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Abstract

Dark matter provides one of the strongest pieces of evidence for physics beyond
the Standard Model and motivates a wide range of dark sector scenarios. In
this thesis, we investigate theoretical consistency conditions of gauge symmetry
extensions and phenomenological signatures of two concrete dark matter models.

We first study extensions of the Standard Model by an additional U(1) gauge
symmetry with a new massive gauge boson Z’, focusing on constraints arising
from anomaly cancellation. We compute the axial-axial-vector triangle diagram
inducing an effective Z—Z'—y vertex and analyse its implications for the decay
Z — Z'v. We consider two representative examples, U(1)p_1 and U(1)p, and
show that the additional fermionic states that have to be introduced in the
second case can lead to non-trivial effects such as non-decoupling. We derive
constraints on the parameter space from Z — Z’y and relate our results to
effective field theory descriptions.

We then study the collider phenomenology of inelastic dark matter, where a
small mass splitting between dark sector states suppresses direct detection sig-
nals but can lead to distinctive signatures at the Large Hadron Collider. Using
simplified models with different mediator types, we recast an ATLAS monojet
search and obtain exclusion limits, finding the strongest constraints for vector
and axial-vector interactions. We further examine displaced vertex signatures
and show that observable effects are mainly restricted to pseudoscalar mediators
due to competing requirements on decay kinematics and lifetimes. We identify
the key parameters controlling collider sensitivity and discuss implications for
future searches.

Finally, we investigate a leptophilic dark matter model in which interactions
with the Standard Model are mediated by a charged t-channel particle. In this
scenario, dark matter annihilation can produce gamma-ray features via virtual
internal bremsstrahlung. We show that the same interactions generate electro-
magnetic form factors at loop level, leading to anapole and dipole moments that
can give rise to observable direct detection signals. The resulting constraints are
strongest in the parameter region that enhances the gamma-ray feature, high-
lighting the complementarity between indirect and direct detection probes.

Overall, this work demonstrates the interplay between theoretical consistency
and phenomenological signatures in dark sector models and shows how combin-
ing different experimental approaches significantly constrains physics beyond
the Standard Model.
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CHAPTER 1

Introduction

This thesis addresses two complementary and essential aspects of particle physics. The
first part focuses on fundamental principles of quantum field theories and their implica-
tions for physics beyond the Standard Model. The second part presents the phenomeno-
logical imprints of two concrete models for dark matter at colliders and in direct detection
experiments. These two perspectives are intrinsically connected: any viable dark matter
model must satisfy the theoretical consistency requirements imposed by quantum field
theory while simultaneously evading existing experimental constraints, be it in laboratory
searches or astrophysical and cosmological observations.

We start by reviewing the theoretical framework that this work builds upon, namely
the Standard Model of particle physics.

Our current understanding of elementary particles and their interactions is encapsu-
lated in the Standard Model of particle physics (SM). Developed through experimental
and theoretical advances spanning roughly from the 1920s to the 1970s, the SM was
eventually formulated in the form we know today. Section 1.1 provides an overview of
its structure and highlights its most important features. Since its first formulation, the
SM has been tested with remarkable precision. The discovery of the W and Z bosons
by the UA1 Collaboration and the UA2 Collaboration in the early 1980s confirmed the
electroweak theory [1,2]. The subsequent observation of the charm [3,4] and top [5, 6]
quarks further validated the model’s predictive power. Most notably, in 2012, the ATLAS
and the CMS Collaboration at CERN announced the discovery of the Higgs boson |7,8],
completing the particle content predicted by the SM. With this milestone, the SM be-
came an experimentally confirmed and extraordinarily successful description of nearly all
observed particle physics phenomena.

At the same time, several experimental observations indicate that the SM is incom-
plete, allowing to take a glimpse at a new, foreign world that lies beyond our current
knowledge. These hints arise in a variety of settings, including astrophysical observations,
precision measurements, and collider experiments.
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A prominent example is neutrino flavour oscillation, first established through the
deficit of solar neutrinos and later confirmed in atmospheric, reactor, and accelerator
experiments [9-11]. Neutrino oscillations imply non-zero neutrino masses and flavour
mixing. In its minimal formulation, however, the SM contains no neutrino mass terms.
Oscillation experiments determine the mass-squared differences and mixing angles [12,13],
while the absolute neutrino mass scale remains unknown. Measurements of Tritium-
B-decay at KATRIN provide an upper limit on the mass of mg = />_,;|Uei|?m? <

0.45eV [14]. In addition, a number of experimental anomalies hint at possible non-
standard oscillations, which could be explained by the existence of additional neutrino
states, see Refs. [15-20].

Astrophysical and cosmological observations provide compelling, independent evi-
dence for dark matter, one of the most established examples of physics beyond the SM.
The dynamics of galaxies, galaxy clusters, and the evolution of large-scale structure
require the presence of much more non-baryonic, “dark”, than ordinary matter. Its exis-
tence is inferred from gravitational effects, while no non-gravitational interactions with
SM particles have been conclusively observed so far. Section 1.2 reviews the experimen-
tal evidence for dark matter, outlines theoretical frameworks proposed to account for it,
and comments on current, ongoing searches to reveal its particle physics nature. In the
second part of this thesis, we investigate the phenomenological implications of two such
models.

Precision measurements also probe the internal consistency of the SM. Owing to
its gauge symmetries and renormalisable structure, the SM predicts correlations among
observables. This in turn allows high-precision experiments to test these correlations by
comparing independent determinations of related quantities. While most measurements
confirm SM predictions, several tensions have been reported. In the electroweak sector,
the CDF Collaboration at the Fermilab Tevatron collider reported a measurement of the
W-boson mass in tension with the SM prediction [21], although other experiments have
not confirmed this deviation. Flavour physics provides additional probes, with some
b-quark decay observables exhibiting mild tensions with SM expectations [22-26].1

Beyond experimental anomalies, several conceptual problems suggest that the SM
may not be a complete theory. The Higgs mass is highly sensitive to radiative corrections
from heavy states, giving rise to the hierarchy problem. The cosmological constant poses
an even more severe naturalness problem: naive estimates of vacuum energy in quantum
field theory exceed the observed value by many orders of magnitude. The SM also fails to
account for the observed baryon asymmetry of the Universe, as its sources of CP violation
are insufficient and it does not facilitate any (known) mechanism for substantial departure
from equilibrium. In addition, the strong CP problem — the puzzling smallness of CP
violation in quantum chromodynamics — represents another unexplained fine-tuning in
the theory.

1 Other previously reported anomalies, such as the muon g—2 and the proton radius puzzle, have largely
converged with SM predictions following updated theoretical and experimental results [27-32].
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Cosmology provides further motivation for new physics. The observed large-scale ho-
mogeneity and isotropy of the Universe, most precisely measured in the cosmic microwave
background (CMB), are naturally explained by an early phase of accelerated expansion
(inflation), which resolves the horizon problem and generates primordial density pertur-
bations.

Finally, the flavour structure of the SM remains unexplained. Fermion masses and
mixing angles arise from Yukawa couplings that span many orders of magnitude and
exhibit hierarchical patterns without a known underlying organising principle. This
flavour puzzle, together with the issues outlined above, has motivated extensions of the
SM such as grand unified theories and supersymmetry.

This thesis focuses on two complementary aspects of particle physics. The first part
studies fundamental principles of quantum field theory and their implications for the
conceptual and experimental questions discussed above. The second part investigates the
phenomenology of two specific dark matter models in colliders, precision experiments,
and astrophysical observations.

We begin with a brief introduction to the SM, outlining its most important features.
For a more detailed overview, the reader may be referred to textbooks, such as Refs. [33—
35]. This is followed by Section 1.2, which reviews the evidence for DM, the models that
could explain it, and ongoing experimental searches. Finally, Section 1.3 provides an
overview of the content and structure of the main chapters of this thesis.

1.1 The Standard Model of Particle Physics

The Standard Model of particle physics (SM) is a renormalisable quantum field theory
describing the strong, weak, and electromagnetic interactions. It is based on the local
gauge symmetry group

SU(?))C X SU(?)L X U(l)y .

Each factor corresponds to a gauge symmetry with an associated set of gauge bosons
that mediate the fundamental interactions.

The non-Abelian group SU(3). describes the theory of strong interactions, quantum
chromodynamics (QCD) [36-42|. Its eight generators give rise to eight massless gauge
bosons, the gluons g. Because SU(3). is non-Abelian, the gluons themselves carry colour
charge and therefore interact with each other. For the observed number of quarks, this
property leads to asymptotic freedom at high energies and confinement at low energies:
the matter we encounter in everyday life is composed of hadrons — such as protons and
neutrons —, which are colour-neutral bound states of quarks and gluons.

The electroweak sector is described by the product group SU(2)r x U(1)y [43-45].
The subscript L indicates that SU(2)r acts only on left-handed fermions, making the
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fermions bosons
families | 1T | II | III || spin 1 | spin O

u | c t g H
quarks 1| s b ;

e | u | T Z
leptons ve | v | vy Wt

Table 1.1: Particle content of the SM (in the electroweak broken phase). On the left
we have the fermions with spin 1/2, which are grouped into three families. On the
right there are the bosons with integer spin, that split up further in vector (spin 1)
and scalar (spin 0) particles.

weak interaction intrinsically chiral. The four corresponding gauge fields are three bosons
W}, associated with SU(2)r and one boson B, associated with U(1)y-.

While at high energies, the electroweak symmetry is intact, it becomes spontaneously
broken at low energies to the electromagnetic subgroup U(1)e,, via the Higgs mecha-
nism [46,47]. The scalar Higgs doublet acquires a non-vanishing vacuum expectation
value (vev) which generates masses for the weak gauge bosons. In the broken phase,
the physical gauge bosons are the massive charged bosons W+ and the massive neutral
boson Z for the weak force; the electromagnetic interaction is mediated by the massless
photon 7.

1.1.1 Particle Content

The particle content of the SM, shown in Table 1.1 in the electroweak broken phase,
consist of fermions with spin 1/2 and bosons with integer spin. The gauge bosons me-
diating the forces (g, W*, Z, v) are spin-1 particles. In addition, the Higgs mechanism
contributes a physical scalar, the Higgs boson H, with spin 0.

The matter sector contains twelve fermionic fields (and their corresponding antipar-
ticles), arranged into three generations. Each generation contains two quarks and two
leptons:

e Quarks: (u,d), (c,s), (t,b),
e Leptons: (e, ve), (@, vy), (T,vr).

Quarks transform in the fundamental representation of SU(3),. and therefore carry colour
charge, while leptons are colour singlets. The three generations share identical gauge
quantum numbers but differ in their masses, which increase from the first to the third
generation. The replication of families is an experimental fact not explained within the
SM itself.
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Because heavier fermions can decay into lighter ones through weak interactions, only
the first generation fermions are stable. Ordinary matter is therefore mostly composed
of up and down quarks, forming protons and neutrons, and electrons that are bound to
the nuclei via electromagnetic interactions.

1.1.2 Chirality and Mass Generation

A central structural feature of the SM is that the weak interaction couples only to left-
handed fermions and right-handed antifermions. Right-handed fermions are singlets un-
der SU(2)1,. Consequently, the electroweak theory is chiral and maximally violates parity.

This chiral structure has important consequences for fermion mass terms. A Dirac
mass term couples left- and right-handed components,

mffoR + h.c.,

where the fermion f acquires a mass my. However, such a term is not gauge invariant
under SU(2)r, x U(1)y for the SM fermion gauge assignments, and explicit mass terms
are therefore forbidden.

Instead, fermion masses arise through Yukawa interactions with the Higgs doublet ®.
The Yukawa Lagrangian for quarks and charged leptons is

Ly = —ysQrPdr — yuQLi)uR —y L ®lg + h.c.,

where Qf, = (ur,dr)” and Ly = (er,vr)? denote the left-handed quark and lepton dou-
blets, while ug, dg, and £ the corresponding right-handed singlets. The field ® = ioy®*
is the conjugate Higgs doublet. Since the SM contains three generations of quarks and
leptons, the Yukawa couplings y; are 3 X 3 matrices. Note that in the lepton sector,
there is only one such term, since the minimal SM does not include right-handed neutri-
nos. After electroweak symmetry breaking, the Higgs field acquires a vev v, generating

fermion masses matrices
_Yyrv

m
f \/5

Diagonalising these matrices defines the fermion mass eigenstates. The observed hier-

archy of fermion masses is therefore directly determined by the Yukawa couplings yy,

which remain free parameters of the theory.

1.1.3 Flavour Mixing and CP Violation

Because the Yukawa matrices for up- and down-type quarks cannot generally be diago-
nalised simultaneously, the weak interaction eigenstates differ from the mass eigenstates.
Their mismatch is encoded in the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the
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quark sector [11,48,49]. Within the three generations, the CKM matrix contains one
irreducible complex phase, which gives rise to CP violation in weak interactions.

In the lepton sector, neutrino oscillation experiments demonstrated that neutrinos are
massive and mix [9-11|, as mentioned above. This mixing is described by the Pontecorvo—
Maki-Nakagawa—Sakata (PMNS) matrix [12,13]. However, in the SM neutrinos are as-
sumed to be massless. Generating neutrino masses therefore requires an extension, for
example by introducing right-handed neutrinos with Dirac masses, or through Majorana
mass terms such as in seesaw mechanisms [50-52|. Since neither the absolute neutrino
masses nor their underlying generation mechanism have yet been experimentally deter-
mined, neutrino masses are not included in the minimal formulation of the SM.

1.1.4 Structure of the Lagrangian and Free Parameters

The dynamics of the SM are completely specified by the most general renormalisable
Lagrangian consistent with the gauge symmetries and the given particle content. The
gauge principle fixes the representation structure of matter fields and the gauge inter-
actions with possible self-interactions for non-Abelian symmetries. The fermion content
of any gauge theory is strongly constrained by anomaly cancellation. Gauge anomalies
would render the theory inconsistent at the quantum level; remarkably, the SM fermion
content cancels all gauge anomalies and those mixed with gravity generation by genera-
tion. While additional complete generations could in principle be added without spoiling
anomaly cancellation, incomplete multiplets (e.g. a single additional quark) would gen-
erally violate these consistency conditions.

In Chapter 2, we study an extension of the SM in which the gauge symmetry is
enlarged by an additional U (1) factor. This extension introduces a new gauge interaction
mediated by a gauge boson Z’. A central aspect of our discussion is anomaly cancellation
and we therefore introduce and explain gauge anomalies in detail in Section 2.2. The U(1)
symmetries we consider assign charges to subsets of the SM fermions and may require
the introduction of additional fermions to ensure that all anomalies cancel. Importantly,
the new fermion content must not only cancel anomalies involving the new U(1), but
must also preserve the cancellation of all anomalies already present in the SM.

After fixing the gauge group and particle content (i.e. which fields exist and in which
representation they transform), the remaining freedom lies in the numerical values of
the parameters. In the minimal SM with massless neutrinos, there are 19 independent
parameters:

e three gauge couplings,
e two parameters defining the Higgs potential,

e six quark masses,
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e three charged lepton masses,
e three CKM mixing angles,
e one CKM CP-violating phase.

These parameters are not predicted by the theory, but must be determined experimen-
tally. One can interchange some of these variables by others, since for example fermion
masses, Yukawa couplings and the Higgs vev are connected to each other, but there will
always be 19 parameters that have to be fixed by experiment.

1.2 Dark Matter

The nature of dark matter (DM) remains one of the most compelling open questions
in modern particle physics. Its existence is inferred from a wide range of astrophysical
and cosmological observations; however, to date the evidence has been observed only
through its gravitational effects. One of the earliest indications dates back to the 1930s,
when Fritz Zwicky analysed the velocity dispersion of galaxies in the Coma Cluster and
concluded that the visible mass was insufficient to account for the cluster’s gravitational
binding [53]. A major step toward establishing the existence of DM came from the work
of Vera Rubin and Kent Ford in the 1970s [54,55|. Using optical spectroscopy, they
measured the rotation curves of stars and gas in spiral galaxies, extending observations
far beyond the luminous disk. Their results confirmed and complemented earlier 21 cm
hydrogen-line measurements by Morton Roberts [56], showing that rotation velocities
remain approximately constant at large radii, rather than declining as expected from the
distribution of visible matter. This flattening of the rotation curves suggests that galax-
ies are embedded in extended halos of non-luminous matter whose mass substantially
exceeds that of the luminous components, with mass-to-light ratios reaching values of
order 20 [57]. These observations provided some of the most compelling early evidence
for the existence of DM and laid the foundation for subsequent studies of its distribution
in galaxies.

The possibility that DM consists of non-baryonic particles emerged from studies of
the role of neutrinos in cosmology. Earlier explanations for the missing mass in galax-
ies and clusters assumed that it consisted of faints stars, gas, or other forms of ordi-
nary baryonic matter. Compact objects in galactic halos — such as faint stars, brown
dwarfs, or stellar remnants — were later collectively referred to as MACHOs (massive
astrophysical compact halo objects). Observations, in particular microlensing searches,
have, however, since shown that MACHOs cannot constitute a dominant component of
DM. Massive neutrinos were among the first particle candidates for DM. They stand out
from other SM particles because they are stable on cosmological timescales and interact
neither electromagnetically nor via the strong interaction. Historically, neutrinos were
widely assumed to have non-zero masses, and comparatively large values were not yet
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excluded, making them attractive DM candidates. We now know that neutrinos are in-
deed massive, but their masses are far too small for them to account for the observed
DM abundance. Constraints on neutrino masses arise, for example, from measurements
of nuclear B-decay and from cosmological observations. Following the discovery of the
cosmic microwave background (CMB) [58], it became possible to place limits on neutrino
masses through their impact on the expansion history of the Universe [59]. Subsequent
numerical simulations further showed that SM neutrinos cannot constitute the dominant
component of DM. Because very light particles remain relativistic during the epoch of
structure formation, they suppress the growth of small-scale structures, leading to pre-
dictions that are inconsistent with observations from galaxy surveys. While neutrinos
necessarily contribute a small fraction of the DM abundance as hot DM, the dominant
component must be sufficiently non-relativistic during structure formation to reproduce
the observed distribution of cosmic structures. Although neutrinos cannot account for
a significant fraction of the DM abundance, the cosmological constraints that exclude
them — especially those related to structure formation — apply more generally to any DM
candidate with similar properties.

With the exclusion of neutrinos as a viable DM candidate, the idea that the missing
mass in the Universe is composed of a new, weakly interacting particle species became
widely accepted. The search for such a candidate, as well as for evidence of its non-
gravitational interactions, remains an active area of research. We will return to the
search for DM candidates in Section 1.2.1. For a detailed historical overview of DM, see
Ref. [57].

Since these early observations and considerations, several independent lines of evi-
dence have confirmed the existence of DM. Gravitational lensing, for example, reveals
that the total mass in certain galaxy clusters must be far greater than what can be
accounted for by visible matter alone. It also provides direct evidence for extended
DM halos surrounding individual galaxies. Weak gravitational lensing further allows the
study of large-scale structures, and, when combined with redshift measurements, can
probe the evolution of cosmic structures over time. Gravitational lensing has also been
used to investigate colliding galaxy clusters, most famously the Bullet Cluster, where
X-ray observations show a separation between the distribution of baryonic matter and
the gravitational potential traced by lensing [60,61].

Another important line of evidence for DM comes from baryon acoustic oscillations
(BAO), which originate from sound waves propagating in the hot plasma of electrons,
photons, and baryons prior to recombination. At recombination, electrons and protons
combined to from neutral hydrogen, allowing photons to stream freely; today these pho-
tons are observed as the CMB. At this point the acoustic oscillations froze in, leaving an
imprint characterised by a preferred scale known as the sound horizon. This scale can be
observed both in the acoustic peaks of the CMB power spectrum and in the distribution
of large-scale structures [62,63]. The properties of these oscillations depend sensitively
on the matter content of the Universe. In the absence of a non-relativistic matter com-
ponent that does not interact electromagnetically, photon pressure would dominate the
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dynamics of the plasma, resulting in significantly different oscillation amplitudes. The
observed positions, heights, and ratios of the acoustic peaks in the CMB power spectrum
therefore provide strong evidence for a dominant matter component that interacts only
weakly with photons, consistent with DM.

The first measurement of anisotropies in the CMB was provided by the COBE experi-
ment [64], revealing the primordial fluctuations that later seeded the formation of cosmic
structures. Subsequent observations by the WMAP satellite established precise cosmo-
logical parameters and provided strong support for the ACDM model? with a baryon
density of Qyh? = 0.0224 +0.0009 and a total matter density of Q,,h? = 0.13570 055 [69].
These measurements demonstrated, independently of other observations but consistent
with them, that the total matter density exceeds the baryonic component by roughly
a factor of five. The Planck satellite later confirmed these results with unprecedented
precision [70].

Another independent cross-check is provided by Big Bang Nucleosynthesis (BBN),
which describes the formation of light elements such as deuterium (D), *He, >He, and 7Li
in the early Universe [71]. BBN is sensitive to the baryon-to-photon ratio and yields a
baryon density of Qyh? = 0.02240.002. When combined with gravitational measurements
of the total matter density, this implies that the majority of matter in the Universe must
be non-baryonic.

Taken together, these experimental observations provide compelling evidence for the
existence of DM, pointing toward a weakly interacting, non-baryonic particle that is
non-relativistic at the time of structure formation and stable on cosmological timescales.
While these requirements strongly constrain its properties, they still allow for a wide
range of possible particle candidates. Some of the most prominent scenarios are briefly
reviewed in the following Section.

1.2.1 The WIMP Paradigm and Beyond

One of the most thoroughly studied DM candidates is the Weakly Interacting Mas-
sive Particle (WIMP), which interacts with SM particles via the weak interaction. The
WIMP hypothesis is particularly appealing because it naturally explains the observed
relic abundance of DM. In the early Universe, WIMPs would have been in thermal equi-
librium with the SM plasma. As the Universe expanded and cooled, their interaction rate
eventually dropped below the Hubble expansion rate, leading to freeze-out and a thermal
relic abundance. Remarkably, a particle with weak-scale mass (~ 10 GeV — 1 TeV) and

2The ACDM model evolved from Einstein’s theory of general relativity [65], Hubble’s measurement of
an expanding Universe [66], and the discovery of the accelerated expansion of the Universe [67,68].
Its main ingredients are the cosmological constant A, representing dark energy, and cold DM (CDM),
which dominates over ordinary baryonic matter. It is commonly referred to as the standard model
of cosmology.
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weak-scale cross section (~ 10726 cm?/s) naturally reproduces the observed DM density
— a coincidence often referred to as the WIMP miracle.

WIMPs arise naturally in several extensions of the SM. In supersymmetry (SUSY),
the lightest supersymmetric particle (LSP), often the neutralino, can be stable and serve
as a DM candidate [72]. Models with universal extra dimensions predict stable Kaluza-
Klein states due to a conserved parity |73, 74|, while Little Higgs models with T-parity
simultaneously address the hierarchy problem and provide a stable DM candidate [75,76].
The mechanism of WIMP DM is often generalised to so called WIMP-like particles, where
DM interacts with the SM through a new mediator, such as a scalar or vector boson, but
still achieves the correct abundance via freeze-out. Simplified models are often used in
these studies, retaining only the DM particle and the mediator, allowing systematic phe-
nomenological investigations without requiring a full UV (ultraviolet) complete theory.

While the WIMP paradigm is theoretically appealing and well motivated within
many extensions of the SM, experimental searches have now excluded large portions
of the canonical WIMP parameter space, covering wide ranges of masses and interaction
strengths. This has motivated a broadening of the search for viable DM candidates be-
yond the traditional WIMP framework. Proposed alternatives cover an enormous range
of masses and particle types, extending from ultralight fields to composite states and
even primordial black holes. In the following, we highlight a few representative examples
and refer the reader to the literature for more comprehensive reviews, e.g. Refs. [77,78|.

One prominent class of candidates arises from attempts to solve the strong CP prob-
lem in quantum chromodynamics (QCD). Introducing a new global U(1) symmetry,
which is spontaneously broken, gives rise to a light pseudo-Nambu-Goldstone boson: the
axion [79-82]. The QCD axion has in turn inspired extensive studies of axion-like parti-
cles (ALPs), a broader class of pseudoscalar bosons, many of which can serve as viable
DM candidates [83,84]. Another possibility involves vector bosons associated with new
U(1) gauge symmetries. Depending on their mass, these particles are commonly referred
to as dark photons or Z’ bosons. Such vectors can themselves account for DM at very
small masses [85,86|, although they are more often studied as mediators or portals to a
richer dark sector — we will come back to the phenomenology of Z’ bosons in Chapter 2.

Motivated by the existence of SM neutrino masses, new SM gauge-singlet fermions,
known as sterile neutrinos, can also be DM candidates. These states mix with the active
(SM) neutrinos, and their relic abundance can be generated via a freeze-in mechanism:
for small mixing angles, sterile neutrinos are slowly produced through oscillations with
active neutrinos, but never reach equilibrium. Unlike SM neutrinos, their masses can be
in the correct range to account for DM, while remaining consistent with cosmological
constraints.

Primordial black holes are a candidate for DM, where no new particle content be-
yond the SM is required. They are formed from large matter overdensities in the early
Universe [87,88|. Despite originating from SM matter, they do not count as baryonic

10
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matter because, once formed, they no longer participate in nuclear or electromagnetic
processes relevant for, e.g., Big Bang nucleosynthesis. To produce the necessary density
fluctuations, however, some physics beyond the SM is required: they could form at differ-
ent times through different mechanisms during inflation [89-91] or later from first-order
phase transitions [92,93]. Observations constrain their allowed mass range, but in some
windows primordial black holes could constitute all or part of the DM abundance [94,95].

A multitude of other DM models exists, including asymmetric DM (mirroring the
baryon asymmetry), atomic DM, millicharged particles, and decaying DM. To master
the multitude of possibilities, effective field theories are often employed. If the particles
associated with new physics are heavy, their imprints on experiments can be described
using effective operators. These operators provide a model-independent and systematic
framework that allows results from different experiments to be compared in a straightfor-
ward way. The choice of possible operators is largely guided by symmetry considerations.
However, effective field theory calculations neglect the effects of lighter degrees of free-
dom. For this reason, simplified models have increasingly been used. These models
include only a small number of new particles, such as a mediator between the dark sector
and the SM and a DM candidate. Although simplified models are not UV complete and
ultimately need to be embedded into a consistent underlying theory, they aim to capture
the essential phenomenological features while remaining as general as possible. This is
the approach that will be used for the DM models considered here.

The two scenarios we will focus on in this thesis are inelastic DM and leptophilic
DM. Inelastic DM assumes the dark sector to consist of two particles: a DM particle
x and a slightly heavier partner x*. These particles interact with SM particles through
a mediator, which we denote by £. By suppressing the diagonal couplings x — x — &
and x* — x* — £ (e.g. via a symmetry), signals in direct detection experiments become
dependent on the mass difference of x and x* and their kinetic energy [96]. Chapter 3
provides a more detailed introduction to inelastic DM and explores the collider signals it
can produce. The parameter space of this model can be probed through monojet searches
and displaced signatures.

Leptophilic models are characterised by mediators that couple the dark sector to
the SM exclusively through leptons. One example is gauged L, — L, symmetry, which
belongs to the class of U(1) extensions studied in Chapter 2. It couples to the SM muon,
tau and the corresponding neutrinos and can potentially connect a dark sector to the
leptonic sector of the SM [97-99]. In our analysis, however, we consider a scenario, where
the dark and SM sectors are connected by a charged mediator. This mediator couples
to the charged leptons of the SM: the electron, muon and tau. Such models exhibit an
interesting feature: when DM annihilates via a charged t-channel mediator, a photon
can be emitted from the mediator. If the mediator and the DM particle are close in
mass and the DM particle is a Majorana fermion, the resulting photon spectrum can
become strongly peaked and resemble a line-like gamma-ray signal [100,101]. We study
loop effects that generate effective couplings of DM to photons — namely anapole and

11
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collider

DM SM

DM SM

direct detection

indirect detection

Figure 1.1: Different perspectives on DM detection: collider experiment produce DM

from SM particles, direct detection observes DM scattering on SM particles, and
indirect searches aim to detect annihilation or the decay of DM to SM particles.

dipole moments — which can lead to observable signals in direct detection experiments
(see Chapter 4).

To study the phenomenology of DM theories, i.e. the experimental signatures they

may produce, we now introduce the different types of experiments that search for DM.

1.2.2 Experimental Searches and Complementarity

To investigate the particle nature of DM, several complementary experimental strategies
have been developed:

12

e Direct detection experiments search for nuclear recoils induced by the scatter-

ing of DM particles in ultra-low-background underground detectors. Leading ex-
periments include XENONnT [102-104], LUX-ZEPLIN (LZ) [105,106], and Pan-
daX [107,108].

Indirect detection aims to detect SM particles produced in DM annihilation
or decay, such as gamma rays, positrons, antiprotons, and neutrinos. Impor-
tant observatories include Fermi-LAT [109,110|, HESS [111], AMS [112], and Ice-
Cube [113-115].

Collider searches, for example ATLAS [116,117] and CMS [118,119] at the Large
Hadron Collider (LHC), probe the production of DM particles in high-energy colli-
sions. These searches are sensitive to DM candidates with feeble but nonzero non-
gravitational interactions with SM particles. The produced DM particles escape
detection, and their presence is inferred from an imbalance in transverse momen-
tum or energy (E%“iss), which is typically studied in monojet searches. Depending
on the underlying model, additional non-standard signatures may arise, including
displaced vertices or emerging jets.



1.3 Thesis Overview

As illustrated in Figure 1.1, DM production at colliders, DM scattering in direct
detection experiments, and DM annihilation or decay in indirect searches are all governed
by the same underlying particle physics framework. Consequently, constraints from these
different probes are intrinsically connected, although their relative sensitivity depends on
the structure of the theory.

In certain scenarios, DM can evade direct detection while still being probed at collid-
ers. Inelastic DM provides a representative example, which we investigate in Chapter 3.
In this case, the direct detection signal depends sensitively on the mass splitting be-
tween the two dark states: over most of the parameter space, scattering is kinematically
suppressed, making direct searches ineffective, while only finely tuned regions remain ac-
cessible to some experiments. At colliders, the sensitivity depends on the search strategy.
Conventional monojet searches, which rely on missing transverse momentum signatures,
are largely insensitive to the size of this splitting and therefore probe complementary
regions of parameter space. In contrast, dedicated searches for displaced decays are
highly sensitive to it, since for larger splittings the displacement becomes too small to
be resolved.

In other models, all three experimental approaches can impose relevant and overlap-
ping constraints. The leptophilic model studied in Chapter 4, for instance, is subject to
bounds from direct, indirect, and collider searches simultaneously. This framework pro-
vides a particularly clear illustration of the connection between the underlying processes:
in the case of virtual internal bremsstrahlung, the region of parameter space that gives
rise to a pronounced spectral feature in DM annihilation coincides with the region in
which DM scattering is most efficient. This correspondence highlights the complemen-
tarity and interplay of the different search strategies.

More generally, specific model features can lead to distinctive observable signatures.
In the leptophilic scenario, virtual internal bremsstrahlung produces a sharp feature
in the gamma-ray spectrum relevant for indirect detection. Another example arises in
inelastic DM, where the small mass splitting can lead to displaced decays at colliders.
Such signatures provide powerful and complementary avenues to probe the underlying
theory.

1.3 Thesis Overview

In this thesis, we begin by investigating fundamental aspects of gauge symmetries in
Chapter 2, focusing on constraints imposed on particle physics models by consistency
conditions of the underlying theory. The seminal work of Adler, Bell, and Jackiw [120,
121] demonstrated that quantum loop effects can break symmetries that are preserved
at the classical level. In particular, they showed that the axial current in quantum
electrodynamics is violated by the triangle diagram involving two vector currents and
one axial current. This result established that symmetries of the classical Lagrangian
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need not survive quantisation, even in renormalisable theories. A prominent example is
the decay m — <7, which arises from the breaking of a global symmetry by quantum
corrections.

For gauge symmetries, however, such violations would render the theory inconsistent,
necessitating a careful analysis when extending the SM by additional symmetries and
fermionic degrees of freedom. We consider in Chapter 2 an extension of the SM by an
additional U(1) factor. If fermions are charged under both the SM electroweak group
and the new U(1) symmetry, an effective coupling between the new gauge boson Z’, the
SM Z, and the photon + is induced via the axial-axial-vector triangle diagram. Our goal
is to compute and analyse the corresponding vertex function.

To this end, we evaluate the triangle diagram using the form factor decomposition
introduced by Rosenberg [122], which allows for a complete determination of the vertex
function. In contrast to standard textbook treatments that focus only on the divergence
of the currents, this approach provides a complete description of the amplitude. We show
that the general expression for the vertex function is ambiguous due to the shift sym-
metry of linearly divergent integrals, and must therefore be fixed by external conditions,
such as the conservation of vector currents. This ambiguity arises only within effective
field theory; in a UV complete theory, unphysical dependencies cancel and the result is
uniquely defined.

We then apply these results to the decay Z — Z’+ in models with Z’ associated to
a new U(1) gauge symmetries. Anomaly cancellation may require the introduction of
additional fermions, known as anomalons. We consider two representative cases: gauged
baryon minus lepton number, U(1)p_1, where the SM fermion content extended with
right-handed neutrinos is sufficient for anomaly cancellation, and gauged baryon number,
U(1)p, where additional fermions are required. In the latter case, the full vertex function
must include contributions from anomalons. Integrating them out is non-trivial, since
their masses are typically generated by the same scalar field responsible for the Z’ mass.
This introduces correlations between the Z’ mass my/, the gauge coupling gx, and the
anomalon masses, which are constrained by their maximal allowed Yukawa couplings.
Moreover, their chiral structure — distinct from that of the SM fermions — can lead to
the phenomenon of non-decoupling anomaly-free fermion sets.

We compute the decay width for Z — Z’+ in both scenarios, U(1)p_y, and U(1)p.
For the case of gauged baryon number, we derive constraints on the parameter space
from the decay Z — Z'v, followed by Z’ — jj. We further compare the full calculation
to effective field theory approximations based on Wess-Zumino terms and quantify the
impact of common simplifications on the predicted branching ratio and the resulting
limits.

Then we will move on to more applied, phenomenological research on two specific
simplified DM models: Chapter 3 explores an inelastic DM model, in which the DM
particle scatters into an excited state with a small mass splitting. The resulting kinematic
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suppression can weaken constraints from conventional direct detection experiments, while
still allowing for distinctive signatures at colliders. Despite its rich phenomenology, in-
elastic DM has received relatively little attention in LHC searches, a gap that our work
aims to address through a comprehensive study of collider signatures originating from
an inelastic dark sector.

Originally, inelastic DM was proposed to reconcile the signal observed by DAMA /LI-
BRA [123] with the null results from CDMS [124]. The model introduces two dark sector
states separated by a small mass splitting and suppresses diagonal interactions [96]. By
adjusting the mass difference, signals can appear in some detector materials while remain-
ing absent in others. Although the DAMA/LIBRA anomaly is now widely considered
to be incompatible with other experimental results [125,126|, inelastic DM remains a
well-motivated and widely studied alternative to standard WIMP scenarios.

We focus on collider probes of inelastic DM, going beyond previous studies that
relied on effective field theory descriptions [127] by considering simplified models with
explicit mediators, including vector, axial vector, scalar, and pseudoscalar interactions.
For mediator masses relevant to collider searches, the effective field theory approach fails
to capture the full dynamics, motivating this more complete framework. We compare
the key characteristics of the simplified models, including the production cross sections,
decay widths of the excited state, and kinematic observables such as missing transverse
energy, jet multiplicity, and leading jet transverse momentum. Using these ingredients,
we recast the ATLAS monojet analysis [128], implement the relevant selection cuts, and
validate our setup with simulated background samples. We derive 95% confidence level
exclusion limits for each mediator type, including regions consistent with the observed
DM relic density. The limits are primarily driven by the production cross section and are
strongest for the vector mediator, followed by the axial vector interactions, while scalar
and pseudoscalar cases are significantly less constrained. The analysis defines multiple
signal regions based on missing transverse energy thresholds; for each parameter point,
we identify the region providing the strongest constraint.

Since inelastic DM features an excited state that can decay into a DM particle and
visible SM states, parts of the parameter space give rise to displaced vertices at colliders.
We therefore recast a dedicated ATLAS search for displaced decays [129]. The sensitivity
of this analysis depends on the interplay between the mass splitting and the decay kine-
matics: sufficiently large splittings are required to produce visible decay products, but
they also lead to shorter lifetimes and hence smaller displacements. Among the models
considered, only the pseudoscalar mediator allows for a viable balance, resulting in a
limited region of sensitivity in the parameter space. By relaxing some of the analysis
cuts (i.e. selection criteria), we demonstrate that the reach can be significantly improved.
We conclude by discussing additional searches that could be adapted to probe inelastic
DM and the model characteristics that are relevant to these analyses.

Finally, in Chapter 4, we study a leptophilic DM model in which the dark sector
interacts with the SM via a charged t-channel mediator. This setup gives rise to virtual
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internal bremsstrahlung, where DM annihilation is accompanied by photon emission from
the mediator. When the mediator and DM masses are nearly degenerate, this process
produces a pronounced spectral feature in the gamma-ray spectrum for the case of Ma-
jorana DM that can resemble a line-like signal. This scenario was originally motivated
by tentative hints of such a feature in the Fermi-LAT data [101]. The same interaction
responsible for this annihilation process also induces electromagnetic form factors at loop
level: closing the external fermion lines in the annihilation diagram generates effective
couplings of DM to photons. These loop-induced interactions can lead to potentially
observable signals in direct detection experiments. Importantly, the corresponding con-
straints are strongest in the same region of parameter space that enhances the gamma-ray
feature, thereby strongly limiting this interpretation. Although the original Fermi-LAT
signal was later identified as a statistical fluctuation [130], the underlying connection
between annihilation signatures and loop-induced interactions remains a key result of
our work.

We analyse a simplified model with a fermionic DM candidate and a charged medi-
ator coupling to the SM leptons. Even though DM is electrically neutral at tree level,
loop effects induce effective electromagnetic interactions. For Majorana DM, symmetry
arguments forbid electric and magnetic dipole moments, leaving the anapole moment
as the leading contribution. We derive analytic expressions in the relevant kinematic
regimes, depending on the relative size of the momentum transfer and the lepton mass
in the loop. For Dirac DM, both anapole and magnetic dipole moments arise, with the
latter typically dominating scattering processes.

These interactions induce DM—nucleus scattering and are constrained by direct de-
tection experiments. Using data from LUX [131], we derive bounds on the annihila-
tion cross section, including virtual internal bremsstrahlung in the Majorana case. We
consider both flavour-universal and flavour-specific couplings to SM leptons. Additional
constraints from collider experiments, anomalous magnetic moments, and other precision
observables are generally subdominant. Overall, our results exclude significant regions
of parameter space — including parts compatible with a thermal relic abundance — and
demonstrate the strong complementarity between direct and indirect detection probes.

We now turn to the first part of this thesis, beginning with the study of gauge anoma-
lies in models with U(1) extensions in Chapter 2.
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CHAPTER 2

Triple Gauge Boson Vertices with New
U(1) Gauge Symmetries

2.1 Introduction

This chapter is based on Ref. [132], with calculations carried out independently by the
author and the collaborator.

In this chapter, we want to look at an interesting extension to the SM, namely a
new U(1) gauge symmetry that is added to the SM. New U(1) gauge symmetries are
a common feature of beyond the SM physics, since they arise in many models, such as
grand unified theories, and they can serve as portals to a dark sector. Grand unified
theories aim to unite the forces of the SM into one symmetry group that subsequently
breaks down to the symmetry groups of the SM and potentially additional symmetries;
exemplary new U (1) symmetries are gauged SM baryon minus lepton number [133,134]
or gauged baryon number and lepton number separately [135-139]. The gauge boson
connected to the new U(1) gauge symmetry, called Z’, can connect the SM particles to
a new “dark” sector including a DM candidate. It can therefore serve as a portal to DM
physics. Examples can be found in Refs. [140-149].

Adding a new gauge symmetry to the SM brings along new constraints on the particle
content in the form of anomaly cancellation conditions. Anomaly cancellation is an
important concept in gauge theories. While an anomaly — the breakdown of a classical
symmetry on quantum level — of a global symmetry can explain interesting physical
phenomena (as an example one can study the pion decay 7° — ~v to two photons,
see chapter 19.3 in [35]), anomalies in gauge symmetries lead to an inconsistency of the
theory. This is because the gauge symmetry must be preserved as it removes non-physical
degrees of freedom — the redundancies introduced by the gauge symmetry are necessary
to render the theory mathematically viable. A consistent theory therefore requires that
all gauge anomalies vanish [150].
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The cancellation of an anomaly in a gauge symmetry can be ensured by having
vector like couplings to Dirac fermions, i.e. the gauge coupling to left- and right-handed
fermions is the same. If the couplings to left- and right-handed fermions are different,
the theory is called chiral and anomaly cancellation is not obeyed automatically, but
instead imposes conditions on the quantum numbers of the fermions in the theory. Note
that in chiral gauge theories, bare mass terms for the fermions are also forbidden, since
the mass term couples left- and right-handed Weyl fermions and it can only be gauge
invariant if the fermions transform equivalently under the gauge group. The chirality of
the SM electroweak gauge symmetry thus led to the introduction of the Higgs boson,
which allows for the formulation of a mass term for the elementary quarks and leptons
via spontaneous breaking of the electroweak symmetry.

In general, a U(1) extension to the SM can involve SM fermions or it can be a
symmetry in a completely secluded sector of beyond SM physics. We will focus on the
first scenario, as it suggests a richer accessible phenomenology. When e.g. the quarks or
the leptons are charged under the new symmetry, the new gauge boson Z’ can generate
dijet or dilepton resonances at colliders [133,135,139]. In most cases the introduction
of new fermions is required by the conditions imposed on the charges of the fermions,
an exception is given by gauging baryon minus lepton number B — L, which is a global
symmetry of the SM, where the fermion content of the SM is already anomaly free.! These
new fermions, often called anomalons, can also be detected at colliders, particularly the
Large Electron-Positron collider (LEP) provides strong limits [151,152].

Anomaly cancellation conditions can be analysed systematically to obtain solutions of
anomaly free sets of fermions for a given U(1) symmetry. For examples on possible U(1)
extensions to the SM and corresponding anomaly free sets of fermions, see Refs. [135,
153-156].

In our work, i.e. the following chapter, we want to focus on new U(1) gauge sym-
metries that are global symmetries of the SM, in particular on gauged baryon U(1)p
and gauged baryon minus lepton number U(1)p_r. While for U(1)p_1, the SM fermion
content is anomaly free (see above), gauging baryon number requires the introduction of
new fermions, since the anomaly coefficients SU(2)2 x U(1)p and U(1)2 x U(1)p are
nonzero for the SM fermion content. These new fermions that we call anomalons, give
us the opportunity to compare two different cases in this model, namely the cancellation
of an anomaly by fermions that are chiral under the same or two different symmetries
(resulting in axial couplings to the SM Z or the new Z;). These two scenarios show very
interesting non-decoupling behaviour; particularly, when an anomaly free set contains
fermions that are chiral under different symmetries, the set does not decouple even when
we take the masses to be degenerate (see Section 2.4.3).

We study primarily the vertex function Z — Z’ —~ that is reminiscent of the standard
Adler-Bell-Jackiw anomaly [120,121] (outlined in Section 2.2), but to calculate the decay
width we require the full vertex structure, whereas the anomaly calculation focuses on

Tt only requires the introduction of right-handed neutrinos.
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the divergence of the current. We concretely calculate the decay Z — Z'~ for U(1)p_p,
and U(1)p and therefore consider the case where the Z’ boson is lighter than the SM Z.
We supplement this calculation with potential signatures of the anomalons in colliders
and show an overview of the current constraints of the considered model parameters. We
also compare the full calculation to an effective ansatz.

The chapter is constructed as follows. We first give a brief general introduction into
the broad field of anomalies in gauge symmetries in Section 2.2, where we derive the
famous Adler-Bell-Jackiw anomaly and explain the importance of anomaly cancellation
in gauge symmetries.

In Section 2.3 we introduce the models that we will consider, namely gauged baryon
minus lepton number B — L and gauged baryon number B with its fermion content and
Lagrangians. For the case of gauged baryon number we show the anomalon content we
use and explain the two mass generation options connected to the chiral couplings to the
Z or Z1; boson respectively. We demonstrate the anomaly cancellation in detail for the
two models.

Then we move on to the triple gauge boson vertex in Section 2.4, where we first

calculate the general case of a vertex with two massive and one massless external gauge
bosons. We explain, that the difficulty in calculating the vertex function arises from the
ambiguity in the cancellation of the divergences of the two contributing triangle diagrams
and show how to fix this ambiguity by applying external conditions, namely the Ward
identities. Since we consider the interaction of three neutral current vector bosons at
one-loop level, the fermions in the loop have a non-decoupling limit and contribute to
effective Wess-Zumino terms [157]. We connect our full result to the effective ansatz with
Wess-Zumino terms via the Ward identities.
Subsequently we derive the decay width of Z — Z;; v and Z — Z;37y in gauged B—L and
B and show the branching fraction versus my: for gauge couplings between 0.1 and 1. For
gauged baryon number we give both results for axial couplings of the anomalons to the SM
Z and to the Zj and show the branching fraction also versus the vacuum expectation
value (vev) of the new Higgs vg. We comment on the non-decoupling behaviour of a
mass-degenerate set in the case of a mixed chiral structure of an anomaly free set of
fermions.

In Section 2.5 we derive the limit set by the Higgs decay to two photons H — ~~ for
anomalons, whose mass is generated by the SM and the new Higgs.

Section 2.6 gives an overview over the landscape of experiments excluding parameter
space for gauged baryon number in the plane gx versus mgz., including a limit set by
the L3 experiment using our result for the decay width Z — Zjv and also a projection
for a potential TeraZ factory.

We dedicate Section 2.7 to a comparison of our full calculation of the decay width to
an effective ansatz using Wess-Zumino terms. In successive steps we show the impact of
different approximations on the decay width up to the implementation of the Goldstone
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boson equivalence theorem and show how the L3 exclusion limit on Z — (jj)v changes
using the EFT versus the full calculation.

We conclude and summarise in Section 2.8.

2.2 Anomalies in Gauge Symmetries

Anomalies are an example of quantum corrections that break classical symmetries. In
other words, a symmetry that is conserved in a classical theory can be broken when
including quantum corrections. Most impressively this can be seen in theories involving
chiral symmetries of massless fermions. For a massless Dirac fermion the axial vector
current j*° is conserved at classical level:

0" = Oy y°) = 0, (2.1)

where the gamma matrices are defined by their anticommutation relations:
{7",7"} = 29" 14, (2.2)
n* being the Minkowski metric and 14 the four dimensional identity matrix. The fifth

gamma matrix is defined to be 7% = i70y1y2+3.

This equation of motion, eq. (2.1), is true for a free classical theory as well as for
example massless classical QED (quantum electrodynamics) and QCD (quantum chro-
modynamics). Let us now look at the effects that quantum corrections have on this
relation. We will consider the example of massless QED, where the Lagrangian is given

by
1 _
L= —ZFWF’“’ + il (2.3)

where 1 is a massless Dirac fermion and the electromagnetic field tensor is defined as
F,, =0,A, —9,A, with the photon field A,,.

To introduce into the upcoming computations in this chapter that will revolve around
the calculation of triangle diagrams, we will sketch the quantum effects here through the
calculation of the triangle diagrams? of the divergence of an axial vector current into two
vector currents, i.e. two photons in the case of QED, where we follow the notation in
chapter 19.2 of [35], illustrated in Figure 2.1. We will see that unlike eq. (2.1) lets us
expect, this divergence will not vanish and the axial vector current is no longer conserved.

We have to calculate the divergence of the following matrix element:

/ dize™ " (p, k| (2)[0) = 2m)* 0D (p + k — @) (D)er(F)M™ A(p, k), (24)

*For an operator level or functional integral calculation see e.g. chapter 19.2 of [35].
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Figure 2.1: The triangle diagrams at one-loop order contributing to the divergence of
the axial vector current in the case of QED, i.e. into two photons.

where we consider only the leading order diagrams for M*"*, as depicted in Figure 2.1.
We can calculate this to be

o d' s =R i i
IMPA = (_1)/ (2m)4 Tr [ZVWS (2[— k@ (—Ze’y’\)gé(—zev )(2 —|—p};2

+(p,v) < (k,A)], (2.5)

where the second diagram is obtained by interchanging the momenta p <+ k and the
indices ¥ <> A in the expression of the first diagram. When now wanting to take the
divergence, we note that in momentum space

[ e .10, @)10) = [ et p. kg, ()0, (2.6

meaning we have to dot the matrix element with g,. This gives us a ¢ in eq. (2.5), where
before v* appeared. Naively, v° anticommutes with the other gamma matrices and we
can replace

P =U+p—L+ B =P+ K, (2.7)

which we can use to separate the first diagram of the matrix element into two contribu-
tions:

. , d VMU +P) AP - B
ZqMM?lsi\ diag.) = 62/ (271‘)4 Tr |: £2(£+p)2 p + 7 (f — k)zf27 :| (28)
d VMU +P) AU+ By
62/ (2m) ﬁ[ (L + p)? (£ + k)22 ] » (29)

where in the second line we shifted £ — ¢ + k in the second part of the sum. Now it
becomes obvious that when we include the second diagram where (p,v) <> (k,\) are
interchanged, both sums cancel each other out, and we would confirm the conservation
of the axial vector current.
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But actually, assuming +° to anticommute with the other gamma matrices v* is only
valid in four dimensions, as 4 is defined in four dimensions only. To reconcile this issue
in dimensional regularisation® — which we want to use in this calculation — Ref. [159]
proposes to treat 4> to anticommute with the gamma matrices 4* for u = 0,1,2,3 but
to commute otherwise.

This can be depicted by separating the loop momentum £ into its components living
in the dimensions 0, 1,2, 3, which we call parallel /||, and into the other (perpendicular)
components, represented by £, . The other momenta are external and therefore always
four-dimensional. By replacing £ = £|| + £, we can rewrite our eq. (2.7) into

4 =+ =) - 297, (2.10)

where we thereby take into account that the perpendicular part £, commutes with the
other gamma matrices. The first two contributions cancel, as we deduced above, when
we add up both diagrams. The third contribution proportional the perpendicular part of
£, however, does not cancel. From the first diagram, the remaining contribution reads

, y d*e — L+
ZqMM}(LI:t\ diag.),l. — 62/ (27[.)4 Tr |:_ 275[J_M’7>\527 m : (2'11)

Now we need to use the tools of dimensional regularisation to evaluate this expression.
By using Feynman parameters, we can combine the denominators, shifting the loop
momentum by ¢ — ¢ + xk — yp. We need four gamma matrices to contract with +° in
the trace and an even number of loop momenta to give a nonzero result, leaving us with
the factor £/, and one f, where then also only the perpendicular part contributes. The
integral has then the form

d4¢ /)2
| Gy (ﬁg f)A>3’ (2.12)

where A is defined by the Feynman parameter shift and is a function of the external
momenta k and p and the Feynman parameters x and y. The perpendicular part of the
loop momentum relates to the full loop momentum by

(d—4)

g s (2.13)

(£1)? =
and we are left with an expression that can be evaluated by the usual dimensional regu-
larisation tools (for details see e.g. chapter 19.2 of [35]). We get for the first diagram

—2‘62 2

. A _ 5 A, v] _ € ABv
ZqHMétll/St diag.),l1 — 39,2 Tr [2’7 (_%)7 }’57 ] - mga g kapﬁ : (214)

3In dimensional regularisation, the number of spacetime dimensions is taken to be a non-integer value
d = 4 — ¢ to calculate the integrals that diverge for d = 4, and finally after regulating the expressions,
the limit of ¢ — 0 reveals the finite contributions [158,159].
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Since this is symmetric under the exchange of (p,v) <+ (k, A) the second diagram gives
the same result and we get a total contribution of

62

(p, k|0,5" (x)|0) = o3 (p, k| € koaps 0) € (p)el (k) - (2.15)

Using the QED Feynman rules we can rewrite this expression and get

62

(M FanF, (0)]0), (216)

(p, k[0u5"° (2)]0) = —

whereby we reproduced the well known Adler-Bell-Jackiw anomaly [120,121], that demon-
strated the non-conservation of the axial vector current and which has been proven by
Ref. [160] to be true to all orders in perturbation theory. For a calculation on the operator
level resulting in

2
‘ e
8#.]M5 = —WgaﬁuyFaﬂF#V (217)
we have to use the path integral formulation [161] (see Ref. [33] section 30.3 or Ref. [35]
section 19.2 for a detailed calculation).

One could expect this non-vanishing of the axial vector current to be due to the use
of dimensional regularisation, where we have seen that the definition of 7% has to be
adjusted outside of four-dimensional spacetime. But if the matrix element is obtained by
using e.g. Pauli-Villars regularisation* (a detailed calculation can be found in Ref. [163]),
we actually obtain the same result. Generally, a regularisation scheme can break a gauge
symmetry and be therefore unsuitable for a certain calculation. But if we cannot find
any regularisation scheme conserving all relevant gauge symmetries of the problem, then
the diagram is anomalous.

The non-conservation of the axial vector current has important implications if the
current is not linked to a global symmetry but instead to a gauge symmetry. We will see
this in the following section.

2.2.1 Anomaly Cancellation

After realising that quantum corrections can break symmetries of classical theories we
need to look at the emerging implications for different types of symmetries. For a global
chiral symmetry we deduce that if the divergence of the axial vector current is no longer
vanishing, the axial charge is no longer conserved. This merely implies that the number of
right- and /or left-handed fermions is not an observable, which by itself is not a problem.

4In Pauli-Villars regularisation, for each fermion in the loop one adds another fermion with opposite
statistics and a large mass M. The regulator mass is finally taken to infinity M — oo. [162]

23



Chapter 2 Triple Gauge Boson Vertices with New U(1) Gauge Symmetries

However, if we look at a theory where a gauge boson couples to an axial vector current,
i.e. a chiral gauge symmetry like the weak interactions in the SM, the anomalous terms
lead to a violation of the Ward identities of the currents.

In a chiral gauge theory left- and right-handed fields belong to a different represen-
tation of the gauge group. In the SM weak interactions only the left-handed fields are
charged under SU(2), while the right-handed are singlets. The interaction Lagrangian
looks like

<. . 1—+°
= b (0, — gt (15) ) v, (218)
where the fermion fields are represented by 1, A/‘j‘ is the (non-abelian) gauge field, g is
the coupling constant and t? are the basic generators of the symmetry group that are
connected by structure constants fABC

[t4, 8] = i fABCC (2.19)

For more details on non-abelian gauge theories, see for example part IIT in Ref. [35].
The axial vector anomaly that we calculated above now places tight restrictions on the
representation that the fermions are in. If we assume that the external fields in Figure 2.1
are the gauge bosons of the SU(2) gauge symmetry of the SM weak interactions, the
current we are determining is

that includes the left projection operator P, = (1 — v°)/2 because only the left-handed
fields are charged under SU(2). We proceed as in the calculation above and get

N g av
(P K5 10,5"410) = 55" pa kig APC (2.21)

for the term containing a v°. Compared to the result from above we get an additional
factor of 1/2 A4BC which comes from the fact that we consider a non-abelian theory
here,

AABC =N T[4, {tP, 19} (2.22)
f

is the trace over the group matrices that are in the representation of the fermion fields
and we have to sum over the fermions.

Therefore we conclude that this current is not conserved if the trace over the group
matrices does not vanish. Calculating 8,52 or 9yj*¢ actually gives an equivalent result,
since the trace A4BC is totally symmetric in its indices. Following the computational
ansatz in Ref. [164] that introduces arbitrary constant four-vector shifts a and b to the
loop momenta of the two respective triangle diagrams, we can deduce more properties
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2.3 Models of Additional U(1) Gauge Symmetries

of the anomaly structure. Although the divergence of the axial vector current results to
be finite, we encounter diverging integrals in its calculation and therefore the outcome
indeed depends on the choice of the parameters a and b. With this choice we can actually
move around the position of the anomaly, it can be in one of the three currents or in all
three, but we can never remove it completely.

If the trace over the group matrices A4B¢ does not vanish, the structure of the gauge
theory that we constructed is violated. It leads to the divergence of the gauge boson
mass and the broken Ward identity implies that non-physical states do no longer vanish
and the scattering matrix is not necessary unitary [35,165]. Therefore, we need the trace
to vanish, A4B¢ = 0, and the theory to be anomaly free.

To check the consistency of a gauge theory regarding its anomaly structure, we there-
fore need to calculate all group matrix traces resulting from the possible combinations
of external gauge boson in the triangle diagrams. This shows us, for example, that com-
bining the SU(2) gauge symmetry with the electromagnetic U(1) and analysing thus the
trace

Tr [Q{t?, t¢}] (2.23)

where t5:C are the generators of SU(2) and @ the electric charge of the fermions in

the loop, requires the existence of both quarks and leptons in the theory. This trace is
proportional to the trace, and thus the sum, of the electric charges of the fermions in
the loop, and it only cancels out if we combine quarks and leptons. We can also see that
the sum of these charges cancels for each generation individually. It is therefore possible,
from the point of anomaly cancellation, to introduce a fourth generation of quarks and
leptons to the SM, but impossible to have a new doublet of only one of them.

Equivalently, when gauging another global symmetry of the SM, like e.g. baryon
minus lepton number B — L or baryon and lepton number B, L separately, we can check
whether the SM fermion content is anomaly free under this symmetry, or whether it is
necessary to introduce additional fermion content to render the theory consistent. By
the rules of anomaly cancellation we can then find various sets of fermions that cancel
the arising anomalies, whose charges are thereby defined. We will see that the fermions
in a theory can be chiral under the same or two different gauge symmetries and these
two cases will have very distinct properties.

Later in this chapter we will calculate triangle diagrams featuring gauge bosons of the
additional U(1) symmetries gauged baryon number B and gauged baryon minus lepton
number B — L. The following Section 2.3 therefore introduces these symmetries.

2.3 Models of Additional U(1) Gauge Symmetries

Since the global symmetry of the SM (assuming Dirac neutrino masses) is U(1)p X
U(1)r, we can gauge a subgroup of this product symmetry while leaving the Yukawa
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structure intact. Cancelling all anomalies while assuming a minimal set of at most two
new fermions (anomalons) per generation leads to a general parametrisation of possible
new U(1) symmetries: they can be subsumed as U(1); and U(1)p_,1, where z is a
real multiplicative factor [135]. = = 1 gives us U(1)p_r, gauged baryon minus lepton
number. Other choices z # 1 require the introduction of anomaly cancelling fermions,
since the contribution of SM fields to the SU(2)2 x U(1)p—zr and U(1)3 x U(1)p—zL
anomalies is nonzero. These anomalons must then have electroweak charges and we have
to be careful not to spoil all other gauge anomalies.

As exemplary theories to study the behaviour of triple gauge boson vertices we want
to look at two kinds of theories: Models where all fermions are chiral under the same sym-
metry, ¢.e. their axial couplings are to the same gauge boson, and models where there are
two types of fermions, one being axially charged under one of the spontaneously broken
symmetries, while others have axial couplings to the second massive gauge boson. These
two types of theories show very different non-decoupling behaviours for the fermions in
the theory. As we will see, in theories where the fermions are chiral under two different
symmetries, an anomaly free set of fermions does not necessarily decouple, while this is
always given when all fermions share the same chirality structure.

We will introduce the gauged baryon minus lepton number symmetry B — L in Sec-
tion 2.3.1, which is anomaly free for the SM fermion content when including three right-
handed neutrinos. Here, all fermions are chiral under the SM hypercharge symmetry, and
vector like under the new symmetry U(1)p_p. Therefore, an additional Higgs needs to be
introduced solely to give mass to the new gauge boson Z; , or a Stiickelberg mechanism
could serve as a source of its mass. The mass of the fermions is unconnected to this scale,
as they are generated by the spontaneous breaking of the SM electroweak symmetry, i.e.
the SM Higgs vev. The vertex function for the decay Z — ZJj ;v will then be studied in
Section 2.4.2.

As a second example we will study gauged baryon number B. The model is introduced
in Section 2.3.2 and the vertex function of Z — Z3~ is discussed in Section 2.4.3. This
symmetry is anomalous under the SM fermion content, since compared to B — L it lacks
the cancellation of the quark B with the lepton L contribution. Therefore it needs to
either be considered as an effective theory, introducing Wess-Zumino terms [157] to the
Lagrangian, or we need to include new fermion fields that have to carry electroweak
charges and mimic the SM leptons in the cancellation of anomaly contributions. The
masses of these so called anomalons could theoretically be generated by the SM Higgs
vev, but this option is (mostly) experimentally excluded by the measurement of the SM
Higgs decay width to two photons, see Section 2.5. Thus, we introduce a new Higgs
boson ® that acquires a vev and gives mass not only to the new gauge boson Z%, but
also to the new fermions (at least dominantly). This leads to a close connection of the
mass of the boson and the anomalons, since they are generated by the same scale. When
we take the new Higgs vev vg to generate the mass of the new fermions, their mass is
bound from above by the maximum possible value for the Yukawa coupling 4., the
mass of the gauge boson m zl, and the value of the gauge coupling gx.
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name SU(?))C SU(Q)L U(l)y U(l)B U(l)L
QL = (u,d)g, 3 2 1/6 1/3 0
Ly = (v,e)L 1 2 -1/2 0 1

us, 3 1 2/3  -1/3 0
ds, 3 1 /3 -1/3 0
e, 1 1 1 0 -1
v, 1 1 0 0 -1

Table 2.1: Table of SM fermion quantum numbers for the SM gauge symmetries and
gauged baryon B and lepton number L including three right-handed neutrinos vg.

We will discuss a possible UV completion of this model in detail in Section 2.3.2 and
show the effect of the common scale of anomalons and the gauge boson on the decay
width Z — Z37y in Section 2.4.3. The connection between the UV complete theory to
the corresponding effective description through Wess-Zumino terms will be discussed in
Section 2.7.

2.3.1 Gauged Baryon minus Lepton Number

Baryon minus lepton number B—L is a global symmetry of the SM and when we introduce
right-handed neutrinos to cancel the " U(1) and U(1)3 anomalies, it becomes anomaly
free. Gauging B — L is motivated for example by grand unifying theories [133, 134]
and has been studied since it can prevent proton decay [133]. The quarks are charged
as 1/3, while leptons carry charges of 1, this renders each SM generation anomaly free
independently. Therefore we will see in Section 2.4.2 that a mass degenerate generation
of SM fermions will not contribute to the Z — ZJ;; v decay width and generally an
anomaly free set of fermions will contribute with the charge-weighted mass difference of
the fermions in the set. This behaviour is similar to that of the GIM mechanism [166]°.

The B — L interaction Lagrangian is given by

1 _
Lyl = 9BL <3Q'YMZ,BL,MQ - K’Y“ZJ/BL,,/ - V'YMZIBL,MV> . (2.24)

We listed the quantum number of the SM fermions including right-handed neutrinos
in Table 2.1. The triangle diagrams that arise with the addition of this gauge symmetry
to the symmetries of the SM and the respective anomaly traces that we need to evaluate
are the following:

ASUBP@UW)p-r) = Y Tr[TT'Q%;], (2.25)
f

5The GIM mechanism led to the discovery of the charm quark by noting a divergence in the calculation
of the kaon mixing K° — K° mediated by the up quark. If the charm quark mass were equal to the
up quark mass, both contributions to the mixing would exactly cancel.
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b

Figure 2.2: Pictograph of the triangle anomaly.

ASURP@UW)p-1) = Y Trit"'Qh,], (2.26)
AU} ©UW)p-1) = iTr[Q%Q%QCBL], (227)
AUy ©UW)p-,) = éTr[Qw%LQCBLJ, (2:28)
AU = ijTr[Q“BLQ%LQCBLJ, (2.29)
AU 1) = ijTr[Q“BL], (2:30)

where we depicted the vertices by the indices a, b and ¢ as shown in Figure 2.2. We always
have to sum over the fermions in the loop. The generators with capital letters 7¢, T are
used for the SU(3) gauge group, while the small letters t?, t* represent the generators
of the SU(2) gauge group. Qy and Qpr, are the hypercharge and B — L charges of the
fermions, respectively. The last trace involving only one vertex with the B — L gauge
boson Z;; arises from the coupling of an abelian gauge boson to gravity.

We will show the calculation for a selection of these traces. As the first example we
calculate the anomaly trace of the triangle diagram involving two gluons and a B — L
gauge boson Z;; as external particles:

ASUB2 U 5_1) =3 @ 2. <;) = (—i) = <—;>> _0,  (231)

where the factor three in front of the brackets comes from the three generations. Note
that for the right-handed quarks we have to use the charge conjugate, leading to a B — L
charge of —1/3. The factor 1/2 comes from the trace of the generators of SU(3), while
we get the factor 2 for the left-handed quarks since it is a doublet. We thereby confirm
that the SU(3)? ® U(1)p_1, anomaly cancels.

The anomaly trace of U(1)3 @ U(1)g—r, for example, shows the cancellation between
the quark and lepton sector:

AU @UW)p) = 33 (2- (é) (3)+ <_§) () (;) <_;>>
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+3 (2- (-é) (1) + (1)2(—1)) = —g - ; =0. (232

The first line are the quarks that again come in three colours and three generations, while
the second line are the leptons that do not carry colour charge. Considering only quarks
or leptons in the theory, or equally gauging B and/or L separately, would lead to a non-
zero anomaly in this case. The same applies for the anomaly trace of SU(2)?® U (1)p_p.

Let us also look at the anomalies that involve just the B — L gauge boson, where the
right-handed neutrinos appear. Since they are singlets under the SM gauge groups they
do not contribute to any triangle diagrams involving SM gauge bosons.

AU,) = 3.3<2.<;)3+<—;)3+<—;>3> (2.33)
+ 3(2-(1)3+(—1)3+(—1)3> - 0.

The first line are again the quarks and the second the leptons. We see that quarks
and leptons cancel the anomaly separately, which is then also true for the separate gauge
symmetries B and L. The calculation for U(1) gy, is completely analogous. We therefore
see that the anomaly in the lepton sector only cancels because we introduced the right-
handed neutrinos.

2.3.2 Gauged Baryon Number

A mixed chiral structure can be obtained by gauging an anomalous global symmetry of
the SM. We chose to work with the model of gauged baryon number U(1)g. Here, the
SM quarks are charged as 1/3 under the new symmetry, but we lack the cancellation of
the leptons that occurred when gauging B — L. Therefore the anomaly coefficients of the
mixed anomalies SU(2)2 ® U(1)p and U(1) @ U(1)p are nonzero [137]:

ASU(2)2 @ U(1)) = Tr [t°Q%] = (2.34)
=3-3-(1/2-1/34+0-(=1/3)+0-(-1/3)) =3/2,
AU} @ U(1)p) = Tr[QYQ4 Q%) = (2.35)
=3-3-(2-(1/6)%-1/3+(=2/3)* - (-1/3) + (1/3)*- (-1/3)) = —3/2,

where %, t are again the generators of SU(2) and Qy and Qp the hypercharge and
baryon number charge, respectively. We sum over the contributions from all SM quarks.
The factor 3 - 3 before the brackets are the three generations and three colours, while
in the bracket we multiply the SU(2), times the baryon number charge and the U(1)%
times the baryon number charge, respectively. The other gauge anomalies vanish.

To render this theory anomaly free we have to introduce new fermions that cancel the
two above anomalies but of course also keep the other gauge anomalies zero. Note that
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Chapter 2 Triple Gauge Boson Vertices with New U(1) Gauge Symmetries

these new fermions do not need to carry colour charge, since the anomaly coefficient of
SU(3)2®U(1)p is already vanishing; instead they can mimic the SM leptons (copying the
cancellation from the B — L case). In any case they need to carry electroweak quantum
numbers to contribute to the two above anomalies.

We want to keep the fermion content minimal and following Refs. [167-169] we in-
troduce a set of colour neutral anomalons named Ly, Lr, Er, Fr, Ni, and Nr. When
we choose their mass to be generated by the SM Higgs, their behaviour mimics the SM
leptons (in their entirety, because we do not have three copies). We introduce a U(1)p
breaking Higgs @, giving mass to the Zj and optionally the anomalons. The relevant
quantum numbers of the newly introduced fields are shown in Table 2.2. The fields ap-
pear in vector like pairs under the SM electroweak symmetries, ensuring that the pure
electroweak gauge anomalies are still cancelled. The fields Ly, Lgr, Er, and Egr carry
electroweak quantum numbers and are chosen such that they cancel the SU(2)2 x U(1)p
and U(1)3 x U(1)p mixed anomalies, but since they give rise to U(1)p and U(1)%
anomalies, the SM singlets N7, and Ny are introduced to cancel the latter®. Since the
sum of baryon number and hypercharge quantum numbers also satisfies the trace condi-
tion ) 7 Tr (ggY’) = 0, this scenario avoids a large mixing of the Z; and the hypercharge
gauge boson [169]. The interaction Lagrangian of the SM quarks with the Z}; vector is
given by

1
LD gx§Zj’3H (@*q) , (2.36)

denoting the U(1)p gauge coupling by gx. Note that the SM quarks have vector like
couplings to the Z; boson.

Field LL LR EL ER NL NR
sU2,| 2 2 1 1 1 1
Uly |-1/2 -1/2 -1 -1 0 0
Ul | -1 2 2 -1 2 -1

w O A

Table 2.2: Electroweak and baryon number charges of a set of colourless anomalons and
the U(1)p breaking Higgs field ®, from Refs. [167-169).

The masses of the anomalons can be generated by both the SM Higgs and the U(1)p
breaking Higgs field ®. The cases, where the new fermions couple to only the SM Higgs
or only to the new Higgs ® can be interpreted as the limiting cases of the mixed scenario,
where they couple to both Higgs fields. The Weyl fermions listed in Table 2.2 can thus
pair into different mass eigenstates, depending on the values of the Yukawa couplings.
Note that the case where the masses of the anomalons are exclusively generated by the
U(1)p breaking Higgs is insinuated by the naming of the states.

SNote that the U(1)p charges of N, and Ng can also be interchanged.
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The Lagrangian for the anomalon content in Table 2.2 is given by a kinetic contribu-
tion, the Yukawa interactions and the couplings of the scalar ®, including a mixing to
the SM Higgs field:

L = Lyin + Lyuk + Lscalar » (2.37)

Lyin = LyilDLy + LpilDLr + ELilDEp + ERilD)Er + NpilDNp, + Ngil)Ng, (2.38)
Lyue = —yLLr®*Lr — ypEL®ER — ynNL®Ng

—yiLLHER —y2LrHE; — y3L;  HNg — y4Lrp HN}, + h.c., (2.39)

Lscalar = |Duq)‘2 — up|®* - /\<I>’(I>‘4 —Aus|H?|®* . (2.40)

For the rest of this work, we will assume U(1)p to be spontaneously broken, i.e. N<21>
to be smaller than zero, and the scale of the breaking to be given by (®) = vg/v/2.
Furthermore we take the scalar — Higgs portal coupling Aye to be negligible as well as
the kinetic mixing of the hypercharge and baryon number field strengths.

Ignoring kinetic mixing effects of the gauge bosons, we can write down the parts
of the currents of the three gauge bosons that are generated by the anomalons. We
use the convention where @) = T35 4+ Y, and write the doublets as L; = (v, eL)T and
Lr = (vg,er)”. The interaction of the anomalons can then be formulated in terms of
the -, Z- and Zz-mediated currents:

Lint = eemAuJ + %Z#Jg +9xZpy, TY, o with (2.41)
JE =ep(—=Dyter + er(—=1)y er + EL (- EL + Er(—=1)y*Eg, (2.42)
Jg = €g, <21 + 8124/> Yrer + er (21 + 5%;) Yer
+Ep (sfy) Y“EL + Er (siy) 7" Er + DL%’}/“VL + DR%’YMI/R , (2.43)
Jgj,g = er(—1)y"er +er(2)yer + EL(2)V'EL + Er(—1)y*Eg
+up (=D v + vr(2)Y vR + NL(2)y*Nf + Nr(—=1)v*Ng | (2.44)

where we abbreviate ¢y and sy as the cosine and sine of the Weinberg mixing angle.

The mass generation of the anomalons can have two sources, the SM Higgs vev vy
and the vev vg of the U(1)p breaking Higgs ®. In eq. (2.39) the first case implies that
the masses are set by the couplings y; to y4, while in the second case the couplings yy,,
yE, and yy are non-zero. If the SM Higgs vev generates the masses, the mass eigenstates
of the anomalons mimic the SM leptons and the anomaly cancellation works analogously
to the B — L case. If the masses are generated by the new vev vg, these masses are
vector like under the SM symmetries and the mass eigenstates form as insinuated by the
naming of the anomalon fields.

Note, that if the SM Higgs boson is the dominant source of the anomalon masses,
the charged anomalon fields can have a large (non-decoupling) impact on the SM Higgs
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diphoton decay rate H — ~7y, which is restricted to be SM-like by the measurements at
the LHC [170]. Since the anomalons include two charged matter fields, their contributions
could, however, cancel each other in certain regions of the parameter space. Also if the
primary source of the mass is given by the vev of new Higgs ®, this could dilute the
effects on H — vy. We will analyse these effects in Section 2.5 on direct searches for
anomalons.

Anomalon Masses Generated by the New Higgs

The above being said we will mainly examine the scenario where the anomalon masses
are generated by the U(1)p breaking Higgs (which is also the case that is suggested by
the naming of the states). Therefore, the anomalons have vector like couplings to the
SM Z boson, axial vector couplings occur only to the Z; boson. We obtain three mass
eigenstates, the electroweak doublet L, the singlet E and the complete SM singlet N. We
split the doublet as before into the states L = (v,e), copying the SM lepton notation.”
The mass Lagrangian of the anomalons then becomes

Lonass = — M, (1 + ¢> (v + ée) —mpg (1 + ¢> EE —my <1 + ¢) NN , (2.45)
Vo VP Ve

where the masses are given by

mry, :yLv@/\/i (2.46)
mgp = yEv@/ﬁ, (2.47)
my = va@/\/§. (2.48)

While the complete SM gauge singlet N will not play a role in our calculations, both
the state e in the electroweak doublet L and the singlet E are electrically charged and
contribute to the decay width Z — Zjv. In Sections 2.4.3 and 2.5 we will mostly consider
these two states to be degenerate for simplicity, M = m; = mg, but we will comment on
the effects of unequal masses. Combining now the Weyl fermions from before into mass
eigenstates as generated by the vev vg, the currents from egs. (2.42) to (2.44) become

Ji = e(=1)y'e+ BE(-1)"E , (2.49)
-1 _ 1
Jy=¢ (2 + 812/V> e + Estyy E + 9(5)7“1/ , (2.50)
1 3 _ /1 3
oo ZA g ZAHAD ZAaB A HAS
Ty, e<27 +277>6+E<27 277>E+
1 3 (1 3
+ <2v“ + 27“75> v+ N (27" - 27”75> N . (2.51)

"They should not be confused with the SM neutrino and electron!
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Note that the Yukawa couplings 1 to y4 to the SM Higgs and the axial vector coupling
to the SM Z boson are intimately tied together. If these Yukawa couplings vanish, so
does the axial coupling and the anomalons then are chiral under U(1)p and vector like
under the SM. This connection prevents perturbative unitarity violation in the process
ff — VV, where an axial vector coupling between the fermion f and the gauge boson
V leads to a divergence if the s-channel diagram mediated by the corresponding Higgs
boson is omitted [171].

Anomalon Masses Generated by the SM Higgs

Although the case of the anomalon masses being entirely generated by the SM Higgs
boson is phenomenologically not viable (see above), we will use it illustrate the crucial
role of the axial vector coupling. The behaviour of the A-V—V vertex function will differ
significantly between the two scenarios, where either the axial vector coupling is to the
same gauge boson for all fermions in the loop or on the other hand if there are two types
of fermions each with an axial vector coupling to one of the two massive gauge boson,
whose masses are then consequently generated by the two respective Higgs bosons. These
two cases will be illustrated in Section 2.4.3.

If the masses of the anomalons are entirely generated by the SM Higgs, i.e. the
Yukawa couplings yr,, yg and yn are vanishing, the anomalons combine to different mass
eigenstates and the Lagrangian becomes

h h
Linass = — mq (1 + ) erLlr —mao (1 + > erEr
VH VH

h h
—ms <1 + ) UL Np —my <1 + > vrNr + h.c. (2.52)
VH VH

where now the indices L and R can not be interpreted as the left- and right-handed
projections of the fields, but are instead parts of different Dirac fermions. The masses
are given by

m; =Y 'UH/\/§7 (2-53)

for i = 1,...,4. From the currents in eqs. (2.42) to (2.44) we can see that the states
are vector-like under the U(1)p symmetry, but have axial vector couplings to the SM
Z boson. We name the two charged states (er, Er)’ = F; and (Er,er)’ = F» and
the neutral states (vz, Ng)* = Ny and (Np,vgr)T = Na. The currents for the SM Higgs
induced mass eigenstates are then

Jhy = E\(—1)y"E1 + Ey(—1)y"E;y (2.54)
_ /1 _ (1
Jy = Ey <4’>’“ ((-1+ 45%4/) + 75)) Ey + B> <47“ ((-1+ 43124/) - 75)> Es

30 (0099 ) Nt M (§ (4%) ) o (2.55)
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JZ},B = El(—l)’y“El + EQ(Q)’)/“EQ + J\_fl(—l)’y“Nl + NQ(Q)’Y‘“NQ . (2.56)

We see that both state F1 and Es have an electric charge of -1 and the Z boson current
in eq. (2.55) shows that the couplings are identical to the SM leptons. The charges in the
current to the ZJ; boson differ from the couplings of the SM leptons to the Z%;; boson.
Nevertheless, if we take a degenerate set of SM leptons, their charges relevant to the
Z-Zj;—y vertex are multiplied and add up to 3-(1/4) - (—1) - (—1) = 3/4, where the
multipliers are the number of generations, the axial charge to the Z boson, the B — L
charge and the electric charge, respectively. For the case of degenerate anomalons FE;
and Ey we get (1/4) - (=1) - (=1)+ (=1/4) -2 (—=1) = 3/4, where the charges are again
to the Z boson, the Zj; boson and the photon. If the anomalons (with masses from the
SM Higgs) and the SM lepton were thus to be all the same, the Z-Z5,—y and Z-Zz—y
vertex function would be identical.

In Section 2.4.3 we will analyse the differences of the vertex function between the
two limiting cases of mass generation in the U(1)p model. One important restriction
should be noted at this point: when the masses of the anomalons are generated by the
SM Higgs, the corresponding vev is given by vy = 246 GeV and thus we have a fixed
upper limit on the anomalon masses by the restriction of perturbativity of the Yukawa
coupling. On the other hand we obtain in this case a decoupling of the anomalon masses
and the ZJ; mass, which are generated by different Higgses.

2.4 The Triple Gauge Boson Vertex Structure

2.4.1 The Generic A—A-V Vertex Structure

The axial anomaly is often illustrated by a calculation of the three vector boson triangle
diagram [35,164|. The divergence, which is zero for a pure vector current, is shown not
to vanish in the axial vector case. In this section we want to calculate the full vertex
function for a triangle diagram mediated by fermions, with one conserved current, i.e. a
pure vector current, and two axial vector currents.

We will later take the vector current to be the photon and one of the axial currents
to be the SM Z boson, the other will be a Z’ boson associated to a new gauge symmetry.
In this section, however, the calculation is generic and the naming of the bosons and
couplings is solely intuitive for the concrete cases in the next sections. It should be
noted that in this calculation featuring one generic fermion in the loop, the anomaly can
certainly not be cancelled and the result will depend on the anomaly description.

The two diagrams contributing to the vertex function are shown in Figure 2.3 and we
can write the corresponding matrix elements as

_ _QeemggX

iMy = — 55T eulp + p2)el(p)E(p2) X /d4k Tr [(gfv“ + 9o yP)-
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—_— /
Zl/

k+a -+

P2

Figure 2.3: The triangle diagrams corresponding to the Z — Z’ — v vertex function.

k+¢_p1+m (Z’ v Z' v 5) k+¢+m P %+¢+7)2+m :|
(k+a)?—m? (k+atps)?—m?]’
(2.57)

= _(T);lg,u(pl + p2)ey (p1)e,(p2) x /d4/‘€ Tr [(%ZW” +929"7°)-

E+b—p,+m ftb+m

v_._5
Grb—pP—m?" kT 0P—m )

(97 Y + g2 vy

F+B+p, +m ]

(k+b+p1)* —m?
(2.58)

where m is the mass of the fermion in the loop and k the loop momentum, @) is the fermion
charge in the vector current. g, , are the vector and axial couplings to the massive gauge
bosons, p12 are the outgoing momenta of the latter. eem, g, and gx are the three gauge
couplings. The constant four-vectors a and b are introduced [164], since although the
(linear) divergences in the two diagrams cancel each other, a residual dependence on a
shift in the loop momentum remains in the vertex function, as we will see. In the case of
an effective theory, the physicality of the result therefore has to be ensured by fixing the
values for a and b by external physical condition, such as for example the conservation
of a vector current.

Note that if a fermion would indeed have axial couplings under two symmetries, its
mass would be generated by both corresponding Higgs vevs, and therefore in the mass
basis we have flavour changing neutral currents. The calculation of the matrix elements
would then involve mixing angles between the states and two different fermion mass
eigenstates in the loop. In the concrete loop calculation we will therefore assume each
fermion to have an axial coupling to only one of the gauge bosons.

As mentioned above, both matrix elements contain linearly divergent integrals that
mutually cancel, but the result depends on arbitrary shifts in the loop momenta k that
we denoted by a and b. Regularising each diagram with, for example, Pauli-Villars or
dimensional regularisation [159] does not solve this ambiguity but rather shifts it to the
choice of the position of 4°. The result therefore has to be fixed by external physical
conditions. Decomposing the vertex function into form factors that are allowed by parity
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and the Lorentz structure gives us this most general expression [122,172]
TP (py, paiw, 2) = Fi (p1, pa)e"PHIP2lptt 4 By (py, po)e?PrP2lpl (2.59)
+ F3(p17p2)6up\p1llpzlpg _|_F4(p1,p2)6up|p1|\p2\p5
+ Fs(py, po) e Prli2lpl 4 (g, py)etvIPrlipzlpe
+ G1(p1, p2; w)e" P p1s 4 Gao(p1, p2; 2)€ P pao
where we introduce the notation e’?lP1llr2l — e"”aﬂpmpgﬁ, etc. We set a = —b, cancelling

thus a non-chiral anomaly. We express the remaining arbitrary four-vector a* in terms
of the external momenta a* = z p| + wph, where w and z are constant scalars.

Already from naive power counting we can see that the form factors F} to Fg are
finite and can be calculated by the usual diagrammatic methods. This is reflected by
the fact that they are independent of w and z. Two of these form factors can even
be eliminated exploiting the limited number of independent vectors in four-dimensional
space. Following [172] we choose to eliminate F} and F by applying the identities

—plfe PPl = —pi enelprlival g eripillezl e ((py - po) pra —pipaa) o (2.60)
_pgevmmllpzl = —py errlplipe + 5 ewptllp2| _ cpvpa ((p1 - p2) P2a — 3 Pla) »  (2:61)

absorbing F and Fj into redefinitions of Fj to F{; and G}, G% where the prime marks
the redefined quantities.

The form factors Ggl) and Gg), however, arise from the cancellation of linearly diver-
gent integrals and depend on the scalars w and z. In an effective theory we therefore have
to find external physical conditions to fix w and z, thus uniquely determining the vertex
function®. The Ward identity structure can be a possibility for such a physical condition.
For the general vertex structure, equation (2.59), the Ward identities are given by

(1o + 2 )T = (G = G e el (262
— p, T*P = (—F} p% — Fip1-ps+ G/Q)Euplpll\pz\ ’ (2.63)
— pop UM = (—FLp1 - po — Fp3 + GY)ervIprliel, (2.64)

We are going to pursue an ansatz that has been employed in [172], using calculations
from [120,122,173]. The divergent pieces in the vertex function get isolated and evaluated
using a momentum shift integral identity [173|, where the momentum shift constants w

and z translate into the definitions of ng) and Gg).

For the particular case of our A-A—V vertex function, we calculate the finite form fac-
tors F to Fg in Mathematica [174] using Package-X [175,176], and adopt the definitions
of G} and G5 from [172]. The generalised Ward identities for this case are

Qe agx / / ’
(Pry + P2 ) THP = ﬁe””'m“m'((w —2)(97 92 + 9797 ) +4mPg g7 Co(m))
(2.65)

8We will see that for a UV complete theory the dependence on w and z will cancel out.
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_plyFW’p — Mﬁﬂmm\@ﬂ((w — 1)(95’95 + gfgfl) — 4m295gflco(m)) s

dm2ey
(2.66)
—po,THVP = Meuulmllpz\(z + 1)(95'95 + gvzgg’) . (2.67)
Am2ey
where
Co(m) = Co(0,m%,, m%, m, m,m) (2.68)

is the Passarino-Veltman scalar loop function for the triangle loop, using Package-X
conventions [175-177|. m is here the mass of the fermion in the loop, mz and my are
the gauge boson masses.

We see that a constant, fermion mass independent, anomaly piece is present in all
three Ward identities, it gets multiplied by the constant scalars w and z. The divergences
in the vertices with the massive vectors, here Z, and Z),, also contain a fermion mass
dependent piece proportional to m2Cpy(m) that appears only if the fermion has an axial
coupling to the respective vector boson. Since we will consider only flavour conserving
couplings, each fermion mass eigenstate is taken to have an axial coupling to only one
of the two massive vector bosons. The gauge boson of the unbroken symmetry, later
taken to be the photon ,, couples vector like to all fermions and thus does not contain
any fermion mass dependent piece in its divergence. The constant anomaly piece can,
however, be present, depending on the choice of w and z in an effective theory.

If we naively use the choice of w and z to ensure that for each fermion the two vector
Ward identities vanish and only the axial vector Ward identity has a non vanishing
contribution (which would be a naive application of the method used in Ref. [122]), our
ansatz becomes inconsistent. Instead we have to make one unique choice of w and z
for all fermions in the loop. This problem, however, appears only in theories with two
broken gauge symmetries, where the anomaly cancellation involves fermions that have
axial couplings to different massive gauge bosons. In a theory like gauged B — L, where
all relevant fermions have axial couplings to the SM Z boson only, we can consistently
set the Ward identities on the Z’ and v vertices to zero. For the gauged baryon number
symmetry U(1)p we will in contrast consider the case, where the anomaly in the SM
fermion sector is cancelled by new fermions, called anomalons, that are chiral under
U(1)p, since the case of SM chiral new fermions is strongly limited by the observation
of the SM consistent rate of the Higgs diphoton decay [170] (see Section on the model
of gauged baryon number 2.3.2 and Section 2.5). This leads to the case of two types
of fermions, the SM fermions that have axial couplings to the SM Z boson, and the
anomalons that have axial couplings to the Z%. If we consider the complete theory
and add up the contributions of all fermions to the vertex function, the dependence on
the constants w and z drops out and we can unambiguously calculate the decay width
I'(Z — Zym).

We can extend this to a general statement. In a UV complete theory, the dependency
of the vertex function on w and z will drop out and the constant anomaly part in the
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Ward identities vanishes, they will even vanish completely for massless or degenerate
fermions. It is therefore an equivalent condition for an anomaly free theory that the
total Ward identities vanish independently of the value of w and z (as long as they are
identical for all fermions). This shows that in an anomaly free model, the vertex function
is insensitive to a shift in the loop momentum and thus to the above described ambiguity.

Now we want to clarify the relation of an anomaly cancelling UV completion to an
effective description via Wess-Zumino terms [157], i.e. explain how the choice of w and
z relates to these terms in the Lagrangian. An effective description corresponds to the
heavy fermion limit, the relevant expression in the Ward identities becomes

lim m?Cy(m) = —= (2.69)

m—00 2’

and egs. (2.65) and (2.66) thus exhibit non-decoupling.

Explicitly, we can write down the Wess-Zumino terms that can cancel an anomaly in
the SM electroweak sector:

1
Lwz = Cpgxg*e™* Z,B,0,B, — Cpgxg*e"" Z, (Wgapwg +3 geabcwgwgvv;) :
(2.70)

where B is the SM hypercharge field, W are the weak gauge fields and Z’ is the gauge
field of a new U(1) gauge symmetry. We already set the Wilson coefficients C' of the
hypercharge and the weak gauge bosons to be equal but opposite sign to avoid breaking
the electromagnetic gauge symmetry [143,178,179] and induce an anomaly in the Z’ — ~
— 7 vertex. From these Wess-Zumino terms we isolate the corresponding term of the Z
— Z' — v interaction:

Lo —cBeerzﬂeWWz; (2,0,A5 + A,0,Z,) . (2.71)
174

To compare with our calculation of the Z — Z' — ~ vertex induced by a fermion in the
loop, we calculate the Ward identities in each vertex:

(plu +p2u)l—x,uzzp — CB%GV’D””HPZ‘ , (272)
B plyr,uup — QCB%EHP‘ZH‘W' , (273)
_ p2p1—\/u/p — CB% EW/‘P1||P2| . (274)

We see that the Wess-Zumino terms generate a contribution to all three divergences, that
are all proportional to the Wilson coefficient Cg. An individual Ward identity cannot
be set to zero. If this Wess-Zumino description is thus chosen to cancel the SM fermion
contribution to the vertex, it dictates the use of a symmetric regularisation scheme, where
the anomaly contributes in all three currents. This is called the consistent anomaly.
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Matching to our vertex calculation, egs. (2.65) to (2 67), We can calculate the equiva-
lent choices of w and z. For a SM like fermion, where gZ = ga = 0 9 and gv , ga 75 0, we
have to set 2z = w — 3. For an anomalon like fermion, i.e. g% = g7 = 0 and g7, g7 7é 0,
we get 2z = w — 1. We see, however, that there is still a degree of freedom left, since the
restrictions are only relating w and z. A more thorough discussion of the relation of the
full calculation to the effective ansatz will follow in Section 2.7.

As mentioned before, in a UV complete theory, which includes all contributing fermions,
the calculation of the vertex function does not depend on the arbitrary momentum shift
variables w and z. In the following sections we will calculate the vertex function for
two different complete theories, the SM augmented by one of the two gauge symmetries,
gauged baryon minus lepton number U(1)p_r, (Section 2.4.2) and gauged baryon number
U(1)p (Section 2.4.3), with the fermion content from Section 2.3.2.

2.4.2 The Vertex Function in Gauged Baryon minus Lepton Number

As explained in Section 2.3.1, the addition of right-handed neutrinos renders the fermion
content of the SM anomaly free in gauged B — L. The relevant interaction Lagrangian
of the Zl;; is given by

LB1, = 9BIL <3

1 _

fQ'yMZLq — ny“Z/;E — V’y“ZLV) ) (2.75)
where gpr, is the B — L gauge coupling, ¢ represents the up- and down-type quarks, ¢
the charged leptons and v the neutrinos.

Summing over the contributions from all fermions f with masses my, electric charge
Q;i, B — L charge QJI?L and number of colours N.(f) we get the following expression for
the vertex function for the decay width of Z — Z};, v

2 4
(2 — Zyy) = SemOBL Mz (1—mZ’>x 9.76
( BLY) 9672 CW My m‘é ( )
2
e m2
Z |:T3(f)Nc(f)QfQ?L <2mffcﬂ(mf) + ﬁ (Bo(WZZ, mf) - Bo(m%/,mf)))] ’
Z zZ!

f

where the weak isospin is given by T5(f) = +1 for up-type quarks and —1 for down-type
quarks and charged leptons. We also introduce the following notation

Bo(m%/,mf) = Bo(m%/,mf,mf) , (2.77)

being the Passarino-Veltman bubble scalar loop function [177].

9Note that the vector like coupling to the Z boson does not actually have to vanish, but it does not
contribute if g2 = 0, because of the number of 4° in the trace.
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We can see from the structure of eq. (2.76) that for a generation of SM fermions with
equal masses the induced partial decay width vanishes, since the prefactor, summing
the charges over all fermions }_, T3<f)Nc(f)Q?Q?L, adds up to zero — the anomaly
cancels for each generation individually. Therefore, the largest contribution will come
from the hierarchy within one generation, making it the third SM generation with the top
and bottom quark and the tau lepton. This hierarchy within the third SM generation
dominates the decay width, shown in Figure 2.4, while the other generations become
relevant only for small mz masses (their contribution is below 10 % for myz 2 20 GeV).
The hierarchies within the second and first generation generate the small bumps on top
of the smooth curve that lie below mz < 10GeV. These bumps are induced by the
threshold behaviour of the lighter fermions, where the fermions in the loop become on-
shell. They enhance the decay with by up to a factor of two compared to the contribution

from the mass of the top quark.

Br(Z - Z'BL )/) in U(I)B_L

1078
~~
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Figure 2.4: Branching fraction for Z — Z/;, v for various choices of gpr. The mass of
the top quark dominates the decay width, while the masses of the lighter SM fermions
create small bumps at mz < 10 GeV.

An important feature of this model is the shared chiral symmetry of the fermions:
the axial couplings are solely to the SM Z boson, while the couplings to the Z};; boson
are vector like. This also leads to the ensured anomaly cancellation and a vanishing
contribution to the width of a mass-degenerate generation of fermions. Furthermore, the
expected behaviour of the width for vanishing mz, , the Landau-Yang limit [180,181] of
a massive spin-1 particle decaying to two massless vector bosons, is obviously obeyed, it
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2.4 The Triple Gauge Boson Vertex Structure

can be seen in eq. (2.76) and in Figure 2.4. In the next section we will, however, examine
a model where the chiral structure is generated by two different symmetries and this will
lead to an interesting behaviour.

2.4.3 The Vertex Function in Gauged Baryon Number

For the model of gauged baryon number we can theoretically pursue two different scenar-
ios that have very distinct properties concerning their decoupling in the Z-Z;—y vertex
function. In the case where the U(1)p breaking Higgs generates the anomalon masses,
the Z; and the anomalons share the same underlying scale and in the limit of small m 7z,
they cannot be integrated out and instead become part of the spectrum. If the masses of
the anomalons were generated by the SM Higgs vev, they could decouple independently
of the Zj; mass throughout the entire m 7z, mass range, since the gauge coupling setting
the SM Z boson mass is small enough to allow for fermions in the theory that can be in-
tegrated out in the Z — Zjy decay. In the B— L case we saw already that the top quark
is heavy enough to be effectively decoupled. For SM Higgs induced anomalon masses the
calculation is analogous to the B — L case above, as we explained in Section 2.3.2, but
since the SM leptons and the anomalons do not necessarily share the same mass, the
result will differ.

For both cases, the interaction Lagrangian for the SM quarks with the Zj boson is
given by

1_
LD gx (BQ’Y“Z%,;H> : (2.78)

while the SM Z, the Zj; and the electromagnetic currents for the anomalons are given
in Section 2.3.2 for the different options of mass generation.

We will briefly discuss the case of SM Higgs induced masses first and show some plots
for different anomalon mass values. Thereafter we will analyse the case of anomalon
masses induced by the U(1)p breaking Higgs, where we will elaborate on the differences
to the above case.

The B—L-like Case

As stated above, the calculation of the Z — Z;v decay width in the case that the
anomalon masses are generated by the SM Higgs is analogous to the B — L case and the
expressions for the widths are identical when replacing the B — L coupling constant and
the B — L charges:

2 4
T(Z = Zlry) = Sem@ax iz (1—m2’>>< 2.79
( 57) 9672cd, mz m?, (2.79)
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2
S TONNQIQF |2m5Colmy) + —5 25 (Bo(my,my) — Bo(m3y,my))
!

Z VA

The weak isospin is given by T3(f) = +1 for up-type quarks and the anomalon Es and
T5(f) = —1 for down-type quarks and F;. For a degenerate set of fermions the prefactor
> Ts(f)Ne( f)Q?Q? again adds up to zero, but the intragenerational cancellation is
absent, since the role of the three generations of SM leptons is played by the two states
E1 and EQ.

In Figure 2.5 we show the branching fraction for various choices of anomalon masses.
The first case, where mp, = mpg, = 200 GeV, the top quark and both anomalons are
effectively integrated out and the width is dominated by these three states, such that
even the bumps of the other SM quarks are barely visible. In the second line both
anomalon masses are at 40 GeV and 20 GeV, respectively, and are thus light enough
to go on-shell at mg = 2mpg. These points are visible as cusps and they lead to an
increase in the branching fraction to up to 10™° and the impact of the lighter quarks are
again not noticeable. In the last line we chose two different masses for the anomalons,
mpg, = 15GeV and mpg, = 40GeV, and they cause two bumps in the spectrum, as
expected. The last plot shows the analogue to the B — L case, where we chose tiny
anomalon masses of order (0.1 MeV). The branching fraction becomes smaller, since
it is mostly induced only by the integrated out top quark, and the cusps of the lighter
quarks can be seen where they become on-shell, as before. The missing tau lepton, which
is heavy enough to appear in the B — L case, makes the bump structure look slightly
different.

Note that we do not include any experimental limits in these plots, since we study this
scenario solely for illustrative purposes. For larger anomalon masses, i.e. Yukawa cou-
plings, this scenario is excluded by the value of the H — ~+y measured at the LHC [170],
for masses below about 90 GeV new weakly coupled charged fermions are excluded by
measurements at LEP [151,152]. This excludes basically the whole parameter space of
this scenario.

Anomalon Masses Generated by the New Higgs

Now we want to discuss the case where the masses of the anomalons are generated by
the U(1)p breaking Higgs and thus there are two types of fermions in the theory: the
SM quarks that have axial vector couplings to the SM Z boson and the anomalons that
are vector like under the SM symmetries, but couple axially to the Z}; boson.

When we assume that the anomalons are degenerate with masses M, we can calculate
the Z — Z3y decay width to be

2 4

QemQQL Y T ms,
(7 — Z~) = —m—— A "7 (1 - 22" ).
( 57) 96%20%,[, my 4

my
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Figure 2.5: Branching fraction for the decay Z — Z'v in U(1) g, where the masses of the

anomalons F; and Es are generated by the SM Higgs, each plotted for five different
values of the gauge coupling gx. The plots differ by the choice of the anomalon
masses, while the quark masses remain fixed to their SM values. In the first plot the
anomalon masses are above the scale of the process, we chose mp, = mg, = 200 GeV.
For smaller values of anomalon masses they can become on-shell at mg = 2mpg,
resulting in a bump in the spectrum. When the anomalons are not degenerate, here
mpg, = 15GeV and mp, = 40 GeV, two cusps are visible where they become on-shell.
For the limit of very small anomalon masses the width becomes analogous to the
B — L case, where it is dominated by the mass of the top quark and we can see the
bumps of the charm and bottom quarks.
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2
= 3 TIQ) |y (Bulimg) — Bo(uy ) + 2 ot )|
fe sM Z z'

2
. (2.80)

2 2
+3 <7nQZ—7’7’L2Z, (B()(mz,M) - BO(mZ/,M)) + 2M m2Z/ Co(M)>

where we sum over all SM quarks and the weak isospin T3(f) is again T5(f) = +1 for up-
type quarks and —1 for down-type quarks. As required, the w and z dependence drops
out and the width can be calculated unambiguously, because we consider an anomaly
free theory. Note that since the top quark and the anomalons dominate this width, the
masses of the other five quarks have a minimal impact and we can set all of them to O(1)
MeV, which agrees with the exact result to better than 1% precision.

The experimental limits on new weakly coupled states are quite severe — for masses
below 90 GeV they are excluded entirely by measurements at LEP [151,152] — we will
therefore set both anomalon masses to their maximal value. Since the vev of the U(1)p
breaking Higgs is fixed when choosing a set of parameters mgz and gx (because m 7, =
3gxvg), the masses of the anomalons are limited by the largest possible Yukawa coupling.
We generally take their mass to be M = Mq: = (47/3)ve/v/2, which fixes the Yukawa
couplings to be yg = yr, = 47/3, and show the resulting branching fraction Z — Zjy in
Figure 2.6 for gx between 0.1 and 1 versus the mass m 2z, and the vev vg, respectively.

Since the mass of the anomalons (fixed by their Yukawa coupling) decreases, the
smaller the mass m zl, becomes, we mark the point where they equal 90 GeV with a dot.
The branching fraction left of these dots is excluded because the anomalons become too
light and would have been detected at LEP by L3 and ALEPH [151,152|. For gx = 1 this
limit excludes the entire parameter space. The largest possible value for the branching
fraction in this scenario is then at most O(few) x 1075. Furthermore we include the
direct limit on the branching fraction Z — Z’~, where Z’ decays hadronically, which has
been measured by L3 at LEP [182,183]. It is shown in grey for the plot versus m 71, and
in purple (gx = 1) and red (gx = 0.1) for the plot versus the vev vg, where the limit
varies with gx. This limit is viable when the Z; boson dominantly decays to a dijet
resonance, which is true when it is heavier than the pion m zl, 2 my [139,184], provided
that the anomalons are heavier than the Z; boson.

Note again the cusp behaviour of the curves, where the anomalons become on-shell. In
this case the position of these maxima are given by the relation of anomalon masses with
the SM Z boson mass 2M = my, since the relation between the mass of the Z boson
mgz and the anomalon masses M is here fixed. The maxima are, however, positioned
in the excluded region because mz/2 < 90 GeV.

The strict correlation between (maximal) anomalon masses M and the mass of the Z;
boson could be alleviated if the masses of the anomalons were generated by a combination
of contributions from the SM Higgs and the U(1)p breaking Higgs. For a certain range
of Yukawa couplings this scenario evades the limits by the H — 7+ signal strength, as we
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Figure 2.6: Branching fraction for the decay Z — Zj~ for various gx. Both anomalon
masses M are set to a maximum value of (47/3)ve/v/2. The coloured dots mark the
points where these masses are equal to the LEP limit of 90 GeV [151,152], implying
that the parameter space left of the dots is excluded. (For gx = 1 the dot lies outside
the plot range and all the parameter space is excluded.) The grey (purple and red)
shaded region constitutes the branching fraction which is excluded by the L3 search
for the decay Z — (jj)res + v [182]. It is gx dependent for the plot versus the vev

Vop.
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will see in Section 2.5. If the dominant part of the mass is generated by the new Higgs,
there can be considerable contributions from the SM Higgs as well, such that branching
fractions up to Br(Z — Zzv) ~ 1075 could be induced.

Finally, we remark that the branching fractions in Figure 2.6 show a turnover, en-
suring that the Landau-Yang behaviour [180, 181] of the decay of a massive vector to
two massless vectors is obeyed in the limit of m z,, = 0. The peaks move to smaller Z';
masses for smaller gauge couplings gx, where the masses of the anomalons are larger.
We will see in Section 2.7 that for an effective calculation, assuming the anomalons to
be decoupled over the entire range of m zl there will be no turnover and the branching
fraction diverges in the limit of small m zl.-

If the LEP constraint on the masses of new charged weakly-coupled fermions were
relaxed to smaller values'® the branching fraction of Z — Zlyy could even become as
high as O(few) x 10~*, where LEP experiments [182,183] searching for the exotic decay
of Z — Z'y (Z' decaying hadronically) already exclude some of the parameter space.
At the LHC there is so far no search for a jj + - resonance from the SM Z boson and
hadronic decays of a light Z’ are more challenging to reconstruct. The resonance is,
however, an interesting feature that could make the reconstruction of a relatively light,
hadronically decaying Z’ possible. Similarly one could use the Z — Z’v decay to search
for a leptonically decaying Z’ boson at the LHC, where limits on the branching fraction
of order 107° from the OPAL collaboration [186] could be improved.

Non Decoupling Furthermore we want to comment on the non-decoupling feature of
the decay width in eq. (2.80). We saw for the case of U(1)p_r, and for the SM Higgs
induced mass case for U(1)p that a degenerate and anomaly free set of fermions do not
contribute to the decay width of Z — Z’v. In contrast, in the case where the anomalon
masses are generated by the U(1)p breaking Higgs ®, the contribution to the width of
an anomaly free set of degenerate fermions does not cancel. It is possible, whenever
the axial vector couplings of the fermions are in two distinct vertices, as pointed out in
Ref. [172]. The decay width in eq. (2.80) simplifies, when we set all quark and anomalon
masses to the same value m, to the following expression (the superscript deg indicates
that all fermions are degenerate):

3 aemaay (Mm% —m2,)? ms, 2
D(Z = Zpy)*® = = g o2 (1= 8 [m?Co(m)[ . (281)
w zMzr z

Taking the lim,, ,oo limit of the Passarino-Veltman scalar loop function, see eq. (2.69),
the width becomes for a set of very heavy fermions

lim T(Z — Zpy)* =

2.82
m—00 32 7T2012/V mzmQZ, ( )

4

2 2 32 4
3 Qemaay (Mm% —m3,) (1_ mZ/>
mz

10Ref. [185] considers possible models.
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In this particular scenario the heavy fermions would include those, whose masses are
generated by the SM Higgs, and it is thus certainly not viable. It shows, however, that
it is not in general true, that an anomaly free set of degenerate fermions decouples —
in a theory with two sources of chiral symmetry breaking. Instead, the decoupling is
intimately tied to the axial coupling structure, and thus the mass generation, of the
involved fermions. Depending on the axial vector and vector charges of the fermions, the
contribution of an anomaly free set of fermions can add up to zero, but as in our case, it
can also give a finite contribution. Details on the sum rules of the charges can be found
in Ref. [172].

Varying the Anomalon Masses Finally, we want to look at the effect of varying the
anomalon masses and then comparing this case to the SM Higgs induced masses before.

In Figure 2.7 we plot the branching fraction for the case of anomalon masses generated
by the new Higgs. Note that these scenarios are almost completely excluded by the LEP
searches for weakly charged new particles [151,152], again we study them for illustration.
As before, the masses of the anomalons are varying with respect to Mgz, since my, =
3gxve defines the value of the vev of the new Higgs and the highest possible mass is
then given by the maximum Yukawa coupling M., = (47/3)ve/+/2. The smaller m A
becomes, the more decreases the vev v and the smaller become the anomalon masses.
Therefore, we can never integrate the anomalons out over the whole spectrum of m z
as we could in the SM Higgs generated anomalon mass case — and we see their cusp at
different points, depending on the Yukawa coupling and the value of gx. The branching
fraction is in this case here larger than in the SM Higgs induced case (note the different
scales on the ordinate). It is highest for the case of maximal Yukawa couplings that we
plotted in Figure 2.6, with a maximal branching fraction of O(few)- 104, which is more
than one order of magnitude larger.

Comparing the first plot with masses mg = my = 0.8 M4, to the second (with
0.5 Mynaz) We can see that the smaller we choose the anomalon masses, the further right
move the bumps. This is because the anomalons go on-shell at M = myz/2, which
requires vg to be larger for smaller anomalon Yukawas. In the third plot with mgp =
my, = 0.1 My, the bump is visible only for the small gauge coupling of gx = 0.1 and
therefore the smallest (plotted) gauge coupling induces the largest branching fraction.
The smaller the gauge coupling gx, the bigger the vev vy at a given mass mz; this
makes the anomalon mass larger for smaller gx. Therefore, M = m /2 is satisfied at
smaller mgz, and thus further left in the plot. While for mg = my = 0.1 M4, the
on-shell condition is beyond the plot range for gx > 0.2, it is still visible for gx = 0.1.
Note that the cusps at gx = 1 are from the SM charm and bottom quark, which are
also visible in the last plot. The fourth plot shows again the behaviour for two differing
anomalon masses.

In the last plot we set the masses of the anomalons to be tiny and recover the B — L
case, as before. For negligible anomalon masses it thus does not make a difference which
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Figure 2.7: Branching fraction for the decay Z — ZJ3v in U(1)p, where the masses
of the anomalons E and L are generated by the U(1)p breaking Higgs, each plotted
for five different values of the gauge coupling gx. The plots differ by the choice
of the anomalon masses, defined relative to the maximum possible value M4, =
41/3 - vp /\/2, while the quark masses remain fixed to their SM values. The first plot
sets mp = my, = 0.8 Mypq:. In the second line the masses are chosen smaller, mg =
my, = 0.5 Mipaz, and mg = myp = 0.1 M,,4.. In the last line we set them different
from each other, mg = 0.3 M,j,00, mr, = 0.4 M4, where we can see two bumps when
they go on-shell. In the last plot we set the masses to be tiny mpg = my = 107° M,pq
(note the different scales on the ordinate) and recover the B — L and the SM Higgs
induced B case.
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Higgs generates the masses, which is what we expect. For small anomalon masses the
largest gauge coupling gx also induces the largest branching fraction, which can be
reversed for some plots because of the big influence of the cusp behavior of the width,
where the anomalons become on-shell.

2.5 Collider Searches for Anomalons

In this section we want to comment on the collider phenomenology of the anomalons.
Depending on their mass generation they can mimic a fourth generation of leptons (when
their mass is generated by the SM Higgs) or the electroweakino sector from supersym-
metry (when their mass is generated by the U(1)p breaking Higgs). When the charged
anomalons are then slightly heavier than the neutral states, they show a compressed
mass spectrum.

In the first case, or even when the SM Higgs vev vy contributes partly to the mass
generation of the anomalons, they alter the SM Higgs boson decay into two photons. This
decay H — 7 has then to be calculated as the coherent sum of all relevant contributions,
namely from the top and bottom quark, the W boson, and the two charged anomalons.

To cover the general case of both Higgs bosons contributing to the mass generation,
but to keep the parameter space small enough, we assume all Yukawa couplings to be
real and set yg = yr, = yo and y1 = yo = yy. The mass Lagrangian for the charged
anomalons thus reads

Y

V2

Y

U@ELER — UHELCR — ﬁUHéLER + h.c.. (2.83)

Yo  _ Yo
Linass O ——=VHELER — —=

V2 V2

The masse are then given by

1

M, = — v + YHVH) , 2.84
1 \/i(ycb o+ YHVH) (2.84)

1
My = NG [yove — yuvm| - (2.85)

The Yukawa couplings of the two charged anomalons to the SM Higgs are therefore +yy,
but their masses depend also on the parameter yg and the vev vg.

Complementing the expression from Ref. [187] by the contributions of the two anoma-
lons, the decay width for H — 7 becomes

GraZ, M3,
—_— X
128+/273

4 1
gAf(Tt) + gAf(Tb) + Ay (tw) +

I'(H —vyy) = (2.86)

2

YHVH YHVH
A _ A :
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GF being the Fermi constant, My = 125GeV the SM Higgs mass and aen has to be
taken at the energy scale of ¢> = 0, because of the real photons in the final state. The
first and second contributions are given by the top and bottom quark (contributions
from the other quarks are negligible), the third by the W boson loop, followed by the
new contributions of the two charged anomalons. The loop functions for the fermions
Ay and the W boson Ay are defined as

Agrp) = f?w T (rp = D) f (7). (2.87)
Av(rw) = —%(2@% + 3 4 32mw — 1) f(rw) | (2.88)
w

where the function f(7) is

- (arcsin /7)?, 7<1 (2.89)
flr) = Vi . \2 2.89
—1 (logli/%—m) , T>1
2
depending on the mass ratios 7 to the SM Higgs mass: 77w = 4%1“ .
f W

In Figure 2.8 we show how the decay rate of H — ~v changes with the introduction
of the two charged anomalons, as a function of the two Yukawa couplings +yg to the SM
Higgs boson, and yg to the U(1)p breaking Higgs ®. The vev of the Higgs ® is fixed to a
value of vy = 300 GeV. We normalise the decay rate including the anomalons to the SM
value from the top and bottom quark and the W boson loops only. The gray band covers
the region where the anomalon masses are below the LEP limit of 90 GeV [151,152] and
is thus excluded. The hatched regions are the two sigma exclusion limits on the H — v~
rate at ATLAS [188]. They measure a signal strength of

p(gg — H — vy) = 0.997017 | (2.90)

including the 1 o uncertainties. The anomalons affect the H — ~~ rate only mildly and
there is a lot of open parameter space when y¢ dominates over yg. The searches for the
charged anomalons at LEP cover again big parts of the parameter space at smaller yg,
making direct searches the most promising avenue to test this parameter space. At very
small yp but high yg there is also some parameter space allowed by the H — v+ limits,
but we expect electroweak precision measurements to exclude this open region.

If loop corrections make the electrically neutral anomalon states v and N slightly
lighter than the charged states e and E, our model would be analogous to the supersym-
metric electroweakino and slepton searches. The signatures from these decays include
soft leptons [189-191] and are therefore very hard to detect at LHC experiments. Be-
cause of the SU(2) charges of the anomalons, electroweak Drell-Yan production rates
are possible, but in the decay of the charged anomalon small mass splittings would give
very soft leptons or pions with missing energy. This means that there could even be
no limit from LHC experiments [191] and LEP experiments would give the only limits.
Even these LEP limits can be relaxed in certain more complicated scenarios, lowering
the limit on new charged particles from about 90 GeV to about 75 GeV [185].
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Figure 2.8: Normalised H — «7 branching fraction including both charged anomalons,
+yp being their coupling to the SM Higgs boson and y¢ to the U(1)p breaking
Higgs. We chose a value for the new vev of vy = 300 GeV. The region where one of
the charged anomalon masses is below the LEP bound of 90 GeV [151,152] is marked
by the grey band. The hatched regions are the two sigma exclusion limits as measured
by ATLAS [188].

2.6 Coupling-Mass Constraint for Gauged Baryon Number

Now we want to give an overview for the U(1)p model on Z; boson searches for masses
mgz below the SM Z boson mass, we summarise the searches in Figure 2.9.

The constraint marked “L3” (solid green) in Figure 2.9 is derived from eq. (2.80) using
the limit on the Z — Z'y, Z’ — jj decay rate by the L3 experiment [182]. The anomalon
masses are determined by their Yukawa coupling that we set to 47/3 and for the top
quark mass we use the SM value, while the other quark masses are set to be of order
MeV. Note that when we solve the branching fraction at a certain mass point m zl, for
the value of the gauge coupling gx, we get two values for gx. The limit is given by the
smaller value, but in the case of a discovery, this ambiguity would have to be resolved
by an independent measurement.

We project this Z — (jj)7y resonance search for a potential TeraZ factory at the
FCC-ee (light, dotted green), where we extrapolate the limit from the L3 experiment
accounting for the increase in statistics: the expected number of Z bosons is 3 x 10'? in
four years of runtime of the FCC-ee [192], while LEP produced 1.7 x 107 Z bosons [193].
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Figure 2.9: U(1)p exclusion limits in the gx, m z;, plane. The L3 limit from measure-
ments of the Z — (jj)v decay rate [182] calculated from eq. (2.80) is shown in solid
green, a projection for a TeraZ factory in lighter green. We plot the direct bound
on the charged anomalon masses (M < 90 GeV) from LEP searches [151,152] for a
Yukawa coupling of yp = 47/3 (in red), which is the value we use for the calculations.
We include the same limit for a Yukawa coupling of yg = 1 (yellow, dashed) for com-
parison. The limits from the decay of the Y (in purple) and from the width of the
SM Z boson (in gray) are taken from Ref. [169]. The low-mass dijet resonance search
from CMS (darker blue) is based on a dijet resonance and an ISR photon [194], while
the “CMS jj + ISR j” search (lighter blue) is based on jet substructure and an ISR
jet [195].

The sensitivity is assumed to increase only from statistics, possible improvements in mass
reach and an analysis of backgrounds and systematic uncertainties are omitted.

The LEP constraints on new charged particles to be heavier than at least 90 GeV [151,
152] is shown in Figure 2.9 for two values of anomalon Yukawa couplings. ye = 47/3
(red) is the value we use for the calculations of the L3 and TeraZ limit, yp = 1 is
shown as a reference (yellow, dashed). Note that we assume here that the anomalon
masses are entirely generated by the U(1)p breaking Higgs, a possible contribution from
the SM Higgs could alleviate these bounds. As we have shown in Figure 2.8 the SM
Higgs Yukawa coupling yz can be non-zero and thus increase the anomalon masses, for a
coupling yg = 47/3 it can even be up to yy = 1. This would weaken the direct anomalon
mass bounds, but leave the other bounds unchanged.

We show in Figure 2.9 also the constraint from the T search by the ARGUS collabo-
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ration [196] (in purple). They measured the ratio of hadronic decays of the Y compared
to the muonic decay, Ry = I'(Y — hadrons)/T'(Y — pu*pu~) < 2.1. The correspond-
ing limit is taken from Refs. [169,197]. Quarks induce a mixing of the ZJ; boson with
the SM Z boson through loops, which is constrained by measurements of the Z boson
width [169, 197-200]. We take this contraint from Ref. [169], it is marked “I'(Z)” (in
grey). For very small masses mz, < 1GeV see Ref. [201] for a broader overview on
kinetic mixing constraints.

Furthermore we include dijet resonance searches by the CMS experiment at the LHC.
The search using an ISR photon as a trigger [194] (“CMS jj + ISR +”, darker blue) covers
a large region up to small Z7; masses, while the search triggered by an ISR jet [195] that
uses a jet substructure analysis (“CMS jj + ISR j7, lighter blue), is stronger but sets in
at higher Z; masses.

We want to remark that within all of these constraints, the Z — Zjv decay is an
irreducible probe of the model of gauged baryon number for m z,, <mz. Unlike the direct
anomalon searches it is independent of the decay channels of the anomalons, which are
very model dependent. Because the SM fermion content is anomalous under the U(1)p
gauge symmetry, the (heavy) anomalons have to cancel this anomaly and the Z — Zzy
decay rate will be sensitive to their anomaly coefficient. In an effective theory, the gauge
coupling gx and the mass of the Z}; are then the only continuous parameters, since the
anomaly coefficient of any global U (1) symmetry of the SM is necessarily discrete. This
gives a strong motivation for future searches of the Z — Z;7 exotic decay.

2.7 Comparison to Effective Result

When gauging an anomalous symmetry, as in the case of gauged baryon number, the
theory can be fixed either through the introduction of anomaly cancelling fermions or by
Wess-Zumino terms. We saw in Section 2.4.1 how a Wess-Zumino Lagrangian contributes
to the divergences in the different vertices. Here, we want to use the Wess-Zumino
description, specifically eq. (2.71), to calculate an effective result for the Z — Zj~y
decay width and compare its validity to our full calculation. Additionally, we want to
compare to the calculation performed in Refs. [141,143|, where Wess-Zumino terms are
used to obtain the longitudinal Goldstone boson equivalent part of the decay width. We
will reproduce the decay width from Refs. [141,143] using Goldstone boson equivalence,
starting from a Wess-Zumino Lagrangian (eq. (2.70)) and also modify our full result,
eq. (2.80), to analyse the different approximations of the effective calculation and their
validity.

The Wess-Zumino terms cancelling an anomaly in the electroweak sector are

1
Lwz = Cpgx g Z|,B,0,Bs — Cpgxg*e"*° Z|,(Wi0,We + 3 g WEWIWE)
(2.91)
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where we already set the Wilson coefficients Cp such that the electromagnetic gauge
symmetry is safe. B is, as before, the SM hypercharge field, W% are the weak gauge
fields and Z’ is the gauge field of the new U(1) gauge symmetry. This ansatz cannot
be valid over the entire range of my masses if the mass generation of the anomalons
is coupled to the U(1)p breaking scale, as we saw in the last section. But in a certain
parameter region, where the U(1)p gauge coupling gx is small and the anomalon masses
can therefore be large even for small gauge boson masses, the effective calculation should
be valid. But we have to be careful, since for myz — 0, the anomalons will go on-shell,
since their masses are fixed via their Yukawa coupling and the vev vg, leading to the
cusp and recovering of the Landau-Yang limit — exactly in the regime of applicability of
the Goldstone boson equivalence.

To analyse the longitudinal enhancement of the decay width, as obtained in Refs. [141,
143|, we use the Goldstone boson equivalence theorem to isolate the longitudinal polar-
isation of the Z’ boson. We calculated the contribution of these Wess-Zumino terms to
the Z-Z'— vertex already in eq. (2.71), replacing the Z’ boson with the corresponding
Goldstone pseudoscalar Zj, — J,/(gx fz'), where ¢ couples derivatively and is linearly
realised, and integrating by parts gives the longitudinally equivalent Lagrangian:

Lo CBfi 9 Zy F1 . (2.92)
Z/

We define the pseudoscalar decay constant as fzr = my /gy and F* = (1/2) et PO F e
is the dual electromagnetic field tensor. To cancel the anomaly of the SM fermions intro-
duced by gauging the baryon number symmetry we choose the Wilson coefficient to be
Cp = Az pp/(167?), where Az g = 3/2 is the baryon number anomaly coefficient [137].
Note that comparing to Refs. [141,143] the Lagrangian is a factor of two smaller, since
we did not include the SM fermion contribution into this effective ansatz. We will see
the impact thereof later. It reflects two different interpretations of the Goldstone boson
equivalence approach: when the Z’ boson is replaced in the resolved vertex function, the
Z' Goldstone couples to the anomalons only; when the Z’ boson is replaced on operator
level, the Goldstone also couples to the SM fermions (and we obtain an effective factor
of two).

The Goldstone boson equivalence theorem is valid in the limit of small mz and gx,
while their ratio fz has to remain constant. It neglects the transverse mode of the Z’
boson and is therefore expected to break down for growing m:.

From the Lagrangian in eq. (2.92), we can then calculate the decay width of Z — ¢y:

3
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_ 36(23mg2g§( m% (2 93)

 819275¢%, m?%,

in the second line we approximated the Goldstone mass myz/ to be small compared to the
Z boson mass and in the last line we set the Wilson coefficient Cg such that it cancels
the SM U(1)p anomaly.

2.7.1 Reproducing the Effective Ansatz from the Full Calculation

In order to analyse the simplifications that are needed to obtain the effective Goldstone
boson equivalent width in eq. (2.93) we will explain the impact of the different approxi-
mations on the full expression in eq. (2.80). The points that we will focus on are

e integrating out the anomalons in the calculation of the width and comparing this
effective result to the Wess-Zumino terms,

e the contribution of the SM fermions,

e the reconstruction of the width calculated with Goldstone boson equivalence from
the full calculation.

To decouple the anomalons, let us look at the generalised Ward identities that we
calculated in Section 2.4.1, eq. (2.65) to (2.67). Considering the anomalons with vector
like couplings to the SM Z boson and axial vector couplings to the Zj boson from
Table 2.2, taking their masses to infinity n}gnoo m2Cy(m) = —1/2 and summing up their

contributions to the Ward identities we obtain

Mey,}m Ilpz|

3e myJgx
—pq, THvP = “TemIIR pplp1|p2| 1 2.95
pur = St quimlbal(y 1 1), (2.95)
3€emggx
- THvp — ZZCmMIIA pv|p1||pz] 1). 2.96
P2p 16m2cw, ‘ (z+1) ( )

For the case of SM Higgs generated masses the prefactors remain identical, only the
structure of the momentum shift variables changes to (w — z — 2), (w — 1) and (z + 1),
respectively.

In eq. (2.72) to (2.72) we calculated the Ward identity structure introduced by the
Wess-Zumino terms (2.70). Matching this structure requires for the case of anomalons
with axial vector couplings to the ZJ; boson that the momentum shift variables obey
2z = w—1 and the Wilson coefficient becomes Cz = 3(2+1)/(1672). This shows that the
momentum shift dependence in the SM fermion loop calculation for the decay Z — Z'v is
affecting the Wess-Zumino terms introduced to represent the anomaly cancelling physics
in the UV.
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For the case of axial vector couplings to the SM Z boson and vector like couplings
to the Z; (SM Higgs induced masses) we get the condition 2z = w — 3 to match the
Wess-Zumino terms, while the Wilson coefficient is the same Cp = 3(2 + 1)/(1672).

Let us now look at the contribution of the SM fermions to the Ward identities

3€emggx

| N vplp1l|p2| — 2.97

(pl,u -+ p2/,L) 167T20W € (w Z) ’ ( )
3€emggx

o THvp — _2CemIIX piplpylp2] o, 2.98

D1y L6m2ery € (w ), ( )
3€emggx

o TP — _2TemIIX u|pi||ps 1 2.99

p2p 167T2CW € (Z + ) ) ( )

where we consider all SM fermions to be massless. Note that in both cases, for SM Higgs
and ® induced anomalon masses, the sum of SM fermion and anomalon contributions
to the photon vertex cancel out, independent of the shift parameters. In the case of ®
induced anomalon masses this is also true for the SM Z boson vertex, while the divergence
in the Z; vertex is non-zero. For the case of SM Higgs induced masses we get a non-zero
contribution in the SM Z boson vertex, while it vanishes for the Z7; boson.

Now we want to reconstruct the width we calculated using the Goldstone boson
equivalence theorem starting from the matrix elements in egs. (2.57) and (2.58). We
set the SM fermion masses to zero and the anomalon masses to infinity. To compare
to the width from Goldstone boson equivalence we need to consider the longitudinal
polarisation of the Z; boson only. Therefore we take from the usual polarisation sum
>oe(P)es(p1) = —gup+ PLPIS only the longitudinal part, i.e. 52, Then the momen-

m2 m
z! z!
tum coupling of the Z}; corresponds exactly to the derivatively coupled Goldstone boson
from eq. (2.92). We obtain the following longitudinal decay width (expanded in powers
of m%,/m%)

, 3e? g2g§(m‘} m2Z 3

_ em /

I(Z = ZB 1ong ) = 2048752, m, (1 +0 ( Z >) : (2.100)
The result is a factor 4 larger than the width from Goldstone boson equivalence in
eq. (2.93). This difference stems from the inclusion of the constant anomaly contribution
from the SM fermions. Neglecting it, and setting the parameters w and z as explained
above to match the Wess-Zumino description, we reproduce the width from Goldstone
boson equivalence from our full calculation.

We have therefore established that taking the width obtained from Goldstone boson
equivalence alone (when replacing the Z’ in the resolved triangle vertex) does not repro-
duce a correct result for the decay width I'(Z — Z};7y), since the constant piece from
the SM fermions cannot be neglected. It confirms the inclusion of a factor two in the
effective Lagrangian (2.92) from Refs. [141, 143|.

To understand the impact of the different simplifications from the full calculation to
the result from Goldstone boson equivalence, we plot the width for two values of the gauge
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Figure 2.10: Branching fraction for the decay Z — Zj for two values of gx. The “full

result” (black, dotted) uses the full calculation in eq. (2.80) and sets the anomalon
masses by the maximal value for the Yukawa couplings of 47/3, the SM value for the
top quark mass m; and sets the other quark masses to O(MeV). In “full w/ m; — 07
the anomalon masses are still taken to be set by the maximal Yukawa coupling,
but all quark masses are set to MeV. “EFT” (blue, medium dashed) includes the
SM quarks (with masses my — 0) and anomalons (with masses M — o), while
“EFT w/o SM fermions” (green, dot-dashed) takes the anomalons only with M —
oo and neglects the SM fermions altogether, setting w and z as described in the
text. Neglecting then the transverse polarisation gives “EFT w/o SM fermions, long.
pol.” (yellow, large dashing). The red curve finally is the result from Goldsone
boson equivalence, eq. (2.93), calculated from Wess-Zumino terms and neglecting SM
fermions, the transverse polarisation of the Zj and approximates myz > mgzr .
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coupling gx in Figure 2.10, successively implementing the necessary approximations. We
choose a rather larger value, gx = 0.2, and a smaller one, gx = 0.01, to check the validity
of the effective ansatz.

Beginning the discussion from the “full result” (black, dotted curve), we take the
width from (2.80) with anomalon masses generated by the U(1)p breaking Higgs with
Mpax = 47/3 - ve/v/2, the SM value for the top quark mass, the other quark masses are
approximated to be of order MeV. Approximating also the top quark mass to be of order
MeV (“full result w/ m; — 07, purple, small dashing) has little impact on the branching
fraction, it only decreases slightly for large Z; masses when we neglect the large value
of the top quark mass. Both of these curves have a peak where the anomalons become
on-shell and then turn over, recovering the Landau-Yang limit for m zl = 0.

We reproduce an effective field theory ansatz (“EFT”, blue, medium dashing) by
integrating out the anomalons (M — oo0) and assuming all SM quarks to be massless
(mg — 0), which is a good approximation for small gauge couplings gx, as expected.
Deviations come from the top quark mass at higher m 7l a8 before, and the curve does
not show a turnover for mg, = 0, but diverges instead, making it invalid for very small
Z};, masses. With decreasing gauge coupling gx, however, the range of validity of the
effective ansatz increases.

In the next step we neglect all contributions from the SM fermions entirely, not
only setting them to be massless, but also disregarding their constant anomaly piece.
Therefore we calculate the width for the anomalons only, fixing the shift parameters
w and z, as explained above, for the case of axial vector couplings to the Zj. The
parameters are then w = 2z + 1 and z = —3/2, which reproduces the correct Wess-
Zumino terms. The anomalons are also integrated out, M — oo, giving the curve “EF T
w/o SM fermions” (green, dot-dashed). It shows that the anomaly contribution from the
SM fermions cannot be neglected, the curve deviates from the full calculation and the
EFT for small as well as large gauge couplings and over the whole range of Z}; masses.

Taking the longitudinal polarisation only of the Zj (“EFT w/o SM fermions, long.
pol.”, yellow, large dashing), where we still neglect the SM fermions completely and the
anomalons are integrated out, deviates for large Z; masses. The branching fraction
becomes considerably smaller for masses mz: 2 20GeV compared to the EFT result
without SM fermions but including the full polarisation for Z;. This result is expected,
as also the Goldstone boson equivalence is valid at an energy scale > mgyt.. Finally,
the branching fraction from the Goldstone boson equivalence calculation (“GBE”, red,
solid) additionally expands in small mzr compared to the Z boson mass, recuperating
the overly steep fall of the branching fraction for longitudinal Z} only.

In summary, the most important finding is that we cannot neglect the constant
anomaly piece from the SM fermions in the calculation. The EFT approach that in-
cludes the SM fermions is valid for a wide range of Z}; masses, the smaller the gauge
coupling gx, the larger becomes the interval. The impact of the large mass of the top
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quark is actually rather small and only visible for larger Z}; masses. Disregarding the con-
stant anomaly contribution from the SM fermions, however, invalidates the calculation
independent of the values of the gauge coupling gx and the Z; gauge boson mass.

We therefore conclude that an effective calculation, using Wess-Zumino terms such as
eq. (2.70) to represent the anomaly cancelling physics, is valid only if the SM fermions are
also included in the calculations, leading to an additional factor 1/2 in eq. (2.92) [141,143].
For the SM fermion contribution the shift parameters w and z have to be chosen such that
they match the Wilson coefficient C'p of the Wess-Zumino terms and the Wess-Zumino
and SM fermion contributions have to be added up coherently.

Let us also comment on the case, where all fermions in the theory are chiral under the
same symmetry, like in the case of gauged B — L or like the hypothetical situation where
the anomalon masses are generated by the SM Higgs, with an axial vector coupling in
the Z vertex. If we want to integrate out a fermion in these theories and represent in
by Wess-Zumino terms instead — like e.g. the top in gauged B — L —, we analogously
have to define the Wilson coefficient of the Wess-Zumino terms in coherence with the
shift parameters w and z of the now anomalous remaining fermion content. Since in this
scenario the symmetry breaking scale of the Z’ boson is independent of the scalar that
generates the fermion masses, the validity of the EFT is independent of the parameters
of the U(1) symmetry, i.e. the gauge coupling and the mass of the Z’ gauge boson.

Having analysed the validity of an effective treatment of the anomalon contribu-
tion and furthermore the Goldstone boson equivalence calculation, we want to comment
on the determination of a limit on the U(1)p coupling constant gy from the L3 mea-
surement [182] of the Z — (jj)y branching fraction from the full calculation versus an
effective ansatz. In Figure 2.11 we show the full calculation in solid green, which assumes
the anomalon masses to be determined by a Yukawa coupling of M = 47/3vg/v/2, the
top quark mass is set to its SM value, while the masses of the lighter quarks are taken to
be of order MeV. The effective ansatz, shown in shaded blue and labelled “EFT”, uses the
expression from eq. (2.100) and includes anomalons with M — oo and SM quarks with
mg — 0. The omission of the transverse polarisation of the Z}; boson limits the validity
of the effective calculation to light Z; bosons, which seems a questionable assumption
regarding the mass range covered by the L3 experiment (24 GeV < mz, < 86 GeV).
Furthermore for large gauge couplings gx the anomalons become part of the active spec-
trum even for larger Z; masses, nevertheless we see in Figure 2.11 that the “EFT” limit
differs only little from the full limit. The effective limit is a little too strong in most of
the parameter space, for lighter m zl, by about 10-20% and for larger mgzs, this overesti-
mation generally gets worse. We therefore suggest the use of the full calculation of the
Z — Zjy decay width, eq. (2.80), for phenomenological studies.
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Figure 2.11: U(1)p exclusion limit in the gx, m zl, plane from the measurement of the
Z — (jj)7 branching fraction by the L3 expermiment [182]. The limit from our full
calculation is shown in solid green, with anomalon masses set by M = 47 /3 v /V/2,
the SM value of the top quark and lighter quark masses of order MeV. Lighter blue cov-
ers the limit from an effective calculation including anomalons with masses M — oo
and massless SM fermions (m, — 0), using the longitudinal Goldstone approxima-
tion, eq. (2.100).

2.8 Conclusions

In the present chapter we have studied the Z — Z’ — ~ vertex function, calculating the
7 — Z'v decay width for two U(1) gauge symmetries, gauged baryon number B and
gauged baryon minus lepton number B— L. While textbooks, e.g. Refs. [35,164], focus on
the divergences of the different currents to show that in the axial vector case the current
is not conserved, we calculated the full vertex function and evaluated the decay width
for two concrete cases. We defined the unphysical parameters in the vertex function
by evaluating the (anomalous) Ward-Takahashi identities of the three external currents.
To illustrate the differing behaviour of heavy fermions, and thereby of the generated
anomaly in the light fermion content, we chose to elaborate on the two mentioned U (1)
gauge symmetries, namely gauged B — L, for which the SM fermion content is anomaly
free and thus all fermions have chiral couplings to the SM Z boson, and gauged B, where
the SM fermion content is anomalous and the introduction of new fermions becomes
necessary. The masses of these new fermions can theoretically be generated by the SM
Higgs or by the new Higgs that breaks the U(1)p symmetry. In the first case, which is
however excluded by experiment, all fermions are chiral under the same symmetry and
the new fermions resemble the SM leptons — we can confirm this when comparing this
scenario with the B — L case from above: when we take the new fermions to be light,
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like the SM leptons, we see in Figure 2.5 that the branching fraction resembles the one
of Z — Zj_; v, Figure 2.4.

In both these cases, where all fermion masses are generated by the vev of the same
Higgs boson, taking the fermions to be degenerate causes the branching fraction of Z —
Z' v to vanish, as we would expect. Any anomaly free set of degenerate fermions does
not contribute to these decay widths, independent of their mass scale.

This statement, however, becomes invalid when the fermions within an anomaly free
set do not share the same chiral structure. As an example we studied the case of gauged
baryon number, where the anomalon masses are generated by the U(1)p breaking Higgs
in Section 2.4.3. Taking the SM fermion masses and the anomalon masses to all share
the same value M, the decay width does not vanish, but gives a finite result, eq. (2.81).
The fact that for theories with more complex chiral structure, degenerate anomaly free
sets of fermions do not necessarily give a vanishing contribution to the decay width, was
first noted in Ref. [172].

Apart from the non-decoupling behaviour of fermions in gauged baryon number, we
also calculated the decay width respecting the necessary connection between fermion
masses, gauge coupling constant and gauge boson mass. Assuming the fermion masses
to be generated by the U(1)p breaking Higgs places an upper limit on these masses when
fixing the gauge coupling and the gauge boson mass. We set the Yukawa coupling of the
anomalons to a fixed value of 47 /3 and plotted the branching fraction for the Z — Z;~y
decay versus the parameters gauge boson mass m 7!, as well as Higgs vev vy for different
values of the gauge coupling gx in Figure 2.6.

In Section 2.6 we then integrated the resulting limit on the branching fraction using
the measurement from the L3 collaboration [182] into existing limits in the gx — mzr
plane, see Figure 2.9. The plot includes the LEP searches for electroweakly charged
anomalons, CMS searches for low-mass Z’ decaying to a dijet resonance, limits from the
Upsilon decay and measurements of Z-pole observables that limit the Z — Z; mixing. All
these probes are sensitive to different details of the theory of gauged baryon number — the
fermion content, the decay channel of the gauge boson or the fermions, the couplings to
the new Higgs boson, etc. — but nevertheless turn out to be generally competitive. By the
difference in their sensitivity to the model parameters and by their different backgrounds
and systematic uncertainties these probes are complementary in testing the model of
gauged baryon number.

As we commented before, assuming the anomalons to be heavy enough to treat them
as effective degrees of freedom can be problematic, depending on the model parame-
ters, especially if the anomalon masses are generated by the U(1)’ breaking Higgs. We
therefore showed the connection of an effective ansatz using Wess-Zumino terms and our
full calculation in Section 2.7 for the model of gauged baryon number. We discussed
the importance of the coherent inclusion of light fermions and the effective contribution,
where we saw that the shift parameters of the light fermions restrict the Wilson coeffi-
cient of the Wess-Zumino terms and vice versa. In Figure 2.10 we saw that for rather
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large gauge couplings the effective calculation is valid for large ZJ; masses only, since at
small m zl, the anomalons become on-shell and lead to a peak and then a turnover in the
decay width. The smaller the gauge coupling, the wider the range of validity of the EFT
calculation. Using Goldstone boson equivalence in the Zj vertex implies neglecting the
transverse polarisation of the Z; boson and therefore this approximation is only valid
for small mgz, which for large gauge couplings should be in conflict with the assumption
of heavy anomalons. Nevertheless, we see in Figure 2.11 that the effective calculation is
in the right ballpark of the full result for small mgz, when calculating a limit using the
measurements of the Z — (jj)v branching fraction from the L3 experiment. The EFT
ansatz, however, tends to overestimate the limit, which becomes worse for larger m zl-

In this chapter we have seen that introducing new U(1) symmetries to the SM requires
the fermion content to cancel all triangle anomalies, which can make the introduction
of new fermions necessary. The mass generation of these anomalons can be connected
to the symmetry breaking of the new U(1) symmetry or the SM or both and these
scenarios have rich phenomenological and theoretical consequences that can differ greatly,
because of the diverse chiral structure that occurs. We have compared these different
behaviours by examining two models, gauged baryon minus lepton number U(1)p_1, and
gauged baryon number U(1)pg, analysing the structure of the Z-Z'—v vertex. For the
case of U(1)p, where the introduction of anomalons is necessary, we studied the non-
decoupling behaviour of these fermions in the Z — ZJ; v decay. We calculated a limit in
the gauge coupling versus gauge boson mass plane and compared to the result from an
effective ansatz. We saw that this limit is competitive with other probes and that model
assumptions can make these probes complementary tests of U(1)p.
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CHAPTER 3

Inelastic Dark Matter at the LHC

3.1 Introduction

This chapter presents work that has not been published elsewhere. The calculations and
simulations were carried out by the author with the support of my supervisor and a col-
laborator. The dark matter relic density calculations in MicrOmegas were performed by
my SUpervisor.

To reveal the nature of dark matter (DM), many experiments have been built, taking
many different approaches and ruling out parameter space of a great variety of mod-
els. For example, the “vanilla” DM candidates, namely the Weakly Interacting Mas-
sive Particles (WIMPs), are being searched for by direct detection experiments, indirect
searches and the Large Hadron Collider (LHC). In direct searches for DM-nucleus scat-
tering, the sensitivity has improved by almost three orders of magnitude over the past
decade [202—206], ruling out tiny spin-independent cross sections. Indirect searches look
for the annihilation products of DM in high energy cosmic rays, where new observatories,
such as AMS-02 [207] and Fermi-LAT [208-210| are pushing the frontier. On top of that,
the LHC is looking for DM signatures, mostly via missing transverse energy (ER) but
also by searching for specific imprints of (simplified) models. The LHC experiments have
by now collected almost 400 fb~! of integrated luminosity each, along with tremendous
advances in analysis techniques. Due to the continued null results, it is certainly a good
idea to cast a wider net by investigating DM candidates with properties different from
vanilla WIMPs. One pioneering and successful attempt in this direction is inelastic DM
(iDM) [96].

The possibility of DM scattering inelastically off of nucleons [96], where elastic scatter-
ing is suppressed or forbidden, was first suggested when the DAMA /LIBRA [123,211,212]
collaboration detected a DM signal with an annual modulation, while other experiments
(at the time CDMS [124,213], later e.g. CRESST [214] and XENON [103, 215|) were
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excluding the same parameter space for a standard WIMP model [96,202]. The dark
sector is augmented to contain two states, the DM candidate x and an excited state x*,
which is slightly heavier. Interactions with the SM particles are subsequently forced to
be off-diagonal: the scattering xN — x N is suppressed and the process for DM detec-
tion becomes YN — x*N. The mass splitting (m,~ — m,)/m, is chosen to be < 1,
leaving the kinematics of DM annihilation and production at colliders mostly unaffected.
Non-relativistic DM—nucleus scattering in direct detection experiments, however, is sig-
nificantly altered. If the mass difference of the two states A = m,« —m, is chosen such
that it resembles the kinetic energy of the DM particles in the halo, DM particles that
are too slow cannot scatter off the nuclei in the targets. The minimal velocity necessary
to excite the state y into x* and deposit a minimum energy in the experiment depends
on the mass of the nuclei of the target material and favours heavier nuclei [216]. This
way, the signal detected by the DAMA/LIBRA collaboration, which used an sodium
iodine (Nal) target (the atomic number of iodine is 127), could be reconciled with the
null results from CDMS [213] with a germanium (Ge) target (germanium has an atomic
number of 73).

There are various possibilities to embed the concept of inelastic DM into a UV com-
plete, greater theory. Supersymmetry provides a candidate with the sneutrino, where
the two states are its odd and even CP eigenstates [96,217]. The DM particle could e.g.
be composite, bound by a new force that resembles the SM strong force and leads to
meson-like states. A new U(1) gauge boson couples the dark sector to the SM via kinetic
mixing with the hypercharge boson and induces an inelastic hyperfine splitting, whose
transition corresponds to the inelastic coupling that could be seen in direct detection
experiments [218]. If DM had a magnetic dipole moment, which can happen in asym-
metric mirror DM [219] or fermionic technibaryons [220], the interaction via the dipole
operator naturally occurs inelastically [221]. Extra dimensions can produce an inelastic
DM candidate, in a warped fermion or scalar model [217]. As we can see, there is a broad
variety of UV completions, that can lead to inelastic scattering of the DM particles in
direct detection experiments.

In subsequent work, following the idea triggered from the DAMA /LIBRA anomaly,
direct detection of inelastic DM has been studied in detail both theoretically and ex-
perimentally, leading to the eventual exclusion of the parameter region favoured by
DAMA /LIBRA [125,126,222-238|. Nevertheless, vast parameter regions are still viable,
so that inelastic DM is by now one of the most-studied DM candidates. For instance,
the authors of Refs. [217, 218,221, 239] discuss inelastic DM from the model-building
and phenomenology point of view, and Refs. [240-247| focus on the phenomenology as-
sociated with inelastic DM capture and annihilation in the Sun, in white dwarfs, and
in neutron stars. Finally, collider signals of inelastic DM have been investigated in
Refs. [127, 248, 249).

It is the last set of references that we build on in the present work. In particular, our
goal is to derive limits on the parameter space of inelastic DM by searches from run II
of the LHC. Specifically, we will consider xy—x* production in proton—proton collisions,
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possibly accompanied by extra jets from initial state radiation:
p+p = X+X XX (+7). (3.1)

The excited DM state x* will eventually decay back to x plus SM particles. We focus in
particular on the decay mode

X = x+q+q. (3.2)

We will consider two characteristic signatures, namely the generic monojet signature
[127,128,250] and events with displaced vertices and missing transverse momentum [129].
In Section 3.7, we will also discuss other searches that can potentially be sensitive, but
without actually recasting them. We focus here on searches by the ATLAS collaboration,
but of course similar signatures have also been searched for in CMS [251, 252].

The outline of this chapter is the following: In the next Section 3.2 we will introduce
the simplified models that we will work with and describe some of their basic proper-
ties, such as the decay width of the state x* and the collider signatures it can generate.
Details on the signal simulation and the analysis procedure are given in Section 3.3. In
the following Section 3.4 we will compare the simplified models to an effective operator
approach, examining cross sections and kinematic properties. Furthermore, we will com-
pare the relevant kinematic variables of the different mediators. The monojet analysis is
presented in Section 3.5, with cuts and uncertainties explained in detail. We will then
move to look at a search for displaced vertices in Section 3.6, where we are motivated to
investigate the option of relaxing the cuts of the analysis. Section 3.7 discusses other LHC
searches that could be sensitive to inelastic DM signatures. We conclude and summarise
in Section 3.8.

3.2 Simplified Models for Inelastic Dark Matter

In an inelastic DM model the dark sector has to contain at least two states. We will
consider here a simplified model with two states y and x* and a mediator £ that connects
the dark sector with the SM. The mass of x* is slightly larger than the mass of x, the
difference is denoted by A = m,+ —m, and the mass of the mediator is assumed to
be much larger than this splitting, m¢ > A. The interaction vertex of the DM states
with the mediator has to feature both states x—x*—¢ (or x—x*—¢), suppressing thus the
interaction of the DM relic x in direct detection experiments. Diagonal couplings, i.e.
x—x—¢ and x*—x*—¢, are assumed to be negligible or absent. We will generally consider
different types of mediators &, vector (V), axial vector (AV), scalar (S) and pseudoscalar
(PS). The interactions of the different mediator types with the SM quarks and the DM
states are given by these respective Lagrangians:

Ll =946 qua+ (gx & X Yux + h.C-) , (3.3)
q
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Loy = 948" quvsa + (gx & X YusX + h~C-) : (3.4)
q
L5 =94¢ Z qq + (gx EXX+ h.c.) , (3.5)
q
LES=1ige&> g+ (Z gx EX5X + h.c.) , (3.6)
q

where the sum runs over all quark flavours q.

The mass of the dark state x* is taken to be larger than the one of y and therefore
it will decay to x via its coupling to the mediator £&. But since we take the mediator to
be much heavier than the splitting of the DM states, this process will be off-shell and we
will have an effective three body decay, where the mediator decays to a quark — antiquark
pair: x* — x@q. The decay width for a three body decay is given by [253]

where the quantities m;; are defined by the relations

Pij = DPitDpj, (3.8)
mij = vy = (pi+p;)°

W is the spin averaged matrix element of the decay process. The factor three in front
stems from the three colours of the quarks. For the subsequent calculation we define
to be particle 1 and the quarks to be particles 2 and 3. We can then calculate the spin
averaged matrix elements for the process x* — xqq with a generic SM quark ¢ for the
four different mediator types:

2 49395 4 2 2 2 2 4
| Mav]|? (mZ. — m2)2 f ;12)2 (—=2miy + miy(—mas + my. +my) — mog +
23 ¢
+m3g(mys + my)? — 2m2.m?2) (3.10)
23 X X x*Mx /) .
VP 49>2<92 4 2 2 2 2 4
My |? = m(‘mﬂg + 2miy(—m3s + my« + my) — maz +
23 ¢
+miz(mys —my)? = 2mi.m?) (3.11)
o 29292
MsP = = amis((mye 4 my)” = miy) (3.12)
23 ¢
o 29292
Mps]? = —52Laomis((mys —my)? —miy), (3.13)

(m33 — mg)z

where we neglected the masses of the final state quarks, mg, — 0.
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With setting the quark masses to zero, we also obtain simplified values for the decay
widths for x* — xqq:

2 2
_ 99594 8 7 Q6 2 5,3 _ 3 .5 2 .6
Tay = ToEmSmim?, (mx* + 2mX*mX 8mx*mx + 18mX*mX 18mX*mX + 8mX*mX
3 93 2 _ 2 my 7 _ 8
+24mg.ms, - (M3 — my~my + my) log s 2my=my, mX> , (3.14)
I'v = __Ma%i9s mS. —2m7.m, — 8mS.m?2 — 18m3.m3 + 18m3.m3 4+ 8m?2.m$
v 12875mim3, \ X" XX X X x*"x x*x
3 08 . (12 2 My 7 _ .8
+24mg.my - (mys« + my=my +my)log e T 2myemy mx) ,  (3.15)
I's = __Ma%igs mS. +4m7.m, — 8mS.m?2 + 36m3.m3 — 36m3.m5 + 8m?2.m$
s s12m3mim?, | X X X XX x*'x x*x
3 3 2 _ 2 my 7 _ 8
+24my.my - (2my. — my=my + 2m3) log o dmymy, mx> , (3.16)
Tpg = —lasds m8. —4m7.m, — 8mS.m2 — 36m>.m3 + 36m3.m> + 8m2.mS
PS = Bimsmim®, \ "X X X x* x* x*x
3 .3 . 2 2 My 7T _ 8
+24migamy - (2mis + my-my + 2my) log e T Amyemy mx> . (3.17)

We added here a factor n, denoting the number of kinematically accessible quarks. Their
masses are, however, still taken to be zero, and they all couple with the same coupling
strength g,. Compared to a full numerical calculation taking into account the actual
value of the quark masses, this approximation leads to a deviation of about 30% for a
DM mass splitting of A = 10GeV and about 5% for A = 30GeV. In our numerical
simulations, in which we will obtain the decay rates from MadGraph [254,255|, we will
set the up, down, strange, and charm masses to zero while retaining the bottom quark
mass. This reduces the error to 6% for A = 10 GeV and 0.6% for A = 30 GeV for vector,
axial vector and scalar mediator. For the pseudoscalar mediator the deviation is only 3%
for A = 10GeV and 0.3% for A = 30GeV. Neglecting the masses of the four lightest
SM quarks therefore proves to be a valid approximation.

Since in an inelastic DM model the splitting A = m,+ — m, is usually much smaller
than the DM mass itself and the mass of the mediator, the above expressions can be
simplified further by expanding in A and we obtain at leading order

_ g9y gg A’

Iy — 3.18
VT 20mm (3.18)

37’Lq9292A5

Dpay = —2X29 3.19
AV 2071'377121 7 (3.19)
_ gy gq A’

57 207T3m‘€1 ’

(3.20)
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31,9292 A7
Tpg = i (3.21)
56O7r3m£m§<
where again n, denotes the number of kinematically accessible quarks. We see here, that
the decay widths are identical for a vector and scalar mediator, while the axial vector case
is larger by a factor three. The pseudoscalar case, however, has a completely different
dynamic because of an additional factor of A?/ mi, which makes the decay width decrease

with increasing DM mass.

* ; — —
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(a) Decay width I'(x* — x@q) for a splitting (b) Decay width T'(x* — x@q) for a splitting
of the DM states of A = 10GeV, setting of the DM states of A = 30GeV, setting

the mediator mass to mg = 2TeV. the mediator mass to m¢ = 2TeV.
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(c) Decay width I'(x* — xqq) for a DM mass (d) Decay width T'(x* — x@q) for a splitting
of m, = 300GeV and a mediator mass of the DM states of A = 10 GeV and a DM
mg = 2TeV. mass m, = 300 GeV.

Figure 3.1: Decay width of the heavier DM state x* to a massless quark pair ¢g and
the DM state x, I'(x* — xqq), plotted versus the DM mass m, (first line), versus the
splitting of the DM states A and the mediator mass m¢. The curves show the widths
for the different mediator types: axial vector (AV, dashed, purple), vector (V, green,
solid), pseudoscalar (PS, blue, dot-dashed) and scalar (S, red, dotted) mediator.

In Figure 3.1 we show a plot of the decay width I'(x* — xqq) for a generic massless
quark g. Considering multiple quarks in the final state increases the width accordingly
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9 X

q

Figure 3.2: DM production and decay via pp — x(x* — Xx@q), accompanied by emission
of an ISR jet. The diagram corresponds to the simplified model, where £ is a vector,
axial vector, scalar, or pseudoscalar mediator (see egs. (3.3) to (3.6)).

by a constant factor.! The first two panels show the dependence of the decay widths
on the DM mass for a fixed mediator mass and mass splitting. We can see the similar
behaviour of the scalar, vector and axial vector case nicely, while the pseudoscalar case
differs considerably in its dependence on the DM mass, due to the factor A? /mi as
we saw in egs. (3.18) to (3.21). This factor, as well as the smaller numerical factors,
reduce the pseudoscalar decay width considerably, when considering its dependence on
the mass splitting and the mediator mass. This makes the pseudoscalar case particularly
interesting, as the small decay width leads to large decay distances that could actually
be detected in the experiments, as we will see in Section 3.6.

A generic LHC event mediated by the interactions induced by our simplified models
is shown in Figure 3.2: a quark—antiquark pair annihilates into a y—x* (or equivalently
X—X") pair, and the x* decays subsequently to xjj. In addition, there is typically some
amount of initial state radiation (ISR), illustrated in Figure 3.2 by a gluon radiated off
one the incoming quarks.

A monojet search, which requires a large amount of E%liss and a very energetic jet,
will typically trigger on such an ISR jet. The E%‘iss is provided by the two final state
particles recoiling against the ISR jet. The small mass splitting A between the two DM
states implies that the jet(s) from x* decay are too soft to fire a monojet trigger. Our
recasting on an ATLAS monojet analysis is described in detail in Section 3.5.

While a small splitting A makes the jet(s) from x* decay relatively soft, it may also
result in a non-negligible lifetime of x*. In this case, the decay products emerge from a
vertex displaced from the primary interaction point. Therefore, also analyses searching
for displaced vertices are sensitive to the signals in Figure 3.2. In Section 3.6, we will

!This is true unless we get close to the regime where a quark just becomes kinematically accessible, i.e.
A =2my,.
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consider an ATLAS analysis sensitive to tracks starting at high-mass displaced vertices
in events with large E%’iss.

3.3 Signal Simulation and Analysis

To predict the expected inelastic DM signals at the LHC, we have implemented the
different models from egs. (3.3) to (3.6) in Feynrules 2.3 [256], and have then used
MADGRAPH v2.6.2 [254,255] to generate events. In addition to the dark particles, we
allow for the production of up to two additional jets at the matrix elements level. Parton
showering and hadronisation was done in PYTHIA 8 [257], while DELPHES 3.4.1 [258] was
used as a fast detector simulation. We have verified our implementation by reproducing
results from an effective calculation from Ref. [127], see the next Section 3.4 for details.
In Figure 3.3 we illustrate how the DM production cross section varies as a function of
the DM mass and the coupling structure of the mediator.
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-
L s‘-_
10 -~

S
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BN

ey

DM production cross section o [pb]
[}

0 100 200 300 400 500 600 700
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Figure 3.3: The cross section for DM production via pp — x*¥X, x*X, where we included
up to two initial state radiation (ISR) jets. The mass of the mediator is fixed to
me = 1TeV and the splitting of the dark states is A = 10GeV. The coupling
constant of the mediator to the SM quarks is set to g, = 0.25, which is the value we
use for our analyses.

As DELPHES does not simulate displaced decays, we have supplemented it with our
own implementation of vertex displacement. For each event, we randomly draw the x*
lifetime ¢(z) from a distribution of the form

P(t) = 5 - exp [_th] , (3.22)
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where 7 is the Lorentz boost factor of x*, and I' is the x* decay width. We ex-
tract the latter from the MADGRAPH simulation, but we verified that it agrees with
eqs. (3.16) to (3.14). To optimize Monte Carlo efficiency, we restrict the generated
values of t to the range to which ATLAS is sensitive; for the displaced vertex search
from Ref. [129], this implies restricting the transverse decay length L, to be between
Lyymin = 0.4 cm and Lgy max = 30 cm. Here, the transverse decay length is given by
Lyy = vtsin[2arctan(e”1)], where v is the velocity of x*, t is its lifetime randomly
drawn from the distribution above, and 7 is its pseudorapidity. Similarly, the longitu-
dinal decay length is given by L, = vtcos[2arctan(e"l)]. The fact that events falling
outside this range would be lost to the analysis is taken into account by assigning each
event an appropriate weight factor, given by the integral of eq. (3.22) over the range of
t values that correspond to transverse decay lengths between Lgy min and Lgy max-

For setting limits, we use the HISTFITTER routine [259]. To draw smooth exclusion
contours between irregularly spaced sampling points in the m,—m¢ plane, we interpolate
the CLs significance (number of standard deviations) at which the sampling points are
disfavoured using Delaunay triangulation [260]. Limits are given at 95% CL.

3.4 Kinematics and Comparison to EFT

3.4.1 Comparison to EFT

To verify the implementation of our model we reproduce the results from an effective
field theory calculation from Ref. [127] and compare our simulation with the simplified
models to the effective operator based approach. Since Ref. [127] uses an ansatz where
the dark sector couples exclusively to SM up-quarks, we will also assume this here in the
beginning.

The interactions of the dark sector particles x and x* we described in egs. (3.3)
to (3.6) can be connected to an effective field theory calculation, where the interactions
are instead described by the following operators [127], assuming a coupling only to up-
quarks w:

0 — (A y5u) (X 75 X]

1= A2 , (3.23)
— ,*2

O3 = W ; (3.25)

Oy = W . (3.26)
4
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The scale A; determines the strength of the interaction and the Lagrangian has to include
the complex conjugate of the respective operator as well. The first operator O; corre-
sponds to an interaction via an axial vector mediator, Oy to pseudoscalar interactions,
O3 to scalar, and Oy to vector interactions. For a coupling to all SM quarks we simply
add the corresponding expressions for each quark.

To validate our model we reproduce the DM production cross sections for the effective
operator Op from Ref. [127]. We simulate pp — x*Y, x*x in MADGRAPH v2.6.2 [261]
including up to two additional ISR jets at a centre-of-mass energy of 7 TeV and for a
scale A =1 TeV, parton showering and hadronisation are done in PYTHIA 8 [262], and
we use DELPHES 3.4.1 [263] for the detector simulation. Subsequently we cut for at
least one jet in the event and missing transverse energy E%‘iss > 150 GeV. Furthermore
we reproduce in Figure 3.4 the Lorentz boost factor of the DM particle x* and the
hadronic transverse momentum from its decay for a mass splitting of the DM particles
A = my+ —my = 2GeV. Our results agree nicely with those of Ref. [127], compare to
Figures 3 and 4 therein.

10° 100
— m, =10 GeV my =10 GeV
2 my =50 GeV é m, =50 GeV
g m, =100 GeV % m, =100 GeV
S e
© 10t 10t
g g
£ £ st B
Q Q
] <
— -
= < 4’—’—’—‘;
1072 1072
5 10 15 20 25 30 35 40 0 10 20 30 40 50
(x*) pr(mo) [GeV]

(a) Lorentz boost of the particle x*, 7y+.  (b) Hadronic pp resulting from the decay of
x5, xX* — xuu.

Figure 3.4: Plots of the Lorentz boost factor of the DM particle x* and the hadronic
transverse momentum for the effective operator O; (see eq. (3.23)) for three different
DM masses m, = 10GeV (blue, solid), m, = 50GeV (orange, dashed), and m, =
100 GeV (green, dotted), each for a mass splitting of the DM particles of A = 2GeV.
The plots agree with the results from Ref. [127].

In the next step we now want to validate the implementation of the simplified models
given by eqgs. (3.3) to (3.6) by comparing cross sections and different kinematic variables
to the results of the effective ansatz. First, we compare cross sections and the decay width
of the x* for the effective operators and corresponding mediators with mass mg = 100 TeV
(we set the couplings of the mediator to be g, = gy = 1) at /s = 7TeV centre-of-mass
energy. For the EFT we set, as before, A = 1 TeV. After correcting for an additional factor
of 10™8 when comparing the cross section and the decay width of x*, which both scale
with 1/ (mg), we observe they agree for effective operators and mediators, as expected.
Then we simulate a dataset at /s = 13TeV centre-of-mass energy and with a mass
splitting of the DM states of A = 10GeV, where we included the coupling to all SM
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quarks for the mediators and the effective operators. For the mediator coupling to quarks
we set g, = 0.25. This is the setting we will also use later for our analyses.

In Figure 3.5 we compare different kinematic variables for the effective ansatz and
the simplified models with a coupling to all SM quarks. We can see that the missing
transverse energy E%iss (left row) produced in the process pp — x*¥, x*x, where x*
subsequently decays to x and a pair of quarks, agrees nicely between the EFT and the
simplified model with a very high mediator mass of m¢ = 100 TeV. The same is true for
the number of jets N[jets] (middle row) and the transverse momentum of the hardest jet
pr(j1) (right row). The model with a low mediator mass of mg = 1TeV, however, differs
slightly from the other two scenarios. This is due to on-shell effects of the mediator,
whose mass is small enough to be produced on-shell, causing a boost that gets passed
on to the dark sector particles (and thus the Errfniss) and leading jet-pr, and causes more
jets to be counted. The jets that are affected by the on-shell boost stem from the quarks
from the x* decay and they are more likely to be detected with higher energy, while for
the effective ansatz and the high mediator mass more of them are not energetic enough
to fulfil the trigger requirements. Therefore, the number of events with no jet goes down
for the low mass mediator and we get more events with one or more jets.

This verifies our implementation of the simplified models, egs. (3.3) to (3.6), showing
that both cross sections and kinematic distributions can be matched from the simplified
models to the effective ansatz, which furthermore agrees with the results from Ref. [127].
It also motivates the use of simplified models, where we include the mediator into the
simulations, since at low mediator masses — those which will be relevant for our analyses
— we see on-shell effects of the mediators, that change the relevant kinematic parameters.
These effects would not be covered by an effective operator calculation.

3.4.2 Kinematics of the Different Mediators

Finally, we want to compare the different mediators by examining their kinematic proper-
ties. Samples are simulated at a centre-of-mass energy of 13 TeV and for a mass splitting
of A = 10GeV, including up to two ISR jets, with g, = 0.25. The cross sections of the
different mediator types differ as expected, we give an example for a DM mass of 50 GeV
and a mediator mass mg = 1TeV in Table 3.1. The width of the dark sector particle x*
(almost) agrees for scalar (S) and vector (V) mediator as we saw in egs. (3.20) and (3.18)
and in Figure 3.1, which also showed that the width of x* is substantially smaller for
interactions via a pseudoscalar mediator. In the approximated expressions for the decay
width, eqgs. (3.21), the pseudoscalar decay width shows an additional factor of A2/ mi,
which leads to this effect. The decay widths of the mediator £ are similar for vector and
axial vector and for scalar and pseudoscalar.

We show the kinematic distributions for the different mediator types in Figure 3.6.
We can see that the differences are small, which makes us expect that the differences in
the sensitivities of the monojet analysis towards the different mediators, see Section 3.5,
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Figure 3.5: Comparison of the effective ansatz to their respective simplified models that
include the mediator with a coupling to all SM quarks. The left row compares the
missing energy E%liss in the process pp — x*x, x*¥, the middle row the number of
jets N(j) and the right row the transverse momentum pp of the hardest jet. We
compare the effective operators (dotted) each to a simplified model with mediator
mass mg = 100TeV (dashed) and m¢ = 1TeV (solid). The DM mass is set to
m, = 50 GeV and the splitting to A = 10 GeV and we use g, = 0.25.
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Figure 3.6: Comparison of the kinematic properties of the different mediator types
for mediator masses of m¢ = 1TeV, DM mass m, = 50GeV and a splitting of
A =10 GeV at a centre-of-mass energy of /s = 13 TeV and with couplings g, = 0.25,
gx = 1. Interactions by a pseudoscalar mediator (PS) are shown in blue, solid, by
scalar mediator (S) in orange, dashed, by vector mediator (V) in green, dash-dotted,

and by axial vector mediator (AV) in purple, dotted.
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type xsec [pb] ‘ Iy [GeV] ‘ I'e [GeV]
AV | 10.9524+0.020 | 9.08- 1011 | 81.08
V | 11.2814+0.021 | 3.09-10" | 82.86
S 5.068 £0.030 | 2.99-10"!1 | 121.61
PS | 5.345+0.031 | 1.07-10713 | 123.39

Table 3.1: Comparison of the production cross section pp — x*x, x*x (with up to
two ISR jets) at 13 TeV centre-of-mass energy and the decay widths of x* and the
mediator ¢ for different mediator types, for a DM mass m, = 50GeV, a mediator
mass of m¢ = 1TeV and a splitting of A = 10 GeV. The mediator coupling to quarks
is set to g4 = 0.25.

are mostly due to the differences in the production cross sections. The most important
cuts in the monojet analysis are on the missing transverse energy E%liss and the transverse
momentum of the most energetic jet p(j1), which Figure 3.6 shows to have coincident
distributions for all mediators. For the displaced vertex analysis, Section 3.6, the decay
width of the DM state x*, which determines the displacement of the vertex in the detector
together with the boost of x*, will have the most important influence on the cuts in the
analysis. Furthermore, we have a cut on the mass of the displaced vertex, which is defined
by its charged decay products. It depends primarily on the splitting of the dark states
and thus the energy that is passed on to the quarks in the x* decay. The decay width
differs substantially for the mediators, which will add upon the differences in the cross
sections. In fact, only the model with the pseudoscalar mediator will generate decay
distances that are large enough to be detected, while the search is insensitive to the
scalar, vector, and axial vector case, see Section 3.6.

3.5 Monojet Analysis

In the following, we recast the ATLAS monojet search from Ref. [128] to derive limits
on inelastic DM. The search is based on 139fb™! of integrated luminosity, taken at a
centre-of-mass energy of /s = 13TeV. Selected events are required to contain at least
one energetic jet (anti-kp, R = 0.4) with transverse momentum pp > 150 GeV and pseu-
dorapidity |n| < 2.4. The total number of jets with pp > 30GeV and |n| < 2.8 must
be no more than four. Ref. [128] defines 25 different (but partially overlapping) signal
regions with varying restrictions on the missing transverse energy E%liss. In particular,
the E%liss threshold is varied between 200 GeV and 1200 GeV in steps of 50 GeV up to
400 GeV and steps of 100 GeV above. For each threshold value, both an inclusive signal
region (containing all events with ES above the threshold) is defined, as well as an
exclusive signal region that only contains events with E%‘iss between a given threshold
and the next higher one. The hardest exclusive signal region (ER > 1200 GeV) does
not have an upper cut-off on the missing energy and is therefore identical to the hardest
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inclusive region. The azimuthal angle between each jet and the missing transverse mo-
mentum is required to be larger than A¢(jet, p?iss) > (.4 for events with E%liss > 250 GeV
and Ag(jet, piss) > 0.6 for events with EXS® between 200 GeV and 250 GeV. Finally,
in Ref. [128], events containing electrons with pr > 7GeV, |n| < 2.47, muons with
pr > 7GeV, |n| < 2.5, taus with pr > 10GeV, |n| < 2.5, or photons with pp > 10 GeV,
In| < 2.37 are rejected. We do not explicitly implement these cuts because our signal
samples do not contain isolated hard leptons or photons at the matrix element level, and
generating them from hadron decay is very unlikely.

We have verified our analysis by simulating the W + jets background, where the W-
boson decays to a muon and an (anti)neutrino, as well as the Z + jets background, where
the Z-boson decays to a neutrino and an antineutrino. These samples where generated
with MADGRAPH at leading order, including up to four jets at the matrix element level.
As a cross-check, we have also considered samples generated with MADGRAPH at next-
to-leading order, including up to two jets in the matrix element. For our actual analysis,
we have not used these background samples, but instead rely on the ones published by
ATLAS in Ref. [128], see in particular Table 8 therein. Besides W + jets and Z + jets,
additional backgrounds arise from diboson, ¢f, and single-top production.

There are several sources of systematic uncertainties: (i) Uncertainties related to
the modelling of initial- and final-state radiation. These errors translate into a 3-6%
uncertainty in the signal acceptance, common to all s-channel models considered here.
(i1) PDF uncertainties. The choice of different PDF sets results in a variation of up to
20%, depending on the model considered. (iii) Renormalisation and factorisation scales.
Varying these scales introduces changes of up to 50% in the cross section after cuts,
depending on the model considered. (iv) Experimental uncertainties in the jet and Eiss
scales. Depending on the parameters of the model, these uncertainties vary between
1% and 7%, with the relative uncertainties in energetic events being generally larger
than those in softer events. They are similar for the vector, axial vector, scalar, and
pseudoscalar models. (v) Luminosity. The uncertainty in the total integrated luminosity
is 1.7%. We subsume uncertainties (i)—(i) into a flat 30% signal uncertainty, and (iv)
is described in our analysis by a 10% uncertainty that is correlated between signal and
background. Uncertainty (v) is included separately. While this approach is certainly
less accurate than the one employed by the ATLAS collaboration, it is sufficient for
our purposes, given that we are studying simplified models, and deviations between
those and the true model of DM can be expected to be much larger. For instance, the
dominant signal error, arising from the variation of renormalisation and factorisation
scales, is effectively a measure for the impact of higher-order corrections. However, it
can play that role only as long as no additional particles exist in the model. If there are
additional states that contribute to DM production (at tree level or in loop diagrams),
these may lead to extra deviations from the predictions of the simplified model.

Our main results for the ATLAS monojet analysis [128] are shown in Figure 3.7.
The four panels in this figure correspond to vector, axial vector, scalar, and pseudoscalar
mediators, respectively. In each panel we show the 95% confidence level (CL) limit on the
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Figure 3.7: 95% CL limits set by our recasting of the ATLAS monojet analysis [128|
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on the DM production cross section via pp — x*x (j), plus the corresponding CP-
conjugate processes. For the chosen values of the coupling constants, g, = 0.25 and
gx = 1, the red contours show the regions in the m,—m¢ (DM mass vs. media-
tor mass) plane that are excluded. Dashed black contours show the corresponding
expected limits, and the hatched regions indicate the 1o uncertainty on that expec-
tation. Away from the exclusion contours, the colour code demonstrates the excluded
signal strength. In other words, it shows by how much stronger or weaker the signal at
a given point would need to be compared to the benchmark scenario for the exclusion
contour to move to that point. The excluded values of the coupling constants at given
My, Mg, can be directly inferred from this. We show in orange the parameter values
at which the correct DM relic density is predicted in the corresponding simplified
model using MicrOmegas [264]. The four panels correspond to (a) vector, (b) axial
vector, (c) pseudoscalar, and (d) scalar mediators, respectively.
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DM-SM couplings as a function of the DM mass m, and the mediator mass m¢. We do so
by indicating, at each point, the limit on the “signal strength” u, i.e. the DM production
cross section relative to a benchmark parameter point. The latter is defined by g, = 0.25,
gy = 1, so that p = (g4/0.25)% - gi. Colour-shading represents the same information
graphically and interpolates between the sampling points in (m,,m¢). The red contour
delimits the parameter region that is excluded at the 95% CL, while the black dashed
contour and hatched band indicate the expected limit and its 1o uncertainty, respectively.
Note that the uneven distribution of the limits is not physical, but instead caused by
the sensitivity to fluctuations of our limit setting algorithm. Our signal strength limits
indicate how close the analysis gets to an exclusion limit at a given parameter point,
= 1 defines the limit. In all panels, we have assumed a mass splitting of the dark states
of A = 10GeV, but we note that the monojet search is not sensitive to A unless the
splitting becomes so large that the kinematics of y and x* differ substantially.

As expected from the cross sections displayed in Figure 3.3, limits are strongest for
the vector-mediated model, followed by the axial vector model. Mediator masses up to
almost 1.5 TeV can be excluded in some cases thanks to resonant enhancement of DM
production. The DM mass, on the other hand, can only be probed up to ~ 600 GeV.
The reach in m, is more limited first because two DM particles need to be produced
in each event, and second because at high mass, only a small fraction of the partonic
centre-of-mass energy will typically be left for the required ISR jet.

In Figure 3.8 we show the best signal regions that are selected by the limit setting
analysis. The four panels correspond to the limit plots of the different mediators in
Figure 3.7. Each coloured symbol in the plot marks a simulation point and indicates the
signal region providing the best limit for that set of parameters. We obtain the best limits
mostly for the high Effniss exclusive regions K8 to K12 with very few exceptions. This
implies we get an effective EZ cut of over 800 GeV (ES8 selects the EXS interval of 800
to 900 GeV) up to 1.2TeV (E12 selects EXsS > 1200 GeV). We expect the higher Emiss
regions to give better limits, since the background rates decrease faster with increasing
E%ﬁss than the signal rates.

In Figure 3.9 we show an exemplary data set to illustrate the distribution of signal and
background in the different E%iss signal regions. We chose a DM mass of m, = 50 GeV, a
mediator mass of m¢ = 600 GeV and a splitting A = 10 GeV and the couplings are again
gq = 0.25 and g, = 1. The plot shows the overwhelming background in the lower ngniss
bins that makes it difficult to set a limit. At higher EIS| the number of signal and SM
background events become comparable, but also the uncertainties are more dominant.
Comparing to Figure 3.8, our plot illustrates that low signal regions are not providing
the best limits due to the dominant background.

We note that our limits are weaker than the limits on the standard WIMP scenario
in the ATLAS monojet analysis itself [128] (Figure 5 therein), where they give limits on
the axial vector and pseudoscalar mediated case. For the pseudoscalar mediator, this is
primarily because, in Ref. [128|, the mediator coupling to quarks is set to g, = 1 instead
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Figure 3.8: Best signal regions that are selected by the limit setting analysis for the
ATLAS monojet analysis [128]. The plots for the different mediators correspond to
the respective plots in Figure 3.7. The couplings are as before set to g, = 0.25 and
gx = 1. The four panels correspond to (a) vector, (b) axial vector, (c) pseudoscalar,
and (d) scalar mediated interactions, respectively.
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Figure 3.9: Exemplary plot showing number of events in each exclusive signal region for
the SM background (grey, hatched), stacked signal events (green) and observed data
(orange, circles). The chosen model parameters are a DM mass of m, = 50GeV,
mediator mass m¢ = 600 GeV and splitting A = 10 GeV. The couplings are as before
set to g, = 0.25 and g, = 1.
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Figure 3.10: Exclusion limit on the DM production cross section via pp — x*Y, plus the
corresponding CP-conjugate processes for the axial vector case, assuming systematic
errors of only 1%. As before we have set the coupling constants to g; = 0.25 and
gy = 1. The red contour shows the observed exclusion limit, while the expected limit
including the hatched error band is shown in black, dashed. The colouring encodes
the observed exclusion limit on the signal strength p. The plot corresponds to the
axial vector case in Figure 3.7 (b), simply reducing the systematic errors.

81



Chapter 3 Inelastic Dark Matter at the LHC

of our choice of g, = 0.25. For the axial vector mediated case the coupling constants
coincide, g, = 0.25 and g, = 1. Most importantly, our inelastic DM scenario admits two
DM production processes (Gg — xX* and gg — x*X), as opposed to only one Ggg — x X in
ATLAS’ simplified model. However, the limits in Ref. [128] are better because of their
more elaborate analysis. While our analysis is very susceptible to the large systematic
errors that we assume, the combination of the individual signal regions would help reduce
the effect of these errors. We show in Figure 3.10 an adjusted plot, assuming a systematic
error of only 1% for the axial vector mediated case. This limit is comparable or even
slightly stronger (reaching to higher DM masses) than the ATLAS limit on the WIMP
scenario. Therefore, combining the different signal regions and thereby reducing the
effect of systematic errors, would greatly improve our monojet limits in Figure 3.7.

Each plot includes a contour (shown in orange) that indicates the values of my
and m¢ for which the correct relic density is predicted at the nominal values of the
¢ couplings indicated in the plots (g4 = 0.25, g, = 1). The computation of the relic
density has been carried out in MicrOMEGAs v5.2.7 [264-266]. In the region above
the orange curves (large m¢), the model over predicts the relic density as &-mediated
annihilation is inefficient, so freeze-out happens too early. Parameter points in this
region might still be viable if there are extra annihilation or co-annihilation channels
that are active in the early Universe, but not included in the simplified Lagrangians
from egs. (3.3) to (3.6). In the region below the orange curves, the predicted relic
density is too low, possibly necessitating the existence of additional DM species. Note
that, for the axial vector model, a secondary “wedge” of allowed parameter values ap-
pears at m, 2 500GeV. For the scalar model, a similar feature can be seen, ex-
tending to even lower DM masses. At the lower boundary of these wedges, the cor-
rect relic density is achieved through xyx — ££ rather than xx* — ¢¢ annihilation.
Inside the wedge, xx — &€ becomes inefficient, leading to a
relic density that is too large. As my is increased further, the
&-mediated s-channel process xx* — ¢ eventually becomes reso-
nantly enhanced, leading to an intermittent drop in the predicted
Qh? at me ~ 2m,. The differences in the shape of the wedge
between the scalar and axial vector models has to do with the
different suppression factors of xx* — ¢ in these two scenarios.
For the scalar, annihilation to quarks is a p-wave process and is
Figure 3.11: therefore velocity-suppressed. For the axial vector case, s-wave

X — &€ annihilation is possible, but comes with a chiral suppression fac-

tor m?l / mi [267]. Note that the aforementioned resonance fea-
ture at m¢ ~ 2m,, exists also for the vector and pseudoscalar scenarios. But for those,
the relic density remains smaller than the observed value everywhere below the resonance
because xx* — ¢¢ annihilation through vector or pseudoscalar couplings is an unsup-
pressed s-wave process. This is also the reason why the correct relic density is achieved
at higher mg¢ for these models than for the scalar and axial vector ones.

Essential probes on models featuring a mediator £ coupled to a quark pair gq are
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dijet searches via pp — & — jj. ATLAS and CMS show limits that exclude large parts
of our parameter space, see Refs. [268,269]. However, this is a common problem of
simplified models, which could be fixed by a larger DM coupling g, or a smaller value of
the coupling to quarks g4, see Section 3.7 for more details.

3.6 Displaced Vertex Search

Decays of long-lived dark sector particles — like our excited DM state x* — can lead to
displaced vertex signatures in combination with large missing transverse momentum. If
a sufficient fraction of the long-lived particle’s energy goes to visible decay products,
the mass mpy associated with the displaced vertex (defined as the invariant mass of all
visible particles emerging from the vertex) can be very large. Final states with displaced
vertices are being searched for by the ATLAS and CMS collaborations, see for instance
Ref. [270] for an ATLAS analysis of 20.3fb™! of data taken at /s = 8 TeV, Ref. [129] for
an ATLAS analysis using 32.8fb™1 of 13 TeV data, and Ref. [252] for an analysis using
132fb~! of 13 TeV CMS data. Unfortunately, the observed event counts in all the above
references are consistent with background expectations.

In the following, we recast the analysis from Ref. [129] into limits on inelastic DM.
We use the same simulation chain as for the monojet analysis, described in Section 3.3
(MADGRAPH v2.6.2 [254,255], PYTHIA 8 [271], DELPHES 3.4.1 [258]). The analysis
requires at least one displaced vertex (DV), fulfilling the following criteria:

1. The transverse distance between the displaced vertex and the primary interaction
point, Ly, has to satisfy 4mm < L., < 300mm. The displacement along the
beam axis, L., must be < 300 mm.

2. There have to be at least five charged and (within the tracking volume) stable
particles originating from the displaced vertex. They must have pr > 1GeV and
an approximate transverse impact parameter with respect to the primary vertex
of dy = Lgysin A¢ > 2mm. Here, A¢ is the azimuthal angle between the particle
momentum at creation and the vector from the interaction point to the displaced
vertex. The cut on dy ensures that tracks originating from the primary vertex
rather than the displaced one are rejected more efficiently. Unfortunately, it also
tends to reject the forward-boosted decays of very energetic x* particles, which
would otherwise be easiest to detect.

3. The invariant mass of the displaced vertex, mpy, reconstructed from the visible
decay products fulfilling the above criteria, has to be larger than 10 GeV.

Besides a displaced vertex with the above properties, events must have E%ﬂss > 200 GeV,?
and in 75% of the data it was moreover required that either one displaced jet with

2In Ref. [129] the cited cut at reconstruction level is FF* > 250 GeV, but the efficiencies from the aux-
iliary material are based on this truth level cut and take the efficiencies of passing the reconstruction
level cut into account.
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Figure 3.12: Limits set by the ATLAS displaced vertex search from Ref. [129] on the
production of inelastic DM with a pseudoscalar mediator and a splitting between the
dark states of A = 30 GeV. The couplings are set to g, = 0.25 and g, = 1. Limits
are given in terms of the signal strength p = (g,/0.25)? - gi (numbers in the plot and
interpolating colour gradient), while the benchmark couplings g, = 0.25, g, = 1 are
excluded at 95% CL within the red contour. The black contour and the hatched band
show the expected limit and its 1o uncertainty, respectively. The masses at which
the correct relic density is predicted with g, = 0.25, g, = 1 is shown in orange.

pr > 70 GeV, or two such jets with pp > 25 GeV are present. A jet is called displaced if
the scalar pr sum of all charged particles associated with the jet and originating from the
primary vertex does not exceed 5 GeV. A particle is associated with the primary vertex
if its impact parameter is dg < 2mm. Monte Carlo events fulfilling these additional
displaced jet criteria are fully counted in our analysis, while events not passing are
weighted by a factor of 0.25.

Events surviving the above cuts are first weighted with the E%iss—dependent event-
level efficiency factors shown in Figure 20 of the auxiliary material published with
Ref. [129]. In a second step, events are binned by their transverse x* decay distance
Ly, their invariant mass of the displaced vertex mpy, and the number of identified
tracks associated with the displaced vertex. We then apply the vertex identification
efficiencies from Figures 21 and 22 of Ref. [129]’s auxiliary material.
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The following systematic uncertainties are relevant: (i) Variation of simulated pile-
up. The signal efficiencies determined in Ref. [129] vary by up to 10% as a function of the
amount of pile-up included in the Monte Carlo samples. (ii) Track and displaced vertex
reconstruction efficiency. This uncertainty amounts to 5-10% as well. (iii) Treatment
of ISR. Depending on how radiation effects are modelled, the signal acceptance varies
by up to 25%. (iV) The uncertainty in the total integrated luminosity is 3.2%. We
combine uncertainties (i) and (i) into a flat 15% systematic error. The 25% error (iii),
as well as the luminosity uncertainty (iV) are included separately. Note that using the
uncertainties quoted in Ref. [129] as a basis for our treatment of systematics is justified
even though the signal model considered there (R-hadrons) is different from our inelastic
DM scenarios. One may wonder whether in particular uncertainty (i7i) — treatment of
ISR — depends on this. However, ISR should be largely independent of the hard process,
therefore we expect only little model dependence in the systematic error estimates.

Note that there is no SM background in high-mass displaced vertex searches; any
backgrounds are instrumental in origin, and tiny. For instance, the prediction for the
instrumental backgrounds in Ref. [129] is 0.021007 events.

In Figure 3.12 we show the resulting limit of our recast of the ATLAS analysis from
Ref. [129]. Because of the cut on the invariant mass of the displaced vertex, mpy >
10 GeV, the search requires the mass splitting of the dark states A to be well above that
value. We show the limit for a splitting of A = 30 GeV. This large value of the mass
splitting of the dark states leads to a decrease in the x* lifetime, which causes us to loose
sensitivity for the vector, axial vector and scalar mediators. For a pseudoscalar mediator
€, the x* decay width is suppressed by an additional factor A?/m? (see eq. (3.21)), hence
its lifetime is sufficiently long to lead to an appreciable number of displaced vertex events.
Therefore, we show only limits on the pseudoscalar model in Figure 3.12. The numbers in
the plot and the colour gradient once again give the 95% CL limit on the signal strength,
the red contour is the observed exclusion limit on the benchmark model with g, = 0.25,
gy = 1, the black contour is the expected limit, and the hatched band is the 1o error on
the latter. In orange, we show again the (m,, m¢) combinations for which the correct
relic density is obtained at g, = 0.25, g, = 1 (computed in MicrOMEGAs).

In contrast to the monojet analysis, the sensitivity of the displaced vertex analysis
depends strongly on the y and & masses, as can be seen in the rapid increase of the
excluded signal strength away from the red contour in Figure 3.12. At low mg, the
decay length of the intermediate x* becomes too short, so its decay vertices will not
be sufficiently displaced from the primary vertex, see Figure 3.13 as an example. At
large mg¢, the DM production cross section drops rapidly. The analysis can exclude DM
masses between about 450 GeV and 700 GeV for a mediator mass of roughly two TeV.
The displaced vertex search is complementary to the monojet search as it is sensitive to
the pseudoscalar mediated model, for which the monojet limits stayed below mediator
masses of one TeV and DM masses of 300 GeV. Keep in mind, though, that the splitting
of the dark states is taken to be 30 GeV in the displaced vertex search, compared to
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10 GeV for the monojet search. Taking a smaller splitting would significantly lower the
reach in DM and mediator mass.

b [ ® NA=30GeV, e A:SOGeV,l [ ® me=1TeV, e ',m§=2TeV, (] m§=3TeV1
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Figure 3.13: Distribution of parameter points in the plane of the mass of the displaced
vertex mpy and the transverse decay distance L, for a pseudoscalar mediator and
a DM mass of m, = 100GeV. The left panel varies the splitting A = 30 GeV (red
dots), A = 50GeV (green dots) and keeps the mediator mass at mg = 2TeV. The
right panel varies the mediator masses between mg = 1TeV (red dots), m¢ = 2TeV
(green dots) and mg = 3 TeV (blue dots) for fixed A = 30 GeV. The grey grid lines
mark the cuts on mpy and Ly,.

To illustrate the impact of the model parameters on the key observables of this anal-
ysis, we show the distributions of events in the plane of transverse decay distance L,
and invariant mass of the displaced vertex mpy in Figure 3.13. A larger mass split-
ting of the dark states shifts the mass of the displaced vertex mpy to higher values, as
expected, but also significantly decreases the transverse decay distance Ly, making it
difficult to balance the requirements on mpy > 10GeV and 0.4cm < L;, < 30cm, see
Figure 3.13 (a). We include grey grid lines to depict the cuts, the upper right corner is
passing the requirements. All events for A = 50 GeV are excluded, and only very few for
A = 30 GeV are passing both cuts. In Figure 3.13 (b) we can see that a higher mediator
mass my shifts the decay distance L, to higher values, but again it diminishes the mass
of the displaced vertex mpy at the same time. The correlation is, however, weaker than
for the splitting. Mediator masses of mg = 1 TeV are entirely excluded, for m¢ = 2TeV a
few events pass the cuts. With varying the DM mass, there is no clear correlation visible
for the DM mass range we considered, neither with respect to Ly, nor to mpy; hence
we did not include a corresponding plot.

Because of the large impact of the cut on the displaced vertex mass mpy, we have also
investigated how relaxing the mpy cut and the cut on the number of tracks associated
with the displaced vertex, Niracks, could change the sensitivity to simplified inelastic DM
models.

In Ref. [272], the authors propose to relax the cuts from the ATLAS analysis in
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Figure 3.14: Projected limit on the production of inelastic DM, similar to Figure 3.12,
but with relaxed cuts on Niyacks and mpy. Panel (a) corresponds to a mass splitting
A =30GeV (same as in Figure 3.12), while panel (b) is for A = 10 GeV.

87



Chapter 3 Inelastic Dark Matter at the LHC

Ref. [129], inspired by a study in Ref. [273]. The cut on Niyacks is reduced by one to be
Niracks = 4, and the vertex mass is required to be only mpy > 5 GeV. We assume the
efficiencies given in Ref. [129]’s auxiliary material to be constant for mpy below 10 GeV
and Nipacks below 5.

One might worry that this relaxation of cuts could raise the background rates. How-
ever, Figure 7 in Ref. [129] shows that no events are observed in the data even within the
extended signal region with mpy > 5GeV and Niacks > 4. Moreover, Table 1 in that
same reference indicates that a 10W—E%liss control region with Niacks = 4 contains only
about a factor of two more events than a similar control region with Niacks = 5, which
suggests that also the number of background events expected to spill over into the signal
regions will not increase significantly with the weakened cuts. This motivates us to posit

that backgrounds will remain negligible even with relaxed cuts.

Repeating the statistical analysis with relaxed cuts on Niacks and mpy, we obtain for
a mass splitting of A = 30 GeV the projected limit shown in Figure 3.14 (a). The reach
at low mediator mass m;¢ remains more or less unchanged since it is dominated by the cut
on Lgy: below m¢ ~ 1.5 TeV the decay length of x* becomes too short to be above the
required 4 mm (particularly visible in Figure 3.13 (b)). We can see, however, compared
to Figure 3.12, that the projected limit extends to a larger region of DM masses: while in
the original analysis we can exclude parameter space between DM masses of about 450
to 700 GeV, relaxing the cuts would allow to exclude a region from 200 GeV to one TeV.
Also the reach in mediator mass mg shifts to higher values (we saw in Figure 3.13 (b)
that for higher mg, the mass of the vertex decreases), allowing for a significantly larger
chunk of the parameter space to be excluded.

As we mentioned above, the strict cut on the displaced vertex mass mpy forced us to
consider quite a large mass splitting A of the dark states. Relaxing this cut now opens
up the possibility to study smaller values of A. We therefore reanalysed the case we
studied in the monojet analysis, where we considered a mass splitting of A = 10GeV.
This mass splitting is still too large to induce decay lengths above 4 mm for the vector,
axial vector and scalar mediators, but we obtain a projected limit in the pseudoscalar-
mediated case, see Figure 3.14 (b). For our benchmark couplings, we could now exclude
the parameter space between mg ~ 400 GeV and m¢ ~ 1.1 TeV at DM masses m, up to
around 300 GeV.3

3.7 Other Searches

Besides the monojet and displaced vertex searches discussed above, inelastic DM can
appear in a number of other LHC analyses. These include, for instance, studies target-
ing so-called displaced lepton jets or dark photon jets. These searches are sufficiently

3Note that the cut below DM masses of 50 GeV that is striking out in this plot is simply because our
simulated parameter points start there. We did not consider smaller DM masses, since then the mass
splitting becomes too large compared to the total DM mass.
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generic to pick up also displaced hadronic jets. However, they typically require pairs
of displaced dark photon jets, motivated by new models in which long-lived particles
are pair-produced [274-276]. A similar limitation applies to many dedicated analyses
of displaced hadronic jets, with several examples provided by CMS [277-281]| and AT-
LAS [282-284].

We took a more detailed look into the analysis in Ref. [276], where the crucial type of
jet for our purposes is the displaced hadronic dark photon jet (hDPJ). It is defined as a
jet with an electromagnetic energy fraction (meaning the ratio of jet energy deposited in
the electromagnetic calorimeter, Egcar, over the total energy of the jet, Eiota1) less than
0.4.4 In addition, no muons are allowed inside the jet cone. Two of these dark photon
jets (DPJs) are required in the analysis.

According to the Feynman diagram from Fig-
ure 3.15 (quoting Figure 3.2), the two displaced jets
would need to arise from the two final state quarks
in the x* = x + (£ — ¢q) decay. However, in most
events, the quarks will be either too collimated or
too soft to pass the analysis cuts. Moreover, the
requirement of low Fgcar/Eiotal implies that the
search is most sensitive to jets originating beyond
the inner edge of the electromagnetic calorimeter.
This corresponds to a minimum displacement of
147.1 cm. In our inelastic DM scenario, these decay
lengths can be achieved by either very small mass
splittings of the dark states or rather large mediator masses. A small mass splitting
would leave very little energy to the hadronic decay products of the x*, making a de-
tection very unlikely. Large mediator masses, on the other hand, lead to a large boost
of the decay products and the quarks from the x* decay would be collimated into one
single jet. For the pseudoscalar case, the decay length also grows with increasing DM
mass (see Figure 3.1), but at the same time the cross section decreases too fast.

Figure 3.15: DM production pp —
X(x* — xqq) including ISR
(quoting Figure 3.2)

Overall, the requirement of two displaced jets together with a large displacement
make it impossible for the search to place limits on the simplified inelastic DM models
considered here. To illustrate the problem we plotted the number of jets N(j) and the
transverse momentum of the leading jet pr(j1) in a sample without initial state radiation
(ISR), final state radiation (FSR) and multi-parton interactions (MPI). This leaves only
the (displaced) jets from the x* decay. We show the results for A = 10GeV, m, =
50 GeV and different mediator masses in Figure 3.16 on the left. On the right we show
the same plots for a splitting of A = 2GeV. There are almost no events containing
two jets, as we would need for the analyses quoted above. The comparison of the plots
showing the leading jet pr illustrates clearly that with decreasing mass splitting A, the

4Since the ECAL is the calorimeter closest to the beamline, a low fraction of energy deposited in the
ECAL indicates that the particle decayed within or beyond its position. For a detailed description
of the ATLAS detector and its calorimeters, see Ref. [285].
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Figure 3.16: Jet multiplicity N(j) and transverse momentum of the leading jet pp(j1) for
a pseudoscalar mediator, given without initial and final state radiation (ISR, FSR)
and multi parton interactions (MPI) to display only the potentially displaced jets
from the decay of x*. We set the DM mass to m, = 50GeV and as before we use
gq = 0.25, g, = 1. The mediator mass is varied from m¢ = 1TeV (blue, solid) to
mg = 3TeV (orange, dashed) to mg = 6 TeV (green, dotted) and we also plot two
different splittings of the dark states, A = 10GeV (left row) and A = 2 GeV (right
row). The overwhelming majority of events contain none or only one jet (note the
logarithmic scale). With decreasing mass splitting, the transverse momentum of the
leading jet decreases rapidly. Note that for the transverse momentum of the leading
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jet, events with no (detectable) jets are included in the plot with pr(ji) = 0.
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Figure 3.17: The transverse decay distance L, for mediator masses of m¢ = 1TeV
(blue, solid), m¢ = 2TeV (orange, dashed), and m¢ = 4TeV (green, dotted). The
DM mass is m, = 50 GeV and we use the couplings g, = 0.25, g, = 1. Note that the
data include here a Monte Carlo level cut on E%iss > 120 GeV.

energy left to the two quarks in the x* decay decreases rapidly. (Note that events with
no (detectable) jet are included in the plot with pr(j1) = 0.) In Figure 3.17 we show the
dependence of the transverse decay distance on different mediator masses, mg = 1TeV,
me = 2TeV, and mg = 4TeV. For higher mediator masses, the boost of the mediator
leads to larger decay distances, as long as it can become on-shell. The production cross
section is, however, decreasing at the same time — it scales with 1/ (mg) A lower mass
splitting A also significantly increases the decay distance, but leaves a lot less energy to
the decay products, see Figure 3.16, second line. Most jets for a splitting of A = 2 GeV
will therefore be undetected. The example of m¢ = 6 TeV and A = 2 GeV even produces
no jet at all from the x* decay.

The jet multiplicity is also plotted in Figures 3.6 and 3.5. Note that since these plots
include initial and final state radiation and multi-parton interactions, the number of jets
is a lot larger. These additional jets are, however, not displaced and do not contribute
to the analyses considered here.

These considerations motivate to look for analyses that do not require a pair of
displaced jets. There are some searches allowing for only one displaced hadronic jet, but
they require leptons in the final state [286-288]. Another search is even targeting inelastic
DM, but assumes the mediator to couple to muons [289], whereas our model assumes a
coupling to quarks. For a broad overview on dark sector searches at CMS, see Ref. [290].
We found two searches requiring only one displaced hadronic jet, where the decay has
to take place in the muon spectrometer [116] (distance to primary vertex between 3 and
14m) or the muon endcap detectors [291] (¢ between about 1 to 10m), requiring very
large decay lengths. These searches might be sensitive at small mass splittings and larger
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mediator masses, such that the proper decay length becomes longer and is additionally
boosted by the energy of the mediator. Another search by CMS [292] allows for one
displaced jet and smaller decay lengths, but the mass splitting has to be rather large for
the analysis to be efficient®. We leave the study of these interesting searches for future
work.

A crucial probe of inelastic DM models are dijet searches looking for the mediator
of the simplified models. In fact, the resonant process pp — & — jj offers significant
discovery potential up to very large m¢. The most recent ATLAS dijet search is the one in
Ref. [293|, while the corresponding CMS result is Ref. [294]. The exclusion plots in these
papers cover resonance masses > 1.5TeV (ATLAS) and > 1.8 TeV (CMS), respectively,
which are outside the m¢ range that is of prime interest to us. Other analyses such
as Refs. [268,269]| cover also lower masses. Ref. [268] shows exclusion regions in the
same parameter plane as in our Figures 3.7, 3.12 and 3.14 and emphasizes that, at the
benchmark couplings g, = 0.25, g, = 1 large swaths of parameter space are excluded.
This is a well-known feature of simplified models [295,296]. Dijet limits will be weaker
at larger g,, where the £ branching ratio into quarks is reduced, or at smaller g,, where
in addition the £ production cross section is lowered.

It is finally important to keep in mind that simplified models are expected to be
incomplete, and their completion often enables extra detection channels [296].

3.8 Conclusions

In summary, we have explored the sensitivity of the LHC to inelastic DM, that is mod-
els in which DM x has a slightly heavier partner x*, with couplings such that the “off-
diagonal” process pp — xx*, xx* dominates DM production at the LHC. We analysed the
decay width of the heavier dark state x* for different mediator types connecting the dark
sector to the SM, where we took into account vector, axial vector, scalar and pseudoscalar
mediators. The decay width for vector, axial vector and scalar mediators turn out to
show very similar behaviour with respect to their dependence on DM mass, mediator mass
and mass splitting of the two dark states. The pseudoscalar case, however, is markedly
different from the other mediators and since the decay width is significantly smaller, it
generates large enough decay distances to be detectable in displacement searches (see Sec-
tion 3.6). When comparing kinematic properties of the process pp — x*x, x*x induced
by effective operators and the different mediator types, we see that variables like missing
transverse energy, number of jets and pp of the hardest jet turn out to be very similar for
EFT and heavy mediators (Section 3.4), but on-shell effects show up for smaller mediator
masses and change the spectra observably. The different mediator types show likewise

®The models studied in the analysis itself are gauge-mediated SUSY breaking and split-SUSY and the
smallest mass difference between gluino and neutralino that the search is still sensitive to is about
20 GeV.
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very similar kinematic properties compared to each other. We have recast ATLAS re-
sults on the generic monojet signature (see Figure 3.7 for our main results), where we
obtain the strongest limits for the vector-mediated model, followed by the axial vector,
pseudoscalar and scalar case, as we expected from the cross sections. The distributions
of the cross sections dominate the relation of the limits between the different mediators,
since the kinematic properties of pp — x*x are essentially the same. Exclusion limits
reach up to almost 1.5 TeV for the mediator mass and 550 GeV for the DM mass.

In a more targeted search for displaced vertices, we used the finite lifetime of the dark
state x* to set limits on the pseudoscalar model (see Figure 3.12). Displaced vertices can
arise when the small mass splitting between x and x* allows x* to travel a macroscopic
distance before decaying to x +hadrons. We encountered the dilemma that large enough
decay distances require the mass splitting of x* and x to be small, while a small splitting
leaves very little energy to the detectable decay products that are needed to identify
the displaced vertex. A cut on the transverse impact parameter used to reject tracks
from the primary vertex unfortunately rejects forward-boosted decays of x*, which could
have provided more energy to the decay products. We chose a mass splitting of the dark
states of A = 30 GeV, well above the value for the monojet analysis, since the cut on the
invariant mass of displaced vertex mpy > 10 GeV requires the splitting to be quite large.
We are able to exclude a small fraction of parameter space for DM masses between 450
and 750 GeV at a mediator mass of about 2TeV (see Figure 3.12). We were motivated
to discuss how a slight relaxation of cuts may improve the sensitivity, since background
rates appear to be negligible even for an extended signal region. Lowering the cut on the
displaced vertex mass to mpy > 5 GeV and the number of associated tracks Niacks = 4
significantly improved the reach of the search and made it possible to reconsider the
case of a mass splitting of 10 GeV (see Figure 3.14). For A = 30GeV we were able to
exclude DM masses between 200 GeV and 1 TeV for mediator masses between about 1.5
and 2.5TeV. Reconsidering the smaller splitting of A = 10 GeV, we can exclude DM
masses up to 300 GeV for mediator masses between 500 GeV and about one TeV.

Our results highlight once again the significant potential of the LHC to explore DM
models, but they also emphasise that we are still far from having covered all possible
scenarios. Even for a rather simple model like inelastic DM, significant discovery potential
remains untapped, but could be brought to bear with more adapted analysis strategies.
We saw in the previous section in particular, that a targeted analysis looking for a single
so called dark photon jet, would open up these searches for our inelastic DM model. The
inelastic DM model requires a compromise between the decay length of the excited state
x*, which grows as the mass splitting decreases, and the energy available to its detectable
decay products, which grows with increasing mass splitting.
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CHAPTER 4

Leptophilic Dark Matter

4.1 Introduction

This chapter is based on Ref. [297]. The calculation of the internal bremsstrahlung cross
section was performed by the author, who also contributed to the calculation of the anapole
and dipole moments of dark matter and to the manuscript. The remaining calculations,
i particular those related to experimental limits, were carried out by the collaborators.

In this chapter we want to set our focus on a type of dark matter (DM) models
generating a very interesting signature that could facilitate DM detection. Models, where
DM annihilates via a charged t-channel mediator, allow for the emission of a photon
from the mediator. When mediator and DM particle are close in mass and DM is a
Majorana particle', the resulting photon energy is strongly peaked and we obtain a
line-like gamma ray signal (if the width is below the energy resolution of the detector).
Peaks in the cosmic gamma ray spectrum are among the cleanest signatures for indirect
DM detection. This is because first, astrophysical sources are not known to mimic such
a signal?, and second, gamma ray observatories are improving tremendously in their
resolution, statistics and control of systematic uncertainties. A gamma ray line can
be generated in DM annihilation to two photons, or to one photon and a Z- or Higgs
boson. These processes are, however, loop suppressed, since DM needs to be electrically
neutral. Then, other annihilation or decay channels usually dominate. In the case
where the photon is emitted by the mediator in DM annihilation — called virtual internal
bremsstrahlung (VIB) — this suppression is absent, making them a particularly interesting
class of models, when gamma ray lines were to appear in indirect detection experiments.

In the case that DM is a Dirac particle we do not observe a peaked photon spectrum, compare
Figures 4.2 and 4.3 in the following section.

2There is the idea that a pulsar wind nebula with a particular composition could generate a peaked
gamma ray signal [298], but if the same peak would be observed at different regions in the galaxy,
one could rule out this explanation.

95



Chapter 4 Leptophilic Dark Matter

Within the variation of models including such a charged mediator, we want to focus
here on so called leptophilic models, where the mediator of the DM — SM interactions
couples only to the SM leptons, not the quarks. These models were studied for example
in the light of the excess of cosmic ray positrons observed by PAMELA [299,300], by the
Fermi-LAT collaboration [301], and by AMS-02 [302]. Coupling DM solely to leptons
evades then the problem of an excess that should otherwise also appear in the antiproton
flux [303,304], examples include the models in Refs. [305-314|. Furthermore, leptophilic
DM models could account for anomalies in gamma ray signals, such as in the Galactic
Centre spectrum [315-317] or in emissions from the Fermi Bubbles [318-321]. Radio
signals from structures in filaments in the inner galaxy also show anomalies that can
be explained when DM couples only to the SM leptons [322]. We see that there are
plenty of indications from experiments that motivate to study leptophilic DM models.
Furthermore, one can add that DM couplings to quarks are being strongly constrained
by very different kinds of experiments, including direct detection experiments [323-325],
observations of gamma ray emissions from dwarf galaxies [326,327|, and additionally
collider searches at the LHC [250, 328-335]. Direct detection constraints on leptophilic
DM are less stringent and can be found e.g. in Refs. [336-338|.

Our work will focus on constraining these leptophilic DM models including a charged
mediator via loop processes. Then we will translate these bounds into limits on the cross
section for internal bremsstrahlung yx — £7¢~~. We use a simplified model, adding a
charged scalar mediator 1 and a fermionic DM candidate x to the SM with a coupling
of the form x¢n + h.c., £ being a charged SM lepton field (e,p, 7). This simplified
model could be embedded into models of supersymmetry, identifying x with the lightest
neutralino and n with a slepton (see e.g. Ref. [101]). Another possible realisation would
be a radiative neutrino mass model, see Ref. [339] for the direct detection phenomenology.

We start by observing that even in leptophilic DM models, loop processes endow DM
with non-zero electromagnetic moments, inducing interactions in direct detection experi-
ments. For the case of a Majorana DM candidate we obtain an anapole moment [340,341],
while for Dirac DM, both anapole and magnetic dipole moments are generated. DM with
anapole interactions in an effective field theory setting has been studied in Refs. [342-345],
while Refs. [339,343,346-350] calculated magnetic dipole interactions for DM.

In turn, loop processes involving the DM particle and the mediator can modify the
electromagnetic properties of the SM leptons, in particular their magnetic dipole moments
and the hyperfine splitting of £T¢~ bound systems. For a general model including also
flavour violating couplings, we obtain contributions to flavour violating decays, like e.g.
1 — evy. For the case of DM coupling to electrons, it can be directly produced at the
eTe™ collider LEP (or a future facility), making a mono-photon plus missing energy
search possible.

We will introduce the simplified model framework in section 4.2, where we also calcu-
late the cross section for the internal bremsstrahlung process xyx — ¢7¢~~. We plot the
differential cross section to show how close mediator and DM mass have to be to generate
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a peaked photon spectrum in indirect detection experiments. In the following Section 4.3
we will calculate the electromagnetic form factors of the DM particle x that are generated
at loop-level, for the Majorana case the anapole form factor (Subsection 4.3.1) and for
the Dirac case the magnetic dipole moment (Subsection 4.3.2). The next Section 4.4 uses
these form factors and the measurements of direct detection experiments to set limits on
the virtual internal bremsstrahlung annihilation cross section. Section 4.5 uses data from
an ete™ collider (LEP), where monophoton searches with missing energy set constraints
on models where DM couples to electrons. These constraints are supplemented by limits
from the modifications our model introduces to the lepton magnetic dipole moments —
the anomalous magnetic moments are calculated in Section 4.6. We also look at the ef-
fects on lepton-antilepton bound states in Section 4.7, where we get contributions to the
hyperfine splitting. For models including lepton flavour violating couplings, we get limits
by searches for lepton flavour violating decays £, — £z~ in Section 4.8. We conclude and
summarise our findings in Section 4.9.

4.2 Leptophilic Dark Matter and Internal Bremsstrahlung

In this work we want to study a simplified scenario, adding an additional fermion y to
the SM as a DM candidate, which interacts with the SM particles via a charged scalar
mediator 7. x can be a Dirac or Majorana fermion. We will use a four component
notation for the spinors.®> The new physics Lagrangian is given by

LD %W?X - %mx@c + (D) (D*n) = min'n + Ly, (4.1)
where D,, is the covariant derivative that defines the kinematics and the interactions of
the mediator . The last term describes the interaction of the DM particle xy with the
SM fermions, which will be through the mediator 7. The mediator 7 is chosen to be a
singlet under SU(3). and SU(2);, and has a hypercharge Y = 1. We are not considering
the scalar potential of our mediator 7, since it does not contribute to the phenomenology
we will study in this work.

Deciding on leptophilic interactions of DM means the DM particle x will couple to
the SM leptons only:

Ly = —yXPrln+hc., (4.2)

where ¢ is a charged SM leptons and Ppg is the right-handed projection operator Pr =
(14+°)/2. yis the Yukawa coupling constant defining the magnitude of these interactions.
This model has been studied before, e.g. in Ref. [100]. We will consider only couplings to

3For a detailed discussion of the two component notation see Ref. [351], Ref. [352] also gives a nice
pedagogical introduction to Majorana fermions, mostly in the two component notation.

“Note that n can only be an SU(2)., singlet if it couples to right-handed SM leptons only, as defined
in the following interaction Lagrangian, eq. (4.2).
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right-handed SM leptons, since couplings to left-handed leptons are tightly constrained
by collider searches and electroweak precision tests [353]. When including a coupling to
left-handed leptons, we also need 7 to carry SU(2)r, charge. This Lagrangian describes
the coupling of n to one specific lepton £. It can be motivated by introducing a new
symmetry and assigning 7 the suitable quantum number. The part of the Lagrangian
describing the relevant interactions for our calculations is then given by

Ling = —yxPrin —ienA*0,n* + h.c., (4.3)

where the interaction of 7 with the photon field A* is defined by its hypercharge. We omit
here the vertex e%f"nA“Au7 since it is of higher order and will be phenomenologically
negligible. We will use this model to calculate the direct detection limits shown in
Figures 4.9a (Majorana case) and 4.9d (Dirac case).

We will then also use a flavour universal coupling of three different mass degenerate
mediators 7 to all three SM leptons:

LD Z (—yxPr(*n™ —ien®A*0,n™*) + h.c.. (4.4)

=€, T

Limits on this simplified model are shown in Figures 4.9b and 4.9¢ (including direct
detection limits by LUX, collider limits from LEP and limits from the lepton magnetic
dipole moments). For the ete™ collider limits in Figures 4.9b and 4.9d, as well as the
magnetic dipole moments of the SM leptons (Figure 4.9b), calculated in Section 4.6,
and the hyperfine splitting of lepton-antilepton bound systems in Section 4.7 we can use
either the model from eq. (4.3) or the flavour universal model, eq. (4.4).

Finally, we will use a very general model, where the couplings are taken to be to both
left- and right-handed fermions and the couplings are allowed to be flavour off-diagonal.
The Lagrangian then reads:

LD Z (—y%j)_(PRﬂo‘nj - y%j)_(PLﬁo‘nj) — e anA“(?“nj* +h.c., (4.5)
a,j J

where yg{R are then Yukawa matrices and 7/ are the mass eigenstates of the mediator,
whose number can be arbitrary, j = 1,2, .... These off diagonal couplings lead to flavour
violating decays of the SM leptons £, — £g7, see Section 4.8. The index o denotes the
three lepton flavours, as before, o = e, i, 7. Note that the mediators 77 would need to
carry SU(2), charges in this case.

For details on the model for a Majorana fermion y in eq. (4.3) and possible realisations
within the framework of supersymmetry, see Ref. [101] and references therein. The DM
candidate would then be the lightest neutralino, while the mediator n would be the
lightest slepton. The other sleptons and squarks are assumed to be much heavier. For
the case of a flavour universal coupling with three mediators (eq. (4.4)), the mediators
n® are given by the three sleptons. A radiative neutrino mass model could also serve as
a UV completion of these interactions [339).
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The simplified model with the Lagrangian from eq. (4.3) that we study here, can give
rise to a peaked gamma ray signal via a process called virtual internal bremsstrahlung
(VIB). It has been used in Ref. [101] to explain a line-like feature in the data set from
Fermi-LAT®. When two Majorana DM particles x annihilate via a charged t-channel
mediator 1, the mediator can emit a photon. If the masses of n and the DM particle x
are almost degenerate, we obtain a peak in the gamma ray spectrum, see Figure 4.2. An
additional advantage of the final state photon is the following: When decomposing the
scattering process xx — ¢/~ into incoming partial waves with definite incoming angular
momentum we obtain an s-wave and a p-wave contribution. For Majorana fermions, the
s-wave contribution, which is usually dominant, is helicity suppressed, i.e. suppressed by
the ratio of lepton over DM mass m? /m?< When looking at the Lagrangian eq. (4.3)
we can see that the Yukawa interaction produces two leptons in the final state with the
same chirality for the process of DM annihilation. If DM is a Majorana particle, however,
Pauli blocking makes the initial state DM particles have opposite spin. This is where the
mass insertion on one of the final state leptons becomes necessary to conserve angular
momentum. The helicity suppression of the Majorana s-wave DM annihilation can now
be alleviated by having an additional photon, which is a spin one particle, in the final
state, xx — £7€ 7, see Refs. [358,359]. Note that this alleviation of a helicity suppression
of the two body DM annihilation compared to the three body process including internal
bremsstrahlung can also be seen in models with a vector mediator [350] and for fermionic
mediators coupling to scalar DM [350, 360, 361].

For Dirac DM, however, the s-wave contribution dominates because of the small
relative velocity of DM particles in the Milky Way, which enters as vfel into the p-wave
part.

The corresponding Feynman diagrams for Majorana DM annihilation including a
photon in the final state following eq. (4.3) are shown in Figure 4.1. In appendix A.1 we
specify the matrix elements that belong to these diagrams. The spin averaged matrix
element for a Majorana DM particle y is given by

] 4e?y F1 E3sin?(0/2)(E? + F1E3 cos () — E1Es + E2) (4.6)
m2(2E1 + (p — 1)my)2(2E3 + (1 — 1)my)? ’ '
where e and y are the electromagnetic and the Yukawa coupling constant respectively,
Eq and Ej3 are the energies of the two leptons and 6 is the angle between them. m, is the
DM mass and p = m%/mi the ratio of mediator over DM mass. Note that we took the
initial state DM particles to be non-relativistic and the final state leptons to be massless.
The resulting differential three body cross section is then [101]

do(xx = 070 )  y*aemNy 2z, Ty
1 ~ _

dx - 32m2m2 (1= 2) (p+D)(p+1—-2zy) (p+1—x4)2

Ure

SThere was a feature in the Fermi-LAT data at around 135 GeV. In Ref. [101] they performed a fit on
the data resulting in a preferred DM mass of m, = 149 & 4 (stat) 75, (syst) GeV and an annihilation
cross section of (avm)XX%ﬁrW =(62+15 J_’?‘_Z) 210727 em®s™!, where v is the relative velocity
of the annihilating DM particles that is being averaged over, see also Refs. [130,301]. The feature
later turned out to be a statistical fluctuation [130, 354-357].
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Figure 4.1: Feynman diagrams contributing to the process of internal bremsstrahlung
in a leptophilic DM model for a Majorana fermion y, whose interactions are described
by eq. (4.3). For the case of a Dirac DM particle, the crossed diagrams in the second
line are absent.

(4 1) (p+1—2z,) p+1
2+ 1—xy)3 : 10g<,u +1- 2377)} ’ (47)

where @ip, is the electromagnetic fine structure constant and Ny the number of lepton
flavours that the mediator couples to. z, is the normalised photon energy =, = E. /m,,.
The resulting photon spectrum of this process is of course continuous, but for the case
of a Majorana DM particle x the spectrum develops a peak, if the mediator m,, and DM
mass m, are close, see Figure 4.2. The emission of a photon from the mediator, i.e. from
virtual internal bremsstrahlung (which are the two diagrams on the left in Figure 4.1), is
then strongly peaked at energies E, close to m,. One of the final state leptons becomes
here very soft and the corresponding propagator of the mediator 7 close to being on-shell.
This means that for m, ~ m, and E, =~ m, the process of internal bremsstrahlung can
be interpreted as the annihilation of DM into a lepton and a photon, where a soft lepton
is emitted as something similar to initial state radiation.® If the width of this peak is
below the resolution of the detector, it will appear as a line-like feature on top of the
continuous cosmic gamma ray spectrum. In contrast to gamma ray lines that are emitted
in DM annihilation to v7y, vZ or vH, this process of internal bremsstrahlung is not loop
suppressed and its cross section can be sizeable.

Coming back to the photon spectrum in Figure 4.2. It becomes clear that we need

SEven though the peaked spectrum is in this case caused by the dominant contribution of the diagrams
where the photon is radiated from the mediator, the diagrams with final state radiation are crucial
to ensure gauge invariance.
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(a) Differential cross section vy do/dx~ for (b) Differential cross section vy do/dx~ for
a Majorana DM particle x with m, = a Majorana DM particle x with m, =
100 GeV. 150 GeV.

Figure 4.2: Differential cross section vy do/dzy(xx — €T€ ) for a Majorana DM
particle x for two different masses of the DM particle. The coupling is taken to be to
one specific lepton flavour, i.e. Ny = 1, and the Yukawa coupling is set to one, y = 1.
The curves show different levels of degeneracy of the masses of the DM particle x and
the mediator n, u = m%/mi, u = 1.5 (green, dashed), u = 1.1 (yellow, dash dotted),
and p = 1.01 (red, dotted).

quite a small degeneracy parameter p < 1.1 in order to obtain a peaked gamma ray
spectrum. When integrating over the photon energy x. in eq. (4.7) we get the full cross
section for the process yx — €74~ [101]

ot e () 2
— (pu+ 1){log2 (,u2—;1> + 2Lig (’u2—;1) — ﬂ;H ’ (4.8)
with Liy being the dilogarithm function
. > 1’”
Lig(z) :;Tﬂ' (4.9)

For the case of a Dirac DM particle x we find that we cannot take the limit of
small lepton mass and set my — 0, since the cross section v o(xx — £7¢~ ) develops
infrared divergences for a soft photon that is collinear with a final state lepton. Therefore
we evaluated the cross section for finite my, where we do not obtain an analytic expression
and thus calculate numerically”. We plotted the cross section for two different degeneracy
parameters p in Figure 4.3 for a coupling to electron, muon and tau-lepton separately.

"We verified that the logarithms that appear in v o(xx — £7£77) are small enough to allow for an
approximate perturbative treatment.
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Figure 4.3: Differential cross section vye do/dz~(xx — ¢T¢~v) for Dirac DM. The
cross section is evaluated numerically for a coupling to the different SM leptons. The
degeneracy parameter p = m??/mi is taken to be p = 1.1 (solid) and p = 1.01
(dashed). The Yukawa coupling is again set to y = 1 and the DM mass to m, =
100 GeV.

We see that the dominant effect is final state radiation - causing the IR divergence of soft
photons - and the virtual internal bremsstrahlung does not produce any sharp feature.
The cross section varies only little with the ratio of mediator and DM mass p. In the case
of Dirac DM the process of internal bremsstrahlung thus does not produce a gamma ray
line. For the indirect detection limits in Section 4.4, we will therefore use the two-body
annihilation cross section.

In this work, we want to evaluate the effective couplings that are generated by the
interactions defined by the Lagrangian (4.3) for the case of a Majorana and a Dirac DM
fermion . Via loop processes the mediator induces a coupling of the DM particle to the
photon by an electromagnetic form factor, see Section 4.3. The interactions furthermore
alter the magnetic dipole moments of the respective lepton(s), see Section 4.6, and in
systems of two oppositely charged leptons, like positronium e*e™ or true muonium gt p~,
they shift the hyperfine splitting of the system, see Section 4.7.

In the later Section 4.4 we will show the limits that can be placed on the parameter
space of this model with the calculations of the effective interactions.
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Figure 4.4: Feynman diagrams at one-loop order that couple the Majorana DM particle
x to the photon ~. For a Dirac DM particle, only the left two diagrams are present.

4.3 Electromagnetic Form Factors for DM

Assuming our DM candidate x to couple to the SM leptons via the charged mediator
7, as given by the Lagrangian eq. (4.3), necessarily induces DM to couple to photons at
one-loop level. We can see this by connecting the fermion lines for the process of internal
bremsstrahlung shown in Figure 4.1. Depending on the nature of x the leading order
Feynman diagrams are then either the four depicted diagrams in Figure 4.4 if we assume
x to be a Majorana fermion, or only the two on the left hand side for a Dirac fermion.
These diagrams induce an effective coupling of the DM fermion x to the photon, which
can be most generally described by the Lagrangian terms [362]

dM _ dE — —
Leg D TXJ’“’XFW + 7)(0‘“’75)(}7“,, + A"y x 0"F, (4.10)

where we obtain effective operators at dimension five and six. djs is here the magnetic
dipole moment, dg the electric dipole moment, and A the anapole moment of the fermion
X- Fyu is the electromagnetic field strength and o* = i/2[y*,4"]. For a Majorana
fermion y, the magnetic and electric dipole moments vanish from its definition to be
invariant under charge conjugation:

CxC = —ix* = x. (4.11)

Inserting this identity into eq. (4.10) we can see that dj; and dg must vanish, and the
anapole moment A is thus the only contribution in this case [340,341].
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Note that for the case of internal bremsstrahlung in models with scalar DM and
a fermionic mediator or Majorana DM with a vector mediator, the same connection
occurs between DM annihilation and loop-induced electromagnetic form factors [363,
364]. In all these models, internal bremsstrahlung dominates over the standard two-
body annihilation of DM. A similar connection of DM annihilation inducing a gamma
ray line and direct detection signals for models with loop-induced DM annihilation to
photons can be found in Ref. [365].

4.3.1 Anapole Moment for Majorana DM

For Majorana DM, the four diagrams in Figure 4.4 give us the anapole form factor A in
eq. (4.10). When neglecting the four-momentum transfer ¢, we obtain

2 13 1+3u—3 —1—€)2—4
A:—% flogﬁ— O S arctanh(\/(u ) 6)},
967=my | 2 € (p—1-—¢€2—4e p—1+e€
(I¢%l < mf), (4.12)

with the mass ratios y = m% / mi and € = m?/ mi. Since the arctanh function diverges as
its argument approaches one, we can see easily that also the anapole moment A diverges
logarithmically when 1>y —1> ¢ — 0:

ey? log (€)
48m2m2 ~ (u—1)

Ar for (1> pu—1>¢—0and |¢?] < m?) (4.13)

We can understand this behaviour by noting that if m, ~ m, and ¢*> ~ 0 the three
propagators in the loops in Figure 4.4 can be almost on-shell simultaneously. If p—1 <
e < 1, however, the leading order term in .4 becomes proportional to 1/4/e. In this limit,
the argument of the arctanh function in eq. (4.12) becomes imaginary. We have plotted
the anapole moment in Figure 4.5 as a function of the mass degeneracy parameter pu,
assuming a Yukawa coupling of y = 1 and a DM mass of m, = 100 GeV. We normalise
A to the nuclear magneton uy = eh/2m,. If we take the mediator to couple to the
electron, however, we cannot assume the momentum transfer to vanish, since in typical
DM-nucleus interaction we get }qQ‘ > m2. Therefore we instead set my = m, = 0, define

the variable & = 4/ ’q2} /m, and keep the leading order term in &. This gives us

A:

ey? [10 +12log & — (3 +9u) log(pe — 1) — (3 — 9u) log it

- 3272m?2 9(pu—1)

], (1% > md).
X

(4.14)

This result gives us the solid line in Figure 4.5, where we used 1/‘q2| = 50 MeV as

8

a typical nuclear recoil momentum.® We checked that, even for very small € or £ the

8This value is calculated from the nuclear recoil energy, which is assumed to be at the order of a few
keV, and the nuclear mass of xenon, which is about 120 GeV.
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Figure 4.5: The anapole moment for Majorana DM as a function of the mass ratio
W= m,Q7 / mi The coupling is taken to be to the electron, muon and tau-lepton,
respectively. We have set y = 1 and m, = 100 GeV. When coupling to the electron,
A is regularised by a finite ¢ rather than m,, as in typical DM-nucleus scatterings

we have |q2‘ > m2.

calculation is still valid at fixed order in perturbation theory. When taking u — 1 > €
(b — 1> €), which we will assume in the following, the diverging logarithms appearing

in eqgs. (4.12) and (4.14) are at most of O(10).

4.3.2 Dipole Moment for Dirac DM

When we take x to be a Dirac fermion, then we obtain only the two Feynman diagrams on
the left in Figure 4.4. The resulting anapole moment is half as large as for the Majorana
case in eq. (4.12) and the magnetic dipole moment dj; is given by

2
e €
dyy y

(n=1)(n—2¢) —e(3—¢)

—1+%(e—p)log <—)—

- 32m2m,y i

(4.15)

Vi1 2uiD e
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Figure 4.6: The magnetic dipole moment for Dirac DM as a function of the mass ratio
W= m% /mf< The coupling is taken to be to the electron, muon and tau-lepton,
respectively. We have set y = 1 and m, = 100 GeV.

where again we assumed ¢ — 0. The dipole moment will numerically dominate over the
anapole moment for Dirac DM in the scattering processes calculated later, therefore we
will consider only limits from dj; for Dirac DM. For very small lepton masses compared
to the DM mass, i.e. € — 0, eq. (4.15) simplifies to

2

y’e u
dy = ——— 1 — ] —=1]. 4.1
"= (1roe (1) 1) (4.16)

The dipole moment is thus not divergent for ¢ — 0, in contrast to the anapole moment.
For p — 1 <« € < 1 we can expand in € and the leading order term for dj; becomes
proportional to 1/y/e. We show dj as a function of the mass degeneracy p in Figure 4.6,
again for y = 1 and m, = 100 GeV. We normalise dj; to the electric charge e. We see
that for the mediator coupling to the electron and muon, the lepton masses are negligible
and the curves for m, = m,, my = m, and my = 0 coincide. For the tau-lepton, my, = m.,
there is a slight difference for ;4 — 1 from the larger mass of the tau-lepton.
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4.4 Direct Detection Constraints

The anapole moment A that we calculated for a Majorana DM particle, as well as the
magnetic dipole moment dj; for Dirac DM induce interactions of DM with the SM that
can be tested in direct detection experiments. For an effective field theory calculation
of such limits see [342,343,345,347,348,366-371]. We want to calculate here the direct
detection limits on the simplified models, eq. (4.3) and eq. (4.4), using the data from
LUX [131] and XENON100 [372] and therefrom place constraints on the expected indirect
detection signals. The data of these experiments has to be fitted at the event level, since
the differential DM-nucleus scattering cross section do/dE,, E, being the nuclear recoil
energy, differs from the usual spin-dependent and spin-independent scenarios. This was
done using a framework from Refs. [224,336,373|, where data from the LUX experiment
was added and anapole and dipole DM interactions were implemented.

The anapole moment A induces a DM—nucleus interaction of the form [342,345]

do_anapole 2E
xN 272 2 mn T
— = A A Z°[F7(E)N] 2my — |1+ — | —&
dE, oA Z7F2 ”[mN <+mx> vQ]
J+ 1\ 2E,m?>
4A%d4[Fy(E,))? TN 4.17
FadBm P (T ) aan
whereas the magnetic dipole moment dys gives [221,367,369, 374]
dipole
doi/N _ cemZ’[F(E,))d3, LB (L
dE, E, 2mpyv? My
J+1\mpy
A3 d4[Fs(B))? | = ) — . 4.18
FBGREP(T) T

my is here the nuclear mass, v the velocity of the incoming DM particle, Fz(E,) is the
nuclear charge form factor and Fs(F,) the spin form factor. The nuclear charge form
factor will be parametrised as |72]

sin(kr) — kr cos(kr)]

Fy(E,) = —.%252/2[
2(Er) = 3e (kr)3

(4.19)

with K = 2myE,, s = 1 fm, r = VR? —5s2, R = 1.2AY/3 fm (A being the nuclear

mass number). For the spin form factor we use [369|

. /<,A1/3
FS(ET) = Sin (W) (420)

for kA3 < 2.55 and kA3 > 4.5, and Fy(E,) = 0.217 otherwise.

In egs. (4.17) and (4.18) the first line describes the scattering of the DM particle on
the nuclear charge Z and the second line that on the nuclear dipole moment d 4. These
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from Refs. [372,375].

Figure 4.7: Differential DM — nucleus scattering rates, where the nucleus belongs to
a xenon target. It compares anapole interactions (blue) with magnetic dipole inter-
actions (green dot-dashed) and conventional spin-independent contact interactions
(red, dotted). The DM mass is set to m, = 40 GeV. The coupling constants used are
A = 3.8 x 1073 uy-fm for the anapole moment, dy; = 1.9 x 10 %e-fm for the dipole
moment, and o, = 5.0 X 10~*! cm? for the contact interaction. DM velocity profile
and nuclear form factor are assumed to follow standards, see text.

contributions have to be considered separately, since for the DM-dipole scattering the
extension of the nucleus has to be taken into account. The nuclear dipole interaction is,
however, subdominant for many target materials, also for xenon (which is the relevant
material in LUX and XENON100). For the anapole interaction, eq. (4.17), we can
calculate the total cross section, while the dipole interaction, eq. (4.18), diverges in the
infrared and the total cross section is therefore ill-defined. This divergence is equivalent
to standard calculations involving a t-channel massless mediator, like e.g. electron — muon
scattering, e~ = — e~ , where for small scattering angles the differential cross section
becomes singular and thus the total cross section is also ill-defined. This is called a
forward scattering divergence and is cured by the finite resolution of a physical detector
that can only measure the scattering angle up to a minimum resolution 6,,;,. Compare
e.g. Ref. [35], chapter 5.4.

In a direct detection experiment, the differential DM-nucleus scattering rate per unit
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of target mass can be written as

dR _ /d3
dFE, meN

Umin

(@), (4.21)

with the local DM density pg ~ 0.3 GeV/cm3 and the minimal DM velocity vmin =
vmnEr/2/M,n that is needed to induce a recoil energy E,. M,y = mympy/(my+mn)
is the reduced mass of the DM-nucleus system and fg(¥)) parametrises the DM velocity
distribution in the rest frame of the detector. We assume the DM velocity in the Milky
Way rest frame fyrw to follow the usual Maxwell-Boltzmann distribution with a smooth

cut-off
P2 2
fMw o< exp (> — exp (S“) (4.22)
Uo Yo

and take for the velocity dispersion a value of vg = 220 km/s and for the escape velocity
Vesc = D0 km/s. fg(¥) is then obtained by a Galilean transformation. The dependence
of the limits on the chosen velocity profile should be similar as for DM scattering via
contact interactions, see [376-379].

Figure 4.7 shows the differential scattering rate dR/dE, for anapole (blue, solid) and
dipole interactions (green, dash dotted) and compares them to the usual spin-independent
contact interactions (red, dotted). The plot on the right includes the nuclear form fac-
tors and detector effects, which the one on the left does not. To compare the different
interactions, the rates were normalised to one event above 10 keV per kilogram per day
before including detector and form factor effects. While the spectra of anapole and con-
tact interactions are indistinguishable, dipole interactions are enhanced at low energies
because of the 1/E, dependence of the first term in eq. (4.18) and should be distinguish-
able with enough statistics. The nuclear form factor suppresses the rate at high energies.
At low energies Poisson statistics cause a detectable number of photoelectrons to occur
occasionally and therefore the rate remains sizeable.

Since there has been no sign of signal events so far, the data can be used to set
limits on the anapole moment A and the dipole moment d; of DM, which are shown in
Figure 4.8. The analysis uses 85.3 days of LUX data [131] and 225 days for XENON100
data [372| and implements Yellin’s maximum gap method [380]. The limit setting was
done with a code developed in [224,336,373] and it was tested by reproducing the standard
limits on spin-independent DM-nucleus scattering for both experiments. The shape of
the exclusion limits is similar to the usual limit on contact interactions, for magnetic
dipole interactions the 1/E, enhancement we saw in Figure 4.7 leads to a comparatively
better sensitivity at low DM masses.

These limits on the anapole moment A and the dipole moment dj; in Figure 4.8 can
be translated into limits on the DM annihilation cross section, where the LUX data gives
the stronger constraints. For the anapole moment the limit is set on (0vrel) yy—s e+~ given
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Figure 4.8: Limits at 90 % CL on the anapole and dipole moments of DM from ob-
servations of the XENON100 and LUX experiments. Note the different scales on the
ordinate.

by eq. (4.8) using the expression for A from eq. (4.12). Because of the infrared divergence
in the process xx — £7¢~~ for Dirac DM and the lacking enhancement compared to the

Majorana case, the limit is set on the two-body annihilation cross section, which is given
by

y4Ng 1
UrelOyx—b+0— = 327m2 (1 + N)Q )
X

(4.23)

where y = m% / mi, Ny is the number of lepton flavours the mediator couples to and y
is the Yukawa coupling from eq. (4.3) or eq. (4.4), as before. The expression for dy is
given by eq. (4.15).

The resulting limits on the DM annihilation cross section are shown in Figure 4.9,
where Figures 4.9a to 4.9c are for a Majorana DM particle and Figure 4.9d is for Dirac
DM. Figures 4.9a and 4.9d assume the mediator to couple to one respective lepton flavour
e, p, or 7, while Figures 4.9b and 4.9¢ assume a flavour-universal coupling to all SM
leptons. In each plot, the grey area covers the region where the Yukawa coupling exceeds
y? > 4m and perturbativity breaks down. Close to this region perturbative calculations
become increasingly inaccurate.

All plots include an estimate on the upper bound for a thermal relic DM particle.
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Figure 4.9: LUX limits on the DM annihilation cross section at 90 % CL for the sim-
plified model, eq. (4.3). All plots include the upper limit on the DM cross section
required for a thermal relic, where coannihilations are neglected and the relic density
is calculated as in eq. (4.24). The red circle marks the best fit region by Ref. [101].
In grey shaded regions the Yukawa coupling exceeds 32 > 4. 111
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For Majorana DM this is given by the following expression for the relic density [101]

1 /035\*/ m (14 p)!
O h? ~0.11— X 4.24
X 0 Ng( Yy ) (100 Ge\/) 1+ p? 7’ (4.24)

which is valid for p 2 1.2. For smaller mass ratios u, the relic density becomes di-
minished by an O(1) factor by coannihilations [101|, the quantitative effect is shown
in [361], Figure VII. The simplified model, eq. (4.3), thereby naturally predicts a thermal
relic DM candidate within the relevant parameter space, 0.1 Sy < 1, my 2 100 GeV.
The lower limit 0.089 < €, is taken from WMAP [381] to be conservative, while the
upper limit Q,h? < 0.1227 is given by Planck [382]. This should qualitatively take
into account the unresolved tension in different measurements of the Hubble constant
Hy = h-100 km s~ Mpc~!. Figure 4.9a shows that direct detection experiments are
close to constraining the relevant parameter space for a thermal relic Majorana DM
particle for couplings to electrons and muons. Note though, that the effects from coan-
nihilations will move the line of thermal relic DM down to smaller cross sections.

In Figure 4.9a we can see the dependence of the anapole moment on the parameter
e =m?/ mi, where A increases for smaller m, and thus the limits are strongest for the
coupling to electrons and weakest for 7-leptons. The effect of degenerate mediator and
DM masses is also evident, for u = m% / mi closer to one, the anapole moment is larger
and the limits on the DM annihilation cross section become stronger.

Figures 4.9a and 4.9b include a region marked “Bringmann et al. Fit”, which refers
to an anomaly in the gamma ray spectrum at ~ 135 GeV that was found in the Fermi-
LAT data [101,130,301]. Even though this line-like feature could not be confirmed [130,
354-357], it demonstrates that models of internal bremsstrahlung can provide relevant
explanations for peaks in the gamma ray spectrum. The limits derived here on the DM
annihilation cross section place constraints on the explanation of this feature from [101].
It is still compatible for g = 1.1, but excluded for ¢ = 1.01 at the 50 confidence level for
a mediator coupled to electrons and at 3o for coupling to muons.

In Figure 4.9b we can see the comparison of constraints from different experiments
for a Majorana DM particle with flavour-universal couplings to the SM leptons. For a
degeneracy parameter p close to one, direct detection constraints become much more
constraining than gamma ray observations of dwarf galaxies [101], which are labelled
“dwarf limits” (in green). Comparing to gamma ray line searches from Fermi-LAT and
H.E.S.S. [325], direct detection limits become comparable. Note that the gamma ray
line limits are shown for m, 2 50 GeV, as in [101,325], but Fermi-LAT and H.E.S.S. are
actually sensitive also to lower DM masses. The anomalous magnetic moments (g — 2)
of the electron and muon (see Section 4.6) become the strongest constraints at about
my S 10GeV.

Figure 4.9c shows a projection of an estimated sensitivity for XENONI1T [383] and
LUX-ZEPLIN (LZ) [384], which can improve the limits on the annihilation cross section
by about two orders of magnitude. With these upgrades a thermal relic Majorana DM
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particle will be covered in a vast fraction of the parameter space. The estimate uses
a total exposure of 2200 kg years for XENONIT and 10000 kg years for LZ, which
should correspond to about two years of data taking for both experiments. The plot
also includes constant lines of the direct detection cross section averaged over the DM
velocity distribution (o,,) (gray dash-dotted lines), which are given by

anapole — _anapole
(o) = (04N = / fa (D) N dPo. (4.25)

Umin

These limits on the DM—nucleon scattering cross section are an order of magnitude weaker
for anapole interactions than for the usual contact interactions, because of the velocity
dependence in ai?\?pde and since anapole interactions are sensitive to the nuclear charge
of the target rather than its nuclear mass. Contributions from nuclear dipole moments

are subdominant for xenon targets, as mentioned above.

Finally, Figure 4.9d shows limits on flavour specific couplings for Dirac DM. We
can see that for the direct detection limits from LUX the shape of the limits is similar
to the Majorana case, but the dependence on the lepton mass is less distinct. The plot
furthermore shows limits from Fermi-LAT from gamma rays from dwarf galaxies [327] (in
blue, solid) and from AMS [313] (red, dotted) for each lepton flavour, labelled xy — ¢7¢~.
For a degeneracy parameter p close to one, direct detection limits are stronger than those
from AMS and Fermi-LAT for DM masses m, 2 10GeV and a thermal relic can be
excluded for 10 GeV < m, < O(1) - 100 GeV.

4.5 Limits from Collider Searches

We want to calculate here the limits from collider searches. Since we are considering a
leptophilic DM model, DM can only be produced at loop level in hadron colliders [250,
328,329,385-388] and LEP mono-photon searches [389] still give the strongest limits. If
a future linear collider will be built, these mono-photon limits would improve [390].

The analysis from [389] can be applied to the simplified model from eq. (4.3) or
eq. (4.4). Events are simulated for efe™ — xx7v in CalcHEP 3.4 [265], where initial
state radiation and beamstrahlung (using default parameters) are included in the beam
energy. MadAnalysis 1.1.2 [391] was modified to include efficiencies and resolutions of
the DELPHI detector at LEP [392,393], details are given in Ref. [389]. The simulation
was verified by reproducing the yor background from [393|. The simulated signal is
added to the backgrounds calculated in Ref. [393] and the resulting event numbers are
compared to the data in Figure 1 in Ref. [393], corresponding to an integrated luminosity
of 650 pb~!. As in Ref. [389], a x? analysis is used to set limits on the Yukawa coupling
y as a function of mediator and DM mass, m,, and m,. By converting these limits into

constraints on the cross section (ov),,_¢+¢—~ the “LEP Limits” in Figures 4.9b and 4.9d
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Y

Figure 4.10: Feynman diagram at one-loop order describing the contribution of the DM
particle y and the mediator 7 to the magnetic dipole moment of the lepton ¢.

are obtained, taking m, ~ m,, since we set p < 1.1. The analysis neglects systematic
uncertainties, since they are subdominant to the statistical uncertainties in DELPHI.

The estimates of the sensitivity of a possible future linear collider, labelled “ILC”
in Figure 4.9¢, are calculated at a centre-of-mass energy of /s = 500 GeV and for a
luminosity of 50 fb~!. The signal and the dominant background v were simulated
in CalcHEP 3.4 [265]. The other important sources of background are the ~yov fi-
nal state, where one photon escapes undetected, and yeTe™, where both electron and
positron remain undetected. For these backgrounds the procedure of Ref. [390] is used:
the yov background is increased by 10% to include also yyov events and for the yetTe™
background the v spectrum is reweighed by a factor 0.825[1 — E/(0.9 GeV)]2. Neg-
ative reweighing factors were excluded. The ILC detector response is modelled ac-
cording to Refs. [390, 394, 395|. The energy resolution is assumed to be AE/E =
0.011 ¢ 0.166/+/E/GeV, where & indicates that the two contributions correspond to
separate Gaussian distributions that are statistically independent. The photon energy
ranges from 10 GeV to 220 GeV and is binned into 5 GeV fragments to eliminate events
with on-shell Z boson production. Furthermore the rapidity is restricted to |y| < 2.3.
The detection efficiency is energy dependent: 0.941 — 0.00129E,/GeV. A x? analysis is
used to determine the limits while systematic uncertainties are neglected.

4.6 Lepton Magnetic Dipole Moments

By twisting the diagrams leading to the effective coupling of DM to photons (Figure 4.4),
we obtain a loop of DM and mediator leading to a new contribution to the anomalous
magnetic moment (g — 2), of the respective lepton ¢, see Figure 4.10. This contribution
can be used to constrain DM models with annihilation via a charged mediator for the
Dirac and Majorana case, see Refs. [101,362]. If we take the Yukawa couplings to be
complex, the diagram also creates a contribution to the electric dipole moment of the
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lepton, which we will, however, not consider here. For small lepton masses m, < my,, m,
we obtain a contribution to the anomalous magnetic moment of [101]

_yPm] p® — 64 4 3+ 6plog () + 2
9672m2 (n—1)4 ’

(4.26)

where again p = m% / mi We can compare the results to the deviation between SM
prediction and experimental measurements for the electron and muon. Because of the
short lifetime of the tau-lepton, its magnetic moment has not been measured precisely
enough to make a meaningful comparison of SM prediction and experimental value.

For the case of a coupling to electrons, we have a very small difference between SM
prediction and experiment of [396]

a®P — M = (=1.06 £ 0.82) x 10712, (4.27)

We include the resulting limit on (0vre1)yy—s¢+¢- in Figure 4.9b, where the width of the

blue band is given by a variation of the mass ratio u: the upper edge is the limit for
1 = 1.01, the lower edge for p = 1.1.

For the anomalous magnetic moment of the muon, the deviation between SM predic-
tion and experimental value is actually significant [397|:

a%® — oM = [2.87 £ 0.63 (exp.) & 0.49 (theor.)] x 1077 (4.28)

Unfortunately, the discrepancy has the opposite sign to the correction given by our sim-
plified model in eq. (4.26). For the resulting constraint on the model, the experimental
and theoretical uncertainties are added in quadrature. To bridge the remaining dis-
crepancy we linearly add an ad-hoc uncertainty of 2.87 x 1072 (the central value of the
difference), thus inflating the error by hand. The limits, shown as an orange band, as
before for ;4 = 1.1 to p = 1.01, are also included in Figure 4.9b.

For small DM masses, m, < 10 GeV, these constraints on the anomalous magnetic
moments of the leptons are competitive with direct and indirect DM searches, see Fig-
ure 4.9b.

4.7 Hyperfine Splitting in Lepton-Antilepton Systems

Positronium (e™e™) and true muonium (u*p~) are lepton-antilepton bound states that
can be accurately analysed with spectroscopy while they are theoretically much simpler
than for example atoms — in particular, any nuclear effects are completely absent. They
are therefore very well suited for QED precision tests. The interaction from our simplified
model for the Dirac and Majorana case leads to an interaction depicted in the box
diagrams in Figure 4.11. They can be parametrised by an effective contact interaction:
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Figure 4.11: Feynman diagrams altering the hyperfine splitting of systems like positro-
nium (ete™) or true muonium (utu™).

1 _ _
Lotp- = §Cg+g— (EWHPRK)(EVMPRE) (4.29)
with the coefficient
4 2
y* o —2plog(p) —1
Crip = — . 4.30
et 647m2m2 (up—1)3 (430)

This contact interaction alters the electrostatic potential between the two leptons ¢T
and ¢~ and therefore modifies the hyperfine splitting Fyg, which is the energy difference
between the ortho-state 3S; (parallel spins) and the para-state 'Sy (antiparallel spins).
We calculate the modification A Eyg via the Hamilton operator: First, we insert explicit
expressions for the wave functions for ¢* and £~ into the Lagrangian, eq. (4.29), with

3/2
E(x) = M exp[_aemmé‘f| - ZEt]f, (431)

NG

¢ being a normalised Dirac spinor (to unity) of a non-relativistic particle or antiparti-
cle. Then we perform the integration over d®z. The Legendre transformation of the
Lagrangian into the Hamiltonian gives us a minus sign and the different options of con-
tracting the external fermion states with the lepton fields results in a factor four. Thus,
we obtain the respective term in the Hamilton operator of the system. The result is that
the new interaction does not affect the ortho-state, but it increases the energy of the
para-state. The hyperfine splitting thus becomes smaller by

ABys — _ewmi yt pP—2plog () — 1 (4.32)

87 64m*m2 (n—1)3

For positronium, we therefore get

(4.33)

_ 1 2
AESS = —0.17Hz x y* <OOG6V> :

My
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Figure 4.12: Feynman diagram at one-loop order describing the lepton flavour violating
decays for a # B induced by the interaction with the DM particle x and the mediators

7.

comparing to the measurement of [398|

te

EfS = [203.3942 + 0.0016(stat.) & 0.0013(syst.)] x 10° Hz. (4.34)

For the assumed values of y &~ 1 and m, ~ 100 GeV we get a correction of O(10712), far
beyond the precision of the measurement and also beyond that of the SM prediction [399]
of 203.39169(16) x 10° Hz. The low sensitivity is caused by the size of the positronium
system, which is relatively large, while the contact interaction needs small distances to
be effective. We obtain similar results for the mixed systems e*pT.

True muonium, the x4 u~ bound state, however, seems to be a more promising probe
for contact interactions (in our case described by eq. (4.29)) and of new physics in the
lepton sector, in general. Although there are no measurements yet, precision experiments
seem feasible in the future [400]. The modification from our simplified model results in

(4.35)

2
ABIP = —1.47MHz x 3/ (W)Gev> ,

my

which compares to the SM prediction of El’ff:“  ~ 4.23 x 107 MHz [401], again a small
correction of O(10~7). In our model, for a Majorana DM particle with the relic density

given in eq. (4.24), and assuming m, = 130 GeV and p = 1.1, the accuracy of Eﬁf:“_
would need to be at 0.2 MHz, to exclude thermal relic DM.

4.8 Lepton Flavour Violation

So far we have taken the coupling of the mediator n to be flavour conserving, but in
general, the model could include any number of mediators coupling to all three left- and
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right-handed leptons. The most general Lagrangian, with a Dirac or Majorana fermion
X, can be written as (see eq (4.5)):

LD Z (—y%j)’(PRﬁanj — y%j)zPLﬁanj> — iez n AFO,7* + hee.. (4.36)
j J

The Yukawa couplings ysz become here matrices and 7/ are the mass eigenstates of the
mediators. The interactions in this generalised model lead to flavour violating decays of
the form ¢, — g7, depicted in Figure 4.12, concretely we obtain the decays p — e,
T — ey and T — py. We can calculate the decay rate to be

QemMy

W(‘CLP + [erl?), (4.37)

Lopsesy =

where ¢y, r are the Wilson coefficients of an effective Lagrangian

e _ _
Loty = 327%m, [cLlpo" Prlo + crlgo"” Préa] Flu (4.38)
with
* Z(x *

oL = Zya" 7 Zyéjyﬁj 15) (4.39)
cr = Z?f” 2 () adydic g (4.40)

J(w) and I(p) are loop functions:

2
p” —2plog (p) — 1
J(p) = 4.41
) 2(p —1)2 ’ (4.41)
() = 13— 6u? + 3u + 6plog () + 2 (4.42)
(s - 1)3 ' ~

The mass ratios p; = m%j / mi are — as before — the ratios of mediator over DM mass.

To compare to experimental limits we will take the couplings to the left-handed
leptons to vanish and assume the mediators to be degenerate in the following.® The
branching ratios BRéa—wm ~ Fﬁa—Mm/FSM, normalised to the SM decay width I'gy; of
the decaying lepton, become

2
100 GeV \ * i
BR, ey & 0.032 () Zyygy,g ()] (4.43)

my

9In supersymmetry, a scenario with three mediators can be realized by taking all left-handed sleptons
to be too heavy to be phenomenologically relevant.
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100 GeV -
BR._,,y =~ 0.0057 <mx> Z YRy ()| (4.44)
4 2
100 GeV
BRr ey & 0.0057 <mx> Z YRy I(y)| (4.45)

The current experimental constraints for the flavour violating decays are

BR, ey <5.7x 1071 (Ref. [402]), (4.46)
BR,y < 4.4 x107%  (Ref. [403]), (4.47)
BR, ey <3.3x107° (Ref. [403]). (4.48)

When we assume a DM mass of m, = 100 GeV and degenerate mediator masses with
the ratios p; = 1.1 we can set limits on the products of the couplings yg:

Process Coupling Limit

w— ey [Z (ijyg*) }1  <1.0x1074
T =y [Z (ygy}‘g*) ]1/2 <7.01072
T — ey [Z (ygyfg*)ﬂl/z < 6.11072

Since the relic density of our DM particle, given in eq. (4.24), requires a Yukawa coupling
of about 0.1 — 1, to avoid an overproduction of DM, the above constraints imply, that
the flavour off-diagonal couplings need to be subdominant compared to the diagonal cou-
plings. Therefore, they could be neglected in the calculation of e.g. the direct detection
signals.

The decay 1 — 3e that is also induced by the flavour off-diagonal couplings, constrains
a different combination of Yukawa couplings. It contains diagrams like in Figure 4.12 and
also box-diagrams as in Figure 4.11. To estimate the limits set by this decay, we follow
the calculation in Ref. [404] to express the branching fraction BR(y¢ — 3e) in terms of the
Wilson coefficients of the effective operators introduced in eqs. (4.29) and (4.38). The
experimental limits are taken from Refs. [397,405]. When we assume the flavour-diagonal
Yukawa couplings to be of O(1), the limits on the flavour off-diagonal couplings result to
be about a factor of 1/8 weaker than the limit from the decay u — ey. Planned searches
will, however, improve limits on the branching fraction BR(u — 3e) by up to four orders
of magnitude, see Refs. [406,407].

4.9 Conclusions

In this chapter we have studied a simplified leptophilic DM model, where a charged me-
diator n connects the SM leptons with the potential DM particle x. DM annihilation can
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therefore be accompanied by the emission of a photon via a process called virtual internal
bremsstrahlung (VIB). Models featuring this process are particularly interesting, since
they can generate spectral peaks in the gamma ray spectrum that are easily distinguish-
able from astrophysical backgrounds and therefore facilitate an indirect detection of DM.
Leptophilic DM models can be realised in supersymmetry or in radiative neutrino mass
models and their parameter space is mostly relatively unconstrained.

In our work we established a connection between the emission of a photon by internal
bremsstrahlung and the generation of loop-induced electromagnetic form factors. By con-
necting the lepton lines in the Feynman diagrams generating the internal bremsstrahlung
process (Figure 4.1), we immediately obtain electromagnetic vertex corrections coupling
the DM particle to the photon (Figure 4.4). For a Majorana DM particle, these diagrams
create an anapole moment, while for a Dirac DM particle both, anapole and magnetic
dipole moments are generated, but the dipole moment is larger and thus dominant in DM
scattering processes. The anapole and dipole moments induce interactions of the DM
with atomic nuclei and we can thus set constraints on the model from direct detection
data. For Dirac DM we set constraints on the annihilation cross section for Yy — ¢/~
while for Majorana DM the anapole moment allows us to directly constrain the internal
bremsstrahlung cross section of the process xx — £T¢~~. The analysis was carried out
using DM—nucleus scattering data from the LUX and XENON100 direct detection exper-
iments and the limits turned out to be competitive with indirect searches, see Figure 4.9.
The limits also grow stronger the closer the mass of the mediator and DM particle become
(w — 1), which is also the parameter space where the internal bremsstrahlung process
generates a peak in the gamma ray spectrum.

The most important results of this chapter can be seen in Figure 4.9. First, we
looked at a model with flavour specific couplings to the SM leptons for a Majorana DM
candidate in Figure 4.9a. Direct detection limits on the DM annihilation cross section are
induced by the anapole form factor, where the strongest limits are set when DM couples
to the electron, closely followed by the muon, while the limits from DM coupling to the
tau-lepton are about two orders of magnitude weaker. The limits were shown for a mass
degeneracy parameter p = m% / mi between 1.1 and 1.01. This plot highlights the most
important results of this work. In Figure 4.9b we assumed three degenerate mediators
to couple to the three charged SM leptons and the Majorana DM particle x with a
universal coupling constant y. We compared the limits induced by the anapole moment
in direct detection experiments — in this case LUX — to gamma-ray searches, collider
searches and limits from the lepton magnetic dipole moments. Direct detection limits
turned out to be competitive with gamma-ray line searches and better than continuum
gamma-ray constraints from dwarf galaxies. Limits from the magnetic moments of the
leptons are strong at small DM masses, but otherwise weaker than direct limits and line
searches. Collider searches for mono-photons by LEP are calculated for m, ~ m, and
turn out to be weaker than direct searches for DM masses m, 2 10 GeV. For small
mass splitting of DM and mediator x4 < 1.1, direct detection limits constrain the internal

bremsstrahlung cross section (0Urel)yy—sr+¢-~ t0 be below few x1072% cm?/s for a DM
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mass m, =~ 20GeV. When the mass splitting — and thus p — becomes larger, direct
detection limits become weaker, but limits from direct collider searches for the mediator
7n favour a greater splitting, since the leptons from the decay of the mediator are not as soft
and thus easier to detect. For m,/m, > 1 they disfavour m,, < fexx100GeV [101,353].

For the case of a Dirac DM particle we looked at three different scenarios in Fig-
ure 4.9d, where DM and mediator couple to the electron, muon or tau-lepton, respec-
tively. Direct detection limits for a coupling to the electron and muon are equal and a
little stronger than for the tau-lepton. They are shown for a mass degeneracy between 1.1
and 1.01, as before. These limits are compared to indirect searches from Fermi-LAT and
AMS. For larger DM masses m,, 2 20 GeV direct detection limits are dominant. Thermal
relic production (where we assume p 2 1.1 to avoid coannihilations) is disfavoured for
DM masses m, 2 O(10) GeV up to a few hundred GeV, but one should take a closer
look since direct detection limits are strongest, just when coannihilations set in (namely
when 1 — 1). Line searches are not sensitive in this case, since for Dirac DM, no line-like
signal is generated.

Updated searches should improve the direct detection limits by about two orders of
magnitude, see Figure 4.9c. The upgraded experiments XENONI1T and LUX-ZEPLIN
should further exclude the thermal relic hypothesis. For the case of a signal detection,
the spectrum of recoil events could distinguish anapole and dipole interaction and thus
the Majorana from the Dirac DM scenario, with enough statistics at low energies (see
Figure 4.7).

Low energy precision experiments also place important bounds on our simplified
model. We analysed the contributions to the anomalous magnetic moments (g — 2),
of the SM leptons and compared to measurements for the muon and electron. The devi-
ation between SM prediction and the experimental value for the muon unfortunately has
the opposite sign to the deviation induced by our simplified model. For both, muon and
electron, the limits from the anomalous magnetic moments are weaker than direct detec-
tion limits for DM masses above m, 2 10GeV. If we include multiple mediators with
flavour violating couplings, we obtain powerful bounds by the flavour violating decays
w—> ey, T — uy, T — ey and u — 3e in Section 4.7. Finally, we looked at the hyperfine
splitting in bound states of electrons and muons in Section 4.8. While for positronium
(ete™) the modifications are far beyond experimental precision, a measurement of true
muonium (p7 p~) could place important bounds for light DM (m,, < 10 GeV). For heav-
ier DM (m,, ~ 100 GeV) an experimental precision better than 10~" seems challenging.

In summary, we showed that loop-induced interactions can place important bounds
on leptophilic DM models. Resulting direct detection constraints are competitive or even
stronger that indirect searches and precision experiments and place complementary lim-
its. Particularly interesting is a scenario, where a peak is observed in the cosmic gamma
ray spectrum with no other indirect signs for DM. Then, leptophilic DM models with
internal bremsstrahlung provide a compelling explanation, and direct detection exper-
iments can confirm this hypothesis via the induced electromagnetic moments. Direct
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detection limits also turn out to be strong precisely in the parameter region creating a
line-like signal, namely when the mediator and DM mass are close to being degenerate.
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CHAPTER 5

Summary and Conclusion

In this thesis, we have investigated several well-motivated extensions of the Standard
Model (SM) that give rise to distinctive collider signatures, leave imprints in indirect
and direct dark matter (DM) experiments, and can be constrained by high-precision
measurements. We have placed particular focus on the interplay between gauge struc-
ture and particle content, the masses and decay patterns of dark sector particles and
their experimental signatures, and the impact of loop-induced couplings on experimental
observables. Across three complementary case studies, we demonstrated how detailed
theoretical properties — such as anomaly cancellation, chiral structure, mass spectra, de-
cay widths, and loop-induced effects — translate into concrete, experimentally testable
predictions.

In our first project, presented in Chapter 2, we studied extensions of the SM by ad-

ditional U(1) gauge symmetries. Building on calculations in the literature that solve the
divergences of the involved currents, we analysed the full anomalous Z — Z’ — 7 vertex
function and subsequently calculated the decay Z — Z’v in the exemplary models of
gauged baryon minus lepton number U(1)p_1 and gauged baryon number U(1)g. While
the fermion content of U(1)p_p, is anomaly free within the SM when augmented by three
right-handed neutrinos, U(1)p is anomalous and requires the introduction of additional
fermions for anomaly cancellation. This, in turn, permits non-trivial chiral structures
within an anomaly-free set.
By performing a full calculation of the vertex function, we showed how anomaly cancel-
lation and fermion chiral structure govern the decoupling behaviour of heavy fermions.
While theories with a uniform chiral structure exhibit vanishing contributions from de-
generate fermion sets, more intricate chiral assignments — such as in gauged baryon
number — can lead to finite, non-decoupling effects. We presented the branching frac-
tions for the decay Z — Z'y in the U(1)p_r, and U(1)p models, taking into account the
finite fermion masses. These masses are determined by their Yukawa couplings to the
corresponding scalar field and its vacuum expectation value (vev), which in turn links
them to the mass of the Z’ boson — they cannot be arbitrarily large.
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We further derived constraints on the U(1)p parameter space from limits on the decay
Z — Z'vy, with subsequent Z' — ¢g, yielding a (jj)~ final state, and compared them to
existing collider and precision measurements. A comparison with an effective field the-
ory description clarified the regime of validity and the limitations of approaches based on
Wess-Zumino terms. Our results can be adapted to calculate the Z — Z’v decay width
for any other U(1) gauge symmetry with fermions charged under the three symmetries,
thereby deriving limits on the corresponding parameter space.

Summarising this project, we significantly improved the understanding of how chiral
structure and anomaly cancellation conditions in SM extensions with additional U(1)
gauge symmetries impact observables such as the decay width Z — Z'~.

In Chapter 3, we explored the sensitivity of the Large Hadron Collider (LHC) to
inelastic DM models, in which a DM particle is accompanied by a slightly heavier excited
state. Owing to the suppression of diagonal couplings, direct detection experiments
are insensitive to wide regions of parameter space, while DM production at colliders
remains mostly unaffected. Constraints from monojet searches are therefore structurally
analogous to those in the standard weakly interacting massive particle (WIMP) scenario.
We found that collider signatures are largely independent of the mediator type at the level
of kinematics, while production rates and decay widths determine the relative strength
of the constraints. For monojet searches, the reach is dominated by the production cross
section, yielding the strongest limits for vector mediated models. For all four mediator
types, we excluded parts of the parameter space, in particular regions that reproduce
the correct DM relic density within our simplified scenarios. The analysis could be
significantly improved by combining multiple signal regions, thereby reducing systematic
uncertainties.

Furthermore, in inelastic scenarios the decay of the heavier dark sector state can give
rise to a measurable displacement, making displaced vertex searches a powerful probe of
these models. Such analyses are particularly sensitive to long-lived excited states, which
generally favour small mass splittings. In our study, the necessary requirements could
only be met for pseudoscalar mediators. However, the cuts imposed on the invariant
mass of the displaced vertex and its decay products forced us to consider a relatively
large mass splitting between the two dark states. We showed that relaxing these cuts
— a seemingly feasible modification — would substantially enhance the sensitivity of this
analysis to inelastic DM scenarios. We also identified several additional searches that
could be relevant for inelastic DM and leave their exploration to future work.

Overall, our study demonstrated the LHC’s potential to constrain inelastic DM models,
identifying in particular the parameters to which current searches are most sensitive,
as well as modifications that could significantly enhance the reach of displaced vertex
searches.

The final chapter, Chapter 4, investigated leptophilic DM models with a charged me-
diator and either a Majorana or Dirac DM candidate. In these models, DM annihilation
can be accompanied by virtual internal bremsstrahlung, which in the Majorana case can
produce sharp spectral features in gamma rays. By establishing a direct connection be-
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tween internal bremsstrahlung and loop-induced electromagnetic form factors, we showed
that these models inevitably generate anapole and/or dipole moments that can be probed
by direct detection experiments. Using data from LUX, we derived constraints that are
competitive with — and in some regions stronger than — those from indirect detection and
collider searches, especially when the DM and mediator masses are nearly degenerate,
precisely the region that produces pronounced gamma-ray lines.

We further showed that loop effects induce lepton magnetic dipole moments, modify the
hyperfine splitting in lepton-antilepton systems, and generate lepton flavour-violating
decays. In addition, we computed collider limits from the LEP ete™ collider. These
limits are generally subdominant to direct detection bounds. Future direct detection
experiments have the potential to further test the thermal relic hypothesis and, in the
event of a discovery, may allow to distinguish between Majorana and Dirac DM through
their recoil spectra.

In summary, this analysis investigated the interplay of direct and indirect searches for
DM and derived new limits on leptophilic DM from direct detection experiments, where
loop-induced couplings to photons lead to constraints that are competitive with existing
bounds.

Taken together, the results of this thesis highlight the importance of combining model
consistency, collider searches, direct and indirect detection, and precision measurements
when probing physics beyond the SM. They demonstrate that seemingly subtle theo-
retical features — such as anomaly structure, mass splittings, mass degeneracies, and
loop-induced interactions — can have profound phenomenological consequences, and that
exploiting these connections is essential for fully exploring the remaining viable parameter
space of new physics models.
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APPENDIX A

Addendum to Leptophilic Dark Matter

A.l1 Virtual Internal Bremsstrahlung

In Section 4.2 we showed in Figure 4.1 the Feynman graphs contributing to the process
of virtual internal bremsstrahlung (VIB), wherefrom we can calculate the differential
(eq. (4.7)) and the full cross section (eq. (4.8)) for the annihilation of two Majorana
DM particles into two leptons and a photon, xx — £T¢~v. Here we want to specify
the matrix elements that are defined by the different contributions of virtual internal
bremsstrahlung. The individual graphs with their respective labelling of the momenta
are shown in Figure A.1.

The internal momenta, denoted by ¢ to gg relate to the external momenta by:

q = ki—p2+ (k1 —p1—p2) =k —ka—p1+p3 (A1)
@ = ko—ki—p1+ps3 (A.2)
g3 = p1+p3=ki+ks—p3 (A.3)
@@ = prtp2=ki+ks—p3s=gq3 (A.4)
g5 = p2tp3=ki+ks—p (A.5)
@ = p2tp3=kitka—pi=g¢ (A.6)

The matrix elements corresponding to the numbered Feynman diagrams in Figure A.1
are given by:

AL = [a(f)) iy Pr)utin)] [0(R2) iy Pr)o(55)) - Z'

(k1 —p1)? — m%
. Z. . . *I,L A
(o= pop — g (eawe™ 2 ) (AT)
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(d) Feynman graph no 4. (e) Feynman graph no 5. (f) Feynman graph no 6.

Figure A.1: Feynman graphs contributing to the process of virtual
bremsstrahlung (VIB) including the labelling of the momenta.

iy = [a(51) iy Pr)u(Fe)] [5(F1) iy Pr)o ()] - i
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(k2 —p1)? — m%
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=
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(5(F1) iy Pr) 25 (e (55)]
95

internal

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

The matrix elements and cross sections were calculated in Mathematica [174] using
FeynCalc [408,409]. For the case of Majorana DM, all of the diagrams in Figure A.1
have to be taken into account. We calculated the matrix element (eq. (4.6)) and the
differential and full cross sections (eqs. (4.7) and (4.8)) for the process of the annihilation
of Majorana DM xx — £/, showing in Figure 4.2 the differential cross section with its
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A.1 Virtual Internal Bremsstrahlung
characteristic cusp profile, that could be detected as a line-like feature in the gamma-ray
spectrum of indirect detection data.

For the case of Dirac DM, the crossed diagrams, which are the Feynman graphs no.
2, 4, and 6, are absent. We do not obtain an analytic expression and show the numeric
result in Figure 4.3.
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