for the
decay to occur. Thus, the parameter space that can be explored for these two types of
operators is very different. Second, the HNL production through single-Npr operators
has an associated prompt lepton, either a neutrino or a charged lepton, while pair
operators generally do not yield prompt leptons.! This has important consequences
for the search strategy and makes a separate analysis necessary. Here, we estimate the
ATLAS sensitivity to long-lived HNLs produced via single-Nr operators, using the
displaced vertex search strategy proposed in Ref. [266].

! An exception arises when the HNL decay length is sufficiently short that the decay products are
misidentified as prompt leptons produced directly in the pp collisions at the interaction point.
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’ Name ‘ Structure (+ h.c.) ‘ ny =1 ‘ ny =3 ‘
Ogune | (dry"ur) (NrVueR) 54 162
OLngd (LNR) € (QdR) 54 162
Oragn (Ldr) € (QNR) 54 162
OgunL (Qur) (NgL) 54 162
OLNLe (LNR) € (Ler) 54 162

TABLE 8.1: LNC four-fermion single- N operators. For each operator structure, we provide
the number of independent real parameters for ny = 1 and ny = 3 generations of Np.

The chapter is organized as follows. Section 8.1 presents the relevant NgSMEFT op-
erators and briefly discusses how these interactions could arise from ultraviolet com-
pletions such as leptoquarks or two Higgs doublet models. Section 8.2 outlines the
simulation setup used to model HNL production and decay within the ATLAS detec-
tor. In Section 8.3, we present our numerical results and sensitivity estimates for the

various single-Ng operators. We conclude with a summary in Section 8.4.

8.1 Theoretical framework: single-Ny operators in NySMEFT

8.1.1 HNL production and decay

Within the framework of NgSMEFT, we focus on the lepton number conserving (LNC)
four-fermion interactions containing one Ny and three SM fermions. These interac-
tions appear at d = 6 and are described by the effective Lagrangian

1
L=rL"4+ = Z co,09 (8.1)

where the new physics (NP) scale A suppresses their effects. The renormalizable terms
in £® include the SM interactions, a mass term for N, which can be either Dirac or
Majorana (see the discussion below Eq. (4.2) in Chapter 4),?> and the Yukawa coupling
between Ny and the SM doublet. This Yukawa term, after EWSB, induces active-sterile

neutrino mixing, typically characterized by V,ny, with £ = e, i, 7.

The complete list of four-fermion operators involving a single N, is given in Table 8.1.
For each operator structure, we indicate the number of independent parameters once
flavor indices are taken into account. All operators except for Oy include quark
tields and thus can mediate HNL production at hadron colliders. In particular, opera-

tors involving first- and second-generation quarks can give rise to sizable production

2We will comment on the differences between the Dirac and Majorana cases throughout this chapter.
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FIGURE 8.1: Cross section of the process pp — et N at the LHC at /s = 14 TeV as a function
of the HNL mass. We show the contributions from the single-Np operators Og,n. (black) and
Ornqa (orange) for two values of A, as well as the contribution from active-sterile neutrino
mixing for |V, y|? = 107° (solid blue) and |V, y|?> = 10~7 (dotted blue).

cross sections at the LHC, especially when compared to the minimal scenario, where
HNL production is solely due to active-sterile neutrino mixing. These operators con-

tribute, for instance, to the process pp — ¢ N, with { = e, j1, 7.

As an illustration, in Fig. 8.1, we show the production cross section for pp — eTN at
the LHC (/s = 14 TeV), mediated by the operators Og,ne and Opngq. We switch
on the flavor combinations ccll}j\}e and clLlj\lib o Where these indices refer to the first-
generation quarks, electrons, and the lightest HNL. We consider two benchmark val-
ues for the NP scale, A = 2,10 TeV, and compare the resulting cross sections with
those arising from active-sterile neutrino mixing alone, for |V.x|?> = 1075 and 107".
Depending on the value of A and |V, ~|?, either the EFT operator or the mixing can
dominate the production rate. However, in different seesaw realizations (e.g. type-I
seesaw), the mixing is expected to be smaller than the selected values, making the EFT

contribution dominant as long as the NP scale is not too large.

In addition to contributing to HNL production, these single-Nr operators also me-
diate HNL decays into one lepton and two quarks. The total decay width depends
on the operator structure. Neglecting the masses of the lepton and light quarks, the
partial decay width for the channel N — ¢qq’ is given by®

2,15

Com
(N — (qq') = ma (8.2)

3We denote the HNL as N, which can be either Dirac or Majorana, while Ny in the operators refers
only to the right-handed component of this field. If the HNL is Majorana, N = Ngr + Ng.
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Heavy scalar Irrep. Operator | Matching relation

CduNe yZlJ]1\7 yqujé
Leptoquarkw; | (3,1, =1/3) |  Ogune A2 om2
w1

I
CLIQN ydﬁycﬁv

Leptoquark II; | (3,2,1/6) Oragn 5 = 5
A mi,

e o
o CLNQd _ YInYQa
LNQd A2 mg}

Inert doublet ¢ | (1,2,1/2)

)
) CQuNL _ You¥LN

TABLE 8.2: Heavy scalars with their gauge quantum numbers and the four-fermion single-Np
operators they can generate. The last column reports the tree level matching relations between
the Wilson coefficients and the couplings of the UV model.

with my being the HNL mass, co the Wilson coefficient, and fo a numerical factor
specific to the operator: fo = 1 for Ogyne; fo = 4 for Ornga, Oragn, and Ogunr.

To obtain the total decay width, one must also include the final state with neutrinos
(vqq'), which arises for all operators except Ogy,ne. These channels have the same
partial decay widths as the charged lepton modes, thus the total width is two times
Eq. (8.2). This result applies for Dirac neutrinos. For Majorana HNLs, the inclusion
of the charge-conjugated processes introduces an additional factor of 2. Therefore, for
Majorana neutrinos, the full width is four times larger (twice from the neutral mode,
twice from charge conjugation), except in the case of Oy, n., Where the factor is only 2.

8.1.2 Example UV completions

The single-Npg operators of interest can be generated in ultraviolet (UV) complete
models containing heavy scalars or vectors. Here, we give a few examples involving
scalar leptoquarks and an inert SU(2);, doublet scalar. For a complete classification of
the models generating these operators we refer to Table 5.4 in Chapter 5.*

The operator Oy, ne can arise from a model with a scalar leptoquark, wy, having the
gauge quantum numbers of the down quark, cf. Table 8.2. The interaction Lagrangian
of wy is given by

— L, = y;’}\,@Nﬁwl + ylugehwr + yglL@eLcwl + h.c. (8.3)

“In this section, we follow the same notation as in Chapter 5 and Appendix A.
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Upon integrating out w;, the operator Oy, ne is generated with the tree level match-
ing condition for the Wilson coefficient cg,ne given in the last column of Table 8.2,
where, for simplicity, we have assumed the renormalizable couplings to be real and
suppressed flavor indices. Analogously, a scalar leptoquark, II;, with the quantum
numbers of the SU(2), quark doublet can lead to Op4¢gn. The Yukawa interactions of
II; read

— L1, = yoN@NRIL + yyi drL7ell, + hec. (8.4)

We note that the first terms in Egs. (8.3) and (8.4) also generate the pair-Ny operators
Oyn = (Qvﬂq)(VRWMN r), where ¢ = dr and g = @, respectively, cf. Ref. [264].

The operators Orngq and Ogyn1, in turn, can originate from a two Higgs doublet
model, after the second, heavy doublet, ¢, has been integrated out. The interactions
of interest in the UV model have the following form

— Ly = y5sQpdr + y5,QPur + yi yNrLy +h.c., (8.5)

where ¢ = ep*. From Table 8.2, it is clear that the Wilson coefficients of the oper-
ators depend on different combinations of independent couplings in the UV model.
Therefore, in this example, the generated operators are uncorrelated.

We have implemented these renormalizable models in FeynRules [255, 256] for both
Dirac and Majorana HNLs. Using the generated UFO [257] model files and MadGraph5
[268, 258], we have checked that both cases lead to the same single-Nr production
cross section.” The fact that the HNL nature does not affect the production triggered by
the four-fermion single-/Ng operators allows us to implement these operators directly
in FeynRules for Dirac HNLs and use the resulting UFO model file in MadGraph5.°

8.2 Simulation details

According to the HNL production and decay channels studied in Section 8.1, our sig-
nal topology contains a prompt lepton and a displaced vertex (DV) stemming from
the HNL decay to leptons and quarks. Our stage to reconstruct such a signature is the
ATLAS detector, specifically its inner tracker, as it has the capability to reconstruct ver-
tices displaced from the interaction point (IP) by few millimeters to tens of centime-
ters. Our analysis strategy builds up on that presented in Ref. [266] and is inspired
from ATLAS multi-track displaced searches [269, 270].

>We note that the cross section for N pair production triggered by the four-fermion operators with
two Ng is different for Dirac and Majorana HNLs, especially for values of my 2 100 GeV at LHC
energies (we refer the interested reader to Sec. 3.1 of Ref. [264]).

®MadGraph5 can not handle Majorana fermions in operators with more than two fermions.
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We consider the collision process pp — ¢N with ¢ = e, ui, 7, at /s = 14 TeV at the high-
luminosity LHC with an integrated luminosity of 3 ab~!. We generate LHE events
with displaced information at the parton level with MadGraph5, which are read by
Pythia8 [189] for showering and hadronization. Our detector simulation is based
on a custom made code within Pythia8, where we first reconstruct isolated prompt
electrons, muons, and taus (with help from FastJet [271]), taking into account de-

tector acceptance, resolution, and smearing on their transverse momenta (for details,
see Ref. [266]).

After selecting events with a prompt lepton, the displaced vertex reconstruction starts
by selecting tracks’” with pr > 1 GeV and a large impact parameter, dy, defined as
do = rux X A¢. Here, A¢ corresponds to the azimuthal angle between the track and
the direction of the long-lived HNL, and 7y corresponds to the transverse distance of
the track from the origin. We require |dp| > 2 mm.

As we have access in the simulation to truth-level Monte Carlo information, we also
identify the truth HNL decay positions in the transverse and longitudinal planes,
namely, rpy and zpy, respectively. An additional step (with respect to Ref. [266]) of the
vertex reconstruction implemented in this work is the requirement that r,, — rpy < 4
mm. It is not always the case that the “starting” point of the displaced track matches
the displaced vertex position. This is more evident in the case where we have a tau
produced from the HNL displaced decay, as taus also have an additional displace-
ment.® With this requirement, we emulate what an experimental displaced-vertex re-
construction would do when fitting nearby displaced tracks to a common origin [269].
This will lead to an additional reduction in efficiency when reconstructing displaced
vertices containing taus.

After selecting optimal displaced tracks, we demand displaced vertices within the
ATLAS inner tracker acceptance, namely, 4 mm < rpy < 300 mm and |zpy| < 300 mm.
Further cuts are applied on the number of high-quality tracks coming from the DV,
Nyk, and its invariant mass, mpy, assuming all tracks have the pion mass. Specifically,
we require Ny > 3 and mpy > 5 GeV. As detailed in Refs. [269, 270, 272], these last
two cuts ensure that we are in a region where signal is expected to be found free of
backgrounds (including B-mesons). Further detector response to DVs is quantified by
applying the 13 TeV ATLAS parameterized efficiencies [270] as a function of mpy and
Nk, where we assume these will remain the same at 14 TeV.

7A track in our simulation is a final state charged particle. These come from the HNL decays, which
can be either an electron, a muon, or a charged particle coming from the hadronization of quarks or from
tau decays.

8The proper decay distance of tau leptons is cr = 87.1 um. This will lead, for example, to decay
distances of yer ~ 5mm at 100 GeV.



8.3. Numerical Results 147

The total number of signal events at ATLAS is then calculated with
NETLAS — 6. L. B(N — 0] + vjj) - e, (8.6)

where the cross section o is a function of my and depends on the Wilson coefficients
of the operators. The branching ratio B(N — £jj + vjj) is the sum of both channels
with charged and neutral leptons in the final state. The ¢ factor encodes the detector
acceptance and the efficiency for reconstructing one displaced vertex in an event (fol-
lowing the selection cuts specified above). This efficiency depends on both the HNL

mass and proper lifetime.

Under the zero background assumption, we derive 95% C.L. exclusion limits by re-
quiring three signal events, which we present and discuss next.

8.3 Numerical Results

In this section, we present the experimental sensitivity of our displaced search at the
ATLAS detector to a long-lived HNL interacting with the SM via four-fermion single-
Ng, operators in the NgSMEFT. Here, we take the coefficients of the operators co /A2
and the mass of the HNL, my, as independent parameters. In this scenario, both the
production and the decay of the HNL can be dominated by the same operator O, un-
like the case of effective operators with two HNLs [264], where the pair-Npr operators
dominantly induce the HNL production, but the decay of the HNL still proceeds only
via mixing with the active neutrinos. In our analysis we have assumed that the contri-
butions to the production and decay of the HNL from its mixing with active neutrinos
Vin are subdominant and negligible compared to the effective operator contributions.
For mixing angles smaller than |V |*> < 107, this assumption is always fulfilled.

The production of the HNLs considered in our analysis, pp — ¢N, is always accompa-
nied by a prompt charged lepton (an electron, muon, or tau, depending on the flavor
structure of the effective operator considered). The presence of this charged lepton is
important in our analysis as it is used to trigger the signal. The decay of the HNLs
will occur via the same operator leading to two jets and one neutral or charged lepton,
N — {(v)jj. The production cross sections of the HNLs will depend on the type of
quarks that the respective operator includes. In our analysis, we have only considered
effective operators with quarks of the first two generations.

In Fig. 8.2, we show the experimental sensitivity of the ATLAS detector to a long-lived
HNL in the A vs. my plane. In our analysis, we have considered the contributions
of one operator at a time, setting the value of the corresponding operator coefficient
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FIGURE 8.2: Exclusion limits on the NP scale A as a function of my in the EFT scenario with
operators including the first-generation quarks only, for an integrated luminosity of 3 ab—'.

The top panels consider operators with charged leptons of the first and second generation:
electrons (left) and muons (right). The bottom panel considers operators with tau leptons.

co = 1, and the rest of the operator coefficients to zero. In Fig. 8.2, we have considered
only operators with quarks of the first generation. We recall that the numbers in the
superscript of e.g. c}112.
and the second-generation charged lepton (the muon). As can be seen in this figure,
for an integrated luminosity of 3 ab—!, ATLAS can reach values of the new physics
scale up to (and above) A ~ 20 TeV for masses my 2 50 GeV in the case of operators
with an electron or muon. In the case of operators with a tau lepton, ATLAS can reach
A 2 10 TeV at masses my of O(10) GeV. It is worth mentioning that our limits start at

mpy 2 5 GeV. The reason is the kinematic cut at mpy > 5 GeV imposed in the selection

refer to the first-generation quarks (d and u), the lightest Ny

criteria. This cut is necessary to remove the SM background coming from B-mesons.
We also note that the projected exclusion limits are rather similar for the four types of

single- Ny operators, in particular for Orngq and Ogunr.-

Fig. 8.3 contains our limits in the plane A vs. my for the effective operators with
quarks of the second generation only. As expected, the sensitivity regions for oper-
ators with second-generation quarks are smaller than those corresponding to opera-
tors with first-generation quarks (Fig. 8.2). This is due to the predominant content of

quarks u and d in the proton versus the quarks ¢ and s. We find that limits shown in



8.3. Numerical Results 149

— 107 T —— i
= F = f :
22 o 4
< Cune = 1 < , s Ciuve =1 ]
crvga =1 / Ivoa=1{
L |
r A
109 . 10° M/ . . . .
50 5 10 20 50

my [GeV]

213 _
Ciue = 1

3122
CLNQd = 1

10—

my [GeV]

FIGURE 8.3: The same as Fig. 8.2, but for operators with second-generation quarks only.

Fig. 8.3 can reach A ~ 13 TeV for my ~ 23 GeV in the cases of electrons and muons,
and up to A ~ 9 TeV for my ~ 18 GeV in the case of taus. All numbers assume
an integrated luminosity of 3 ab~!. Other possible combinations of quark flavors for
the NgSMEFT include (u, s) and (¢, d). The sensitivity reaches for these operators lie
between the two cases shown in Figs. 8.2 and 8.3 (for (u,d) and (c, s)). We therefore
do not show results for these cases explicitly. Operators with third-generation quarks
have not been considered in this work, since they require special treatment. We dis-

cuss them in Chapter 9.

We also note that Figs. 8.2 and 8.3 have been calculated for Dirac HNLs. As mentioned
above, production cross sections for single-Nr operators are the same for Dirac and
Majorana HNLs, while the half-lives for Majorana HNLs are smaller by a factor of two.
The sensitivity regions for Majorana HNLs therefore differ slightly from the regions
shown in the figures. We do not repeat the plots for the Majorana case and instead
opt for a short explanation of the differences. First, the maximal value of the HNL
mass, to which this kind of search is sensitive is determined by the smallest decay
length that is accessible in the experiment. Since the decay width scales as m?v, for
a Majorana HNL the largest mass accessible is a factor (1/2)/° ~ 0.87 smaller than
in the Dirac case. Second, the maximal value of A reached in our sensitivity curves

is essentially determined by the total cross section (times luminosity). Since cross
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sections are the same for Dirac and Majorana HNLs, this maximal value of A does not
change for Majorana HNLs. Finally, in the regime where the decay lengths are large
(i.e. for large values of A at values of my smaller than the one where the maximal
value of A is reached), the event number depends linearly on the half-life, while both
the cross section and the decay width scale as A~%. For Majorana HNLs, in this part of
the parameter space, slightly larger values of A are accessible than for the Dirac case,
i.e. an increase by roughly a factor 2!/ ~ 1.09.

Let us briefly comment on existing limits. First of all, our choice of switching “on”
always only one Wilson coefficient at a time guarantees that there is no new source
of lepton (or quark) flavor violation. It is well known that UV completions, such as
the leptoquark models we discussed, are strongly constrained by searches for lepton
flavor violating processes. These will put lower bounds on mrg ~ A that are much
stronger than anything achievable in direct searches [273, 2]. Thus, in all accelerator
searches it is customary to assume that new resonances, such as leptoquarks, couple
only to one SM fermion generation at a time. Direct searches for leptoquarks from pair
and single leptoquark production have been performed by both, CMS [274, 275, 276]
and ATLAS [277, 278]. The best limits approach now mrg ~ 2 TeV. Thus, the long-
lived particle search discussed here will probe so-far uncharted parts of parameter
space. Let us also mention that, since d = 6 operators have Wilson coefficients of the
form co/A?, limits on A will scale proportional to ,/co. Thus for co < 1072 our search
will no longer probe values of A not already excluded by direct LHC searches.

We will close this discussion with one additional comment. Our simulated analysis
focused on the ATLAS detector and its reconstruction capabilities to displaced ver-
tices inside the inner tracker, starting from 4 mm in multi-track searches [269, 270].
Relaxing this requirement to decay distances below 4 mm (both in dy, rpy and zpy)
will allow to extend the reach in parameter space towards larger HNL masses. Of
course, with the loosening of these cuts we may depart from the zero background
case assumption, and a detailed study on the multi-track search backgrounds would
be needed, which goes beyond the scope of the present work. Nevertheless, past dis-
placed lepton searches — whose tracks are fitted to a common vertex — at CMS [279]
could probe transverse decay lengths starting from ~ 200 ym.” In addition, a recent
13 TeV CMS search [280] demonstrates that lepton tracks with |dy| > 0.1 mm are dis-

placed enough to be considered for analysis.

Finally, the recent CMS note on an HNL search with an explicit displaced vertex re-
quirement does not even demand a constraint on the DV minimal distance [281]. This

The explicit analysis requirement in Ref. [279] demands tracks to have a transverse impact parameter
significance with respect to the primary vertex of |do|/o4 > 12, where o4 is the uncertainty on |dp|.



8.4. Summary 151

provides feasibility to experimentally go below the 4 mm threshold. We stress that an
improvement of the DV search towards smaller decay lengths by such a larger factor
(up to 40 for 0.1 mm) would allow to test HNL masses larger by a factor 2 with respect
to the values in our figures, i.e. extend the searches from my =~ 50 GeV to roughly
100 GeV. We hope that this large potential gain motivates the experimental collabora-
tions to study the lowering of the transverse cuts in displaced vertex searches to the

sub-millimeter range.

8.4 Summary

In this chapter, we have focused on lepton number conserving (LNC) four-fermion
single-Npr operators associated with a charged lepton and two quarks, which can in-
duce both production and decay of the HNLs simultaneously. For HNLs of O(10) GeV
mass, such operators with a NP scale above ~ 1 TeV can easily make the HNLs be-
come long-lived, leading to displaced vertices at the LHC. We have therefore pro-
posed a displaced vertex search strategy based on a prompt lepton trigger and selec-
tion of high-quality displaced tracks. By performing Monte Carlo simulations with
MadGraph5 and Pythia8, we have estimated the sensitivity reaches for ATLAS in
the high-luminosity LHC era with 3 ab™! integrated luminosity, to four single-Ng
EFT operators: Ogune, OLngd, Oragn, and Ogunr.

Multiple combinations of quark and lepton flavors can be studied. Here, we have
considered mainly two combinations: (u,d) and (c, s). The first (second)-generation-
quark only flavor combination is then projected to have the best (worst) sensitivities,
because of their portion in the proton content. For both quark combinations, we also
studied all possible lepton generations, i.e. electron, muon and tau. In addition, for
simplicity, we did not take into account the effect of the active-sterile neutrino mixing,
which is supposed to be negligible if the type-I seesaw relation is assumed. For the
(u,d) and (c, s) combinations, we find in general for the considered single-Np opera-
tors, ATLAS can probe A up to 20 TeV and above for my 2 20 GeV, if we switch on

one operator at a time.

In summary, we conclude that a displaced vertex search at ATLAS for HNLs can probe
new physics scales up to about 20 TeV and, in some cases above, for HNL mass be-
tween about 5 GeV and 50 GeV, depending on the quark and lepton flavors associated
with the single-Nr operator under consideration.
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Chapter 9

Heavy neutral leptons and top
quarks in EFT

HNL:s interacting with top quarks via effective operators represent a novel and rel-
atively unexplored direction for probing BSM physics. This possibility is especially
compelling given the large top quark production rate at the LHC. One of the few
studies in this direction is Ref. [282], which considers non-standard top decays into
collider-stable (nearly massless) HNLs. However, in the case of stable HNLs, the re-
sulting final states of the top quark decays closely resemble those of the SM, leading
to large backgrounds and weak projected bounds. Specifically, that study finds only a
mild limit on the new physics (NP) scale, A 2 0.33 TeV for an integrated luminosity
of £ = 3 ab~!. More recently, Ref. [283] discussed production and decay rates of long-
lived SM singlets, including HNLs, via four-fermion top quark operators. However,

no detector simulations were performed therein.

In this chapter, based on Ref. [284], we try to cover this gap and explore the LHC sen-
sitivity to long-lived HNLs produced either in association with a top quark or from
top decays, in the NRSMEFT framework. Depending on the operator type, the HNL
can be produced and decay via the same effective interaction or, alternatively, decay
only through active-sterile neutrino mixing. We focus on scenarios where the HNL
decays with a measurable displacement, either in the main LHC detectors or in pro-
posed far detectors such as MATHUSLA and ANUBIS, which allows to significantly
suppress SM backgrounds. This results in a substantial improvement in sensitivity to
NP scales.!

While our focus is on direct LHC sensitivities, it would also be worthwhile to investigate indirect
bounds on these top-Nr operators, similarly to recent studies for top operators in the SMEFT [285].
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The chapter is organized as follows. In Section 9.1, we define the dimension-6 oper-
ators under study and discuss the associated production and decay channels of the
HNL. Section 9.2 describes the numerical simulations used for ATLAS and the far de-
tectors. In Section 9.3, we present and discuss the projected sensitivities. We conclude
in Section 9.4.

9.1 Effective operators and benchmark scenarios

We consider a scenario where heavy new states at a scale A >> v mediate interactions
between Ng and the top quark. At low energies, these interactions are captured by
higher-dimensional operators involving N and ¢, as discussed, e.g., in Ref. [282]. We
restrict ourselves to d = 6 operators. In addition, at d = 4, we include the standard
Yukawa coupling between Np, the SM lepton doublet, and the Higgs, leading (after
electroweak symmetry breaking) to active-sterile neutrino mixing V;, treated here as
a free parameter. Note that, without specifying the nature of the HNL, it is not possible
torelate V;y (or, equivalently, the Yukawa coupling) to the active neutrino masses. The
HNL may be of Dirac or Majorana type. Our main results will be shown for a Dirac

HNL, with brief comments on the Majorana case near the end of Section 9.3.

We focus on lepton and baryon number conserving four-fermion operators involving
Ng, the top quark, and first-generation leptons and quarks. For simplicity, second-
generation quark indices are not considered; including them would not significantly
affect the production cross sections, as previously noted in Chapter 8. The relevant
operators fall into two categories: those involving a pair of N fields, and those in-
volving a single Ng. These are listed in Table 9.1. Therefore, this work extends the
analysis of the operator sets studied in Refs. [264] and [267] (see Chapter 8) to include
operators involving third-generation quarks, which were not considered previously.

Note that, among the single-Ng operators, 07,y and Oy, share the same field
content but differ in Lorentz structure. They are related via

Ofign = (Ldin) ¢ (@3" Ni) = rdi) (bNg) — (exdin) (FLNR)

1 . 1 _ _
= _§OilNQd - g [(WU“VNR) (bLUuydz‘R) — (aO'MVNR) (tLUuydiR)] .

In the remainder of this section, we discuss the novel HNL production modes involv-
ing a top quark for each operator structure in Table 9.1, as well as the new decay
channels triggered by the single- N operators. Finally, we define four representative
benchmark scenarios featuring long-lived HNLSs for our numerical analysis.
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Name | Structure (+ h.c. when needed)
. 0% | (@rv*tr) (NrY.NR)
= | Ouv | Ir"tr) (NRyuNR)
£ 08y | (@"Qs) (NrvNr) = (@zv*tL) (NevuNR) + (d27"bs) (Nrv,Nr)
OFn (Q37Q3) (NrvuNgr) = (t09"tL) (NrvuNg) + (brv"b1) (NrVuNR)
Ogune | (drY"tr) (NRVuER)
Oaune | (brY"tR) (NRVuCR)
Othqa | (ENR) ¢ (Qs"dr) = 7ENR) (brdr) — (€L Nr) (fzdr)
5| OFiqu | (ENR) ¢ (@5"br) = WZNR) (bebr) — (ZNR) (t2bR)
% | 0oy | (Tdr) ¢ (@3" Ni) = (72dr) (brNr) — (ezdr) ((NR)
B 0Bqy | (Thr) ¢ (@5 Nr) = (wibr) (FrNR) ~ (ezbr) (FLNR)
Ofns | (@itr) (NiL) = (@ztn) (Nave) + (ditr) (Nrew)
Ogune | (@sur) (NgL) = (tur) (NrvL) + (brur) (Nrer)
O%xs, | (@itn) (VaL) = (itn) (Vavr) + (bitn) (Nrew)

TABLE 9.1: Four-fermion pair-Nr and single-Ny operators with the top quark. The indices
label the quark generations. We focus on the first and third quark generations. The terms in
boldface are relevant for the HNL production and/or decay associated with one top quark.

9.1.1 HNL production

Pair-Npg operators. The interactions O3, and (9 v induce the flavor violating rare
top decay ¢t — uN N. The corresponding decay w1dth is given by [282] 2

5
T(t — uNN) = % [(et) + ()’ 9.1)

where

g(z) = (1 - 1do — 22° — 122°) V1 — 4o

1—-+v1—4x | 1++V1—4x — 2z
—In ,
1++v1—4x 2x

— 1222 (1 — :62) [ln (9.2)
and z = m3;/m?. At the same time, these operators mediate the direct production of
an N N-pair in association with a top quark (as well as with a bottom quark for (’)g’N
in pp collisions at the LHC, through the diagrams shown in Fig. 9.1.

In Ref. [282], my is assumed to be negligibly small. In what follows, we keep track of it, since we are
interested in a broad range of HNL masses.
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u(d) N u(d) N
u(d) ) )
N t(b) N

g t(b) g t(b)

FIGURE 9.1: Production of an N N-pair in association with a ¢ quark (¢ or b quark) through 013,
(Ogy) denoted by the red blob. The diagrams with the particles in parentheses are present for
O, but not for O}

At the LHC, top quarks are dominantly produced in pairs through the strong inter-
action. The inclusive cross section of ¢t production at the LHC with /s = 13 TeV is
o = 830 = 38 pb [286]. The single-top production through the weak interaction has
a smaller cross section: 0,7, = 221 £ 13 pb at /s = 13 TeV [287]. In what follows,
when considering the SM production of the top quark, we will focus on the top quark
pair production.

To give an example of the relative importance of the two HNL production mechanisms
introduced above, we simulate with MadGraph5 [268, 258] (i) pp — tt with a subse-
quent rare top decay t — ulNN, (ii) pp — tNN, and (iii) pp — tNN induced by the
operator O}3;. The resulting cross sections obtained for A = 1 TeV and /s = 14 TeV
are shown in the upper-left panel of Fig. 9.2. The individual production modes are
identified by labels in the plots. We observe that o(pp — tNN) and o(pp — tNN)
dominate over o(pp — tt)[B(t — uNN) + B(t — @NN)] in the whole HNL mass
range of interest, where B denotes decay branching ratio.> The main difference be-
tween the shape of the cross sections for these two production modes is the behavior
at larger my values. The contribution from top decays is highly suppressed when m
approaches m;/2, whereas in direct pp collisions the cross section remains relatively
flat up to a few hundreds of GeV. The difference in the cross sections for pp — tNN
and pp — tNN is due to the larger parton distribution function (PDF) of the u quark
compared to that of u inside the proton. We note that the production cross sections for
the states t N N'//tN N from the operator Oy are identical to the ones shown for O},
We therefore do not show plots for this case.

*We generate events at leading order and multiply only the ¢ production cross section by a flat fac-
tor of k ~ 1.7 corresponding to the cross section determined at NNLO+NNLL by the Top++2.0 pro-
gram [288]. We do not introduce correction factors for the HNL production rate in direct pp collisions.
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FIGURE 9.2: HNL production cross sections induced by the operators O.%; (top left), OF, x 1,

(top right), O13 . (bottom left), ©33 . (bottom right), for ¢ = 1 and A = 1 TeV at the LHC
with /s = 14 TeV.

The operators 033 and O%SN neither trigger a top decay, nor do they contribute to the
direct HNL production in pp collisions. Therefore, we will not consider them in what

follows.

Single-INr operators. The operators with off-diagonal quark-flavor indices, viz. 13
and 31, trigger the flavor-violating decays t — de™N and ¢ — uN/uvNwith the
following widths [282]

5
A mif (@) 13 \2, (13 )2
L(t = de™N) = oo |4 (o)™ + (cGune)
2 2
+ (C?ilNQd) + (CIL?&QN) _C?ilNQdclL?iQN ’ ©.3)
5 5
o o mf(x) s 2 o mif(x) g 2
Pt = w7N) = Ggpapa (Cquxe)” and D= wN) =50 gy (cquae)”

(9.4)
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d e (v) d e (v)
d . i
N t(b) N
g t(b) g t(b)

(a) (b)

FIGURE 9.3: HNL production in association with e~ and ¢ (e~ and ¢ or v and b) through O}2 ..
(O3 qq) denoted by the blue blob. The diagrams with the particles in parentheses are present

for O3y o4, but not for O3 ..

where f(r) = 1 — 8z + 823 — 2% — 1222 Inz, and x = m3,/m?. The same operators also
contribute to the single-top production in association with either a charged lepton and
an HNL, or an SM neutrino and an HNL, directly in pp collisions.

The operators with Q3 = (t1,br)7, i.e. (’)%lNQd, Oing ~, and O%lu N, in addjtion give
a contribution to the single-bottom production in association with either vN or e™ N.
As an example, we show in Fig. 9.3 the diagrams for the processes triggered by O3 .

and O3y -

In the lower-left panel of Fig. 9.2, we display the cross sections for (i) pp — ¢t followed
by the decay t — detN, (ii) pp — te™ N, and (iii) pp — te™ N, triggered by O3,
setting A = 1 TeV. As in the case of the pair-Np operator O3, the direct HNL produc-
tion in pp collisions dominates over the production through the new top quark decay.
Compared to O}3;, the cross section for pp — te™ N is smaller than that for pp — tN N,
which is due to a smaller PDF of the d quark with respect to the one of the u quark.

In the upper-right panel of Fig. 9.2, we show the cross sections for the processes in-
duced by (’)gu N Since this operator involves SU(2);, doublets (); and L, we have
both teN and tvN final states (as well as their charge conjugates). As in the previ-
ous cases, the direct HNL production in pp collisions dominates over the production
through new top quark decays.

The operators with the 33 quark-flavor indices lead to the flavor conserving decay
t — be™ N for which the width can be computed by Eq. (9.3) with all quark-flavor
indices set to 33.* The contribution of these flavor-diagonal operators to the single-

top and single-bottom production (in association with an electron or neutrino and an

*Note that constraints on these operators derived from the measured top quark width are very weak,
namely, A 2 0.14 TeV [289], which is actually below the scale of EFT validity. Thus, all our study points
fulfill this limit automatically.
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Operator HNL production modes HNL decay channels
Name | Flavor Top decay pp collision 5-body 3-body
Oun 13 t — uNN pp — tNN X X
Oon 13 t —uNN pp — tNN/bNN X X
13 | t—usN/de*N | pp = tvN/te N | N = vt*u/e t*d X
OqunL 31 t — uvN pp — tvN/bet N N = vutf N — e ub
33 t — bet N X N — e t*b/vt*t* X
13 t— detN pp — te” N N = e t'd X
OduNe _
33 t — betN X N — e t*b X
31 t— detN pp — te” N /buN N = e t'd N — vbd
OLnQa _ _
33 t— betN X N — e7t*b N — vbb

TABLE 9.2: HNL production modes and tree level decay channels induced by the four-fermion
operators with Np and third-generation quarks. Pair-Np operators contribute only to HNL
production, while single-Np operators also induce 5-body and in some cases 3-body HNL
decays. The virtual top quark ¢* decays as t* — bW* — b(q'q or {Tv). The operators OﬁQ N

and 07,y lead to the same processes as O3y, and O3y, respectively, hence we omit
them in the table.

HNL) is negligible because of the smallness of the b quark PDF. As an example, we
show in the lower-right panel of Fig. 9.2 the only HNL production process that is
induced by 033 ...

In Table 9.2, we summarize all the HNL production modes described above, and the
allowed decay channels for each effective operator of interest. We discuss the latter in
the next subsection.

9.1.2 HNL decays

Pair- N operators. The pair-Np interactions cannot make the HNL decay. Hence,
in these scenarios, the NV decay can proceed only via active-sterile neutrino mixing. In
this case, we use the formulae for the HNL decay width provided in Ref. [122].

Single-INg operators. These operators lead to HNL decays even in the absence of
active-sterile neutrino mixing. We discuss the corresponding decay modes below.
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FIGURE 9.4: One-loop diagrams (in the unitary gauge) for the 3-body decay N — vbd induced
by the operator O}, .-

¢ All single-Ng operators induce 5-body decays of N through an off-shell top
quark, t*, and an off-shell W-boson, W*. For example, the decay chain trig-
gered by 033, is N — e t*b — e bW*b — e bb(¢'q or £T1,).°> Analogous
decay chains for the other single- Ny operators are given in Table 9.2.

¢ Operators containing two terms, one of which does not involve the top quark,
trigger 3-body decays.® There are five flavor structures in this category: O%lNQ &
ONow OLuons Obuon and OYun1, cf. Table 9.1. For example, in the case of
O%’}VQ » wehave N — vbb. The corresponding 3-body decays for the other oper-
ator structures are shown in Table 9.2.

¢ At the one-loop level, the operators leading to 5-body tree level decays will also
trigger 3-body decays. The corresponding decay rates can be sizable for the
operators with a particular chiral structure. For example, the operators Oéi NL
and O%%L ~z contain light left-handed fields together with a right-handed top
quark tr, which can be easily turned to a left-handed top quark ¢, by the large
top Yukawa coupling and coupled to the W-boson [283]. The corresponding
one-loop diagrams are shown in Fig. 9.4 for the case of O, x -

The relative contributions of these decay modes to the total HNL decay width will de-
pend on the model parameters, i.e. the HNL mass, my, and the interaction couplings,
co/A? and Vyy. To give an example, in what follows we consider three operator struc-
tures, O3 ., OFyoq and O, n 1, and compare their contributions to the N decay
width with that in the minimal scenario, characterized by active-sterile neutrino mix-
ing only.

°If my is large enough, this decay becomes either 4- or 3-body, with respectively an on-shell W or an
on-shell ¢ in the final state.
®We assume that my is sufficiently large for b quark(s) to go on shell.
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FIGURE 9.5: Mixing and operator contributions to the HNL decay width as a function of its
mass. The operator contributions (blue and green lines) come from O3 ne (top left), OFy 04
(top right), and Ob“u 1, (bottom), and we have set two values of A. Contributions from three
values of |V, y|? are shown for comparison in orange.

In the upper-left panel of Fig. 9.5, we display the HNL partial decay widths induced
by 033, namely, (N — ebbq'q) + T'(N — e bbl*1y), where ¢'q = {ud,us, cs, cd}
and (v = {etve, pTv,, 70,7 We have set ¢33 /A% = 1/(1 TeV)?. For comparison,
we show the mixing contribution to the decay width for three different values of the
squared mixing parameter |V, |, Notice the y-axis spans around 20 orders of mag-
nitude along the mass range under consideration. There are two sudden increases in
the operator contribution, which occur at my ~ mw + 2my, and my ~ m; +my, as the
decays to on-shell W-bosons and top quarks, respectively, become possible. A similar
behavior can be observed in the mixing curves at my =~ my,, when the decay channel

to on-shell W opens.

"The decays to q'q = {ub, cb} are strongly suppressed by the corresponding small CKM elements. By
summing over all possible final states we are taking into account the contributions from off-shell and
on-shell top quark and W-boson.
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In the upper-right panel of Fig. 9.5, we show the HNL partial decay width of the
3-body decay N — vbb triggered by the operator O%}VQ 4 (it dominates over the 5-
body decays, which we do not show). We have set ¢}’y,,/A* = 1/(1TeV)?. The
operator contribution wins over the mixing one if A is not too large, as T'o oc A™4
and Tpix o |Ven|?, and it easily leads to prompt decays. Therefore, we do not further
consider this operator structure, neither the other structures featuring HNL 3-body
decays at tree level.

In the bottom panel of Fig. 9.5, by the green lines we show the decay width of the
3-body decay N — vbd induced by Of) y, through the one-loop diagrams depicted
in Fig. 9.4. We have computed this decay width using the pipeline FeynArts [290]
+ FormCalc [291] + LoopTools [291]. We find perfect agreement with the corre-
sponding result shown in Fig. 6 of Ref. [283]. The blue lines correspond to the sum
of the 5-body tree level decay widths for N — e~ t*d — e~ W*bd — e~ bd(q'q or (1)
and N — vt*u — v.W*bu — v.bii(¢'q or £T1y), induced by (’)guNL at tree level and
computed with MadGraph5. As can be seen, for ¢,y /A* = 1/(1 TeV)?, the loop-
induced 3-body decay dominates over the tree level 5-body decays for HNL masses
up to approximately my ~ 130 GeV.

In the case of 0%y, we have a similar 3-body decay N' — vbb. However, now, in
addition to the diagrams with the W-boson in the loop, we also have diagrams with
exchange of the Z-boson and the Higgs boson. We have checked that for A = 1 TeV
and my =

~

15 GeV, this operator leads to prompt decays with ¢7 < 0.01 mm. Thus,
we will not consider it in what follows among our benchmark scenarios featuring a
long-lived HNL.

9.1.3 Benchmark scenarios

In Section 9.3, we will study numerically a few representative scenarios, each charac-
terized by an effective operator with given quark-flavor indices. We will switch on one
operator structure at a time and investigate its phenomenological implications at the
LHC main detector ATLAS, as well as at the current and future far detector facilities,
including MoEDAL-MAPP2, MATHUSLA, ANUBIS and CODEX-b.

We describe the characteristic features of each selected scenario below, and we refer
the reader to Table 9.2 for a summary of the HNL production and decay modes.

1. O}3;: Being a pair-Np operator, it only contributes to pair production of HNLs.
The dominant channel is pp — tNN, cf. the upper-left panel of Fig. 9.2. HNL
decay, on the other hand, is completely controlled by the mixing parameter. We
note in passing that a scenario with (’)(123]\, would be qualitatively very similar.
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2. OlQ%L ~z: This operator contributes to both HNL production and decay. As dis-
cussed above and shown in the bottom panel of Fig. 9.5, the 3-body decay in-
duced at one-loop dominates over 5-body decays induced at tree level. In our
numerical simulation, we will take into account both the 3-body decay via the
operator and tree level decays via mixing.

3. 013 : This operator structure also contributes to both production and decay.
HNLs are dominantly produced directly in pp collisions, as can be inferred from
the upper-right panel of Fig. 9.2. The operator contribution to the decay is nat-
urally suppressed (compared to mixing) for my < myy, since the only allowed
channel is a 5-body decay.8 This is no longer true for my > my (m;), when 4-
body (3-body) decays are possible. Therefore, the operator contribution should
be taken into account along with the mixing contribution.

4. 033 The operator contributes to HNL production and decay. However, pro-
duction now occurs only through top quark decays, leading to smaller cross-
sections than in the previous scenarios; see Fig. 9.2. As for the decay, analo-
gously to scenarios 2 and 3, the operator contribution competes with the mixing
one and has to be taken into account, see the upper-left panel of Fig. 9.5 and the
related discussion.

9.2 Simulation details

In this work, we consider the ATLAS experiment’ and the proposed far detectors ded-
icated to LLP searches at the LHC. Here, we introduce the search strategies of these
experiments, and outline the simulation procedure employed for determining their
sensitivity reach to long-lived HNLs coupled to top quarks.

9.2.1 ATLAS

For the ATLAS experiment, we focus on a signature characterized by a displaced ver-
tex (DV) arising from the HNL decay, accompanied by jets originating from either top
quark decays or the HNL decay itself. The latest DV search with jets at ATLAS [292]
is not optimal for our signal, mainly because of its too strong thresholds on the trans-
verse momenta of jets and multi-jet cuts. Therefore, we propose a new search strategy

with optimal jet cuts and the optional requirement of a b-jet. Our strategy is inspired

8This is true only at tree level. One can consider 3-body decays via W-loop. Their contribution to the
total decay width is negligible though for this particular operator structure.
*We do not simulate explicitly for the CMS experiment, for which we expect similar results.



164 Chapter 9. Heavy neutral leptons and top quarks in EFT

by the recast [293] for the ATLAS “DV+jets” search [292] and by a past 8-TeV search
for DVs at ATLAS [269].

We implement the operators of interest in a UFO file with Feynrules [255, 256]. With
this model file, we then simulate HNL production in pp collisions at /s = 14 TeV
using MadGraphb5 [268, 258] with the NNPDE3.1 PDF set [294]. For each benchmark
scenario, we focus on the dominant production channel of the HNL: either direct pp
collision in association with a top or bottom quark, or top quark decay if the former is
absent (see Table 9.2). We generate 10° events at multiple parameter points in a grid
covering the plane |V, y|? vs. my, while keeping cg /A? constant for each benchmark.
HNL decays are then handled in MadSpin [259], where signal decays to final states
with jets are enforced for numerical stability. In particular, we simulate the decay into
ejj and vjj via mixing, and for benchmarks 2 — 4, we additionally simulate the HNL

decays induced by the single- Ny operators, which all contain at least two jets.

The generated events are processed in Pythia8 [189] for showering, hadronization,
and event selections. We implement a toy-detector module in Pythia8 for recon-
structing truth-level jets, following the definition from the HEPData accompanying
note from Ref. [292]. Truth jets are reconstructed using FastJet [271], with the anti-
k¢ algorithm and R = 0.4, excluding neutrinos and muons. This jet definition includes
particles from the HNL decays. The detector response for measurement of jet pr is
also modeled taking into account detector acceptance, resolution, and smearing on
their transverse momenta, following the same criteria and threshold as in Ref. [295].

Event selection proceeds in two stages: (1) event-level selections; and (2) DV-level

selections.

Event-level selections: we impose preliminary selections based on the number of
jets in the event meeting specific pr-criteria — events must have 4, 5, or 6 jets with
pr > 90,65, or 55 GeV, respectively, following Ref. [269]. This choice of multi-jet
cuts enhances the sensitivity to our signal, as opposed to considering the jet selec-
tions imposed in the recast done in Ref. [293]. The search [292] that was recast in that
paper was intended for directly pair-produced LLPs (decaying to several jets). For
our benchmarks, sensitivity is largely lost at the event-level when using these 13-TeV-
search jet cuts [292], and therefore we propose to retain the jet-pr thresholds as low as
the ATLAS 8-TeV search [269].1°

'0This proposal can be further justified by the potential and prospective leverage that some specialized
data taking techniques (i.e. such as data parking [296]) can have on BSM physics on data collected with
low triggering thresholds. Such techniques were used by LHC experiments in searches for HNLs; see
e.g. Ref. [297].
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FIGURE 9.6: ATLAS sensitivity for one example operator, 033 ., in the plane |V.n|? vs. my
for the proposed complete search strategy with different jet-selection cuts at the event-level
(see text for more details).

In Fig. 9.6, we show the impact on the sensitivity limits to one of our benchmarks
when requiring different jet-pr thresholds. When aiming at discovery prospects, one
may further consider identifying b quark jets associated to our event signatures (see
Table 9.2). We treat a jet as a b-jet based on the flavor of the truth quark that initiated
the jet. From all truth jets in the event with pr > 20 GeV and |n| < 2.5, we tag a jet
as a b+jet if a Monte-Carlo truth b quark with pr > 5 GeV is found within a cone of
size AR = 0.3 around the jet direction. We additionally force a flat b-jet identification
efficiency of 77% [298].

DV-level selections: we implement DV reconstruction according to the recast [293] of
the ATLAS “DV+jets” search [292], where at least one vertex in the event must satisfy
the following conditions:

1. The transverse distance from the vertex to the interaction point (IP) must be
within 4 mm < R, < 300 mm and the longitudinal position of the vertex must

satisfy |z| < 300 mm.

2. At least one track should have an absolute transverse impact parameter |dg| >

2 mm.
3. The DV must contain at least 5 tracks all satisfying the two requirements below:
(a) They should have a boosted transverse decay length larger than 520 mm.

(b) Their pr and charge ¢ should satisfy pr/|q| > 1 GeV.



166 Chapter 9. Heavy neutral leptons and top quarks in EFT

4. The invariant mass of the DV, reconstructed from the tracks passing the require-
ments above for which the masses are all assumed to be that of a charged pion,
should be larger than 10 GeV.

The ATLAS collaboration [292] provided parameterized efficiencies at both event level
and vertex level, to account for further, more intricate event selections that are diffi-
cult to simulate, for recasting purpose. The event-level (vertex-level) efficiencies!! are
functions of the transverse position of the DV and the sum of the truth-jet pr (the
transverse position of the DV, the number of charged particles associated to the truth
decay vertex, as well as the vertex invariant mass). We apply the parameterized ef-
ficiencies at vertex-level only, in our proposed search. Thus, the events that pass the
jet-selection criteria and contain at least one reconstructed vertex meeting the above

requirements contribute to the final signal-efficiency cutflow.

The expected number of signal events at ATLAS is then calculated with

NATS — . {Bmix LM By EOP} , (9.5)
Bmix = B(N — ejj) + B(N — vjj),
Bop = B(N — 5-body tree) + B(N — 3-body loop) ,

where o is the production cross section of the HNL N, £ = 3 ab~! is the integrated
luminosity, and Bx/op represents the sum of the branching fractions of the HNL de-
cay modes of interest induced by the mixing or the operator. We remark that the latter
term is not present in benchmark 1. Here, “j” denotes a jet including the up, down,
charm, strange, or bottom quark. The final cutflow efficiencies, eMiX/0P are the ones
obtained from implementing both event- and vertex-level selections in each case (in-
cluding the acceptances and parameterized efficiencies) to the final states induced via
mixing/operator in our custom code implemented within Pythia8.

We note that the vertex-level selection criteria are designed to suppress all SM back-
grounds,'? allowing us to derive the 95% C.L. exclusion limits by requiring at least 3
signal events. We additionally provide exclusion limits for 10 and 30 signal events for
certain scenarios, which would correspond to the exclusion limits at the same level if

approximately 25 and 225 background events were present, respectively.

""'The ATLAS search [292] employs two signal regions, the high-pr-jet one and the trackless-jet one.
The two SRs share the same vertex-level efficiencies.

The ATLAS “DV+ets” search reported in Ref. [292] applies stricter cuts on jet-pr thresholds. How-
ever, in that search, background suppression is driven primarily by DV requirements rather than by
requirements on the jets in the event, justifying our assumption that the DV selections alone are suffi-
cient to eliminate the background events.
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9.2.2 Far detectors

We recall that the far detector experiments can be classified into two categories accord-
ing to their relative direction with respect to their corresponding IPs, namely, trans-
verse detectors (MATHUSLA, ANUBIS, MoEDAL-MAPP1(2) and CODEX-b) and for-
ward detectors (FASER(2) and FACET). In the present work, the considered HNLs,
with masses above the GeV, are assumed to stem from either top quark decays or
direct production in pp collisions. In this case, the polar angle distribution of the pro-
duction cross section is symmetric (not boosted in the forward direction). We have
numerically checked that the forward experiments have no sensitivities to these sce-

narios and, therefore, we will not discuss further these experiments.

For computing the sensitivity of the far detectors, we follow a different procedure
than that used for ATLAS, as we do not simulate the HNL decay in this case. We
start by generating 10° events for various HNL masses using MadGraph5 and pass
the resulting Les Houches Event Files (LHEF) [299] directly to Pythia8. We then
calculate the probability for the HNL to decay within each far detector, and derive the
average decay probability over all the simulated HNLs,

k
(P [N decay in f.v)]) = Z P [N'decayinf.v], (9.6)
i=1

=

where k = 10° or 2 x 10° (depending on whether in each signal event one or two HNLs
are produced) is the total number of the simulated HNLs for each HNL mass and “f.v.”
stands for fiducial volume. The probability in each case is determined by the HNL's
boosted decay length and momentum angle besides the geometry and position of the
far detectors. The expected number of signal events is then given by

Ng’ =0-L-(P[N decay in f.v]) - B(N — vis.) - ¢, (9.7)

where the integrated luminosity £ depends on the far detector experiment (3 ab—! for
MATHUSLA and ANUBIS and 300 fb~! for MAPP2 and CODEX-b) and B(N — vis.)
denotes the decay branching ratio of the HNL into visible final states (that can be
induced either via mixing or the operator), for which we have only excluded the fully
invisible tri-neutrino final states. We assume a detection efficiency of ¢ = 100% for
simplicity.

As vanishing background is expected at the far detectors, we derive the 95% C.L. ex-
clusion limits by requiring at least 3 signal events. However, MATHUSLA and ANU-
BIS are now considering new geometries different from the original designs [300, 301],
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affecting the total acceptances. In addition, ANUBIS with its relatively close distance
from the IP might suffer from a nonzero level of background events. Therefore, we
will also provide sensitivity limits for larger numbers of signal events using the orig-
inal designs, to facilitate deriving sensitivities corresponding to other values of the

acceptances or background levels.

9.3 Numerical Results

In this section, we present the numerical results obtained using the simulation pro-
cedure outlined above. We analyze the sensitivities of ATLAS and the far detectors,
focusing on the four benchmark scenarios defined in Section 9.1.3, characterized by
different effective operators containing a top quark and at least one HNL. In each
case, a single effective operator structure is switched on, together with the standard
active-sterile neutrino mixing. The mixing parameter |V ~|?, the HNL mass my, and
the operator coefficients cg /A? are treated as independent parameters. For simplicity,
we consider a single kinematically relevant HNL that mixes exclusively with electron

neutrinos, i.e. Vi = Von .13

We note that for the plots of the results shown in this section, we do not assume that
the bottom quarks in the event have been tagged. Thus, our regions are, strictly speak-
ing, not discovery regions but exclusion prospects. We choose to do so, to obtain a fair
comparison of the far detectors and ATLAS, because only ATLAS can identify the top
quark(s) in the event. However, as shown in Fig. 9.6, discovery regions (including b-
tagging) are similar to, albeit slightly smaller than, exclusion prospects in the ATLAS

simulation.

The benchmark scenarios are divided into two categories: pair-Np operators (sce-
nario 1) and single-Ng operators (scenarios 2—4). For pair-Ng operators, HNL pro-
duction is dominated by the operator, while the HNL decays occur solely via mix-
ing, resulting in decoupled production and decay processes. In this case, the mix-
ing parameter V. drives leptonic and semileptonic HNL decays through off-shell or
on-shell W- and Z-bosons, depending on the HNL mass. Conversely, for single-Ng
operators, the operator contributes to both production and decay, with the latter po-
tentially dominating over the mixing in some parts of the parameter space. In either
case, the final states containing charged particles are detectable by the far detectors,
while the final states with jets contribute to the searched signal in ATLAS.

5We note that, based on our study for first-generation quark operators [267], we expect that results
for muons will be very similar.
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FIGURE 9.7: Sensitivities of ATLAS and the far detectors in the plane |V.x|? vs. my to scenar-
ios 1 (top left), 2 (top right), 3 (bottom left), and 4 (bottom right). Solid lines correspond to 3
signal events. Dashed lines are for 30 events in all the plots, except for the lower-right panel,
where they correspond to 10 events.

In Fig. 9.7, we display the sensitivity contours of ATLAS and the far detectors in the
|Ven|? vs. my plane. The upper-left panel corresponds to scenario 1, where the pair-
Ng operator structure (9}3\, is switched on, assuming c}j\, = 1land A = 1 TeV. Solid
lines correspond to 3 signal events, while dashed lines, which are present for MATH-
USLA, ANUBIS, and ATLAS, are for 30 signal events.'* Since the production process
is controlled by the operator coefficient and decoupled from decay, these experiments
can probe very small values of active-sterile neutrino mixing and large HNL masses.
Among the far detectors, MATHUSLA and ANUBIS exhibit the strongest sensitivities,
reaching HNL masses in excess of 1 TeV. However, the EFT validity requires my to be

“Note that the smaller version of MATHUSLA, recently discussed in Ref. [300] is roughly a factor 10
smaller in volume than the original MATHUSLA design [302], used in our simulation. The 30-event lines
thus correspond roughly to the 3-event curves of the smaller design.
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significantly below the new physics scale, and we limit the plot range accordingly for
our choice of A = 1 TeV. CODEX-b and MAPP2 cover smaller regions of the parameter
space, but still can reach values of |V.n|? as low as 10720 and 10719, respectively, and
masses up to 800 GeV (CODEX-b) and 500 GeV (MAPP2). Compared to the far detec-
tors, ATLAS can probe larger values of mixing for the same HNL mass range, because
of its better sensitivity to LLPs with shorter lifetimes.

The sensitivities to single-Np operator scenarios are shown in the other panels of
Fig. 9.7. In the upper-right panel, we switch on the operator (’)b?’u N (scenario 2), and
in the lower-left and lower-right panels, we consider the operators O3 . (scenario 3)
and O33 . (scenario 4), respectively. For these plots, we assume the respective oper-
ator coefficient cg = 1 and A = 1 TeV. The solid and dashed lines follow the same
conventions as in scenario 1, except for the lower-right panel, where dashed lines cor-
respond to 10 signal events only (30 events are not reached as a result of the smaller
HNL production cross section in scenario 4, see Fig. 9.2).

In all the three single-/Ng operator scenarios, the sensitivity curves exhibit a funnel-like
feature in a certain mass region, i.e. a region where the sensitivity curves become in-
dependent of the mixing parameter. More specifically, in this mass region, the chosen
value of the operator coefficient alone leads to more than 3 (30) signal events inside the
solid (dashed) contour. In general, this funnel-like behavior appears when the oper-
ator starts to dominate the HNL decay, generating sufficient number of signal events
even when the mixing parameter is negligible. Note, however, this does not imply
sensitivity to infinitely small values of mixing: if the operator did not contribute to
the HNL decay, the sensitivity regions in the |V.y|? vs. my plane would be bounded
from below. The upper mass reach in these scenarios is limited by the size of the de-
tectors. For larger masses, the HNLs decay too promptly to leave an imprint in the far
detectors or produce a displaced vertex in ATLAS.

There are qualitative differences among these scenarios. In scenario 2 with the Og,n1,
operator (upper-right panel), the sensitivity in mass is limited to my < 40 GeV for
the far detectors because of the larger decay width with this operator in this mass
range. In contrast, for scenarios 3 and 4 (bottom panels), the far detectors can probe

< 80 GeV. On the other hand, ATLAS is

~

larger masses, with sensitivities up to my
sensitive to my < 120 GeV in all three scenarios. Moreover, only the experiments
with an expected integrated luminosity of £ = 3 ab~! (MATHUSLA, ANUBIS, and
ATLAS) exhibit sensitivity to scenarios 3 and 4. This is because the operator Oy, n.
generates smaller production cross sections compared to O,n and Og,nN7, requiring

higher luminosities for detection.
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FIGURE 9.8: Sensitivities of ATLAS and the far detectors in the plane A vs. my to scenarios 1
(top left), 2 (top right), 3 (bottom left), and 4 (bottom right). Solid (dashed) lines correspond to
[Von |2 = 10710 (1071¥), except for scenario 2, where solid lines are for |V, y|? = 1072.

We also explore the sensitivity limits in the A vs. my plane for fixed values of the
active-sterile neutrino mixing. They are displayed in the four panels of Fig. 9.8, corre-
sponding to the operators O3 (top left), O, v, (top right), 032, (bottom left), and
03 . (bottom right). We show the reach to A for two mixing values: |[Vey|? = 10710
(solid lines)" and |V.x|?> = 107!® (dashed lines). The chosen values of the mixing
parameter allow us to neglect either the operator or the mixing contribution to the
HNL decay, such that we have a simple scaling of the number of signal events with A.
In all four scenarios considered, we observe that (i) the probed HNL masses depend
strongly on the assumed value of |V, ~|?, and (ii) for the same value of |V.x|?, ATLAS

and the far detectors cover complementary mass ranges.

The accessible parameter space varies significantly between scenarios. Scenario 1 ex-
hibits the highest sensitivities in both my and A. In particular, for |V, y|? = 10719, AT-
LAS can probe the new physics scale A in excess of 10 TeV for 40 GeV < my < 80 GeV.
MATHUSLA (ANUBIS) reaches A ~ 4.5 (4) TeV for my slightly smaller than 20 GeV,

5For scenario 2, we have fixed instead |V.n|> = 107° to guarantee that the operator contribution to
the HNL decay is negligible compared to the mixing one; see the bottom panel in Fig. 9.5.
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whereas CODEX-b (MAPP2) can exclude A < 1.5 (1.2) TeV for my slightly larger than
20 GeV. Assuming |V.n|?> = 107'¥, a similar reach in A occurs for my > 100 GeV. In
scenario 2, ATLAS can reach A =~ 7 TeV (more than 8 TeV) for my around 50 (70) GeV
if |[Von|? = 1072 (10718). MATHUSLA and ANUBIS can be sensitive to scales as large
as 3 TeV, whereas the sensitivities of CODEX-b and MAPP2 extend to only slightly
above A = 1 TeV. Scenario 3 exhibits similar sensitivities, with ATLAS being capable
of probing A values up to 7-8 TeV, and MATHUSLA and ANUBIS being sensitive to
new physics scales of up to 3 TeV. However, the far detectors in this scenario can probe
larger masses than those in scenario 2, for the same values of |V, ~|?. In contrast, for
scenario 4, the sensitivities are generally much weaker. Its limited reach is a result
of the small production cross sections, which result in insufficient numbers of HNLs
even for moderate values of A. In fact, CODEX-b and MAPP2 are not sensitive at all
to scenarios 3 and 4 for the same reason, while ATLAS can only probe A < 1.5 TeV in

a relatively small my range in the latter scenario.

All plots in this section were calculated with the assumption that the HNL is a Dirac
particle. Let us close this section with a brief discussion on how our results would
change, if we consider Majorana HNLs instead. There are two effects. First of all, in
case of pair-Np operators, as demonstrated in [264], cross sections for Majorana and
Dirac HNLs are the same, except for large values of my, say my ~ (few)(100 GeV).
At the largest masses, for Majorana HNLs cross sections are suppressed relative to the
Dirac case. Thus, the mass reach is reduced for O,y relative to the values shown in
Fig.9.7. Note that Fig. 9.7 cuts my at 1 TeV. The nature of the HNL also affects its decay
width. Majorana HNLs have a twice larger decay width, compared to Dirac HNLs at
the same value of |V.y|?. Thus, roughly one has to divide |V.y|? by a factor of 2 to
obtain the corresponding plots for Majorana HNLs. Note that the different plots in
Fig. 9.7 show ranges of |V, y|? which vary between (11-17) orders of magnitude. Thus,
we consider a change of a factor of 2 not essential. Strictly speaking this is correct only
in the limit where mixing dominates the decay. For single-Ny operators, at the largest
values of my the decays are dominated by the operator contribution. A change of this
width by a factor of two for the Majorana cases will lead then to a reduction of the

largest m v, to which our search is sensitive, by roughly 15%.

9.4 Summary

In this chapter, we have explored a class of four-fermion operators in the NpRSMEFT
that couple HNLs to top quarks, as motivated by possible top-philic new physics at
the TeV scale. These operators, listed in Table 9.1, give rise to novel production and
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decay mechanisms for HNLs at the high-luminosity LHC. We focused on scenarios in
which the HNL is sufficiently long-lived to yield displaced vertex (DV) signatures in
either main detectors like ATLAS or in proposed far detectors such as MATHUSLA
and ANUBIS.

The analysis distinguishes between two types of operators: pair-Npr operators, which
mediate HNL production but not decay (the latter proceeds via active-sterile mixing
Ven), and single-Ni operators, which can contribute to both production and decay.
Depending on the operator and its quark-flavor structure, HNLs can be produced di-
rectly in proton collisions or via rare top decays, as illustrated in Table 9.2 and Figs. 9.1
and 9.3. For single-Npy operators, HNL decays can be dominated either by mixing or
by the effective interaction itself, depending on the mass and coupling scales.

We selected four benchmark operators representative of the different structures: O3,
(pair-Ng) and OF), 1, Ogs ner Oy (single-Ng). We computed production cross sec-
tions and decay rates for these scenarios. Using dedicated Monte Carlo simulations,
we have evaluated the experimental sensitivity to these interactions. For the ATLAS
main detector, we proposed a “DV+jets” search strategy, inspired by previous LLP
searches; for the far detectors, we estimated the number of signal events based on
geometric acceptance and decay probabilities.

Our results show that the experiments could probe extremely small values of |V.y|?,
down to 10720 in the case of O!3; and HNL masses above 100 GeV, assuming ¢ /A? =
1/TeV?. Far detectors like MATHUSLA and ANUBIS provide the best sensitivity for
low my, while ATLAS becomes more sensitive at higher masses. The reach in the new
physics scale A also varies significantly: for fixed |Ven|*> = 10710, values up to several
TeV can be probed, with the best reach again obtained in the pair-Np case. In single-
Nr scenarios, the interplay between the effective operators and neutrino mixing leads
to distinctive features in the sensitivity plots, such as funnel-shaped regions where the
decay is dominated by the effective operator rather than mixing.

Overall, this study highlights the potential of DV searches at ATLAS and the proposed
far detectors to probe so far unconstrained HNL-related top-philic new physics that
may be hiding at a few TeV.
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Conclusions

The existence of nonzero neutrino masses tells us that physics beyond the SM must
exist, but it does not reveal where this new physics might be hiding. A compelling
possibility is that the particles responsible for neutrino mass generation lie at high,
but potentially accessible, energy scales. Guided by this idea, tremendous efforts have
been made to probe the energy frontier, with the LHC leading this exploration. How-
ever, after nearly 15 years of operation, no direct signs of such new physics have been
observed.

In light of this absence, alternative hypotheses about the nature of new physics have
gained attention. One scenario is that new particles are too heavy to be produced
directly, and can only be probed indirectly through their low-energy effects. Alter-
natively, new particles might lie within the reach of current experiments but remain
undetected due to their super-weak interactions with SM particles. In this thesis, we
have explored both of these avenues. The first is naturally addressed using effective
tield theories (EFTs), while the second is intimately linked to the phenomenology of
long-lived particles (LLPs). These two aspects are brought together in our study of
new physics prompted by the neutrino mass problem.

Motivated by various neutrino mass models, we focused on sterile neutrinos, also re-
ferred to as heavy neutral leptons (HNLs). To explore the rich ways in which HNLs
could manifest at colliders, we adopted a model-agnostic framework that goes be-
yond the minimal mixing scenario, namely the EFT of the SM extended with sterile
neutrinos, NkRSMEFT, and its low-energy counterpart NrLEFT.

On the theoretical side, we investigated possible ultraviolet (UV) completions of the
effective operators appearing in NgSMEFT. In particular, we provided a systematic
classification of tree level decompositions for dimension-6 and dimension-7 operators

involving sterile neutrinos [156]. This UV-EFT dictionary acts as a bridge between
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phenomenology and model building: if new particles were to be discovered at fu-
ture experiments, these results would help identify which effective operators could be
generated and guide the search for related processes, shedding light on the underlying
physics. Of course, this is only a first step. Our analysis is restricted to operators up
to dimension 7 that can be generated at tree level. Therefore, extending the matching
to loop level decompositions and to higher dimensional operators would be a natural

continuation of this work.

On the phenomenological side, this thesis presents a novel and systematic applica-
tion of EFT frameworks to the study of HNLs at colliders. Within NgSMEFT and
NRLEFT, we explored new interactions between the HNLs and SM particles, focusing
on electromagnetic dipole interactions and four-fermion operators involving quarks.
We considered subsets of effective operators up to dimension 6 describing these inter-
actions and identified previously unexplored production and decay modes of HNLs,
many of which give rise to striking LLP signatures.

One avenue we explored was the possibility of HNLs having sizable transition mag-
netic moments [206]. Such interactions can lead to production of two distinct HNLs,
and if nearly degenerate, the heavier one becomes long-lived and decays into a pho-
ton and missing energy, producing non-pointing photon signatures in the detectors.
Alternatively, dipole interactions between HNLs and SM neutrinos can also generate
displaced photon signals that may be observable in the electromagnetic calorimeters
of the main LHC detectors.

A second class of scenarios relevant for LHC phenomenology involves four-fermion
interactions with quarks. For HNLs lighter than a GeV, these operators can mediate
meson decays into HNLs [175], while for heavier masses, they lead to enhanced pro-
duction rates in proton-proton collisions compared to the minimal mixing case [267].
We also studied the possibility that HNLs couple preferentially to top quarks at low
energies due to some top-philic UV completions [284]. In such scenarios, HNLSs can be
produced via rare top decays or in association with top quarks in pp collisions, again
leading to enhanced production rates. These scenarios typically feature long-lived
HNLs, which yield displaced vertex signatures with jets or other visible tracks in the
detectors.

In light of the expanding LLP search program, we derived sensitivity prospects for
ATLAS and several proposed far detectors at the LHC (e.g. MATHUSLA, ANUBIS,
CODEX-b, MOEDAL-MAPP, FASER and FACET) showing how they can probe long-
lived HNLs across the different EFT scenarios. These analyses underscore the impor-
tance of pushing forward both LLP searches and the development of far detectors, as
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they can be uniquely sensitive to certain regions of parameter space inaccessible to

traditional searches.

Taken together, our study demonstrates how different operator structures lead to dis-
tinct experimental signatures for HNLs with masses ranging from a few MeV up to
the TeV scale. While our exploration of the NgRSMEFT framework has already re-
vealed rich phenomenology, several directions remain open. In particular, further in-
vestigation of dimension-6 and dimension-7 operators is needed. Of special interest
are lepton number violating operators at dimension 7, which can induce same-sign
dilepton final states potentially observable at the LHC. These avenues provide natural
extensions to the work presented here.

Beyond its specific technical results, this thesis establishes a versatile framework that
can support future explorations of sterile neutrinos and other weakly coupled new
physics. By organizing possible interactions through effective operators and linking
them to experimental observables, it provides a bridge between bottom-up searches
and top-down model building. This approach enables both theorists and experimen-
talists to identify promising signals, interpret potential anomalies, and design future
searches in a more targeted and flexible way. In doing so, it contributes to the develop-
ment of a broader paradigm where EFTs and LLP searches together form a powerful
strategy for uncovering new physics.

In summary, this thesis illustrates the value of combining theoretical and experimen-
tal perspectives: EFTs as a model-independent language for new physics, and LLP
searches as a uniquely sensitive probe of hidden sectors. While the experimental
search for HNLs is still in its early stages, the next generation of dedicated LLP de-
tectors, together with the high-luminosity phase of the LHC and future colliders, offer
unprecedented opportunities. The work presented here lays the foundation for further
studies aiming to chart the landscape of HNL signatures and their ultraviolet origins.
In this way, neutrino physics continues to guide our search for answers to some of the
most fundamental questions in particle physics.
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Resumen de la Tesis

INTRODUCCION Y OBJETIVOS

Uno de los descubrimientos mds importantes en la fisica de particulas del siglo XXI
ha sido la confirmacién de que los neutrinos tienen masa. Este hecho, demostrado
experimentalmente mediante la observacion de oscilaciones de sabor entre distintos
tipos de neutrinos, contradice las predicciones del Modelo Estandar (Standard Model,
SM), en el cual los neutrinos son estrictamente no masivos. La existencia de masas de
neutrinos constituye, por tanto, una evidencia inequivoca de nueva fisica mds alla del

SM, ofreciendo una ventana tnica hacia sus posibles extensiones.

El estudio del origen de las masas de los neutrinos ha motivado una gran variedad
de modelos tedricos, que incorporan nuevas particulas, interacciones o simetrias con
el objetivo de explicar este fenémeno. Entre ellos, los modelos seesaw, y en particular
el seesaw tipo 1y sus variantes, proponen la existencia de nuevos fermiones neutros,
conocidos como neutrinos estériles o leptones neutros pesados (heavy neutral leptons,
HNLs), que interacttian muy débilmente con las particulas del SM. En el caso del see-
saw tipo I, por ejemplo, estas nuevas particulas pueden generar masas de neutrinos
mediante un mecanismo de supresién natural, al introducir una escala de masa mu-
cho mayor que la escala electrodébil. Sin embargo, otras variantes del mecanismo per-
miten ubicar la nueva fisica cerca de la escala electrodébil, haciendo que las particulas
asociadas puedan ser accesibles a los experimentos actuales.

En este contexto, si los HNLs existen con masas por debajo de la escala electrodé-
bil, podrian ser producidos en colisionadores como el LHC o en otros experimentos
a bajas energfas. No obstante, los modelos que introducen HNLs predicen que sus
interacciones estan fuertemente suprimidas, lo que dificulta su potencial detectabili-
dad. Esto se debe, en parte, a las pequefias tasas de produccion asociadas y al hecho
de que los detectores fueron concebidos inicialmente para detectar particulas masivas

desintegrandose en las proximidades de los puntos de colisién. En cambio este tipo de
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particulas superdébilmente acopladas suelen recorrer distancias macroscépicas antes
de desintegrarse, dejando sefiales en regiones alejadas del vértice primario de colision.
Este tipo de comportamiento es caracteristico de las llamadas particulas de vida media
larga (long-lived particles, LLPs).

Las LLPs pueden producir sefiales experimentales exéticas, como vértices desplaza-
dos, fotones que no apuntan al vértice primario, o trazas provenientes de particulas
cargadas pesadas y lentas. Estas sefiales son muy dificiles de imitar por parte de las
particulas que conocemos del SM y, por tanto, presentan un ntiimero de eventos de
fondo extremadamente reducido, lo que ha motivado un creciente interés experimen-
tal en su busqueda. Actualmente, tanto los detectores principales del LHC (ATLAS,
CMS y LHCb) como propuestas especificas de detectores lejanos como MATHUSLA,
FASER, ANUBIS, CODEX-b y MOEDAL-MAPP estdn explorando activamente este

tipo de fenémenos.

Desde el punto de vista tedrico, la diversidad de posibles extensiones del SM que
dan lugar a nuevas particulas con interacciones superdébiles hace dificil abordar el
estudio de la posible fenomenologia asociada a la escala de los experimentos. Cada
modelo ultravioleta (UV) a altas energia predice diferentes observables que depen-
den de los pardmetros concretos del modelo y estudiar cada uno de estos modelos de
manera individual es practicamente imposible. En este contexto, el enfoque mediante
teorias efectivas (effective field theories, EFTs) se ha convertido en una herramienta po-
tente y versatil para abordar esta tarea de una forma sistematica. Las EFTs permiten
parametrizar los efectos de la nueva fisica de forma general a bajas energias, sin necesi-
dad de especificar los detalles del modelo completo a alta energias, siempre que exista
una separacion considerable entre ambas escalas. En particular, la teoria efectiva mas
ampliamente utilizada es la EFT del Modelo Estandar (Standard Model EFT, SMEFT),
que introduce operadores de dimensién superior a cuatro (d > 4) construidos tinica-
mente con los campos del SM, y cuyos efectos estan suprimidos por potencias de una
escala de nueva fisica A. El Lagrangiano del modelo puede escribirse como

1
Lo = £+ Y g Y0,
d>5 A

(d)

donde los coeficientes c;’ que acompafan a los operadores esconden los parametros

del modelo a altas energias.

Sin embargo, si se introducen explicitamente neutrinos estériles como nuevos grados
de libertad activos por debajo de la escala A, el marco efectivo debe extenderse. En
esta tesis, se utiliza una versién extendida del SMEFT que incluye neutrinos estériles
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dextrégiros (con quiralidad derecha), conocida como NrSMEFT. Esta teoria efectiva
permite estudiar de forma sistematica las interacciones de neutrinos estériles con el
SM, tanto desde un punto de vista tedrico, por ejemplo, clasificando los posibles
operadores efectivos y sus origenes en modelos UV, como desde un punto de vista
fenomenolégico, analizando sus implicaciones en observables experimentales.

El objetivo general de esta tesis doctoral es explorar el papel de las particulas su-
perdébilmente acopladas, en particular los HNLs, en la fisica de neutrinos y en la
fenomenologia de colisionadores, mediante el uso del formalismo de teorias efectivas.
Para ello, se abordan dos aspectos principales:

1. Marco teérico efectivo con neutrinos estériles: Se presenta y discute la exten-
sion del SMEFT con neutrinos estériles (NgSMEFT), y su versién a bajas en-
ergias (NRLEFT), la cual permite describir procesos como desintegraciones de
mesones. Se identifican los operadores relevantes hasta dimensién 6 en NrLEFT
y hasta dimensién 7 en NgRSMEFT. Asimismo, se analiza el posible origen de
estos dltimos en modelos ultravioletas (UV). Se emplea una metodologia sis-
temaética para clasificar las posibles descomposiciones de estos operadores a par-

tir de nuevas particulas mediadoras a altas energfas.

2. Fenomenologia de HNLs como particulas de vida media larga: Se estudia la
posibilidad de que los HNLs generen sefiales observables en el LHC u otros ex-
perimentos, actuando como particulas de vida media larga (LLPs). Se analiza el
impacto de subconjuntos especificos de operadores de NRSMEFT sobre la pro-
duccién y desintegraciéon de HNLs, considerando distintos rangos de masa para
los HNLs. Se identifican en cada caso las sefiales experimentales mds caracteris-
ticas, destacando los vértices desplazados, o fotones que no apuntan al origen
de la colisién.

La tesis estd organizada en tres partes. La primera parte introduce la fisica de neutri-
nos como un portal hacia nueva fisica, repasando brevemente los modelos de masas
de neutrinos més caracteristicos que introducen neutrinos estériles y los desafios para
detectar particulas débilmente acopladas. En la segunda parte se presenta el marco
tedrico de EFTs con neutrinos estériles, detallando tanto el formalismo de NgSMEFT
como su relacién con modelos ultravioletas mediante una clasificaciéon completa de
posibles descomposiciones a nivel arbol de los operadores de dimensién 6 y 7. En
la tercera parte se estudia la fenomenologia asociada a distintas clases de operadores
efectivos, analizando como los HNLs pueden generar sefiales en experimentos ac-
tuales o propuestos, y qué regiones del espacio de pardmetros pueden ser exploradas
en el futuro cercano por éstos.
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En resumen, los objetivos principales de esta tesis se pueden sintetizar en los sigu-
ientes puntos:

¢ Estudiar y aplicar una teoria efectiva que incluya explicitamente neutrinos es-
tériles para describir de forma general sus posibles interacciones con el SM.

¢ Clasificar los posibles origenes ultravioletas de los operadores efectivos rele-

vantes, utilizando herramientas automatizadas y un método diagramatico.

¢ Analizar la fenomenologia de los HNLs como particulas de vida media larga
en el LHC y otros experimentos, identificando las sefiales mas caracteristicas y
estimando el alcance y sensibilidad de dichos experimentos para detectar estas
particulas.

¢ Contribuir al programa de btisqueda de nueva fisica desde un enfoque indepen-
diente del modelo UV existente a altas energias, combinando herramientas de
EFT, fenomenologia de LLPs y motivaciones desde la fisica de neutrinos.

METODOLOGIA Y RESULTADOS

Esta tesis propone un enfoque sistematico para el estudio de particulas superdébil-
mente acopladas, en particular leptones neutros pesados (HNLs), mediante teorias
de campos efectivas (EFTs). El objetivo principal de esta metodologia es establecer
un puente entre descripciones a baja energia y posibles teorias subyacentes de nueva
fisica a altas energias, explorando tanto su estructura teérica como sus manifestaciones

experimentales en colisionadores.
La tesis se articula en tres ejes principales:

1. La revisién del formalismo NrSMEFT, una EFT que extiende el SMEFT para

incluir explicitamente neutrinos estériles como nuevos grados de libertad.

2. La descomposicion sistematica a nivel arbol de operadores efectivos en posibles
completaciones ultravioletas (UV).

3. La exploraciéon fenomenolégica de HNLs como particulas de vida media larga
(LLPs) en el LHC y futuros detectores especializados en LLPs.

Cada uno de estos ejes emplea metodologias diferenciadas que combinan técnicas
analiticas y herramientas computacionales, simulaciones numéricas y analisis de sen-
sibilidad de distintos experimentos. A continuacién se detallan los métodos y resulta-
dos correspondientes a cada uno de los tres bloques.
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1. NR.SMEFT: FORMALISMO Y CATALOGO DE OPERADORES

El punto de partida teérico de esta tesis es el marco conocido como NgSMEFT (Stan-
dard Model Effective Field Theory with Right-Handed Neutrinos), una extensién del SMEFT
en la que se introduce al menos un campo fermiénico singlete N, interpretado como
un neutrino estéril. Este enfoque permite parametrizar de manera general los efec-
tos de modelos de nueva fisica (que involucran a HNLs) a la escala electrodébil, sin
necesidad de especificar una teoria UV concreta.

Si bien el NgSMEFT ha sido propuesto y desarrollado previamente en la literatura, en
esta tesis se presenta una revision sistemdtica del contenido de operadores hasta di-
mension 7, con el objetivo de establecer un marco de referencia comun para los analisis
posteriores de completaciones UV y aplicaciones fenomenolégicas. Esta revisién in-
cluye la organizacién y discusion de los operadores mas relevantes desde el punto de
vista tedrico y experimental.

La base de operadores considerada estd compuesta por términos invariantes bajo el
grupo de simetria gauge del Modelo Estandar, SU(3)c x SU(2), x U(1)y, construidos
a partir de campos del SM y al menos una copia de Np. Estos operadores, sin embargo,

pueden conservar o violar el ntimero lepténico y/o el namero bariénico.

La presentacion se organiza segtn la dimensién de los operadores, y segtin su con-
tenido de campos — derivadas, fermiones, campos escalares (Higgs) y vectores de
gauge. Se presta especial atencién a aquellas estructuras potencialmente relevantes

para procesos observables en colisionadores o en experimentos de baja energia.
Entre los ejemplos més destacados que se discuten en la tesis se encuentran:

¢ Operadores con cuatro fermiones que contienen quarks y singletes Nr. Este tipo
de operadores permite producir HNLs en procesos hadrénicos, como las coli-
siones protén-protén que tienen lugar en el LHC. Se incluyen en esta categoria
operadores con dos singletes N, como por ejemplo, Ogn = (Q7,Q)(Ngv*Ng),
y con un singlete, como Ogune = (dry,ur)(Nry"er).

* Operadores que involucran los vectores de gauge del grupo SU(2);, x U(1)y,
capaces de generar momentos magnéticos de los neutrinos a bajas energia. Esta

categoria incluye el operador a d = 5 Oxynp = (N§,0, Ng)B" y los operadores
ad==6 ONHB = (ZGuVNR)ﬁB“V y ONHW = (ZO‘#VNR)TII{IWI“V.

En la discusién también se identifican los operadores que violan el ndmero bariénico,
altamente restringidos por las cotas experimentales sobre la vida media del protén, asi

como los que violan el ntimero lepténico, con especial interés aquellos que lo violan
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en dos unidades (AL = 2), al ser relevantes en procesos como la desintegracién doble
beta sin emision de neutrinos (0v33 decay).

Esta recopilaciéon exhaustiva de operadores sienta las bases para los dos bloques de
trabajo originales de la tesis: la descomposiciéon UV de estos términos efectivos en in-
teracciones renormalizables con nuevos mediadores, y su aplicacion fenomenolégica
al estudio de sefales de particulas de vida media larga (LLPs) en el LHC y en detec-
tores especializados en LLPs.

2. DESCOMPOSICION UV A NIVEL ARBOL DE OPERADORES DE NzSMEFT

Una de las contribuciones principales de esta tesis consiste en establecer una conexiéon
sistemdtica entre los operadores de NrkSMEFT y posibles modelos de nueva fisica en
el régimen ultravioleta. Para ello, se realiza la descomposicién (a nivel arbol) de los
operadores efectivos en interacciones renormalizables. Este procedimiento permite
identificar qué particulas mediadoras ( caracterizadas por su spin y ntimeros cuanticos
del grupo de simetria gauge) pueden originar una determinada interaccion efectiva a

bajas energia, y qué tipo de interacciones deben existir en el UV.

El analisis de las distintas descomposiciones se lleva a cabo siguiendo un método dia-
gramatico, que se puede resumir en los siguientes pasos:

1. Construccién de topologias. Se generan las posibles topologias a nivel drbol que
pueden originar cada tipo de operador con un nimero dado de campos. Una
topologia se define como un grafo con un conjunto de patas externas conectadas
por lineas internas utilizando interacciones renormalizables.

2. Obtencién de diagramas. Al asignar los campos del operador a las patas ex-
ternas de cada topologia, se impone la invariancia de Lorentz en cada vértice
para determinar la naturaleza o spin de los campos internos (escalares, vectores
o fermiones). De este modo, se obtienen distintas clases de diagramas compati-

bles con la estructura del operador, donde todas las lineas tienen el spin fijado.

3. Identificacién de los modelos. Finalmente, se impone la invariancia gauge bajo
SU(3)cx SU(2)r, x U(1)y para determinar los nameros cuanticos de las particu-
las mediadoras, identificando asi los posibles modelos UV subyacentes.

Este procedimiento se implementa de forma automatizada mediante un paquete de-
sarrollado en Mathematica, que permite generar los diagramas, imponer las simetrias
de Lorentz y gauge, y eliminar redundancias. Ademads, se emplean herramientas como
Sym2Int y MatchMakerEFT para escribir las interacciones renormalizables de los
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modelos en el UV y realizar el matching entre los operadores efectivos y los modelos
obtenidos.

Esta seccién también aborda de forma detallada la violacién del ntiimero lepténico
(lepton number violation, LNV) en el marco de NpSMEFT y su conexién con la la obser-
vacién de procesos LNV en el LHC y con la generacién de masas de Majorana para
los neutrinos del SM. En particular, se demuestra que la presencia simultdnea de oper-
adores de dimensién 6 y 7 de NkRSMEFT conduce de manera inevitable a la violaciéon
del nimero lepténico. Esta conexién implica una contribucién directa de dichos oper-
adores a la masa de los neutrinos del SM, lo cual permite derivar restricciones sobre
los modelos UV que los generan. Se analizan distintos casos concretos de modelos
para operadores de dimensién 7 y se extraen cotas utilizando las relaciones de match-
ing establecidas.

Los resultados principales de esta seccién incluyen:

¢ La identificacion de todas las extensiones con una o dos particulas mediadoras
capaces de generar operadores de NrkSMEFT hasta dimensién 7 a nivel arbol.

¢ La observaciéon de que un mismo operador puede ser generado por multiples
modelos UV, y que, a su vez, algunos mediadores pueden inducir simultédnea-
mente varios operadores, estableciendo correlaciones entre procesos observables
a bajas energfas.

¢ La demostracion de que la conexién entre la violacién del nimero lepténico en
NRSMEFT y la generacién de masas de Majorana para neutrinos del SM no ex-
cluye la posibilidad de que ciertos operadores de dimensién 7 produzcan efectos
observables en los experimentos actuales o futuros.

Estos resultados fueron sistematizados en una clasificaciéon exhaustiva y tabulada, lo
que constituye una herramienta ttil para guiar la construccién de modelos UV, explo-
rar nuevas seflales fenomenoldgicas, y conectar la EFT con mecanismos concretos de

generacion de masa de neutrinos.

El trabajo presentado en esta seccion, correspondiente al Capitulo 5, constituye una
contribucién original de la tesis y fue desarrollado en colaboracién con otros autores.
Los resultados completos fueron publicados en el articulo “Tree-level UV completions
for NgSMEFT d = 6 and d = 7 operators” [156].
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3. APLICACION FENOMENOLOGICA DE OPERADORES DE NgSMEFT

La tercera linea de trabajo de esta tesis estd dedicada al estudio fenomenolégico de
los leptones neutros pesados (HNLs) como particulas de vida media larga (LLPs) en
colisionadores y experimentos asociados al LHC. En este contexto, se realizan analisis
de sensibilidad de busquedas de sefiales de LLPs para investigar la presencia de HNLs
en los marcos efectivos descritos en la Parte II, concretamente NekSMEFT y NgLEFT.

Este enfoque extiende el escenario mds minimalista de los HNLs, en el que éstos inter-
acttian inicamente a través de su mezcla con los neutrinos del SM, al considerar inter-
acciones adicionales representadas por operadores no renormalizables de NRSMEFT.
De este modo, se abarca una clase amplia de procesos potencialmente relevantes en
colisionadores y experimentos de baja energia. En los escenarios considerados, los
HNLSs se producen y/o desintegran mediante operadores efectivos de dimensién 5 o
6, cuyas estructuras permiten explorar acoplamientos superdébiles asociados a escalas

de nueva fisica por encima del TeV.

En tales contextos, los HNLs presentan tiempos de vida lo suficientemente largos
como para recorrer distancias macroscépicas antes de desintegrarse dentro o fuera

del detector, generando sefiales caracterisitcas como:
¢ Vértices desplazados en los detectores principales del LHC, como ATLAS o CMS.
¢ Sefiales con fotones que no apuntan al vértice primario.

¢ Desintegraciones en detectores lejanos situados a decenas o cientos de metros
del punto de colisién (por ejemplo, MATHUSLA, FASER, ANUBIS, CODEX-b,
MOEDAL-MAPP).

Este régimen es particularmente atractivo desde el punto de vista experimental, ya
que las sefales asociadas a LLPs suelen presentar eventos de fondo practicamente
nulos, permitiendo alcanzar sensibilidades incluso cuando las tasas de produccién de

las LLPs son muy bajas.

La metodologia seguida consiste en seleccionar operadores de NrRSMEFT (o NrLEFT)
con potencial para producir HNLs que generen sefiales de LLPs. Se identifican dos
clases de escenarios donde los operadores juegan un papel relevante:

¢ Escenarios donde los HNLs se producen en desintegraciones de mesones.

¢ Escenarios donde los HNLs se producen en directamente en las colisiones de
partones en el LHC.
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A continuacién se detallan los estudios principales desarrollados en esta tesis que ex-
ploran los dos escenarios mencionados, los cuales cubren distintos rangos de masa,
mecanismos de produccién y canales de desintegracion de los HNLs.

a) Producciéon de HNLs en desintegraciones de mesones.

Uno de los canales mas prometedores para la blisqueda de HNLs de baja masa (hasta
unos pocos GeV) es su producciéon en desintegraciones de mesones pesados, como
los mesones pseudoescalares B y D. Estos mesones se producen abundantemente en
el LHC, lo que permite investigar canales de desintegraciéon de mesones extremada-
mente raros. Ademds, estos procesos también son relevantes en experimentos ded-
icados a la fisica de sabor o a la biisqueda de particulas exéticas, tales como NA62,
SHiP o Belle II. El presente estudio investiga cémo las btiisquedas de LLPs en el LHC

pueden aportar informacién complementaria a la de estos experimentos.

Las desintegraciones de mesones pueden estudiarse en el marco teérico de NgLEFT,
donde las interacciones entre HNLs y quarks se describen mediante operadores de
cuatro fermiones. Estos operadores pueden conservar o violar ntimero lepténico (LNC
o LNV, respectivamente). Por ejemplo, destacamos

LNC: O = (diy"dly)(NpyuNR) . OSiE . = (dy,d)(WENR)

LNV: - O3 = (uhul) (NENR) - O = (" ul) (057, NR)
Dependiendo de los indices de sabor (i, j) de los quarks involucrados, se abren difer-
entes canales de desintegracion de mesones con HNLs y otras particulas en el estado
final. Este estudio se centra particularmente en los operadores con dos quarks y dos
leptones neutros (ya sea dos HNLs, o un HNL y un neutrino del SM), los cuales pro-
ducen la desintegraciéon de mesones mediante corrientes neutras. En el caso de los
operadores con dos HNLs, la desintegracién de los HNLs ocurre a través de la mezcla
con neutrinos del SM, por lo que los HNLs son potenciales LLPs si dicha mezcla es
suficientemente pequefia.

Para determinar la sensibilidad de los detectores lejanos del LHC a los HNLs, interac-
tuando a través de su mezcla con neutrinos y de los operadores efectivos selecciona-
dos, se realiza un andlisis en dos etapas:

1. Célculo de la tasa de produccién de HNLs: En el marco de NrLEFT, se calculan
las tasas de desintegracién de mesones B y D en HNLs, incorporando factores
de forma y constantes de desintegracion extraidas de la literatura. Se exploran
varios operadores con distintas combinaciones de sabor de los quarks, que dan
lugar a multiples escenarios de produccién de HNLs.
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2. Simulacién de propagacién y desintegracién: Para cada escenario, se realizan
simulaciones del tiempo de vida medio de los HNLs como funcién de su masa
y acoplamiento (mezcla con neutrinos), que puede variar desde unos pocos cen-
timetros hasta cientos de metros. Se evalia la probabilidad de desintegraciéon
dentro del volumen de los detectores lejanos del LHC (como FASER, ANUBIS o
MATHUSLA).

Este estudio permite:

* Cuantificar la produccién de HNLs en desintegraciones de mesones como fun-
cién de su masa y los coeficientes efectivos relevantes.

* Determinar las regiones de sensibilidad de mdltiples experimentos, evaluando
la probabilidad de deteccion.

¢ Establecer proyecciones futuras para estos detectores en el espacio de pardmet-
ros definido por las masas, mezclas y coeficientes de los operadores.

Los resultados muestran que, para masas de HNL entre 500 MeV y 3 GeV, los exper-
imentos mencionados tienen una sensibilidad significativa a canales dominados por
operadores de dimensién 6 de NgLEFT, mejorando los limites actuales en varios 6r-
denes de magnitud. Este trabajo, correspondiente al Capitulo 6, fue presentado en
el articulo “Long-lived heavy neutral leptons from mesons in effective field theory”
[175].

b) Momentos magnéticos de HNLs.

Un escenario particularmente interesante ocurre cuando los HNLs poseen momentos
magnéticos de transicion que conectan 1) neutrinos estériles con neutrinos activos o 2)
diferentes generaciones de neutrinos estériles. Estas interacciones magnéticas pueden
describirse mediante los operadores de dimensioén 5 de NrLEFT,

OnNny = (Nif%O’W,NR)FIW , Ouny = (EO‘,LLVNR>FMV

Asumiendo que NrLEFT proviene de NpSMEFT, los operadores anteriores se gen-
eran, a su vez, a partir de los operadores de NrkSMEFT siguientes:

Onng = (NgowNg)B*
Onyp = (LUWNR)E{B . Ongw = (Lo, Ng)r' HW

Estos operadores generan nuevas interacciones entre los HNLs los bosones Z y W'y

el fotén a la escala electrodébil, abriendo nuevos modos de produccién de HNLs en el
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LHC. Ademas, desencadenan desintegraciones radiativas como Ny — Niyo IN; — v,
que pueden dar lugar a sefiales exéticas si el HNL que se desintegra es una LLP.

El origen de estos momentos magnéticos puede justificarse en modelos UV. En este
trabajo se presenta un modelo sencillo con solo dos nuevas particulas cargadas: un
escalar ¢ ~ (1,1,—1) y un fermién £ ~ (1,1, —1). El Lagrangiano del modelo viene
descrito por

LD E (i) —mg) E + (Dug)* (D"¢) — m3|¢|* — Apglo* — Ao > (H'H)
- [NRhEm* + NSH Epe?

+ EYEHER + ELmeEeR + Eff/d) + N]C%fleRgb* +h.c.|.

Estas interacciones generan momentos magnéticos de los neutrinos estériles mediante
diagramas de 1-loop. Ademds, estas interacciones también contribuyen a distintos
observables en la fenomenologia de sabor, fuertemente restringidos por datos exper-
imentales, lo cual impone cotas sobra las masas y acoplamientos de £y ¢. Estas re-
stricciones se incorporan al andlisis para estimar el orden de magnitud esperable del

momento magnético en funciéon de los pardmetros del modelo.

Este estudio tiene como objetivo determinar la sensibilidad del experimento ATLAS
para detectar HNLs con momentos magnéticos. Para ello, se utiliza el marco de
NRrSMEFT para describir las interacciones correspondientes a la escala de energias
del LHC. Se consideran dos HNLs con masas diferentes, interactuando entre si y con
los leptones del SM mediante los operadores Onnyp, Onap Y Onaw y mediante el
acoplamiento de mezcla con los neutrinos del SM. Dependiendo de qué interaccion
domine la produccién y/o desintegracion de los HNLs se identifican nueve escenar-
ios tedricamente posibles, de los cuales se seleccionan los mas prometedores para
basquedas de LLPs. Se realizan simulaciones numéricas de los escenarios selecciona-
dos que tienen como sefal caracteristica fotones que no apuntan al vértice primario
(non-pointing photons).

La metodologia consiste en simular, para cada escenario, la produccién de HNLs en
el LHC seguida de su desintegracion en el detector ATLAS. Para ello, se utilizan her-
ramientas de simulacién como:

* MadGraph5, para la generacién de eventos a partir de los operadores efectivos.

* Pythia8 para la hadronizacién y la desintegracion de los HNLs, asi como para
la simulacién de la respuesta del detector en la reconstruccién de los fotones
non-pointing.
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Los principales resultados de este estudio son:

* Los fotones non-pointing provenientes de HNLs con masas por encima del GeV
presentan practicamente cero eventos de fondo del SM, lo que permite establecer
limites muy competitivos sobre el momento magnético de neutrinos estériles
pesados.

* Se construyen curvas de exclusién para el momento magnético en funcién de la
masa del HNL, mostrando que las bisquedas de sefiales de LLPs en detectores
como ATLAS pueden extender significativamente la cobertura del espacio de
parametros.

¢ Estas curvas se traducen también al espacio de parametros del modelo UV con-
siderado, en particular, en el plano de masa vs. acoplamiento del nuevo escalar
¢y fermién E.

Este estudio, presentando en el Capitulo 7, representa una de las primeras evalu-
aciones sistemaéticas del potencial del LHC para estudiar momentos magnéticos de
neutrinos estériles con masas por encima del GeV mediante btisquedas de LLPs. Los
resultados fueron publicados en el articulo “Probing Heavy Neutrino Magnetic Mo-
ments at the LHC using Long-lived Particle Searches” [206].

¢) Produccién de HNLs a partir de quarks ligeros y quark top.
Una tercera linea de andlisis fenomenolégico explora la posibilidad de producir HNLs
con masas por encima del GeV directamente en colisiones protén-protén o a partir de

desintegraciones del quark top. Esta segunda idea resulta atractiva por varias razones:

* El top es la particula méas pesada del SM, lo que permite acceder a un rango maés
amplio de masas de HNLs (hasta 100 GeV o més).

¢ Enel LHC, el quark top se produce de manera abundante y est4 bien estudiado,
lo que permite implementar biisquedas dedicadas con buenas estadisticas.

En el contexto del LHC, los operadores efectivos relevantes en NRSMEFT son, por
ejemplo
Ol = (upyuufy) Vi Nr)
Ojune = (di7uug) (N eR)
OQunt = (Q'up)(NrL),
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Los indices de sabor (i, j = 1, 2, 3) de los operadores determinan con qué generaciones
de quarks interacttian los HNLs. En este linea se realizaron dos estudios independi-
entes: uno centrado en operadores con quarks tinicamente de la primera y segunda
generacion, presentado en el Capitulo 8, y otro en operadores que involucran al menos
un quark top (es decir, un quark up de tercera generacién), presentado en el Capitulo 9.

En ambos casos se distingue entre operadores que contienen un tinico HNL y aquellos
que contienen dos. Los primeros contribuyen tanto a la produccién como a la desinte-
gracion del HNL, mientras que los segundos solo contribuyen a la produccién; en este
altimo caso, se asume que el HNL se desintegra mediante su mezcla con los neutrinos
del SM. Ambos escenarios conducen a HNLs de vida media larga, por lo que se realiza
un analisis de las biisquedas de LLPs en el LHC que sean sensibles a sus sefiales.

La sefial caracteristica en estos escenarios es la apariciéon de vértices desplazados,
producto de la desintegraciéon del HNL a distancias alejadas del vértice primario de
colisiéon. El andlisis se centra en la bisqueda de esta sefial, simulando el proceso
pp — N{,({ = e, u,7), en el caso del estudio del Capitulo 8 (o, por ejemplo, pp —
tt,t — gN N en el caso del Capitulo 9), seguido de la desintegracién del HNL dentro
del volumen de ATLAS, generando un vértice desplazado con leptones o jets. Se es-
tudia la cinematica de estos procesos, la eficiencia de reconstruccién de los vértices, y
las regiones del espacio de pardmetros que podrian explorarse en la fase de alta lumi-
nosidad del LHC. Para el estudio con quarks top (Capitulo 9) se considera ademas la
posibilidad de que los HNLs escapen del detector principal y se desintegren en los de-
tectores lejanos del LHC, como MATHUSLA, ANUBIS, CODEX-b o MOEDAL-MAPP,
obteniéndose su sensibilidad esperada.

Los principales resultados muestran que:

¢ Para masas de HNL entre 10 y 100 GeV, las btisquedas en el sector top permiten
explorar escalas de nueva fisica del orden de varios TeV.

* Los canales de producciéon considerados son complementarios a los canales de
produccién desde mesones, ya que son sensibles a regiones diferentes masas y

tiempos de vida.

¢ Las buisquedas de vértices desplazados con leptones o jets en ATLAS tienen po-
tencial para descubrir sefiales con muy pocos eventos de fondo.

Estos estudio fueron desarrollados a partir de los trabajos presentados en los articulos
“Heavy neutral leptons and top quarks in effective field theory” [284] y “Long-lived
heavy neutral leptons at the LHC: four-fermion single-Npg operators” [267].
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En resumen, los cuatro estudios descritos en la Parte III de la tesis muestran cémo
los operadores efectivos de NrRSMEFT (y su limite a baja energia NpLEFT) pueden
originar una gran variedad de sefiales experimentales para HNLs, muchas de ellas no
contempladas en los modelos simplificados considerados generalmente en los analisis
experimentales. La consideracién explicita de estos operadores permite:

¢ Identificar nuevas sefiales experimentales asociadas a HNLs, viables en los de-
tectores actuales del LHC y en la préxima generacion de detectores dedicados a
LLPs.

¢ Establecer limites competitivos sobre acoplamientos efectivos poco explorados,

como momentos magnéticos o interacciones con quarks pesados.

¢ Comparar distintos escenarios de nueva fisica sin necesidad de especificar un
modelo UV en particular.

Estas contribuciones amplian significativamente el rango de escenarios tedricos y ob-
servables experimentales asociados a neutrinos estériles, posicionando al enfoque efec-

tivo como una herramienta versatil en la busqueda de nueva fisica més alla del SM.

CONCLUSIONES

A lo largo de esta tesis doctoral se ha abordado el estudio de particulas débilmente
acopladas, en particular, leptones neutros pesados (HNLs), como una ventana hacia
nueva fisica mds alld del Modelo Estandar (SM). Este trabajo se ha estructurado en
torno a una idea central: la combinacion de teorias efectivas y busquedas de particulas
de vida media larga (LLPs) constituye una estrategia poderosa y flexible para explorar

escenarios motivados por el problema del origen de las masas de los neutrinos.

En la primera parte de la tesis se contextualiz6 el papel de los neutrinos como una pista
clave hacia nueva fisica. Tras repasar las posibles extensiones del SM que incorporan
neutrinos estériles, se hizo énfasis en la necesidad de ir mas alld del enfoque minimal-
ista de mezcla activa-estéril. En este marco, se introdujo el uso de teorias efectivas,
especificamente NgSMEFT y su limite a baja energfa, NRLEFT, como herramientas
que permiten describir interacciones generales entre los HNLs y el contenido del SM
sin necesidad de especificar una teoria UV.

La segunda parte se centr6 en la formulacién y clasificacion sistematica de los oper-
adores efectivos relevantes, hasta dimensién 6 y 7. Si bien el NRSMEFT se ha presen-
tado en unos pocos articulos, se ofreci6é una presentacién detallada y completa de sus
operadores hasta dimensién 7, poniendo especial atencién en su estructura y posibles
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aplicaciones fenomenolégicas. Asimismo, se analiz6 el paso al limite de baja energia,

en el cual se manifiestan procesos como las desintegraciones de mesones.

En la tercera parte se aplic6 este marco tedrico a estudios fenomenoldgicos originales.
Se exploraron distintos escenarios experimentales en los cuales los HNLs podrian pro-
ducirse y desintegrarse, dando lugar a sefiales caracteristicas de particulas de vida
media larga. Entre los principales resultados se destacan: (i) el andlisis de producciéon
de HNLs en desintegraciones de mesones, con especial relevancia para los detectores
lejanos; (ii) el estudio del momento magnético de HNLs y su impacto en biisquedas de
fotones non-pointing en ATLAS; y (iii) la produccion de HNLs desde el sector top del
LHC, como una via complementaria para acceder a masas mas elevadas. En todos los
casos se obtuvieron nuevas proyecciones de sensibilidad y se delimitaron regiones del
espacio de pardmetros que podrian ser exploradas en futurs programas experimen-
tales.

En conjunto, esta tesis contribuye al desarrollo de un enfoque més general, sistematico
y realista para el estudio de neutrinos estériles, teniendo en cuenta tanto los desafios
tedricos como las oportunidades experimentales. Los resultados obtenidos resaltan el
valor de adoptar una perspectiva basada en EFTs y busquedas de LLPs para maxi-
mizar la sensibilidad a nueva fisica débilmente acoplada.

Finalmente, esta linea de investigaciéon permanece abierta a multiples extensiones, in-
cluyendo el estudio de procesos con violacién de ntimero lepténico, asi como la conex-
ién con un sector oscuro y los mecanismos especificos de generaciéon de masa de neu-
trinos. Los métodos y resultados aqui desarrollados sientan las bases para avanzar en
esas direcciones futuras.
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Appendix A

UV Lagrangian for NpSMEFT

This appendix, which complements Chapter 5, is based on the appendix of Ref. [156].
The UV Lagrangian describing renormalizable interactions among the SM fields, the
singlet Ng, and the new BSM fields introduced in Tables 5.1 - 5.3, can be expressed as

Luy = £light + Lnixed + ﬁheavy :

The first term includes interactions involving only the SM fields and the Ng, Liixed
describes the interactions between the light fields and the heavy BSM fields, while the
last term contains the interactions of the heavy fields among themselves.

In this appendix, we write down all renormalizable terms in which the light singlet
Nr is involved. Additionally, we provide the Lagrangian terms that include the new
vector field Uf; and new interactions for the vector £ not considered in Ref. [157].
Finally, we present the interaction terms belonging to Lheavy that contribute to the
model diagrams leading to NrSMEFT operators at d = 7.

The Lagrangian Ly;gn; comprises the renormalizable SM Lagrangian, the mass term for
Npg,' and the allowed Yukawa interaction for the singlet. It is expressed as

1 .
Elight = Lom — §N}%MRNR — LHY,Ng + h.c. (Al)

The interactions involving Ng in Lixed can be classified into two categories: fermion-
fermion-scalar (FFS) and fermion-fermion-vector (FFV) interactions. Each category
includes two types of terms: A) those with one light field (/Vr) and two heavy fields,

'Notice we only write down a Majorana mass for Nr. We further discuss this in Section 5.3.
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and B) those with two light fields (either one or two Ng) and one heavy field. We

gather all these interactions in £% o 4 which is given by ?
N N
‘Cmﬁ(ed ﬁFFRS (A) + EFFS (B) + ‘CFFV(A) + ’CFFV (B) (A-z)

where

LYEs ) = yinn (NENR) S +yRn, (NrNL) S
+ g, (NRER) St +y¥p, (NrEL) S
+yha, (VRAR) ¢ +y%a,, (NrRAL) ¢
+ YN (VEZR) B+ ks, (NREL) E
+ yJEvlle (NEZ1Rr) E1 + y]E\/'IZIL (NrX1L) B2
+ YNDg (N&Dr) w] + YND, (NrDp) WI
+ Y3, (NRUR) wh +y%2U (NrUL) b
+ ?JNQ1R (NRQir) I} + yNQlL (NrQiz) 1
* yNQm (NRQrr) TIL + yNQ7L (NrQrz) 11
+ yJCVTlR (NgTir) ¢t + yNTlL (NrT1L) ¢' +he., (A.3)

Lofsm = yin (NENR) S + 3 (Nger) St + vk (NrL) ¢
+ iy (Ndr) W] + ¥z, (Ngur) ol + ygl (QNg) 11
+ YNAIR (N]%AlR)H"i‘yNAlL (NiRAlL) H+ h.C., (A4:)

Lo = gﬁNR (NrvNR) B + QJ%NL (NgvuNL) B
+ gNER (NrvEr) By + gNEL (N wEr) BY
+ gNAlR (Nrvulir) L5 + gNAlL (Ngyulir) LY
+ gNAgR (Nrvular) £5' + gNAgL (NivuAsr) £47
+ gNZR (NryuXRr) WH + gNZL (N§yuXr) wt
+ gNle (NrvE1r) Wi+ gNElL (Mg Zi) Wi
+ 93 pp (NrvuDr) Ut +gNDL (NguDr)
+ gNU (Nrv.Ur) UM + gNUL (NzveUL) uﬁLT
+ gNQlR (NrvuQir) Q4T + gNQlL (Niyvu@Qu) Q4
+ 980, (Nr1Qsr) Q5 + 980, (NaruQsr) Q47
+ 9%r,, (NevuTor) X + 9X0, (NgyuTor) X'+ hee., (A.5)

*Explicit SU(2) and SU(3) index contractions have been omitted in the Lagrangians of this appendix.
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Egﬁwm ggN (VRVMNR) B* + gffle (TRVMGR) B + gJL\:IIL (NifﬂuL) Ly
+ %8 (Nevyudr) U + 652, (Npyuur) UST + 93y (Ne7,Q) Q47 +hee.
(A.6)

In the previous Lagrangian, we assumed all new heavy fermions are Dirac spinors,
although there are two cases, N and %, which could be Majorana fermions. In the case
of those fields being Majorana, one can replace one of the Weyl fermions by its charged
conjugated counterpart, since ¢, = 9% (and ¥ g = 1¢). In fact, in one particular model
discussed in Section 5.3, the Majorana nature of A/ was required to draw one model
diagram. Nevertheless, in this appendix we keep the notation of two distinct chiral

components for each fermion.

The Lagrangian terms that involve the new vector /; and contain at least one light
field are

U _
‘lexed gNDL

( JC%WDL) L{{‘T + Q%IDR (VRVMDR) u{LT + 9%1(1 (NiRWdR) L({”L
(‘Bf?ﬂuUL)ufT +92ﬁ21 (L. Q1r) uiﬁ +gzi{1Q5 (Ly,Qs1) u{ﬁ
(G Br) Ul + gglm (@uAir) UL

+ gt (S DL) U + gt (5 UL) U + g, (Q°uQir) U

+ ngL (d%%./\/'L) Z/ll + ngR (dRVuNR) U +hec. (A7)

For completeness, we have written in the first line the interaction terms containing

Ngr, which were already introduced in 5?715‘/.

The renormalizable interactions of the vector £; with the light fields are given by

Lated = 9N, (Nmmdin) £ + %, (Nguir) £ + o3, (NpouL) £
+96A1 (A1rVuer) LY +9LNL (Nzy.L) + gffl\fR (NG, L) £V
+ geAs (€r1uAsr) £1 + QLEL (Sl) £y + gLER (CRyul) LY
o (LyuEr) £ + gL21 (LY, S1L) £V
+ gQT2 (TorveQ) LY + qu7 (Qrrvuur) L4 + 938, (Qirvudr) LY
+ gQU (Uz9Q) £ + 95 (@uDr) L4 + g5k, (QuTip) L4
+ ng5 (drVuQsr) LY + qu1 (WrYuQ1r) L) +h.c. (A.8)

Again, we have included in the first line the three interactions with Ng, which we
already presented in £§ Fv. The remaining terms involve at least one SM field.
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Finally, we write down the 3-point interaction terms among heavy BSM fields that are
needed in different opening diagrams of the operator O 4. These are

i, = (i, (Birtin) S+ 05, (Bizdun) =

1L

L (BT AL)E R (BTpA) zl} t he.

+ psz, (SEIZ1) + po= (ST2) + s (SSS) - (A9)
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Appendix B

Meson decays: analytical

computations

This appendix is based on the appendices of Ref. [175]. It complements Chapter 6 and
includes technical details of the computations of meson and HNL decay widths in the
NRLEFT. Section B.1 contains the derivation of two-body and three-body pseudoscalar
meson decays into (i) two HNLs and (ii) one HNL and one SM neutrino. In Section B.2,
we show the branching ratios of the decay channels including a SM neutrino and an
HNL in the final state as a function of the HNL mass, which were not displayed in
Chapter 6. Finally, in Section B.3, we provide the partial decay width formulas for

HNLs decaying into mesons via the single-Npr operators of interest.

B.1 Pseudoscalar meson decays into HNLs

The four-fermion operators in the NgpLEFT contained in Tables 6.1 and 6.2 lead to
two-body and three-body meson decays, if the HNL mass is small enough. The for-
mer involve two neutral leptons in the final state, whereas the latter correspond to
semileptonic decays with an additional lighter meson within the final products. This
appendix gathers the necessary formulae to determine meson decay rates into HNLs,

assuming a pseudoscalar meson (of mass mp and momentum p) in the initial state.

In pure leptonic decays we define the meson decay constants through the transition
matrix elements (see e.g. Ref. [172])

(0|@Y"y545|P(p)) = ifpp",
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2
mp

__ ¢S
L Ir=ift, (B.1)

Olaysa; | Pp) =i

where 7, j denote quark flavor indices, and | P(p)) is the decaying pseudoscalar meson.

In semileptonic meson decays, the hadronic matrix elements are described by the cor-
responding form factors. We distinguish two scenarios depending on the nature of
the outgoing meson. If it is a pseudoscalar (of mass m and momentum p’), the non-

vanishing matrix elements are

2
(P'(p")|@"q; | P(p)) = f+(a®) |(p+ P/ )" — mTq“ + fo(q2)Tq“v

(P'()|@aj| P(p)) = fs(q®)
2%

<P/(p/)|@UW(]j|P(p)> = m [P“ply - pyp/“] fT(QQ), (B.2)

where ¢" = p* — p'*. Of the four form factors (f5, fo, fs and fr), the scalar one can be
related to the others using the equations of motion, through

2 2
2y Mp—m 2
fs(q®) = —— mq,fO(q )- (B.3)

7

When the final meson is a vector (of mass m, outgoing momentum p’ and polarization

vector ¢), the nonzero matrix elements are

(V' €)|@v"q;| P(p)) = ig(q*)e* * €, Pags,
V@, g vsa1P(p) = (@) + ay (¢®)PPe" - p+a_(¢°)g"e - p,
V@, &)@ q;|P(p)) = P (94-(¢°) et Ps + 9-(4*)ehas + 90(a*)paplz € - p)
(VY e)|[@vsq1P(p)) = frs(d®) e - p, (B.4)

where we defined P* = p”+p*. These transitions, denoted by P — V/, are parametrized
by eight functions of ¢ 9, f, ar,a_, g4, g—, go and fpg. Equations of motion relate
the pseudoscalar form factor with the rest through the following expression

1

e [f(qz) +ay (q2) (m% - m2) + a—(QZ)QQ] . (B.5)
¢ qj

frs(@®) =
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Two-body decays

In the rest frame of a particle of mass M, the two-body decay width reads

A\L/2 M?% m2,m?
I = (647T2M3 ) /dﬁcm > M, (B.6)

spins

where A (z,9,2) = (z —y — 2)? — 4yz, and m,, m;, denote the masses of the decay

products. Note that for identical particles in the final state one has [ dQcm, = 27.

In this section, we list the amplitudes and corresponding partial decay widths of a
neutral pseudoscalar meson P ~ @;q; decaying into (i) a pair of HNLs, and (ii) one
HNL plus one active neutrino. For a Dirac HNL (and Dirac v), these decays occur via
the LNC pair-Np operators in Table 6.1 and the LNC single- Ny operators in Table 6.2.
In the Majorana scenario (where the HNL and v are Majorana), the decays receive con-
tributions from both the LNC and LNV operators. The amplitudes for Dirac neutrinos

read
M (P = NN) = 22 (8 V) Py (87)
- f2 (s s .
M (P — VaN) = 1713 <cq£,1?ija — Cq&?\fz‘ja) u, Prupn , (B.8)

where ux (u,) and vy are the spinors corresponding to N (v) and N, respectively. A
prime is added when there are two HNLs in the final state. For Majorana neutrinos,
we recall that the full Majorana HNL field is N = N + Ng, such that N = N. The
amplitude for P — NN has to be anti-symmetrized in N and N’, since there are two
identical particles in the final state'

M(P — NN) = Zfl (CV7RR CV7LR) Wp"%UN/

9 \"aN,ij — “gN,ij
. pS S,RR S,LR\ — S,RR * S,LR*\ ——
+ pr [ (CqN,ij — CqN,ij) unPron: — (CqN,ji — CyN, ji ) ’LLNPLUN/:| ,
(B.9)
I3[ ( sk S,LR S,RR S,LR
o ) ) e 9 * ) * e
M (P - VaN) - Z? |: (CquN,ija - quN,ija) u, Proy — (CqVN,jia - cquN,jioa) UVPLUN:|

n Pl (VRR VIR \_— p o (VER: _ VIR+ \up
t 9 CqVN,ija CqVN,ija qu RUN CqVN,jia CqVN,jia ul’p LUN | -

(B.10)

'The convention for associating a u or v spinor to a Majorana particle is arbitrary. Our is such that
there is one % spinor and one v spinor in each process. In this way, we recover the usual Dirac relations
for the sums over spins. Nonetheless, the physical result does not depend on the convention’s choice.
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The decay rates of these two processes in the Dirac scenario are given by

I'(P— NN)= Ifel® et — et Cmpm 1 4m2?v : (B.11)
321w ’ ’ mp
2 2
— f3)” | sk SR |2 ma
F(P%VN):“C’N»» —C’N~‘mp 1- -2, (B.12)
o 647 quN,ijo quN,ija m%}

and in the Majorana case by

2
VRR V.LR
['(P— NN)= \/7[2# | qN,ij — Cqn,ij| TN
2 2m>%
SRR _ S.LR N
+ /7] {<’ CaN,ij ~ CaN,ij ><1_ m3 >
P

2
S,RR S,LR S.RR s LR my
+2 [(%N, i CqN,z'j) (CqN,jz‘ ~ 6N, yz) +h C] }

2

+ S,RR _ S.LR
CqN,ji ~ N, ji

2
mp
s) (VRR _ VLR\ ( SRR+ _ SLR+ SRR _ SLR
- fPfP{ (CqN,z'j - CqN,ij) (CqN,ia CqN,ij T CqN,ji ~ CqN,jz') my +h'°}] )
(B.13)
(P Ay = P (4 m3\* || o2 (| srr _SER P | SRR SLR |7
( — Va ) - 64 - m2 ‘fP‘ cquN,ija cql/N,ija quzN,jia cqzzN,jia
P

i ‘CV,RR” _ VLR

2
‘ quN, jix quN, jix

2

2 V.RR V,.LR 2

+ |fP| (‘quN,z’ja — CwN,ija > my
S,RR _ S,LR V,RR VLR
cql/N, ijo qu/N7 ijo cql/N, Jia cql/N, Jia
S,RR+*  S,LRx* V,RRx  V,LR* +h
+ \ €N, jia ~ CquN, jia ) \CquN,ija — CquN,ija ) |TPN TDCoo |
(B.14)

Three-body decays

For the three-body phase space integral calculations we follow the procedure de-
scribed in Ref. [172, Appendix B.1]. However, we adopt general labels for the leptonic
products. In the rest frame of the decaying pseudoscalar meson, the decay rate reads

= s | O [ @' [ Qo = )2 = md)s(eE - md)

X Z IMPP6D (D —p' — pa — ) (B.15)

spins




B.1. Pseudoscalar meson decays into HNLs 207

where p (p') is the momentum of the decaying (outgoing) meson and p, and p, denote
the momenta of the produced leptons.”> The summed over spins squared matrix el-
ement can be written in terms of four-momentum invariant scalar products and the
hadronic form factors, which are functions of ¢> = (p — p/)%. After performing the
integral over the four-momentum py, it is convenient to introduce the variable a via a
factor of 1 = [dad(a — ¢*). Then, the spin-summed matrix element squared can be

written as
K

= cal@)(pa-p)", (B.16)

Pb=q—Pa n=0

> IMP?

spins

where ¢, (a) are functions of a, particle masses and the hadronic form factors. For

the decays under study we have K < 2. After performing the remaining momentum

integrals, one arrives at the final decay rate expression®

1 1 /(WPM)2 K
=—— dalp cpla)l,, (B.17)
2mp (271')5 (ma+myp)? 7;)

where the integrals Ip and I,, (for n = 0, 1, 2) are given by

Ip = 2%)\1/2 (a,mQ,m%) ,
mp
IO = %)\1/2 (%mZ,mE) ) Il = Wi(p'q)l(h
I 1
Iy = ch ((pa q)*(p-q)* + @A(a,mQ,m%)A(a, mﬁ,mﬁ)) . (B.18)

The scalar products above have to be replaced by

N =
N =

In summary, after computing the spin-summed matrix element squared with standard
techniques and arranging it in the form of Eq. (B.16), one replaces (p, - p)" by the
corresponding integral result I,,, substitutes the form factor expressions, and evaluates
the integral in Eq. (B.17) numerically.

In the rest of this section, we give the amplitudes of the relevant three-body decays for
producing the HNLs via the NrRLEFT operators. For Dirac HNLs, these are

2The labels a and b will refer to (i) N’ and N, and (ii) v and N.
*When the outgoing leptons are two Majorana HNLs an extra factor of 1/2 appears in the final ex-
pression.
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V,RR | V,LR m3, — m?
(quv7ij + qu\,’ij> <f+Pp + (fo— f+) q2q“> [un~" Pront]
(B.20)

N |

M (P — P'NN) =

VRR V.LR v
M (P — VNN { Cy4N,ij qN,ij) (zgfuuab’e p/apﬁ>
1
2

V.RR VLR S
+ < qN ij CqN 2]) (fez + a’+PH€* ‘Pt a*QME* 'p) } [UN/V#PRIUN’] )

(B.21)
~ _ [s ( SRR S.LR .
M (P = P'vaN) = o (cquN,ija - CquN,ija) [, Pron]
2ifr i .
T CZV,%ija?npiTn (pup:/ + 2€,uzxpoppp/a> [UVUM PRUN] , (B.22)

~ _ [Ps [ SRR S.LR . __
M (P - VZ/O‘N) = 7 (CqVN7 ija CqVN,ija) (6 'p) [UVPRUN]

T,RR 1 . . )
T Cun, ija{Qewaﬁ [9+6 *p+p )+ g_e*q® + gop™pPe .p]

—i[gren(p+ )+ 9-€ha0 + gopupie - D) } [, 0" Prun] . (B.23)

The corresponding amplitudes for Majorana HNLs read
/ 1/ VviRrR | VLR mp —m? w5
M(P = PNN) = 5 (i + el ) ( £+ (o= 100 ™0 5™, ) [0 o)
+ fs (cqu’\fﬁ + cfjé%) [un Pron'] + fs (cgj\?i* + cfﬁ?f) [unPront]
(B.24)

VRR VLR /o, 3
qN 1_7 qN,ij ZgENVOé/Be p p

V,RR VLR —
( qN ij qN z]) (fEZ + a+PN€* Pt a—que* ’ p) } [UN’7“75UN’]

M(P - VNN) {
1

2

+ fPS{ <C§'175V1?ij - Cjzf\fij) (¢" - p) [unPron]

S,RR * S,LR * % S
- (qu/N,ji o cquN,ji) (¢" - p) [unProni] } ) (B.25)

fs S.RR S.LR _ S,RR* SLR+ \
M(P — P'vogN) = o5 (CQVN, ija T Cqun, ija) [ty Prun] + <CqVN,jia + CquN,jia> [uy Pron]
ifr

+M—|—m

T,RR -
{cquN ija (2p,up1/ + Ze/u/pap p ) [UVO"W/PRUN]

T.RR ___
o quN jto& (2]9“]?” — 1€uvpol Pp' ) [ay ot PLon] }
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V.RR V,.LR 7} V.RR * V,LR % —
+ { <qu/N7 ijo + qu/N,ija) [UV’)/ PRUN] - (CqVN,jia + CquN,jioc) [ul”y PLUN} }

2 _ 2
< (Femr (o= 10 P50, ) (B.26)

Ips SRR S,LR . __
M (P - VVQN) = 7 (cqu,ija - cql/N,ija) (6 p) [UVPRUN]

S,RR S,LR _
B (CqVN,j};a - cql/N,ji&) (6* : p) [UVPLUN] }

1 ‘ -
T CqT;%{%ija (26uvaﬁTa6 - 2Tw> [0 Prun]

T.RR 1 . .
— CuN. j“;a <26MVQ6TCVB + ZTMV) [0 Proy]

1 V,RR V,LR V,RR V,LR
— ’ ) ) _ ) A M
+ 2{ (CquN, ijo + quzN, ija) VN + (qu/N7 ijo Cql/N7 ija) AN [UV"Y PRUN]
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(B.27)

where we have introduced:

T =g, (p+ )" + 9-€*¢" + gop*p” (" - p) ,
*v lo, B

Vi = 2igepape D7,
Ap = fe +ar(p+p)u(e” - p) +a—qu(€ - p).

Specific software, such as FeynCalc [303, 304], automatizes the computation of the
summed over spins squared matrix elements. Finally, to simplify notation in the pre-
vious expressions, we have omitted the ¢> dependence of the form factors.

Decay constants and form factors

The masses of all mesons involved in the decays are taken from Ref. [168]. In addition,
we use the light quark masses at a renormalization scale of u = 2 GeV in MS, whereas
for m. and m; we employ the MS masses at 1 = m, and pu = m;, respectively, as in
Ref. [168]:

my =2.2MeV, mg=4.7MeV, mz=93MeV, m.=1.27GeV, my=4.18 GeV.

We provide the decay constants of the heavy neutral pseudoscalar mesons in Table B.1.
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Meson P | Decay constant fp [MeV]
DO 212.0 (0.7)
B 190.0 (1.3)
BY 230.3 (1.3)

TABLE B.1: Decay constants of heavy neutral pseudoscalar mesons [305].

We use the isospin-averaged results* for Ny = 2+ 1 + 1 dynamical quark flavors from
Ref. [305]. As regards hadronic form factors, several parametrizations exist in the
literature for describing their dependence on ¢*. One of the most used is the BCL
method [307], and we try to stick to it as long as there is available data. In all other
cases, we use the so-called double-pole parametrization. In Table B.2, we show all
hadronic transitions mediated by the selected NRLEFT operators and the references
studying the associated form factors. We indicate the equation where the explicit ¢*

parametrization appears and the tables where the best-fit parameter values are given.”

B.2 Branching ratios of meson decays triggered by single-Np

operators

We have also computed the branching ratios for two- and three-body pseudoscalar
meson decays including in the final state a SM neutrino and an HNL. These decays
are triggered by the single- Ny operators given in Table 6.2. As an example, we show in
Fig. B.1 the corresponding branching ratios in the case of b — d transitions triggered
by three single-Np operators, namely, (’)Z’ﬁ%la, Ogl’ﬁ,gm, and (’)gﬁ,%la. The scalar

and tensor operators are LNC, whereas the operator of the vector type is LNV.

As can be seen from Eq. (B.14), the tensor operator does not contribute to the two-
body decay width. This is why there is no solid blue line in the corresponding plot
in Fig. B.1. The tensor form factors for the B — 7 transitions have been taken from
Table 50 in Ref. [305]. For B® — 7, 1/ and BY — KO, we have used Eq. (27) from
Ref. [310], which relates fr to f1 and fo. Finally, for the B,y — V transitions, we have

*In other words, we assume the isospin symmetry, i.e. the (approximate) symmetry between the u
and d quarks. In this limit, the decay constants for D° and D7 are the same, fp. Similarly, B? and BT
mesons are characterised by one constant, fp. The difference |fp+ — fp| is estimated to be ~ 0.5 MeV
for both P = D and P = B [305, 306].

*Notice that there are several conventions in the literature for writing hadronic matrix elements in
terms of form factors. The basis presented in Eqgs. (B.2) and (B.4) must be converted to the new basis in
each reference before using their ¢° parametrization.
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Meson transitions Form factor parametrization Fitted parameters
DO N 0
i BCL [308, Egs. (A1)-(A2)] [308, Tab. VI]
Dt — ot
D-mesons | D° —n, 7/, p° w
Dt — pt Double-pole [309, Eq. (63)] [309, Tab. VI]

Df K+, K+
BY — 79 KO
B* - at, K+ | BCLI[305,Eqgs. (529)-(530)] | [305, Tabs. 46, 48, 50, 51]
BY - KO
Bmesons | 2. Double-pole [310, Eq. (36)] (310, Tab. 4]
BY =, o

BY = 0, w, K0
Bt s pt, K+t BCL [311, Eq. (2.16)] [311, Tab. 14]
BY — ¢, K*0

TABLE B.2: Relevant meson transitions for the decays studied in Section 6.2. The two last
columns show the references to the form factor parametrizations and the best-fit parameter
values. Isospin symmetry is assumed so that identical form factors are taken for P — M
and Pt — M transitions, where M can be a pseudoscalar or vector meson.

used the results of Ref. [311]. In Table B.2 we include these references and the ones for

all other form factors.

We note that the branching ratios in Fig. B.1 are very similar to those for the meson
decays induced by the single-Nr operators with a charged lepton, which have been
studied in detail in Ref. [172], cf. Fig. 2 therein. Thus, the constraints on the neutral
current single-Np operators from the far detectors are expected to be very similar to
those derived in Ref. [172] for the charged current single- N operators. For this reason,

we do not study the neutral current single-Np operators in more detail.

B.3 HNL two-body decays via single- N operators

Single-Np operators contribute to both HNL production and decay. In fact, depending
on the Wilson coefficient and the value of active-heavy mixing, they can even domi-
nate the HNL decay width. The LNC and LNV operators in Table 6.2 make HNLs un-
dergo two- and three-body semileptonic decays. The dominant channels are two-body
decays, mediated by just one insertion of an effective operator, with one light neutral
meson and one active neutrino in the final state. If the HNL mass is large enough, then
multimeson final states could also be important in the computation of the total decay
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FIGURE B.1: Branching ratios of B-meson decays triggered by the single-Nr operators

S,RR T,RR V.RR . . .
Ouns1ar Ogon s1a and Oy x5, . In each case, the corresponding Wilson coefficient has been

set to 107302,

width. We do not compute this contribution, though. The single- Ny operators with
light quarks can mediate the two-body decay processes mentioned above at tree level.
The contribution from operators with heavy quarks, which control B- and D-meson
decays into HNLs, is loop-suppressed, and we do not compute it. The interference

between active-heavy mixing and single- /Ny operators is also not treated here.

In this appendix, we list the HNL partial decay rates into a neutral meson and a SM
neutrino mediated by the effective operators containing two light quarks. We leave,
however, the flavor indices of the Wilson coefficients unspecified. We consider the
scenarios where both N and v are either Dirac or Majorana particles. In each case, we
distinguish between a pseudoscalar and a vector meson in the final state. The latter

requires the introduction of the following form factors:

0[@v"q; |V (p,€)) = ifymye,
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Olgo" q;|V (p, €)) = — fir (p"€” — p”e), (B.28)

where |V (p, €)) denotes a vector meson with mass my, momentum p, and polarization
vector e. For Dirac N and v, the decay rate into a SM neutrino and a pseudoscalar
(vector) meson P (V') ~ g;q; of mass mp (my) reads

1% | e SLR |2 m2\”
(Y = v = S e = i (1- 22 ) (B.29)
2 2
V1 | mrr 2 s mi my,
DN = vaV) = Sk bR Pl (1- mi) (o) (B.30)

In the Majorana scenario, the decay rates receive contributions from both the LNC and
LNV single-Ng operators and are given by

4 |SRR - SLR 2
cqlxN,ija cql/N,ija
quN,ijo quN,ija

2
— fpfS| (SRR SLR V.RR VLR
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2
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(B.31)
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